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The glucagon-like peptide-1 receptor (GLP-1R) belongs to
Family B1 of the seven-transmembrane G protein-coupled
receptors, and its natural agonist ligand is the peptide hormone
glucagon-like peptide-1 (GLP-1). GLP-1 is involved in glucose
homeostasis, and activation of GLP-1R in the plasma membrane
of pancreatic f3-cells potentiates glucose-dependent insulin
secretion. The N-terminal extracellular domain (nGLP-1R) is an
important ligand binding domain that binds GLP-1 and the
homologous peptide Exendin-4 with differential affinity.
Exendin-4 has a C-terminal extension of nine amino acid resi-
dues known as the “Trp cage”, which is absentin GLP-1. The Trp
cage was believed to interact with nGLP-1R and thereby explain
the superior affinity of Exendin-4. However, the molecular
details that govern ligand binding and specificity of nGLP-1R
remain undefined. Here we report the crystal structure of
human nGLP-1R in complex with the antagonist Exendin-4(9 —
39) solved by the multiwavelength anomalous dispersion
method to 2.2 A resolution. The structure reveals that Exendin-
4(9-39) is an amphipathic a-helix forming both hydrophobic
and hydrophilic interactions with nGLP-1R. The Trp cage of
Exendin-4 is not involved in binding to nGLP-1R. The hydro-
phobic binding site of nGLP-1R is defined by discontinuous seg-
ments including primarily a well defined a-helix in the N termi-
nus of nGLP-1R and a loop between two antiparallel B-strands.
The structure provides for the first time detailed molecular
insight into ligand binding of the human GLP-1 receptor, an
established target for treatment of type 2 diabetes.

G protein-coupled receptors represent the largest protein
family encoded by the human genome, and they are defined by
the presence of seven transmembrane helices, an extracellular
N terminus, ligand binding via the extracellular face, an intra-
cellular C terminus, G protein coupling, and signaling via the
intracellular face. Receptors of the B1 subfamily are specifically
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characterized by three conserved disulfide bonds in the N-ter-
minal extracellular domain (Nt-domain)® (1-4) and by their
structurally related peptide hormone ligands, such as glucagon-
like peptide-1 (GLP-1), glucagon-like peptide-2 (GLP-2), gluca-
gon, glucose-dependent insulinotropic polypeptide (GIP),
secretin, vasoactive intestinal polypeptide, pituitary adenylate
cyclase-activating polypeptide (PACAP), growth hormone-re-
leasing hormone, parathyroid hormone, calcitonin, and corti-
cotropin-releasing factor (CRF) (5). Peptide hormone binding
of cloned Family B1 receptors has been investigated for 15 years
by pharmacological and biochemical approaches. The current
binding model is a two-step mechanism where initially the
C-terminal part of the peptide ligand interacts with the Nt-
domain of the receptor (6 —8). In the second step, the N-termi-
nal part of the ligand interacts with the core domain of the
receptor (transmembrane helices and connecting loops), which
leads to activation and signal transduction (9-14). More
recently, it was proposed that the Nt-domain of the secretin
receptor was involved in the activation mechanism, but such an
endogenous agonist mechanism has not been confirmed for
GLP-1R (15).

The isolated soluble Nt-domains are able to bind their cog-
nate ligands, although the affinity is often reduced compared
with the full-length receptors (1, 3, 4, 6). The GLP-1R Nt-do-
main is important for both ligand binding and specificity, and it
determines almost exclusively the ability of the full-length
GLP-1R to discriminate between glucagon and GLP-1 (16).
This is physiologically important, given the essentially opposite
effects of glucagon and GLP-1 on blood glucose. Detailed struc-
tural information exists for ligand-bound forms of the Nt-do-
main of the mouse CRF receptor 28 (nCRF-R23), the human
PACAP receptor (nPAC1), and the human GIP receptor
(nGIPR) (17-19). The structures confirmed both the existence
of a common structural fold and the interaction with the C-ter-
minal part of their cognate ligands. Surprisingly, the binding
site and orientation of PACAP(6 —38) was completely different
from the binding site and orientation of astressin and GIP.

The soluble refolded nGLP-1R binds GLP-1 with lower affin-
ity than the full-length GLP-1R in membranes, suggesting that
high affinity binding of GLP-1 requires additional interaction
with the core domain of GLP-1R (IC, of 398 and 1.0 nm,
respectively) (6). Specifically, the N-terminal part of GLP-1 is
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expected to interact with the first extracellular loop (ECL1) and
the extracellular end of transmembrane helix 2 of GLP-1R (10,
13, 14). Exendin-4 (Ex4) is homologous to GLP-1, and it binds
and activates GLP-1R with similar affinity and potency as
GLP-1 (20). In contrast to GLP-1, Ex4 maintains high affinity
for nGLP-1R, comparable with that of the full-length GLP-1R
(1.0 and 1.6 nm, respectively) (6). Ex4 has a C-terminal exten-
sion of nine amino acid residues known as the Trp cage, which
is absent in GLP-1. The NMR structure of Ex4 in aqueous trif-
luoroethanol (TFE) showed that the Trp cage folds back onto
the central a-helical part of Ex4, forming the smallest known
protein-like fold (21, 22). The Trp cage was suggested to inter-
act with nGLP-1R, thereby explaining the superior affinity of
Ex4 compared with GLP-1 (23). However, recent results sug-
gest that the Trp cage plays only a minor role in receptor bind-
ing (24). Instead, the superior affinity of Ex4 was explained con-
comitantly by its superior a-helical propensity in solution and
by superior interactions, due to specific divergent residues in
the C-terminal part of GLP-1 and Ex4 (24). Therefore, the role
of the Trp cage in receptor binding is not crystal clear.

Exendin-4(9-39) (Ex4(9-39)) is a competitive antagonist of
GLP-1R, displacing both GLP-1 and Ex4 from receptor binding
due to its high affinity interaction with nGLP-1R (IC,, of 0.6
nMm) (6, 25). To increase the knowledge about ligand binding of
GLP-1R and Family B1 receptors in general, we solved the crys-
tal structure of the complex between nGLP-1R and Ex4(9 -39)
to 2.1 A resolution. The structure provides for the first time
molecular details of the initial ligand binding step of GLP-1R,
and it gives a structural explanation of the differential affinity of
nGLP-1R toward GLP-1 and Ex4.

EXPERIMENTAL PROCEDURES

Protein and Peptide Preparation—The nGLP-1R was pre-
pared as earlier described (24). Briefly, N-terminal His,-tagged
nGLP-1R was expressed in Escherichia coli inclusion bodies,
isolated as inclusion body protein, solubilized in guanidine HCI]
and dithiothreitol, dialyzed against guanidine HCI to remove
the dithiothreitol, and refolded using L-Arg and a 1:5 molar
ratio of reduced and oxidized glutathione. Refolded nGLP-1R
was purified by hydrophobic interaction chromatography and
size exclusion chromatography. The His, tag was removed by
thrombin cleavage.

Native Ex4(9-39)-amide was synthesized as previously
described (16). [SeMet'**'|Ex4(9 —39)-amide was synthesized
by incorporation of selenomethionine (SeMet) residues using
the Fmoc strategy on Solid Phase Peptide Synthesis. Fmoc-Se-
Met-OH was prepared by dissolving L(+)-selenomethionine
(Acros Organics) in tetrahydrofurane/water with 1 equivalent
of Na,COj; and reacting with Fmoc-ONSu. The product was
crystallized from ethyl acetate and n-heptan as off-white crys-
tals with a slight odor of selenide.

Purification and Crystallization of Ligand-bound nGLP-1R—
The purified nGLP-1R was concentrated to 1 mg/ml and
mixed with 2-fold molar excess of [SeMet'*?!]Ex4(9-39) or
Ex4(9-39). Ligand-bound nGLP-1R was purified by size exclu-
sion chromatography using a Superdex75 column running in
10 mm Tris-HCl, pH 7.5 (supplemental Fig. S1). The eluted
complex was characterized by SDS-PAGE and Trp fluores-
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cence spectroscopy (data not shown). The complex was con-
centrated to 7 mg/ml and crystallized by hanging drop vapor
diffusion. The crystallization conditions was identified initially
using the Crystal Screen and Detergent Screen from Hampton
Research and subsequently optimized to 0.1 m Tris-HCI, pH
8.5, 0.1 m MgCl,, 0.4 M magnesium tartrate, and 9 mm n-decyl-
B-p-thiomaltoside. Single crystals grew to a size of ~0.5 X
0.1 X 0.1 um, and they were frozen in liquid N, using 25%
glycerol in the cryo solution.

Data Collection and Structure Determination—Diffraction
data were collected from a single crystal at three different wave-
lengths (peak, remote, inflection) at the MAX-lab beamline
1911-3 (Lund, Sweden). The data were integrated and scaled
using XDS (26); the crystals belonged to space group P3,21,
with the unit cell dimensionsa = b = 75.9 A and ¢ = 87.6 A.
The two selenium sites of [SeMet'**']Ex4(9 —39), the phases
and initial electron density map were calculated using
autoSHARP (27). The initial electron density map was of excel-
lent quality and allowed automated building of 65% of the struc-
tural model by ARP/wARP (28) (in the autoSHARP interface)
with one complex in the asymmetric unit. The rest of the struc-
tural model was build manually without any ambiguity and
refined (TLS and restrained) using COOT (29), REFMACS5 (30),
and the CCP4 program suite (31). The final SeMet model has
124 residues in allowed and six residues in disallowed regions of
the Ramachandran plot, a working R-factor of 20.4%, and a free
R-factor of 25.0%. Data collection, phasing, and refinement sta-
tistics are summarized in Table 1. Coordinates and structure
factors are deposited in the Protein Data Bank under accession
code 3C59. Molecular graphics were prepared in PyMOL.

RESULTS AND DISCUSSION

Crystallization and Structure Determination—The nGLP-1R
was expressed in E. coli inclusion bodies, refolded, and purified
as described previously (24). We synthesized a selenium deriv-
ative of the ligand, where Met'* and Leu®! were substituted by
SeMet: [SeMet***']Ex4(9 —39). The solution NMR structure of
Ex4 showed previously that Met'* and Leu®' were on the
same face of the a-helix of Ex4 (22). In addition, structure/
activity studies of GLP-1 showed that these two positions
were not important for receptor binding (32). Indeed,
[SeMet'**']Ex4(9 —39) displaced '**I-Ex4(9 —39) from binding
to the refolded nGLP-1R, with the same IC,, value as native
Ex4(9-39) (IC5, = 5 nu, data not shown). The high affinity
interaction allowed co-purification of nGLP-1R and
[SeMet**?!]Ex4(9 —39) by size exclusion chromatography (sup-
plemental Fig. S1). The intrinsic Trp fluorescence properties of
the eluted protein suggested a 1:1 complex (data not shown),
where the ligand provided the heavy atoms necessary for the
experimental phasing. The complex was crystallized in
hanging drops, and the structure was solved by the multi-
wavelength anomalous dispersion method to 2.2 A resolu-
tion, using the absorption edge of the two selenium atoms in
[SeMet'**']Ex4(9-39). Subsequently, we crystallized and
solved the structure of the complex with native Ex4(9-39) to
2.1 A resolution by molecular replacement, using nGLP-1R
from the initial SeMet structure as the search model (Protein
Data Bank code 3C5T). The two structures were essentially
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TABLE 1
Data and refinement statistics

Values in parentheses are for the highest resolution shell. Phasing statistics were extracted from the autoSHARP logfiles. Rmsd, root mean square deviation. FOM, figure

of merit.

Crystal parameters SeMet Native
Space group ) P3,21 P3,21
Unit cell dimensions (A) a=b=759c=2876 a=b=76.0,c=2878

Data collection Peak Inflection Remote
Wavelength A) . 0.9782 0.9790 0.96 1.0
Resolution range (A) 40-2.2 (2.3-2.2) 40-2.2 (2.2-2.1) 40-2.2 (2.2-2.1) 40-2.1 (2.2-2.1)
Unique reflections 28480 28468 28504 17273
Total reflections 165607 165747 165997 188373
Completeness (%) 99.4(98.9) 99.4 (98.9) 99.4:(99.0) 98.3 (97.8)
I/o(/) 19.0 (4.1) 18.7(4.7) 15.9 (3.8) 27.1(7.3)
Rym 7.4 (56.1) 6.3 (42.3) 7.7 (53.3) 6.1 (39.5)

Phasing statistics Peak Inflection Remote
Number of selenium sites 2
Phasing power anomalous 0.641 0.533 0.542
Phasing power isomorphous (acentric/centric) - 0.268/0.259 0.444/0.476
R_i;s anomalous 0.902 0.933 0.937
R isomorphous (acentric/centric) - 0.606/0.597 0.731/0.700
Figure of merit (acentric/centric) 0.295/0.227

Refinement statistics SeMet Native
Number of atoms (non-hydrogen) 1194 1257
Resolution 2.2 2.1
R o IRpee ) 0.204/0.250 0.205/0.235
Rmsd bond length (A) 0.027 0.018
Rmsd angles (°) 2.3 2.1
Average B factors 40.1 39.3

identical except for Met'* and Leu*" of Ex4(9 —39). Data collec-
tion and refinement statistics are summarized in Table 1, and
all the figures illustrate the structure with the native ligand.
The Structure of nGLP-1R—The core structure of nGLP-1R is
similar to that of nCRF-R2f3, nPAC1, and nGIPR, showing the
three conserved disulfide bonds, two regions of antiparallel
B-sheets (B-strand 1-5), and centrally positioned conserved
residues Asp®’, Trp”?, Pro®¢, Arg'®?, Gly'%, and Trp''° of
nGLP-1R (Fig. 1, A and B) (18, 19). The N terminus of nGLP-1R
contains an a-helix similar to that of nGIPR, and the tertiary
structure is stabilized by the disulfide bridges and by multiple
intramolecular interactions between the secondary structure
elements. The a-helix is defined by residues Leu®*-Glu®* and
includes Cys*®, which forms a disulfide bridge with Cys”* on
B-strand 2 (B2). The a-helix is terminated by three successive
Pro residues (Pro®*-Pro°°) positioned at the beginning of loop 1
(Pro®*-Phe®"). The residues Cys®*-Asp®” (B81) and Ala”°-Gly”®
(B2) constitute the first antiparallel B-sheet, although the back-
bone geometry is distorted around Arg®* and Pro”?. 81 and 82
are separated by a short turn (turn 1, Glu®® and Tyr®®). The side
chain of Arg®* interacts with the dipole of the a-helix through
hydrogen bonds with the backbone of Leu®® and Asp>? (supple-
mental Fig. S2). The positioning of the Arg®* side chain is fur-
ther guided by a hydrogen bond with the backbone carbonyl of
Pro®*and by an ionic interaction with Asp”* of 82. The residues
Gly’®-Ser®* (B3), His**-Thr'®® (B4), Leu'**-Leu'!! (B85), and
Asp'?? (B-bridge with 84) constitute the second region of anti-
parallel B-sheets. B3 and 34 are separated by a long well defined
loop (loop 2, Pro®®-Gly®®) that is important for ligand binding
(see below). The disulfide bridge between Cys®* and Cys'®*
connects the beginning of 81 and the end of B4. Cys®® is posi-
tioned at the end of 33 and forms a disulfide bridge with Cys'*®
in the C-terminal part of nGLP-1R. The segment from Leu'°*-
Asp'?? resembles a -strand with an insertion of a flexible loop
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(loop 3, GIn''>-Leu''®). There was no detectable electron den-
sity for residues Arg**-GIn*” and Gly'*>-Tyr'*>.

The human nGLP-1R contains seven Trp residues, and sub-
stitution of Trp°, Trp”? Trp®', Trp''®, and Trp'*® by Ala
resulted in complete loss of binding of the full-length rat GLP-
1R, whereas substitution of Trp®” had no apparent effect on
binding or activation (33). The role of Trp®?, Trp*®, Trp”?,
Trp®!, and Trp''? is discussed below. Trp*2° is not involved in
ligand binding but appears to play a structural role by forming a
well defined surface-exposed hydrophobic cluster together
with Phe®°, Tyrwl, Phe'®3, and Leu''’.

Conserved Residues in the Nt-domain of Family B1 Receptors—
The conserved Asp of nGLP-1R (Asp®’) is centrally positioned,
forming intramolecular interactions, as also observed for
nCRF-R2B, nPACI, and nGIPR, although the molecular details
are slightly different in our crystal structure. Here, the side
chain of Asp®” interacts indirectly via a water molecule with the
side chain of Arg'®* and directly with the side chain of Trp”>
and Arg'?' (Fig. 1B). In addition, the side chain and backbone of
Asp® interact with Tyr®® and Ala”, stabilizing the turn
between B-strand 1 and 2. Gly'® has a structural function sta-
bilizing the turn after 3-strand 4 that allows the positioning of
the Trp''” side chain below the Cys®*-Cys'** disulfide bridge
and above Arg'®% Thereby, Arg'®? is sandwiched between the
side chains of Trp”? and Trp''® in a manner similar to nCRF-
R2B. The importance of Asp®’, Trp”?, and Trp*'° for ligand
binding was previously documented by receptor mutagenesis
(33, 34). Pro®® at the beginning of loop 2 plays a structurally
important role for the formation of the ligand binding site of
nGLP-1R (see below). The side chain of Pro®® fills out a hydro-
phobic cavity formed by Tyr*? of the a-helix, Tyr®® of turn 1,
Ala” of B-strand 2, Val®? of B-strand 3, Val'® of B-strand 4, the
Cys®>-Cys'?® disulfide bridge, and two residues of loop 2 itself,
Tyr®® and Leu® (supplemental Fig. S3).
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an arrangement that could stabilize
the «-helical conformation of
Ex4(9 —39) itself, also in solution. In
a similar arrangement, the side
chain of Lys** appears to interact
with both the side chain of Glu'*” of
nGLP-1R and the side chain of
Glu***, In addition, the backbone
carbonyl of Lys*’* at the end of the
a-helix forms a hydrogen bond with
the side chain of Arg'*' of nGLP-1R.
After Lys*’*, the B-factors were
increasing toward the C terminus of
the ligand and truncation of Pro®'*-
Ser®™* showed only a minor effect
on binding to nGLP-1R, suggesting
that the most critical interactions lie
within Glu'>* and Lys*”* (24). Nev-
ertheless, the structure suggests
that the side chain of Ser®*** could
form a hydrogen bond with Glu®® of
nGLP-1R.

The C-terminal tail after Ser®** of
receptor-bound Ex4(9-39) proba-
bly folds back on the a-helix in a
manner similar to the Trp cage con-
formation of Ex4 in TFE solution
(22). However, the electron density
was very weak for the C terminus of
Ex4(9-39) (Gly***-Ser®®*), indicat-

FIGURE 1. A, stereo ribbon diagram illustrating the structure of nGLP-1R (helix, red; B-strands, yellow; loops,
green) in complex with the antagonist Exendin-4(9-39) shown in blue. The disulfide bridges and the residues
Asp®, Trp”2, Arg'®2, Trp'"°, and Arg'?" are shown in sticks colored by atoms. B, Asp®”, Trp”?, Arg'®2, Trp''°, and
Arg'?" of nGLP-1R and the coordinated water molecule are illustrated by stick representation and 2F, — F,
electron density in blue, contoured at 1.0 ¢ level. Secondary structure elements are colored according to
B-factors. C, surface representation of nGLP-1R in gray, highlighting the carboxyl group of Glu®®, Glu'%’, and
Glu'?®in red, the guanidinium group of Arg'?" in blue, and the hydrophobic binding surface in magenta: Leu®?,
Thr®,Val®*s, Trp3®, Tyr®?, Tyr®8, Leu®?, Pro®°, Trp®", and Leu'?3. The secondary structure representation of Ex4(9—
39)is colored according to B-factors (blue = 20-25 and green-yellow = 45-60). The side chains of Glu'*, Glu"®¥,
Glu'*, Ala'*, Arg?®*, Phe??*, GIu***, Trp?>*, Leu?®*, Lys?’*, Pro®'*, and Ser®?* of Ex4(9 -39) are shown by sticks

ing high mobility, and we were
unable to build a representative
structure of this part of the ligand.
Accordingly, specific mutations in
the C terminus of Ex4 were neces-
sary to stabilize the Trp cage in
aqueous solution, where it was oth-

colored according to atom type.

The Ligand and Its Interactions with nGLP-1R—Ex4(9-39) is
a well defined a-helix from Leu'®* to Asn?®*, and the residues
that interact with nGLP-1R lie within Glu'** and Ser®** (Fig.
1C) (throughout the text, ligand residues are designated with *
and Ex4 is numbered 1-39). The residues Asp”*-Met'** do not
interact with nGLP-1R. Glu'** is conserved in GLP-1 and Ex4,
and it interacts favorably with the dipole of the a-helix of
nGLP-1R via a hydrogen bond with the backbone amide of
Leu®’, the first residue in the a-helix of nGLP-1R. The
amphipathic nature of the Glu'®*-Lys*’* segment enables
hydrophobic interactions with nGLP-1R via one face of the
a-helix and hydrophilic interactions via the other face of the
a-helix. The hydrophilic face is defined by Glu'®*, Glu'"*,
Arg®®*, Glu**, and Lys*’*, of which only Arg®** and Lys*"*
interact directly with nGLP-1R (Fig. 2A4). The side chain of
Arg®®* binds to the side chain of Glu'*® of nGLP-1R, and the
geometry is good for an ideal ionic interaction with two hydro-
gen bonds. Arg®®* is nicely positioned by Glu'®* and Glu'”* in
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erwise only partially populated (21).
Our results suggest that the specific
Trp cage conformation is not stabi-
lized in the receptor-bound state of Ex4(9 —39) and that Ser®*-
Ser®”* does not interact specifically with nGLP-1R.

The hydrophobic face of Ex4(9-39) is defined by residues
Ala'®, Val'®*, Phe®**, 1le***, Trp>>*, Leu®**, and Pro®'* (Fig.
2B). Of these, Val'®*, Phe***, Ile***, and Leu®* are buried by the
hydrophobic interaction with nGLP-1R and they are the resi-
dues of the ligand with the lowest B-factors. Phe*** of Ex4(9 —
39) is uniquely conserved in the glucagon peptide subfamily
(Fig. 2D, GLP-1, Exendin-4, GLP-2, Glucagon, and GIP), and it
interacts directly with Leu®?, Thr®®, Val®*®, and Trp>® on the
a-helix of nGLP-1R. The importance of Phe*** and Trp®® was
demonstrated previously by alanine scanning of GLP-1 and by
site-directed mutagenesis of GLP-1R (32, 35). The Phe?®*-Ala
substitution of GLP-1 had by far the strongest impact in the Ala
scan on the binding to the full-length GLP-1R. Ala substitution
of Ile*** and Leu®** also reduced the affinity of GLP-1 signifi-
cantly, although the effect was smaller than that of Phe*®*-Ala.
Gly*°* and Pro®'* are stacking on Trp*** and they are on the edge
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D Exendin-4
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15 20 25 30 35

FIGURE 2. Hydrophilic and hydrophobic interactions between Ex4(9-39) and nGLP-1R. The ribbon diagram of Ex4(9-39) is colored according to B-factors.
A, theresidues Glu'®*, Glu'”*, Arg?%*, Glu®**, and Lys®’* are illustrated as sticks, and the electron density is shown in blue. The residues Arg'?!, Glu'?”, and Glu'?®
of nGLP-1R are illustrated as sticks, showing also the electron density and charge density surface. B, the side chains of Glu'>*, Ala'*, Val'®¥, Phe??*, [le?**, Trp?>¥,
Leu?®*, Pro®'*, and Ser®** are illustrated as sticks. The electron density is shown of Glu'>* in blue and of Val'®*, Phe?*?*, and Leu** in gray. The surface of the
hydrophobic binding cavity of nGLP-1R is illustrated in magenta. The surface of Glu®® and Arg"?" is illustrated in red and blue, respectively. C, all the residues of
nGLP-1R directly involved in binding of Ex4(9-39) are illustrated as sticks with electron density. In addition, the hydrophobic residues are highlighted by a
magenta surface representation. Leu®?, Thr®®, Val*®, and Trp*® belong to the a-helix of nGLP-1R and Tyr®, Leu®, Pro®°, and Trp®" belong to loop 2 of nGLP-1R.
The B-strands are labeled B1-B5. D, sequence alignment of the human glucagon peptide subfamily. The residues of Ex4(9-39) that interact with nGLP-1R are

colored blue. Conserved residues are colored yellow. Positions where only four residues are conserved are colored green. All electron density is shown as 2F, —

F. contoured at the 1.0 o level. Stick representations are colored according to atom type.

of the hydrophobic interface with nGLP-1R. Trp*** is not directly
involved in binding to nGLP-1R, and the Trp®'*-Ala substitution
of GLP-1 gave only a minor loss of binding affinity toward the
full-length GLP-1R accordingly (32).

We previously used the intrinsic Trp fluorescence to investi-
gate ligand binding of nGLP-1R (24). The results suggested that
one or more Trp residues were buried in a hydrophobic envi-
ronment upon binding of Ex4(9 -39) to nGLP-1R. The hydro-
phobic binding cavity of nGLP-1R is formed by residues of four
discontinuous receptor segments: Leu®?, Thr®®, Val®*, and
Trp®® of the a-helix; Tyr® of turn 1; Tyr®®-Trp®! of loop 2; and
Leu'? just before the Cys®>-Cys'?® disulfide bridge (Fig. 2C).
Trp®® and Trp®" are directly at the hydrophobic interface with
Ex4(9-39) and clearly protected from solvent exposure by
ligand binding. The hydrophobic interaction between
nGLP-1R and Ex4(9-39) defines an area of the structure where
water molecules are absent, suggesting a strong hydrophobic
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effect. The hydrophobic effect was also a strong contributor to
the interaction between astressin and nCRF-R28 (18). Specifi-
cally, loop 2 of unbound nCRF-R2 was very flexible and
adopted a well defined conformation upon ligand binding (18).
Superposition of the ligand-bound nGLP-1R and unbound
nCRF-R2 suggests that loop 2 of nGLP-1R is pulled toward
Ex4(9-39), engaging in the hydrophobic interaction by a simi-
lar induced fit mechanism. The conserved Pro®® of nGLP-1R is
probably important for this binding mechanism and for the
specific conformation of loop 2. In the complex with Ex4(9 -
39), the side chain of Pro®® fills out a hydrophobic cavity on the
backside of the hydrophobic ligand binding site. Specifically,
Tyr® of loop 2 is positioned between Leu®* of Ex4(9 —39) and
Pro®® of nGLP-1R. The conserved proline holds a similar posi-
tion in ligand-bound nCRF-R28 and nGIPR. The ligand-in-
duced conformational change of loop 2 might alter the fluores-
cence properties of Trp®” of nGLP-1R, although it is rather
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FIGURE 3. Superposition of the solution NMR structure of Ex4 in TFE (Pro-
tein Data Bank code 1JRJ) and the receptor-bound crystal structure of
Ex4(9-39). The surface of nGLP-1R is illustrated in gray, highlighting the
hydrophobic binding cavity in magenta. The secondary structure of receptor-
bound Ex4(9-39) isillustrated in blue. The side chains of Glu'**, Val'%*, Phe??*,
lle?3*, Trp2°*, Leu?®*, Pro>'*, and Ser®?*, of receptor-bound Ex4(9-39) and Ex4
in solution are shown in blue and yellow sticks, respectively.

surface-exposed also in the ligand-bound conformation shown
here. The extent to which Trp?** of Ex4(9 —39) itself changes its
fluorescence properties upon receptor binding is difficult to
evaluate. However, Trp®** is on the edge of the hydrophobic
interface with nGLP-1R and it is protected from direct surface
exposure only if the Trp cage is populated. C-terminal trunca-
tion of Ex4 altered the fluorescence properties of ligand-bound
nGLP-1R (24). It seems that the Trp cage influences the fluo-
rescence properties of Ex4 itself while bound to nGLP-1R, sup-
porting the hypothesis that the Trp cage is partially populated
in the complex between Ex4(9 —39) and nGLP-1R.

Crystal Packing—Four Arg residues on the a-helix of
nGLP-1R played a major role in crystal packing, forming ionic
interactions and hydrogen bonds with a symmetry-related
receptor molecule. In addition, the N-terminal part of Ex4(9 -
39) packed against a symmetry-related receptor molecule. We
co-purified, crystallized, and solved the structure of nGLP-1R
bound to Ex4(5-39) by molecular replacement to 2.1 A resolu-
tion, using nGLP-1R from the initial SeMet structure as the
search model (data not shown). The four additional residues at
the N terminus of the ligand altered the packing; as a result, the
complex crystallized in space group P2,2,2,, with two com-
plexes in the asymmetric unit. Nevertheless, the overall struc-
ture and the ligand-receptor interactions were not influenced
by the new crystal packing.

Structural Properties and Differential Affinity of GLP-1 and
Exendin-4—Superposition of unbound Ex4 in TFE and recep-
tor-bound Ex4(9 -39) in crystals illustrates a striking similarity
(Fig. 3). The conformation of the hydrophobic residues Val'®*,
Phe®**, Trp>**, and Leu®** of Ex4 in TFE (Protein Data Bank
code 1JR]) is well defined and almost identical with their recep-
tor-bound conformation shown here (22). The similarity
extends further to the structure around Gly***, Gly*°*, and
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Pro®!* that allows formation of the Trp cage in TFE solution.
However, the absence of the Trp cage in our crystal structure
strongly suggests that the Trp cage does not bind to nGLP-1R,
and this is supported by the ligand binding properties of
nGLP-1R (24). The hydrophobic residues Phe??*, 1le?**, Trp>°*,
and Leu”®* are conserved in GLP-1 and Ex4, and the competi-
tive nature of their binding to nGLP-1R and GLP-1R indicates
that the two peptides share the same hydrophobic binding site
of nGLP-1R. We previously showed a correlation between the
a-helical propensity of peptide ligands in solution and their
affinity for nGLP-1R (24). Therefore, the differential affinity of
Ex4 and GLP-1 for nGLP-1R is best explained by divergent
residues in the central part of the peptides, Glu'**-Gly*°* in Ex4
and Glu®'*-Arg®** in GLP-1. Specifically, Arg®** and Lys*”* of
Ex4 have a dual function by binding directly to nGLP-1R and by
stabilizing the a-helical conformation of Ex4 itself via Glu'®,
Glu'”*, and Glu®**. In addition, Val'®* on the hydrophobic face
of Ex4(9-39) forms a hydrophobic interaction with Leu®?,
Thr®**, and Pro”® of nGLP-1R. The corresponding divergent
residues in GLP-1 (Gly***, GIn***, Ala®>*, Lys*®*, Ala®>**, and
Val***) most likely explain its lower a-helical propensity in
solution as described by NMR and CD spectroscopy (22, 36)
and its lower affinity for nGLP-1R.

In conclusion, the structural characterization of GLP-1 and
Ex4 in solution and the receptor-bound crystal structure of
Ex4(9 —39) show that the superior affinity of nGLP-1R for Ex4 is
determined concomitantly by superior hydrophilic and hydro-
phobic interactions and by a superior a-helical propensity of
Ex4 in solution, thus lowering the entropic cost of receptor
binding, compared with GLP-1. This explanation also accounts
for the ability of Ex4(9-39) to maintain high affinity for
GLP-1R in contrast to N-terminal-truncated GLP-1 analogs,
i.e. Ex4(9-39) is a potent antagonist and GLP-1(9-36) is not
(37).

The Glucagon Receptor Branch—The GLP-1R, GLP-2R,
GluR, and GIP-R define the glucagon receptor branch within
Family B1. The crystal structures of ligand-bound nGLP-1R
and nGIPR are very similar (root mean square deviation = 0.84
A for Ca atoms of 92 aligned residues of the receptors alone),
and the hydrophobic interaction involves conserved residues of
both the ligands and the receptors (17). Tyr*?, Phe®®, Pro®®, and
Trp®" of GLP-1R are exclusively conserved in the glucagon
receptor branch and thus likely to define specificity for the
ligands of the glucagon peptide subfamily. Pro®® and Trp®" are
directly at the hydrophobic interface with Val'** and Ile*** of
Ex4(9-39). Tyr** and Phe®® are not directly involved in ligand
binding, and they could instead modulate the binding site of the
Nt-domain by intramolecular interactions in order to accom-
modate specifically the glucagon peptide subfamily. The role of
Tyr*?, Phe®, Pro®®, and Trp”" for ligand binding and specificity of
GLP-1R remains to be characterized by receptor mutagenesis.

Within the glucagon receptor branch, divergent residues
determine specificity for the ligands. The ligand specificity of
GLP-1R was shifted 50-fold in favor of glucagon by substitution
of the residues Thr*?-Leu®? with the corresponding residues of
the glucagon receptor (38). The ability of the Thr**-Leu>” seg-
ment to establish ligand specificity of GLP-1R is corroborated
by the crystal structure shown here, where specifically Leu®* of
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nGLP-1R is directly involved in the hydrophobic interaction
with Ex4(9 -39).

The Full-length Family B1 Receptors—Assuming that the
two-step model for ligand binding of Family B1 receptors is
correct, the conserved N terminus of GLP-1 and Ex4 binds to
the core domain of GLP-1R, which leads to receptor activation.
Specifically, Glu®* of GLP-1 (Glu®* of Ex4) is probably accom-
modated by positively charged residues in the extracellular end
of transmembrane helix 2 of GLP-1R (10). Glu'®* of Ex4 (Glu***
of GLP-1) could define the boundary between residues that
interact with the core domain of GLP-1R and residues that
interact with nGLP-1R as previously suggested (24). The a-hel-
ices of nGLP-1R and Ex4(9 -39) run in the same direction, sug-
gesting that both the N-terminals approach the core domain of
GLP-1R. Dual cross-linking of the secretin N terminus to the
secretin receptor also seems to agree with a model in which the
N terminus of both the ligand and the receptor are in proximity
with the core domain of the receptor (39). Intriguingly, the
superior affinity of Ex4 for nGLP-1R is not translated into a
superior affinity, potency, or efficacy at the full-length GLP-1R
compared with GLP-1. Clearly, ligand binding of GLP-1R is
more complex than that of the isolated nGLP-1R, and the sec-
ond binding event of GLP-1R somehow compensates for the
low affinity of nGLP-1R for GLP-1 relative to Ex4.

Trp*® of the human GLP-1R was previously identified as a
determinant of species-selective small molecule antagonist
binding (40). The small molecule displaced '*°I-Ex4(9—-39)
binding of GLP-1R and reduced the efficacy of GLP-1, suggest-
ing a non-competitive mechanism. Trp>®? is positioned in the
N-terminal part of the a-helix of nGLP-1R, on the opposite site
of Trp*® but only 10 A away from the hydrophobic ligand-re-
ceptor interface. Direct binding of the small molecule antago-
nist to Trp®® of nGLP-1R could affect receptor activation either
by interfering with the hydrophobic ligand-receptor interac-
tion or by disrupting the interface between the receptor subdo-
mains (the core domain and the a-helix of the Nt-domain). In
both cases, binding of the small molecule antagonist to Trp>* of
nGLP-1R could drive the N terminus of GLP-1 and Ex4 into a
suboptimal position for receptor activation, resulting in the
non-competitive effect. However, it is unclear if the small mol-
ecule antagonist binds directly to Trp®?, and the orientation of
nGLP-1R with respect to the core domain is not known.

One of the major differences between the ligand-bound
structures of Family B1 receptor Nt-domains is the binding site
and orientation of the ligand (17-19). The binding site of
astressin, GIP, and Ex4(9-39) is on the same surface of the
Nt-domain, and the ligand orientation is the same (Fig. 4).
However, the position of Ex4(9-39) and GIP is shifted relative
to astressin, because they interact with the a-helix of their
receptor. Surprisingly, PACAP(6-38) binds to a completely
different site of nPAC1 and has its termini upside-down com-
pared with the other ligands. The N terminus of Ex4, GIP, CRF,
and PACAP is important for receptor activation, and it is
expected to interact with the receptor core domain. To accom-
modate this interaction, the orientation of nPAC1 relative to
the receptor core domain (and membrane surface) must be
rather different from the orientation of nGLP-1R, nGIPR, and
nCRF-R2B.
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PACAP(6-38) 4245
N-terminus §

N-terminus of
Ex4(9-39) and
GIP(1-42)

FIGURE 4. Superposition of ligand-bound nPAC1, nCRF-R2B, nGIPR, and
nGLP-1R. The conserved core structures of the Nt-domains were aligned by
superposition of the ligand-bound structures using PyMOL. A surface repre-
sentation of nGLP-1R is shown in gray, and the ligands are illustrated by rib-
bon diagrams, Ex4(9-39) in blue, GIP(1-42) in magenta, astressin in yellow,
and PACAP(6-38) in red.

The crystal structure reported here provides detailed molec-
ular information about the first step of peptide ligand binding of
the human GLP-1 receptor. It strongly supports the structure-
based drug design for treatment of type 2 diabetes targeting the
GLP-1 receptor. Structural characterization of the full-length
receptor is necessary to determine the orientation of the Nt-
domains and the intimacy of receptor subdomains and ulti-
mately to understand the activation mechanism.
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