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Different domains of the glucagon and glucagon-like peptide-1
receptors provide the critical determinants of ligand selectivity
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1 Glucagon and glucagon-like peptide-1 (GLP-1) are homologous peptide hormones with
important functions in glucose metabolism. The receptors for glucagon and GLP-1 are homologous
family B G-protein coupled receptors. The GLP-1 receptor amino-terminal extracellular domain is a
major determinant of glucagon/GLP-1 selectivity of the GLP-1 receptor. However, the divergent
residues in glucagon and GLP-1 that determine specificity for the GLP-1 receptor amino-terminal
extracellular domain are not known. Less is known about how the glucagon receptor distinguishes
between glucagon and GLP-1.

2 We analysed chimeric glucagon/GLP-1 peptides for their ability to bind and activate the
glucagon receptor, the GLP-1 receptor and chimeric glucagon/GLP-1 receptors. The chimeric
peptide GLP-1(7-20)/glucagon(15—-29) was unable to bind and activate the glucagon receptor.
Substituting the glucagon receptor core domain with the GLP-1 receptor core domain (chimera A)
completely rescued the affinity and potency of GLP-1(7-20)/glucagon(15—29) without compromis-
ing the affinity and potency of glucagon. Substituting transmembrane segment 1 (TM1), TM6, TM7,
the third extracellular loop and the intracellular carboxy-terminus of chimera A with the
corresponding glucagon receptor segments re-established the ability to distinguish GLP-1(7-20)/
glucagon(15—-29) from glucagon. Corroborant results were obtained with the opposite chimeric
peptide glucagon(1-14)/GLP-1(21-37).

3 The results suggest that the glucagon and GLP-1 receptor amino-terminal extracellular domains
determine specificity for the divergent residues in the glucagon and GLP-1 carboxy-terminals
respectively. The GLP-1 receptor core domain is not a critical determinant of glucagon/GLP-1
selectivity. Conversely, the glucagon receptor core domain contains two or more sub-segments which
strongly determine specificity for divergent residues in the glucagon amino-terminus.
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Introduction

Glucagon and glucagon-like peptide-1 (GLP-1) are regulatory
peptides in glucose metabolism and they originate from a
common precursor, preproglucagon, by tissue-specific proces-
sing (Mojsov et al., 1986). In mammals, glucagon is a
product of the pancreatic a-cells and its major function is to
stimulate glycogenolysis and gluconeogenesis in the liver.
GLP-1 is produced by the intestinal L-cells and potentiates
glucose-induced insulin secretion from the pancreatic f-cells.
In addition, GLP-1 inhibits glucagon secretion from the
pancreatic o-cells, inhibits gastric emptying, lowers food
intake, stimulates neogenesis and proliferation of f-cells and
inhibits apoptosis of fS-cells (Drucker, 2001; Holst, 2000). At
the target cells, glucagon and GLP-1 interact with specific G-
protein coupled receptors (GPCRs), which couple to
intracellular signalling pathways including adenylate cyclase
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and phospholipase C (Gromada et al., 1998). Both receptors
are interesting drug targets for the treatment of type 2
diabetes (Knudsen et al., 2001; Madsen et al., 1999).

The glucagon and GLP-1 receptors belong to family B of
the seven transmembrane (7TM) G-protein coupled recep-
tors. Family B includes receptors for related peptide
hormones, such as glucagon-like peptide-2 (GLP-2), glu-
cose-dependent insulinotropic polypeptide (GIP), vasoactive
intestinal polypeptide (VIP), pituitary adenylate cyclase
activating polypeptide (PACAP), growth hormone-releasing
hormone (GHRH) and secretin. Family B also includes
receptors for other peptide hormones such as calcitonin,
corticotropin releasing factor (CRF) and parathyroid hor-
mone (PTH). The N-terminal extracellular domain of family
B receptors is important for selective ligand interaction
however, the extracellular loops and the extracellular end of
the transmembrane segments can provide additional determi-
nants of ligand selectivity (Bergwitz et al., 1996; Couvineau et
al., 1996; Gelling et al., 1997; Holtmann et al., 1995; 1996;
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Lutz et al., 1999). Therefore multiple discontinuous segments
can play a role in selective ligand recognition of family B
receptors. The primary structure of the N-terminal extra-
cellular domain is highly divergent among different family B
receptors, although a conserved pattern of six cysteines
suggests a common structural fold (Asmann et al., 2000;
Bazarsuren et al., 2002). In addition, a disulfide bond
between cysteines conserved in the entire GPCR super family
is believed to connect the extracellular end of the third
transmembrane segment and the second extracellular loop
(Knudsen et al., 1997; Palczewski et al., 2000).

Structure-activity studies of family B receptor peptide
ligands suggest that the N-terminals constitute the activation
domain and the C-terminals constitute the binding domain.
Exendin-4 (1-39) and the N-terminally truncated exendin-4
(9-39) are GLP-1 receptor ligands with similar binding
affinities, however exendin-4 (1-—39) is a full agonist whereas
exendin-4 (9-39) is a potent antagonist (Thorens et al.,
1993). The N-terminally modified glucagon analogue de-
sHis'Glu’-glucagon is a potent glucagon receptor antagonist,
which illustrates the importance of His' and Asp® of native
glucagon in receptor activation (Unson et al., 1991). The
corresponding His” and Asp'’ of GLP-1(7-36)amide/GLP-
1(7—-37), are important for the biological activity of GLP-1,
but a clear segregation of residues important for receptor
binding versus activation is not obvious. Alanine scanning of
GLP-1 showed that the N-terminal residues His’, Phe'?, Thr'3
and Asp'® were important for receptor binding and activation
(Adelhorst et al., 1994). Substitutions in the GLP-1 C-
terminus gave only subtle effects, except for Phe*-Ala and
Ile**-Ala. In addition, several residues in the C-terminus can
be derivatized with long fatty acids without loss of potency
(Knudsen et al., 2000). However, N-terminal truncation of
two residues and C-terminal truncation of four residues both
dramatically decrease the affinity and potency and therefore it
appears that the entire length of GLP-1 is required for
optimal biological activity (Montrose-Rafizadeh et al., 1997;
Xiao et al., 2001). Interestingly, a C-terminally truncated
PTH-analogue, conformationally constrained by alpha-ami-
noisobutyric acid is able to mediate a full agonist response
through the juxtamembrane region of the PTH-1 receptor
(Shimizu et al., 2001). Furthermore, constitutively active
receptors were generated by substitution of the N-terminal
extracellular domain of the PTH-1 and CRF receptors with
N-terminal peptide-fragments of PTH-1 and CRF, respec-
tively (Nielsen et al., 2000; Shimizu et al., 2000). Therefore it
appears that the CRF and PTH-1 N-terminals are sufficient
to activate their respective receptors.

The identification of interactions between specific residues
of the peptide ligands with specific residues/elements of the
corresponding receptors is beginning to emerge. Results
obtained by mutagenesis of the VPAC,; receptor and the
ligand VIP demonstrated that interactions between Asp® of
VIP and positively charged residues at the extracellular end
of the second transmembrane segment (TM2) are important
for ligand binding and receptor activation (Solano et al.,
2001). Likewise, positively charged residues in the secretin
receptor TM2 have been implicated in recognition of Asp® of
secretin (Di Paolo et al., 1998). Labelling of the receptors for
secretin and PTHrP by photoactive peptide-analogues has
shown proximity between residues in the C-terminal part of
the peptides and residues/segments of the extracellular N-

terminal domain of the receptors (Dong et al., 1999; Gensure
et al., 2001). These results help position and orientate the
ligands with respect to the structural elements of their
receptors.

The N-terminal extracellular domain and the first extra-
cellular loop of the human glucagon and GLP-1 receptors are
important for ligand binding (Buggy et al., 1995; Unson et
al., 1995; 1996; 2002; Xiao et al., 2000). In addition, the
GLP-1 receptor N-terminal extracellular domain is an
important determinant of glucagon/GLP-1-selectivity (Gra-
ziano et al., 1996). Results obtained with chimeric glucagon
and GLP-1 peptides have shown that residues in opposite
ends of glucagon and GLP-1 determine the selective
recognition by their respective receptors (Hjorth et al.,
1994). Residues in the upper half of TM2 of the rat glucagon
receptor are believed to interact with Gln® of glucagon and
could function as a selectivity determinant of the glucagon
receptor (Perret et al., 2002). We have analysed the
interaction and function of chimeric glucagon/GLP-1 pep-
tides with chimeric glucagon/GLP-1 receptors, with special
emphasis on ligand selectivity. The results provide novel
information about how the homologous glucagon and GLP-1
receptors distinguish between their homologous ligands
glucagon and GLP-1.

Methods

Receptor constructs

The cDNAs encoding the human GLP-1 receptor and the
human glucagon receptor were originally obtained from Dr
B. Thorens and Zymogenetics Inc., respectively, and sub-
cloned into the mammalian expression vector pcDNA3.1/V5-
His-TOPO™ (Invitrogen) (Lok et al., 1994; Thorens et al.,
1993). In addition, stop-codons were inserted after the coding
region of the receptors by Quickchange™ site-directed
mutagenesis (Stratagene). This was done to analyse the effect
of the C-terminal V5/His-tag. Chimeric glucagon and GLP-1
receptors were generated by overlap extension PCR, as
previously described (Horton et al., 1990). Chimera A was
composed of amino-acid residues 1-—144 of the human
glucagon receptor and residues 148—463 of the human
GLP-1 receptor. Chimera B was composed of residues 1-—
169 and 346-477 of the human glucagon receptor and
residues 173—-347 of the human GLP-1 receptor. Chimera C
was composed of amino-acid residues 1-147 of the human
GLP-1 receptor and residues 145-477 of the human
glucagon receptor. Plasmid DNA was generated using the
Plasmid Maxi Kit (QIAGEN) and sequenced using the
DYEnamic ET Dye Terminator Kit and the MegaBACE™
1000 DNA Analysis System (Amersham Bioscience).

Peptide synthesis and radiolabelling

Glucagon, GLP-1 (7-37) and the chimeric peptides GLP-
1(7-20)-glucagon(15—29) and glucagon(l—14)-GLP-1(21—
37) were synthesized according to the Fmoc strategy on an
Applied Biosystems 431A peptide synthesizer. The peptide
was cleaved from 200 mg of the protected peptidyl resin by
stirring for 60 min at room temperature in a mixture of 2 ml
trifluoro acetic acid (TFA), 50 ul triisopropylsilane and 50 ul
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water. The cleavage mixture was filtered, concentrated to
approximately 0.5 ml by a stream of nitrogen, precipitated
with 49.5 ml diethyl ether and washed three times with 50 ml
diethyl ether and dried as a white powder. The crude peptide
was dissolved in 50% acetic acid, diluted to 10% acetic acid
with water, purified by semi-preparative HPLC and lyophi-
lized. The final product was characterized by RP-HPLC/Ion
spray mass spectrometry (LC-MS) (retention time and
molecular mass) and analytical RP-HPLC (retention time
and peptide amount). The RP-HPLC analysis was performed
using UV detection at 214 nm and a Vydac 218TP54
4.6x250 mm 5 um C-18 silica column (The Separations
Group, Hesperia). The LC-MS analysis was performed on a
PE-Sciex API 100 mass spectrometer. The molecular mass
was found to be in agreement with the expected structure
within the experimental error of the method (41 amu) and
the purity of the peptides was above 95%.

The radioligand '*I-Glucagon (2.2 Ci umol~') was pre-
pared by the chloramine-T method and '*I-GLP-1
(2.2 Ci umol~") was prepared by the lactoperoxidase method
(Thorell & Johansson, 1971). Both radioligands were purified
by reverse-phase HPLC.

Cell culture and transient receptor expression

HEK?293-cells were routinely maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% foetal
bovine serum (LifeTechnologies) and penicillin/streptomycin
(90 u ml~" and 90 ug ml~!, respectively). Cells were seeded in
T75-flasks, transfected with 9 ug of DNA wusing the
FuGene™ transfection reagent (Roche), harvested 24 h after
transfection and applied directly to functional experiments or
plasma membrane preparations.

Functional assay

HEK?293 cells transiently expressing the glucagon receptor,
the GLP-1 receptor or a chimeric receptor were harvested
and resuspended in assay buffer (Flashplate®, NEN) to a
cell density of 1.8 x10° cells ml~'. Peptides were diluted in
PBS with 0.02% Tween 20. Cells (50 ul) and peptides
(50 ul) were mixed in 96-well Flashplates® (NEN), gently
agitated for 5 min and incubated for 25 min at room
temperature. The resulting intracellular level of cAMP was
measured according to supplier’s manual and data were
analysed by non-linear regression using Prism®, (GraphPad
Software, Inc.).

Preparation of plasmamembranes

Approximately 5x 107 cells were harvested, resuspended in
5ml cold 10 mMm Tris-HCl (pH 7.4) and 1 mMm EDTA,
subjected to homogenization by a 10 s burst using a polytron
homogenizer and subsequent centrifugation for 15 min at
10,000 r.p.m. (11,951 xg) and 4°C. The resulting pellet was
resuspended in 5 ml cold buffer (10 mMm Tris-HCI (pH 7.4),
1 mM EDTA) and centrifuged as above. The final pellet was
resuspended in 1-2ml 25 mMm Tris-HCl (pH 7.4), 20%
glycerol and a mixture of protease inhibitors (Complete™
EDTA-free, Roche). The membrane suspension was pulled
through a 25-gauge needle three times and aliquots were
frozen at —80°C.

Binding assay

Freshly thawed membrane preparation was pulled through a
25-gauge needle three times and diluted in assay buffer
(50 mm HEPES-NaOH, 5 mMm MgCl,, 5 mM EGTA, 0.005%
Tween20). Peptides and radioligands were also diluted in
assay buffer. Membrane-preparation (20 ug of protein),
peptide (1 pM—10 uM) and tracer (50 pM) were mixed in
96-well 0.65-um filter microtiter plates (Millipore) and
incubated for 2 h at 30°C. Subsequently, bound and unbound
peptide/radioligand were separated using a vacuum manifold
(Millipore), plates were washed twice in 100 ul cold
incubation buffer and left to dry. Finally, filters were
retrieved using the Millipore Punch System, the amount of
bound radioligand was determined using a Packard y-counter
and data were analysed by non-linear regression using
Prism®, (GraphPad Software, Inc.).

Results

We synthesized two chimeric peptides composed of elements
of glucagon and GLP-1; the chimeric peptide GLP-1(7-20)-
glucagon(15—29), referred to as GLP-1/Glu and the opposite
chimeric peptide glucagon(1l—14)-GLP-1(21-37), referred to
as Glu/GLP-1. Glucagon, GLP-1 and the two chimeric
peptides were analysed for their ability to bind and activate
the glucagon receptor, the GLP-1 receptor and chimeric
glucagon/GLP-1 receptors. All receptors were expressed with
a C-terminal V5/His-tag (Invitrogen). The presence of the C-
terminal tag had no influence on the functional response of
the receptors (data not shown).

The glucagon receptor

In competition binding experiments, glucagon efficiently
displaced '*I-glucagon from the glucagon receptor (ICsy of
2.0 nM) and high concentrations of the chimeric peptide Glu/
GLP-1 also displaced '*I-glucagon (ICs, of 1.0 um), whereas
10 uM of GLP-1 and GLP-1/Glu were unable to displace '*I-
glucagon (Figure la and Table 1). Whole cells transiently
expressing the human glucagon receptor, responded function-
ally with half-maximal stimulation at 11 pM of glucagon and
7.7 nM of Glu/GLP-1 whereas 1.0 uM of GLP-1 and GLP-1/
Glu were unable to activate the glucagon receptor (Figure le
and Table 1). The results showed that substitution of the
glucagon N-terminus with the GLP-1 N-terminus completely
eliminated binding to and activation of the glucagon
receptor, within the ligand concentrations of the experiments
(blue arrows in Figure 1a,e). Substitution of the glucagon C-
terminus with the GLP-1 C-terminus decreased the affinity
and potency at the glucagon receptor by approximately 1000
fold, relative to glucagon (green arrows in Figure la,e).

The GLP-1 receptor

In competition binding, GLP-1 displaced '*’I-GLP-1 from
the GLP-1 receptor with an ICsy of 1.1 nM. Glu/GLP-1
displaced '*I-GLP-1 with an ICs, of 15nM whereas
glucagon and the reverse chimeric peptide GLP-1/Glu
displaced 'I-GLP-1 only at higher concentrations (ICsq
>1.0 uM) (Figure 1b and Table 1). Whole cells transiently
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Figure 1 Competition binding and functional analyses of chimeric glucagon/GLP-1 peptides and chimeric glucagon/GLP-1
receptors. The upper panel illustrates the glucagon receptor (GluR) in grey, the GLP-1 receptor (GLP-1R) in black and two
chimeric receptors composed of elements of the glucagon and GLP-1 receptor. Below each receptor are the corresponding binding
and functional analyses. Each figure is representative of three or more independent experiments performed in triplicates (binding
analyses) or duplicates (functional analyses). Competition binding analyses of the glucagon receptor and chimera A and B were
performed using '*’I-glucagon as the tracer. Competition binding analysis of the GLP-1 receptor was performed using '*I-GLP-1 as
the tracer. (a) and (e): Competition-binding analysis (a) and functional analysis (e) of the glucagon receptor. (b) and (f):
Competition-binding analysis (b) and functional analysis (f) of the GLP-1 receptor. (c) and (g): Competition-binding analysis (c) and
functional analysis (g) of chimera A. (d) and (h): Competition-binding analysis (d) and functional analysis (h) of chimera B. The
lower panel shows a sequence alignment of glucagon, GLP-1 and the two chimeric peptides GLP-1/Glu and Glu/GLP-1. The
glucagon sequence is shown in white, the GLP-1 sequence is shown in black and a star illustrates amino acid identity. Glucagon is
numbered 1-29 and GLP-1 is numbered 7-37.

expressing the human GLP-1 receptor, gave a functional
response with half-maximal stimulation at 12 pMm of GLP-1
and 34 p™m of Glu/GLP-1 (Figure 1f and Table 1). Glucagon
and the opposite chimeric peptide GLP-1/Glu were less
potent and induced a functional response with half-maximal

stimulation at 4.9 nM and 1.4 nM, respectively (Figure 1f and
Table 1). The results showed that primarily substitution of
the GLP-1 C-terminal with the glucagon C-terminal
decreased the affinity and potency at the GLP-1 receptor
(blue arrows in Figure 1b, f).
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Table 1 1Csy- and ECsy-values of glucagon, GLP-1, GLP-
1/Glu and Glu/GLP-1 at the glucagon receptor (GluR), the
GLP-1 receptor (GLP-1R) and chimeric glucagon/GLP-1
receptors

Receptor GluR GLP-1R Chimera A | Chimera B
Peptide @ i ?J
1C.,(glucagon) 2.0+ 0.64 =10 % 100 0,80 + 0,48 20410
IC.,(GLP-1) >10 % 10" 1.1+0.7 46+ 10 =1.0 = 10°
1C.(GLP-1/Glu) =10 % 10° =1.0= 10 0.49 = 0.09 55+84
1C. (Glw/GLP-1) 1000 + 120 15+£3.0 46+ 17 5211
EC,(glucagon) 0.012+0003 | 49+£2.2 | 0.013 = 0.003 0.023 £ 0.011
EC,(GLP-1) =10 = 10' 001240004 | 0804042 | =10x10°
EC(GLP-1/Glu) | =10 % 10 14404 00110003 1.9+09
EC(GIWGLP-1) | 7.7+ 1.7 0.034 £ 0,007 | 14410 1.5+ 0.9

All values are shown in nM and represent the mean+
standard deviation of three or more independent experi-
ments. The standard error in each experiment was below 0.2
log units. The ICsp-values and ECso-values of the peptides at
each receptor, not between the receptors, were compared
using the unpaired #-test, with P <0.05 considered to be a
statistically significant difference.

Chimeric glucagon/GLP-1 receptors

The above experiments confirmed the major conclusion from
other studies, that primarily residues located at opposite ends
of the homologous peptide ligands determine the selective
recognition of the glucagon and GLP-1 receptors (Hjorth et
al., 1994). In an attempt to locate the receptor domains that
interact with the N-terminal and C-terminal parts of
glucagon and GLP-1, we substituted the N-terminal extra-
cellular domain of the GLP-1 receptor with the correspond-
ing domain of the glucagon receptor. This chimeric receptor,
chimera A, was analysed in competition binding using '*’I-
glucagon as the tracer and the results showed that chimera A
bound glucagon with higher affinity than GLP-1 (Figure Ic
and Table 1). In functional experiments with chimera A, half-
maximal stimulation occurred at 13 pM of glucagon and at
0.80 nM of GLP-1 and hence the relative binding affinity of
glucagon and GLP-1 predicted their relative potency (Figure
1g and Table 1). Therefore, substitution of the GLP-1
receptor extracellular N-terminal domain with the corre-
sponding human glucagon receptor domain shifted the
glucagon/GLP-1-selectivity in favour of glucagon. The results
agreed with previous analyses, which showed that the
extracellular N-terminal domain of the GLP-1 receptor was
an important determinant of ligand selectivity (Graziano et
al., 1996). In addition, the affinity and potency of the
chimeric peptide GLP-1/Glu were nearly identical with that
of glucagon, whereas the affinity and potency of the opposite
chimeric peptide Glu/GLP-1 were nearly identical with that
of GLP-1 (Figure Ic, g and Table 1). Therefore, substitution
of the glucagon C-terminus with the GLP-1 C-terminus
decreased the affinity and potency at chimera A to that of
GLP-1 (green arrows in Figure lc, g). Substitution of the
GLP-1 C-terminus with the glucagon C-terminus increased

the affinity and potency at chimera A to that of glucagon
(blue arrows in Figure 1c, g). In contrast, substitution of the
N-terminals had not apparent effect on either affinity or
potency at chimera A.

We also generated the opposite chimeric receptor,
composed of the GLP-1 receptor N-terminal extracellular
domain and the glucagon receptor core domain. However, we
were unable to measure any ligand binding or functional
response with that receptor (data not shown).

The glucagon receptor was able to distinguish between
glucagon and GLP-1/Glu whereas chimera A was unable to
distinguish between glucagon and GLP-1/Glu despite the
presence of the glucagon receptor N-terminal extracellular
domain. Therefore it appeared that the glucagon receptor
core domain distinguished between glucagon and GLP-1/Glu.
In an attempt to locate the regions in the glucagon receptor
core domain that were responsible for the discrimination
between the glucagon and GLP-1 N-terminals, chimera A
was modified to become more glucagon receptor-like. TM1,
TM6, TM7, the third extracellular loop (ECL3) and the C-
terminus of chimera A were substituted with the correspond-
ing glucagon receptor segments and the remaining GLP-1
receptor segments were TM2-TM5 and connecting loops. The
resulting chimeric receptor, chimera B, was analysed by
competition binding and functional experiments as described
for chimera A. Compared with chimera A, the relative
affinity and potency of the peptide-ligands had changed.
Chimera B bound glucagon with the highest affinity (ICsq of
2.0 nM), GLP-1/Glu and Glu/GLP-1 with lower affinity (ICs,
of 52 nM and 55 nM, respectively), and GLP-1 with the
lowest affinity (ICso>1.0 um) (Figure 1d and Table 1). The
relative binding affinity of the ligands predicted their relative
potency in functional experiments. Glucagon was the most
potent peptide (ECso of 23 pm), GLP-1/Glu and Glu/GLP-1
were less potent (ECsg of 1.9 nM and 1.5 nM, respectively)
and GLP-1 was the least potent peptide (ECso>100 nm)
(Figure 1h and Table 1). The results showed that substitution
of TM1, TM6, TM7, ECL3 and the intracellular C-terminus
of chimera A with the corresponding glucagon receptor
segments decreased the affinity and potency of GLP-1/Glu
relative to glucagon (blue arrows in Figure 1d, h) and GLP-1
relative to Glu/GLP-1 (red arrows in Figure 1d, h). However,
the affinity and potency of Glu/GLP-1 relative glucagon and
GLP-1/Glu relative to GLP-1 was unaffected by the
substitution.

Discussion

In the glucagon and GLP-1 N-terminals, 10 out of 14
residues are identical and in the C-terminals, four out of 15
residues are identical. Only the divergent residues in glucagon
and GLP-1 can determine selective receptor recognition,
whereas conserved residues are more likely to serve the same
function at the glucagon and GLP-1 receptors, respectively,
be it interaction and/or activation. Previous results suggest
that residues in the glucagon N-terminus determined the
selective interaction with the glucagon receptor, whereas
residues in the GLP-1 C-terminus determined the selective
interaction with the GLP-1 receptor (Hjorth et al., 1994). The
purpose of this study was to identify receptor-domains that
are important for the ability of the glucagon and GLP-1
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receptors to distinguish between their homologous ligands,
glucagon and GLP-1.

The results obtained with the glucagon receptor agreed
with previous results and extended the analysis to include
functional experiments (Hjorth et al., 1994). The chimeric
peptide GLP-1/Glu could neither bind nor activate the
glucagon receptor, although only four residues diverge
between glucagon and GLP-1/Glu; Ser’/Ala®, GIn®/Glu?,
Tyr'°/Val'® and Lys'?/Ser'? in glucagon and GLP-1/Glu
respectively. Previous structure-function analyses of gluca-
gon, addressing Ser’, GIn?, Tyr'® and Lys'? individually,
suggest that substitution at each position contributes to the
dramatic loss of affinity and potency of GLP-1/Glu relative
to glucagon at the glucagon receptor (Andreu & Merrifield,
1987; Azizeh et al., 1996; Unson et al., 1998; Unson &
Merrifield, 1994). Therefore, the four divergent residues in
the glucagon and GLP-1 N-terminals are important for
selective recognition by the glucagon receptor. Substitution of
the glucagon C-terminus with the GLP-1 C-terminus also
decreased affinity and potency, relative to glucagon at the
glucagon receptor. Therefore, divergent residues in the
glucagon and GLP-1 C-terminus are also involved in the
selective recognition by the glucagon receptor.

The chimeric peptide Glu/GLP-1 was nearly equipotent
with GLP-1 at the GLP-1 receptor, and previous results
showed that the individual substitutions Ala®-Ser, Val's-Tyr
and Ser'-Lys in GLP-1 had only minor effects on binding
and activation of the GLP-1 receptor (Adelhorst et al., 1994;
Gallwitz et al., 1995). Therefore, the four divergent residues
in the glucagon and GLP-1 N-terminals are not critical for
the glucagon/GLP-1 selectivity of the GLP-1 receptor.
Instead the GLP-1 receptor distinguishes primarily between
the divergent residues in the glucagon and GLP-1 C-
terminals. Previous results suggest that the GLP-1 receptor
N-terminal extracellular domain is a major determinant of
glucagon/GLP-1 selectivity of the GLP-1 receptor (Graziano
et al., 1996). Therefore we suggest that the GLP-1 receptor
relies primarily on the N-terminal extracellular domain to
distinguish between divergent residues in the glucagon and
GLP-1 C-terminals.

The extracellular N-terminal domain is known to be
important for selective ligand recognition of family B
receptors. It has been proposed that the N-terminal parts
of VIP, secretin, calcitonin, PTH and CRF interact with the
core domain of their respective receptor whereas the C-
terminal parts interact with the extracellular N-terminal
domain of the receptors (Bergwitz et al., 1996; Gourlet et
al., 1996; Juarranz et al., 1999; Nielsen et al., 2000). In this
study, substitution of the GLP-1 receptor N-terminal
extracellular domain with the corresponding glucagon
receptor domain shifted the glucagon/GLP-1-selectivity in
favour of glucagon, compared to the GLP-1 receptor (Figure
1f, g). The results confirm that the GLP-1 receptor N-
terminal extracellular domain is the major glucagon/GLP-1
selectivity determinant of the GLP-1 receptor. In addition,
glucagon and GLP-1/Glu were equally potent and GLP-1
and Glu/GLP-1 were equally but less potent at chimera A
(Figure 1g). Therefore, the divergent residues in the glucagon
and GLP-1 N-terminals are not important for the glucagon/
GLP-1 selectivity of chimera A. Instead interactions between
the N-terminal extracellular domain of chimera A and
divergent residues in the glucagon and GLP-1 C-terminals

determined the relative affinity and potency of glucagon,
GLP-1, GLP-1/Glu and Glu/GLP-1 at chimera A. These
results suggest that the glucagon receptor N-terminal
extracellular domain is able to distinguish between divergent
residues in the glucagon and GLP-1 C-terminals.
Comparing the relative affinity and potency of glucagon
and GLP-1/Glu at the glucagon receptor to their relative
affinity and potency at chimera A showed that substitution of
the glucagon receptor core domain with the GLP-1 receptor
core domain completely rescued the affinity and potency of
GLP-1/Glu (Figure la, c, e, g). Therefore Ala?, Glu®, Val'
and/or Ser'? of GLP-1/Glu are likely to interact with the
GLP-1 receptor core domain of chimera A. The results
suggest a binding model in which the N-terminus of GLP-1/
Glu interacts primarily with the GLP-1 receptor core domain
of chimera A and the C-terminus of GLP-1/Glu interacts
primarily with the glucagon receptor N-terminal extracellular
domain of chimera A (Figure 2). It is possible that the
corresponding Ser?, GIn®, Tyr'® and/or Lys'* of glucagon
interact with the glucagon receptor core domain and that the
glucagon receptor core domain is able to distinguish between
one or more of the divergent residues in the glucagon and
GLP-1 N-terminals. This hypothesis was supported by the
results obtained with chimera B. Substitution of TM1, TM6,
TM7, ECL3 and the intracellular C-terminus of chimera A
with the corresponding glucagon receptor segments decreased
the affinity and potency of GLP-1/Glu relative to glucagon
and GLP-1 relative to Glu/GLP-1 (blue and red arrows in
Figure 1d, h). Thus, to some degree the ability to distinguish
GLP-1/Glu from glucagon and GLP-1 from Glu/GLP-1 was
re-established in chimera B. Therefore, residues in TMI,
TM6, TM7 and/or ECL3 are important for the ability of the
glucagon receptor to distinguish between divergent residues in

Glucagon receptor N-terminal
extracellular domain (grey)

Glucagon
C-terminal

(grey)

GLP-1
N-terminus
(dark grey)

GLP-1 receptor core domain
(black)

Figure 2 Binding model of the interaction between the chimaeric
peptide GLP-1/Glu and chimeric receptor A. The GLP-1 N-terminus
of GLP-1/Glu (dark grey) interacts with the GLP-1 receptor core
domain of chimera A (black). The glucagon C-terminus (bright grey)
interacts with the glucagon receptor N-terminal extracellular domain
of chimera A (bright grey).
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the glucagon and GLP-1 N-terminals. However, GLP-1/Glu
was able to bind and activate chimera B but not the glucagon
receptor. Therefore, residues in the glucagon receptor region
TM2-TMS5 are also important for the ability of the glucagon
receptor core domain to distinguish between the divergent
residues in the glucagon and GLP-1 N-terminals. This agrees
with recent results which suggest that residues in the upper
half of the rat glucagon receptor TM2 interact with Gln® of
glucagon (Perret et al., 2002). In previous studies of secretin
and PTH receptor ligand selectivity, residues in the
transmembrane segments were proposed to function as
selectivity filters that distinguished between different ligands
(Turner et al., 1996). We suggest that the glucagon receptor
core domain constitutes a selectivity filter with two or more
selectivity determinants that distinguish between the divergent
residues in the glucagon and GLP-1 N-terminals.

His' and Asp’ of glucagon are important for glucagon
receptor activation and the residues are conserved in GLP-1
and Exendin-4. N-terminal truncation of exendin-4(1-39)
and PACAP(1-38) has generated the GLP-1 receptor
antagonist, exendin-4(9—-39) and the PACAP receptor
antagonist, PACAP(6-38), respectively (Robberecht et al.,
1992). These results emphasise the importance of the peptide
N-terminus for receptor activation. In this study we show
that glucagon and GLP-1/Glu potently activate the GLP-1
receptor core domain of chimera A, with ECsg-values of
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