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Supplementary Note 1. Choice of the indicators of mo-
tion for different domains

The Domains’ motions are classified as conserved and non-conserved motions (Figure 3).
The non-conserved motion indicators were obtained from the discussion in the CB; and CB,
structure papers backed by multiple structures of same conformational state. The conserved

motion indicators have been discussed in many class A GPCR papers. !

Non-conserved Motions
N-terminus motion

Difference of the N-terminus position of CB; inactive and active structures have been dis-
cussed in X-ray crystal and Cryo-EM structure papers. As position of N-terminus changes
from inside of the orthosteric pocket to the outside of the pocket, we selected the distance
between N-terminus and conserved residue (D??°) close to the orthosteric binding pocket
to reflect this motion. The D*% is highly conserved across most of class A GPCRs and no
major movement of this residue have been reported in the literature. Therefore, distance
calculation from this residue will give proper view of N-terminus motion. We have used this

distance in our previously published paper.?

Extracellular TM1 motion

Extracellular TM1 motion is also discussed in CB; X-ray crystal and Cryo-EM structure
papers.®* Therefore, to indicate this motion, we have used a residue in extracellular TM6,

where no significant motion was observed in the crystal structure.

Toggle switch motions

The rotational movement of toggle switch (W4 and F33¢) residues has also been discussed

in cannabinoid receptor structure papers and in context of other class A GPCRs.*® We also
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talked about the importance of this rotational movement in our previous paper.?

Hua et al. talked about toggle movement between the W64® and F3%6 during the activa-
tion of the receptors, where the pi-pi interaction between the two residues break during the
activation.®* These motions cause these residues’ position to switch in z direction. Hence,

this z direction motion was chosen as an indicator.

Intracellular TM5 motions

Hua et al. talked about side chain movement of Y®?® in the CB, towards the membrane.%

Hence, we selected a residue in TM2 that is relatively stable to calculate the distance.

Conserved Motions

The conserved motions are observed across all class A GPCRs during the activations. ™ For
example, intracellular TM6 was shown to move away from TM3 and intracellular TM7 was
shown to move closer to TM5 during activation.* Thus, the indicators of these motions of
intracellular TM6 and TM?7 are chosen from the residues that are in TM3 and TM5, where
domain motion is minimal. The indicators help to capture the difference between inactive

and active experimentally determined structures of CB; and CB;y (Figure 3).
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Supplementary Table 1: CB; and CB, X-ray crystal and cryo-EM structures
bound with different ligands and downstream proteins

Antagonist Agonist Agonist and NAM | Agonist and G;
CB; | 5TGZ (Inactive)® | 5XRA (Active)? | 6KQI (Inactive)'® | 6N4B (Active)!'!
5U09 (Inactive)'? | 5XR8 (Active)? 6KPG (Active)®

7V3Z (Active)!?

CBy | 5ZTY (Inactive)* | 6KPC (Inactive)®

6KPF (Active)®
6PTO (Active)!®
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Supplementary Table 2: System details of apo and holo unbiased simulation of

CB; and CB..

System Simulation Number Number of Salt Lipid
box size of atoms | Water molecules | Concentration | Composition
(mM)
CByapo | 72 x 72 x 111 | 51938 10798 150 POPC
(Active)
CBy apo | 72 x 72 x 107 | 48998 9866 150 POPC
(Inactive)
CBs apo | 70 x 70 x 101 | 45980 6650 150 POPC
(Active)
CBs apo | 72 x 72 x 106 | 49792 10166 150 POPC
(Inactive)
CB; holo | 72 x 72 x 107 | 51080 10451 150 POPC
(Active)
CB; holo | 72 x 72 x 105 | 46774 9119 150 POPC
(Inactive)
CBj holo | 70 x 70 x 101 | 45913 8827 150 POPC
(Active)
CBy holo | 72 x 72 x 106 | 47276 9320 150 POPC
(Inactive)
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Supplementary Table 3: Details of apo and holo (agonist and antagonist) unbi-
ased simulation of CB; and CB.;.

Protein Presence of Ligands Total Simulation time (us)
CB, apo (without ligand) ~ 419
CB, holo (with agonist bound) ~ 24
CB; | holo (with antagonist bound) ~ 23
CB, apo (without ligand) ~ 278
CB, holo (with agonist bound) ~ 19
CBy | holo (with antagonist bound) ~ 24
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Supplementary Table 4: Mean and standard deviation of structurally important
features for every metastable state of CB;

Inactive Il 12 I3 14 Active
N-terminus motion (A) 18.35+049 | 17.12+£0.16 | 27.91 +£1.21 | 20.12+0.84 | 23.43 +£0.18 | 30.72+0.77
TMI1 movement (A) | 23.72+0.54 | 27.88+0.37 | 24.28 +0.22 [ 28.51+0.25 | 26.96+ 0.1 | 23.29 +0.39
TG relative motion (A) | 1.354+0.13 | —0.09+£0.47 | 1.9+£0.09 | —3.84+0.13 | —4.57+0.12 | —3.66 + 0.12
TM6 movement (A) 11.01+£0.21 | 11.05+£0.2 | 10.78 £0.09 | 14.58 £0.16 | 15.26 +0.22 | 15.03 +0.21
TM7 movement (A) 16.43+£0.48 | 1581 £0.46 | 17.914+0.24 | 9.37+£0.89 | 851+0.24 | 9.77+£1.11
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Supplementary Table 5: Mean and standard deviation of structurally important
features for every metastable state of CB,

Inactive 11 12 13 14 Active
TM1 movement (A) 26.05£0.47 | 27.86 £0.41 | 24.06 £0.37 | 25.0£0.33 | 21.85+0.23 | 22.41 +0.49
TG rotation (A) 71.97+17.43 | 70.3+£9.15 | 76.04 £24.16 | 92.52 +9.99 | 91.79 + 12.59 | 64.97 +11.29
TM5 movement (A) 16.38 +0.79 | 15.37+£0.28 | 17.95+0.29 | 18554+0.41 | 10.14 +0.36 9.74+0.21
TM6 movement (A) 10.42 4+ 0.43 9.8+0.19 9.834+0.12 |10.93£0.33 | 15.22+£0.28 | 14.73+0.24
TM7 movement (A) 13.73+0.41 | 14.854+0.38 | 11.734+0.42 | 12.924+0.37 | 8.57+0.14 8.82+0.5
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Supplementary Note 2. System preparation and analy-

sis for long timescale apo MD simulation

System preparation and Simulation Details

Representative structures for each long timescale simulation were selected randomly from
each metastable state. Only protein structures were preserved from the simulation, stripping
out water (TIP3P), salt (Na+ and Cl-) and the membrane (POPC). Protein structures were
again embedded in membrane (POPC) with salt solutions in extracellular and intracellular
direction. Embedded structures were minimized and equilibrated before production run
as described in the original set up. ~ 600 ns of production run were performed on each

structure.

RMSD and RMSF analysis

Structural analysis such as RMSD and RMSF were calculated using the AMBER tool CPP-
TRAJ v18.01.16 Starting structure of the simulation were considered as the reference struc-
ture for RMSD and RMSF calculations. RMSD calculations were performed based on all

backbone atoms of the residues.

tIC projection

Residue pair distances based on the RRCS were calculated for each frame of every simulation
with python package MDTraj v1.9.3.17 These distances were transformed into tIC projection
using the weights of tIC object build on the adaptive sampling data for CB; and CB,

separately.
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Supplementary Note 3. System preparation and analy-

sis for long timescale holo MD simulation

System Preparation and Simulation Details

Representing structures of ligand docked proteins were selected for MD simulations. Lig-
ands were parameterized using GAFF forcefield with AmberTools antechamber.®1® The
holo structures of the proteins were embedded in the POPC membrane with NaCl solution
in the extracellular and intracellular portion. Protein and lipid were parameterized with
AMBER ff14SB and lipid17 forcefield. TIP3P water model was used for water. Systems
were minimized and equilibrated using our original workflow. ~ 200 ns of production run

was performed for each system.

RMSD and RMSF analysis

Structural analysis such as RMSD were calculated using the AmberTools CPPTRAJ v18.01.1¢
Starting structure of the simulation were considered as the reference structure for RMSD

calculations. All heavy atoms and hydrogens were selected for RMSD calculation.

Dynamic Contact Analysis

Python tool Getcontacts was used for calculation of the contacts between the ligand and re-
ceptors during MD simulation (https://getcontacts.github.io/). If a contact between
the ligand and receptor is forming more than 50% of the MD frames, that contact is consid-

ered as a stable interaction.

Interaction Energy Calculation

The residues that are forming a stable contact with the ligands in either of the metastable

states were considered for interaction energy calculation. Non-bonded energy calculations
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between the protein and the ligand were perfumed using Linear interaction energy (LIE)
method implemented in AmberTools.?’ In total energy contribution, both van der waals

(vdw) and electrostatic energy contributions were considered.
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Supplementary Table 6: Mean and standard error of the calculated ligand RMSD
distribution for CB; (Intermediate state 2 and Active state) and CB, (Inactive
and active state)

Ligands | CB,; (I2 state) (A) [ CB; (Active state) (A) | CB, (Inactive state) (A) [ CB, (Active state) (A)
JWH-133 1.70 £ 0.00 0.72£0.00 0.61 £ 0.00 0.62 £0.00
HU-308 1.73 £0.00 1.33 £ 0.00 0.87 £ 0.00 1.03 £ 0.00
JWH-015 1.77£0.00 0.94 +£0.28 1.02+£0.01 1.41 £0.00
AM1241 1.36 £ 0.00 1.49 £ 0.00 0.89 £ 0.00 2.03 £0.00
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Supplementary Table 7: Contact frequencies and corresponding interaction en-
ergies (vdw + electrostatic) of the residues that form stable contacts with the
ligand for both macrostates (inactive and active) of CB,. Interaction energy

calculations were performed with LIE method in Ambertools.

Residues Inactive Active
JWH-133
C288742 | 0.642 (-1.33) | 0.032 (-0.21)
HU-308
F106°% | 0.64(-1.36) 0.00(-0.70)
V113332 | 0.90(-3.42) | 0.12(-1.69)
L182FCL2 | 0.09(-1.69) | 0.82(-4.62)
JWH-015
F912-61 0.22(-3.17) 0.86(-4.34)
AM1241
H952-65 1.0(-7.70) 0.01(-0.63)
V113332 | 0.98(-1.90) 0.37(-2.74)
K278732 0.0(-0.06) 0.72(0.75)
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Supplementary Table 8: Distance features used to build Markov state model
for CB; using RRCS.

Position Number | Type Feature

Extracellular 1 Ca distance E100N—term_H270FCL2
2 N101N-term 177264
3 N101N-term_K183ECL1
4 N101N-term_[)]84FCL1
5 F102N—term_[1893-25
6 F102N-term_K 192328
7 M103N—term_F17(2-57
8 M103N—term_g173260
9 M103N-term_F174261
10 D104N—term_f 177264
11 F108N-term_D26aECL2
12 F108N—term_[268ECL2
13 F108N~term_p2g9ECL2
14 M109N—term_177264
15 M109N—term_F 181 FCLL
16 M109N-term_(115%31
17 M109N-term_Q116%32
18 V110N—term 178265
19 A120%36-F174%61
20 L1221-38-\[3847-40
21 R186%22-N2565C12
22 R186322-E258PC12
23 F191327-1,252%61
24 P251460-y 275539
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25 G254403-K259FCL2
26 E258ECL2._H270FCL2
27 S262FCL2 E2735-37
28 D2665CH2-M371ECLS
Transmembrane 29 V131147-S167254
30 E133149-P3947-
31 F2003-36-W3565-48
32 F200%%-C3867
33 T201337-A244453
34 L207%43-Y294558
35 F208%44-1.2865-5°
36 L209?45-F237446
37 C355547-L.38574!
38 W356545-C386742
Intracellular 39 §1441-60_y 153240
40 L147CMy153%40
41 R1481CL1.D403849
42 P151%38-D403%4
43 H154241-F237446
44 F155%42-T210%46
45 F155242-Y 397753
46 F155242-F237446
47 R2143-50.y 294558
48 R214%%9-D33865-30
49 A30159-R34055
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50
o1
52
53
o4

3047 %-A335527
H304%%-D33803
A335527-R34062
K343%3-R4007%
T3445-56-R400756
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Supplementary Table 9: Distance features used to build Markov state model
for CB; using RRCS.

Position Number | Type Feature
Extracellular 1 Ca distance | M22N-term_E1063-25
2 [27Nterm_ 275729
3 L28N—term_HoQECLL
4 K 3313296266
5 W172ECL2.Y 190539
6 W172ECL2 R 77ECL2
7 W172ECE2.H1895-38
8 T173ECL2.1,2855CL2
9 C1745CE2.1,2855CE2
10 R1778CE2.p1875-36
11 R1778CL2.N 188537
12 R1778CM2.D189°%38
13 E181FCL2.K2787-32
14 N188%-37-1,269%-5
15 D101FCM-K1093-28
16 L1073-26-1.169%6!
17 L.2645-54-F2817-35
Transmembrane 18 N511-50-Fg81251
19 D80?50-5292746
20 A83%53_ 117336
21 F1173-36.C288742
22 L124343-Y 299753
23 Y209°-58-(G2486-38
24 L254544.N291745
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Intracellular

25
26
27
28
29
30
31
32
33
34
35
36
37
38

L64ICLL_y7()2-40
RG66ICLI_R 147439
Y70*40-E305549
F72242.1,126%45
F72242. 7127346
A128347-Y209%58
R131%50-Y209%5%
R131%50-Y2997-53
R1313%0-1,243633
L133392.Y 141102
L135%%4-R2426-52
K2455-%-R3027-
T24600-R3027-%
A300754-R3075!
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Supplementary Figure 1: Superposition of inactive (a) and active (b) structures of CB;
(Active PDB ID: 5XRA, color: Orange; Inactive PDB ID: 5TGZ, color: Green) and CB,
(Active PDB ID: 6KPF, color: Purple; Inactive PDB ID: 5ZTY, color: Blue). Proteins are
shown as cartoon representation. Agonists (CB; agonist: AM11542; CB, agonist: AM841)
antagonists (CB; antagonist: AM6538; CBy antagonist: AM10257) are shown as sticks.
Cartoon representations of TM5 and TM6 are not shown for better visualization of ligand
bound positions. Binding pocket volumes for experimentally determined CB; (c) and CB,
(d) structures are shown as scatter plots. Markers are colored based on the activation state
of the protein (CB; active: blue, CB; inactive: orange, CB, active: purple, CBy inactive:
green). The shape of the marker is based on the type of the ligand and downstream signaling
partner (Antagonist bound: circle, Agonist bound: triangle, Agonist and NAM bound: star,
Agonist and G protein bound: rectangle). e Superposition of active CB; (PDB ID: 5XRA,
color: blue) and CBy (PDB ID: 6KPF, color: purple) structures. Protein structures are
shown as cartoon representation. Binding pocket residues are shown as sticks. Cartoon
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with x-axis representing toggle switch translational movement and y-axis representing other
important movements. j shows the landscape with x-axis representing intracellular TM6
movement and y-axis representing intracellular TM7 movement.
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were performed based on bootstrapping. 200 bootstrap samples were selected with 80% of
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Supplementary Figure 7: MSM weighted free energy landscapes for all the combinations of
dynamically important features as discussed for CBs in manuscript. a, b, ¢, d show the
landscapes with x-axis representing extracellular TM1 movement and y-axis representing
other important movements. e, f, g show the landscapes with x-axis representing extracellu-
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Supplementary Figure 8: For CB;, implied timecale of VAMPnet models are plotted against
the lag time based on the number of the macrostates selected to build the model. Error bars
are calculated based on bootstrapping. 20 bootstrap samples were selected with 80% of the
total number of trajectories.
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Supplementary Figure 9: For CB,, implied timecale of VAMPnet models are plotted against
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calculations were performed based on bootstrapping. 20 bootstrap samples were selected
with 80% of the total number of trajectories.
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Supplementary Figure 11: For CB,, state population of VAMPnet models are shown as box
plots based on the number of the macrostates selected to build the model. Error bars are
calculated based on bootstrapping. 20 bootstrap samples were selected with 80% of the total
number of trajectories.
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Supplementary Figure 14: Structural comparison of agonist and NAM bound PDB structure

(6KQI, color: Orange) and representative structure from CB; 12 metastable state.
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Supplementary Figure 16: (a) Values of the second eigenvectors of CBy MSM are plotted as
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Supplementary Figure 18: RMSD calculations from the long timescale MD simulation per-
formed on each metastable state (Inactive (a), I1 (b), 12 (c), I3 (d), 14 (e), Active (f)).
Left panel represents CB; and right panel represents CB,. Colors for CB; metastable states
change from orange to blue gradually from inactive to active state. Colors for CBy metastable
states change from green to purple gradually from inactive to active state. RMSD calcula-
tions were performed from the initial structlérgegof simulation.
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Supplementary Figure 20: RMSF calculations from the long timescale MD simulation per-
formed on each macrostate (Inactive (a), I1 (b), 12 (c), I3 (d), 14 (e), Active (f)). Left panel
represents CB; and right panel represents CB,. Colors for CB; (a) metastable states change
from orange to blue gradually from inactive to active state. Colors for CBy (b) metastable
states change from green to purple gradually from inactive to active state. RMSF calcula-
tions were performed from the initial structure of simulation. Broken x-axis region represents
the truncated ICL3 region.
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Active

Supplementary Figure 21: Allosteric communication paths calculated for each metastable
state for CB;. Six tunnels with highest numbers of allosteric networks are shown. Tunnel
radius are sorted (thicker to thinner) based on the number of allosteric networks in the

tunnels.
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Supplementary Figure 22: Allosteric communication paths calculated for each metastable
state for CBy. Six tunnels with highest numbers of allosteric networks are shown. Tunnel
radius are sorted (thicker to thinner) based on the number of allosteric networks in the
tunnels.
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JWH-015 AM1241

K,(CB,) : 383 nM . . K (CB):280 nM

K,(CB,) : 13.8 nM K,(CB,) : 3.4 nM

Supplementary Figure 23: CBs selective ligands (JWH-133 (a), HU-308 (b), JWH-015 (c),
AM1241(d) considered for the docking study shown as sticks.
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Supplementary Figure 24: Distance between F268%CL2 and F17426! residues for 12 (a) and
active (b) metastable states CB; are shown as red dotted lines. Proteins are shown as
transparent cartoon. Pocket volume calculated using POVME software are shown as beads.
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Supplementary Figure 25: Ligand RMSD calculations (JWH-133 (a), HU-308 (b), JWH-015
(c), AM1241(d) from the long timescale MD simulation performed on ligand bound CB;
(intermediate state 2 (color: Brown) and active (color: Blue) state) and CB; (inactive (color:
Green) and active states (color: Purple)) metastable states are plotted against time. Left
panel represents CB; and right panel represents CBy. RMSD calculations were performed
from the initial structure of simulation.
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Supplementary Figure 26: Ligand RMSD calculations (JWH-133 (a), HU-308 (b), JWH-
015 (c), AM1241(d) from the long timescale MD simulation performed on ligand bound
CB; (intermediate state 2 and active state) and CBy (inactive and active states) metastable
states are plotted as a density plot. Left panel represents CB; and right panel represents
CB,. RMSD calculations were performed from the initial structure of simulation.
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Supplementary Figure 27: Contact Frequencies of the residues that form stable contacts with
the ligands (JWH-133 (a), HU-308 (b), JWH-015 (c), AM1241(d) with 12 and active states
of the CB; are shown as bar plots. 12 and active metastable states are shown in brown and
blue color, respectively. Stable contacts are defined as contacts with more than 50% contact

frequencies.
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Supplementary Figure 28: Interaction energies (vdw + electrostatic) between the residues
shown in Supplementary Figure 27 and ligands (JWH-133 (a), HU-308 (b), JWH-015 (c),
AM1241(d) for both macrostates (12 and active) of CB;. 12 and active metastable states are
shown in brown and blue color, respectively. Interaction energy calculations were performed

with LIE method in Ambertools.

549



20

I CBf
N CB2

15 1

10 1

Number of Contact Difference

JWH-133 HU-308 JWH-015 AM1241

Supplementary Figure 29: Number of stable ligand and receptor contact differences between
the two different macrostates of CB; (I2 and Active; color: Blue) and CBs (Inactive and
active; color: Purple) are shown as Bar-plots. Blue bar represents CB;, and pink bar
represents CB,.
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Supplementary Figure 30: Positions of the features calculated using RRCS analysis are
shown as red dotted lines on cartoon representations of CB; inactive (color: Orange) (a)
and CB, inactive (color: Green) (b) structures.
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Supplementary Table 10: Distance and angle features used for adaptive sampling

of CB,;.
Position Number Type Feature
1 distance Q3%(Ca)-F3#(Ca)
2 distance Q3%(Ca)-P+5°(Ca)
3 distance Q32(Ca)-L54(Ca)
EX‘Fracellular 4 distance QL32(Ca)-D*8(Ca)
helical
movement 5 distance Q13%(Ca)-T73(Ca)
6 distance D63 (Ca)-F325(Ca)
7 distance D%*63(Ca)-P499(Ca)
8 distance D%63(Ca)-L5(Ca)
9 distance D%63(Ca)-DO%8(Car)
10 distance D*63(Ca)-T733(Ca)
N-loop 11 distance M103N~term (Cr)-D*50(Car)
movement 12 distance M103N~term(C)-F2685L2 (Cay)
Toggle switch 13 Dihedral Angle (x2) I
movement 14 Dihedral Angle (x2) Wo-48
15 distance WO48(Ne)-D?%0(Car)
16 distance WO48(Ne)-L5%(Ca)
17 distance F3:36(Cy)-D*5%(Ca)
18 distance F3:36(C)-L>5°(Ca)
Intracellular 19 distance R35°(Ca)-K®3 (Ca)
helical 20 distance Y#4°(OH)-Y™%3(OH)
moverment 21 distance [554(Ca)-Y™53(OH)
22 distance A3 (Ca)-F212(Cry)
23 Dihedral Angle (») F242
24 Dihedral Angle (x») [r4-46
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Supplementary Table 11: Distance and angle features used for adaptive sampling
Of CBQ.

Position Number Type Feature
1 distance Q¥ (Ca)-F>#(Ca)
2 distance Q31 (Ca)-P*9°(Ca)
3 distance Q3 (Ca)-L3(Ca)
Ex?racellular 4 distance QL3 (Ca)-8558(Car)
helical
movement 5 distance Q'?!(Ca)- K™ #(Ca)
6 distance N263(Ca)-F3#(Ca)
7 distance N263(Ca)-P450(Ca)
8 distance NZ63(Ca)-L5>(Ca)
9 distance NZ63(Ca)-D%*8(Ca)
10 distance NZ63(Ca)-K™33(Ca)
N-loop 11 distance M26N -t (Cay)-D259(Ca)
movement 12 distance M26N -t (Ca)-F183ECL2 (Car)
Toggle switch 13 Dihedral Angle (2) W48
movement 14 distance WO48(Ne)-D?%0(Car)
15 distance WE48(Ne)-L5°9(Car)
16 distance F3:36(Cy)-D*5°(Ca)
17 distance F3:36(Cy)-L>5°(Ca)
Intracellular 18 distance R35%(Ca)-K®3 (Ca)
helical 19 distance Y24°(OH)-Y™%3(OH)
movement 20 distance [554(Car)-Y™53(OH)
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Supplementary Figure 31: First three implied timescale obtained from MSM is plotted
Error bars are calculated using bootstrapping

against lag time for CB; (a) and CB;y (b).

method by building 10 different samples with 80% of the total number of trajectories. 25
ns was selected as lagtime to build final MSM. VAMP-2 score was plotted against cluster

numbers for CB; (c) and CB, (d).

These calculations were performed for different t1C-

dimensions. Error bars were calculated by tenfold cross validation.
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Supplementary Figure 32: Absolute difference between the elements of T'(k7) and [T'(7)]*
are shown with respected different k values for CB; (a) and CB; (b).
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Supplementary Figure 33: Probability of population of each cluster obtained from adaptive
sampling are plotted against the MSM reweighted probability for CB; (a) and CBsy (b).
Each dot represents each cluster. Probabilities are plotted in log scale.
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Supplementary Figure 34: Bar plots in (a) and (b) show number of simulation trajectories
from each cluster of CB; (A) and CBy(B) conformational ensemble. Each bar represents one
cluster.

Supplementary Figure 35: Cartoon representation of CB; (a) and CBy (b) showing the
binding pocket residues as sticks. Center of mass of the a-carbon of these residues were
considered as docking center for docking calculation.
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