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Abstract

Glycine receptors (GlyR) are regulated by small-molecule binding at several allosteric
sites. Endocannabinoids like tetrahydrocannabinol (THC) and N-arachidonyl-ethanol-
amide (AEA) potentiate GlyR but their binding site is unknown. Using millisecond
coarse-grained MD simulations powered by Martini 3 we have characterized their bind-
ing site(s) at the Zebrafish GlyR-al with atomic resolution. Based on hundreds of
thousand ligand-binding events, we find that cannabinoids bind at both intrasubunit
and intersubunit sites in the transmembrane domain. For THC, intrasubunit binding
is in excellent agreement with recent cryo-EM structures, while intersubunit binding
recapitulates in full previous mutagenesis experiments. Surprisingly, AEA is found to
bind at the same intersubunit site despite the strikingly different chemistry. Statistical
analyses of the ligand-receptor interactions highlight potentially relevant residues for
GlyR potentiation offering experimentally testable predictions. The results highlight
an unanticipated complexity underlying allosteric regulation at synaptic receptors and
establish an original simulation protocol for the identification and characterization of

allosteric binding sites.

Introduction

Glycine receptors (GlyR) are pentameric ligand-gated ion channels that play a critical role
in motor coordination and essential sensory functions such as vision and audition.! They are
integral transmembrane protein assemblies featuring a large extracellular domain that hosts
two or more glycine-binding sites and a compact transmembrane domain (TMD) that forms
an axial chloride channel through the postsynaptic membrane. These receptors mediate
synaptic inhibition in the spinal cord and the brain stem? and have since long been recognized
as pharmacological targets for hyperhekplexia, temporal lobe epilepsy, and more recently

chronic pain.? At the structural level, GlyR is by far the best characterized pentameric ligand-


https://doi.org/10.1101/2023.04.19.537578
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.19.537578; this version posted April 21, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

gated ion channel with > 40 high-resolution structures solved in different conformations (i.e.,
resting, pre-active, active, and desensitized) and in complex with modulatory ligands such
as agonists, partial agonists, antagonists and allosteric modulators.*® A wide panel of small-
molecule compounds including psychoactive drugs, general anesthetics, and neurotoxins are
known to regulate the GlyR function. Recently, a library of 218 unique chemical entities
with documented modulatory activity at homomeric GlyR-al and GlyR-a3 along with a
structural annotation of their binding site on the receptor has been collected (GRALL).?
Strikingly, about one third of this collection appears to target the TMD, highlighting the
relevance of this region for the allosteric modulation of synaptic receptors.

Cannabis is the most commonly used psychoactive drug worldwide.!'® Endocannabinoids
like tetrahydrocannabinol (THC) and cannabidiol (CBD), i.e., the primary psychoactive
compounds in cannabis, are lipid-like signaling molecules that were shown to modulate the
glycinergic response in addition to targeting the cannabinoid receptors CB1 and CB2.%!
N-arachidonyl-ethanol-amide (AEA), a.k.a. anandamide, was found to potentiate the glycin-
ergic response in oocytes expressing recombinant GlyR-a1.'? And THC and CBD along with
other exogenous cannabinoids, i.e., ajulemic acid, HU-210, and WIN 55212-2, were found to
potentiate GlyR non-competitively.'® Despite its pharmacological relevance, the molecular
mechanism of GlyR modulation by cannabinoids has remained elusive, mostly due to lack
of structural information at high resolution.

Functional studies by patch-clamp electrophysiology in combination with site-directed
mutagenesis have shown that the non-conservative mutation of serine 267 to iso-leucine on
the transmembrane helix M2 abolishes GlyR-al co-activation by CBD, ajulemic acid and
HU-210.'* And serine substitution at position 296 on the transmembrane helix M3 of purified
GlyR-a3 was shown to abolish potentiation by CBD.'® Most recently, Kumar et al. reported
cryo-EM structures of the Zebrafish GlyR-«4 reconstituted in lipid nanodisks in complex with

THC. ' These structures suggest that THC binds to a lipid-exposed intrasubunit pocket at
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the interface of the transmembrane helices M3 and M4. However, the presence of THC
density both in the resting and activated states of the receptor as well as the existence of
unassigned lipid-like densities compatible with THC binding elsewhere indicate that further
studies are needed to establish the mechanism of the THC-induced potentiation. Moreover,
the allosteric modulation by chemically distinct endocannabinoids such as AEA remains to
be explored.

Most drugs currently on the market were designed to target the primary active site of
proteins, a.k.a. the orthosteric site. Allosteric ligands that bind to topographically distinct
sites offer a competitive advantage over orthosteric compounds as they are more selective,
they limit the risk of off-target effects, and can be used synergistically with known drugs to
potentiate or attenuate the pharmacological action.'” Moreover, allosteric sites have been
recently exploited to develop therapeutics for proteins that were considered undruggable.®
The identification of allosteric sites remains challenging and their discovery has so far been
mostly serendipitous.!® Systematic approaches for the identification and structural charac-
terization of allosteric modulatory sites need to be developed, particularly for transmembrane
proteins.

The use of coarse-grained (CG) models preserving chemical specificity such as the Martini

force field?° has emerged as a powerful and cost-effective strategy to probe the spatial and

21,22 23,24

temporal evolution of biomolecules, particularly for pharmacological applications.
This modeling strategy provides a smoother potential energy surface that allows for integra-
tion time steps up to 30 fs in molecular dynamics (MD) simulations®. The latter yields a
speed-up of 2-3 orders of magnitude relative to all-atom MD, which opens to the exploration
of time and size scales that were previously out of reach. Recently, the newly parameterized

3,2627 in combination with unbiased MD was shown to

version of Martini, a.k.a. Martin:
reproduce the experimental binding affinity of several small molecules to a protein with high

accuracy (< 0.5 keal/mol) and no a priori knowledge of the ligand-binding site.?® In addi-
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tion, refinement of the ligand binding poses by back-mapping to all-atom representations?’

opens to multi-scale simulation approaches to explore protein-ligand binding.

Here, we combine efficient CG simulations powered by Martini 3 with backmapping
to decipher the allosteric site of two endocannabinoids, i.e., THC-A? and AEA, on the
Zebrafish GlyR-al. Our strategy allows mapping of the cannabinoid-receptor interaction
in the membrane environment at equilibrium, it provides direct probing of the cannabinoid
unbinding kinetics, and allows for the structural characterization of statistically relevant
binding modes with atomic resolution. Based on hundred of thousands cannabinoid-binding
events, we find that THC and AEA bind at both intrasubunit and intersubunit sites in the
transmembrane domain of the receptor. The simulations reveals the existence of a previously
uncharacterized intersubunit cannabinoid-binding site, which complements recent structural
biology data and recapitulates in full the effect of mutations in functional experiments. The
results presented here establish an effective simulation approach for the identification and

characterization of allosteric binding sites at synaptic receptors.
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Figure 1: Equilibrium distribution of cannabinoid ligands around GlyR. (A) 2D-
density maps (in nm™3) for THC (blue) and AEA (orange) in the lipid membrane split in
upper and lower leaflets as shown in Figure S1. (B) 3D-density maps. In all cases darker
colors correspond to binding “hot-spots”. The membrane environment is shown as a semi-
transparent region.

GlyR-THC Interaction

To explore the spatial distribution of THC around the transmembrane domain of the GlyR
active state, 0.5 milliseconds of unbiased CG/MD simulations with 5% THC in the lipid
membrane were collected; with respect to the number of lipids in the membrane. The

results in Figure 1A show a highly symmetric distribution with little or no THC density
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in the interior of the protein including the ion transmembrane pore (white region). The
highly homogeneous color at a distance from the protein-lipid interface (light-blue region)
and a few symmetric hot-spots (dark blue) speak for converged sampling. In addition, the
bright color of the hot-spots indicates that THC binds at these sites specifically, suggesting
the existence of cannabinoid-recognition sites. When the THC density is analysed in 3D,
the data reveal a density peak in the mid of the membrane bilayer in proximity of the
transmembrane helices M3 and M4 from the same subunit (i.e. intrasubunit); see Figure 1B.
Moreover, additional density is found between subunits at the interface of the M3 (—) and M1
(+) helices. The results altogether indicate that the CG/MD simulation approach provides
converged sampling of the GlyR-THC interaction in the lipid membrane and highlight the
presence of one or more recognition sites for THC in the active state of the receptor.

In order to characterize the GlyR-THC interaction and isolate specific recognition events,
the simulation trajectories were processed by monitoring the number of protein-ligand con-
tacts over time (see Methods). Using a dual cut-off scheme to reduce statistical noise, 91266
THC-binding events were collected along with corresponding residence times. Statistics for
the bound and unbound states of the ligand over 0.5 ms simulation at 300 K and 5% of THC
reveals a free energy of binding in the membrane environment of 0.70 4 0.01 kcal/mol (see
Eq.56). Remarkably, when the THC-binding affinity was evaluated over increasingly smaller
fractions of simulation time, i.e. from 0.5 ms to 1 us, the uncertainty over the predicted
affinity increased by more than one order of magnitude but remained well below 1 kcal /mol
(Figure S13). These results demonstrate that the CG/MD approach provides straightforward
access to protein-ligand binding affinities (K;) in the membrane with impressive statistical
accuracy (see SI).

In addition, CG/MD simulations open to direct estimates of the ligand-binding kinetics
(Koff). The distribution of the residence time of THC on GlyR (Figure S12) indicates that

98.6% of the binding events are short lived and correspond to non-specific interactions at
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the protein-lipid interface. However, a small but significant fraction (i.e. 1290 events) are
long-lived (> 100ns) and represent receptor-ligand recognition events. By clustering binding
events using an RMSD cutoff and correcting for the pentameric symmetry (see Methods), a
collection of 255 unique THC-binding modes were extracted. Their probability distribution in
Figure 2A highlights the existence of three dominant binding modes that account altogether
for ~40% of the GlyR-THC recognition sampled in simulation. Analysis of the residence
times per binding mode reveals monoexponential distributions with a characteristic time of
160 ns for the most probable binding mode (orange), and 78 ns and 66 ns for the second
(red) and third (cyan); (Figure 2C). Interestingly, these data indicate that the longest-lived
binding mode is also the most populated.

Upon “backmapping” to all-atom representations, the structural models of the three
dominant binding modes highlight that THC may bind specifically both intersubunit and
intrasubunit. When THC binds intersubunit, the terpenic core of the ligand is sandwiched
between two tryptophanes from the helix M1 (W255 and W259), and the short alkyl tail
inserts in a hydrophobic pocket at the interface of the M3 (—) and M1 (4) helices (orange,
Figure 2C). When THC binds intrasubunit (red or cyan), the ligand binds at the interface
between M3 and M4 and forms a H-bonding interaction with a nearby serine (red or cyan,
Figure 2C). Notably, the two intrasubunit binding modes target the same pocket but involve
flipping of THC by 180°, which re-positions its H-bonding moiety relative to the residues
that line the pocket. Reassuringly, the representations of the three dominant binding modes
by THC are consistent with the hot-spots highlighted by the density plots in Figure 1.

In order to pinpoint residues that are potentially relevant for the GlyR potentiation
by THC, a statistically relevant ligand-receptor contact analysis was carried out on the
simulation frames corresponding to the three dominant THC-binding modes (see Methods).
The results in Figure S17 predict that five residues in the TMD are critical for binding THC

inter-subunit, with W255, F258 and W259 from M1 stabilizing the terpenic core of the ligand
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via stacking interactions and L315 from M3(—) and 1252 from M1(+) forming an intersubunit
hydrophobic pocket where the short alkyl chain slips in. In addition, six residues appear
to be relevant for THC-binding intrasubunit, with S312 or S406 forming a H-bond with
the phenol group of THC and A409, F410, and F414 from M4 and L315 from M3 forming
the hydrophobic pocket that accomodates the terpenic core of the ligand. Strikingly, the
recent mutagenesis analysis by Kumar et al'® revealed that residue substitution at W255,
F258, W259, S312 and F410, which are all identified as critical in this analysis (Figure S17),
significantly decreases, if not eliminates, GlyR potentiation by THC; for residue numbering
consider a +8 shift in the sequence of Kumar (7TM60) relative to the sequence of 6PM6 used
here. Moreover, the literature observation that serine substitution at position 296 (i.e. S312
in 6PM6) abolishes GlyR potentiation by CBD!® is consistent with our predictions. These
comparisons show that the statistical analysis of the receptor-THC interactions sampled by

CG/MD is fully consistent with available mutagenesis data.
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Figure 2: THC allosteric binding at GlyR. (A) Specific binding modes are represented
with associated probabilities. The dominant binding modes are color-coded. (B) Residence
time (7,.) distributions of the three most important binding events. The characteristic res-
idence time per binding mode is given. The fit was done as described in the Methods. (C)
Atomistic representation of the dominant binding modes. Protein chains are color-coded
in green and white to highlight adjacent subunits. The THC molecule is shown in sticks
and colored following the scheme in panel A. For each binding mode, the protein residues
involved in the ligand-receptor recognition are highlighted in the insets.
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GlyR-AEA Interaction

A similar investigation based on millisecond CG/MD simulations was carried out to charac-
terize the interaction between GlyR and anandamide (AEA). The results show a different
interaction pattern relative to THC with AEA penetrating much deeper in the TMD and
being mostly localized intrasubunit in the upper leaflet and intersubunit in the lower leaflet
(Figure 1). Similar to THC, the probability of finding AEA at the receptor-lipid interface is
higher than the bulk at more than one interaction site.

A detailed analysis of the receptor-ligand contacts reveals that 129346 binding events
were sampled by 0.5 ms CG/MD at 300 K and 5% (with respect to the number of lipids in
the membrane) of AEA, 1.5 % of which have a residence time > 100 ns and represent ligand-
receptor specific recognition events (Figure S12). The distribution of the residence time
reveals that AEA binding to the GlyR active state is longer-lived than THC, with binding
events lasting up to 6 us, which is six-fold longer than the longest lived THC-binding event
(Figure 3). Similar to THC, AEA binding to the GlyR active state is slightly unfavorable
with a AG = 0.51 = 0.03 kcal/mol, albeit being more favorable than THC by 0.2 kcal/mol
at same experimental conditions. Statistics over the long-lived binding events highlight the
existence of four dominant binding modes over 192 distinct binding modes, which account
for more than 60 % of the specific AEA-receptor recognition (Figure 3A). Two of them
(green and cyan) have a residence time 7,, > 800 ns, whereas the other two (red and yellow)
are shorter-lived with residence times 7, ~ 200-300 ns (Figure 3B). Upon “backmapping”,
atomistic representations of the dominant binding modes reveal that the two longest binding
modes correspond to AEA intrasubunit binding at an upper leaflet site (green and cyan,
Figure 3C), whereas the two shorter-lived binding modes correspond to intersubunit binding
either at an upper leaflet site (orange) or at a lower leaflet site (red).

To identify residues potentially relevant for GlyR potentiation by AEA, a statistical

analysis of the per-residue ligand-receptor contacts was carried out over 0.5 ms of CG/MD

11
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simulation (Figure 4). In short, the analysis reveals that: i) binding modes 1 and 3 are
essentially equivalent (Figure S15); ii) when AEA binds intrasubunit, the ligand inserts in
a hydrophobic cavity at the interface of the transmembrane helices M1, M3, and M4 and
anchors its head via polar contacts with the side chains of S247 from M1 and C306 from
M3, while the rest of the molecule makes non-polar contacts with the side chains of M243,
Y244, Y251 and W255 from M1, W302, M303 and F309 from M3, and L415, N418 and
W422 from M4, iii) when AEA binds at the upper intersubunit site (orange), the ligand
inserts the polar head in the cleft formed by M3(+) and M1(—) helices and establishes a
H-bonding interaction with the side chain of S283 from M2 similar to ivermectin binding®?,
while forming non-polar contacts with two isoleucines (1241 and 1245) and one tyrosine
(Y244) from M1 and one alanine (A304) from M3; and iv) when AEA binds to the lower
inter-subunit site, molecular recognition involves the surprising insertion of the polar head in
the same hydrophobic pocket occupied by the alkylic tail of THC in its intersubunit binding
mode along with extensive interaction with W255 and W259 from M1 that sandwich most
of the alkylic tail of the ligand. We note that in the lower intersubunit binding mode (red)
the polar head of AEA inserts deeper than THC and establishes polar interactions with
water molecules percolated in the interior of the protein from the ion pore via several water
channels (see Figure S16). Intriguingly, the CG/MD simulations predict that the same
residues implicated in THC binding (i.e. 1252, W255, W259, and L315) are critical for AEA
binding, despite the strikingly different chemistry of these two cannabinoids. In addition,
they highlight the implication of S283 (S267 in human) in AEA recognition, whose role in
GlyR potentiation by cannabinoids in functional assays'* as well as ivermectin binding by

cryo-EM studies®® has been previously recognized.
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Figure 3: AEA allosteric binding at GlyR. (A) Specific binding modes are represented
with associated probabilities. The dominant binding modes are color-coded. (B) Residence
time (7,.) distributions of the four most important binding events. The characteristic resi-
dence time per binding mode is given. The fit was done as described in the Methods. (C)
Atomistic representation of GlyR-AEA interaction in the dominant binding modes. Pro-
tein chains are color-coded in green and white to highlighting adjacent subunits, while AEA
molecule is shown in sticks and color-coded following the scheme in panel A. For each binding

mode, the protein residues involved in the ligand-receptor recognition are highlighted in the
insets.
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Figure 4: GlyR-AEA contact analysis. The analysis was carried out for the three dom-
inant GlyR-AEA binding modes (green, red and orange in Figure 3) as described in the
Methods. On the left-hand side, the average number of contacts per residue is plotted along
the sequence of the protein. Gray boxes indicate protein stretches corresponding to the
transmembrane helices M1-M4. On the right-hand side, the residues identified by the con-
tact analysis are indicated on the protein structure. The color code is the same as that in

Figure 3.
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Discussion

Endogenous cannabinoids such as tetrahydrocannabinol (THC) and anandamide (AEA) reg-
ulate the function of brain receptors including the ionotropic glycine receptor (GlyR)!. Due
to the lack of structural information at high resolution, the molecular mechanism of GlyR
potentiation by THC and AEA has remained elusive. Very recently, cryoEM structures of the
Zebrafish GlyR-al reconstituted in lipid nanodiscs illuminated the receptor in complex with
THC.1® These structures highlighted the existence of an intrasubunit cannabinoid-binding
site located in the transmembrane protein domain at the interface of the M3 and M4 helices.
The intrasubunit nature of this site is surprising and inconsistent with previous structural
biology of GlyR and pentameric homologues, which shows that allosteric modulatory sites
are typically located between subunits.® Moreover, the different chemistry of THC and AEA
prevents from a straightforward extrapolation of the structural results for THC, so that the
nature of the allosteric modulatory site for fatty-acid cannabinoids remains to be elucidated.

We set out to provide an atomistic representation of the GlyR-cannabinoid interaction
using a multi-scale simulation approach powered by the synergistic combination of coarse-
grained MD simulations with Martini 3 and “backmapping” to explore the details of molecu-
lar recognition with atomic resolution. Based on hundreds of thousand ligand-binding events,
the simulations reveal the existence of multiple cannabinoid-binding sites in the transmem-
brane domain of GlyR and provide atomistic representations of the dominant binding modes.
As a bonus, the simulations provide converged results for the ligand binding-affinity (/)
and residence time (K,ss), which are useful to explore the thermodynamics and the kinetics
of cannabinoid-receptor binding in the limit of the approximations of the energy model. The
results for THC reveal the existence of two allosteric sites for di-terpene cannabinoids that ac-
count for > 30% of the specific ligand-receptor recognition sampled by millisecond CG/MD.

One binding site is intrasubunit and lies at the interface between the transmembrane helices
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M3 and M4. The other is intersubunit and located between the M3(4) and M1(—) helices.
Remarkably, the intrasubunit allosteric site predicted in simulation perfectly matches the
THC-binding mode illuminated by the cryoEM structures of Kumar et al'® (Figure 5A),
which validates the modeling approach. In addition, the intersubunit binding mode overlaps
with the neurosteroid-binding mode illuminated by the X-ray structure of GlyR-GABA 4R
chimera in complex with tetrahydrodeoxycorticosterone (PDB ID: 50SB)*? (Figure 5B) and
is consistent with additional unassigned density present in the cryo-EM maps of Kumar et
al6: see Figure S18. Intriguingly, the discovery of an intersubunit binding site for THC offers
a plausible re-interpretation of recent site-directed mutagenesis studies showing that residue
substitution (to alanine or phenyl-alanine) at W259, P266 and F410 almost completely re-
moves GlyR potentiation by THC without changing the sensitivity to glycine.!® To explain
the data, the existence of an allosteric coupling between the intrasubunit THC-binding site
and the desensitization gate of GlyR (P266) via a network of aromatic residues involving
the M1-M2 linker has been postulated.® The existence of an intersubunit THC-binding site
at the M1-M3 interface, offers a more natural explanation of the mutagenesis results and
provides further support to our simulations.

The results on AEA predict that despite the strikingly different chemistry, fatty-acid
cannabinoids and di-terpene cannabinoids bind to the same ”lower” intersubunit site. Also
and unlike THC, they show that AEA may bind to an "upper” intersubunit pocket that
strongly overlaps with the binding site of the positive allosteric modulator ivermectin (PDB
ID: 5VDH)? (Figure 5C). Given the similar mode of action of THC and AEA on the glycin-
ergic response, 3 the existence of a common lower intersubunit binding site illuminated by
CG/MD (i.e. same binding pocket and comparable binding kinetics) offers a plausible mech-
anism for the GlyR allosteric modulation by endocannabinoids. In addition, our analysis
offers precise experimentally testable predictions. In fact, if AEA binding to the lower inter-

subunit site is involved in GlyR potentiation, the same mutagenesis analysis of Kumar et al'6
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with AEA is predicted to show a significant reduction, if not abolition, of GlyR potentiation
in some of those mutants. Vice versa, if AEA binding to the upper intersubunit site is mostly
involved in GlyR potentiation, the serine to iso-leucine non-conservative mutation of S283
(5267 in human), which was found to abolish GlyR potentiation by cannabidiol, ajulemic
acid and HU-210%, is predicted to have similar effects with AEA. In case site-directed mu-
tagenesis at both upper and lower intersubunit sites were shown to affect GlyR potentiation,
the illumination of two distinct intersubunit sites by our CG/MD analysis would provide a
direct explanation for the finding.

More generally, the results in this paper establish an original simulation protocol for the
identification and structural characterization of allosteric sites in transmembrane protein do-
mains. Starting with high-resolution structures of the protein, CG/MD simulations powered
by Martini have become broadly accessible and are straightforward to run.3!:32 The efficiency
of these simulations provides converged statistical sampling, which allows for a thorough ex-
ploration of the protein-ligand interactions both structurally and energetically. As shown
by the two cannabinoids explored here, this aspect is critical for protein-ligand recognition
in lipid membranes, which results from the competition among almost equivalent binding
modes at topographically distinct sites (intrasubunit/intersubunit). In light of this, the
development of automated workflows combining extended CG/MD trajectories with robust
backmapping procedures appears a promising avenue to harness such a molecular complexity
and yield atomistic representations of the statistically relevant binding modes. The same
result is currently out of reach using standard modeling approaches (e.g. all-atom MD or
docking) and possibly structural biology too. In fact, while all-atom MD and docking are
expected to fail because of incomplete sampling for the former and inappropriate ranking
of binding modes for the latter, structural studies might fail because they typically provide
coordinates for a single ligand-binding mode, which might be only marginally relevant for

allosteric modulation. On the other hand, CG parameterization of small molecules remains
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challenging and is the bottleneck of the CG/MD simulation protocol implemented here. De-
spite some developments have started to emerge,®® the establishment of robust and efficient
strategies for the automatic parameterization of ligands in Martini 3 is a challenge for the
future.

In conclusion, the results presented in this paper provide fundamental insights on the
cannabinoid-GlyR interaction and offer precise experimentally testable predictions. This
work highlights an unexpected complexity underlying ligand binding and allosteric regula-
tion at synaptic receptors and presents an original simulation approach to harness it. The
striking reproduction of the cryo-EM binding mode of THC in GlyR demonstrates that
coarse-grained MD simulations may be predictive and are useful to identify and characterize

allosteric transmembrane sites with no a priori knowledge of the ligand-binding site or mode.
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Figure 5: Comparison of cannabinoid binding modes predicted by CG/MD with
experiments. (A) Superimposition of the cryo-EM structure of GlyR solved in complex with
THC (PDB ID: TM60) with the THC intrasubunit binding mode predicted in simulation
(cyan in Figure 2). The all-atom RMSD between experimental and predicted ligand-binding
modes is 2.7 A. (B) Superimposition of X-ray structure of the GlyR-GABA 4R chimera solved
in complex with tetrahydrodeoxycorticosterone (PDB ID: 50SB) with the THC intersubunit
binding mode predicted in simulation (orange in Figure 2). (C) Superimposition of the X-ray
structure of GlyR solved in complex with ivermectin (PDB ID: 5VDH) with the AEA upper
intersubunit binding mode predicted in simulation (orange in Figure 3).
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Material and Methods

AEA

Figure 6: CG/MD simulation setup. (A) The GlyR active state (PDB ID: 6PM6) was
embedded in a POPC lipid membrane with 5% of cannabinoids. The protein is shown as
white and green cartoons. The POPC polar heads are shown as blue and orange spheres with
the alkylic tails represented as a cyan surface. The cannabinoid ligands are shown in red. Ions
are shown as green (Na®) and violet (C17) spheres, while water molecules are represented
by a light-blue continuum. (B) On the left, the chemical structure of tetrahydrocannabinol
(THC) and N-arachidonyl-ethanol-amide (AEA) are shown. All-atom (AA) representations
of the two cannabinoids are given in the middle. Corresponding coarse-grained (CG) repre-
sentations are given on the right with beads represented as semi-transparent colored spheres.
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Coarse-grained simulations

Classical coarse-grained molecular dynamics (CG/MD) simulations were performed using the
GROMACS package?* version 2021 with the Martini 3 force field.?%2® Initial coordinates of
GlyR-al from Zebrafish in its open, ion-conducting state were taken from the PDB (6PM6).%
The protein was converted to a CG representation using the martinize 2.0 tool.**37 An elastic
network with a distance cutoff of 0.8 nm was applied to preserve a symmetric pentameric
architecture. The force constant of the elatic network was set to 1500 kJ mol~! nm~2, which
yields an RMSD of the backbone beads of 2.4 A from the initial coordinates without freezing
the transmembrane helices; see Table S1. The elastic network was introduced on the receptor
upon removing the glycine agonist from the orthosteric site.

The protein was embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
bilayer (164/173 in upper/lower leaflets) with 5% (16 copies) of THC or AEA using insane.py>®
(Figure 6A). Using the same tool, the system was solvated with water, Cl~ counterions, and
0.15 M concentration of NaCl. CG parameters for tetrahydrocannabinol (THC) and N-

arachidonyl-ethanol-amide (AEA) were derived as described below.

Ligand parameterization

Initial coordinates for THC and AEA were taken from the GRALL database® and converted
into CHARMM36-FF 494! topologies using the CGENFF python-tool.*? CG parameters for
the ligands were obtained following standard procedures in Martini 3*7 as described in SI.
The CG mapping is presented in Figure S2. For the bonded interactions, CG parameters were
validated by comparing bond distances, angles and dihedrals as well as molecular volume
and SASA with all-atom MD results for the same molecules in solution (see SI). The non-
bonded parameters were validated by comparing water/octanol partition free energies of the
CG models with log Pyt /wa values from the literature (see SI). For the reference simulations

in all-atom MD, THC and AEA were simulated with 4000 TIP3P*3 water molecules in the
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NPT ensemble at 298K and 1 bar.

CG/MD simulations

For the CG/MD simulations, the molecular systems were energy minimized for 50000 steps
using the steepest descent algorithm and then equilibrated for 100 ns MD with position
restraints on the protein backbone (1000 k.J mol~! nm =2 force constant) and for 1 us without
restraints. Production runs of 10 us were carried out in 50 replicates with different initial
velocities for a total sampling of 0.5 ms per molecular system. A 20 fs integration time
step tsiep Was used and periodic boundary conditions applied. During the equilibration
and production stage, the temperature was maintained constant at 300 K using a modified
Berendsen thermostat** with a 77 coupling constant of 1 ps. The pressure was maintained at
1 bar (semiisotropic coupling) using a Berendsen barostat®® (7p = 4 ps, compressibility of 3 -
10~*bar—') during the initial equilibration and a Parrinello-Rahman barostat® (7p = 12 ps,
compressibility of 3 - 107 bar~!) for the second equilibration and production. Electrostatic
interactions were cutoff at 1.1 nm using the reaction-field method*?, while Lennard-Jones
interactions were cutoff at 1.1 nm using the potential-shift Verlet method. Bonds between
beads were constrained to their equilibrium values using the LINCS algorithm.*® During the
1 us MD equilibration and all production runs, an elastic network acting on the protein

backbone was introduced to preserve the quaternary structure of the receptor (see above).

Density maps

2D density maps were generated using the gmx densmap tool. The upper and lower mem-
brane leaflets were defined as the volume slices (along the axis perpendicular to the mem-
brane) between the center of mass of the membrane and the POPC heads (NC3 and PO4
beads) (see Figure S1). The ligand 3D densities were obtained by computing the occupancy

of the ligands in the three-dimensional space using the “volmap” plugin of vmd*’, with the
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protein aligned in the center of the box. The grid points had a distance of 2 A. All ligand
beads were taken into account in their actual size: the radius of regular and small beads is

2.64 A and 2.30 A, respectively, while the one of tiny beads 1.91 A.

Ligand-binding events

Ligand binding events were identified by monitoring the number of protein-ligand contacts
and using a dual-cutoff scheme to reduce the statistical noise. For this purpose, a cutoff
of 10 contacts (cutoffpoung) was used to identify the beginning of a binding event, while
a cutoff of 5 contacts (cutoff ypoung) to identify ligand unbinding (Figure S11). The total
number of frames multiplied by the saving frequency, i.e. the simulation time between two
saved frames, yields the ligand residence time per binding event. Binding events lasting
longer than 100 ns were annotated as “specific” (Figure S12), extracted and analyzed; they
represent approximately 1% of the binding events sampled for THC and AEA (Table S3).
Representative structures were then obtained by a cluster analysis with an RMSD cutoff on
the ligand coordinates corresponding to the peak of the pair-wise distribution per binding
event. The center of the most populated cluster was chosen as representative of the binding

event.

Ligand-binding modes

To correct for the pentameric symmetry of the receptor, representative structures of specific
ligand-binding events were compared after protein alignment to a common subunit-subunit
interface. Upon ranking events by residence time, ligand-binding events were grouped into
ligand-binding modes by a leader clustering algorithm using an RMSD cutoff of 0.34 nm
and starting from the longest-lived event as reference. The probability per binding mode

was then determined by counting the total number of frames associated to it. For THC,
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the entire molecule was considered for the RMSD calculation, whereas for AEA, given its
higher flexibility, only the head beads were considered. The RMSD cutoff of 0.34 nm was
fine-tuned by trials and errors. The characteristic residence time per binding mode was then
obtained by fitting the distribution of the residence time of the associated binding events
using a single exponential law as f(t) = Ae "™ with 7, being the residence time of the
n-th binding mode. Last, atomistic representations of the most populated binding modes
were obtained using the “backward” tool.? For this purpose, GlyR, POPC, THC/AEA and
ions were described with the CHARMMS36 force field***!, while water with the TIP3P*3
model. The backmap files to produce all-atom representations of the ligands were generated

from scratch.

Protein-ligand contacts

To pinpoint residues primarily involved in cannabinoid binding, a protein-ligand contact anal-
ysis was carried out on the ensemble of snapshots corresponding to the dominant cannabinoid-
GlyR binding modes. For this purpose, the gmx mindist tool was used to compute the av-
erage number of protein-ligand contacts per residue (N qontacts) using a bead distance cutoff
of 0.5 nm. By plotting Neontacts @long the sequence of the protein per binding mode, the

statistically most relevant residues naturally emerge; see Figure 4.

Rendering

Gnuplot was used to obtain 2D-maps in Figure 1A, panels A and B in Figure 2 and Figure 3,
as well as left panels in Figure 4. VMD*? was used to render Figure 1B and Figure 6. Pymo15°

for panel C of Figure 2 and Figure 3, the right panels in Figure 4, and Figure 5.
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