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Abstract

The glucagon-like peptide-1 receptor (GLP-1R) is a key regulator of blood glucose and a prime
target for the treatment of type Il diabetes and obesity with multiple public drugs. Here we
present a comprehensive computational analysis of the interactions of the activated GLP-1R—
Gs signaling complex with a G protein biased agonist, Exendin P5 (ExP5), which possesses a
unique N-terminal sequence responsible for the signal bias. Using a refined allatom model of
the ExXP5—-GLP-1R-Gs complex in molecular dynamics (MD) simulations, we propose a novel
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mechanism of conformation transduction in which the unique interaction network of ExP5 N-
terminus propagates the binding signal across an array of conserved residues at the transmembrane
domain to enhance Gs protein coupling at the cytoplasmic end of the receptor. Our simulations
reveal previously unobserved interactions important for activation by ExP5 toward GDP-GTP
signaling, providing new insights into the mechanism of class B G protein-coupled receptor
(GPCR) signaling. These findings offer a framework for the structure-based design of more
effective therapeutics.
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INTRODUCTION

G protein-coupled receptors (GPCRs) constitute the largest family of transmembrane
proteins, being responsible for transmitting extracellular signals to the cell interior to
trigger various physiological processes. Class B GPCRs, a subfamily significant in hormonal
homeostasis, are characterized by having long, extracellular N-terminal domains (NTDs)
in addition to the seven transmembrane domains (TMD) that are structurally distinct from
all GPCRs. GPCRs couple to a heterotrimeric G protein to increase or decrease cyclic
adenosine monophosphate (cAMP) production by activating or inactivating a signaling
pathway upon ligand binding. GPCRs can also lead to B-arrestin recruitment, which often
leads to undesired side effects for therapeutics targeting GPCRs. Thus, there is growing
interest in developing biased therapeutics that induce the receptor to selectively induce G
protein activation over g-arrestin recruitment. One such target is the class B glucagon-like
peptide-1 (GLP-1) receptor (GLP-1R).1

The GLP-1R plays an important role in inducing the secretion of insulin, making it a prime
target for developing therapeutics to treat type |1 diabetes and obesity.1~3 Indeed, nearly 10
public drugs target GLP-1R, with a number of others under clinical trials.2 While named
after its endogenous ligand, GLP-1, GLP-1R undergoes significant biased agonism with
various peptidic and non-peptidic ligands,4-8 one of which is Exendin P5 (ExP5).°2

The molecular mechanism of biased signaling is not well understood for class B
GPCRs.410-12 Although a cryogenic electron microscopy (cryo-EM) model was reported
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for the activated ExXP5-GLP-1R-Gs complex (PDB code: 6B3J),13 >350 residues were
missing or partially resolved, and it contained an nanobody Nb35 added to improve
stability.13 In addition, whereas a number of other structures have been reported for the
active-state GLP-1R-Gs signaling complex,14-2 the peptide ligands all possess distinct
N-terminal sequences resembling that of the endogenous GLP-1. Because the unique
N-terminus of ExP5 is crucial to the biased agonism,? a refined all-atom model for the
ExP5-bound signaling complex is necessary to gain reliable insights.

We aim to establish additional understanding of the conformational dynamics responsible
for the biased nature of agonist ExP5 bound to the GLP-1R-Gs protein complex in order to
provide critical information underlying signal bias.10-12.22.23 \\We hereby report an in-depth
analysis of the ligand-receptor interactions and the resulting structural reorganizations
associated with the G protein biased behavior. We expand on existing models!3:16.21

by providing a molecular mechanism of GLP-1R conformational transduction based on
atomistic simulations of the signaling complex. We discuss how the unique N-terminal
sequence of ExP5 increases the interactions that aid in rearranging the TMD. Our
investigation uncovered a number of critical interactions that are closely related to biased
agonism but were not resolved in the cryo-EM structure.13 This detailed understanding of
the molecular interactions between ExP5 and GLP-1R offers important new insights into the
biased signaling of class B GPCRs that should help guide the development of more effective
treatments for type Il diabetes and obesity.

RESULTS AND DISCUSSION

Molecular Dynamics (MD) Simulations Maintain Structural Integrity.

First we predicted the structures for the residues missing or not completely resolved in

the 3.3 A resolution cryo-EM structure of the ExP5 agonist-bound GLP-1R-Gs signaling
complex (PDB ID: 6B3J).13 These include 29 residues at the N-terminus of GLP-1R, 8
located nearby the NTD (S129, K130, R131, G132, E133, R134, S135, and S136), and 6
in intracellular loop 3 (ICL3; N338, L339, M340, C341, K342, and T343). The side chains
were not resolved for another 4 residues located in ECL3: D372, Q373, H374, and R376.
Moreover, a total of 199 residues were not resolved in the Gas subunit: residues 1-10, 48—
204, 250-263, 296-307, and 365-370 inclusive. This covered the entire a-helical domain.
In addition, residues 1-5 and 63-71 of the G2 subunit were also missing, which included
the C-terminus, where a lipid anchor should be attached. We used the protocols described
in the Methods section to predict the structures of these residues by minimization, annealing
simulations, and side-chain repacking. A graphical representation of the computationally
refined regions is provided in Figure S1.

Using the reconstructed ExP5-GLP-1R-Gs complex, we performed all-atom MD
simulations for a total of 1.5 /s (see the Methods section for details).

Briefly, we immersed the ExP5-GLP-1R-Gs complex into a bilayer membrane of
palmitoyloleoylphosphatidylcholine (POPC), and then we solvated the system in an ~120

x 120 x 200 A3 water box, including 150 mM NaCl to achieve physiological salt conditions.
In addition, we added two lipid anchors to the Gs protein, which included palmitoylation

at C3 of Gas and geranylgeranylation at C68 of G2, with residues 69-71 of G »2
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removed accordingly.?* Given the notable complexity of the signaling complex, our analysis
prioritizes persistent interactions observed in the simulations as they are presumed to possess
greater statistical and functional relevance.

This complex structure remains consistent throughout our MD simulation (Figures 1A and
S2-S4). The total root-mean-square deviation (RMSD) of the whole protein backbone is
2.6 £ 0.5 A vs cryo-EM, which is below the 3.3 A resolution (Figure 1B). The average
RMSDs of the receptor TMD (1.0 + 0.1 A), the ligand-binding pocket (1.4 + 0.2 A), and
the Gs protein (1.8 + 0.4 A) are all quite low. Also, the two lipid anchors were able to
penetrate into the bilayer membrane, aiding in the orientation and stabilization of the Gs
protein. Together, these analyses demonstrate that our simulations preserve the integrity
of the original cryo-EM template. Important differences from the cryo-EM structure are
discussed below.

ExP5 Binding to GLP-1R.

The ExP5 peptide agonist is well-known for its bias toward G protein signaling of GLP-1R.?
This bias of EXP5 has been characterized to arise primarily from enhanced efficacy in cAMP
signaling rather than a loss of S-arrestin coupling.®13 Furthermore, a bioluminescence
resonance energy transfer (BRET) assay has demonstrated that ExP5 induces a faster
conformational change in Gas compared to GLP-1 at equi-occupant concentrations.13 The
primary objective of this study is to investigate how ExP5 modulates the conformations of
the GLP-1R-Gs signaling complex at the active state to cause the observed behaviors.

We first analyzed the binding interactions of ExP5. Our MD simulations show that ExP5
maintains an a-helical fold from L2EXP5 to K285XP5 (Figures 2A and S5). The bottom part
of ExP5 binds to the extracellular pocket in the receptor TMD, while the top portion forms
multiple anchors with TM1-2-3, ECL2, and NTD.13.25

We identified persistent polar anchors at the N-terminus of ExP5 where it reaches deeply
into the receptor extracellular cavity to establish favorable contacts with all transmembrane
helices except for TM6. Particularly, the N-terminal E15XP3, which is unique to the G
protein biased agonist EXP5 compared to nonbiased agonist GLP-1, carries both + and

- charges to form multiple salt bridges (SBs) involving R>40, E®-53 and E7-42, which
collectively create a strong electrostatic network (Figure 2B, bottom). This network is
established early in the production trajectory (~40 ns) and remains stable thereafter for the
entire 1.5 45 simulation (Figures S5 and S6). In addition, we observed stable H-bonds (HBs)
between N5EXPS and Q3-37 (Figure 2B, left) as well as a Y143-D4EXP5_R2.60_y147 4B
network (Figures 2C, S5, and S6). The abundance of these favorable anchors enhances the
binding of ExP5 to promote subsequent TMD rearrangements.

Notably, the ionic locks of the ~NH3* group of E1EXP5 with E8-53 and E7-42 represent

new interactions not resolved in the cryo-EM structure (Figures S7 and $8).13 Indeed,

it is acknowledged that a cryo-EM resolution of 3.3 A can be inadequate for accurately
determining atomistic details of chemical interactions despite their critical roles in
rationalizing signaling behaviors.26-28 Notably, the SBs formed by E15*P5 with TM6-7
implicate a direct correlation to the movements of the extracellular portions of TM6-7 and
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ECL3,13.16.21 which exhibit the most significant differences between the GLP-1 and ExP5-
bound GLP-1R structures. Moreover, the EIEXP5_R5-40 SB explains the almost complete
abolishment of ExP5-mediated cAMP accumulation upon R>49A mutation, 3,21 and the
E1EXP5_ET742 5B explains why the E7-42A mutation leads to substantial decreases in binding
affinity of ExP5 and decreased cAMP signaling efficiency.2! Also, R540A, E6-53A, and
E742A all led to appreciable decrease in ExP5 binding potencies.?! Taken together, these
findings suggest that the E15XP5 SB network acts as a hub for the ExP5-mediated promotion
of Gs signaling.

In fact, the structural alignment reveals that E15XP° is a one-residue extension at the N-
terminus compared to GLP-1 and other typical GLP-1R peptide agonists (Figure 2D).21
Hence, no such E1-based SB network is observed at the N-terminal head of GLP-1
complexed with GLP-1R.15:16 |n fact, as showcased in Figure S8, we have confirmed that a
number of peptide ligands with reported cryo-EM structures—including GLP-1, Tirzepatide,
Semaglutide, Taspoglutide, Ex4, and Oxyntomodulin1®16.18-21__3|| adopt the GLP-1-like
binding mode, i.e., without the N-terminal SB network observed for ExP5. This highlights
the unique binding of the ExP5 G protein biased agonist.

In addition, it is worth noting that single-point mutations RZ60A, Y1-43A and Y147A all
result in an appreciable decrease in cCAMP response, 1321 underscoring the importance of the
Y 143_D4EXP5_R2.60_y1.47 HB network for Gs protein signaling. However, this particular
interaction pattern is commonly observed with GLP-1R peptide agonists®16:18-21 and may
be less directly linked to the signal bias exhibited by ExP5.

A Lipid-Aided Model for ECL3-Out Conformation.

It has been characterized that ExP5 induces an ECL3-out conformation of GLP-1R in

the active complex.13:16:21 Indeed, superimposition of our simulated ExP5-GLP-1R-Gs
complex structure onto a cryo-EM model for the GLP-1-GLP-1R-Gs complex (PDB code:
6X18)16 confirmed the outward positioning of ECL3 in the presence of ExP5 (Figure 3A).
In fact, while the TM6 helix terminates at around 19-55 when bound to GLP-1,16 the presence
of ExP5 and POPC elongates the TM6 a-helical folding until V659 (see right-hand side in
Figure 3A). Meanwhile, the ECL3-TM?7 transition occurs at G”-32 in the presence of GLP-1,
whereas ExP5 will defer the first residue of the TM7 helix until R7-35, These features of
ExP5 binding explains the enrichment of the ECL3-out state.

Intriguingly, our simulations revealed lipid-TM6-ECL3 interactions associated with ECL3
conformation regulation (Figure 3B). While the conformations of the long hydrophobic tails
of POPC appear flexible and dynamic, we found that the -NMez* ammonium head of a
POPC lipid molecule can be multianchored to the TM6-ECLS3 intersection by interacting
with the backbone oxygen atoms of A8-57, F6.58 \/6:59 and M®-80_ giving rise to a lipid cap
on the extracellular end of TM6. To optimize electrostatics, these backbone oxygen atoms
all point toward the -NMes* group, which entails strong constraints on the folding state of
this region. The proximity of this POPC to the ExP5 N-terminus led us to speculate that
ExP5 might have utilized the N-terminal SB network to create a favorable local electrostatic
environment that helped recruit and anchor the POPC.2% We note that the POPC-NMe3z*
on-off events are rather rare in our trajectory (~5 switches over 1.5 /s, Figure S9), which
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implicates the stability of the multianchoring effect. These results offer a lipid-assisted
allosteric model for understanding the ECL3-out conformation, a differential conformation
change widely noted in the literature.13:16:21 Meanwhile, we envision that a more realistic
representation of the cell membrane than the currently used POPC bilayer model would
contribute to a more comprehensive understanding of the interactions observed here and
their dynamics.

ExP5 Stabilization of GLP-1R Active Conformation.

To further probe how ExP5 stabilizes the active state of GLP-1R, we conducted a
conformational analysis of the refined ExP5-GLP-1R-Gs complex using an apo GLP-1R
structure as a reference. To obtain the relevant apo structure, we removed ExP5 and Gs
protein and performed a separate 1.0 45 MD simulation for GLP-1R. By superimposing

the resultant apo structure with the complex over TMD, we identified rearrangements of
transmembrane helices that propagate to the cytoplasmic interface (Figure 4). Specifically,
we found that ExP5 causes TM6 to move downward toward the intracellular side (Figure
4A, bottom left), whereas TM7 moves upward toward the extracellular side (Figure 4A,
bottom right). Moreover, ExP5 engages TM6-ECL3-TM7 such that both helices are twisted
at the extracellular side and undergo inward displacements (Figure 4A, bottom green arrows,
and Figure 4B, top). Additionally, we observed an extension of the TM5 helical fold at the
intracellular end, which results in a shortened ICL3 (Figure 4A, top; Figure 4B, bottom).

We postulated that the observed movements of the TMD might form a foundation for
outside-in signal transduction. Indeed, our further analysis of the superimposed structures
indicates that the E1EXP5> SB network plays a crucial role in promoting the aforementioned
rearrangements by engaging and reorienting the extracellular parts of TM5-7. As presented
in Figure 5A, the E1FXP5-E6.53 SB involves a rotamer switch of E8-53 that favors the
downward translation of TM6. Notably, TM6 has formed a zigzag-shaped interface with
neighboring TM5 utilizing a number of residues lying beneath the conserved P847xxG6-50
motif. This includes an HB between conserved residues L849 and F5-54 at the P8-47xxG6-50
motif, located in the middle of the two helices. More importantly, a large interface of
hydrophobic residues results in a zipper-type TM5-TM®6 coupling for their intracellular
halves, which is based on bulky residues F5-54, 15-58 \/5.61 | 6.38 T6.42 and | 645 Among
them, (i) T642 and L% are conserved across class B1; (ii) F>-54 and L5-38 are shared by
11 out of 15 class B1 GPCRs, while the two residues are highly synchronously replaced
by L554 and A%38 respectively, in the remaining 4 members; (iii) 1>-°8 and V61, despite
higher sequence variations, occupy two positions with a hydrophobic sequence consensus,
the variations limited to isoleucine (1), leucine (L), and valine (V). These observations

led us to hypothesize that the TM5-TMB®6 collective motions can be relevant for a broader
scope of class B GPCRs. Combined, these factors suggest that the E1EXP5 network utilizes
an array of conserved residues to trigger the above-mentioned TMD rearrangements and
therefore enriches the active conformation of GLP-1R, offering a basis for the signal
bias.410-12.22,30-32 Hoyy this influences Gs protein coupling is explored in the next section.
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GLP-1R-Gs Protein Interactions.

Most importantly, the ExP5-stabilized collective movements propagate from the
extracellular side of the TMD to the intracellular side, giving rise to enhanced coupling with
the Gas subunit, which forms a crucial basis for Gs protein signaling. As shown in Figures
5B,C and S10, our simulations point to the TM5-ICL3-TM6-Gas interface as a pivotal site
for stabilizing the activated Ras-like domain, offering abundant coupling interactions. Our
simulations show that TM6 is stabilized at a position advantageous for forming multiple
ionic locks and H-bond anchors between conserved residues R6-37, K640 and S84 and the
C-terminus of the deeply inserted Ga5 helix (Figure 5B). In addition, we discovered a closer
and more robust coupling of the Gas Ras-like domain that was not captured in the cryo-EM
model.13 Remarkably, we identified an extension of the TM5 helix at the intracellular end
that could stretch to K831 (Figure 5C, left). As a result, GLP-1R can utilize the TM5 end
and ICL3 to interact efficiently with Gas. This includes persistent ionic interactions from
conserved residue K564 to D38154S as well as a flexible SB that alternates between K8-31—
D323Cas and K6-31-D343Gas, Moreover, TM5 forms a significant number of polar anchors
to further couple with Ga5, which is also described in Figure 5C (right). Besides stabilizing
the fully activated conformation, these interactions likely establish an increased number of
metastable states in the course of G protein activation during ExP5-mediated signaling.

We emphasize here the significance of the differential Gs protein coupling that we observe
in our simulations as compared to the cryo-EM structure.13 As presented in Figure 5D, the
cryo-EM determination employed nanobody Nb35 to engage the heterotrimeric G protein
and stabilize the signaling complex,13 whereas our MD simulations did not incorporate
Nb35. As a result, we observed a remarkable increase by ~16 A in the P332GaS Ca-T6G”
Ca distance, which provides a measure of the separation between the Gas Ras-like domain
and the Gy subunits (Figure 5E). This ~16 A further separation reflects the dynamic
movement of the Ras-like domain, which facilitates its enhanced interactions with TM5-
ICL3-TM6. Hence, the placement of the artificial Nb35 beneath Gas probably increased
the strain energy required for Gas to engage the ICL3 and TM5-6 residing above it.
Indeed, similar observations were made upon superimposing our ExP5-bound structure onto
a high-resolution GLP-1-bound cryo-EM structure that also contains the nanobody (Figure
S11).16 Because Nb35 has been widely used in related determinations,13-2 these results
highlight the importance of exercising caution when interpreting such modified cryo-EM
structures to gain insight into G protein biased agonism.

CONCLUSION

The class B GLP-1R is a major therapeutic target for treating type 2 diabetes mellitus and
obesity with multiple clinically approved drugs.1=3 The molecular mechanism of GLP-1R
activation has been interpreted in terms of critical TMD reorganizations in the active
state,10.13.15 byt the basis was not well understood. Our simulations now establish a new
explanation for how ExP5, a Gs protein biased agonist,® might exploit its unique N-terminal
E1EXP5 SB network to transmit its binding signal across the TMD to enhance Gs protein
coupling. The network induces TM5-TMB® collective movement toward the intracellular
end, allowing extensive TM5-ICL3-TM6 interactions with the Gas subunit that was only
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partially captured by the experimental determination. We also identified a possible lipid-
aided allosteric effect, which might prove useful in understanding membrane composition
effects and help to design new GLP-1R allosteric modulators. Notably, our simulations
have identified the majority of the most influential single-point alanine mutagenesis in the
systematic assays by Liang et al.13 and Deganutti et al.,21 which closely align with the
proposed R5-40_E1EXPS_[6.53_E7.42 gng y143_pD4EXPS_R2.60_y147 jnteraction hubs. Our
study provides a unifying view of many aforementioned observations with a number of
implications.

Our findings highlight that agonist-TM5-6-7 interactions are a hot spot for exerting
conformational control on GLP-1R toward biased signaling. While studies on class A
GPCRs have also revealed differential conformational dynamics in TM5, TM6, and/or

TM7 associated with signal bias,22:30-33 class B GPCRs exhibit distinct activation
rearrangements,*10:23:34.35 for which only limited molecular insights have been established
relative to biased agonism. Our identification of a new interaction hub at E1EXP5 may
provide a framework for achieving more deliberate control of ligand bias for class B GPCRs.
It also offers a novel viewpoint for connecting the behaviors of class B GPCRs to those
observed in class A, whose structures are vastly different.

Moreover, GLP-1R belongs to the (class B1) glucagon receptor (GCGR) family. Previously,
this family has attracted intense interest in developing bi- and triagonists, which have
proved to give superior therapeutic efficacy.? In the EI¥¥P> SB network, R>40 and E®-53

are shared by all four GPCRs in the GCGR family, and E”-42 is also present in the gastric
inhibitory polypeptide receptor (GIPR) within the same family. Hence, the new model for
ExP5-GLP-1R interactions may have implications for the development of more effective
multitarget agonists for these closely related GPCRs.

We expect that our findings will aid the design of new small-molecule biased agonists that
more readily allow oral formulation and reduce nausea as well as other gastrointestinal
problems seen in current GLP-1R drugs, which are mostly peptides. Comparative studies
of small-molecule vs peptide agonists might also shed more light on the nature of GLP-1R
signaling and ligand bias.16

As discussed above, our findings are based upon out new structure, which displays a series
of critical differences from the cryo-EM model,13 including the E1EXP> SB network and the
mode of Gs protein coupling. This emphasizes the importance of computational structure
refinement in correcting the artifacts in the cryo-EM structures.

It is important to acknowledge that our studies are currently limited to the GLP-1R-Gs
signaling complex. However, we anticipate that gaining access to the GLP-1R—-arrestin
complex structure, in both the presence and absence of agonists, could provide valuable
insights into the underlying mechanisms of biased signaling. Additionally, despite the
extensive duration of our MD simulations, it is crucial to recognize the limitations arising
from the restricted number of replicas due to the computational demands associated with
simulating the extended signaling system under investigation. Lastly, we acknowledge that
our representation of the cell membrane remains simplified. While such simplifications have
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been commonly employed, it is crucial to recognize that GPCR activities are known to
depend on the specific characteristics of the membrane. Therefore, it is highly desirable for
future studies to conduct more detailed investigations into these limitations in order to assess
the potential bias that may emerge as a result.

In summary, we provide new structural insights into ExP5 activation of GLP-1R,

many of which were not resolved in cryo-EM or were influenced by the additional
stabilizing components (the nanobody).13-21 This work advances existing models by
offering a plausible atomistic pathway for conformational transduction. In addition to
various mechanistic implications, this study has potential implications for structure-based
therapeutic design for class B GPCRs to provide greater efficacy and specificity with
reduced side effects.

Modeling of ExXP5-GLP-1R-Gs Complex.

Using the cryo-EM structure of the ExP5-GLP-1R-Gs complex (PDB code: 6B3J),13 we
completed the following residues using the Maestro Software (ver. 12.4.075; Schrédinger):36
S127, K128, R129, G130, E131, R132, S133, S134, N338, L339, M340, C341, K342,

and T343. The disulfide bridges—C46 to C71, C62 to C104, C85 to C126, and C226 to
C296—were reconnected during simulations. We then annealed residues 127 to 137 and
338 to 344 by heating from 50 to 600 K and then cooled to 50 K over 10 ps, keeping all
other residues fixed. We subsequently minimized the whole structure, keeping the backbone
fixed to relax any steric clash that might have been introduced during our modeling. In the
Gas subunit, a grand total of ~200 residues were not resolved in the cryo-EM structure:
residues 1 to 10, 48 to 204, 250 to 263, 296 to 307, and 365 to 370 inclusive. These
residues, with the exception of residues 71-84, were spliced in by superimposing the Gas
from our previous modeling of a B,-adrenergic receptor—Gs protein complex (original PDB
code: 6N13).37:38 Then, Maestro software was used to remove overlapping structures and
connect the peptide segments. Residues 71-84 were not included in either crystal structure,
and so they were added using the same software. We then optimized the Gas subunit with
annealing simulations: residues 9-11, 45-51, 68-87, 200-205, 255-263, 290-310, 362-370,
and 394-290 were permitted to move while heated from 50 to 600 K and then cooled

to 50 K for 10 ps. The now completed ExP5-GLP-1R-Gs complex was then recombined
and was subject to the SCREAM procedure3® to optimize side chain rotamer orientations.
We note that because adding lipid anchors requires the full C-terminus of the G subunit,
which was not resolved in the cryo-EM, we used the structure model documented in the
AlphaFold Protein Structure Database?04! (accessed using UniProt code: P59768; model
v4 was retrieved and used in our work). This completed complex structure was used for
subsequent simulations.

MD Simulations.

All MD simulations were performed using the GROMACS software package.2 Using the
CHARMM-GUI web server,*3-45 we immersed the reconstructed complex into a bilayer
membrane of 370 POPC molecules, added the two lipid anchors, solvated with 67102
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water molecules, and neutralized with 203 Na* and 182 CI~ (150 mM salt concentration),
giving rise to a periodic box of ~120 x 120 x 200 A3. The CHARMM36m?® force

field was used with the TIP3P*7 water force field and the CHARMM36 lipid force
field.#8 The system was relaxed by steepest-descent energy minimization, followed by a
total of ~6.4 ns of pre-equilibration with gradually decreasing restraints. These included
positional restraints for backbones that reduced step by step from ~9.6 to ~0.1 kcal

mol~1 A=2 side chains from ~4.8 to 0.0 kcal mol= A=2, and lipids from ~2.4 to

0.0 kcal mol~t A=2. During pre-equilibration, we also applied ~1.2 kcal mol=1 A=2
harmonic restraints to the following residue pairs, which formed salt bridges in the initial
structure: K28EXP5_E128NTD, E18EXPS_R134NTD D10EXPS_R3807-35, D4EXPS_R190260,
EIEXP5_R310540, R176246-E408849, E2624-38_R38Cas, R3486-37—1 394Gas, and K4158-56—
D312CGA. The system was then subjected to a further 30 ns pre-equilibration with only
the salt bridge restraints. Lastly, production run was conducted for 1.5 /5. The LINCS
algorithm#® was used to fix the bond distances involving H atoms. The temperature

was maintained at 310 K using the Nosé—Hoover thermostat,>%:51 and the pressure was
controlled at 1 bar using a semi-isotropic Parrinello-Rahman barostat>? with a 5.0 ps
damping constant and a 4.5 x 107> bar~! compressibility.

MD simulations of the apo GLP-1R had the ExP5 agonist and the entire heterotrimeric Gs
protein removed. The system included 255 POPC lipid molecules, 33420 water molecules,
92 Na*, and 90 CI~, reaching 150 mM salt concentration, and the box size was ~100 x 100
x 145 A3. Minimization and pre-equilibration (~6.4 ns) employed identical parameters for
the gradually released restraints for different parts of the system. However, no salt-bridge
restraint was applied, and the 30 ns additional pre-equilibration with only the salt-bridge
restraints was skipped accordingly. Production was performed for 1.0 /s with identical
simulation settings. Molecular visualization was conducted in the open-source PyMOL
program.>3
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out ExP5

lipid
anchors

B. RMSD Analysis

<

STRUCTURE ~ RMSD a

(A) g
TOTAL  26:05 & M ‘
TMD 10:01  § Al
3 Y iy )

POCKET 1.4+0.2 s

GP 1.8+0.4 %00 03 06 0.9 12 15

MD time (ps)

Figure 1.
Completed atomistic level structure for the GLP-1 receptor in complex with the

heterotrimeric Gs protein and the ExP5 biased agonist. (A) Side-view depiction. (B) RMSDs
for the whole complex, the transmembrane domain, the ligand-binding pocket (all residues
in 8.0 A proximity with respect to ExP5), and the Gs protein. The RMSDs were computed
after alignment of the selected components and were referenced against the cryo-EM
structure (PDB code: 6B3J).13 All RMSDs are for non-hydrogen backbone atoms.
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B. Polar Anchors with TM3-5-6-7

C. Polar Anchors with TM1-2

T

T™4

GLP-1 HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR
Exendin-4 HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS

Exendin-P5 ELVDNAVGGDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPA

Figure 2.
Interactions between the GLP-1 receptor and ExP5 peptide. (A) Side view of the overall

interactions with the binding pocket. (B, C) Polar interactions of ExP5 with the binding
pocket at the extracellular side of TMD. (D) Alignment of peptide agonists for GLP-1R.
Residues with +/- charges are colored in red/blue, respectively.
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A. ECL3-out Conformation B. Lipid-TM6-ECL3 Interactions

[SGEE otV alell (ECL3-out)
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Figure 3.
Lipid-aided induction of the ECL3-out GLP-1R conformation. (A) Depiction of the ECL3-

out conformation in the ExP5-bound GLP-1R-Gs complex. Structure of the GLP-1-bound
TM6-ECL3-TM7 (blue) was extracted from PDB code 6X18 and was based on alignment

of the TMDs. (B) Backbone—POPC interactions at the TM6-ECL3 transition site, where the
POPC-NMes* group is multianchored to A8-57, F6-58 \/6:59 and M6-60, The backbone atoms
of these residues are shown as sticks, and the side chains are omitted for clarity.
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A. Movements of Transmembrane Helices (Front)

Extracellular View

Front View

counterclockwise
clockwise (from extracellular)
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Figure 4.
Displacements of transmembrane helices of GLP-1R before and after activation. The refined

ExP5-GLP-1R-Gs signaling complex (color: ExP5 in green, GLP-1R in white, and Gs
protein in pink) was used as the active-state structure, while the inactive structure was
extracted from the MD simulation for an apo GLP-1R (color: brown). (A) Front view
and residue movements in TM6-7. Selected residues are shown on sticks to indicate their
movements upon activation. (B) Extra- and intracellular views for TMD displacements.
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A. TM5-TM6 Collective Movements C. TM5-Ga5 Coupling

extracellular side

D. R of Heterotrimeric Gs Protein

(Nb35)

Ras-like
Domain

intracellular side

B. TM6-Ga5 Coupling

Gas ey oY AL
..\0!%\;‘2,?"1,"7?, Sy e GB
P332 \?«% X = = Gy

20

Separation(P33265-T65Y):
65.3:7.4A
(cryoEM 49.6 A)

Figureb.
Residue-level mapping of E1EXP5-triggered conformational transduction. (A) TM5-TM6

collective displacements toward the cytoplasmic end as compared with the apo GLP-1R
structure. (B) Depiction of TM6-G a5 coupling, which involves multiple SBs and H-bond
anchors at the C-terminus of the Ga5 helix. (C) Depiction of TM5-Gas coupling, including
(left) comparison with the apo structure showcasing the critical movement of ICL3 and
(right) detailed description of the anchors involved in the Gs protein coupling. (D, E)
Structure rearrangement of the heterotrimeric Gs protein in the absence of Nb35. The cryo-
EM structure of the EXP5-GLP-1R-Gs complex (PDB code: 6B3J),13 which was stabilized
by Nb35 during determination, is used here for comparison.
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