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Abstract

Over the past decade, numerous studies have shown for several adhesion GPCRs (aGPCRs) that
signaling activity is regulated by an intramolecular agonist (termed Stachel) with a conserved amino acid
core located proximal to the N terminus of transmembrane helix 1. Here we present cryo-EM structures
of the human ADGRG6 (or GPR126) C-terminal fragment bound to heterotrimeric Gs protein in two
distinct conformational states — an “ECL2-in" state that sterically and allosterically limits Stachel
engagement and a “Stachel-bound” active state with a core orientation unknown so far — determined to
global resolutions of 3.4 A and 3.8 A, respectively. In the “ECL2-in” state the central segment of this loop
makes a network of hydrogen-bonding and van-der-Waals contacts with the transmembrane domain. Of
note, the conserved TM3-ECL2 cysteines do not form the canonical disulfide bridge in the “ECL2-in"
conformation. Structure-guided mutagenesis, peptide stimulation and cellular signaling assays map
inactivating and constitutively activating variants to spatially distinct ECL2 regions.

Together, these data establish ECL2 as an intramolecular, tunable gate that controls internal-agonist
engagement and G-protein activation in GPR126, revealing a structural mechanism that can be exploited
to bias aGPCR signaling and might support new ideas for rational ligand design.

INTRODUCTION

The class B family of G protein—coupled receptors (GPCRs) comprises secretin-like receptors (class B1)
and adhesion GPCRs (aGPCRs; class B2). The aGPCR family includes 33 members in humans that can
be subdivided into several groups '~3 (Fig. 1a). These receptors regulate diverse physiological
processes, including cell proliferation and intercellular communication, and play key roles in sensing and
transducing mechanical forces during cell-cell and cell-matrix interactions #~7. Consequently,
dysregulation of aGPCR signaling contributes to a wide range of pathological conditions, including
cancer &°.

Like other GPCRs, aGPCRs share a conserved architecture consisting of an extracellular N terminus (Nt),
a seven-transmembrane helix domain (7TMD), and a cytosolic C terminus (Ct). A defining feature of
most aGPCRs is their extended Nt containing multiple extracellular domains, including a GPCR
autoproteolysis-inducing (GAIN) domain. The GAIN domain harbors a GPCR Proteolysis Site (GPS)
characterized by an autocleavable HXS/T motif 11" that mediates autoproteolytic cleavage, generating
an N-terminal fragment (NTF) and a C-terminal fragment (CTF). In many aGPCRs, the N-terminal region
of the CTF immediately adjacent to the GPS contains a short peptide sequence termed the Stachel '2.
This sequence consists of a conserved Stachel core of eight residues and a variable linker connecting
the core to transmembrane helix (TMH) 1 >34 Functional studies, including Stachel-core mutagenesis
and activation by synthetic Stachel-derived peptides support the idea that the Stachel acts as an

intramolecular agonist of the receptor 14,
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Structural models propose that in the inactive state the Stachel core adopts a B-strand conformation
buried within the GAIN domain (the “in-GAIN” state), whereas isolated Stachel peptides are largely
unfolded '°. Upon receptor activation, the Stachel is thought to be released from the GAIN domain and to
insert into the extracellular vestibule of the 7TMD, where it adopts a short helical conformation. However,
the structural basis of this transition and the molecular determinants that regulate Stachel engagement
with the 7TMD remain poorly understood.

Recent structural studies have begun to provide insights into aGPCR activation through the
determination of several CTF structures '3 (Extended Data Table 1), particularly for members of the
ADGRG group (Fig. 1a). For GPR126 (also known as ADGRG®6), available structures include a zebrafish
NTF (PDB-ID: 6V55 '7) and a recently reported apomorphine-bound human GPR126-CTF-G4 complex

(PDB-ID: 21DU '8), which displays features of Stachel binding similar to those observed in other aGPCR
structures. GPR126 plays essential roles in peripheral nervous system myelination and regulates
osteoblast and adipocyte differentiation’®2°. The receptor responds to diverse extracellular cues,
including mechanical forces 2! and binding to laminin-211 # or collagen IV/VI 2223, Despite these
advances, the mechanisms that control Stachel engagement with the 7TMD and the structural
intermediates involved in receptor activation remain largely unresolved.

Here we report two cryogenic electron microscopy (cryo-EM) structures of the human GPR126 C-
terminal fragment (GPR126-CTF) that reveal unexpected features of receptor activation. In one structure,
extracellular loop 2 (ECL2) is inserted into the 7TMD and occupies much of the canonical Stachel-
binding pocket (variant designated GPR126¢¢,-in)- Although the Stachel sequence itself is not resolved,
the receptor is captured in complex with a G protein, indicating an intracellularly active conformation. A
second structure, determined at lower resolution, reveals a distinct Stachel-core—bound conformation

24-28

that differs from previously reported aGPCR CTF structures and may represent an intermediate

state during receptor activation.

Complementary mutagenesis and signaling analyses of both the CTF and full-length GPR126 (GPR126-
FL) demonstrate that multiple ECL2 residues are critical for regulating basal receptor activity as well as
Stachel peptide—induced signaling and activation by mechanical stimuli. Together, these findings identify
ECL2 as a key intramolecular regulator of aGPCR activation. More broadly, our results reveal an
unexpected regulatory role of extracellular loop architecture in controlling Stachel-mediated signaling,
thereby expanding current models of adhesion GPCR activation and suggesting new mechanistic

parallels with regulatory principles established for class A GPCRs 27736,

RESULTS

To determine the structure of the human GPR126-CTF, we generated a construct comprising amino acid
residues 854-1250, which includes the Stachel sequence. Enhanced green fluorescent protein (eGFP)
was fused to the C terminus to enhance protein expression (Extended Data Fig. 1). The heterotrimeric
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dominant-negative G aBy protein was co-expressed with the CTF in insect cells to facilitate in-cell
complex formation (Extended Data Fig. 2). To stabilize the complex during purification, nanobody 35
(Nb35) was added following cell lysis. After detergent solubilization, affinity purification, and size-
exclusion chromatography, the GPR126-CTF-G protein—Nb35 complex was concentrated and vitrified

for cryo-EM analysis (Extended Data Fig. 3).

Two active-state-like GPR126-CTF-G, complexes reveal distinct ECL2 and Stachel features

Cryo-EM reconstructions of GPR126-CTF revealed complexes with heterotrimeric G and Nb35 (Fig. 1b).
Particle classification separated two major 7TMD conformations (Extended Data Fig. 4). Population i
(75%, 101,791 particles): GPR126 with ECL2 partially occupying the canonical Stachel-binding site,
hereafter GPR126¢(, »-i, (Fig. 1c—d). The Stachel sequence was not visible in the 7TMD. Cryo-EM maps
at 3.27 A global resolution (local resolution up to 2.4 A) allowed modeling of most side chains (Extended
Data Fig. 4).

Population ii (25%, 33,792 particles): GPR126 with the Stachel core bound in the 7TMD, termed
GPR126;,che/-in albeit in a fold distinct from previously reported CTF-Stachel structures '>18, Resolved
at 3.76 A, the maps confirmed Stachel engagement but, due to limited local resolution (> 4 A), side chain
positions could not be assigned. This conformation likely represents an alternative or intermediate
binding state (Fig. 2a-b).

Backbone comparison of GPR126¢¢| 5-in, GPR1264;,che/-in» @Nd the published GPR126-CTF-Stachel
structure (PDB-ID: 21DU '8) revealed pronounced differences in TMH7 and ECL3 positioning. In the
Stachel-unbound GPR126, 5-i, structure, ECL3 lies close to ECL2, together covering the extracellular

Stachel-binding pocket (Fig. 2c). In Stachel-bound states, TMH7 directly interacts with the Stachel core
and ECL3 adopts an outward orientation (Fig. 2d). Notably, the intracellular arrangement of G is nearly

identical in both complexes (Extended Data Fig. 5).

Although the Stachel is absent in GPR126¢¢| »-i,, the receptor adopts an active-like conformation, as
evidenced by G-protein engagement. ECL2 is fully resolved (Extended Data Fig. 6), a feature previously

reported only for GPR114 (PDB-ID: 7EQ1 °) and GPR97 (PDB-ID: 7d76 2°). Unlike these receptors, GPR126
ECL2 is deeply inserted into the crevice formed by TMH extracellular ends and ECLT1-ECL3 (Fig. 1c). In
both GPR126g;,.4e/-in @nd the published CTF-Stachel structures, ECL2 is partially unresolved, spanning

residues G972-E983 (this study) or S975-G981 (PDB-ID: 21DU). Interestingly, ECL2 is extended in most
human group VIl aGPCRs, though sequence conservation is limited to a few N- and C-terminal residues

(Fig. Te).

Absence of the canonical disulfide bridge between conserved cysteines in TMH3 (C3.33) and ECL2
(C45.50) in GPR126 g¢) 9-ip,
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A striking feature of the GPR126¢, ,-i, Structure, compared to both Stachel-bound CTF structures (own
CTF Stachel-in and PDB-ID: 21DU 18), is the absence of the canonical disulfide bridge between the
conserved cysteines in TMH3 (C33%) and ECL2 (C**-°%; humbering according to the unified class B ECL2
system '3). In our cryo-EM map, the distance between the cysteine side chains is ~ 3.7 A, which is too
long to support a covalent disulfide bond (Extended Data Figs. 7 and 9). While this disulfide is clearly
resolved in some aGPCR structures, such as GPR133 (PDB-ID: 7WU2 %”), inspection of ~ 10 available
aGPCR CTF cryo-EM maps (Extended Data Table 1) show that in several cases the cysteine pairs are
similarly too distant for covalent linkage, and density corresponding to a disulfide bond is absent. In
these instances, automated model building may have incorporated the disulfide bridge based on the
assumption of conservation. Notably, a recent vasopressin type 1a receptor structure also lacking this
typically conserved disulfide bridge was reported (PDB-ID: 9XB1 38).

Distinct ECL2 amino acid substitutions in the GPR126-CTF
modulate basal activity and peptide p126-mediated
signaling

We next analyzed conserved ECL2 residues and their interactions with the 7TMD in the CTFgg; 5-i,

structure (Extended Data Figs. 8—9). Several amino acid side chains in TMH3, TMH5 and ECL3 lie within
contact distance of ECL2 residues (Extended Data Fig. 9¢). Of particular interest are the conserved ECL2
residues Y971 (Y#%36), w986 (W*>>1) and 1987 (I*°52) (Fig. 1e). Notably, in the GPR126¢¢ ,-i, Structure
the side chains of Y971 and W986 deviate from the conserved orientations observed in other aGPCR-
CTF structures (Extended Data Fig. 9a), with W986 displaying an approximately 90° rotation. By contrast,
the conserved W®>° in TMH6 adopts the same orientation as in the GPR126 CTFgy,che/-in Structure

(Extended Data Fig. 9a) and in other aGPCRs. In addition, tight interactions exist between ECL2 and
several TMD residues located in spatially distinct regions, including TMH1, TMH3 and TMHS5. Together,
these observations suggest that alterations in ECL2 conformation or amino-acid composition could
affect receptor function, pointing to a regulatory role of ECL2 in GPR126 signaling.

To test the proposed functional contributions of individual ECL2 residues, we generated mutations within
the ECL2 of the human GPR126-CTF (underlined sequence: 964-SRNNNEVYGKESYGKEKGDEFCWIQD-
989) (Fig. 3a). Residues were selected based on high evolutionary conservation, altered side chain
orientation relative to other aGPCR structures, or proximity to the canonical Stachel-core binding site
(Fig. 2c). Because the otherwise conserved disulfide bridge between TMH3 (C902) and ECL2 (C985) was
not observed in the CTFgq| 5-;, Structure, these cysteine residues were also substituted. In addition, we
generated an ECL2 deletion variant (GPR126-CTF AECL2; deletion of residues 974-ESYGKEKG-981)
lacking the central loop region (Fig. 3a). To specifically examine the role of ECL2 in Stachel-mediated
signaling, we further generated constructs lacking the Stachel sequence (CTF AStachel; deletion of
residues 813-THFGVLMDLPRS-824), containing an inactivated Stachel core (CTF M819A), or combining
these alterations with ECL2 mutations (CTF AStachelAECL2, CTF AStachel Y976A, CTF AStachel
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D982A). All constructs were analyzed for total and cell-surface expression as well as signaling activity
using cAMP assays (Extended Data Table 2).

Overall, total cellular expression of most mutants was comparable to that of the wild-type receptor (WT),
whereas cell-surface expression varied substantially between constructs (Extended Data Table 2). ECL2
mutants Y976A, D982A and AECL2 exhibited elevated basal cAMP levels, indicating constitutive activity
(constitutively active mutants, CAMs) (Fig. 3b, c), despite reduced surface expression. In contrast,
mutants within the Stachel sequence displayed reduced basal activity (Fig. 3d) while showing normal or
even increased expression levels. Reducing transfected plasmid amounts to normalize surface
expression (Extended Data Table 2) did not proportionally alter signaling responses. Notably, single
substitutions E974A, Y976A and D982A displayed constitutive activity (Fig. 3c) and spatially cluster near
the previously described p126 binding site (Extended Data Fig. 10).

Mutations affecting central ECL2 residues (E974A and K978A), as well as deletion of the loop core
(AECL2), permitted WT-like or even enhanced activation by the agonistic peptide p126 (Fig. 3c). By
contrast, substitutions C902S (TMH3) and C985S (ECL2), or mutation of conserved residues within ECL2
(Y971A, F984A, W986A), abolished p126-mediated activation. These inactivating variants cluster at the
interface between ECL2 and TMH2/TMH3 (Extended Data Fig. 10).

Together, these findings indicate that specific alterations within ECL2 modulate both basal activity and
ligand-induced signaling of the GPR126-CTF, suggesting that this loop contributes to the regulation of
receptor activity. The increased p126-mediated stimulation observed for the ECL2-core deletion and the
E974A/K978A variants (Fig. 3c) further supports the conclusion that the WT ECL2 partially restrains
Stachel-mediated activation, likely through competition with the Stachel core as suggested by the
GPR126-CTFgc2-i, Structure (Fig. 2c). Consistent with this interpretation, the elevated basal activity of
the ECL2 mutants Y976A and D982A, both located near the putative Stachel-core binding site, was
abolished when combined with Stachel deletion, recapitulating the effect of Stachel inactivation alone
(AStachel, M819A) (Fig. 3d). In contrast, peptide-induced activation remained intact, demonstrating that
the loss of activity in ECL2/Stachel mutants is Stachel-dependent. These findings indicate that ECL2
does not function as an intramolecular agonist (built-in agonist) but instead limits activation by the
endogenous Stachel core. Constitutive activation observed for mutants Y976A, D982A and AECL2 likely
reflects an increased accessibility or binding capacity of the endogenous Stachel peptide, resulting from
reduced steric hindrance caused by shorter alanine side chains or by shortening of the ECL2 loop.

The ECL2 in full-length GPR126 contributes to activity regulation but differs functionally from the
GPR126-CTF ECL2

We next examined whether ECL2 also regulates activity of the full-length receptor, to assess similarities
and differences between the naturally occurring full-length and cleaved receptor forms. Consistent with
the corresponding GPR126-CTF mutants, deletion of the ECL2 core (GPR126-FL AECL2) and several
single substitutions within the ECL2 core region (K973A, E974A, K978A, and E979A) increased basal

activity (Fig. 3e). Notably, none of the FL or CTF ECL2 mutants reduced basal signaling, further indicating
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that ECL2 itself does not mediate receptor activation (Fig. 3c, €). Moreover, peptides of different lengths
derived from the ECL2 sequence did not affect basal or p126-induced activity of either FL or CTF
receptors (Extended Data Fig. 11a—d).

Similar to the GPR126-CTF mutant K978A, which showed enhanced peptide responsiveness, the
corresponding GPR126-FL variant was higher activated by p126 than WT. However, several mutations
produced distinct functional effects in FL versus CTF receptors. Whereas the GPR126-CTF mutant
E974A responded to p126 similarly to WT, the GPR126-FL E974A variant lost peptide responsiveness. In
addition, p126 induced higher cAMP levels in GPR126-FL Y976A than in wild-type GPR126-FL (Fig. 3e),
while stimulation of the corresponding GPR126-CTF mutant remained unchanged relative to WT
(although it displayed constitutive activity). Most strikingly, the cysteine mutants C902S and C985S had
no effect on basal or p126-mediated activation in the GPR126-FL receptor (Fig. 3e), in contrast to the
complete loss of activity observed in the corresponding GPR126-CTF mutants (Fig. 3c).

GPR126-FL can also be activated by N-terminal antibody binding 2° or by mechanical stimulation
(shaking) /. Deletion of the ECL2 core, as well as substitutions YO71A, F984A, W986A and the cysteine
mutants C902S and C985S, significantly enhanced antibody-induced activation (Fig. 3f). These residues
are highly conserved at the N- and C-terminal ends of ECL2. Notably, the same mutations abolished
p126-mediated signaling in the GPR126-CTF (Fig. 3c) but not in the GPR126-FL. In contrast, strong
mechanical stimulation by shaking produced higher overall activation levels but did not reveal
differences between mutants and WT GPR126 (Extended Data Fig. 11e), suggesting that the magnitude
or type of external stimulus influences the role of ECL2 in receptor activity regulation.

DISCUSSION

The ECL2 as a “gatekeeper” of the Stachel agonist — multistep intramolecular regulation in GPR126

In this study cryo-EM maps of GPR126 reveal two distinct conformational populations. In the
predominant class (75% of particles), ECL2 is deeply threaded into the helical bundle (Fig. 1c-d),
partially occupying the space normally filled by the Stachel sequence in other aGPCR structures,
including the recently reported GPR126-CTF (PDB-ID: 21DU 8) and other ADGRG group VI receptors,
such as GPR114/ADGRGS5 and GPR97/ADGRG3 (Extended Data Table 1). In these structures, the Stachel
core is inserted into a TMD pocket, and ECL2 does not occupy the site 3. The only other available “apo”
aGPCR TMD structure is GPR64/ADGRG2 (PDB-ID: 7YP7 2°), in which ECL2 likewise does not occupy the
Stachel binding site. In our GPR126¢¢ ».i, Structure, the Stachel is not resolved, suggesting it has been
displaced. Importantly, our data do not resolve the sequence of events preceding complex formation; for
example, the Stachel core may have initially activated the receptor and then been displaced by ECL2 (and
ECL3). Regardless, the GPR126¢, ,.i, Structure represents a novel “active-like” state in which the Stachel
is displaced by the ECL2.
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The minor particle population (25%) yielded a structure with an inserted Stachel (GPR126g;,che1-in) at
slightly lower resolution (3.8 A). The Stachel core adopts a fold and binding mode distinct from the

recently determined GPR126-CTF structure '@ (Fig. 2), indicating that Stachel binding should be flexible.
Together, these two conformations suggest a potential dynamic equilibrium: under some conditions
(perhaps in our overexpression system) ECL2 preferentially occupies the TMD pocket, yet the receptor
can still adopt a classical Stachel-bound active conformation.

Because the intracellular G protein is bound in the GPR126-CTF| ,.i, State, ECL2 may stabilize an

active-like receptor conformation. Analogous “self-agonist” roles of ECL2 have been observed in several

class A GPCRs. In GPR17, ECL2 inserts into the ligand-binding site to promote constitutive activation “°,

and in the orphan GPR21/GPR52 family, an agonist-like motif in ECL2 drives high basal activity 3>4'. Viral
GPCRs similarly exploit ECL2: EBV BILF1 caps the ligand pocket for constitutive signaling #2, and KSHV
GPCR’s apo-structure shows ECL2 folded into the pocket to sustain basal G-protein coupling 3.

However, our functional assays indicate that in GPR126, ECL2 restrains Stachel-mediated signaling. In
the CTF, which mimics the cleaved, Stachel-exposed state, mutations or deletion of central ECL2
residues (Y976A, D982A, AECL2) markedly increase basal cAMP levels (Fig. 3b—c). These constitutively
active mutants likely relieve ECL2-mediated blockade of the Stachel binding pocket, allowing the Stachel
core to engage. Conversely, mutations of ECL2 (Y971A, F984A, W986A) or cysteine substitutions
(C902S, C985S) abolish p126 activation (Fig. 3c—d). These inactivating variants cluster at the interface
between ECL2 and TMHZ2/3 near the conserved Y971-W986 pair (Extended data Fig. 10), likely
disrupting receptor folding or proper ECL2 positioning and preventing Stachel binding. Importantly,
combining activating ECL2 mutations (Y976A, D982A) with Stachel deletion or inactivation (AStachel,
M819A) abolishes elevated basal signaling (Fig. 3e), indicating that the increased activity of these
mutants is entirely Stachel-dependent. Together, these data support a “gatekeeping” model: intact ECL2
sterically hinders Stachel engagement, keeping basal activity low, while displacement or mutation of
ECL2 permits the Stachel to access the TMD with increasing signaling. Analogous mechanisms are seen

in other GPCRs, such as LGR7/RXFP1, where ECL2 movement is required for activation 34.

Distinct conserved residues in the N- and C-terminal ECL2 regulate
mechanosensitivity

Adhesion GPCRs are well-known mechanosensors, and our data indicate that ECL2 contributes to force
responses. Activation of full-length GPR126-FL by an N-terminal HA-tag (mimicking ligand engagement)
is enhanced in ECL2 mutants that disrupt Stachel gating (AECL2, Y971A, F984A, W986A) (Fig. 3f). These
residues localize at the base or flanks of ECL2, implying that their alteration lowers the energetic barrier
for ECL2 displacement under force. In contrast, vigorous shaking produced no differential effect,
suggesting that only specific force regimes (e.g., shear stress or pulling) exploit the ECL2 “latch.”
Extracellular forces or ligand binding may therefore induce ECL2 displacement, unleashing the Stachel

agonist. Similar ECL2-dependent mechanosensitivity has been proposed in class A GPR68 #44°. These
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findings again support a model in which ECL2 functions as a gate: in its resting position it restrains
activation, whereas under tension it moves to permit signaling.

Mechanistic model and implications

These results suggest a multistep model for GPR126 activation. In the resting GPR126-FL receptor, the
Stachel is likely trapped in the GAIN domain, while ECL2 occupies a TMD pocket (as in the GPR126-
CTFgcyo.in Structure). Physiological stimulation, such as mechanical force or NTF-binding ligands,
modulates the GAIN domain to release the Stachel, while simultaneously perturbing ECL2 to allow
displacement from the pocket. Once ECL2 moves, the released Stachel docks between the extracellular
ends of the helices, adopting an active helical conformation and triggering canonical 7TMD
rearrangements, including pronounced shifts in the extracellular end of TMH7 (Fig. 2c). This mechanism
provides a “double-gating” logic at least for the cleavable GPR126: both Stachel release and ECL2
displacement are required for full receptor activation.

Differences in activation by antibody versus shaking suggest that the magnitude or type of external force
determines ECL2 displacement and Stachel exposure. Notably, shaking produces ~ 10-fold higher
activation than HA antibody, consistent with reports that mechanical stress partially unfolds the GAIN

domain prior to dissociation 4.

Several open questions remain, including why specific ECL2 mutations differ in their functional effects
between CTF and FL receptors (e.g., C902S, C985S) and the structural consequences of disulfide
formation (absent in GPR126-CTFg¢|.i, VS. present in GPR126-CTFg;,-er.in)- These differences highlight
substantial remodeling at the extracellular interface upon activation and Stachel engagement, and
suggest potential contributions from other ECLs, the NTF, or accessory proteins in modulating receptor
activity.

Concluding remarks

Our data establish GPR126 ECL2 as a critical intramolecular regulator that gates access of the Stachel to
the 7TMD. Unlike other GPCRs in which ECL2 can act as an agonist, here ECL2 restrains the true agonist,
the Stachel core. The two cryo-EM structures (GPR126-CTFgg 9.in VS. GPR126-CTFg4,cher-in), COMbined

with mutational analysis, illuminate how GPR126 may toggle between inactive and active states,
advancing our understanding of aGPCR activation and highlighting the broader principle that
extracellular loops can control access of internal agonists in other GPCR families, with implications for
mechanistic understanding and drug design.
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Structure model and EM maps for the GPR126-CTFg¢| ,-i, Was deposited to the Protein Data Bank with
the accession code PDB-ID 34HS, EMD-59856 and the EM Data Bank with accession code EMD-59856.

MATERIAL AND METHODS

Structure Determination
Construct Design and Cloning

The human GPR126 (UniProtKB/Swiss-Prot: Q86SQ4) construct was engineered to enhance expression
and facilitate purification. We generated a construct comprising amino acid residues 814-1222, which
includes the Stachel sequence. An N-terminal hemagglutinin signal sequence was fused to a FLAG-tag
epitope (DYKDDDK), and strategic insertions, deletions, and point mutations (detailed in Extended data
Table 2) were introduced. At the C terminus, enhanced green fluorescent protein (eGFP) was appended,
followed by polyhistidine (His-) and rho-1D4 tags; these tags are removable by HRV-3C protease
cleavage. The final construct was subcloned into the pOET3 vector (P OET3_GPR126—eGFP). The
heterotrimeric G-protein components were prepared as follows. The bovine Ga_s-short subunit
(UniProtKB: P04896-2) was cloned into the pFastbac vector (construct pFastbac_Gas) as previously
described #’. The rat GB1 (UniProtKB: P54311) and bovine Gy2 (UniProtKB: P63212) were cloned into the
pFastbacDual vector (construct pFastbacDual_GB/Gy) “2.

Baculovirus Production

Recombinant baculovirus for GPR126—-eGFP was generated by co-transfecting Spodoptera frugiperda
Sf9 cells with pOET3_GPR126-eGFP and linearized BAC10:1629K0 #° using Trans-IT Insect (Mirus Bio).
Sf9 cells were cultured in Lonza Sf9 medium at 28 °C for 72 h to produce a potent P2 virus.
Baculoviruses for Gas, GB, and Gy subunits were produced using the Bac-to-Bac™ system (Thermo
Fisher Scientific). Sf9 cells were cultured in SF900 Il serum-free medium (Invitrogen) at 28 °C for 72 h to
generate potent P2 viruses.

In-Cell Complex Formation

Sf9 cells (1L at 2 x 10° cells/mL) were co-infected with P2 viruses for GPR126-eGFP, Gas, and GB/Gy at
an empirically optimized volume ratio of 100:100:150 (10 mL: 10 mL: 5 mL, respectively). Cells were
incubated at 27 °C and harvested by centrifugation 48 h post-infection. Cell pellets were stored at -20 °C
until further use.

Nanobody 35 Expression and Purification

The single-domain antibody Nanobody-35 (Nb35) was expressed in Escherichia coli strain WK®6.
Following expression, Nb35 was extracted and purified using immobilized metal affinity chromatography

(Ni-NTA) according to established protocols *°.
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Complex Purification

Sf9 cell pellets containing GPR126-eGFP, Ga_s, and GB1Gy2 from a 1 L culture were resuspended in
Buffer A (20 mM HEPES, pH 7.5; 50 mM NaCl; 2 mM MgCl,; 10% glycerol; 1 mM CaCl,; 25 U/mL apyrase
[New England Biolabs]; and one tablet cOmplete™ Protease Inhibitor Cocktail [Roche]). Seven milligrams
of Nb35 were added, and the mixture was incubated for 2 h at 4 °C. Detergent solubilization was initiated
by adding lauryl maltose neopentyl glycol (LMNG) and cholesteryl hemisuccinate (CHS; Anatrace, Inc.) to
final concentrations of 0.5% and 0.05%, respectively. The suspension was gently mixed by repeated
pipetting for 2 h at 4 °C. Following solubilization, the sample was ultracentrifuged at 30,000 rpm for 30
min at 4 °C. The resulting clear supernatant was diluted 1:1 with Buffer B (20 mM HEPES, pH 7.5; 50 mM
NaCl; 2 mM MgCl,; 1 mM CaCl,) and loaded via peristaltic pump in a cold room onto a polypropylene
column containing 1 mL HighSpec Rho1D4 Agarose (Cube Biotech). The column was washed with 50 mL
of Buffer C (20 mM HEPES, pH 7.5; 50 mM NaCl; 2 mM MgCl,; 1 mM CaCl,; 0.05% LMNG; 0.005% CHS).
Elution was performed by incubating the column overnight at 4 °C with Buffer E, which was identical to
Buffer C except that it contained 200 uM rho1D4 peptide (TETSQVAPA) and 1 mg HRV-3C protease (in-
house purified) °1°? After elution, the complex was concentrated using a Vivaspin 500 concentrator (100
kDa cutoff) and further purified by size exclusion chromatography on a Superdex 200 Increase 5/150 GL
column (Sigma-Aldrich) equilibrated with Buffer E. Fractions containing the receptor complex were
pooled and concentrated to 5 mg/mL, then directly vitrified for cryo-EM analysis.

Cryo-EM Sample Preparation and Image Acquisition

Vitrification of GPR126-CTF-Gs—Nb35 complex was conducted immediately after sample preparation at
a concentration of 1.0 mg/mL. 3.8 pL of the sample was applied to glow-discharged holey carbon grids
(QuantiFoil R1.2/1.3 300 AU mesh, Quantifoil Micro Tools GmbH), blotted for 4 s and plunge-frozen in
liquid ethane using an FEI Vitrobot Mark IV (Thermo Fisher Scientific) set to 10 °C and 100 % humidity.

Images were acquired using a FEI Titan Krios G3i microscope (Thermo Fisher Scientific) operated at 300
kV equipped with a FEI Falcon 3EC detector (Thermo Fisher Scientific) running in counting mode at a
nominal magnification of 96,000x, giving a calibrated pixel size of 0.824 A/px. Movies were recorded for
40.77 s accumulating a total electron dose of 43 e-/A2 fractionated into 33 frames. EPU 2.8 was utilized
for automated data acquisition with AFIS enabled using a nominal defocus between -1 and -2 um. A
total of 5,929 micrographs were collected. These were used for further image processing. Further details
are given in Extended data Table 3.

Cryo-EM Image Processing

The entire data analysis was conducted within the cryoSPARC v4.60 °3 framework (Extened data Figs.
3-4). Image analysis started with movie alignment and dose-weighting using “Patch motion correction”
followed by “Patch CTF estimation”. Initial particle picking was done with “Blob picker” using a particle
diameter of 180 A. Particle images were extracted with a box size of 280 px, Fourier-cropped to 70 px
(3.296 A/px). After reference-free 2D classification, selected class averages were used for ab initio
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reconstruction followed by hetero refinement resulting in an initial structure of the complex. Templates
created from that volume were used for template-based particle picking with a 170 A particle mask. A
total of 3,431,742 particle images were subjected to two cycles of 2D classification to clean the dataset.
Ab initio reconstruction of particle images belonging to shiny classes was applied to generate a
reference model for 3D classification. Shiny particles of this initial structure evaluation were used to train

a model-picking-algorithm in TOPAZ >4,

Re-picking using this trained model resulted in 1,860,602 particles. These were extracted with a box size
of 300 px, Fourier-cropped to 100 px (2.472 A/px). They underwent two independent rounds of 2D-
classification followed by heterogenous refinement as described above. 165,942 complex particles from
these independent sortings were combined and re-extracted unbinned (300 px, 0.824 A/px). A further 2D
classification removed non-shiny particles reducing the dataset to 146,999 particles. After NU
refinement applying CTF correction this resulted in a consensus structure with global resolution of 3.27
A. These particles were used for 3D-variability analysis in principal component analysis mode with a
focus mask on the G-protein region at a filter resolution of 4 A. The results were clustered into two
structures (66,197 and 69,386 particles respectively) that showed different orientation of
transmembrane helices, ECL2 and Stachel. Particles that did not show complex structures (11,416
particles) were discarded. Further 3D variability analysis showed variability for one state which sorted
again in the same way. Of the resulting two structures one showed the same conformation as the one
sorted before and was combined. This resulted in two different structures with 101,791 particles
belonging to a Stachel unbound state (GPR126-CTFgg 5.i,) and 33,792 particles to one that showed

Stachel-density in the binding pocket (GPR126-CTFg;,cpe1in), Fespectively. A final NU refinement for
the GPR126-CTFgy,che.in—GS—Nb35 complex resulted in a reconstruction of 3.8 A global resolution, while
the GPR126-CTFgc 5.1~ Gs—Nb35 complex was refined to 3.38 A global resolution.

Model Building and Refinement

A homology model for GPR126 complex was derived from GPR64 structure (PDB-ID: 7wuq >°) together

with the GaBy—Nb35 complex of the NDP-a-MSH-MC4R-Gs complex (PDB-ID: 7piv °°) and used as

initial model. The complex was built and adjusted manually in the program COOT v0.9.6.4 °/. using an

auto-sharpened map (using CryoSPARC) and additionally a low-pass-filtered map to 4 A for more mobile
regions as ECL2. After every round of manual refinement and for the final round, real-space refinement

was performed with the program phenix.refine from PHENIX v.1.19 %8 using geometric restraints, a
global minimization protocol and B-factor refinement. The model was validated using Molprobity and

OneDep *° of the Protein Data Bank (Extended Data Table 3).

The final structure model of the GPR126-CTFgg 5.;,—Gs—Nb35 complex comprises the following
residues: GPR126-CTF 830-1100 (excluding several residues in ICL3: 1025-1031), Gag protein: 14-47,

193-236, 248-280, 293-351, 355-380; G protein: 4-340; Gy protein: 9-63, Nb35: 1-128. Residues 312-318
of Gag were modeled as alanine due to poorly resolved side chain density.

Page 14/25



The final structure model of the GPR126-CTFg;,cperin—GS—Nb35 complex comprises the following
residues: GPR126-CTF 814-825 and 831-1100 (excluding several residues in ICL2: 971-982 and ICL3:
1026-1032), Gag protein: 14-47, 193-236, 248-280, 293-351, 355-380; GB protein: 4-340; Gy protein: 9-63,
Nb35: 1-128. Residues 312-318 of Gag were modeled as alanine due to poorly resolved side chain

density.

Potential hydrogen bonds and van der Waals contacts were analyzed using HBPLUS and LigPlot+v2.2.9
60 All molecular graphics representations in this work were created using the PyMOL Molecular
Graphics System, Version 2.5.5 and 3.1.3, Schrédinger, LLC., UCSF Chimera v.1.16 ®' and UCSF ChimeraX
v1.7 6162,

Molecular Biology

If not stated otherwise, all standard substances were ordered from Sigma Aldrich (Taufkirchen,
Germany), Merck (Darmstadt, Germany), and C. Roth GmbH (Karlsruhe, Germany). Cell culture material
was obtained from Thermo Fisher Scientific (Schwerte, Germany), and primers were obtained from
Microsynth Seqlab GmbH (Gé&ttingen, Germany).

Constructs and Cloning

The CTF and full-length constructs of human GPR126 in pcDps carry an N-terminal HA-tag and a C-
terminal FLAG-tag previously described 4. All point mutations and deletions were cloned by using
QuikChange site directed mutagenesis. Briefly, plasmid DNA was amplified by PCR and accordingly
digested with Dpnl restriction enzyme (New England Biolabs, MA, USA) for 1 h at 37 °C. Afterwards, E.
coli cells were transformed by heat shock.

Surface Expression

To analyze the surface expression, a cellular enzyme-linked immunosorbent assay (ELISA) was used 3.
The COS-7 or HEK293T cells were split into a 48-well plate (3x10% COS-7 cells per well, 5x10% HEK293T
cells per well) and cultivated in Dulbecco’s minimum essential medium (DMEM) supplemented with 10 %
fetal bovine serum (FBS), 100 units/mL penicillin, and 100 pg/mL streptomycin at 37 °C and 5 % CO, in a
humidified atmosphere. The transfection was performed with Lipofectamine 2000 (Thermo Fisher
Scientific) according to manufactures protocol using 500 ng/well up to 1000 ng/well (titration
experiment). After 48 h, the cells were fixed with 4 % formaldehyde, washed with DPBS and blocked with
DMEM supplemented with 10 % FBS. Afterwards, the fixed cells were incubated with Anti HA POD
conjugated antibody followed by o-phenylendiamine treatment. The optical density was measured at a
wavelength of 492 nm and 620 nm with Infinite 200 Pro, Tecan Austria GmbH.

Whole Cell Expression
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To analyze the whole cell expression, a sandwich enzyme-linked immunosorbent assay (ELISA) was
used®3. The COS-7 or HEK293T cells were split into a 6-well plate (3x10° per well) and cultivated in
DMEM supplemented with 10 % FBS, 100 units/mL penicillin, and 100 pg/mL streptomycin at 37 °C and
5 % CO, in a humidified atmosphere. The transfection was performed with Lipofectamine 2000 (Thermo

Fisher Scientific) according to manufactures protocol using 1000 ng DNA/well. After 48 h, the cells were
detached with DPBS, solubilized overnight and a 96-well plate was coated with M2 FLAG
antibody (F3165, Sigma-Aldrich).

Afterwards, the 96-well plate was washed with PBS-T, blocked with DMEM supplemented with 10% FBS,
incubated with the solubilized samples, and incubated with anti-HA POD-conjugated antibody followed
by o-phenylendiamine treatment. The optical density was measured at a wavelength of 492 nm and 620
nm with Infinite 200 Pro, Tecan Austria GmbH.

Peptide Stimulation Assay

The receptor constructs were heterologous expressed in HEK293T cells cultivated in DMEM
supplemented with 10 % FBS, 100 units/mL penicillin, and 100 pg/mL streptomycin at 37 °C and 5 % CO,

in a humidified atmosphere. The cells were distributed into a 96-well plate (1.5x10% cells per well). The
transfection was performed with Lipofectamine 2000 (Thermo Fisher Scientific) according to
manufactures protocol using 50 ng up to 100 ng DNA/well (96-well plate) depending on the surface
expression.

After 48 h, the basal activity assay was performed by adding 3-isobutylmethyl-xanthine (1 mM)-(IBMX)-
containing medium and incubated for 30 min at 37 °C, 5 % CO, humidified atmosphere. For the peptide
stimulation, the peptide corresponding to the Stachel sequence of GPR126 (p126) was solubilized in Tris
pH 8.0 to the stock concentration of 10 mM. The peptides 17AA (YGKESYGKEKGDEFCWI) and 12AA
(KESYGKEKGDEF) corresponding to the ECL2 sequence of GPR126 were solubilized in Tris pH 8.0 with
10 % DMSO to the stock concentration of 10 mM.

The p126 peptide was diluted to the final concentration (500 uM) in IBMX-containing medium. The cells
incubated with final peptide concentration for 30 min at 37 °C, 5 % CO, humidified atmosphere. After
stimulation, the cells were lysed in LI buffer (PerkinElmer, Rodgau, Germany) and frozen at -20 °C until
measurement.

For the combined stimulation of WT GPR126-FL and GPR126-CTF with peptides corresponding to the
ECL2 sequence of GPR126, the peptides 17AA and 12AA were diluted to the final concentration (1 pM,
10 uM, 100 pM, T mM) in IBMX-containing medium. The stimulation was performed in absence or
presence of 100 pM p126 peptide for 30 min at 37 °C, 5 % CO, humidified atmosphere. After stimulation,
the cells were lysed in LI buffer (PerkinEImer, Rodgau, Germany) and frozen at -20 °C until measurement.
To measure cAMP concentration, the AlphaScreen cAMP assay kit (PerkinElmer) was used according to
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the manufacturer’s protocol. The accumulation was measured in a 384-well white OptiPlate microplate
(PerkinElmer) by using the EnVision Multilabel Reader (PerkinElmer).

HA Antibody Activation

The full-length GPR126-FL constructs were heterologous expressed in COS-7 cells cultivated in DMEM
supplemented with 10 % FBS, 100 units/mL penicillin, and 100 pg/mL streptomycin at 37 °C and 5 % CO,

in a humidified atmosphere. The cells were distributed into a 48-well plate (3x10* cells per well).

The transfection was performed with Lipofectamine 2000 (Thermo Fisher Scientific) according to
manufactures protocol using 500 ng up to 1000 ng DNA/per well (48-well plate) depending on the
surface expression.

The stimulation was performed by diluting the anti—-HA antibody (H3663, stock concentration 1 mg/mL,
Sigma-Aldrich) 1:1000 in IBMX-containing medium and incubated for 30 min at 37 °C, 5 % CO,

humidified atmosphere 3°.

Afterwards, the cells were lysed in LI buffer and stored at -20 °C until measurement. The cAMP
concentration was measured via the AlphaScreen cAMP assay kit (PerkinElmer).

Mechano-Activation Assay

The GPR126-FL constructs were heterologous expressed in HEK293T cells cultivated in DMEM
supplemented with 10 % FBS, 100 units/mL penicillin, and 100 pg/mL streptomycin at 37 °C and 5 % CO,
in a humidified atmosphere. The cells were distributed into a 12-well plate (2x10° cells per well). The

transfection was performed with Lipofectamine 2000 (Thermo Fisher Scientific) according to
manufactures protocol using 1000 ng DNA/per well (12-well plate).

For the mechano-activation assay, the cells were detached with DPBS, centrifuged and suspended in
IBMX-containing medium. Then, the cell suspension was incubated under static or shaking (200 rpm)
conditions for 30 min, 37 °C. Afterwards, the cells were lysed in LI buffer and stored at -20 °C until
measurement. The cAMP concentration was measured via the AlphaScreen cAMP assay kit
(PerkinElmer).

Sequence Alignment and Figure Visualization

Structural representations were generated using PyMol (Molecular Graphics System Version 2.5.5,
Schrédinger, LLC, New York, NY). The sequence alignment was generated by using ClustalW ®* followed
by manual corrections and visualization with the software package BioEdit ©°.
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Figure 1

Cryo-EM structure of the GPR126, ,.;,—CTF/Gy/Nb35 complex and ECL2 features. (a) Phylogenetic tree
of human aGPCRs based on CTF sequences. Most available CTF structures correspond to group VIII
receptors. (b) Cartoon of the human GPR126¢¢ 5.;,"CTF-G,—Nb35 complex showing ECL2 bound within
the receptor core (Stachel not resolved). (¢) Close-up of the 7TMD highlighting the Stachel-binding
pocket occupied by ECL2 (blue). Side chains are shown as sticks. Conserved residues in the GPR126
ECL2 sequence are indicated in bold above. (d) Superposition of the GPR126¢ ,.i, Structure with the
previously reported GPR126-CTF-G; structure (PDB-ID: 21DU '8). ECL2 (blue, sticks) partially occupies
the canonical Stachel-binding site that accommodates the helical Stachel (red; 7TMD backbone in grey)
in the published structure. (e) Sequence alignment of ECL2 from all 33 human aGPCRs (conserved
residues in grey; group VIII in red; GPR126 ECL2 in blue). Structural length of ECL2 is indicated above,
along with the reference position for the unified class B ECL2 numbering (C45.50) '3. Key residues

discussed in the text are annotated using this system to allow comparison across class B1 and B2
receptors.
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Figure 2

GPR126 with bound Stachel (GPR126g;,.pe1-in) and backbone comparison with the GPR126-Stachel
structure. (a) Cryo-EM structure of GPR126;,.01in i cOmplex with G, resolved at 3.7 A. The Stachel is
bound within the 7TMD and adopts an unusual fold and orientation. (b) Comparison with the previously

published GPR126—-Stachel structure (PDB-ID: 21DU ') highlights differences in Stachel conformation
and binding mode. (c¢) Superposition of GPR126¢¢ 5.i, With the published GPR126-Stachel structure (red)

reveals specific differences in TMH7 and ECL3, which connects TMH6 and TMH7. (d) In the partially
bound GPR126g;,chein Structure, TMH7 adopts a conformation similar to canonical Stachel-bound states,

while ECL3 shows notable deviations.
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Figure 3

Functional characterization of GPR126-CTF and GPR126 full-length ECL2 variants. (a) Scheme of the
GPR126 with indicated structural parts and sequences of the ECL2, Stachel core and GPS. Mutated
positions are underlined and enlarged. (b) Cell surface expression and basal cAMP accumulation of
GPR126-CTF ECL2 mutants. (c) Basal and p126-induced activity of GPR126-CTF ECL2 mutants after
correction for comparable surface expression. (d) Basal and p126-induced cAMP accumulation in WT
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and ECL2 GPR126-CTF Stachel mutants. (e) Basal and p126-induced cAMP accumulation in WT and
ECL2 GPR126-FL variants. (f) Accumulated cAMP levels in ECL2 GPR126-FL variants upon activation
with HA antibody. Data are presented as mean + SD, n = 4-5 (each in triplicate). Statistical analysis was
performed using one-way ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001, mutant vs. WT) and paired t-test
(#p < 0.05; ##p < 0.01; ##4#p < 0.001, basal vs. stimulated for each construct).
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