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ABSTRACT

Glucagon binding to the class B G-protein-coupled glucagon receptor (GCGR) triggers
the release of glucose from the liver during fasting. Recently, GCGR crystal structures
have highlighted the conformation and molecular details of inactive and active receptor
states. However, the dynamics of the conformational changes accompanying GCGR
activation remains unclear. Here, we use multiplex force-distance curve-based atomic
force microscopy (FD-based AFM) to probe in situ glucagon-binding to individual
GCGRs and monitor dynamically the transition to the active conformer. After a ‘“dock”
step, in which glucagon is partially bound to the GCGR extracellular domain, further
interactions of the N-terminus with the transmembrane domain trigger an increase in the
stiffness of the complex adopting a highly stable and rigid ‘“lock” conformer. This

mechanotransduction is key for G-protein recruitment.
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INTRODUCTION

G-protein-coupled receptors (GPCR), all sharing a common seven-transmembrane topology,
represent the largest superfamily of transmembrane signaling proteins in humans'. Class B
GPCR bind to their endogenous secretin-peptide ligands with both the ECD and TMD and are
heavily implicated in hormone homeostasis and a variety of diseases?. Elucidating the kinetics
and thermodynamics of ligand binding to G-protein-coupled receptors (GPCR), as well as the
dynamics of the induced GPCR conformational changes is of key importance to understand

their structure-function relationship and may aid for the design of effective drugs!'-3.

Among secretin-like class B-GPCRs, due to its primary role in glucose homeostasis, GCGR
represents one of the main therapeutic targets for type 2 diabetes and other diseases and
metabolic syndromes, such as obesity, anxiety and depression'#. Recently, the 3.0 A-resolution
crystallographic structure of the glucagon analogue NNC1702, in complex with GCGR has
provided a deep understanding of the overall conformation and molecular interactions of the
receptor in its activated state®. Scintillation proximity and cell-ligand binding assays showed
that NNC1702 binding to GCGR results in a high affinity and stable conformer°. Structurally,
NNC1702 forms an o-helical peptide spanning from the extracellular domain (ECD) to the
transmembrane domain (TMD), establishing numerous interactions with GCGR. Among these
interactions, the C-terminal part of the ligand interacts with the receptor ECD, the N-terminal
part interacts mainly with the receptor TMD while the middle region of glucagon analogue
forms key interactions with the GCGR stalk and ECL1 (Figure 1A). Interestingly, an important
change of the relative orientation of the ECD and TMD is observed when comparing the
inactive and active structures®. Differences also appear in the secondary structure of ECL1 and
stalk from an extended B-sheet structure in the inactive ligand-GCGR complex to a-helices in

the GCGR-NNC1702 complex. Overall, these conformational changes in the extracellular



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

region mirror further changes in the position of the transmembrane helices, particularly of helix

VI that has a role in accommodating the Ras-like domain of the stimulatory G protein Gs>7.

Unfortunately, little is known about the dynamics of the steps accompanying the receptor
conformational changes towards its activation, which strongly limits our understanding of the
class B receptors signal transduction mechanism. High-resolution structures of GPCRs and
their complexes have proven to be difficult targets, often necessitating extensive engineering
for the receptor stabilization into a particular state resulting in a loss of the dynamic aspects of
the ligand-receptor complex formation and activation?. Current knowledge of GPCR activation
relies mainly on ensemble studies or on molecular dynamics simulations® while direct evidence
at the single molecule level is lacking. In this study, we use state-of-the-art FD-based AFM®-1?
to study dynamically the binding of glucagon and other peptide hormones to human GCGR and
to decipher the impact on conformational changes, obtaining first direct insights into class B

GPCRs activation.
RESULTS
GCGR protruding height determined by AFM

Human GCGRs were reconstituted in DOPC/cholesterol hemisuccinate liposomes to preserve
their natural environment, adsorbed on mica and imaged at the single receptor level by FD-
based AFM (Figure 1B-C and Figure S1). Topographical images show interconnected patches
of supported lipid bilayer with randomly distributed GCGRs recognized as small, sparse
protrusions. We analysed the height of the apo-GCGR and NNC1702-GCGR complex by
imaging the same sample area before and after incubation with the peptide ligand (Figure 1D-
G). Upon NNC1702 ligand injection, we observed that some receptors showed an increased
height in the order of 5-20 A, while no topographical change was detected for other receptors

(Figure 1G). The height distribution analysis revealed a broader distribution and a shift toward

4
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higher height values upon incubation with NNC1702 compared to apo-GCGRs (Figure 1H, I).
The broader distribution can be deconvoluted as the sum of two receptor populations, centred
at 2.5 nm and 3.6 nm and accounting for = 56% and = 44% of the receptors, respectively.
Strikingly, the mean height value of the second population matches with the extracellular height
of the receptor in its active conformation’ ’, therefore representing the NNC1702-GCGR
complexes having undergone a change in the receptor conformation. The fact that
approximately 50% of receptors exhibit this behavior result from the GCGR reconstitution step
into proteoliposomes, a step during which receptors lose their preferential orientation'. In
absence of ligand the receptor orientation cannot be resolved, due to the size similarity of
extracellular and cytosolic GCGR domains and to the high flexibility of the ECD domain that
can be easily compressed and shifted during the AFM scanning. Conversely, in presence of
NNC1702, correctly oriented GCGR can interact with the peptide, leading to the formation of
the active GCGR-NNC1702 conformer, thus allowing us to discriminate between receptors
exposing the extracellular domain and receptors exposing the cytosolic tail. To further evidence
this loss of preferential orientation, we performed FD-based AFM with tips specifically
functionalized to target either the cytoplasmic side or the extracellular side (Figure S2). Then,
we designed a S2A/E9A/R18A-NNC1702 analogue peptide (AAA-peptide) (Figure S3) to
drastically impair the interactions of the middle region and the N-terminal region with the
ECLI1, ECL2 and TMD regions of the receptor, while preserving the interactions of the C-
terminal part of the peptide with the ECD of the GCGRS. Interestingly, after AAA-peptide
injection, no marked change in the height distribution is observed (Figure 1J). Our analysis
revealed the possibility to discriminate topographically not only between the apo- and ligand-
bound GCGR, but also between different stages of peptide-GCGR complex formation. Notably,
the interactions with the N-terminal and middle part of the peptide appear to play a crucial role

in the receptor conformational change to the active state.
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Peptide free-energy landscape to GCGR

We next used AFM tips functionalized with NNC1702 or substitute peptides to probe ligand-
binding forces to GCGR at the single-molecule level as a function of the loading rate (LR, i.e.
the speed at which the force is applied) and to reconstruct ligand-binding energy landscapes by
FD-based AFM (Figure 2). The peptide-functionalized tip (Figure 2A) was cyclically
approached and retracted from the GCGR substrate either in a sinusoidal (peak-force tapping
mode) or rectangular (force-volume mode) manner. The combination of multiple FD-based
modes allows us to cover a wide range of LRs. While with peak-force tapping we reach high-
spatial resolution and acquire events in the high LR range, in the far-from-equilibrium regime,
force-volume gives us the flexibility of variating independently the retraction speed, greatly
extending the range of accessible LRs in the near-to-equilibrium regime'*. FD curves with
specific adhesive peaks (showing an extension profile compatible with the extension of the PEG
linker before ligand rupture) were extracted selectively from the receptors areas and analysed
(Figure S4). Upliftingly, we observed a significantly (p=0.0081) broader force distribution for
the NNC1702 compared to the AAA-peptide (Figure 2B and Figure S5A-B). To discern the
relative contribution of the middle and N-terminal region of the peptide to the broadening of
the distribution, two other NNC1702 analogue peptides were designed to gradually restore the
abolished interactions, S2A/E9A/R18D-NNC1702 analogue peptide (AAD-peptide) and
S2A/E9A-NNC1702 analogue peptide (AAR-peptide)(Figure S3). Interestingly, while a
gradual increase in the force distribution broadness was observed upon restoration of the
interactions in the middle part, the initial broadness of the NNC1702-GCGR distribution is
never reached (Figure 2B), indicating a pivotal contribution of the N-terminal part of the
peptide, particularly in the high force range (Figure 2C-F). These results led us to the hypothesis
that the broader force distribution corresponds to two different binding states of the NNC1702-

GCGR complex, one at lower forces (binding state 1) and one at a higher force range (binding
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state 2). This is confirmed by the analysis of the force distribution for the NNC1702-GCGR
complex (Figure S5C) revealing a two-peak Gaussian distribution for the different LR ranges
while for the AAA-peptide the second population remains negligible. For the two other peptide
substitutes, we observed an intermediate situation, in which the population of rupture events at
higher forces intensifies with the restoration of the interactions in the middle part. Force-LR
dependencies were fitted with the Friddle-Noy-De Yoreo model'*!¢ (Figure 2C-F) to get a
quantitative estimation of the thermodynamic and kinetic parameters describing the ligand-

binding free-energy landscape (Table S1).

Strikingly, we found that NNC1702 binding state 1 possesses very similar thermodynamic and
kinetic values to AAR-peptide, while NNC1702 binding state 2 shows a much higher kinetic
stability and a much lower dissociation constant, comparable to glucagon binding properties
observed in bulk measurements’ -8, This observation underlines the key contribution of the
positively charged residue R18 in the peptide middle region for the first binding step toward
binding state 1, as also confirmed by the two other mutants that are thermodynamically less
favoured. According to these results, binding state 1 and 2 represent two sequential conformers,
in which the late binding of the NNC1702 N-terminus leads to a full, highly stable NNC1702-

GCGR state.

Ligand-induced conformational and mechanical changes

To provide evidence for a possible conformational change upon ligand-binding to GCGR in
situ, we further exploited the multiplexing profile of FD-based AFM by extracting the receptor
height while probing GCGR with functionalized tip (Figure 3A-B). Similar to what we observed
during NNC1702 injection experiments (Figure 1I), the GCGR height distribution measured
with the NNC1702-functionalized tips is broader and can be deconvoluted into two populations

that we previously attributed to apo-/inactive- and activated-GCGR states, respectively. The
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percentage of the second population progressively decreases upon larger mutations in the
NNC1702 sequence (NNC1702>AAR-peptide>AAD-peptide>AAA-peptide) and matches
with the peptide binding properties (Figure 2C-F and table S1). In light of the binding properties
obtained above, we note that the conformational transition, i.e. the reorientation of the ECD, is
initiated during the binding of the ligand to the first state, suggesting a step-by-step mechanism.
Moreover, NNC1702 ligand binding correlates directly with the topography of interacting
GCGRs (Figure S6), which possess a significantly higher height compared to not interacting
receptors (i.e. GCGRs not correctly oriented/not available for binding, see Figure S2), further
supporting our hypothesis of agonist-peptide induced GCGR conformational transition.

Then, we investigated further the kinetics of the conformational rearrangements of the ECD
relative to the TMD leading to receptor activation. As the full binding of glucagon, like other
peptide hormones in class B GPCRs, forms a rigid helical structure spanning from the ECD to
the TMD, we hypothesized that the multiple interactions in the final binding state would result
in a restriction of the orientation freedom between the ECD and TMD and would therefore be
accompanied by a modification of the mechanical properties of the ligand-GCGR complex®.
Thus, we tried to follow conformational change dynamics based on receptor stiffness properties.
To this end, we increased the surface delay using the force-volume mode providing more time
for the ligand-GCGR interaction and conformational transition; and we monitored the
mechanical properties (stiffness) of the NNC1702-GCGR complex by extracting the effective
spring constant k.¢ (Figure 3C-D). Strikingly, we observed for NNC1702 two k. populations,
crossing around 12 pN-nm’, suggesting the co-existence of two complexes with different
mechanical properties (Figure 3D and Figure S7). In addition, the frequency of the second
population (> 12 pN-nm') follows a first order association kinetics (Figure 3E). The rate
constant of the conformational switch (k... indicates a time constant required for receptor

activation T, of ~58 ms, which is much slower than the class A rhodopsin receptor?®-! but in
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good agreement with values obtained by FRET for class C GPCRs that also contain large
extracellular binding domains??. This conformational change was not observed for the AAD-
peptide (Figure 3E and Figure S7), confirming that complete binding of the N-terminal part of
ligand is a prerequisite to reach the final activated state. Excitingly, this change in conformation
is associated with an overall stiffening, probably resulting from the contraction of the distance
between the ECD and the TMD. This strong mechanical coupling could facilitate structural

rearrangements in the TMD, leading to crosstalk with the intracellular G proteins.

Glucagon triggers mechanotransduction

Structural studies (X-ray, cryo-EM) still require strategies to stabilize receptors into stable
conformations, often using antibodies, nanobodies, ligand analogues or allosteric ligands in
addition or in place of native biological ligands***. Being a dynamic technique, FD-based AFM
does not suffer these limitations, therefore we were able to investigate GCGR binding to its
endogenous ligand glucagon in native conditions (Figure 4). The experiments confirmed that
glucagon binding to GCGR produces a similar conformational change as observed for
NNC1702. Indeed, we also observed an increase in the receptor height with an activated
population accounting for = 45% of the total receptors, in good agreement with what observed
for NNC1702 (Figure 4A). Next, glucagon and NNC1702 GCGR-binding characteristics are
very similar, i.e. two binding states that possess very similar thermodynamic and kinetic
properties (Figure 4B and Table S1), although the lifetime of the glucagon binding state 2 is
lower. The higher lability of binding state 2 can be explained with DYE substitution of
NNC1702, which introduced to stabilize the crystal structure of the complex®, impedes the
further movement of helix VII?®. Finally, glucagon binding to GCGR also induced a time-
dependent receptor stiffening with a Tenr of ~46 ms, very similar to what we observed for

NNC1702 binding, highlighting a common GCGR activation mechanism for agonist peptide
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hormones (Figure 4C). Interestingly, we tracked in a dynamic manner the conformational steps
using the kernel density estimation of the rupture force as a function of the complex stiffness
upon agonist peptides binding (Figure 4D). A main population appears for low contact time
(~10 ms) having binding ruptures and stiffness associated to the binding state 1. Upon time, a
gradual increase in complex stiffness is observed (25 ms) indicating a dynamical change in the
complex conformation, which is then followed by an increase in rupture forces (400 ms) when
the final conformation is reached. These stiffness changes associated with the glucagon binding
to the lowest affinity state emphasize that ligand binding to the ECD acts as a biomechanical
switch in a purely biochemical transduction pathway. Interestingly, the force increase is
accompanied by a slight decrease in the rigidity of the peptide-GCGR complex, possibly

connected to the rearrangement of the GCGR TMD to expose the protein-Go binding pocket.

DISCUSSION

The driving force underlying large-scale rearrangements upon ligand binding remains one of
the most intriguing questions in GPCR activation and in particular for class B GPCRs for which
drastic changes in the relative orientation of the ECD are observed?’. Recent crystal’ and cryo-
EM’ structures of the activated complex evidenced these structural rearrangements while failing
to provide a detailed picture of the activation dynamics. Most GPCRs exhibit a basal range of
dynamic conformations spanning from inactive to active states' 8. Agonist ligands shift this
equilibrium toward the activated states triggering large conformational changes. For the GCGR,
glucagon binding is most probably responsible for the conformational change of the ECD
relative to the TMD leading to receptor activation'®. Our biophysical study revealed a « dock
and lock » ligand-binding mechanism (Figure 4E). After an initial, high-affinity recruitment of
the C-terminal glucagon end by the ECD («dock»), the captured peptide engages the TMD

region through interaction of R18 within the middle part of the glucagon peptide. The

10
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interactions of the middle part of the peptide cover a key role in triggering a GCGR
rearrangement that facilitates the insertion of the glucagon N-terminus within the TMD and its
subsequent interactions with the binding pocket («lock»). This conformational change is
accompanied by a gradual (T ~ 50 ms) but marked increase in the rigidity of the structure. This
stiffening, possibly resulting from the restriction of orientation freedom of the ECD and TMD
and the contraction of the distance in the glucagon binding pocket, is likely to favour
consecutive rearrangements within the TMD GCGR region to accommodate the G-protein
complex, further shifting the equilibrium towards GCGR-induced intracellular signalling. This
indicates a mechanotransduction mechanism of class B GPCR signal propagation, in which the
initial biochemical input provided by glucagon triggers a mechanical change in GCGR that

finally results in the G-protein recruitment and initiates the signalling cascade.

In conclusion, multiplex FD-based AFM enabled us to dynamically collect the topographical
and binding parameters underlying the transition of GCGR from its inactive to its active
conformation directly in sifu and at the single-receptor level. To our knowledge, this is the first
report exploiting the combination of high-resolution topography and single-molecule force
spectroscopy to resolve the transition between two ligand-receptor binding states. Our results
shed new light on the mechanisms of the glucagon-induced GCGR activation with an
unprecedented level of temporal resolution and structural correlation, greatly expanding our
knowledge of class B GPCR signal transduction, based on the sophisticated interplay between

biochemical and mechanical signals.
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Figure 1. Structure and AFM topography of Apo-GCGR and GCGR complexes with peptide
ligands. (A) Crystal structures of inactive GCGR-NNC0640-mAbl complex (left, PDB ID
SXEZ, antibody not shown) and of active GCGR-NNC1702 complex (centre, PDB ID 5YQZ).
For comparison, the cryo-EM structure the active GLP-1—GLP-1R —Gs complex is reported
(right, PDB ID 5VAI, GP and Gy not shown). The receptor ECD, stalk, ECL1 and TMD, the
peptide ligands and the G-proteins are coloured orange, green, magenta, blue, red, and light
green, respectively. (B) AFM height image of Apo-GCGRs embedded in a DOPC/cholesterol
hemisuccinate lipid bilayer (peak-force tapping mode, oscillation frequency 2 kHz, amplitude
50 nm). (C) Zoomed image from B (white square). (D) The height of the domains protruding
from the lipid bilayer is extracted. (E) Overview of Apo-GCGRs topography (peak-force
tapping mode, oscillation frequency 2 kHz, amplitude 50 nm). (F) Overview of GCGRs
topography after 30 min incubation with NNC1702 (peak-force tapping mode, oscillation
frequency 2 kHz, amplitude 50 nm). (G) Zoomed topographs and cross-sections from four
GCGR receptors extracted from E (black circles/lines) and F (red circles/lines). Receptors 1-2
show an increase in height upon NNC1702 incubation, while for receptors 3-4 no change in
height was observed. (H-J) Height distributions of Apo-GCGR (n =248) (H), GCGR-NNC1702
complex (n = 235) (I) and GCGR-AAA peptide complex (n = 139) (J).
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Figure 2. FD-based AFM of single-peptide ligand receptor bonds reveals multiple GCGR-
ligand binding states. (A) Peptide ligands were covalently immobilized on AFM tips through a
C-terminal cysteine. (B) Dispersion of force data cloud for GCGR-ligand complexes. For each
peptide ligand, the unbinding forces have been divided into six ranges, according to the LR and
fitted with a monomodal Gaussian distribution. The mean of the standard deviation values (o)
of the distributions obtained for each LR range is taken as indication of the dispersion of the
force data cloud for each peptide ligand (standard deviation values ON are normalized by the
mean of AAA-peptide, P-values determined by one-tailed unpaired t-test). (C-F) Dynamic
force spectroscopy (DFS) plots for GCGR interactions with NNC1702 (n = 703) (C), AAA-
peptide (n = 341) (D), AAD-peptide (n = 520) (E) and AAR-peptide (n = 462) (F). The data
reflect the combination of force-volume mode (at retraction speeds 2 ym-s™ and 6 ym-s"') and
peak-force tapping mode (oscillation frequency 0.25 kHz, amplitude 50 nm) (see methods and
Figure S4). The corresponding Friddle-Noy-De Yoreo fit is overlapped (black dashed lines).
For NNC1702 (C), the average unbinding forces per LR range for binding state 1 (full dots)
and binding state 2 (empty black dots) have been determined by multi-Gaussian fit of the force

histogram for each LR and used for the Friddle-Noy-De Yoreo fit (dashed black lines).
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Figure 3. In situ dynamic mapping of NNC1702-GCGR binding and transition to the activated
state. (A) Peptide-functionalized AFM tips are used to induce GCGR transition to the receptor
active state at the single-receptor level. The receptor conformational change is quantified by
measuring its height with respect to the lipid bilayer. (B) Height distributions of GCGR in
complex with NNC1702 (red, n = 206), AAR-peptide (grey, n = 206), AAD-peptide (yellow, n
=207) and AAA-peptide (green, n = 204). The GCGR height values were extracted from high-
resolution peak-force tapping images (oscillation frequency 0.25 kHz, amplitude 50 nm). (C)
The spring constant (ki) is the combination of the cantilever stiffness (k.) and the stiffness of
the PEG-ligand-GCGR complex (k.¢). Force-volume experiments (retraction speed 2 pm-s™)
were performed introducing increasing surface delays. k., was extracted from the force-distance
curves as the slope just before bond rupture and used to infer k.g. (D) ke distributions at 10 ms
(left,n = 96) and 400 ms (right, n = 116) NNC1702-GCGR contact time. In both, a bimodal k.
distribution is found, with the two populations crossing between the third and fourth data bin

(kegr 12 pN-nm!). (E) Frequency of ke values > 12 pN-nm! as a function of ligand-receptor
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395  contact time for NNC1702 (red) and NNC1702-S2 (yellow). Error bars have been calculated to

396  account for uncertainty in the overlapping area between the two populations.
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Figure 4. Glucagon-GCGR binding mechanism and in situ ligand—induced receptor activation.
(A) Height distribution of glucagon-GCGR complexes acquired in situ with glucagon-
functionalized tips (n = 221) (peak-force tapping mode, oscillation frequency 0.25 kHz,
amplitude 50 nm). (B) Force vs loading rate plots for glucagon-GCGR interactions (n = 832).
The data reflect the combination of force-volume mode (at retraction speeds 2 ym-s! and 6
pum-s') and peak-force tapping mode (oscillation frequency 0.25 kHz, amplitude 50 nm). The
Friddle-Noy-De Yoreo fit (dashed lines) is used to reconstruct the ligand-receptor binding free
energy lansdcape for binding state 1 (full dots) and 2 (empty dots). (C) Frequency of k. values
> 12 pN-nm™! as a function of glucagon-GCGR contact time. (D) Force vs stiffness density plots

of NNC1702-GCGR and glucagon-GCGR complexes at 10 ms (top, n = 165), 25 ms (middle,
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408 n = 205), and 400 ms (bottom, n = 190) contact time. (E) Proposed mechanism of glucagon-
409  induced GCGR activation.
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