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The class B glucagon-like peptide-1 (GLP-1) G protein-coupled
receptor is a major target for the treatment of type 2 diabetes and
obesity'. Endogenous and mimetic GLP-1 peptides exhibit biased
agonism—a difference in functional selectivity—that may provide
improved therapeutic outcomes'. Here we describe the structure of
the human GLP-1 receptor in complex with the G protein-biased
peptide exendin-P5 and a Go heterotrimer, determined at a global
resolution of 3.3 A. At the extracellular surface, the organization
of extracellular loop 3 and proximal transmembrane segments
differs between our exendin-P5-bound structure and previous
GLP-1-bound GLP-1 receptor structure?. At the intracellular face,
there was a six-degree difference in the angle of the Gas—a5 helix
engagement between structures, which was propagated across the
G protein heterotrimer. In addition, the structures differed in the
rate and extent of conformational reorganization of the Go protein.
Our structure provides insights into the molecular basis of biased
agonism.

The GLP-1R, a class B G protein-coupled receptor (GPCR), is a key
incretin hormone receptor and an important target for the development
of therapies for the treatment of type 2 diabetes and obesity'. Biased
agonism is commonly observed at the GLP-1R*"%, and exendin-P5
(ExP5) has been identified as a potent G protein-biased selective agonist
of GLP-1R, with diminished coupling to 3-arrestins® and a unique
in vivo profile in animal models of diabetes®. The prevalence of GLP-1R
biased agonism and its therapeutic implications make understanding
of the phenomenon at molecular and structural levels crucial for the
rational design of novel ligands.

Like all class B GPCRs, the GLP-1R contains a large extracellular
N-terminal domain (NTD) and a seven-transmembrane helix bundle,
with peptide binding spanning both domains; the NTD interaction
positions the peptide N terminus within the receptor core to facilitate
receptor activation’. Clinically used therapeutic agents, including
exendin-4, contain an N-terminal sequence that is relatively conserved
with that of the native peptide, GLP-1%. Notably, ExP5 shares a common
C terminus with exendin-4, but possesses a unique N-terminal domain
(Extended Data Fig. 1a) that interacts with the GLP-1R transmembrane
core to promote receptor activation.

Cryo-electron microscopy (cryo-EM) has enabled researchers to
determine the structures of GPCR complexes without the need to
extensively modify the receptor®. A 4.1 A full-length active structure
of a wild-type rabbit GLP-1R was solved in complex with GLP-1 and
heterotrimeric G, protein?. In addition, the full-length active structure
of the calcitonin receptor (CTR) was solved to a similar global reso-
lution in complex with a peptide agonist and G; protein® using phase
contrast cryo-EM!%-12, Here, we used Volta phase plate cryo-EM to
determine the structure of an active state, human GLP-1R bound

to ExP5 in complex with a heterotrimeric G protein. The structure
provides insights into the binding of ExP5 to the GLP-1R, with impli-
cations for receptor activation, G protein coupling and signalling for
class B GPCRs.

To form an active, G protein-coupled complex, the GLP-1R was
co-expressed with Gay, His-GB1, and G~2 in Trichoplusia ni (Tni)
insect cells and stimulated with an excess of ExP5 in the presence of
apyrase and the nanobody Nb35, which bridges the G protein a- and
B~-subunits. A dominant-negative Ga, was used to enable the forma-
tion of a complex with improved stability. We characterized and puri-
fied the complex as described for the CTR? (Extended Data Figs 1b, 2a).

Following imaging and initial 2D classification (Extended Data
Fig. 2b, ¢), 3D classification revealed that the majority of the complex
had stable features. The exception was the Gog a-helical domain, the
density of which was averaged out at higher resolution because it had
substantial flexibility despite occupying a single predominant orienta-
tion (Fig. 1a). We used 184,672 particle projections to obtain a cryo-EM
density map with nominal global resolution of 3.3 A (Fig. 1a; Extended
Data Fig. 2b).

An atomic resolution structure of the ExP5-GLP-1R-Gay heter-
otrimeric G protein complex was built into the map and refined to
reveal global features similar to those observed in other class B GPCR
structures®”!3-15, Side chains of the majority of amino acid residues are
clearly identifiable in the peptide, all of the transmembrane helices and
the subunits of the G protein (Extended Data Fig. 3). Although linker
region density between the NTD and the transmembrane core was
visible in the cryo-EM map, it was less well-resolved than other receptor
domains, suggesting substantial flexibility in the ExP5 bound state.
Continuous density was observed for helix 8 (H8) and all intracellular
and extracellular loops (ICLs and ECLs, respectively), with the excep-
tion of ICL3, which was not modelled. In addition, the cryo-EM map
was poor for a region of four ECL3 residues (372-375) and therefore
only the protein backbone was modelled in this region.

Within the NTD there was discontinuous density in the backbone for
some regions. As such, the NTD structure bound to exendin(9-39)
was used to perform a rigid body fit into the density. N-terminal
residues 24-30 and residues beyond E423 at the receptor C terminus
were not resolved. The G protein was well resolved, allowing modelling
of all G protein components (with the exception of the Gas a-helical
domain).

The extracellular NTD conformation differs between the three
agonist-bound Gay heterotrimer class B GPCR structures (Extended
Data Fig. 4a—c). Whereas multiple NTD conformations were evident
for the CTR’, a single predominant conformation was stabilized in
both GLP-1R structures®. However, there were subtle differences in the
relative positioning of the N terminus relative to the transmembrane
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Figure 1 | The ExP5-GLP-1R-Gs cryo-EM structure reveals molecular
details linked to GLP-1R biased agonism. a, Left, ExP5-GLP-1R-Gs
structure after refinement in the cryo-EM map. Middle, cryo-EM density
map coloured by local resolution (A). Right, low-resolution cryo-EM
map highlighting the predominant Gag a-helical domain location in
ExP5-GLP-1R-Gs (grey), compared to 32-AR-Gs (PDB:3SN6, orange).
b, Transmembrane domain and peptide superimposition reveal backbone
differences in ECL3, TM6, TM7 and TM1 when bound by GLP-1 relative
to ExP5. ExP5 is located closer to TM1 than GLP-1. ¢, D372 and E373 in
ECL3 are important for the pharmacology of GLP-1 and have a limited
role in ExP5 affinity and signalling. WT, wild type; V, vehicle. d, Left,
overlay of the GLP-1-GLP-1R deposited structure? (GLP-1R in red) and
ExP5-GLP-1R (GLP-1R in blue) reveals a rotation in TM1 side chains.
Right, L141'%, Y1459 and Y1483 mutations have a larger effect on
ExP5-mediated than on GLP-1-mediated cAMP signalling. Whole-cell
binding assays and cAMP signalling were assessed in CHOFlpIn cells and
data are means + s.e.m. of four (for TM1) and six (for ECL3) independent
experiments, performed in duplicate.

bundle that contribute to the positioning of the N termini of GLP-1
and ExP5 (Extended Data Fig. 4b). Notably, the 11-mer agonist-bound
GLP-1R structure solved without the Ga heterotrimer’® displayed a
unique NTD conformation relative to GLP-1 and ExP5 (Extended Data
Fig. 4c). Collectively, these structures suggest that the binding of differ-
ent peptide agonists alters the juxtaposition of the extracellular NTD
and transmembrane bundle to regulate the ability of different peptides
to activate class B GPCRs.

Compared to inactive class B GPCR transmembrane bundles, the
GLP-1R in our structure undergoes similar macroscopic conforma-
tional transitions to those previously reported for the GLP-1-bound
GLP-1R? and calcitonin-bound CTR® (Extended Data Fig. 4d-h).
These include considerable movements in the extracellular ends of
transmembrane (TM) helices 1, 6 and 7, required to open the bundle
to accommodate peptide binding, and a large 15-16 A movement of
TM6 away from the central transmembrane domain axis that opens up
the cytoplasmic face to accommodate G protein interaction (Extended
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Data Fig. 4d, f). These large conformational movements are coordi-
nated around the highly conserved class B GPCR P*4XXG**" motif
in TM6, and G”*° in TM7 (Extended Data Fig. 4d). Nonetheless, there
are notable differences in the extracellular face between the activated
structures, particularly in the extent of movement of TM6, ECL3 and
TM7, which probably reflect the distinct modes with which these
ligands activate their respective receptors (Extended Data Fig. 4g, h).

ExP5 is a biased agonist relative to exendin-4°. Our pharmacological
analysis revealed that ExP5 is also G protein-biased, with limited
B-arrestin recruitment relative to GLP-1 (Extended Data Fig. 1d).
Comparison of receptor occupancy with ligand potency and efficacy in
cellular signalling assays showed that the bias of ExP5 arises primarily
from enhanced efficacy in Gos-mediated cAMP signalling, rather than
aloss of B-arrestin coupling (Extended Data Fig. 1e). Ligand binding
and GTPAS studies performed in insect cells also support enhanced
G protein efficacy of ExP5 relative to GLP-1 (Extended Data Fig. 1c¢).
Thus, comparison of the GLP-1 and ExP5-bound GLP-1R-Gasp3~y
structures provides insight into conformational differences that may
be linked to biased agonism.

The largest distinctions between the GLP-1 and ExP5-bound
GLP-1R transmembrane domains occur within TM1, the extracellular
portions of TM6 and TM7, and the ECL3 conformation (Fig. 1b,
Extended Data Fig. 5a), indicating that these domains may contribute
to biased agonism. This is supported by earlier work identifying crucial
roles for ECL3, and the extracellular helical boundaries of TM6 and
TM?7, within the GLP-1R for differential control of GLP-1R-mediated
signalling'”. Alanine scanning mutagenesis confirmed the importance
of this domain for the differing pharmacological profiles of GLP-1 and
ExP5 (Fig. 1¢c, Extended Data Table 1). Although some ECL3 residues
(G377, R380) had similar roles in both GLP-1 and ExP5 function, the
substitutions L379A, D372A and E373A substantially reduced GLP-1
affinity and signalling but had little effect on ExP5 function. Notably,
the latter two residues lie within the region of ECL3 where the largest
receptor backbone differences are observed between the two structures
(Extended Data Fig. 5a), and alanine mutation converts the binding
profile of GLP-1 to one that closely resembles the binding profile of
ExP5 (Fig. 1¢). Mutagenesis of these two residues also had a similar
effect on the pharmacology of exendin-4, which has a bias profile
similar to that of GLP-1 for these pathways (Extended Data Table 1).
Moreover, mutation of 1.38874 within the top of TM7 had a greater
effect on GLP-1 signalling than on ExP5 signalling (Extended Data
Fig. 5b), further supporting the importance of this region in biased
agonism of GLP-1R.

There are additional differences between the ExP5-bound structure
and the deposited GLP-1-bound GLP-1R structure, in the reported
positioning of the TM1 kink and orientation of side chains in the extra-
cellular half of TM1 (Extended Data Fig. 5¢, Fig. 1d). The location of the
TM1 kink in the 11-mer-bound GLP-1R and the agonist-bound CTR
structures is equivalent to that observed in the ExP5-bound structure
and an overlay of the ExP5-bound and GLP-1-bound GLP-1R cryo-EM
maps reveals that they have similar backbone densities (Extended Data
Fig. 5¢). Although the limited density in the GLP-1 bound structure
precludes confidence, the TM1 backbone can also be modelled in this
common conformation, suggesting that the gross positioning of TM1
may be conserved, although comparison of the density maps indicates
that the side chain positioning differs between the ExP5- and GLP-1-
bound structures, possibly contributing to the biased agonism of ExP5.
Indeed, in the deposited GLP-1-bound model, L141'-%¢, Y145!40 and
Y148'43 face towards TM7, whereas in the ExP5 structure they reside
closer to TM2 (Fig. 1d). Mutation of these residues to alanine had a
stronger effect on ExP5-mediated cAMP signalling than on GLP-1
signalling, supporting a role for TM1 in the control of signalling and
an interaction between TM1 and TM7-ECL3-TM6 that manifests as
altered Gay efficacy and biased agonism between GLP-1 and ExP5.

Strong density was observed for the entirety of EXxP5 extending from the
NTD into deep within the transmembrane core (Extended Data Fig. 3).
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Figure 2 | The ExP5 binding site. a, Key interactions between

ExP5 residues and TM1, TM3, TM5, TM7 and ECL2 of the GLP-1R
transmembrane bundle (side chains located within 4 A between the
peptide (orange) and the GLP-1R (blue) are shown). ECL3 has been
removed for clarity. b, Additional interactions formed by ExP5 with
TM2, TM3 and ECLL. ¢, The functional effect on Gs-mediated cAMP

The peptide forms extensive interactions with residues in TMs 1, 2, 3,
5,7 and all 3 ECLs (Fig. 2, Extended Data Table 2). Alanine mutagen-
esis confirmed the importance of key residues in the GLP-1R for ExP5
binding (Fig. 2c). Many of these residues lining the ExP5 binding site
have previously been implicated as being important for binding of the
cognate ligand, GLP-1717-2,

E1 of ExP5 interacts with R310°4° of GLP-1R and is crucial for the
ability of ExP5 to promote signalling through Goy, with R310%4°A
almost completely abolishing ExP5-mediated cAMP accumulation
(Fig. 2a, c). Very clear density is evident for W306°2¢, which interacts
directly with ExP5 through Van der Waal interactions with the aliphatic
region of N5, as well as forming a direct hydrogen bond with N5 in the
peptide. N5 also forms a hydrogen bond with Q234>%. N3005¢2 points
down towards the receptor core within bonding distance of W306°%¢
and may participate in stabilizing these interactions. A series of contacts
occur between residues in TM2 and ExP5, mainly through hydrophobic
Van der Waals interactions with either hydrophobic residues or
aliphatic regions of polar side chains (Fig. 2b, Extended Data Table 2).
Peptide interactions also occur within ECLI, a region that has been
implicated in peptide binding of other GLP-1R agonists'”** and ECL1
resides close to GLP-1 in the GLP-1-bound cryo-EM structure®. Van
der Waals interactions are also formed between ExP5 and residues in
TM1 and TM7 (Fig. 2a, Extended Data Table 2). In addition, two key
electrostatic interactions are formed by R2995¢? in ECL2 and R3807*°
at the top of the TM7-ECL3 boundary with E16 and D10 of ExP5,
respectively (Fig. 2a). These two residues also formed direct interac-
tions with the 11-mer peptide agonist in the GLP-1R X-ray structure,
interacting with a serine at position 8 (R299¢"?) and an aspartic acid
at position 9 (R3807-°)15, D9 in the 11-mer is the equivalent of D10 in
ExP5 and D15 in native GLP-1. An interaction between GLP-1 D15
and R3807-*° has also been predicted by molecular dynamics simula-
tions!'” and mutagenesis*, but was not reported in the GLP-1-bound
GLP-1R structure®. However, side chain densities were poorly resolved
in this region of the deposited GLP-1-GLP-1R map; alternative mod-
elling can preserve this interaction and therefore it is likely to be con-
served across the three ligands for which structures are now available.
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accumulation following mutagenesis of key ExP5 residues that form
interactions (highlighted in a) in the refined model supports the role
of these residues in ExP5 interactions. cAMP signalling was assessed
in CHOFlplIn cells and data are means + s.e.m. of four independent
experiments performed in duplicate.

The GLP-1-bound GLP-1R cryo-EM structure also reported that
R299ECL2 dips into the receptor core to form a direct interaction with H7
of GLP-12 This modelling into the cryo-EM map is also ambiguous and
contains an alternate positioning of W306>* (required for R2995¢! to
reach into the bundle) to the ExP5-bound and 11-mer-bound GLP-1R
structures'®. Because this positioning of W306>% is not supported by
density, and the described interaction of R299%¢ is highly ener-
getically unfavourable, we hypothesize that W306%¢ is more likely
to reside in a similar orientation to that observed in the ExP5- and
11-mer-bound structures, supported by good density in these maps.
This orientation would promote interactions of R299%°? with GLP-1
higher up in the peptide.

Owing to the limited density available to define GLP-1 interactions in
the GLP-1-bound GLP-1R cryo-EM map, it is difficult to assess direct
differences in peptide interactions between the GLP-1- and ExP5-bound
structures by relying on the structures alone. Nonetheless, alanine muta-
tion of residues lining the ExP5-binding pocket (highlighted in Fig. 2c,
Extended Data Table 1) confirmed a likely overlap of GLP-1R residues
involved in interactions with GLP-1 and ExP5, with previous publi-
cations highlighting the importance of Y205%7%, R299¥¢12, N300 £¢12,
R3807% and R310>*° in GLP-1 affinity and signalling™'”?**!, and our
results confirming their importance for ExP5 binding (Fig. 2). The
nature of these interactions is likely to differ, owing to the variations in
peptide sequence and consequent receptor interactions, as highlighted
by the TM1, TM7 and ECL3 mutagenesis in this study.

Class B GPCRs contain a number of highly conserved transmem-
brane polar residues that participate in key hydrogen bond interac-
tions for receptor integrity and maintenance of the apo state. A central
polar network formed by residues R**°, N*43, H2 and Q"*° is located
just below the peptide binding site in the ExP5-bound structure?*
(Extended Data Fig. 6). Two highly conserved class B GPCR polar
networks (TM2-TM3-TM6-TM7: H>0, E3->0 T642 Y757 and
TM2-TM6-TM7-H8: R*4¢, R/K®%, N1, E84!) at the cytoplasmic
face lock the base of the receptor in an inactive conformation?!?>.
Located between the central hydrogen bond network and the TM2-
TM3-TM6-TM?7 network is a cluster of conserved residues that form
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Figure 3 | Comparison of GLP-1R-mediated G protein conformation
in GLP-1-bound and ExP5-bound receptors. a, Superimposition of the
GLP-1R bundle bound by GLP-1 and by ExP5 reveals distinct angles of
Ga, o5 engagement (6° measured using pisco). b, Top, BRET
measurements show distinct conformational rearrangements between
the Go a-helical domain and Gy when the GLP-1R is activated by ExP5,
relative to activation by GLP-1 or exendin-4. This is associated with a
faster rate of rearrangement at equi-occupant ligand concentrations.
Bottom, similar differences are observed with the dominant-negative Go.
Data are means + s.e.m. (left panels) or mean =+ s.e.m. (right panels) of
three independent experiments performed in triplicate. * P < 0.05 by
one-way analysis of variance followed by Tukey’s multiple comparisons
post-test.

hydrophobic packing interactions in the inactive state, stabilizing the
TM6 P64+’ XXGO>° motif in an inactive conformation (Extended Data
Fig. 6). Upon peptide binding, a reorganization of the GLP-1R cen-
tral hydrogen bond network is associated with destabilization within
TM6 around the P47XXG5>" motif and a major rearrangement of
the central hydrophobic network to form a new packing arrangement
that stabilizes the active state (Extended Data Fig. 6, Supplementary
Video 1). These major rearrangements break two hydrogen bond
networks at the bottom of the receptor, facilitating movement of
TM6 away from the transmembrane bundle to create a cavity for
G protein binding (Extended Data Figs 6, 7b—d, Supplementary Video 1).
Y77 and H**" are released from their ground state constraints and
reorganize to form part of the hydrophobic network that stabilizes the
active state. E*° maintains a hydrogen bond interaction with H**°,
further stabilizing this active conformation.

The GLP-1R active conformation is stabilized by extensive interac-
tions with the Gy heterotrimeric protein (Extended Data Fig. 7). The
receptor-Gay heterotrimer interface is formed by residues located in
TM2, TM3, TM5, TM6, TM7, ICL1, ICL2, ICL3 and H8 of the GLP-1R,
and the a5 and aN regions of Goi and GB3 (Extended Data Table 3).

HS8 in all active structures is amphipathic, with bulky aromatic
residues on the membrane-proximal face heavily buried in the detergent
micelle. Direct interactions of H8 and ICL1 with G(3 are conserved
across class B GPCR G protein structures®® (Extended Data Fig. 7e) and
these are summarized in Extended Data Table 3. Though the importance
of these interactions for the GLP-1R is unclear, truncation of H8 in
the CTR reduced receptor expression and peptide-mediated cAMP
efficacy, suggesting that receptor-Gf3 interactions are important for
class B GPCR function’.

In all structures, the most extensive G protein contacts are formed by
the a5 helix of the Go, Ras-like domain, which inserts into the central
GLP-1R transmembrane bundle cytoplasmic cavity formed by the 15 A
outward movement of TM6 (Extended Data Fig. 7). These contacts
consist of both polar and hydrophobic Van der Waals interactions and
there is, generally, a common interaction pattern between Gy and the
available active class B GPCRs (Extended Data Table 3).

Superimposition of the G proteins of the GLP-1- and ExP5-bound
GLP-1R structures reveals only relatively small differences in the
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receptor-complexed GogRas and G3~ domains (Extended Data Fig. 7f).
The largest change was a 4 A variance in the conformation of the
GagaN domain at its N terminus, which may reflect a ligand-
dependent difference in conformation.

Superimposition of the transmembrane domains of the GLP-1R in
the GLP-1- and ExP5- bound structures reveals that, although there are
limited differences in the overall GagRas and G~ conformations, there
is a six-degree variance in the angle at which the Ga, o5 helix engages
in the GLP-1R cytoplasmic cavity. This results in an overall rotation of
the G protein in the ExP5-bound structure relative to the GLP-1-bound
structure (Fig. 3a, Extended Data Fig. 7f). Notably, when ExP5 is bound
to the GLP-1R, the a4 helix and 33 strand are located further from the
receptor core, and no interactions are observed between the o4 helix
and the GLP-1R intracellular face, whereas there are potential contacts
for the GLP-1-bound structure?. In addition, the aN-33 loop of Gas is
located further from ICL2 of the GLP-1R in the ExP5-bound structure;
although these side chains are still within bonding distance, their inter-
actions are likely to be weaker than those induced by GLP-1 binding.
Notably, there was only very limited density within the backbone for
residues in the bottom of TM5-ICL3 (residues 337-343) in the ExP5-
bound structure, such that this region is not visible in high-resolution
maps, whereas this backbone density was clearly visible for the GLP-
1-bound structure (Extended Data Fig. 5d). This suggests that ICL3 of
the GLP-1R is less flexible in the GLP-1- and G protein-bound state
than in the ExP5- and G protein-bound state.

There are multiple lines of evidence that differences in ligand—
receptor conformation propagate to G protein conformation?®?’.
Direct assessment of conformational rearrangement between G and
Gn, using a bioluminescence resonance energy transfer (BRET) assay;,
revealed that ExP5 promotes a faster conformational change within Goy
than do GLP-1 or exendin-4 at equi-occupant concentrations, accom-
panied by a lower BRET maximal signal (Ep,y) at saturating concen-
trations of peptide (Fig. 3b). Together with the structural data, these
results are consistent with the distinct flexibilities of the bottom of
TMS5 and within ICL3 altering the conformational positioning of the
Gay a-helical domain and increasing the rate of G protein activation.
Collectively, this may contribute to the enhanced Goy protein-mediated
efficacy of ExP5 that is a key element of its biased agonism.

In conclusion, the structure of the ExP5-GLP-1R-Ga, complex
provides insights into the structural reorganization of class B GPCRs
upon peptide activation, as well as the distinct engagement of GLP-1R
agonists with differential signalling bias. Our results highlight that even
when ligands share a common G protein transducer, differences in the
mode of G protein binding can have consequences for conformational
changes in the G protein that are linked to activation. The findings
increase our understanding of biased agonism and may contribute to
the rational design of novel therapeutics that target the GLP-1R.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Constructs. The human GLP-1R was unmodified with the exception of replacing
the native signal peptide with that of haemagglutinin (HA) to enhance receptor
expression and the addition of affinity tags (an N-terminal Flag tag epitope and
a C-terminal 8 x His tag); both tags are removable by 3C protease cleavage. The
construct was generated in both mammalian and insect cell expression vectors.
These modifications did not alter receptor pharmacology (Extended Data
Fig. 1b). A dominant-negative Go, (DNGay) construct was generated by site-
directed mutagenesis to incorporate mutations that alter nucleotide handling
(S54N2% and G226A%), stabilize the G, state (E268A3°) and substitute residues
from Gy, (N271K, K274D, R280K, T284D and 1285T3!2) that are reported to
improve the dominant-negative effect, presumably by stabilizing interactions with
the 3~ subunits.

Insect cell expression. Human GLP-1R, human DNGoy, and Hisg-tagged human G3,
and Gy, were expressed in Tni insect cells (Expression systems) using baculovirus.
Cell cultures were grown in ESF 921 serum-free medium (Expression Systems) to a
density of 4 million cells per ml and then infected with three separate baculoviruses
at a ratio of 2:2:1 for GLP-1R, DNGay and Gf31~,. The culture was collected by
centrifugation 60 h after infection and cell pellets were stored at —80°C.
Complex purification. Cell pellets were thawed in 20 mM HEPES pH 7.4, 50mM
NaCl, 2mM MgCl, supplemented with cOmplete Protease Inhibitor Cocktail
tablets (Roche). Complex formation was initiated by addition of 1 uM ExP5 (China
Peptides), Nb35-His (10 pg/ml) and apyrase (25 mU/ml, NEB); the suspension was
incubated for 1h at room temperature. Membranes were collected by centrifuga-
tion at 30,000g for 30 min, and complex was solubilized from membrane using 0.5%
(w/v) lauryl maltose neopentyl glycol (LMNG, Anatrace) supplemented with 0.03%
(w/v) cholesteryl hemisuccinate (CHS, Anatrace) for 2h at 4°C in the presence
of 1pM ExP5 and apyrase (25 mU/ml, NEB). Insoluble material was removed by
centrifugation at 30,000g for 30 min and the solubilized complex was immobilized
by batch binding to M1 anti-Flag affinity resin in the presence of 3mM CaCl,.
The resin was packed into a glass column and washed with 20 column volumes
of 20mM HEPES pH 7.4, 100 mM NaCl, 2mM MgCl,, 3mM CaCl,, 1 pM ExP5,
0.01% (w/v) LMNG and 0.006% (w/v) CHS before bound material was eluted in
buffer containing 5mM EGTA and 0.1 mg/ml FLAG peptide. The complex was
then concentrated using an Amicon Ultra Centrifugal Filter (MWCO, 100kDa)
and subjected to size-exclusion chromatography on a Superdex 200 Increase 10/300
column (GE Healthcare) that was pre-equilibrated with 20 mM HEPES pH 7.4,
100 mM NaCl, 2mM MgCl,, 1 uM ExP5, 0.01% (w/v) MNG and 0.006% (w/v) CHS
to separate complex from contaminants. Eluted fractions consisting of receptor
and G-protein complex were pooled and concentrated. The final yield of purified
complex was approximately 0.2 mg per litre of insect cell culture.

SDS-PAGE and western blot analysis. Samples collected from size-exclusion chro-
matography were analysed by SDS-PAGE and western blot. For SDS-PAGE, precast
gradient TGX gels (Bio-Rad) were used. Gels were either stained by Instant Blue
(Expedeon) or immediately transferred to PVDF membrane (Bio-Rad) at 100 V
for 1h. The proteins on the PVDF membrane were probed with two primary anti-
bodies, rabbit anti-Ga, C-18 antibody (cat. no. sc-383, Santa Cruz) against the Go
subunit and mouse penta-His antibody (cat. no. 34660, QIAGEN) against His tags.
The membrane was washed and incubated with secondary antibodies (680RD goat
anti-mouse and 800CW goat anti-rabbit, LI-COR). Bands were imaged using an
infrared imaging system (LI-COR Odyssey Imaging System).

Preparation of vitrified specimen. EM grids (Quantifoil, 200 mesh copper
R1.2/1.3) were glow discharged for 30s in high pressure air using Harrick plasma
cleaner. Four microlitres of sample at 1.3 mg/ml was applied to the grid in the
Vitrobot chamber (FEI Vitrobot Mark IV). The Vitrobot chamber was set to 100%
humidity at 4 °C. The sample was blotted for 5s with a blot force of 20 and then
plunged into propane—ethane mixture (37% ethane and 63% propane).

Data acquisition. Data were collected on a Titan Krios microscope operated
at 300kV (Thermo Fisher Scientific equipped with a Gatan Quantum energy
filter, a Gatan K2 summit direct electron detector (Gatan) and a Volta phase plate
(Thermo Fisher Scientific)). Videos were recorded in EFTEM nanoprobe mode,
with 50-pum C2 aperture, at a calibrated magnification of 47,170 corresponding to
a magpnified pixel size of 1.06 A. Each video comprised 50 frames with a total dose
of 50 e=/A? and exposure time was 8 s with a dose rate of 7 e~ per pixel per s on the
detector. Data acquisition was done using SerialEM software at —500 nm defocus®.
Data processing. We collected 2,793 movies and subjected them to motion cor-
rection using motioncor2*!, Contrast transfer function (CTF) estimation was done
using Getf software® on the non-dose-weighted micrographs. The particles were
picked using gautomatch (developed by K. Zhang, MRC Laboratory of Molecular
Biology, Cambridge, UK; http://www.mrc-Imb.cam.ac.uk/kzhang/Gautomatch/).
An initial model was made using EMAN22® based on a few automatically picked
micrographs and using the common-line approach. The particles were extracted
in RELION 2.03% using a box size of 200 pixels. Picked particles (614,883) were

subjected to 3D classification with 5 classes. Particles (190,135) from the best-
looking class were subjected to 3D auto-refinement in RELION 2.03. The refined
particles were subjected to another run of 3D classification with 5 classes and
without alignments, after which 184,672 particles were chosen for a final run of 3D
auto-refinement in RELION 2.03. The final map was sharpened with a B-factor of
—50A. Local resolution was determined using RELION®” with half-reconstructions
as input maps. The cryo-EM data collection, refinement and validation statistics
are reported in Supplementary Table 1.

Modelling. The initial template for GLP-1R transmembrane regions, G protein
and Nb35 was derived from rabbit GLP-1R in complex with Ga, (PDB-5VAI)?
followed by extensive remodelling using COOT?%. The ECL3 loop residues
372-376 were stubbed owing to insufficient density for unambiguous modelling,
and no high-resolution density was present for ICL3 residues N338-T343, which
were omitted from the deposited structure. Owing to discontinuous and/or variable
density in the GLP-1R ECD region, we used the high-resolution X-ray crystal
structure of the GLP-1R ECD-exendin(9-39) (PDB-3C5T)!¢ for a rigid body
fit with limited manual adjustments. The ExP5 peptide was modelled manually.
The final model was subjected to global refinement and minimization in real
space using the module ‘phenix.real_space_refine’ in PHENIX?*. Validation was
performed in MolProbity™.

Insect cell membrane preparations. Crude membrane preparations were
prepared from insect cells produced using the same expression conditions as
used for cryo-EM samples. Cells were resuspended in buffer (20 mM HEPES 7.4,
50 mM NaCl, 2mM MgCl,, with protease inhibitors and benzonase) and dounced
20 times with the tight pestle, followed by centrifugation (10 min, 350g, 4 °C). The
pellet was resuspended in buffer, dounced and clarified by centrifugation at a low g.
Membranes were pelleted by centrifugation (1h, 40,000g, 4°C), resuspended in
buffer and sonicated. Protein concentration was determined using Bradford rea-
gent (Bio-Rad).

[3S]GTP~S binding. Measurement of [**S]GTP~S incorporation was performed
in 20mM HEPES pH 7.4; 100 mM NaCl; 10 mM MgCly; 1 mM EDTA; 0.1% (w/v)
BSA; 30 pg/ml saponin. Membranes (50 ug per sample) were pre-incubated with
1pM GDP and increasing concentrations of ligand for 30 min at 22 °C. Reactions
were started by the addition of [*>S]JGTP~S and ATP (final concentrations: 300 pM
and 50 pM, respectively). After 1h incubation at 30 °C, the reaction was termi-
nated by collecting the membranes on Whatman UniFilter GF/C plates using
Filtermate 196 harvester (Packard). Membranes were extensively washed with ice-
cold 50 mM Tris pH 7.6, 10 mM MgCl,, 100 mM NaCl, dried, dissolved in 40l
MicroScint-O scintillation cocktail (Packard) and counted using a MicroBeta
LumiJET counter (PerkinElmer). Data from each experiment were normalized
to the response of GLP-1R-WTGa,—Gf3;~, membranes at 1 pM GLP-1 (100%).
Radioligand competition binding experiments on insect cell membranes.
Radioligand binding was performed in 20 mM HEPES, pH 7.4, 100 mM NaCl,
10mM MgCl, and 0.1% (w/v) BSA. Competition binding assays with GLP-1 and
ExP5 were performed in the presence of 50 pM ['?°I]-exendin(9-39). Binding
reactions were initiated with the addition of 4 g of GLP-1R-expressing membranes
(with or without G protein) followed by 1 h incubation at 30 °C. Membranes were
collected on UniFilter GF/C (Whatman) plates using a Filtermate 196 harvester
(Packard), extensively washed with ice-cold NaCl, dried, dissolved in 40 pl of
MicroScint-O scintillation cocktail (Packard), and counted using a MicroBeta
LumiJET counter (PerkinElmer). Data from each experiment were normalized
to vehicle control and non-specific binding (1 pM exendin(9-39)). Curves were
fit to a one- or two-site competition binding equation in Prism 6.0 (GraphPad).
Generation of mutant receptor constructs in mammalian cell lines. Mutant
receptors were generated in a 2x c-Myc epitope-tagged receptor in the pEF5/
FRT/V5-DEST vector using QuikChange site-directed mutagenesis (Invitrogen)
and sequences confirmed. Mutant receptors were stably expressed in CHOFlpIn
cells using the FlpIn Gateway technology system (Invitrogen) and selected using
600 pg/ml hygromyocin B. All cells were tested and found to be free from myco-
plasma contamination.

Mammalian whole-cell radioligand binding assays. Cells were seeded at a
density of 30,000 cells per well into 96-well culture plates and incubated overnight
in DMEM containing 5% FBS at 37°C in 5% CO,. Growth medium was replaced
with binding buffer (DMEM containing 25 mM HEPES and 0.1% (w/v) BSA) con-
taining 0.1 nM ['?°I]-exendin(9-39) and increasing concentrations of unlabelled
peptide agonists. Cells were incubated overnight at 4 °C, followed by three washes
in ice cold 1 x PBS to remove unbound radioligand. Cells were then solubilized in
0.1 M NaOH, and radioactivity determined by gamma counting. For all experi-
ments, nonspecific binding was defined by 1M exendin(9-39).

Mammalian cAMP assays. Cells were seeded at a density of 30,000 cells per well
into 96-well culture plates and incubated overnight in DMEM containing 5% FBS
at 37°C in 5% CO,. cAMP detection was performed as previously described®.
All values were converted to cAMP concentration using a cAMP standard curve
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performed in parallel and data were subsequently normalized to the response of
100 uM forskolin in each cell line.

{3-Arrestin recruitment assay. Cells stably expressing GLP-1R-Rluc8 and
(3-arrestinl-venus were seeded at a density of 30,000 cells per well into 96-well
culture plates and incubated overnight in DMEM containing 5% FBS at 37°C in
5% CO,. 3-Arrestin recruitment was performed as previously described?!.
Mammalian cell membrane preparations for G protein BRET assays.
HEK293AAS-GLP-1R cells were transfected with Gas-venus (inserted at position
72 of Go with a GSSSSG linker) or dominant-negative Gos—nanoluc (inserted at
position 72 of G, with a GSSSSG linker), GB3; and G,-nanoluc or G~,-venus
(inserted at the N terminus of G, with a GSAGT linker) at a 1:1:1 ratio using
PEI Cell membranes were prepared as described previously?® and stored at
—80°C. Twenty-four hours after transfection, cells were collected with membrane
preparation buffer (20 mM BisTris, pH 7.4, 50 mM NaCl, 1 mM MgCl,, 1x P8340
protease inhibitor cocktail (Sigma-Aldrich), 1 mM DTT and 0.1 mM PMSEF).
Cells were then homogenized, applied to a stepped sucrose gradient (60%, 40%,
homogenate) and centrifuged at 22,500 r.p.m. for 2.5h at 4°C. The layers between
40% and homogenate were collected, diluted in membrane preparation buffer and
centrifuged at 30,000 r.p.m. for 30 min at 4 °C. The final pellet was resuspended in
membrane preparation buffer, and stored at —80°C. Total protein concentration
was determined using a NanoDrop.

G protein conformational determination using BRET. HEK293AAS cells stably
expressing the GLP-1R (tested and confirmed to be free from mycoplasma) were
transfected with a 1:1:1 ratio of Gyz:nanoluc-Gaoy, %:venus-Gf; or Ga:venus—
dominant-negative Gay’%nanoluc-Gf3; 24 h before collection and preparation of
cell plasma membranes (above). Five micrograms per well of cell membrane was
incubated with furimazine (1:1,000 dilution from stock) in assay buffer (1x HBSS,
10mM HEPES, 0.1% (w/v) BSA, 1 x P8340 protease inhibitor cocktail, 1 mM DTT
and 0.1 mM PMSE pH 7.4). The GLP-1R-induced BRET signal between G, and
G~ was measured at 30 °C using a PHERAstar (BMG LabTech). Baseline BRET
measurements were taken for 2 min before addition of vehicle or ligand. BRET
was measured at 15s intervals for a further 7 min. All assays were performed in a
final volume of 100 pl.

Data analysis. Pharmacological data were analysed using Prism 7 (GraphPad).
Concentration-dependent response signalling data were analysed as previously
described® using a three-parameter logistic equation. Signalling bias was quanti-
fied by analysis of cCAMP accumulation and 3-arrestin1 recruitment concentration—
response curves using an operational model of agonism modified to directly estimate
the ratio of 7/K as described previously>2%42,

Emax X (TC/KA)n X [A]n
[A]" X (7e/Ka)" + (1 + [A]/Kn)"

in which E,,x represents the maximal stimulation of the system, K} is the agonist-
receptor dissociation constant in molar concentration, [A] is the molar con-
centration of ligand and 7 is the operational measure of efficacy in the system,
which incorporates signalling efficacy and receptor density. All estimated 7/Kx
ratios included propagation of error for both 7 and Ka. Changes in 7/K, ratios
with respect to GLP-1 for each novel peptide were used to quantify bias between
signalling pathways. Accordingly, bias factors included propagation of error from
the 7/Kj ratios of each pathway.

Changes in the rate of change in BRET signal were fitted to a one-phase associ-
ation curve. Normalized AUC for the indicated ligand concentrations was plotted
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as a concentration-response curve and fitted with a three-parameter logistic curve.
Statistical analysis was performed with either one-way analysis of variance and a
Tukey’s post-test or a paired t-test, and significance accepted at P < 0.05.
Graphics. Molecular graphics images were produced using the UCSF Chimera
package from the Computer Graphics Laboratory, University of California, San
Francisco (supported by NTH P41 RR-01081)*. Superposition of maps was per-
formed in COOT using “transformation by LSQ model fit"*%. Measurements of
GaRas o5 movements between different structures was performed in Pymol using
the psico python module.

Data availability. All relevant data are available from the authors and/or included
in the manuscript or Supplementary Information. Atomic coordinates and the
cryo-EM density map have been deposited in the Protein Data Bank (PDB) under
accession number 6B3] and EMDB entry ID EMD-7039.
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Extended Data Figure 1 | GLP-1R pharmacology. a, Peptide sequences.
b, Pharmacology of untagged GLP-1R (WT GLP-1R) and the purification
construct (HA-GLP-1R). ¢, Insect cell pharmacology of HA-GLP-1R.
Top, radioligand competition binding. Bottom, GTP~S binding. Left, no
Gs protein. ExP5 has lower affinity than GLP-1 and exendin-4 and does
not bind GTP~S. Middle, wild-type Gs enhances peptide affinity and
promotes GTP~S binding. Right, dominant-negative Gs is similar to wild-
type Gs in binding, but does not bind GTP~S. d, Bias factors calculated
from concentration-response curves using the Black and Leff operational
model>?**! (see Methods) confirm that ExP5 is a biased agonist relative
to GLP-1. e, Top left, pICs of ExP5 is ~100-fold lower than of GLP-1
(CHOFlpIn whole cell). Top right, GLP-1 and ExP5 have (3-arrestinl

LETTER

coupling with pECsy ~30-fold to the right of their pICs, (dotted lines).
ExP5 is more potent than GLP-1 in cAMP signalling (pECs relative to
pICsp). Bottom left, pICso:pECsy ratios for G protein (cAMP) and
B-arrestinl of ExP5 relative to GLP-1 highlights ExP5 bias arises from
enhanced Gs coupling, not reduced (3-arrestinl recruitment. Bottom right,
ratio of ExP5 efficacy (calculated using the Ehlert method*?) relative to
GLP-1 in cAMP and (B-arrestinl recruitment confirms that ExP5 bias
arises from enhanced Gy efficacy. Data in b, ¢ are mean +s.e.m. of

three (insect cells) or four (CHOFlpln cells) independent experiments,
conducted in duplicate or triplicate, respectively. Data in d, e are from

11 independent experiments performed in duplicate. *P < 0.05 by one-way
analysis of variance and Dunnett’s post-test.
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Extended Data Figure 2 | Purification and Volta phase plate imaging
of the ExP5-GLP-1R-Gs complex. a, Left, elution profile of the purified
complex. Middle, pooled complex fractions, concentrated and analysed
by size exclusion chromatography (SEC). Right, SDS-PAGE/Coomassie
blue stain and western blot of the complex showing all components.
Anti-His antibody detects Flag-GLP-1R-His, G3-His and Nb35-His

(red) and anti-Gs antibody detects Go, (green). b, Left, Volta phase plate
micrograph of the complex (representative of 2,793). Middle, 2D class
averages. Right; ‘gold standard’ Fourier shell correlation (FSC) curves;
the overall nominal resolution is 3.26 A. ¢, Left, Volta phase plate phase
shift history throughout the dataset. Right, histogram of the estimated
micrograph resolutions from the CTE.
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Extended Data Figure 3 | Atomic resolution model of the ExP5- of the receptor, the ExP5 peptide and the a'5ax helix of the GaSa Ras-like
GLP-1R-Gs heterotrimer in the cryo-EM density map. EM density domain. Bulky residues are highlighted. All transmembrane helices exhibit
map and model are shown for all seven transmembrane helices and H8 good density, with TM6—which is flexible—being the least well-resolved.
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Extended Data Figure 4 | Comparison of class B GPCR structures.

a-c, Agonist-bound full-length structures have distinct NTD orientations.
d-f, Side view (d), extracellular view (e) and cytoplasmic view (f) of the
conformational reorganization between inactive (GCGR, PDB 4L6R) and
active structures (ExP5-bound GLP-1R). Distances are measured from
Ca residues 1.33, 6.58, 7.35 and 6.35. Numbering uses the Wootten class B

GCGR Inactive GLP-1: GLP-1R
sCT:CTR ExP5: GLP-1R

system. g-h, Superimposition of transmembrane domains from
sCT-CTR-Gs (grey, PDB 5U27), GLP-1-GLP-1R-Gs (red, PDB 5VAI)
and ExP5-GLP-1R-Gs with the inactive GCGR (green, PDB 4L6R).

The largest differences in active structures relative to the inactive GCGR
occur in TM1, TM6, TM7 and ECL3 (h), but the nature and extent of
conformational change varies.
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Extended Data Figure 5 | ECL3, TM7, TM1 and ICL3 may be associated ~ conformation for GLP-1-GLP-1R. Left, TM1 model overlays of ExP5-
with GLP-1R biased agonism. a, Conformational differences in GLP-1R GLP-1R and GLP-1-GLP-1R with their associated cryo-EM maps (GLP-1,

ECL3 between ExP5-bound (blue) and GLP-1-bound (red) GLP-1R red ribbon/mesh; ExP5, blue ribbon/surface) reveals limited differences in
structures are supported by density in their respective cryo-EM maps. the TM1 backbone, but potentially distinct side-chain orientations. d, Left,
b, 1L388743A affected the potency of GLP-1 mediated cAMP more than ICL3 backbone conformation in GLP-1-GLP-1R (PDB 5VAI) is supported
ExP5 (mean + s.e.m. of four independent experiments). ¢, Right, TM1 by density (EMD-3653). Limited density is observed for ICL3 (337-343) in

overlays from agonist-bound class B GPCR structures reveals a different ExP5-GLP-1R.
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GCGR Inactive

Hydrophobic network

ExP5 GLP-1R

Central hydrogen
bond network

Extended Data Figure 6 | Rearrangement of conserved networks upon
GLP-1R binding to ExP5. Comparison of conserved networks in the
inactive (green, GCGR) and activated (blue, ExP5-GLP-1R-Gs) states;
central polar network (cyan), cytoplasmic polar networks (orange) and
hydrophobic residues (pink). Inactive state interactions are incompatible
with peptide binding and reorganize on activation. Upper middle, major
rearrangements within the hydrophobic network (top, inactive; bottom,

Inactive state
stabilising
networks

activated); side chains involved in ground state stabilization in green,
inactive and active state in pink and active state in blue. Lower left and
lower right, reorganization of the central hydrogen bond network and
cytoplasmic networks, respectively, where green is inactive and blue is
active. Subscript, Wootten numbering. These conformational changes are
detailed in Supplementary Video 1.
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GasRas GLP-1R

Extended Data Figure 7 | GLP-1R-G protein interactions. a, GLP-1R
forms interactions with GagRas and Gf3. b-e, Receptor side chains

(blue) within 4.5 A of Gag side chains (gold) or G side chains (cyan).
b-d, Gaga5 forms polar and non-polar interactions with the cytoplasmic
cavity formed by TM6 opening. Potential interactions also occur between
GasalN and ICL2 of GLP-1R. e, GLP-1R H8 aromatic residues embed

GLP-1R: GLP-1
GLP-1R: ExP5

B v Nb35

within the detergent micelle and polar residues form direct interactions
with GB. f, Left, the distinct engagement angle of Gasa5 with the receptor
(Fig. 3) results in an overall rotation of the GoiRas,3,y in ExP5-GLP-1R
relative to GLP-1-GLP-1R. Right, overlaying Go, from both structures
reveals only minor differences in the G protein upon receptor engagement.
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Extended Data Table 1 | Effects of extracellular loop 3 alanine mutants of human GLP-1R on agonist binding and cell surface expression

el Whole cell competition radioligand binding pK; cAMP Accumulation

e s 5

Skl ef:r';zgﬁm GLP-1 Exendin-4 Exendin-P5 o Eendn® Eendn o

PECso Emax pECso Emax pECso Emax

Wildipe | 900123 B.SHE0.0% BOTX007 | 967045018 | 1082004 | 10052 | 11.4:0.04 | 10041 | 9.9320.04 | 100+1
DoU2s. | RO 9-?5_’—;%)47 9292050 (0.14) | 9:342041(0-24) | .9520.10* | 10324 | 10.120.09* | 105:3 | 10.040.08 | 99+2
BOTA | T 9'?82%)3 O | 907204210100 |9.552029 (0.22) | 5.45+0.08" | 10424 | 9.3£0.09* | 99+3 | 9.25£0.08" | 10643
e BOTI00% 887£009  9.92052(010) | 10.9+0,07 | 102¢2 | 1162008 | 99+2 | 1012007 | 9322
R376A | 92:7 8.5320.10 8.92:0.10 | 9612048 (0-15) | 10.320.00* | 993 | 1142012 | 95+2 | 9612014 | 105:5
Gafih | H6&3 827£006" | 9122025 (068) | o4 | 9:920.08° | 105:3| 1112015 | 102+4 | 9.1420.15* | 106+5
T378A | 173£11% | 8.87:0.06 8.710.11 6750005 | 1072010 | 932 | 11.550.17 | 8557 | 100010 | 95:3
LSRR A£G 8-33£0.07% 81520457 | 9.61£049(0.19) | 9.7420.13* | 89:3 | 10.520.20* | 9245 | 1024010 | 9643
RIGOA, | 13D 7:-3550.09* 1-8550.05% 6650004 | 77420.07" | 10354 | 8.8120.08" | 103:3 | 8.2120.11% | 9724
Fagila D2ES BATE0:00 8942005 19222051 (0.19) | 105:0,06 | 88+2 | 115:008 | 866 | 103:006 | 9322
19628 | 11926 8.02:0.00 8.91£006 19712051014 | 1092012 | 9943 | 11.3:0.00 | 95+2 | 10.2:0.12 | 10244

Cell surface expression was determined through antibody detection of the N-terminal c-Myc epitope label and expressed as percentage of wild-type (WT) GLP-1R expression. Whole-cell competition
radioligand binding data were analysed using either a one-site (a single pK;) or a two-site binding curve (two pKi values are reported with the fraction of receptors in the high affinity site reported in
brackets) as determined by an F-test in Graphpad Prism. pK; values represent the negative logarithm of the equilibrium dissociation constant (in molar) of agonist. Data were normalized to specific
[125]-exendin(-9-39) binding. cAMP concentration response data were analysed using a three-parameter logistic curve to determine pECso and Eqax values. pECsq values represent the negative
logarithm of agonist concentration that produces half maximal response. Enax values are maximal response as percentage of WT response. All values are expressed as mean +s.e.m. of five
independent experiments conducted in duplicate. Data were analysed using one-way analysis of variance and Dunnett’s post-test. *P < 0.05 (in comparison with WT response).



Extended Data Table 2 | Interactions between the GLP-1R and ExP5

ExP5 Peptide side Peptide side GLP-1R Interaction
chain density  chain density
atCp at Cy
E1 yes no R310°% Hydrogen bond
A368°%
L2 yes yes Vv237°%
1313°4
V3 yes N/A 739
7.42
L3887.43
739174
D4 no no Y152™%7 Potential H-bond
V194%%
3.36
K197%% Salt bridge
N5 yes yes Q234°% Hydrogen bond
w306>*° Hydrogen bond
A6 yes N/A
V7 yes N/A 739
L3887.43
G8 N/A N/A
G9 N/A N/A
D10 yes no R380™% Salt bridge
L11 yes no L1417
Y145
L2071%7
S12 yes N/A T2985F
L2012.71
K13 yes yes R299%°% potential H-bond to the backbone
backbone
Q14 yes yes E138™% no side chain density for E138
L141 1.36
M15 yes yes Zr
K2022.71
Y2052.75
82062.76
E16 yes yes 27 Potential H-bond
R2995°2 Salt bridge, Potential H-bond to the backbone
N32
E17 yes no Potentially
TM1 stalk
E18 yes yes Potentially
TM1 stalk
A19 yes N/A Y205°"
V20 yes N/A V30"
NTD
P9Q"™®
R21 yes yes Potentially
TM1 stalk
L22 yes yes Q210"
F23 yes yes W2145°
L32NTD
L35NTD
V36"
W39NTD
124 yes yes
V20 NTD
Y69NTD
LSQNTD
PQONTD
W91 NTD
E25 yes yes
W26 yes yes Ect
w214 T-stack
L27-S33 N-terminal interactions

LETTER

Residues in black are within 4 A of the bound peptide. Residues in grey italics are within 4.5 A of the bound peptide, but out of bonding distance and may form transient interactions. Residues in blue

italics are within 4 A in our model but there is no side-chain density in the cryo-EM map.
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Extended Data Table 3 | Interactions formed between class B receptor and Gs heterotrimeric Gs proteins

G protein G protein GLP-1R GLP-1R CTR
subunit Residue no (ExP5 bound) (GLP-1 (sCT bound)
bound) PDB:5UZ7
PDB: 5VAI
GoRas 05 R380 F257™%* L256°>°bb K326°*
D381 K334>% K334>"*
1383 5258 V252"
Q384 L255“®bb L255"®bb L2487 ®bb
K3345.64 K3345.64 K3265.64
R385 K334>* bb K334°**bb K326
H387 L2547 L2547 L2477
L2552.58
L388 L2557
V331 5.61 V331 5.61 L3235.61
K334>%
Q390 R176%™ R176%" R180%™
E4088.41
Y391 H1807° H180*>° Y253
Y2503.53 L3596.48
L3566.45
L2513.54 L2513.54 L2443.54
L2543.57
E392 N406"°" N406"""
N4077-%2 V4057pb €394”%bb
L4017*bb N396™%
L393 $352°%bb S$352°%
L3566.45 L3566.45 L3486.45
v3275.57
V3315_61 T3536.42
L394 VB3 L339°% M327°>%
R348% (to L394
backbone)
GaRas aN Q35 S261°" S$261™"
E262ICL2
R38 E262""
Q31 Q263" (not Q263"™*
support density)
K34 E262™% Q263"
GaRas 3 V217 V259"
GaRas a4 (N338 not resolved in N338™"°
R385 cryo EM map but likely
conserved)
Gp D312 H171"" H171"™ R404%%
K41 58.48 K41 58.48
A309/G310 R419%* R419%* Q408%*
(backbone)
Q44 E423%%° Q415°%%

All receptor residues within 4 A (4.5 A in non-bold italics) of G protein that were evident in the cryo-EM maps of the sSCT-CTR-Gs, GLP-1-GLP-1R-Gs and ExP5-GLP-1R-Gs complexes are listed.
Residues in red are conserved interactions between the three structures, those in blue are conserved between the two GLP-1R structures and those in black are unique in the different structures
(bb indicates backbone interactions).
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2. Data exclusions

Describe any data exclusions. No data were excluded
3. Replication
Describe whether the experimental findings were Experimental findings were reliably reproduced

reliably reproduced.

4. Randomization

Describe how samples/organisms/participants were Randomization was not required
allocated into experimental groups.

5. Blinding
Describe whether the investigators were blinded to Blinding was not required

group allocation during data collection and/or analysis.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

D A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

EI The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

|:| A description of any assumptions or corrections, such as an adjustment for multiple comparisons

|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
|X| Clearly defined error bars
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See the web collection on statistics for biologists for further resources and guidance.

» Software

Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this GraphPad Prism, ImageJ, Motioncor2, Gctf, Gautomatch, EMAN2, Relion 2.03,




study. PHENIX, MolProbity, COOT, Pymol, UCSF Chimera

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of ~ There are no restriction
unique materials or if these materials are only available
for distribution by a for-profit company.

9. Antibodies

Describe the antibodies used and how they were validated All antibodies were used for Western blot analysis and have been validated.
for use in the system under study (i.e. assay and species).  rabbit anti-Gs C-18 antibody (cat no sc-383), Santa Cruz

mouse Penta-His antibody (cat no 34660), QIAGEN

680RD goat anti-mouse antibody (LI-COR)

800CW goat anti-rabbit antibody (LICOR)
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10. Eukaryotic cell lines

a. State the source of each eukaryotic cell line used. Cells used in assays were obtained from ATCC

b. Describe the method of cell line authentication used.  No authentication required

c. Report whether the cell lines were tested for Cell lines were tested and are free from mycoplasma contamination
mycoplasma contamination.

d. If any of the cell lines used are listed in the database Cells are not listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived Not applicable
materials used in the study.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population Not applicable
characteristics of the human research participants.
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