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Extended data Figure 1: Sequences and construct design GPR126-CTF complex

Construct of Gpr126-eGFP (DNA:1ID373)
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Sequences:

GPR126-CTF

MKTHALSYIFCLVFA HEGVLMDLPRSASQLDARNTKVLTFISYIGCGISA
IFSAATLLTYVAFEKLRRDYPSKILMNLSTALLFLNLLFLLDGWITSFNVDGLCIAVAV
LLHFFLLATFTWMGLEAIHMYIALVKVFNTYIRRYILKFCIIGWGLPALVVSVVLASR
NNNEVYGKESYGKEKGDEFCWIQDPVIFYVTCAGYFGVMFFLNIAMFIVVMVQICGR
NGKRSNRTLREEVLRNLRSVVSLTFLLGMTWGFAFFAWGPLNIPFMYLFSIFNSLQGL
GIFIFHCAMKENVQKQWRRHLCCGRFRLADNSDWSKTATNIIKKSSDNPGKSLSSSSI
GSNSTYLTSKSKSSSTTYFKRNSHTDSASMDKSLSKLAHADGDQTSIIPVHQVIDKVK
GYCNAHSDNFYKNIIMSDTFSHSTKF MVSKGEELFTGVVPILVELDGDVN
GHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQ
HDFFKSAMPEGY VQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILG
HKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLL
PDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGRPHHHHHH

*

Human dominant-negative Gas protein (pFB1) !
MGCLGNSKTEDQRNEEKAQREANKKIEKQLQKDKQVYRATHRLLLLGAGESGKSTI
VKQMRILHVNGFNGDSEKATKVQDIKNNLKEAIETIVAAMSNLVPPVELANPENQFR
VDYILSVMNVPDFDFPPEFYEHAKALWEDEGVRACYERSNEYQLIDCAQYFLDKIDV
IKQADYVPSDQDLLRCRVLTSGIFETKFQVDKVNFHMFDVGGQRDERRKWIQCFND
VTAIIFVVASSSYNMVIREDNQTNRLQEALNLFKSIWNNRWLRTISVILFLNKQDLLAE
KVLAGKSKIEDYFPEFARYTTPEDATPEPGEDPRVTRAKYFIRDEFLRISTASGDGRHY
CYPHFTCAVDTENIRRVFNDCRDIIQRMHLRQYELL

Human GB1 protein in dual expression vector (pFastBacDual)

MHHHHHH GSSGSELDQLRQEAEQLKNQIRDARKACADATLSQITNNIDP
VGRIQMRTRRTLRGHLAKIYAMHWGTDSRLLVSASQDGKLIIWDSYTTNKVHAIPLR
SSWVMTCAYAPSGNYVACGGLDNICSIYNLKTREGNVRVSRELAGHTGYLSCCRFL
DDNQIVTSSGDTTCALWDIETGQQTTTFTGHTGDVMSLSLAPDTRLFVSGACDASAK
LWDVREGMCRQTFTGHESDINAICFFPNGNAFATGSDDATCRLFDLRADQELMTYSH
DNIICGITSVSFSKSGRLLLAGYDDFNCNVWDALKADRAGVLAGHDNRVSCLGVTD
DGMAVATGSWDSFLKIWN

Human Gy2 protein in dual expression vector (pFastBacDual) !
MASNNTASIAQARKLVEQLKMEANIDRIKVSKAAADLMAYCEAHAKEDPLLTPVPA
SENPFREKKFFCAIL



Nanobody - Nb35 2

MKYLLPTAAAGLLLLAAQPAMAQVQLQESGGGLVQPGGSLRLSCAASGFTFSNYKM
NWVRQAPGKGLEWVSDISQSGASISYTGSVKGRFTISRDNAKNTLYLQMNSLKPEDT

AVYYCARCPAPFTRDCFDVTSTTYAYRGQGTQVTVSSHHHHHHEPEA

Sequence alignment Gpr126-CTF (DNA:ID373) vs. adhesion G protein-coupled receptor

G6 [Homo sapiens] (KAI2544095.1)
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Extended Data Figure 2
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Extended data Fig. 2: Schematic workflow illustrating the production and purification of
the target complex. Recombinant P2 baculovirus encoding GPR126—eGFP, Gos protein, and
GP/y protein is used for simultaneous co-infection of Sf9 insect cells. Complex formation is
accelerated by the addition of Nb35 and apyrase. After cell lysis, the protein is solubilized and
purified using 1D4—agarose affinity chromatography. The target protein is captured, washed,
and finally eluted by the addition of 1D4 peptide and protease. The eluted, cleaved sample is
then subjected to size-exclusion chromatography for the final purification step. The resulting
complex-enriched fractions are subsequently used for EM grid preparation.



Extended Data Figure 3
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Extended data Fig. 3: Cryo-EM processing, sorting and refinement scheme for the
GPR126-CTF-Gs—Nb35 complexes. Processing of the dataset was done in CryoSPARC 3.
Using a pre-trained TOPAZ # model 1.86 million particles were picked from 5,929 micrographs
and extracted with a box size of 300 px (Fourier cropped to 100 px, 2.472 A/px).



All picked particles underwent two independent sortings. Complex particles were chosen using
2D classification to identify complex particles, followed by 3D hetero refinement. Positively
assigned particles of either sorting were combined and used for further analysis resulting in a
bigger dataset of 165,942 particles. These were re-extracted at full resolution (0.824 A/px) and
refined. Another round of 2D classification was applied to remove junk particles, followed by
NU refinement with correction of CTF parameters resulting in a consensus structure of 146,999
particles with a global resolution of FSCo.143=3.27 A. 3D variability analysis in principal
component analysis mode was applied to this structure using a focus mask on G protein (mask
shown in light blue) at a filter resolution of 4 A. Results were clustered into two structures,
while 11,416 particles showed no complex and were discarded. The resulting structures were
one without bound Stachel density (66,197 particles) and one of 69,386 particles that showed
further variability in the Stachel region.

To these particles another round of 3D variability was applied in the same manner, resulting in
35,594 particles that show the previously identified unbound state and 33,792 particles that
display Stachel density in the binding pocket. The separated states were subjected to a final
round of NU refinement. Resulting in a reconstruction of an unbound state of 101,791 particles
with a global resolution of FSCo.143=3.38 A and a reconstruction of a Stachel bound state of
33,792 particles with a global resolution of FSCy.143=3.76 A.



Extended Data Figure 4
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Extended data Fig. 4: Cryo-EM data analysis of active GPR126-CTF-Gs—Nb35
complexes. (a) Representative cryo-electron micrograph with scale bar representing 50 nm in
the image. (b) Representative 2D class averages of the complex confirming the presence of
GPR126-CTF, Gsafy protein and nanobody 35. Different projection directions are present.
Two exemplary classes are shown to demonstrate how details of complex and transmembrane
domains are visible. (¢, d) Global resolution estimation by Fourier shell correlation calculations
(FSC = 0.143 cut-off) after "gold standard" refinement. The light blue curve was calculated
without masking, the red and green curves by applying spherical masks and the purple one after
phase randomization using a soft-mask for (¢) the GPR126-CTF—Gs—Nb35 complex without
bound Stachel (GPR126-CTFgcr2-in) and (d) the GPR126-CTF—Gs—Nb35 complex with bound
Stachel (GPR126-CTFsiacher-in). (e, f) Distribution of projection directions as estimated of the
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final homogeneous non-uniform (NU) refinement for (e) the GPR126-CTFgcr2-in—Gs—Nb35
complex and (f) the GPR126-CTFsucher-in—Gs—Nb35 complex. (g) Representation of local
resolution estimation for GPR126-CTFgcr2-in with the final cryo-EM density coloured
according to local resolution value from blue (3.0 A) to red (4.6 A). (h) Representation of local
resolution estimation for the GPR126-CTFsiacher-in With the final cryo-EM density according to
the local resolution value from blue (3.0 A) to red (4.6 A).



Extended Data Figure 5
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Extended data Fig. 5: Backbone superposition between the G proteins bound at the two
solved GPRI126-CTF structures (GPR126-CTFgcr2in and GPR126-CTFsucherin).
Superposition of two bound heterotrimeric Gs protein molecules shows strong overlap in the
binding mode and orientation towards the respective receptors, specifically in the core elements
with secondary structure.



Extended Data Figure 6

Extended data Fig. 6: Quality of the cryo-EM density map of ECL2 in the GPR126-CTF
ecL2-in—GSs—Nb35 complex. Three different views (a-c) are shown to illustrate the ECL2. The
cryo-EM density is shown as blue mesh at a contour level of 7o, while the model of ECL2 is
depicted as sticks.
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Extended Data Figure 7
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Extended data Fig. 7: Details of the disulfide bonding between ECL2 and TM3 in different
published cryo-EM structures of aGPCR. (a) GPR126-CTFgcL2-in does not show a disulfide
bond between C902 in TM3 and C985 in ECL2. The distance between the sulphur-atoms being
3.7 A. (b) For a GPR133-CTF structure (PDB-ID 7ept / EMDB-31232) clear density for a
disulfide bond between C632 and C704 is visible. (¢) For C686 and C770 in the GPR64-CTF
structure (PDB-ID 7wuq / EMDB-32388) as well as for structures of (d) LPHN3-CTF (PDB-
ID 7wy8 / EMDB-32887), or (¢) GPR56-CTF (PDB-ID 7sf8 / EMDB-25077) and (f) GPR110-
CTF (PDB-ID 7wy0 / EMDB-32883) the cryo-EM maps show no continuous density for a
covalent bond between the conserved cysteines in TM3 and ECL2, even though the models
insinuate one. Of note, the interpretative analysis was conducted across the entire contour level,
with only clearly interpretable examples from high-quality maps being considered. In cases
where an unambiguous assignment was not possible due to uncertainty or ambiguity, the
corresponding bond was classified as present. All figures display cryo-EM densities as light-
coloured surface mesh and models in cartoon representation with the cysteines emphasized in
stick representation colored according to their elements.
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Extended Data Figure 8
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Extended data Fig. 8: Interactions between parts of the ECL2 to other residues in
GPR126-CTFgcr2-in. (a) Potential hydrogen bonds and hydrophobic interactions between the
central part of ECL2 (ECL2 sequence above the picture and analyzed amino acids are
underlined) and the TMD were analyzed using HBPLUS with a maximum donor acceptor
distance of 3.5 A as implemented in LigPlot+ v.2.2.9 °. Potential hydrogen bonds are indicated
by green dashed lines and labelled with their distance in A. Residues closer than 3.9 A were
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conserved W986 and adjacent residues. (¢) Interactions of highly conserved residue Y971 and

adjacent residues.
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Extended Data Figure 9
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Extended data Fig. 9: Spatial arrangement of GPR126 ECL2 and interactions within the
7TMD. (a) ECL2 residues contacting the 7TMD are underlined in the sequence and highlighted
in red in the structure (see also (c)). Contact residues in the 7TMD of the CTF are shown as
green sticks. Intramolecular ECL2 interactions are not depicted. The absent disulfide bridge in
contrast to the recently published GPR126 structure (PDB-ID 21DU ¢) and other aGPCR CTF
structures is marked by a magenta circle. In addition, W*% in ECL2 shows a distinct orientation
in our GPR126-CTFgcr2-in structure compared to the CTF structure with a Stachel-in
conformation (white stick). In contrast, W'%33 in TMHG6 is similar in both structures (white stick
from the Stachel-in structure). (b) Top view of ECL2 and 7TMD residues in contact distance.

(c) Table of major ECL2—7TMD contacts color-coded as in (a).

(o]
| ECL2 residue Contact residue in Localization
&1\ the CTF

13



Extended Data Figure 10
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Extended data Fig. 10: Spatial arrangement of the GPR126-CTF ECL2 in the GPR126-
CTFkcL2-in Structure, interactions with the 7TMD, and mutant positions with functional
impact. Functionally distinct ECL2 mutants mapped onto the GPR126 structure using color
codes and stick representations. This analysis reveals two main outcomes: i. Inactivating
variants (orange) cluster between ECL2 and TMH2/TMH3 and are located in close proximity
to the highly conserved residues Y°’! and W*%; ii. in contrast, the three CAMs (cyan) are
positioned in a region that likely interfaces with the bound Stachel, as indicated by
superimposition (inset, rotated view) with the recently determined GPR126 structure (PDB-ID
21DU 9) (Stachel core shown in red). Of note, an increased efficacy of p126 was observed at
two mutants (E°’*A and K°’8A, in yellow, hyperstimulation), which are either also CAMs or
are positioned at the center of ECL2.
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Extended Data Figure 11
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Extended data Fig 11: Functional data of GPR126 constructs. (a, b) stimulation of wild-
type (WT) GPR126-FL with peptides corresponding to the ECL2 (17AA, 12 AA) alone or co-
stimulated with the pl126 peptide, (¢, d) stimulation of GPR126-CTF with peptides
corresponding to the ECL2 (17AA, 12AA) alone or co-stimulated with the p126 peptide, (e)
shake assay of GPR126 FL ECL2 mutants in HEK293T cells; basal activity to 100%. One-way
ANOVA *p <0.05; **p <0.01; ***p <0.001.
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Group | Receptor | PDB-ID | Species External Complex binder/ Overall Disulfide-bond Reference
name ligand Interaction protein | resolution (A) TMH3-ECL2
7sf7 human mini-G13 2.90 Yes (927-999) 7
TwyS5 mouse Gq 2.75 No (1008-1080)
I LPHN3/ Twy8 mouse Gs 2.80 No (1008-1080) 8
ADGRL3 7x10 mouse G12 2.93 Yes (1008-1080)
Twyb mouse Gi 2.97 ? (1008-1080)
8jmt human apo 3.30 No (927-999) 9
7ydh human miniG13 3.10 No (612-684)
Tydj human miniG12 3.03 No (612-684) 10
I CD97/ 7ydm human Gq 2.89 Yes (612-684)
ADGRES Tydp human miniGs 3.10 No (612-684)
8ikl human mini-G13 2.30 Yes (612-684) 11
8ikj human apo 2.90 Yes (612-684)
Tept human Gs 3.00 Yes (632-704) 12
Twu2 human mini-Gs 3.00 Yes (632-704) 13
8x9s human DHT Gs 3.49 Yes (632-704) 14
v | GPRI3Y | s human YNH Gs 275 Yes (632-704) 14
ADGRD1 8x9u human | metenolone Gs 2.88 Yes (632-704) 14
9ivl human DHT mini-Gs 2.98 Yes (632-704) 14
%iv2 human DHT Gs 3.53 Yes (632-704) 14
9you | human miniG13 3.51 No (632-704) 15
Twu3 human mini-Gs 3.10 No (657-733)
Twud human LPC mini-Gi 3.40 2 (657-733) 13
Twus human LPC mini-Gi 3.00 No (657-733)
Twxu human Gq 2.85 Yes (657-733)
GPRIL/ [ Fywxw human Gs 2.84 Yes (657-733)
VI ADGRF1 B 16
7x2v human Gi 3.09 ? (657-733)
Twz7 human Gl12 2.8 ? (657-733)
Twy0 human G13 2.66 No (657-733)
8g2y human LPC mini-Gyg 3.44 Yes (657-733) 17
GPR112/ .
ADGRG4 Twuj human Gs 3.30 Yes (2809-2886) 18
Twui mouse IP15 Gs 3.10 Yes (686-770)
Twuq mouse Gs 2.90 Yes (686-770)
GPR64/ Typ7 mouse Gs 3.10 Yes (686-770)
ADGRG2 7xkf mouse BT-Gs 2.40 Yes (686-770) 19
7xke mouse Gs 2.90 Yes (686-770)
7xkd mouse BT-Gs 2.40 Yes (686-770)
GPR114/ 12
VIII ADGRGS Teql human Gs 3.30 No (314-404)
GPR56/ N 7
ADGRGI 7sf8 human mini-G13 2.70 No (469-556)
mini-Go with
GPR97/ 7d76 human BCM palmitoylation 3.10 Yes (338-420) =
ADGR! ini- i
GRG3 1 7477 | human | cortisol mini-Go with 2.90 Yes (338-420)
palmitoylation
ADGRG6/ . 6
GPRI26 21du human | apomorphine Gs 2.90 Yes (930-1013)
IX https://doi.org/1
ADGRVI/ 9fte mouse apo 3.82 Yes (5963-6045) | 0.2210/pdb9fte/
VLGRI odb

Extended data Table 1: Overview of determined aGPCR-CTF structures including visibility
of a disulfide bond between TMH3 and the ECL2 (red — no disulfide bond identified). “?*
indicates difficulties to clearly define or to exclude a disulfide bond. DHT denotes 5-alpha-
dihydrotestosterone, YNH denotes methyl 3-[2-(2,4-dimethylphenoxy)ethanoylamino]-4-(4-
ethylpiperazin-1-yl)benzoate.
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Receptor construct

Whole cell expression

Surface expression

Titration of surface expression (total

(COS-7) (total DNA 500 ng per well) DNA 1000 ng per well)
% SD 9% sD ng DNA of receptor % sD
construct
GPR126-FL WT 21,01 7.13 31.46 * 11.41 500 9.04 1.65
500 2.69 1.46
GPR126-FL C902S 36.97 5.90 12.45 7.67 750 * 9.23 2.02
1000 19.53 | 7.81
500 3.17 2.48
GPR126-FL Y971A 40.67 4.43 7.67 2.90 750 4.97 1.93
1000 * 12.34 | 3.42
GPR126-FL K973A 33.88 4.55 29.59 * 5.61
GPR126-FL E974A 21.42 11.43 35.06 * 11.27
GPR126-FL Y976A 30.81 4.01 29.60 * 3.93
GPR126-FL K978A 22.31 7.29 2522 * 7.48
GPR126-FL E979A 24.11 7.07 36.01 * 2.61
GPR126-FL K980A 26.96 8.80 38.24 * 14.09
GPR126-FL D982A -1.61 0.42 0.09 0.09
500 0.26 0.26
GPR126-FL E983A 6.51 3.75 11.60 4.65 750 1.58 0.71
1000 * 15.18 | 4.20
500 1.06 0.81
GPR126-FL F984A 30.59 11.12 12.26 4.77 750 2.89 1.98
1000 * 12.80 | 4.13
500 0.58 0.46
GPR126-FL C985S 32.89 7.41 13.37 9.08 750 2.06 241
1000 * 6.27 3.83
GPR126-FL W986A 31.90 4.55 29.50 * 6.90
GPR126-FL A ECL2 23.66 3.49 29.29 * 12.16
Receptor construct Whole cell Surface expression Titration of surface expression (total
(HEK293T) expression (total DNA 500 ng per well) DNA 1000 ng per well)
% SD % SD ng DNA of % sD
receptor construct
GPR126-CTF WT 101.15 8.92 2747 * 3.60 500 13.25 | 5.83
500 8.55 2.23
GPR126-CTF C902S 112.91 15.80 11.52 2.34 750 14.76 | 8.44
1000 * 21.68 | 12.70
500 2.94 1.95
GPR126-CTF Y971A 97.89 7.73 12.62 4.53 750 5.28 1.86
1000 * 16.20 | 2.23
500 1343 | 4.22
GPR126-CTF K973A 111.36 14.53 17.85 8.35 750 17.33 | 7.55
1000 * 20.29 | 10.05
GPR126-CTF E974A 104.26 12.29 39.33 * 6.27
500 1531 | 231
GPR126-CTF Y976A 99.50 9.51 20.70 1.07 750 19.75 | 4.68
1000 * 26.60 | 8.54
GPR126-CTF K978A 101.91 20.97 31.83 * 8.55
GPR126-CTF E979A 106.16 14.76 37.27 * 7.82
GPR126-CTF K980A 98.95 6.44 33.28 * 7.30
GPR126-CTF D982A 106.31 13.34 24.14 * 4.30
GPR126-CTF E983A 106.87 21.23 28.83 * 7.29
500 9.71 4.12
GPR126-CTF F984A 103.61 12.65 13.03 4.93 750 14.75 1.32
1000 * 17.26 | 6.00
500 9.55 3.12
GPR126-CTF C985S 106.45 10.94 11.24 4.34 750 13.11 | 5.20
1000 * 16.11 | 5.32
500 12.13 | 3.18
GPR126-CTF W986A 105.04 8.92 17.13 7.08 750 17.23 | 4.00
1000 * 24.76 | 591
500 13.86 | 1.93
750 17.73 | 4.27
GPR126-CTF A ECL2 101.12 11.80 16.33 5.37 1000 * 23.89 | 7.17
750 10.65 | 2.53
1000 * 14.69 | 4.54
GPR126-CTF AStachel 103.54 6.43 52.54 * 11.97
GPR126-CTF M819A 105.70 18.81 37.39 * 14.83
GPR126-CTF AStachel 105.25 10.34 3237 * 6.24
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Y976A
GPR126-CTF AStachel
D9SIA 102.64 15.43 35.46 * 6.30
GPR126-CTF AStachel
AECL2 103.68 7.02 27.97 * 7.61
GPR126-FL WT 37.92 6.48 52.36 * 7.23 500 10.26 | 2.58
GPR126-FL C9028 76.39 12.00 54.30 * 10.20
500 10.53 1.04
GPR126-FL Y971A 43.11 2.19 38.02 9.05 750 19.76 | 1.83
1000 * 50.81 | 10.74
GPR126-FL K973A 37.60 4.44 8591 * 15.71
GPR126-FL E974A 29.25 2.83 93.33 * 19.51
GPR126-FL Y976A 35.82 1.63 89.19 * 18.94
GPR126-FL K978A 32.33 3.82 98.29 * 28.15
GPR126-FL E979A 32.92 2.84 96.38 * 26.64
GPR126-FL K980A 33.39 3.88 93.87 * 21.61
GPR126-FL D982A -4.41 5.38 3.03 1.17
GPR126-FL E983A 24.15 1.16 75.89 * 16.16
GPR126-FL F984A 42.13 5.75 47.71 * 12.21
500 3,21 2,06
GPR126-FL C985S 49,35 4,38 23,58 4,00 750 9,89 3,79
1000 * 34,69 | 9,17
GPR126-FL W986A 38,31 3,08 82,30 * 16,14
GPR126-FL A ECL2 39,10 4,43 95,77 * 26,07

Extended data Table 2: Overview of here designed and used GPR126-CTF and GPR126-FL
receptor constructs including whole cell expression and surface expression in COS-7 and
HEK293-T cells. * and colored table cells visualize the used amounts in stimulation assays.
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GPR126-CTFecL2-in—GS—
Nb35

GPR126-CTFStachel-in—GS—
Nb35

Data Collection PDB-ID: 34HS PDB-ID: 35CL
EMD-59856 EMD-100357
Magnification 96,000x 96,000x
Voltage (kV) 300 300
Electron dose (e/A?) 43 43
Nominal defocus range (um) -1 to -2 -1to -2
Pixel size (A/px) 0.824 0.824
Map sharpening B factor (A?) 132.4 107.0
Resolution (A, 0.143 FSC) 3.27 3.76
Symmetry imposed Cl Cl
Initial number of micrographs 5929 5929
Initial particle images (no.) 1,860,602 1,860,602
Final particle images (no.) 101,791 33,792
?nal map pixel size (decimated, 0.824 0.824
/pX)
Model refinement
Initial model used (PDB ID) 7eql 7eql
Model resolution (A) 13 37
FSC threshold = 0.143 ' '
Model resolution (A) 3.7 il
FSC threshold = 0.5 ' '
Model vs. map correlation
coefficient (cc_mask) 0.7 0.77
Model composition
Non-hydrogen atoms 7,629 7641
Protein residues 978 977
B factors (A?) (mean) 132.4 107.0
Validation (proteins)
R.m.s. deviations bond length (A) 0.005 0.005
R.m.s. deviations bond angle (°)  0.858 0.890
Poor rotamers (%) 0.38 0.37
Ramachandran plot
Outliers (%) 0.00 0.00
Allowed (%) 9.00 7.26
Favored (%) 91.00 92.74
Clash score, all atoms 4.67 5.16
Molprobity score 1.76 1.73

Extended data Table 3: Data collection and refinement statistics.
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