M) Check for updates

Proteins: Structure, Function, and Bioinformatics Wl L E Y
FROTEINES

I RESEARCH ARTICLE

Unraveling GPCRs Allosteric Modulation. Cannabinoid 1
Receptor as a Case Study
Alejandro Cruz | Arieh Warshel

Department of Chemistry, University of Southern California, Los Angeles, California, USA

Correspondence: Ariech Warshel (warshelg@usc.edu)
Received: 20 August 2024 | Revised: 14 October 2024 | Accepted: 18 October 2024
Funding: This work was supported by Mational Institutes of Health (B35 GM122472), National Science Foundation (MCB 1707167).

Keywords: binding free energy calculations | cannabinoid type-1 receptor | cannabinoid type-1 receptor positive allosteric modulation |
cooperativity factor | dissociation constant | folding free energy calculations | GPCRs allosteric modulation

ABSTRACT

G-protein-coupled receptors (GPCRs) constitute one of the most prominent families of integral membrane receptor proteins that
mediate most transmembrane signaling processes. Malfunction of these signal transduction processes is one of the underlying
causes of many human pathologies (Parkinson's, Huntington's, heart diseases, etc), provoking that GPCRs are the largest family
of druggable proteins. However, these receptors have been targeted traditionally by orthosteric ligands, which usually causes
side effects due to the simultaneous targeting of homologous receptor subtypes. Allosteric modulation offers a promising alter-
native approach to circumvent this problematic and, thus, comprehending its details is a most important task. Here we use the
Cannabinoid type-1 receptor (CB1R) in trying to shed light on this issue, focusing on positive allosteric modulation. This is done
by using the protein-dipole Langevin-dipole (PDLD) within the linear response approximation (LR A) framework (PDLD/5-2000)
along with our coarse-grained (CG) model of membrane proteins to evaluate the dissociation constants (K;s) and cooperativity
factors (xs) for a diverse series of CB1R positive allosteric modulators belonging to the 2-phenylindole structural class, consid-
ering CP55940 as an agonist. The agreement with the experimental data evinces that significantly populated allosteric modu-
lator:CB1R and allosteric modulator:CP55940:CB1R complexes have been identified and characterized successfully. Analyzing
them, it has been determined that CB1R positive allosteric modulation lies in an outwards displacement of transmembrane o
helix (TM) 4 extracellular end and in the regulation of the range of motion of a compound TM7 movement for binary and ternary
complexes, respectively. In this respect, we achieved a better comprehension of the molecular architecture of CB1R positive
allosteric site, identifying Lys192%2% and Gly194**" as key residues regarding electrostatic interactions inside this cavity, and to
rationalize (at both structural and molecular level) the exhibited stereoselectivity in relation to positive allosteric modulation
activity by considered CB1R allosteric modulators. Additionally, putative/postulated allosteric binding sites have been screened
successfully, identifying the real CB1R positive allosteric site, and most structure—activity relationship (SAR) studies of CB1R
2-phenylindole allosteric modulators have been rationalized. All these findings point out towards the predictive value of the
methodology used in the current work, which can be applied to other biophysical systems of interest. The results presented in
this study contribute significantly to understand GPCRs allosteric modulation and, hopefully, will encourage a more thorough
exploration of the topic.

Abbreviations: 2-AC, 2-arachidonoylglyceral; AEA, anandamide; ago-PAM, agonist and positive allosteric modulator; CB1 R, cannabinoid type-1 receptos; Cﬂ,mame-gnirmd; cryo-EM,
cryogenic electron microscopy; ECL, extracellular loop; GFCRs, G-protein-coupled receptors; 1CL, intracellular loop; LEA, linear response approximation; LRF, local reaction feld;
MCPT, Monte Carlo Proton Transfer; NAM, negative allosteric modulator; PAM, positive allosteric modulator; PDLID, prodein-dipole Langevin-dipole; EMED, rool-mean-square deviation;
SAR, structure-activity relationship; THC, .ﬁ‘-l:uahjﬂm:mnabiml; TM, transmembrane a helix
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1 | Introduction

G-protein-coupled receptors (GPCRs) constitute a superfamily
of integral membrane proteins that exhibit a characteristic seven
transmembrane o helices (TMs) structure, involved in the medi-
ation of the majority of intracellular responses to external stim-
uli, such as light and hormones, giving rise to one of the most
outstanding receptor families in the human body [1, 2].

GPCRs are not simple on/off switches since there is a preex-
isting equilibrium between their inactive and active states
through intermediate states, which can be associated with dis-
tinct conformational ensembles and functions, respectively (see
Figure 1). Ligand binding can shift this equilibrium in such a
way that agonists stabilize active state conformations, inverse
agonists favor inactive state conformations and antagonists do
not favor any particular state but compete with both agonists
and inverse agonists for their binding site [3]. GPCRs in their
active state can trigger signal transduction processes through a
variety of G protein-dependent and -independent pathways. In
contrast, inactive state conformations are unable to trigger them
(may trigger an opposite action). G protein-dependent path-
ways constitute GPCRs canonical signaling pathways, while G

protein-independent pathways, with B-arrestin one being the
most prominent [4], are mainly related to GPCRs internalization
and adverse-event risk [3, 5-7]. Moreover, as discussed below,
GPCRs can be considered as allosteric proteins since binding of
orthosteric ligands, allosteric modulators and G proteins is in-
terconnected, modifying their exhibited affinities/efficacies [3].

Malfunction of these signal transduction processes is one of the
underlying causes of many human pathologies, pointing out
neurclogical/neurodegenerative and heart diseases, that are not
completely solved [8, 9]. The importance of proper signal trans-
duction makes GPCRs the largest family of druggable proteins
in the human genome, being targeted by more than 30% of the
approved drugs by the Food and Drug Administration (FDA)
[10, 11]. However, only a small fraction of the possible drugga-
ble GPCRs has been exploited pharmacologically [2]. There are
several reasons behind this low ratio of targeted GPCRs, being
one of them that the design of new ligands has traditionally
targeted the orthosteric site [12], which is highly conserved,
causing side effects due to the multiple target of homologous
receptor subtypes [13, 14]. A promising alternative approach
to circumvent this problematic is allosteric modulation [15].
Allosteric modulators are ligands which bind to a spatially and
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FIGURE1 | Schematic representation of GPCRs preexisting equilibrium between thelr inactive, intermediate and active states. This equilibrium
15 generally shifted towards inactive state when no ligand acts on GPCRs. However, positive allosteric modulators possess the ability of shifting this
equilibrium towards intermediate and active states acting alone or together with some agonist. To illustrate different states exhibited by GPCRs,
it has been employed the CR1R corresponding ones. This receptor has been represented with pipes and planks employing a ralnbow color scale.
Similarly to the vast majority of GPCRs, it can be seen that a TM6 (in vellow) outward movement takes place throughout the activation process.
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topologically distinct site (the allosteric site) from the orthosteric
binding site [16, 17] modulating protein activity. They offer sev-
eral advantages over orthosteric ligands: (1) Subtype specificity,
since allosteric sites tend to be less conserved; (2) Fine-tuning of
orthosteric-ligand response, in a time and spatially dependent
manner; (3) Signaling bias, favoring beneficial/therapeutic sig-
naling pathways; (4) Probe dependence, since allosteric modula-
tors are orthosteric-ligand sensitive [18, 19]. From a mechanistic
point of view, allosteric modulators potentiate or attenuate the
orthosteric-ligand affinity/efficacy acting as positive allosteric
modulators (PAMs) or negative allosteric modulators (NAMs),
respectively. Thus, PAMs shift the preexisting equilibrium to-
wards GPCRs intermediate conformational states that have high
affinity/efficacy regarding orthosteric ligands and great struc-
tural similarity with regard to active states. In addition, some
allosteric modulators with positive activity can exhibit intrin-
sic efficacy by themselves, acting as pure allosteric agonists, or
even, both intrinsic efficacy and potentiation of orthosteric ago-
nists, acting as agonist and positive allosteric modulators (ago-
PAMSs). It is worth noticing that both pure allosteric agonists
and ago-PAMs have the ability of stabilizing active state con-
formations which differ from the orthosteric-agonist-induced
ones since they show different pharmacological and biological
profiles [3, 7,12, 20-23].

To progress in the direction pointed abowve, it is appealing to
achieve a deeper understanding of GPCRs allosteric modulation.
This paper aims to shed light on this topic focusing on activa-
tion processes, especially in their comprehension at structural
and molecular level and the calculation of allosteric modulator
binding parameters. I'n order to carry out this task, it is of utmost
importance to be able to distinguish between the real allosteric
site and the putative/postulated ones. This will help to estab-
lish structural differences between the induced conformational
states by orthosteric agonists, and pure allosteric agonist and
PAMs, to determine the origin at molecular level of pure PAM
and allosteric agonist activities. This should allow to calculate
in a reliable way the affinity and cooperativity of allosteric mod-
ulators. In other words, to evaluate their dissociation constants
(K s) and cooperativity factors (as).

Cannabinecid type-1 receptor (CB1R) has been thoroughly stud-
ied due to its great relevance since this receptor is wide distrib-
uted throughout the human body, being the most abundant
GPCR in the central nervous system [24, 25], it regulates diverse
physiological processes, such as neurotransmission and synapse
formation, and it is related to prevalent unsolved medical condi-
tions. These include neuropathic and inflammatory pain, multi-
ple sclerosis and Huntington's and Parkinson's diseases [26]. It is
worth noticing that CB1R is best-known for its recreational pur-
poses that arise from consuming its famous exogenous agonist
A-tet rahydrocannabinol (THC), which is the active compound
of cannabis. However, CB1R primary endogenous agonists,
anandamide (AEA) and 2-arachidonoylglycerol (2-AG), have
sparked less interest [24, 25, 27). Additionally, recreational
users of cannabis are familiar with CB1R regulation, possibly
allosteric, since they tend to consume THC along with canna-
bis terpenes due to their synergy. The response is increased
2-10 times in comparison with pure THC [28]. It is important
to emphasize that much more wider and deeper knowledge
about CB1R regulation than that is available, specifically about

its positive allosteric modulation. This makes CBIR an ideal
system to study GPCRs positive allosteric modulation for the
following reasons: (1) The availability of experimental struc-
tures of CB1R complexes, in particular the structure of the
ZCZ01(5):CP55940:CB1R:G, complex (PDB code TWV9) [29]
due to the scope of the present study; (2) Previous knowledge
about CB1R allosteric sites and modulators [7, 20-23, 29-31]. In
the present study we report the results of a computational study
using advanced modeling and simulation tools of different ter-
nary or binary complexes of the type allosteric modulator:ortho-
steric agonist:CB1R and allosteric modulator:CB1R, using the
aforementioned quaternary complex as reference of active state.
Due to the scope of the present study, only this reference CB1R
active state has been considered since all sorts of allosteric mod-
ulators with a positive activity induce either active states with
subtle structural differences regarding these states induced by
orthosteric ligands or intermediate states that have high affin-
ity/efficacy regarding orthosteric ligands and great structural
similarity with regard to active states. For the different con-
structed complexes, CP55940 has been the only orthosteric ago-
nist considered, whereas diverse allosteric modulators including
ZCZ01(S), ZCZ011(R), GAT228, GAT229, the racemic mixture
of the two previous compounds (GAT221), both enantiomers
of a trifluoro analog of GAT221 (6s), GAT1600, and GAT1601
have been considered (see Figure 2). These compounds have
been selected because they are well-characterized experimen-
tally, that is, their K5 and as have been reported, or at least,
their half maximal effective concentrations {ECms} along with
their shifts (ﬁECSDs} due to cooperativity effects (more detailed
in Sections 3.1 and 3.2). It is worth noting that these allosteric
modulators are characterized for exhibiting few polar interac-
tions with the receptor, allowing them to explore their differ-
ent binding modes/poses without involving huge free energy
barriers. Therefore, a Boltzmann distribution will govern rel-
ative populations of distinct binding modes for each allosteric
modulator. Using the protein-dipole Langevin-dipole (PDLD)
within the linear response approximation (LRA) framework
(PDLD/S-2000) method [32] and assuming a Boltzmann distri-
bution for allosteric-modulators binding modes with state ener-
gies given by the total free energy of the corresponding complex
(see Sections 3.1 and 3.2), K ;s and as have been calculated for all
possible binary and ternary complexes derived from the afore-
mentioned compounds, except for both enantiomers of GAT211
trifluoro analog for which only K, has been calculated. The
close agreement obtained for K 5 and as evinces that our em-
ployed methodology is effective to determine relative stabilities
of different binary and ternary complexes in a reliable way and
to carry out a quantitative assessment of allosteric-modulators
binding free energies (Al ,s). This allows us to determine their
main binding modes and opening the door to the optimization
and/or rational design of allosteric modulators.

On the other hand, through analysis of principal binding modes
of considered compounds, both the structural basis and the or-
igin at molecular level of CB1R positive allosteric modulation
have been determined, which was the main objective of the
present study, allowing us to understand how CB1R allosteric
modulators belonging to the 2-phenylindole structural class
exert their action, to better comprehend the molecular architec-
ture of the CB1R positive allosteric site and to rationalize the
stereoselectivity and most structure—activity relationship (SAR)
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FIGURE 2 | Depiction of agonist (first row) and allosteric modulators (second and third rows) considered in the present study. All allosteric
modulators belonging to the 2-phenylindole structural class contaln a chiral carbon atom at § position of the NO,, group (chiral carbon atom 1; see
ZCZ011(%)), but substitution at @ position of the NO,, group gives rise to an additional one (chiral carbon atom 2: See GAT1601). For both the agonist
and allosteric modulators with one and two chiral carbon atoms, the center of the system for relaxation and equilibration MD simulations and
PDLD/S-LEA simulations has been Indicated. It 1= worth noticing that ZCZ011, GAT221 and és are racemic mixtures of ZCZ011(8) and ZCZ011(K),
GAT22% and GAT220, and 6s(5) and 6s(K), respectively. Absolute configuration of allosteric-modulators chiral centers: GAT22E (K), GAT229 (5),
GATI1600 (5, B), and GATIA01 (R, 5) (the rest of compounds has not included in the list because of thelr name are self-explanatory).

studies of such compounds. Additionally, our methodology also
turned out to be effective for screening of putative/postulated
CB1R positive allosteric sites [30, 31] since the real one was
identified.

Finally, it is worth noticing that due to the presence of cellular
membrane, the modeling of such biophysical systems is difficult
because of their size and complexity, restricting the usage of all-
atoms models for computational reasons. In order to overcome
this computational limitation, an implicit model for cellular
membrane has been employed [33]. Additionally, we used our
developed coarse-grained (CG) model [34, 35] for membrane
proteins for evaluating CB1R conformational energies. Both
simplified models have been proved to be very effective in inves-
tigating other GPCRs [36, 37].

2 | Methodology Section
2.1 | Systems Setup

In order to study the CBIR positive allosteric modulation
by allosteric modulators belonging to the 2-phenylindole
structural class, we used the cryo-EM structure of the
ZCZ011(5):.CP55940:CB1R:G, complex (PDB code TWV9) [29].
This structure corresponds to the unique experimental struc-
ture with one of such compounds bound to CB1R in its fully ac-
tive state. In order to facilitate comparisons with other GPCRs,
Ballesteros-Weinstein nomenclature [38] has been employed.
It is worth noting that only CB1R active state has been con-
sidered given that allosteric modulators with positive activity
induce either active states by themselves or intermediate states

structurally similar to active ones that exhibit large affinity/ef-
ficacy for orthosteric agonist. Regarding considered structure,
orthosteric and allosteric ligands along with the heterotrimeric
G protein have been removed and a missing gap of intracellular
loop (ICL) 3 has been completed employing the corresponding
structure to a thermostabilized version of CB1R that retains
the ability to bind both ZCZ011 and CP55940 (PDB code 7FEE)
[29]. The resulting structure has been protonated with the
Monte Carlo Proton Transfer (MCPT) method implemented
in Molaris-XG [39] using a pH="7.0. To ensure convergence of
the electrostatic free energy for the folded protein, 107 MCPT
steps were carried out. From now on, all calculations were car-
ried out using the Molaris-XG package [39] unless otherwise
mentioned. The allosteric modulator:CB1R, CP55940:CEB1R
and allosteric modulator:CP55940:CB1R complexes have been
generated by including allosteric and/or orthosteric ligands
inside their respective cavities in their corresponding binding
modes/poses (see Figure 3). As an orthosteric ligand (agonist)
has only been considered CP55940, while as allosteric modu-
lators have been considered ZCZ011(5), ZCZ011(K), GAT228,
GAT229, GAT1600, GAT1601, 6s(5), and 6s(R) (see Figure 2).
In the case of CP55940, only its exhibited pose in the cryo-EM
structure of the ZCZ011(5):CP55940:CB1R:G, complex (PDB
code YWV9) [29] has been taken into account, while for al-
losteric modulators, 3 main distinct binding modes identified
by docking calculations have been considered along with the
binding mode exhibited by ZCZ011(S) in its cryo-EM struc-
ture (see Figure 4). For incorporating cellular membrane ef-
fects, after inclusion of allosteric and/or orthosteric ligand/s,
a 9090 % 16A membrane particle grid was added around the
Z-axis of CB1R transmembrane bundle whose center of mass
shifted 1.6 A throughout this axis is the origin of that grid. The
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partial charges of CP55940 and allosteric modulators were
calculated at the CAM-B3LYP/6-31G* level of theory using
Gaussian 16 [40]. These resulting charges were fitted to gener-
ate the restrained electrostatic potential (RESP)-fitted charges
[41] by Ambertools [42]. The ENZYMIX force field [32] was
used for the remaining system.

N Terminus

N Terminus

FIGURE 3 | Schematic representation of orthosteric and allosteric
CEI1R sites through a CPE depiction of the corresponding ligands bound
to such binding sites (CP55940 bound to the orthosteric site in purple
and ZCZ011(5) bound to the CB1R positive allosteric site In green).

2.2 | Docking Calculations

The docking calculations of the allosteric modulators inside the
CB1R positive allosteric site were carried out by a two-step pro-
cess: (1) Determination of main binding modes restraining the
allosteric modulator center of mass to be a distance of 4.0 A from
the oxygen backbone atom of Phe191%% since it is well-known
that a hydrogen bond is formed between this atom and the NH
group of the 2-phenylindole ring; (2) Optimization of resulting
main binding modes performing 1000 Monte Carlo energy min-
imizations. The receptor remained rigid, but total flexibility
was given to allosteric modulators during the conformational
exploration.

2.3 | Relaxation and Equilibration Molecular
Dynamics (MD) Simulations

All relaxation and equilibration MD simulations followed the
same protocol, the only differences between them were the
starting structure and the unconstrained system region to be
relaxed and equilibrated. The starting structures have been
taken as the assembled complexes mentioned in Section 2.1.
The center of this unconstrainted region was conveniently
chosen as an atom of the ligand (allosteric modulator or
CP55940) whose binding free energy (A Gy, ;) was assessed

FIGURE 4 | Representation of the main binding modes explored for the considered compounds (llustrated by ZCZ011(5) (In green). Panels A,
B, C, and I correspond to binding modes 1, 2, 3, and 4, respectively. All binding modes exhibit a hydrogen bond between the NH group of the
2-phenylindole ring and the oxygen backbone atom of Phel91?-", while only binding modes 2 and 4 show a hydrogen bond between the NO, group

and Ser199°-3, Hydrogen bonds have been depicted by dash lines.
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subsequently. In particular, this center was defined by the
substituted indole C; of allosteric modulator and the central
carbon atom of the CP55940 hydrophobic tail (see Figure 2)
when allosteric modulators and CP55940 were considered in
the evaluation of A Gy, respectively. This choice of system
centers was taken to consider allosteric and orthosteric sites
simultaneously for ternary complexes without employing an
excessively large unconstrainted region of the system. For
binary complexes, the system was immersed in a surface-
constrainted all-atoms solvent (SCAAS) model [43] water
sphere with a radius of 20 A around the chosen center. This
radius was enlarged to 30 A for ternary complexes to consider
both binding sites simultaneously. These resulting spheres
constitute the unconstrainted system region to be relaxed
and equilibrated, which were surrounded by a 2A spherical
shell of Langevin dipoles and then a bulk continuum. The
water molecules at the boundary of this region were subjected
to polarization and radial restraints [43). The local reaction
field (LRF) method [44] was employed to treat the long-range
electrostatic interactions, while these interactions from the
outside of the unconstrainted region were not included in the
energy calculations. Once the system was assembled and sol-
vated, it was submitted to 2000 energy minimizations steps
using the steep-descent method to avoid close contacts. Then,
the system was gradually heated from 0 to 300K for a period
of 200 ps. Throughout this heating, harmonic restraints were
applied to the protein backbone and ligand/water heavy atoms
with a force constant of 10kcal mol= A—2 that were stepwise
released during the first 100 ps of this period, with the ex-
ception of the CP55940 ones that were loosened and kept at
3kcalmol! A2 to avoid clashes due to the great flexibility of
this compound. Finally, the starting geometry of binary and
ternary complexes for subsequent calculations were generated
from a 200ps MD equilibration simulation. It is worth men-
tioning that the eguilibration of a given system is consider-
able fast employing spherical boundary conditions, which is
reflected in the minimal fluctuation of the root-mean-square
deviation (RMSD) of heavy atoms observed during this period
(see Figures S1-38).

2.4 | PDLD/S-LRA Simulations

The simulation setup for A Gypy calculations was the same
as that for relaxation and equilibration MD simulations,
with the exception that in the PDLDYS-LRA simulations the
unconstrainted system region was divided into two regions.
Region 1, for which A Gy was calculated, was defined by
the whole allosteric modulator or CP55940, while region 2,
which comprises the system region that contributes to that
A Gyypg. was defined by the remaining surrounding system.
In the present work, a modified semimacroscopic version of
the PDLD method within LRA framework, which is termed
PDLI}/S-2000 [45], has been employed for each type of con-
sidered ligand. This approach, which was introduced in refer-
ence [45], evaluates the non-electrostatic term explicitly by a
special cycle, while the electrostatic term is evaluated by the
LR A approach.

For allosteric modulators, The modified approach involves scal-
ing the non-electrostatic term as follows:

AGED = AGE= + CAGpm e (1

where &Gﬁ; refers to the total binding energy of allosteric
modulator, AG and AGp ™ correspond to the electro-
static and non-electrostatic contributions of &G:f;d, respec-
tively, and C is the scaling factor of this last contribution. The
scaling factor C is not a universal constant, but is specific to
the studied system, influenced by the interplay between dif-
ferent thermodynamic contributions such as Van der Waals
interactions, hydrophobic effects, water penetration, and con-
figurational entropy changes [46]. An optimal C value of 0.9
has been determined, which effectively calibrates the calcu-
lated &Ggﬂ’d to reproduce the experimental K s and as (see
Sections 3.1 and 3.2).

In contrast, for CP55940we further modified our approach using:
AGhms = AGhg + AGIE ** + K @

where AGlrg " is the total binding free energy of CP55940 and
K is the corresponding constant which allows to reproduce the
experimental value of AGE®* and to calculate this magnitude
in presence of allosteric modulators with enough accuracy to
correctly describe the total free energy of ternary complexes (see
Section 3.2).

For each previously equilibrated complex, a PDLD/S-LRA
simulation was carried out on 4 different replicas. Regarding
binary complexes, the 4 replicas had distinct initial configura-
tions obtained through four successive equilibration MD sim-
ulations of 10ps. For binding free energy in protein, 500000
different configurations were considered, while for the refer-
ence in water 50000 different configurations were assessed.
Due to computational limitations, PDLIYS-LRA simulations
for ternary complexes had to be reduced by a factor of 10. It is
important to note that even the shorter length of the PDLDY
S5-LRA simulations employed for ternary complexes is more
than enough to achieve a converged A Gyyy according to previ-
ous benchmarks [47].

2.5 | Coarse-Grained (CG) Model of CB1R

Our refined coarse-grained (CG) model has been employed
[33, 35] with the aim of determining the CB1R conformational
free energy (A Gyyy) for binary and ternary complexes. The total
energy of our CG model is given by:

AGig= G +AGage + ACrman e
=6, AGYY +¢,ACE + ¢, ACT +c,AGTE +AGY (3
+AGHY o HAGLE+AGRT

Here the total conformational free energy A Gy consists of
three terms, the main chain term A G, the sidechain term
A Gy, and the interaction term between main and side chain
AG i age Which can be broken down as specified in the sec-
ond raw on Equation (3). The terms on the right of this raw are
the sidechain Van der Waals energy, the main chain solvation
energy, the main chain hydrogen bond energy, the cellular
membrane hydrophobic energy, the sidechain hydrophobic
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energy, the main chain/sidechain Van der Waals energy, the
sidechain electrostatic energy, and the sidechain polar energy,
respectively. The scaling coefficients ¢, ¢, c,, and ¢, take
values of 0.10, 0.25, 0.15, and 1/3.6, respectively. It is worth
noting that Equation (3) has successfully been employed to
determine A Gy in other GPCRs [36, 37]. To determine CB1R
A Gy for a given complex in a reliable way, a sampling of 10
different conformations collected at every 10ps of successive
gas-phase equilibration MD simulations from the correspond-
ing previously eguilibrated complex was considered. Prior to
this, a minimization, a heating process, and a relaxation MD
simulation have been carried out. Apart from being in gas
phase, these simulations have employed the same simulation
setup as stated in Section 2.3. The resulting structures have
been trimmed into the CG representation, in which the main
chain of amino acids was still in all-atom form, but each of
their sidechains were reduced into a simplified united atom.
Next, another small relaxation has been performed and pres-
ent ligands have been removed before evaluating A Ggyy. All
visualizations and representations have been made with the
VMD [48] and UCSF Chimera [49] programs.

3 | Results and Discussion

3.1 | Dissociation Constants and Principal Binding
Modes for the Allosteric Modulators of CB1R

From a pharmacological perspective, determining the dissocia-
tion constant, both experimentally and computationally, for active
compounds in a reliable way is of vital importance. That is why
this parameter allows to estimate their affinity, in other words,
EC,; or IC,; depending on whether the considered compound has
a positive or negative activity, respectively. In order to determine
experimentally the dissociation constant for allosteric modulators
(K} is commonly employed the allosteric binding model [50, 51]
combined with the Black-Leff operational model for agonism
(OMAM) [52-55], which describes the allosteric modulation over
a given agonist (the orthosteric ligand CP55940 in our case). Apart
from K, this model also provides other relevant parameters for
allosteric modulation. Including the allosteric modulation efficacy
(1), which measures the own efficacy of allosteric modulator, the
efficacy modulation {8), which measures how efficacy of the con-
sidered agonist changes due to the allosteric modulator presence,
and the cooperativity factor (a), which measures K, change due to
the agonist presence and vice versa. It is worth noting that all these
parameters are interdependent so that incorrect determination of
one will affect all the others. In order to apply the aforementioned
fitting technique, data of concentration-response curves for ago-
nist at different concentrations of allosteric modulator are needed,
which is demanding from an experimental point of view. For this
reason, experimental determination of EC (instead of K} is quite
common since the approximation EC_ K, is well-accepted, and
this determination only requires a single concentration-response
curve for allosteric modulator. On the other hand, the calculation
of binding free energy (A Gy, allows to determine both K, and
a (see Section 3.2). Regarding K, its relationship with A Gy is
given by the following expression:

MGy =RTIn (K,) @

where R and T are gas constant and temperature, respectively.
With the aim of validating our calculation method of & Gy,
for CBIR positive allosteric modulators belonging to the
2-phenylindole structural class {&%}‘ This magnitude has
been calculated for compounds GAT228, GAT229, GAT221
(racemic mixture of previous two compounds), GAT1601 and
GAT1601 since these are well-characterized experimentally. In
particular, the experimental K5, 5, 85 and crs have been deter-
mined by the aforementioned fitting technique [55]. In addition,
although the experimental ZCZ011 K is not available explicitly,
this compound has also been considered since ZCZ011 is the
only CB1R ago-PAM for which there is an experimental struc-
ture available (ZCZ011(5):CP55940:CB1:G, complex; PDB code
TWV9) [29]. For this particular compound, its K; on CBI1R has
been estimated from its EC.;, on such receptor obtained by a G
protein dissociation assay, which theoretically should be the
most accurate way [56] (see Supporting Information for justifi-
cation of this choice).

Considering ZCZ011(5) experimental binding mode/pose on
the ZCZ011(5):.CP55940:CB1R:G,; complex, the NO, group
seems not to be relevant since it does not exhibit any inter-
action. However, for CB1R allosteric modulators belonging to
the 2-phenylindole structural class, the NO, group turns out to
be crucial, since its replacement by other polar/charged groups
reduces, or even abolishes, the compound activity [57, 58].
Additionally, it has been reported that Ser199%** plays an
important role in the ZCZ011 allosteric effect on CB1R [29]
and the unique group that can interact with this residue is its
NO, group. Taking everything into account, relevant bind-
ing modes for allosteric activity in which the NO, group and
Ser199*-% interact with each other must exist. In order to ex-
plore them, docking calculations have been performed for the
aforementioned compounds on the CBI1R positive allosteric
site. Interestingly, apart from these poses, these docking cal-
culations also suggest the existence of stable binding modes
in which the 2-phenylindole ring is placed at TM3 right side,
taking as a reference system a frontal view of CB1R in which
its extracellular domain is placed above the intracellular one
(this reference system is being employed from now on). For
this reason, for each considered compound, it has been in-
spected 4 main binding modes/poses. Specifically, binding
mode 1 (Panel A of Figure 4) corresponds to the experimental
pose of ZCZ011(5) in which the 2-phenylindole ring is placed
at TM3 left side while the NO, group points towards the cel-
lular membrane, while binding modes 2, 3, and 4 (Panel B,
C, and D of Figure 4) arise from flipping the NO, group, the
2-phenylindole ring and these two groups at the same time,
respectively.

Regarding the calculation of K, given that the CB1R positive
allosteric site is superficial and allosteric modulator binding is
mainly due to hydrophobic interactions, a thermodynamic equi-
librium will be established among different allosteric modulator
poses since these compounds will have the ability of unbinding
from the allosteric site and explore all their possible binding
modes without involving huge free energy barriers. For each
compound, a Boltzmann distribution was assumed to govern the
thermodynamic equilibrium among allosteric modulator:CB1R
complexes given rise by different poses of the considered
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allosteric modulator. Therefore, K, for a given compound can be
calculated from &Ggfgd for its different poses {&Gﬁ&'} as follows:

N —agdel g
Kp= e AGEu/RT pan N _ & " ppEled
== h e O

where &Gﬁﬁ is &Gﬁ; of the allosteric modulator pose i, &G:]JJ;f
is the total free energy of allosteric modulator:CB1R complex de-
rived from its pose i and indexes of summation i and j extends
to all allosteric modulator poses. According to this thermody-
namic equilibrium, only poses which induce binary complexes
with the lowest total free energies will be significantly popu-
lated and, therefore, will contribute to K. It is important to take
into account that K for racemic compounds, such as ZCZ011
and GAT211, is given by K5 associated with each of their en-
antiomers whose ponderations depend on relative stabilities of
their arisen complexes and relative proportions both between
enantiomers with each other and between enantiomers and re-
ceptor (see Supporting Information for more details). This fact
can cause that response-concentration curves can undergo a
change of behavior when the enantiomer concentration sum-
mation exceeds the receptor's one providing these enantiomers
possess different allosteric modulator properties. Given that the
receptor concentration is unknown for concentration-response
curves, K, for racemic compounds has been calculated by aver-
aging enantiomers K s.

At this point, one can envisage two approaches to determine
the total free energy of allosteric modulator:CB1R complexes
(&Gg:ls}: (1) Different CB1R conformations exhibit a similar
stability, so that the complex total free energy (&Gﬂ':lj is given
by &%; (2) Different CB1R conformations does not exhibit a
similar stability, so that the conformational free energy (&%’g}
must be determined explicitly and AGLS =AGL, +AGY. It is
worth noticing that the assumption made on first approach does
not have to be fulfilled. However, this approach is interesting

because it is simpler and less computational demanding by not
having to calculate &Gﬂg.

Table 1 contains &%, ﬂ‘% &EFID“:J and the relative popula-
tions according to approaches 1 and 2 of significantly populated
allosteric modulator:CB1R complexes for compounds consid-
ered in our validation in their different poses (see Table 51 for
all binary complexes), while Table 2 contains the experimental
Gale ¢ agsociated with them {ﬂGE:’;th} and, further-

bind

pKgs, A
more, &Cﬁds calculated according to approaches 1 and 2.

Table 1 indicates that for a given compound, there are al-
losteric modulator:CB1R complexes of similar AG®®, which
can come from binding modes with different AGy_, (see
compounds GAT228, GAT229, GAT1a00, and GAT1601 in
Tables 1 and 51). Thus, the assumption of the first approach
is not fulfilled. Although, looking at Table 2 (columns 4 and
5), this fact affects only the value of &G;ﬁj in a significant
way when these complexes exhibit practically identical &Gﬁ"t;l,
but considerably distinct &Gﬁ&l (see compounds GAT1600 and
GAT1601 in Tables 1 and 2). Comparing AGry — with AGE®,
obtained by approaches 1 and 2, it can be observed that both
approaches achieve to reproduce experimental data. However,
approach 2 fits better to these data and, additionally, allows
to order considered allosteric modulators unambiguously by
their affinities (see compounds GAT1600 and GAT1801 in
Table 2), which is very useful from a pharmacological point of
view. All this stands out the necessity of calculating &Gﬁ for
evaluating &G&lgl correctly, since otherwise &Gf‘.ﬂ)"d can be un-
derestimated or overestimated, being able to cause an errone-
ous affinity ordering of compounds. This wrong ordering can
lead to erroneous conclusions in structure-activity relation-
ship (SAR) studies, provoking a dead-end road for the rational
design of active compounds employing both a computational
approach and a computationally assisted experimental ap-
proach. That is why only approach 2 is going to be used in the
following sections.

TABLE1 | AGEE, AGHS AGYS and the relative populations according to approaches 1 and 2 of significantly populated allosteric modulator:CBIR
complexes for compounds considered in our valldation in their different poses. A given binary complex has been considered as significantly populated
1f its relative population exceeds 0.1000. Racemic compounds have not been included since their values can be derived from thelr enantiomer values.

All free energies have been expressed in kcal mol—2.

Relative population Relative population

Compound  Pose A.Gm .&G;']: ﬁﬂﬂl"l approach 1 approach 2

ZCZ011(S) 2 —8.50 —613.25 —621.75 0.6391 825471077
3 —8.14 —621.95 —630.09 0.3492 0.9999
ZCZ011R) 2 —10.67 —615.05 —625.72 0.9285 L0000
GAT228 2 —10.14 —616.63 —626.77 0.9652 09851
GAT229 2 —0.38 —611.77 —621.15 0.7575 0.9493
—8.56 —608.93 —617.49 0.1912 0.0021
GAT1600 1 —9.38 —618.16 —627.54 0.0081 0.1904
2 —-12.24 —617.63 —629.87 0.9891 0.8095
GAT1e801 2 —8.83 —623.10 —631.93 0.0037 0.2504
3 —-12.17 —620.42 —632.59 0.9954 0.7496
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TABLE2 | Theexperimental pKs, ﬂ.ﬂ:ﬂls associated with them mﬂ;"f'“s} and ﬂ.GI"DrLs calculated according to approaches 1 and 2 for considered
allosteric modulators in our validation. The experimental pi s were collected from previous papers [7, 20, 21] ﬁG;’:'“s have been calculated from
pKys employing Equation (4) and the corresponding errors have been obtained propagating pK s standard deviations according to the uncertainty

propagation law. All binding energles have been expressed in kcal mol-1.

AGY® according AGH according
Compound Experimental pK; LG?;:M tﬁpmach 1 tgj:nppmach 2
ZCZon 6.11+0.12 —B.39x0.16 —8.74 —8.54
GAT221 6.76 £0.08 —59.28+0.11 —9.43 —5.51
GAT228 7.40+0.12 —10.16+0.25 —10.06 —10.07
GAT229 6.91+0.27 —9.48+0.37 —9.13 —9.23
GAT1600 B.78+0.33 —12.05+0.45 —-12.21 —11.70
GAT1s01 B.29+0.39 —11.38+0.54 —12.15 —11.33

On the other hand, as introduced above in this section, it is
worth noting that small discrepancies for racemic compounds
may exist due to enantiomers competition when their concen-
tration summation (]ES]-i-[BRI) is bigger than the receptor con-
centration ([R]). Regarding ZCZ011, though its R enantiomer in
pose 2 (AGHY =—625.72keal/mol; AGELC =—10.67keal/mol) is
shifted by its 5 enantiomer in pose 3 (AGE 5 =—630.09keal /mol;
&Gf‘.ﬁ:—ﬂ.ld-kca”mnl}, there is no noticeable K; mismatch be-
cause ZCZ011 racemic mixture exhibits a highly similar &Gﬁﬁl in
comparison with ZCZ011(S) in its pose 3 (—8.54 and —8.14 kcal/
mol, respectively). In contrast, this is not the case for GAT221,
however, its justification is somehow more complex since its K
and @ have been obtained together applying OMAM [55] and
the global stability of binary and ternary complexes of GAT228
and GAT229 is the underlying cause of this mismatch. For this
reason, explaining this justification in Section 3.2 has been con-
sidered more adequate. Additionally, it is important to note that
GAT221 pK; reported experimentally would not be compatible
with the calculated pK; from this magnitude for its enantiomers
(—7.09 £0.21), assuming that there is no enantiomers competition.
This fact highlights the point that response-concentration curves
employed to obtain the GAT221 parameters underwent a change
of behavior and the quality of the fit must not be excessively good
since an amplifying effect due to the concurrent presence of
GAT228 and GAT229 would be unlikely given the existence of a
single CB1R positive allosteric site (see Section 3.5).

Finally, it is important to note that binding mode 2 and, to a
lesser extent, 3 are the main poses that allosteric modulators
adopt in their binary complexes with CB1R. This prevalence of
binding mode 2 explains the importance in CB1R positive al-
losteric modulation of the aforementioned Ser199** and NO,
group, while furthermore, the prevalence of binding mode 3
stands out the fact that placing of the 2-phenylindole ring at
TM3 right side is feasible from an energetic point of view (see
Section 3.3 for molecular details of such binding modes).

3.2 | Cooperativity Between Allosteric
and Orthosteric Sites

Cooperativity is a phenomenon which consists in the affinity
change of one binding site regarding a ligand upon binding to

another one by this or other ligand. GPCRs are allosteric pro-
teins and cooperativity between their orthosteric and G protein
sites is well-known [59, 60]. Additionally, for some GPCRs, as
is the case of CB1R, this cooperativity has also been observed
between orthosteric and allosteric sites [7, 20-23, 29].

The cooperativity factor () is usually used to assess the afore-
mentioned property, quantifying the degree of variation in dis-
sociation constants due to ligands cobinding. As stated above,
this factor is commonly determined by OMAM [55] as has been
the case for our considered compounds, with the exception of
ZCZ011 for which CP55940 EC, ratio in presence and absence
of ZCZ011 is available, an equivalent magnitude considering a
definition and the law of microscopic reversibility of thermody-
namics [55]. According to this model [55], the agonist (A) and
allosteric modulator (B) bind to the receptor (R) in separated
binding sites with dissociation constants K, and K, respec-
tively. The cobinding changes in a reciprocal way the affinity
of binding, in other words, the dissociation constant, of each by
a factor @, so that now, dissociation constants will be given by
K, /aand K /a. According to this definition, o can be calculated
as follows:

2AG = 28GE8 = G
= G _ Gl = A GG AT T ne)

(6)

where AAGT, | indicates the binding free energy change associ-
bind 5&

ated with @, Al {| 'y &GIEPI SN ctands for the binding

free energy of allosteric modulator/CP55940 in presence of its
corresponding partner and &&Gﬁj&&(}ﬁﬂm denotes the
change of binding free energy for allosteric modulator/CP55940
due to the presence of its corresponding partner. Therefore, co-
operativity factor a for allosteric modulator:CP55940:CB1R com-
plexes can be calculated in two equivalent but distinct ways: (1)
Calculating &ﬁcmm to determine &&Gf‘]n-‘fd; (2) Calculating
&Gﬁmm] and AGEPS™# (not calculated previously) to deter-
mine AAGEPESS40,

In order to check if our methodology is also effective in caleu-
lations of &, we calculated this quantity in these two equivalent
manners for the previously considered compound.

T

SETROT 9 NN ) O AR, o Qo e 0 P, O O SOpTER i) T O SO0 AT SERE) A0 i, 0 {9 OTApYI00- TR 48 TS0 TH00 Ao, /IR () e 0 S S8 DI ) I SRR O 3 [CIE e 10 Aengr e S, S o] e PYPERAGTEY &) I A07 10l I 0 1 ADPARD T o AR e kg T POPSDTER b G0 ¥ e OLEDT



Considering the results of the previous section, in order to calcu-
late &Gﬁﬂﬂm and &Gﬁfm} correctly is necessary to as-
sign populations to different allosteric modulator:CP55940:CB1R
complexes according to their total free energy (&Gﬁcm_}
which is now given by:

]

AGER[ETS0_ A GUCTEID | 7T, Glfersn

(M
where &G;PG"CPM is the conformational free energy of al-
losteric modulator:CP55940:CB1R complexes.

In Table 3 appears &Gnnn{cpsm &GCPEMW] &Gﬂwfﬂm
&Gm"'“m, and the assncmtad relatlve populations uf signifi-
-::amI}r populated allosteric modulator:CP55940:CB1R complexes
for the compounds considered in their different poses (see
Table 52 for all ternary complexes), while Table 4 provides the
experimental as, AA G‘mﬂds associated with them {&&Gm “s) and
calculated Aa GNPS9 and AAGE S "5,

In Table 3, it can be seen that the most stable ZCZ011 ternary
complexes and, therefore the most populated, derived from
ZCZMU(S) in its pose 1 and ZCZ011(R) in its pose 3, being the re-
sulting one of S enantiomer slightly more stable. This result agrees
with the experimental binding mode of ZCZ011(5) observed in
the cryo-EM structure of the ZCZ011(5):CP55940:CB1R:G, com-
plex (PDRB code 7WV9 [29]; see Section 3.3 for a more detailed
explanation). It is worth noting that, unlike binary CB1R com-
plexes, binding modes 1 and 3 are the main poses that allosteric
modulators adopt in allosteric modulator:CP55940:CB1R com-
plexes, suggesting that Ser199%33 is crucial to trigger positive al-
losteric modulation activity in absence of the orthosteric agonist.

For its part, Table 4 stands out that our methodology is also capa-
ble of reproducing the experimental a of considered compounds
by calculation ufmﬂ"'“‘“m" (this approach achieves a better
agreement with the expmlmenta] data than the ﬂﬁﬂcm'"}
‘s one). Additionally, it can be noticed that MG“"‘(‘“M and
ﬁﬁGEﬁSQM] do not match, which must not be llke that accord-
ing tu the law of microscopic reversibility of thermodynamics

[55], being the latter slightly biased towards more negative val-
ues. This result for AAG " can be attributed to CP55940
movement restraint inside the orthosteric site since this could
slightly bias CP55940 sampling, favoring in a greater extend
CP55940 poses when an allosteric modulator is present. As
stated in the methodology section, this restraint had to be applied
with the aim of avoiding clashes between CR1R and CP55940
due to the great flexibility of CP55940. However, despite of
&&Gcbfdm " bias, it is important to note that &Gﬁﬁmﬂm for
different ternary complexes has enough accuracy to describe
this contribution in &Gﬁgmﬁm since, in principle, no bias ex-
ists for CP55940 poses when an allosteric modulator is present.

On the other hand, &&G:'.ﬂmm discrepancy for GAT221 can
be attributed to the fact that response-concentration curves of
CP55940 when [Bg|+ [Bg | >[R] reflect to a greater extend GAT228
properties than these for the racemic mixture of GAT228 and
GAT229 since both binary and ternary GAT228 complexes are
substantially more stable than GAT229 ones (see Tables 1 and 3).
Apart from a goodness of fit not excessively good (which has not
been reported in the corresponding paper), this change of the be-
havior in such curves gives rise to a a overestimation. This leads
to an underestimation of K, because of both parameters are in-
terdependent, since GAT228 exhibits a greater affinity (smaller
K;) than GAT228 and GAT229 racemic mixture shifting these
curves towards smaller agonist concentrations, which is asso-
ciated with a bigger a. Overestimation of the experimentally
reported GAT221 a is quite clear when this is compared with
GAT221 x calculated from the experimental data of GAT228 and
GAT229 (1.78+0.65). It is worth noting that ZCZ011 racemic
mixture does not provoke a o mismatch between experimen-
tal and calculated values given that a specific experiment has
been carried out to determine this magnitude. This removes the
interdependence with K, and there is not a significant change
of behavior in ﬁG;!’:;m because it is highly similar when
both there is no competition between enantiomers (—9.34 kcal/
mol) and this competition exists (—9.50kcal/mol). This no sig-
nificant change ufﬂﬁf:ﬂcpm is due to the fact that relative
populations of ZCZ011 ternary complexes do not change to a

TABLE 3 | AGho o0 gyl pyGile/CPsns | q qalof IS5 and the assoctated relative populations of significantly populated allosteric
modulator;CP55040:CE1R complexes for considered compounds in their different poses. A given ternary complex has been considered as
significantly populated If its relative population exceeds 0.1000. Racemic compounds have not been Included since thelr values can be dertved from
thelr enantiomer values. All free energles have been expressed in kealmol—.

Compound Pose aaﬁ“"m ac&?”‘“‘“ ac:;;f Crssas M}:],‘t_:{“m Relative population M;:EC"“”
ZCZ011(S) 1 —10.01 —13.39 —614.29 —637.69 0.8046
—7.56 —-12.71 —616.50 —636.77 0.1735
ZCEZO11R) 3 —9.22 —-11.62 —615.74 —637.57 L0000
GAT228 1 —9.44 -12.28 —614.41 —637.75 0.4632
3 —10.84 —14.38 —614.50 —637.72 04434
GATZ229 1 —10.17 —14.71 —608.10 —632.98 0.1910
2 —9.73 —12.90 —611.21 —633.84 0.8090
GAT1600 3 —12.85 —13.39 —615.29 —641.58 09969
GAT1s01 1 —13.12 —13.28 —619.72 —647.11 1.0:00
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TABLE 4 | The experimental as, AAG® s assoclated with them (AAGSs) and calculated AAGS " ™**'s and AAGLS™***s taking Into

account relative populations of allosteric modulator:CP55940:CB1R complexes according to ﬂﬂﬂ:l

5. The experimental as were collected

from previous papers [7, 21, 29] AAG,2{'s have been calculated from s employing Equation (6) and the corresponding errors have been obtalned
propagating as standard deviations according to the uncertainty propagation law. All differences in free energles are expressed in keal mol—.

Compound Experimental « Experimental ﬁﬁﬁﬁ“ .&.&Gﬂm AA GCMLMM
ZCZon 499+1.24 — 086 +0.15 —0.80 —1.16
GAT221 21+2 —LE1+0.16 —0.94 —1.58
GAT228 LOB+0.34 — 005035 —0.09 -1.59
GAT229 2.25+1.26 —0.48+0.54 —0.58 —1.57
GAT1600 3B.0t6.1 —2.17+0.65 -1.14 —1.76
GAT1s01 51024 —2.34+0.76 -1.79 —2.59

FIGURE 5 | The overlap of the CBIR active reference structure
(in blue), the CE1R reference structure associated with pure allosteric
agonist activity (in green; GAT228 binary complex In its pose 2) and the
CEI1R reference structure associated with pure PAM activity (in purple;
GAT229 binary complex in its pose 2). It can be noticed that regarding
allosteric agonist activity, TM4 distances from TM2, TM3 and TMS5,
while in the case of PAM activity, TM4 distances from TM2 and TM3,
but approaches to TM5. Additionally, the loss of a helix content 1s more
pronounced for PAM activity.

large extent whether there is competition between enantiomers
or not (Without competition: 0.4023 for ZCZ011(S) in its pose 1,
0.0868 for ZCZ011(S) in its pose 3 and 0.5000 for ZCZO11(R) in
its pose 3; With competition: 0.4906 for ZCZ011(5) in its pose 1,
0.1058 for ZCZ011(S) in its pose 3 and 0.4036 for ZCZ011(R) in
its pose 3). It can be concluded from the above information that
our methodology is effective to calculate o by &&Gﬁﬁcpm
and to determine relative populations of allosteric modula-
tor:CP55940:CB1R complexes.

3.3 | Structural Insights Regarding
Allosteric Modulator:CB1R and Allosteric
Modulator:CP55940:CB1R Complexes

CB1R allosteric modulators belonging to the 2-phenylindole
structural class may behave as allosteric agonists, positive al-
losteric modulators (PAMs) and agonist and positive allosteric

modulators (ago-PAMs), though the exhibited degree of allosteric
agonist and PAM activity is highly wvariable. Nevertheless,
GAT228 and GAT229 act as a CB1R pure allosteric agonist and
PAM, respectively [21]. For this reason, these two compounds are
used as probe compounds to study these two well-differentiated
activities. In order to explore the structural basis and the ori-
gin at molecular level of the two aforementioned activities, the
structures of GAT228 and GAT229 complexes resulting from
their significantly populated binding modes were compared
with each other and with the CB1R active reference struc-
ture, which is represented by the experimental structure of the
ZCZ01(5):CP55940:CB1R:G, complex (PDB code TWVS) [29].
For binary complexes, it is important to note that it is only nec-
essary to consider GAT228 and GAT229 complexes derived from
their binding modes 2 since they are the only ones significantly
populated for these two compounds (see compounds GAT228
and GAT229 in Table 1). Considering the CB1R active reference
structure, although small structural differences can be observed
in TM2 and TM3, both the allosteric agonist activity and the
PAM activity seem to lie in an outward movement of the TM4
extracellular end. For both activities, this displacement occurs
in a similar extension, however, its direction changes. In rela-
tion with allosteric agonist activity, the aforementioned outward
movement distances TM4 extracellular end from TM2, TM3
and TMS5, however, in the case of PAM activity, this movement
also moves away TM4 extracellular end from TM2 and TM3, but
approaches it to TMS5. In addition, this displacement entails a
decrease of o helix content of TM4 extracellular end, which is
more pronounced for PAM activity (see Figure 5 and Figure 59).
Taking into account the structural features that have just been
exposed, it is worth noticing that the other considered allosteric
modulators in our method validation give rise to significantly
populated allosteric modulator:CB1R complexes whose struc-
tures are compatible with their experimental activity reported
(see Supporting Information for more details, Figure 39 for an
overlap of binary and ternary complexes and Figures 510-512
for a frontal view with increased zoom).

At this point, it is worth noticing that the stereochemistry of the
two possible chiral carbon atoms for the type of considered com-
pounds is relevant from the point of view of exhibited activity,
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especially for chiral center 1. When only this chiral center is pres-
ent, taking into account the only resolved enantiomers (GAT228
and GAT229) [21], the spatial arrangement of substituents
around this center as in GAT228 and GAT229 is equivalent to
allosteric agonist and PAM activities, respectively. Additionally,
our calculations suggest that this relationship between posi-
tive allosteric modulation activities and spatial arrangement of
substituents around the chiral carbon atom 1 is general for the
2-phenylindole allosteric modulators that contain only this chi-
ral center (see Section 3.6 for 6s). Nevertheless, the insertion of
a second chiral center allows to incorporate allosteric agonist
activity to previous enantiomers with only PAM activity. The
spatial arrangement of substituents around the chiral carbon
atom 1 asin GAT228 and GAT229 is now equivalent to allosteric
agonist and ago-PAM activities, respectively, regardless of the
absolute configuration of the second chiral center [7].

Although the considered compounds have different structures,
their significantly populated binding modes vary and they ex-
hibit different allosteric activities, some interactions may be
conserved between allosteric modulators which exhibit the
same type of activity. Considering GAT228 and GAT229 as
probe compounds for CB1R pure allosteric agonist and PAM ac-
tivities, respectively, the origin at molecular level of PAM activ-
ity seems to lie in a deeper penetration of the ring that is found
at TM3 right side into the narrow cavity that exists between this
helix and TM4. In general, this deeper compound penetration
provokes a favorable intense hydrophobic interaction with TM4,
normally, by means of Leu252%6 other weaker with TM3 by
Leu150%% and a better 7-7 stacking interaction with Phe191%*%7
(see Figure 6). On the other hand, allosteric agonist activ-
ity seems to be linked to a more favorable intense interaction
with residues Leul&5:-2, Ile1692-%%, Alal98%%, and Serl9g9®-35
whose character depends on which allosteric modulator group
is interacting with them (polar character when the NO, group
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FIGURE 6 | Binding modes of CE1R reference structures regarding
allosteric aponist (in green with GAT22% In its pose 2 depicted in dark
green) and PAM (In purple with GAT220 in its pose 2 depicted in cyan)
activittes for binary complexes. The orlgin at molecular level of PAM
activity seems to lle in a deeper penetration into the narrow cavity
that exists between TM3 and TM4 by allosteric modulator ring placed
in this region, while allosteric agonist activity seems to be linked to a
more Intense favorable interaction with the tetrad Leul65=2, [le] 69256,
Alal9g334 and Ser]00%3% Hydrogen bonds have been indicated by
dashed lines.

is pointing to this tetrad, while hydrophobic character when a
ring is interacting; see Figure 6). All remaining considered com-
pounds follow the above interaction-activity relationships (see
Figures 510-512 for representation of their binding modes and
Supporting Information for justification of GAT1600 ago-PAM
activity from its interactions).

Regarding the allosteric modulator:CP55940:CB1R complexes,
proceeding similarly to binary complexes, it can be noted that
these ternary complexes are similar between each other, though
their exhibited degree of similarity is reduced in comparison
with binary complexes (see Figure 59), suggesting that the con-
formational space associated with ternary complexes is wider.
From a structural point of view, structural differences of ternary
complexes accumulate mainly in extracellular ends of TM2,
TM3, TM4, TM6, and TM7, being the most prominent the TM7
ones (see Figure 7). Unlike binary complexes, slight outwards
displacement of TM4 extracellular end is observed for allosteric
modulator:CP55940:CB1R complexes, however, these ternary
complexes show a compound TM7 movement in which its extra-
cellular end moves outwards whereas its intracellular end moves
slightly inwards. Additionally, this TM7 movement is partially
accompanied by TMé extracellular end and a8 helix, where the
slight inwards movement of TM7 intracellular end along with
the accompanying a® helix tightens the G protein binding site,
enhancing the interaction between this cavity and G protein a5
helix, which is the o helix that is introduced into GPCRs. It is
worth noticing that this compound TM7 movement depends on
allosteric modulators and also takes place in the CP55940:CB1R
complex, being more pronounced regarding the TM7 extracel-
lular end. Therefore, the orthosteric agonist causes given move-
ment while allosteric modulators regulate its range by means of
structural differences in TM2, TM3, and TM4 induced by their
distinct binding modes and interactions, which are subsequently
propagated to TMa and TM7.

Regarding the allosteric modulators binding modes and interac-
tions, despite the fact that significantly populated binding modes
for considered allosteric modulators have changed from binary
to ternary complexes, being binding mode 2 along with a non-
neglectable contribution of binding mode 3 the most relevant for
the former complexes, while binding modes 1 and 3 are the most
relevant for the latter ones, interactions trends are preserved to a
considerable extent. However, differences between allosteric mod-
ulators with distinct activity are now less pronounced, which is
due to the subtle displacement of TM4 extracellular end. Similarly
to binary complexes, allosteric modulators associated with PAM
activity exhibit a slightly deeper penetration of the ring placed be-
tween TM3 and TM4 into the existing cavity between both trans-
membrane « helixes. This observed more superficial penetration
in ternary complexes is due to the aforementioned slight TM4 dis-
placement, which shrinks given cavity substantially. Again, this
penetration is related to a better m-m stacking interaction with
Phe191*%. In contrast, hydrophobic interactions between TM4
and the ring placed between this transmembrane helix and TM3
equalizes, taking place now through [le245%* and Val249%&,
In relation to the allosteric modulators associated with allosteric
agonist activity, they show a favorable stronger interaction with
residues Leuls533, Ilel69256, Alal98334, Ser199*% (like in bi-
nary complexes) and Trp241*-", The subtle displacement of TM4
brings this tryptophan closer to the previous tetrad, allowing its
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interaction with allosteric modulators. Obviously, Trp241°- es-
tablishes non-directional hydrophobic interaction, however, also
establishes a - stacking interaction with allosteric modulators
which show PAM activity (see Figure 513).

Interestingly, the CBIR reference active structure (the
ZCZ011(5):.CP55940:CB1:G, complex) does not exhibit TM7
extracellular end movement, though this does show the
slight inwards movement of TM7 intracellular end and a8
helix (blue complex in Figure 7). This apparent discrepancy

aB helix

FIGURE 7 | The overlap of the CBI1R active reference structure {in
blue), the CB1R reference structures for allosteric agonist (In green and
dertved from pose 1 of GAT22E) and PAM (in purple and derived from
pose 2 of GAT220) activities, the CP55040:CE1R complex resulting
from our calculations {In vellow) and the experimental structure of this
complex (In crange; PDE code 7V3Z) [61]. Although there is another
significantly populated ternary complex for GAT228, only the main
one has been depicted since these are highly similar with each other
from a structural point of view. It can be appreclated that structural
differences in TM2, TM3, and TM4 induced by allosteric modulators
are subsequently propagated to TM6 and TM7, regulating the range of
motion of TM7 extracellular end {compare complexes In blue, green,
purple, and yellow).

between structures could be explained by an allosteric effect
of G protein, which is present in this experimental structure
but absent in our ternary complexes. On the other hand, the
CP55940:CB1R complex has also been reported experimen-
tally (PDB code 7V3Z) [61], though a fusion protein and cho-
lesterol have been employed to stabilize it. In this case, neither
the compound TM7 movement nor its associated movements
of TMé6 extracellular end and «B helix are exhibited (orange
complex in see Figure 7). This time, this structural discrep-
ancy can arise from two different factors: (1) The introduction
of a fusion protein, which could stabilize conformations of the
CP55940:CB1R complex in which the aforementioned move-
ment does not occur; (2) Cholesterol acting as a CB1IR NAM
[62], inducing CB1R states not fully active (91% of degree activ-
ity) [61]. Regarding other CB1R active forms derived from other
agonists [63-66], the compound TM7 movement along with its
associated displacements are not observed either. This fact can
be justified similarly to CP55940, further calculations are nec-
essary to prove that this conformational change is a common
feature for the orthosteric agonists since may these displace-
ments be orthosteric-ligand dependent.

3.4 | Understanding the ZCZ011 Low Resolution

As  previously said, the cryo-EM structure of the
ZCZ011(5):CP55940:CB1R:G, complex (PDB code 7WV9) [29]
is available, whose resolution (2.7 4) is comparable to the X-ray
crystallography ones. However, based on ZCZ011 2Fo-Fc map,
this structure shows a quite blurred ZCZ011(S) binding mode
since it is not clear in which TM3 side lies its 2-phenylindole
ring, the corresponding protuberance of the 2-phenylindole
CH, substituent is very faint, and there is a clear protuberance
around the chiral carbon atom 1 that is not compatible with the
& enantiomer for the proposed binding mode. Additionally, the
corresponding region to the 2-phenylindole ring along with its
indole ring phenyl substituent is guite smooth, which must not
be the case since both rings do not have the same size and a cleft
corresponding to the C-C bond joining them must be observed.

FIGURES | The overlap of ZCZ011(5) in its binding mode 1 (in green) and ZCZ011(K) in its binding mode 3 (in purple) from a vertical and frontal
perspectives regarding ZCZ011 (panels A and B, respectively). Contour surfaces for these ZCZ011 poses have also been depicted in the same color.
For the sake of clarity, ZCZ011 hydrogen atoms have not been represented and TM2, TM3, and TM4 have been highlighted.
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In contrast, spatial arrangement and orientation of its NO, group
and thiophene ring are well resolved.

In order to understand this fact, it is important to note that
given cryo-EM structure was obtained employing a ZCZ011
racemic mixture whose concentration was sufficiently large,
in comparison with the receptor one, to shift the equilibrium
of ternary complexes towards the most stable ones. In other
words, both ZCZ011 enantiomers in their distinct binding
modes have the opportunity to compete for the allosteric site.
According to our results for ZCZ011 ternary complexes, this
apparent poor resolution for ZCZ011(S) is because of particles,
from which the aforementioned cryo-EM structure has been
obtained, contain ternary complexes that derived from both
ZCZ011(5) in its binding mode 1 and ZCZ011(R) in its binding
mode 3 since these exhibit very similar stabilities (—637.69 and
—637.57 kcal/mol, respectively). Considering relative stabili-
ties of these complexes, the former one would be slightly more
prevalent, as observed experimentally since such ZCZ011(5)
binding mode gives rise to a better fit of 2Fo-Fc map (for this
reason this is reported in the cryo-EM structure). The faint
protuberance of the 2-phenylindole CH, substituent can be
distinguished at TM3 left side, indicating a higher weight
of given ZCZ011(S) pose. From the overlap of such ZCZ011
binding modes (see Figure 8), the experimental lack of sharp-
ness of ZCZ011(5) binding mode can be explained. The faint
protuberance for the 2-phenylindole CH, substituent is due to
the fact that the 2-phenylindole ring along with its indole ring
phenyl substituent do not completely match in these ZCZ011
binding modes, placing the indole ring phenyl substituent of
one enantiomer over the 2-phenylindole CH, substituent of
the other. Additionally, this arrangement of rings for both en-
antiomers justifies the smoothness and the lack of a cleft of
ZCZ011 2Fo-Fc map in the region containing these two rings.
On the other hand, the presence of ZCZ011(E) is what gives
rise to the protuberance around the chiral carbon atom 1 that
is incompatible with the § enantiomer.

3.5 | Putative Alternative Positive Allosteric
Binding Sites on CB1R

To progress in the development of allosteric modulators, it is
crucial to be able to distinguish the actual allosteric binding
sitefs from all putative ones, since once determined this/these,
the molecular architecture of allosteric site/s can be understood,
allowing the refinement of allosteric modulators known so far
or, even, the rational design of new ones. As it could be estab-
lished for CB1R, our methodology to determine stability of bi-
nary and ternary complexes turns out to be effective for this
purpose as well.

Prior to the cryo-EM structure of the ZCZ011(5):.CP55940:CEL:G,
complex (PDB code 7TWV9) [29] was reported and mutagenesis
studies to determine the CB1R positive allosteric modulator bind-
ing sites were carried out [31]. Several putative CB1R positive
allosteric binding sites were postulated for the 2-phenylindole
compounds, being two that differ from the real one the most
relevant (see Figure 9): (1) For allosteric agonist activity (using
GAT228 as a probe and with the orthosteric site empty), it has
been postulated a binding site formed by intracellular ends of

Putative
Binding Site 2
CB1R
& Allosteric Site
_ (9%
Putative |
Binding Site 1 .
- -; ,J"

FIGURE® | Schematicrepresentation of CB1R putative binding sites
along with its actual one through a CPK depiction of the corresponding
allosteric modulators bound to such binding sites (ZCZ011(5) bound
to the CBIR allosteric sites in green; GAT228 bound to the putative
binding site 1 in orange; GAT229 bound to the putative binding site 2
in purple)

TM1, TM2 and TM4 along with the intracellular loop (ICL) 1
(putative binding site 1); (2) For PAM activity (using GAT229 as
a probe and with CP55940 occupying the orthosteric site), it has
been postulated a binding site formed by extracellular ends of
TM2 and TM3 along with the extracellular loop (ECL) 1 (puta-
tive binding site 2).

These relevant postulated sites were identified by using the
Force-Biased Metropolis Monte Carlo simulated annealing pro-
gram (MMC) [67, 68] over a CB1 receptor model assembled from
two CBIR active states with cholesterol as a stabilizing agent
(PDB codes 5XRA and 6N4B) [64, 65]. It is worth noticing that
the MMC method divides the molecule of interest (GAT228 and
GAT229in this case) into smaller fragments and finds sites of the
system where these fragments persist, indicating high affinity
between them. Therefore, the MMC method identifies receptor
regions with high affinity for the considered fragments, in other
words, does not determine neither the binding mode nor the
binding site for the molecule of interest explicitly. Additionally,
taking into account that cholesterol acts a CB1R NAM [62], the
employed CB1 receptor model could represent a CB1R state not
fully active. All this would explain the mismatch between puta-
tive and real binding sites, pointing out the necessity of having a
reliable method to screen allosteric binding sites.

Apart from GAT228 and GAT229 putative binding sites, their
binding modes have also been postulated in these sites. [tis im-
portant to note that allosteric modulators binding modes are af-
fected by CB1R tertiary structure, which does not match totally
between the employed CB1 receptor model for coming across
such postulated binding sites/modes and the considered CB1R
structure in the present work. Although the corresponding re-
gion for the putative binding site 1 is guite similar between both
structures, the corresponding one for the putative binding site
2 exhibits significant differences. In particular, TM2 has un-
dergone a downward rotation along the helical axis, while TM3
has experienced an upward rearrangement, reinforcing the
idea that the employed CB1 receptor model does not represent
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! ‘Arg230*®. ppe155242

FIGURE10 | Depiction of GAT228 postulated binding mode (Panel A) along with its best docking solution (Panel C) inside the putative binding
site 1 where the considered compound (In green) and the interacting residues have been indicated. After relaxation and equilibration M D simulations,
the postulated binding mode remains unaltered practically and the most noticeable change 15 a counterclockwise 90° rotation of His154** along its
CE-CG bond (compare Panels A and B). In contrast, the docking binding mode changes significantly after given simulations (Panel D) since GAT22E
undergoes a rotation of ~30° along the axis defined by the two 2-phenylindole carbon atoms closest to TM4. Hydrogen bonds have been Indicated
by dash lines, while rotations along with their directions have been depicted by bent arrows. For the sake of clarity, the rotation axis of GAT228 has
been Indicated.

FIGURE11 | Depiction of GAT229 docking binding mode inside the putative binding site 2 {(Panel A). Both the considered compound (in green)
and the interacting residues have been indicated. In this case, the orthosteric site 1s occupled by CP35940 (in purple). Due to the narrowness of this
binding site, GAT220 is partially ejected from the cavity during relaxation and equilibration MD simulations, changing its interactions totally (panel
B). Hydrogen bonds have been Indicated by dash lines.

a fully-active CB1R state since these TM2 and TM3 reorganiza-  binding site (see panel A of Figure 10) could be reproduced
tions are inherent to CB1R active states [29]. By means of dock-  after modifying Arg148'°11 and His154*4! rotamers. However,
ing calculations, GAT228 postulated pose inside its putative  this was impossible for GAT229 due to the aforementioned
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structural differences between models. For this reason, both
the postulated binding mode (see panel A of Figure 10) and
the best docking solution (see panel C of Figure 10) have been
considered for GAT228, while only the latter (see panel A of
Figure 11) has been considered for GAT229. The main inter-
actions of these binding modes change, to a greater or lesser
extent, upon relaxation and equilibration MD simulations. For
this reason, for the sake of brevity, only such interactions for
the corresponding systems totally relaxed and equilibrated are
going to be described (see Supporting Information for main in-
teractions in initial structures).

Regarding GAT228 binding modes inside the putative binding
site 1, it can be seen that the main differences between pos-
tulated and docking binding modes lie in the position of the
2-phenylindole ring inside this cavity (see panels A and C of
Figure 10, respectively), affecting the rest of its substituents.
For the postulated pose, this ring is located slightly on the
left side of TM2 intracellular end, allowing its hydrogen bond
with His154%4 side chain, whereas for the docking pose, the
2-phenylindole ring is located on the right of TM2 intracellular
end, forcing its hydrogen bond with the oxygen backbone atom
of His154*., Although in both cases the NO, group points out-
wards the cavity, forming a hydrogen bond with Argl4g™'!,
due to a distinct spatial arrangement of the 2-phenylindole ring,
the phenyl ring at § position of the NO, group can only be intro-
duced in the hydrophobic region between TM2 and TM4 in the
postulated pose. Regarding the indole ring phenyl substituent,
it is placed in a hydrophobic region in both poses, however, the
identity of its neighboring residues and their interaction with
this ring are totally different since the given ring is placed in a
distinct region in each binding mode. This ring point towards
TM4 intracellular end for the postulated pose, while it points
towards TM1 in ascending direction for the docking pose.

Obviously, the principal GAT228 interactions inside its putative
binding site change depending on the considered pose since its
spatial arrangement is totally different in each case. In relation
to its postulated pose, this is quite stable since after relaxation
and equilibration MD simulations, most of its interactions are
preserved to a large extent and GAT228 arrangement inside its
putative binding site hardly varies. This can be seen by compar-
ing panels A and B of Figure 10. The most noticeable change is
that the hydrogen bond between the 2-phenylindole NH group
and His154%#! gide chain is broken due to a counterclockwise
90° rotation of His154%% ring, giving rise to a NH-7 interac-
tion between these two groups. The principal GAT228 inter-
actions exhibited once the system is relaxed and equilibrated
are the following ones: (1) Hydrogen bond between the NO,
group and the Argl48°! side chain (d(GAT228-O1-HH21-
ArglﬁiﬂI‘:'Ll}:n'l.lEﬁ;}; (2) Hydrophobic interactions between
the 2-phenylindole six-membered ring and residues Leul38'-*,
Ie141™", Leu142", and Vall61*#%; (3) Hydrophobic interac-
tions between the phenyl ring at § position of the NO, group
and residues Valle12-%€, Ala16224% Phe237%4, and Trp241*°0;
(4) Cation-m interaction between the indole ring phenyl substit-
uent and Arg230** (d(indole ring phenyl substituent centroid-
CZ-Arg230*™=77A); (5 NH-m interaction between the
2-phenylindole NH group and His154># side chain (centroid-
centroid distance=5.94A); (6) ™=x parallel stacking interaction
between the indole ring phenyl substituent and Phe2374

{centroid-centroid distance 4.4A). It is worth noting that the
GAT228 postulated binding mode [30] has been reproduced sat-
isfactorily as the vast majority of its interactions can also be ob-
served in our binding mode, excluding the aromatic interactions
that involve Trp2414-39,

Regarding the docking pose, it has turned out to be much less
stable since during relaxation and equilibration MD simula-
tions GAT228 undergoes a reorganization. In particular, a
clockwise rotation of ~30° around the axis defined by the two
2-phenylindole carbon atoms closest to TM4, modifying nota-
bly the initial GAT228 arrangement and interactions (compare
Panels C and D of Figure 10). The most significant changes are
that hydrophobic and aromatic interactions of the indole ring
phenyl substituent and the phenyl ring at § position of the NO,
group are considerably depleted and initial interactions with
His154** are broken. In this case, the main GAT228 interac-
tions after relaxation and equilibration MD simulations are: (1)
Hydrogen bond between the NO, group and the Arg148'“! side
chain (d(GAT228-01-HH21-Arg148'CL1)=1.894); (2) Doble
hydrogen bond between the NO, group and the Arg230** side
chain (d(GAT228-02-HH11-Arg230*)=2.63A; d(GAT228-
DZ—HHlE-ArgZSD"'m}z 3.214)% (3) Hydrogen bond between
the NO, group and the His154**' side chain (d(GAT228-
02-HE2-His154**")=3.28 A); (4) Hydrophobic interactions
between the indole ring phenyl substituent and Vall61%4%;
(5) Hydrophobic interactions between the 2-phenylindole
siv-membered ring and residues Phel55%42, Ala233%42
Val234%43 and Phe237*4; (6) Hydrophobic interactions be-
tween the phenyl ring at g position of the NO, group and res-
idues Val23444* and Phe237%4%; (7) n-m stacking interaction
between the 2-phenylindole ring and Phe237%4¢ (d(centroid
of the 2-phenylindole six-membered ring-Phe237*4¢ cen-
troid)= 5.0 A; d{centroid of the 2-phenylindole five-membered
ring-Phe237*4¢ centroid)=4.3 A).

Regarding the docking in the GAT229 binding mode inside
the putative binding site 2, due to the narrowness of such
cavity, GAT229 is partially ejected from the cavity during
relaxation and eguilibration in MD simulations placing it
in a guite superficial way. This entails a total reorganiza-
tion of its interactions. The main GAT229 interactions after
relaxation and equilibration MD simulations are: (1) Triple
hydrogen bond between the NO, group and the Arglg25Cl!
side chain (d(GAT229-01-HH11-Argl82E°L) = 196 A;
d(GAT229-01-HH21-Argl82EC) =2.30A;  d(GAT229-02-
HH21-Argl828°1)=195A); (2) Hydrogen bond between
the NO, group and the Tyr1722* side chain (d(GAT229-02-
HDH—Tyrl‘?ZI'Sg}z 1.954); (3) Hydrophobic interactions be-
tween the 2-phenylindole ring and residues Ilel69*~® and
Tyr172%%; (4) Hydrophobic interactions between the in-
dole ring phenyl substituent and Val188*2%; (5) Cation-w in-
teraction between the 2-phenylindole ring and Lys192%%
(dicentroid of the 2-phenylindole six-membered ring-
NZ-Lys192%)=5.3A; d(centroid of the 2-phenylindole
five-membered ring-NZ-Lys192°2%)=53A); (6) m-m par
allel stacking interaction between the 2-phenylindole six-
membered ring and Tyrl722® (centroid-centroid distance
4.6 A); (7) Cation- interaction between the indole ring phenyl
substituent and Arg1828°H! (d(centroid of the indole ring phe-
nyl substituent-CZ-Argl825C1) =4.8 A).
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TABLE 5 | Total free energy (, oorancrssan) with its different contributions for binary and ternary complexes dertved from GAT228 and
GATZ229 binding to their respective ;n"i tive binding sites for thelr considered binding modes. A dual superscript has been used because allosteric
modulator can be in absence (GAT228) or presence (GAT220) of CP55940. All free energies have been expressed in keal mol-?.

' CP
Compound Pose aag'““m acﬁ““"‘“’ aag'““fm A.L'::‘.E'M =
GAT228 Docking ~7.62 — —606.53 —614.15

Postulated —11.50 — —607.94 —619.44
GATZ229 Docking —3.41 —12.60 —593.75 —609.77

TM4
outward
displacement

FIGURE 12 | Overlap of GAT228:CE1E complexes derfved from
binding on the allosteric and postulaten binding sites. Most populated
GAT228:CB1R complex derived from binding on the allosteric site has
been depicted In blue, while these complexes derived from binding
on the putative binding site 1 with GAT228 adopting its postulated
binding mode and its best docking pose have been depicted In purple
and green, respectively. The two axes of the broken TM4 helix have
been Indicated in dash lines.

As it has been illustrated in Sections 3.1 and 3.2, to assess a
given allosteric site, total free energy of the resulting complex
derived from binding in such site must be calculated. Table 5
contains this total free energy along with its contributions for
complexes derived from GAT228 and GAT229 binding to their
respective putative binding sites for their considered binding
modes. Although both putative binding sites are considerably
less hydrophobic than the real one, the same scaling factor for
the non-electrostatic contribution of the binding free energy
was employed in order to obtain comparable values, despite
the fact that the most rigorous treatment would be not carry
out such scaling. In relation to GAT228, both considered
binding modes in its putative binding site show a comparable
&Gf‘.ﬁ‘d to the obtained one for this compound in the allosteric
site (compare GAT22% pose 2 in Table 1 with GAT228 in
Table 5), so that GAT228 exhibits a similar stability both in
the allosteric site and in its putative binding site. In contrast,
the stability of induced conformations upon GAT228 binding

inside such sites is totally different, being CB1R conformations
derived from binding in the allosteric site much more stable.
This larger conformational stability is the determining factor
for binding inside the experimentally reported allosteric site.
From a structural point of view, this observed conformational
instability is due to an outwards displacement of TM4 intra-
cellular end (see Figure 12), which is necessary to be able to
settle GAT228 in its putative binding site. This displacement
causes TM4 to be a “broken” « helix since it exhibits two well-
differentiated axes. In contrast, regarding GAT229, both the
alternative binding mode inside its postulated binding site and
CB1R conformations induced upon such binding are much
more instable than the corresponding ones to the experimen-
tally reported allosteric site (compare GAT229 poses 1 and 2
in Table 3 with GAT229 in Table 5), discarding its postulated
binding site as well. The observed binding instability is due to
the superficiality of GAT229 binding in given site, while the
observed conformational instability is because of an increase
of the spacing between TM2 and TM3 extracellular ends in-
duced by GAT229 binding between them. This propagates
to TM1 and TM4 that exhibit an ocutward movement of their
extracellular ends. Additionally, this TM2 and TM3 spacing
avoids the compound TM7 movement along with its accompa-
nying TM#6 extracellular end and a8 helix movements, which
are associated with CB1R fully-active states since, as exposed
in Section 3.3, the resulting CB1R conformations have a bet-
ter G-protein binding (see Figure 13). Interestingly, neither
GAT228 nor GAT229 binding in their postulated binding sites
induce CBI1R conformations that exhibit structural features
compatible with its active states (see Section 3.3), which, along
with the aforementioned instability, discards given postulated
binding sites totally.

Finally, it is important to note that mutagenesis studies to
determine the CB1R positive allosteric sites discard, among
others, the postulated binding sites considered in this work.
However, the paper corresponding to such mutagenesis stud-
ies [31] stated that allosteric-modulators binding takes place
mainly in the experimentally reported allosteric site [29],
though the putative binding site 2 cannot be totally dismissed
due to a notable decrease in GAT229 activity upon mutation
Arg220Ala*%, This latter conclusion is not totally correct
since given activity decrease is also observed in a comparable
extent for the remaining considered compound in that paper.
In particular, for CP55940, ZCZ011, and GAT228, which indi-
cates that this arginine takes part in the global CB1R activa-
tion process since this is related with both allosteric activation
and orthosteric activation, discarding its associated putative
binding site as well.
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FIGURE 13 | Owerlap of GAT220:CB1R complexes dertved from binding on the allosteric and postulated binding sites. Significantly populated
GAT229:CB1R complexes derived from binding on the allosteric site (pose 1 in green and pose 2 in blue) and on the GAT229 postulated site (In purple)
have been depicted. It 15 worth noticing that GAT229 binding in its putative binding site provokes a spacing between TM2 and TM3 extracellular
ends, which Is further propagated to TM1 and TM4 that exhibit an outward movement of thelr extracellular ends (compare purple structure with
green and blue ones). All this together avolds the compound TM7 movement along with its accompanying TM6 extracellular end and a8 helix
movements, which are assoclated with CB1R fully-active states.

TABLE 6 | The 6s expertmentally reported EC,, its derlved pK, and &G:::n“ and AGH", for the 6s racemic mixture calculated from relative
populations of its binary complexes according to ﬂ% of them. The experimental Eﬂm of 65 was collected from a previous paper [22]. Its
corresponding pKj, was calculated assuming that Ky = ECy, and employing pKy = — lug{Kn] where Its corresponding error has been obtained
propagating EC, , standard deviation according to the uncertainty propagation law. AGE®2"” has been calculated from EC,, employing Equation (4)

and its corresponding error has been obtained propagating ECSD standard deviation according to the uncertainty propagation law.

; . 4 . allo allo
Compound Experimental EC_; Experimental pK; A.GE LGI ind
68 26+0.13 7.585+0.002 —10.411 £0.003 —10.28

3.6 | Importance of Polar/Charged Residues/
Groups on the CB1R Allosteric Site

The incorporation of polar groups in CB1R allosteric modu-
lators that belong to the 2-phenylindole structural class can
improve their affinity significantly. GAT221 would be the best
compound to illustrate this fact since its intrinsic affinity has
been increased through fluoridation of its carbon atom skele-
ton or substitution of its indole ring phenyl substituent by he-
teroaromatic substituents [22, 23]. All this brings to light that
relevant polar/charged residues/groups must be present in the
CB1R positive allosteric site. However, apart from Ser19933,
whose role is forming hydrogen bonds with the NO, group ac-
cording to our results (see Section 3.1), no residue of this na-
ture has been reported experimentally for that site [29]. With
the aim of shedding light on this issue, the binding modes

of 65 in the CB1R positive allosteric site have been studied
similarly. 6s arises from including a fluorine atom in each of
GAT221 ring systems (see Figure 2). Obviously, the fluorine
atom contained in the 2-phenylindole ring is always pointing
towards the same direction since the NH group of this ring
must form a hydrogen bond with the oxygen backbone atom
of Phel91*%", However, this is not the case for the other two
fluorine atoms, given that the phenyl rings where these fluo-
rine atoms are placed have total rotational freedom. For this
reason, 16 distinct binding modes have been considered for
each 6s enantiomer which derived from combining the 4 origi-
nal binding modes with the two possible orientations, towards
the CB1R positive allosteric site or cellular membrane, of the
fluorine atoms whose phenyl rings have free rotation. For the
sake of clarity, the fluorine atom placed at the indole ring phe-
nyl substituent is called as F,, while the fluorine atom placed
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at the phenyl ring at g position of the NO, group is called F,.
Additionally, the orientation towards the CB1R positive al-
losteric site is referred as an inwards orientation, while the
orientation towards cellular membrane is referred as an out-
wards orientation.

In Table & appears the 6s experimentally reported EC_, its de-
rived pK,, and &G;?:m and &Gt“,f.f'd for the s racemic mixture
calculated from relative populations of its binary complexes
according to &Gﬂf‘l of them (see Tables 53 and 54 for &Gﬂﬁ,
&Gﬂg, &% and relative populations of binary complexes de-
rived from both 65 enantiomers in their different poses). As
for previous compounds, it has been obtained a highly sim-
ilar value to &G;gfh, however, due to the tiny standard de-
viation reported for EC,;, a complete match between &E%';]
and &G::;m has not been achieved. It is worth noting that the
6s experimental EC,;, has been obtained employing a fitting
model to determine this magnitude where the standard devi-
ation for three independent fittings has been reported as its
error. This way of proceeding can underestimate EC,;, error
since this also depends on the goodness of fit (not reported),
which seems to be the case given the reported accuracy for
other equivalent measures of the same work (e.g., 65 EC,; in
presence of CP55940=13.7+11.3nM). This underestimation
of EC_, error would justify the small mismatched observed
between &Gﬂﬁl and A . Regarding 655 enantiomer, its
significantly populated binary complexes derived from its
pose 1 with F, pointing outwards while F, inwards, its pose 2
with F| pointing inwards while F, outwards, its pose 4 with F,
pointing inwards while F, outwards and its pose 4 with F, and
F, pointing outwards (relative populations of 0.3585, 0.1762,
0.1339, and 0.3042, respectively). In contrast, 6s R enantiomer
only exhibits two significantly populated binary complexes
that derived from its pose 1 with F, pointing outwards while
F, inwards and its pose 2 with F, and F, pointing outwards
(relative populations of 0.2939 and 0.6958, respectively). It is
important to note that fluorine atoms incorporation does not
prevent binding modes 2 and 4, poses in which the NO, group
is hydrogen bonded to Ser199%**, from being the most rele-
vant ones for binary complexes. This result highlights again
the key role of both the NO, group and Serl199** in relation
to CB1R positive allosteric modulation, which is in agreement
with the experimental observations [29, 57].

On the other hand, additional relevant electrostatic interac-
tions of the CB1R positive allosteric site, in other words, with-
out considering hydrogen bonds between the 2-phenylindole
NH group and the oxygen backbone atom of Phel91%27 and
between the NO, group and the Ser199** sidechain, can be
unveiled through analysis of 6s fluorine atoms interactions.
According to different poses that both 6s enantiomers adopt
in the CB1R positive allosteric site for their significantly pop-
ulated binary complexes, it can be established that their fluo-
rine atoms mainly interact with the sidechain NH} group of
Lys192*2% the backbone NH group of Gly194*3C and the side-
chain OH group of Ser199** by means of hydrogen bonds (see
Figure 14). These interactions justify the better 6s affinity in re-
lation to its parent compound since 6s preserves most GAT221
favorable interactions, whose character is mainly hydropho-
bic, and, additionally, incorporates the electrostatic interac-
tions coming from its fluorine atoms. According to our results,

- lle245%54

FIGURE 14 | Schematic representation of additional relevant
electrostatic interactions for the CB1R positive allosteric site caused
by Inclusion of extra polar/charged groups to allosteric modulator. 6s
5 enantlomer In its pose 1 with F, and F, pointing inwards has been
depicted since all these Interactions take place simultaneously (see
hydrogen bonds which involve Lys19232% and Glyl94*3), Hydrogen
bonds have been indicated by dash lines.

Lys192*® and Gly194*" give rise to additional relevant elec-
trostatic interactions of the CB1R positive allosteric site, open-
ing the door to improve the affinity of mainly hydrophobic
CB1R allosteric modulators by targeting them. Additionally,
though there may be some other relevant polar/charged
groups, electrostatic interactions that arise from Phe1912-%7,
Lys192*28 Gly194** and Ser199°-3 allow to rationalize most
SAR studies of GAT221 analogs derived from fluoridation
of its carbon atom skeleton, incorporation of nitrogen atoms
inside this skeleton and substitution of its indole ring phenyl
substituent by heteroaromatic substituents [22, 23]. In particu-
lar, incorporation of hydrogen bond acceptors in the two sub-
stitutable positions of the 2-phenylindole six-membered ring
adjacent to its NH group is favored due to interactions with
the sidechain NH,* group of Lys192%2 (poses 1 and 2) or the
backbone NH group of Gly194*3° (poses 3 and 4). However,
the CB1R positive allosteric site is highly hydrophobic and ac-
cess to its hydrogen bond donors that give rise to additional
relevant electrostatic interactions is restricted, provoking that
hydrogen bond acceptors incorporated to allosteric modulator
must have a particular size in order to not cause unfavorable
interactions with hydrophobic residues or the oxygen backbone
atom of Phe1912-¥7 which explains the opposed effect observed
for fluoridation and incorporation of nitrogen atoms in such
positions. In relation to incorporation of hydrogen bond accep-
tors in the ring at § position of the NO, group, only the ortho
position allows to establish hydrogen bonds with the sidechain
OH group of Ser199** (poses 2 and 4) without causing unfa-
vorable interactions with hydrophobic residues found in this
region or cellular membrane. Again, bias in the incorporated
hydrogen bond acceptors is observed. It is worth noting that
simultaneous incorporation in both ortho positions of the con-
sidered ring would be unfavorable since one of the hydrogen
bond acceptors would be pointing to cellular membrane, as
observed experimentally. Regarding the modification of the
indole ring phenyl substituent, incorporation of a hydrogen
bond acceptor is favorable in ortho and meta positions for both
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six-membered rings and five-membered rings due to interac-
tions with the sidechain NH,* group of Lys192%** (poses 3 and
4) or the backbone NH group of Gly194** (poses 1 and 2). It is
important to note that given incorporation is favorable, provid-
ing it does not entail incorporation of a hydrogen bond donor
or an additional hydrogen bond acceptor, since otherwise un-
favorable interactions with cavity hydrophobic residues would
be established. Similarly, bias in the incorporated hydrogen
bond acceptors is also observed, indeed, a preferential trend
of sulfur atom > oxygen atom > nitrogen atom was established.
Surprisingly, incorporation of a hydrogen bond donor in ortho
position is tolerated in this particular case due to the possi-
bility of forming a hydrogen bond with the oxygen backbone
atom of Phe1912%7. It is important to note that most polar/
charged residues/groups of the CB1R positive allosteric site
with the ability of interacting with allosteric modulators are
hydrogen bond donors, that is why incorporation of hydrogen
bond acceptors is better tolerated.

Regarding allosteric modulation activity, it has been determined
experimentally that 65 racemic mixture behaves as an ago-PAM
[22]. Nevertheless, according to results of Section 3.3, each 6s
enantiomer must give rise to a single different positive allosteric
modulation activity, in particular, its R enantiomer must be re-
lated to PAM activity, while its § enantiomer must be associated
with allosteric agonist activity taking into account the Cahn-
Ingold-Prelog rules. Considering significantly populated binary
complexes for 65 enantiomers, it can be drawn that this relation-
ship between positive allosteric modulation activities and spa-
tial arrangement of substituents around the carbon atom in g
position of the NO, group (chiral carbon atom 1) is fulfilled since
the complexes of each enantiomer exhibit the structural features
associated with its corresponding positive allosteric modulation
activity according to given relationship. Specifically, it has been
observed that 65 § enantiomer provokes an outwards displace-
ment of TM4 extracellular end, suffering a slight loss of a helix
content, that distances this a helix from TM2, TM3, and TM5,
which is consistent with allosteric agonist activity, while 65 R
enantiomer also causes this displacement, though now TM4 ex-
tracellular end undergoes a significant loss of a helix content
and this transmembrane helix distances from TM2 and TM3 but
approaches to TMS5 (see Figure 514). This result reinforces the
hypothesis that in the case of the 2-phenylindole compounds
with a single chiral carbon atom, each CB1R positive allosteric
modulation activity can be associated with a specific spatial ar-
rangement of substituents around this chiral carbon atom.

4 | Conclusions

Employing the PDLIYS-2000 approach along with our refined
CG model, it has been unveiled the subtleties of CB1R positive
allosteric modulation arisen from its allosteric modulators be-
longing to the 2-phenylindole structural class.

Our methodology allowed to reproduce the experimental
K,z for a diverse assortment of this type of compounds well-
characterized experimentally considering CP55940 as an ago-
nist. This indicates that we identified and characterized binary
and ternary complexes arisen from them in their different poses

successfully. In other words, both A Gy for allosteric modu-
lators and CP55940 in their different poses in their respective
binding sites and A Gyyy for the resulting binary and ternary
complexes have been determined correctly. Thus allowing
the calculation of the relative populations of these complexes
through & G

Relative populations for binary complexes justify the importance
of both Ser199°* and the NO, group of this type of compounds
in CB1R positive allosteric modulation. That is why the main
binary complexes derived from allosteric modulators in their
binding mode 2, in which hydrogen bonds between both are es-
tablished. In contrast, relative populations for ternary complexes
indicate that their significantly populated complexes derived
from allosteric modulators in their binding modes 1 and 3, which
agrees with the experimentally reported ZCZ011 binding mode.

Analyzing structural features and interactions between al-
losteric modulators and the CB1R positive allosteric site for sig-
nificantly populated complexes, both the structural basis and
the origin at molecular level of CB1R positive allosteric modula-
tion have been determined. In the case of binary complexes, this
modulation lies in an outwards displacement of TM4 extracel-
lular end whose direction and loss of o helix content change ac-
cording to the type of positive allosteric modulation. Regarding
the allosteric modulators-CB1R interactions, PAM activity is
associated with a spatial arrangement of substituents around
the chiral carbon atom 1 equal to the GAT229's one. We note
that it arises from a deeper insertion between TM3 and TM4 of
the allosteric modulator ring placed at the right side of this first
transmembrane helix, which is linked to a better m-n stacking
interaction with Phe191** and a more favorable hydrophobic
interaction with TM4. On the other hand, the allosteric agonist
activity, associated with a spatial arrangement of substituents
around the chiral carbon atom 1 equal to the GAT228's one or
insertion of chirality in the chiral carbon atom 2, is linked to
a more intense favorable interaction with residues Leul&s32,
[le1692-6, Ala198**4 and Ser199*%*. It is worth noting that
this observed relationship between the spatial arrangement of
substituents around chiral carbon atoms and the type of CB1R
positive allosteric modulation suggests that the stereoselectivity
is an inherent property of this type of compounds. In the case
of ternary complexes, CB1R positive allosteric modulation lies
in the regulation of the range of motion of the compound TM7
movement apparently caused by the orthosteric agonist itself.
Although the differences are less noticeable, the observed trends
for binary complexes in relation with allosteric modulators-
CBI1R interactions are largely still valid. Additionally, it has
been determined that residues Lys192*2% and Gly194%-* are re-
sponsible for additional electrostatic interactions established by
allosteric modulators belonging to the 2-phenylindole structural
class that incorporate extra polar groups. These two residues
along with Phe191%**7 and Ser199*3 allow the rationalization of
most SAR studies for this type of compounds.

On the other hand, our methodology is also effective for screen-
ing of putative CB1R positive allosteric sites since the CB1R pos-
itive allosteric site has been successfully identified through the
calculation uf&GS:‘;mcpm of the resulting complexes upon
binding in those sites.
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Owr study offers a deeper insight into GPCRs allosteric modu-
lation focusing on its positive branch as well as a better com-
prehension of the molecular architecture of the CB1R positive
allosteric site. It also sheds light in how allosteric modulators be-
longing to the 2-phenylindole structural class interact with this
site and give rise to their allosteric modulation. All this points
out towards the predictive value of the methodology used in the
current work, which can be applied to other biophysical systems
of interest. We expect that this study will contribute to both en-
courage a more thorough exploration of GPCRs allosteric mod-
ulation and the development of new CBI1R positive allosteric
modulators with enhanced properties.
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