Structural basis for activation of CB1 by an endocannabinoid analog
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Supplementary Fig.1: Complex formation and cryo-EM data processing

a. Fluorescence-detection size exclusion chromatography (FSEC) traces showing complex
peak and free receptor peak with the different AMG315 (blue) and AM8125 (red).

b. Cryo-EM processing flow chart, including particle selection, classification and density map
reconstruction. Density of helices (TM1-7) and FSC curves are also shown.
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Supplementary Fig.2: AMG315 binding pocket and activation of CB1
a. Overlay of the Gaii subunits from FUB (MDMB-Fubinaca)-bound (orange) and AMG315-

Cryo-EM map density of the orthosteric ligand, AMG315 (modeled into the composit

Surface electrostatics (calculated and analyzed by the APBS Electrostatic PyMo! Plugin

with negative colored blue and positive colored red) of the ligand binding pocket formed

bound (blue).
b.

map).
C.

by TM1 and TM7.
d.

Root-mean-square deviation (RMSD) of FUB (MDMB-Fubinaca) during MD simulations,

relative to the initial frame. Thick lines represent moving averages (25-ns averaging
window); thin lines represent unsmoothed data. Frames were aligned on non-hydrogen
backbone atoms of transmembrane helix (TM) residues (residues 112—144, 150—-179, 185—



220,229-254,272-312, 332-369, 375—413), and the RMSD calculated on all atoms of the
ligand.

Protein backbone RMSD (A) during MD simulations. Frames were aligned on non-
hydrogen backbone atoms of TM residues, and the RMSD was calculated on the same
atoms.

Distance between Ca atoms of residues L6.37 and A3.47 (A) during MD simulations, used
to measure the activation state of the receptor. Black dashed line represents the value of
this distance in the experimentally determined active-state structure from which the
simulations were initiated. Grey dashed line represents the value in the inactive-state
structure (PDB: 5U09 [10.2210/pdb5U09/pdb]).

. Minimum distance between atoms of residues W6.48 and 1.3.36 (A) during MD simulation.
Black dashed line represents the value in the active-state structure.
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Supplementary Fig.3: Structural changes in CB2 (Cannabinoid receptor 2) on activation and

GTP turnover with Fubinaca derivatives

a. Active (PDB: 6PTO [10.2210/pdb6PTO/pdb]) and inactive (PDB: 6KPC
[10.2210/pdb6KPC/pdb]) structures of CB2 (Cannabinoid receptor 2) showing no change
in TM2 position upon activation.

b. GTP turnover assay showing more turnover with FUB (MDMB-Fubinaca) compared to
MMB-Fubinaca. (Mean + SD, p < 0.001**** unpaired ¢-test (two-tailed), n=3
independent measurements)

€. Chemical structure of AM11604 and AM11605.
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Supplementary Fig.4: Activation of GPCRs
a. Structural changes to TM2-3-4 upon activation in 32AR (Bz-adrenergic receptor) (Active,

PDB:

3SN6

[10.2210/pdb3SN6/pdbh],
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>acml_human YFLLSLACADLIIGTFSMNLYTTYLLMG GTLACDLWLALDYVASNASVMNLLIISFDRYFSVTR TPRRAALMIGLAWLVSFVLWAPAILFWQYLVG
>acm2_human YFLFSLACADLIIGVFSMNLYTLYTVIG GPVVCDLWLALDYVVSNASVMNLLIISFDRYFCVTK TTKMAGMMIAAAWVLSFILWAPAILFWQFIVG
>acm3_human YFLLSLACADLIIGVISMNLFTTYIIM- GNLACDLWLAIDYVASNASVMNLLVYISFDRYFSITR TTKRAGVMIGLAWVISFVLWAPAILFWQYFVG
>acm4_human YFLFSLACADLIIGAFSMNLYTVYIIK- GAVVCDLWLALDYVVSNASVMNLLIISFDRYFCVTK TTKMAGLMIRAAWVLSFVLWAPAILFWQFVVG
>acm5_human YYLLSLACADLIIGIFSMNLYTTYILM- GSLACDLWLALDYVASNASVMNLLVISFDRYFSITR TPKRAGIMIGLAWLISFILWAPAILCWQYLVG
>adala_human SVTHYYIVNLAVADLLLTSTVLPFSAIFEVLG GRVFCNIWAAVDVLCCTASIMGLCIISIDRYIGVSY TQRRGLMALLCVWALSLVISIGPLF---==-=
>adalb_human TPTNYFIVNLAMADLLLSFTVLPFSAALEVLG GRIFCDIWAAVDVLCCTASILSLCAISIDRYIGVRY TRRKAILALLSVWVLSTVISIGPLL-------
>adald_human TVTNYFIVNLAVADLLLSATVLPFSATMEVLG GRAFCDVWAAVDVLCCTASILSLCTISVDRYVGVRH TERKAAAILALLWVVALVVSVGPLL-=-=====
>ada2a_human APONLFLVSLASADILVATLVIPFSLANEVMG GKAWCEIYLALDVLFCTSSIVHLCAISBLDRYWSITQ TPRRIKAJIITVWVISAVISFPPLI------—
>ada2b_human APONLFLVSLAAADILVATLIIPFSLANELLG RRTWCEVYLALDVLFCTSSIVHLCAISLDRYWAVSR TPRRIKCIILTVWLIAAVISLPPLI-------
>ada2c_human APONLFLVSLASADILVATLVMPFSLANELMA GQVWCGVYLALDVLFCTSSIVHLCAISLDRYWSVTQ TPRRVKATIVAVWLISAVISFPPLV---====
>adrbl_human TLTNLFIMSLASADLVMGLLVVPFGATIVVW- GSFFCELWTSVDVLCVTASIETLCYIALDRYLAITS TRARARGLVCTVWAISALVSFLPILMH----~
>adrb2_human TVTNYFITSLACADLVMGLAVVPFGAAHILM- GNFWCEFWTSIDVLCVTASIETLCYIAVDRYFAITS TKNKARVI]ILMVWIVSGLTSFLPIQMH-----
>adrb3_human TMTNVFVTSLAAADLVMGLLVVPPAATLALT- GATGCELWTSVDVLCVTASIETLCALAVDRYLAVTN TKRCARTAVVLVWVVSAAVSFAPIMSQ----—
>oprd_human TATNI¥IFNLALADALATS-TLPFQSAKYLM- GELLCKAVLSIDYYNMFTSIFTLT! VDRYIAVCH TPAKAKLINICIWVLASGVGVPIMVMA-----
>oprk_human TATNI¥IFNLALADALVTT-TMPFQSTVYLM- GDVLCKIVISIDYYNMFTSIFTLT VDRYIAVCH TPLKAKIJINICIWLLSSSVGISAIVLG-----
>oprm_human TATNI¥IFNLALADALATS-TLPFQSVNYLM- GTILCKIVISIDYYNMFTSIFTLC VDRYIAVCH TPRNAKIINVCNWILSSAIGLPVMFMA----—
>oprx_human TATNIN¥IFNLALADTLVLL-TLPFQGTDILL- GNALCKTVIAIDYYNMFTSTFTLT. VDRYVAICH TSSKAQA AIWALASVVGVPVAIMG----—
>cnrl_human RPSYHFIGSLAVADLLGSV-IFVYSFIDFHV- SRNVFLFKLGGVTASFTASVGSLFLTAIDRYISIHR TRPKAVV. LMWTIAIVIAVLPLLG======
>cnr2_human KPSLE‘IGSLAGADFLASV-VFACSFV‘NFHV— SKAVFLLKIGSVTMTFTASVGSLLITAIDRYLCLRY TRGRALV IMWVLSALVSYLPLMG=====~

PDB: 2RH1

[10.2210/pdb2RH1/pdb], magenta) ,uOR (u—opioid receptor) (Active, PDB: 6DDE
[10.2210/pdb6DDE/pdb], blue and Inactive PDB: 4DKL [10.2210/pdb4DKL/pdb],
yellow) and M2R (Muscarinic acetylcholine receptor M2) (Active, PDB: 60IK
[10.2210/pdb60IK/pdb], green and Inactive PDB: 3UON [10.2210/pdb3UON/pdb],
orange).

Alignment of GPCRs showing differences in residues at position 2.42, 3.46 and 4.46.

In the inactive structure (PDB code 5U09 [10.2210/pdb5U09/pdb], grey), residue 3.46
which is Thr in WT was mutated to Ala (coloured green) to aid in structural determination.
This inactivating T210°4°A mutation is close to F1552%? and might influence its
conformation.
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Supplementary Table 1: CryoEM data collection, model refinement and validation

Data Collection

Global Refinement (Local Refinement)

Voltage (kV) 300
Magnification x29,000
Total electron dose (e/A?) 80.09
Defocus range (um) -1.0--20
Calibrated pixel size (A) 0.8521
Micrographs collected 8,332
Data Processing

Extracted particles 2,965,527
Particles used for final reconstruction 530,918
Final map resolution (A, 0.143 FSC) 2.8(3.2)

Map resolution range (A)
Map sharpening B factor (A?)

2.6-5.0 (3.0-5.0)
116.2 (137.7)

Model Content

Initial models used (PDB code)
Total number of atoms

6N4B (CB1/Gi/scFV16)
8,236

No. of protein residues 1,125
No. of ligands 1
Model Validation
CC map vs. model (%) 81.6
RMSD
Bond lengths (A) / Bond angles (°) 0.015 (0.005 / 0.729)
Ramachandran plot statistics
Favored (%) 89.52 (96.75)
Allowed (%) 10.48 (3.25)
Outliers (%) 0.0 (0.0)
Rotamer outliers (%) 0.0 (0.76)
C-beta deviations 0.0 (0.0)

Clash score

8.76 (3.52)



