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Cover legend

The cover figure depicts several superimposed cannabinoid receptor 1 (CB1) structures relevant
in this thesis. An active-like conformation generated during Molecular Dynamics simulations presented
on Section 5.1 of this thesis is depicted in cyan. This conformation was generated starting from an
inactive crystal structure of CB1 (from PDB ID 5UQ9). For clarity purposes, only transmembrane helix
6 (TM6), and residues F200%%¢, F23744¢ and Y3977 of the inactive state are depicted in green. Red
arrows represent the most relevant conformational changes upon receptor activation as described on
Section 5.1, which include outward movement of TM6, upward axial movement of TM3, and
conformational shifts of F200%2¢ and Y3977%%, The opening of the intracellular cavity upon activation
forms the G protein binding site. A fully active, G protein-bound crystal structure of CB1 (PDB ID
6KPG) is also superimposed, and its co-crystallized G, subunit is depicted in yellow. Superimposed
onto these structures, coordinates of co-crystallized ligands CP-55940 and ORG27569 from PDB ID
6KQI are depicted as black sticks, representing the orthosteric binding site and an allosteric binding

site, respectively.
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1.1. G protein-coupled receptors

G protein-coupled receptors (GPCRs) are a family of approximately 800 membrane proteins
which are classified into six subfamilies or classes: class A (rhodopsin-like receptors), class B (secretin
family), class C (glutamate receptor family), class D (fungal mating pheromone receptors), class E
(cyclic AMP receptors) and class F (Frizzled and Smoothened receptors) (Ghosh et al. 2015). In this
thesis, we focus on class A GPCRs, which is the most extensively studied family of GPCRs. GPCRs
are involved in the signaling process of the cell in response to a wide range of stimuli, including small
organic molecules, peptides, proteins or even photons (Lagerstrom and Schith 2008). The signaling
function of GPCRs usually results in the binding of transducer molecules, such as G proteins, arrestins
and GPCR kinases (GRKSs), which modulate downstream signal transduction. The most studied
transducers that bind to GPCRs are G proteins, which are heterotrimeric proteins formed by subunits
Ga, G and Gy. Ga subunits can function independently of G and Gy to regulate key effector signaling
pathways such as adenylyl cyclase and phospholipase C (Wootten et al. 2018) and can be classified into
4 families: Gs, Gijo, Ggi1 and Gizis. On the other hand, GB and Gy form an obligate heterodimer (Gfy)
that modulates transcription, second messenger molecule generation in organelles, chemotaxis and also

regulates Ga signaling (Khan, Sung, and Hébert 2016).

GPCRs are flexible proteins that can adopt multiple conformations. In recent years, technological
advances have allowed the optimization of crystallization techniques for GPCRs, including enhancing
the expression levels of recombinant GPCRs in host cells, protein engineering and novel purification
and crystallization protocols (Ghosh et al. 2015). To date, there are over 700 entries of GPCR crystal
structures spanning over 100 GPCRs registered in the Protein Data Bank (PDB) according to GPCRdb
(Isberg et al. 2016), most of which are class A GPCR structures in different activation states, and several
of them bound to heterotrimeric G protein or G protein mimetic nanobodies. Currently, high resolution
structures are usually obtained experimentally from X-ray crystallography or cryo-electron microscopy
methods. This has allowed the identification of structural determinants of ligand binding and receptor
activation. In general, class A GPRCs share a common structure, formed by seven transmembrane (TM)
helices connected by three extracellular loops (ECL1-3) and three intracellular loops (ICL1-3). The N-
terminus is located in the extracellular side of the membrane, while the C-terminus extends toward the
intracellular region of the membrane, and generally contains an additional helical region (helix 8) that
extends parallel to the intracellular leaflet of the membrane. A schematic representation of the structure

of cannabinoid receptor 1 (CB1), a class A GPCR, is depicted in Figure 1.
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Figure 1. Diagram of the sequence and structure of cannabinoid receptor 1 (CB1), a class A GPCR. Highlighted
residues in red: most conserved residues in each TM (x.50); blue: other conserved residues with a well-known
role on class A GPCR activation; yellow: residues V34 and L% from the non-conserved “transmission switch”

(with L>% represented in red as it is also the most conserved residue in the helix).

Despite low overall sequence conservation across GPCRs (Isberg et al. 2016), GPCR structure is
highly conserved, and contains several highly conserved residues in each of the TMs. For this reason,
it is useful to define a particular numeration scheme that allows comparison between different GPCRs.
For class A GPCRs, it is common practice to include the Ballesteros-Weinstein numeration scheme
(Ballesteros and Weinstein 1995). This numeration scheme consists of two parts x.yy, where X is the
number of the TM in which a residue is located, and yy denotes the position of the residue relative to
the most conserved residue of the TM. The most conserved residue of each TM is arbitrarily denoted
as x.50, and in class A GPCRs, these residues are conserved as follows (sequence identity indicated in
brackets): N (98%), D**° (90%), R*% (95%), W*%° (97%), P55 (78%), P®%° (99%) and P”*° (88%)
(Isberg et al. 2015). Ballesteros-Weinstein numbering scheme is denoted as a superscript and will be
included for all residues located in TMs throughout this thesis. The position of such residues in CB1
are depicted in red in Figure 1. It should be noticed that, given the conservation of GPCR structure, such
residues are generally located in similar three-dimensional coordinates. Thus, residues that share the
same Ballesteros-Weinstein numbering scheme can be located easily across different class A GPCRs
for comparison.
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1.2. Class A GPCR activation

The hallmark of class A GPCR activation is a large-scale outward movement of TM6 which is
essential in order to open a cavity necessary for the binding of signaling proteins. To a lesser extent,
TM6 outward movement is accompanied by TM5, while other conformational changes that shape the
binding site of the signaling protein include an upward shift and rotation of TM3, and an inward
movement of the intracellular region of TM7 (Katritch, Cherezov, and Stevens 2013). These
conformational changes are accompanied by shifts in so-called microswitches, which are highly
conserved residues that are commonly associated with receptor activation (Weis and Kobilka 2018;
Tehan et al. 2014). These microswitches include the D[E]R*?Y motif in TM3, the NP7%%xxY motif in
TM7 and the CWxP%% motif in TM6. Another microswitch is constituted by the P50 [340 F844 residues,
which has been denominated the “transmission switch” residues that communicate the orthosteric site
with the intracellular region of the receptor to activate the receptor. The location of these well-known
microswitches is also depicted in Figure 1 in blue. In Section 5.1 (Article 1) we examine the large-scale
conformational changes and the role of these microswitches on the activation mechanism of
cannabinoid receptor 1 (CB1), except for the P50 [340 F844 “transmission switch” residues. This is
because none of these residues is conserved in CB1, and instead these residues are L5%, V340 and L544
in CB1, as shown in yellow (V34 and L®) and in red (L>*°) in Figure 1.

In crystal structures of G protein-bound class A GPCRs, it can be observed that Ga binds to the
intracellular surface of receptor, in a cavity formed mainly by residues in TM3, ICL2, TM5, TM6, TM7
and helix 8 in the active state of the receptor (Carpenter et al. 2017; Rasmussen et al. 2011; Draper-
Joyce et al. 2018; Koehl et al. 2018; Krishna Kumar et al. 2019; Hua et al. 2020). However, the specific
residues that participate in GPCR-G protein interaction and the orientation of the Ga subunit vary
depending on the receptor and the Ga subunit. Consequently, the molecular basis for GPCR-G protein
coupling specificity has not been found, although it has been hypothesized that G protein binding
specificity is determined at an intermediate state of the formation of the G protein-GPCR complex
(Krishna Kumar et al. 2019; Koehl et al. 2018) that may be dependent on the degree of the TM6 outward
movement (Gregorio et al. 2017; Rose et al. 2014). Furthermore, although G proteins have been found
bound to the active conformation of the receptor in crystal structures, it has been proposed that they
may also bind to the inactive receptor conformation to promote receptor activation (Mafi, Kim, and
Goddard 2022). Moreover, G proteins may stabilize active-like conformations of the agonist binding
site (Renault et al. 2019).

1.3. GPCR modulation by ligands
Due to the variety of stimuli and signaling pathways that they are involved in, GPCRs are

important drug targets. Currently, approximately 33% of marketed drugs target GPCRs (Santos et al.
4
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2017). As such, classical approaches in drug design focus on developing small molecules that target the
same binding site as the endogenous ligand (orthosteric site), by either mimicking the chemical structure
of the endogenous ligand, using substances existing in nature or by synthesizing new compounds.
Mathematical models are typically used to fit pharmacological data, and thus allow to obtain parameters
that are useful to compare and classify the pharmacological properties of those ligands (Roche, Gil, and
Giraldo 2013). As an example, Figure 2 shows the two-state model of agonism (del Castillo and Katz
1957) (reviewed in Leff 1995). This model allows to classify orthosteric GPCR ligands by their affinity
for the receptor (K) and their intrinsic efficacy (a). Ligand affinity (K) refers to the equilibrium
dissociation constant for the equilibrium between free receptor and ligand-bound receptor, while
intrinsic efficacy (a) measures the capability of the ligand to shift the equilibrium of conformations
towards the active state, which translates into stimulating a biological response (a > 1 in case of an

agonist, a = 1 in case of a neutral antagonist, a < 1 in case of an inverse agonist).

L
R =—— R*
K K/a
ol
AR AR*

Figure 2. Two-state model of agonism. The receptor is considered in an equilibrium between two states: inactive,
R and active, R* that can both bind agonist A. Because of the thermodynamic cycle, equilibrium constants are
determined by only three parameters: K (affinity of ligand A to the inactive receptor), L (propensity of the free
receptor to form active states, which determines the basal activity of the free receptor) and a (intrinsic efficacy of
the ligand). K is the equilibrium dissociation constant, defined as K=[A][R]/[AR], and L=[R*]/[R] measures the
constitutive receptor activity.

We can see that the model allows us to examine action of ligand A in two ways: (i) comparing
the horizontal arrows, induction model: the ligand bound-receptor has greater (a > 1), equal (o0 > 1) or
lower (a < 1) capability of activating the receptor than the free receptor itself; (ii) comparing the vertical
arrows, selection model: the affinity for the receptor active state is greater (o > 1), equal (o > 1) or
lower (a < 1) than that for the receptor inactive state. At saturating concentration, full agonists display
the maximal response from the receptor, while partial agonists produce a response weaker than the
maximal response of the system (aipartial agonist < Oull agonist). Neutral antagonists do not affect the activity
of the receptor (a = 1). Finally, inverse agonists reduce the activity of the receptor below the basal
activity (a < 1). Concentration-dependent response curves of drugs with different efficacy profiles are

depicted in Figure 3. Moreover, although not considered by the two-state model of agonism, some

5
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ligands display signaling bias, meaning they are capable of stimulating only certain signaling pathways
(i.e. stimulate G protein binding but not arrestin binding or vice versa), or do so with different efficacy
(Weis and Kobilka 2018). See Figure 3 for illustration of examples of different GPCR signaling
pathways.

Adenylyl
Ca?* Channel Cyclase

100+

Recycling back
to membrane

G protein
independent

\
signalling y
. ‘ ¥ MAPkinase
¥ pathway
v
. Gene expression
Inverse Agonist

Neutral Antagonist
Targeted for degradation
04 in lysosomes

Biological Response
[4)]
o
L

Log drug concentration ‘

Figure 3. Different signaling pathways of a GPCR and their regulation, including G proteins (Gs and G; in
this case), kinases and arrestins; and drug classification according to their maximal response at saturation
(efficacy). Taken and adapted from Kobilka 2013.

The development of drugs that target the orthosteric site has posed several challenges. Due to the
evolutionary pressure of binding the same endogenous ligand, orthosteric sites are highly conserved in
GPCR subfamilies and thus it can be difficult to discover or design subtype selective orthosteric ligands
(Y. Lee, Basith, and Choi 2018; Melancon et al. 2012). Moreover, these ligands do not allow a fine
tuning of their effects, meaning their effect is always dose-dependent. These limitations have grown the
interest in the development of allosteric modulators, ligands which bind to alternative, less conserved
topological binding sites of the receptor (allosteric sites). Allosteric modulators can increase (positive
allosteric modulator, PAM) or reduce (negative allosteric modulator, NAM) the affinity and/or efficacy
of orthosteric ligands (Christopoulos and Kenakin 2002). Allosteric modulators can also display
intrinsic efficacy on their own (ago-allosteric modulators, ago-PAMSs) (Schwartz and Holst 2006), or
increase agonist affinity while reducing their efficacy (PAM-antagonists) (Kenakin and Strachan 2018).

Allosteric modulators can also bias the functional response towards a particular signaling pathway
6
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(biased allosteric modulators, BAMSs) (Foster and Conn 2017). Their advantages over orthosteric
ligands have attracted research of these compounds, and there are several allosteric modulators in
clinical development (Emmitte 2017; Foster and Conn 2017; Lindsley et al. 2016).

Mathematical models of the cooperativity between orthosteric and allosteric ligands have also
been published in the literature (Roche, Gil, and Giraldo 2013). Besides the affinity of the allosteric
modulator for the free receptor, these models introduce cooperativity factor parameters, which measure
the mutual effect of ligand binding on the affinity or efficacy of the other ligand. For example, the
binding cooperativity factor (o, do not mistake with intrinsic efficacy from the two-state model of
agonism) measures the binding cooperativity between ligands and allow classification between NAMs
(a<1), PAMs (a > 1) and silent allosteric modulators or SAMs (a. = 1).

Allosteric modulators may have some advantages over orthosteric ligands (Christopoulos and
Kenakin 2002; Melancon et al. 2012). First, because the residues at the allosteric sites are not as
conserved as those at the orthosteric sites, the molecular design of allosteric modulators is not so
affected by the selectivity limitations between receptor subtypes. Second, allosteric modulators may
have intrinsic efficacy or not. In the latter case, the functional dependence of allosteric modulators on
the presence of the endogenous ligand may present temporal and spatial activity advantages over
orthosteric ligands because they would only affect cells where orthosteric ligands exert their function
at a physiologically relevant point in time. Moreover, since no effects would be observed in absence of
orthosteric ligand, allosteric modulators may reduce toxicity and avoid cases of overdose (phenomenon

known as “ceiling effect”).

1.4. GPCRs can form oligomers

The first evidence of GPCR dimerization was shown for gamma-aminobutyric acid (GABA)
receptors, which form heterodimers (GABAg:-GABAg;) (Kaupmann et al. 1998; Jones et al. 1998).
GABAGg receptors belong to the class C GPCRs, and it is well accepted that class C GPCRs form
obligate dimers in vivo and are required for receptor function (Kniazeff et al. 2011). On the contrary,
class A GPCRs are functional as monomers. Although the presence of class A GPCR oligomers has
been under debate (Lambert and Javitch 2014), there is increasing evidence that class A GPCRs are
able to form oligomers that display different ligand binding, signaling, trafficking and pharmacological
properties compared to the monomeric receptor (Bouvier and Hébert 2014; Gaitonde and Gonza 2017).
As an example, conformational changes in one of the protomers can be transmitted to another, which
are thus able to modulate ligand affinity and signaling function (Hiller, Kiihhorn, and Gmeiner 2013).

Although oligomers have not been studied in this thesis at the structural level, it is important to consider



:“\ s I N C
A Lo~ 4(’ Institut de

. . (* Neurociéncies
O MY
Universitat Autonoma de Barcelona ~'%v UAB

that changes in the conformational space of monomers may affect the propensity of the receptor to form

oligomers.

1.5. GPCRs are allosteric proteins

Here, we understand allosteric communication as a mechanism by which GPCRs can transmit a
conformational change when a perturbation is introduced in a different site, far from the region where
the effect is observed. Allosteric communication between sites can be observed due to the
conformational flexibility of GPCRs, which can explore a wide range of states. In fact, allosteric
perturbations can alter the dynamical properties of proteins such as the conformational entropy without
manifesting structural changes (Tzeng and Kalodimos 2012). In this regard, it has been shown that it is
important to consider ensembles of protein conformations when studying allosteric communication, as
allosteric perturbations may change the free energy landscape of allosteric proteins. Thus, the effect of
allosteric perturbations is a combination of contributions over the full ensemble of conformations of the
protein, meaning they can alter the probabilities of visiting the states of the ensemble due to their effect
on their free energy (Motlagh et al. 2014).

Many different sites capable of allosteric communication can be found in GPCRs. In the sections
above, several cases of allosteric communication have been presented and are summarized in Figure 4.
First, an orthosteric ligand can shift the equilibrium of conformations towards particular receptor
species, which alter their signaling properties. The orthosteric site and the signaling protein binding site
of GPCRs are generally far from each other, and the resulting conformational change upon agonist
binding has been observed in crystal structures of class A GPCRs (see Section 1.2). Thus, this
constitutes an allosteric perturbation transmitted between orthosteric and signaling protein binding site.
Second, an allosteric ligand can modify the orthosteric ligand affinity and/or efficacy, which would
ultimately affect the conformational properties of the receptor. Interestingly, native allosteric
modulators of GPCRs exist such as cholesterol (McGraw et al. 2019; Nguyen and Taub 2003; Hanson
et al. 2008; Bari et al. 2005) and sodium ions (Katritch et al. 2014). Third, receptor can form oligomers
that also alter the pharmacological properties of the receptor. Consequently, GPCRs are allosteric
proteins by nature. In this regard, GPCRs respond to different molecules such as neurotransmitters and
hormones to promote different signaling pathways. This results in a complex picture on the
pharmacology of GPCRs, as they can be modulated by orthosteric and allosteric ligands, ions,
membrane lipids or other proteins such as G protein or other protomers in a receptor oligomer, as well

as receptor mutations that may be present in disease.
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Figure 4. Examples of allosteric communication in GPCRs. Communication between: i) orthosteric site

A and G protein binding site B; ii) orthosteric site A, mutation site (red star) and G protein binding site
B; iii) orthosteric site A, G protein binding site B and allosteric site C; iv) orthosteric site A and G

protein binding site B in a receptor dimer.

1.6. Structural data and Structure-based Drug Design

High-throughput screening has become one of the standard and universal procedures in drug
discovery programs since its inception (Pereira and Williams 2007). This approach is based on the assay
of large collections of molecules (libraries) against selected drug targets. Molecules identified by this
approach (“hits”) are then used to develop drug leads and, ultimately, potentially viable drug
compounds. As such, this process can be lengthy and expensive, which is often a consequence of low-

quality composition of compound libraries (MacArron et al. 2011).

The increasing amount of available structural data has allowed the application of an alternative
or complementary approach to high-throughput screening called structure-based drug design (SBDD).
SBDD has emerged as a computational tool that can assist drug discovery programs to identify drug
candidates using the structural information of the drug target provided by crystal structures and has
been successfully applied to several drug targets in the past (Anderson 2003; Wlodawer and VVondrasek
1998; Rutenber and Stroud 1996). The most common methods employed in SBDD consist of molecular
docking, virtual screening and molecular dynamics (MD) simulations, which allow to characterize
ligand-receptor interactions and predict conformational changes that occur in the drug target upon
ligand binding (Batool, Ahmad, and Choi 2019). Collectively, these methods allow the design of ligands
that contain desired chemical features for pharmacological function or are used to curate large libraries
of compounds for high-throughput screening. They can also be used to provide insights into their
mechanisms of function, which then translates into a better understanding when applying SBDD

methods. The methods employed in this thesis are described in the following sections.
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1.6.1. Molecular docking

Molecular docking is a frequently used method to predict the conformation of a molecule within
the binding site of the target when the molecule has not been co-crystallized with the target. This method
is based on a scoring system, usually derived from semiempirical parameters and functions. Using this
scoring system, docking probes the conformational space of ligand-receptor with the aim to minimize
the free energy of binding for a resulting docking pose, although other approaches to obtain docking
poses have also been developed (Ferreira et al. 2015; J. Li, Fu, and Zhang 2019). Many docking
algorithms are currently available. Among them, commonly used software for docking small drug-like
ligands include Autodock (Morris et al. 2009), GOLD (Verdonk et al. 2003) and Glide (Friesner et al.
2006). Molecular docking has the benefit of generally being a fast process. However, it has several
weaknesses (Chen 2015): first, algorithms are designed and optimized for different conditions and thus
different scores may be found with different algorithms depending on the target; second, the accuracy
of docking is highly dependent on the reliability of the structure; third, molecular docking is not able to
discriminate the function of the bound molecule by itself; fourth, minimization of the free energy of
binding can converge towards a local minimum rather than a global minimum and thus provide a
suboptimal docking conformation, although this can be partially overcome by starting the
conformational search from different starting points. Moreover, although there is a general agreement
between high docking scores and finding drug leads, it should be considered that the highest docking
scores do not necessarily provide the best drug leads. Thus, molecular docking requires validation by

other approaches, such as binding experiments or MD simulations.

1.6.2. Molecular Dynamics simulations

At high resolution, crystal structures provide an accurate representation of the three-dimensional
coordinates of proteins, and thus they can offer insights into their mechanisms of biological function.
However, these structures are only snapshots of highly stabilized conformational states and are
commonly obtained after modification of the receptor with protein engineering methods. These
modifications include the use of fusion proteins (which usually involves the removal of ICL3) and
thermostabilizing mutations (Ghosh et al. 2015). Moreover, the experimental conditions of the
crystallization process are generally far different from native-like conditions. For this reason, molecular
dynamics (MD) simulations have emerged as a complementary tool to experimental findings, as they
allow to model the receptor in native-like conditions and to examine many intermediate or metastable
conformations, not only low energy conformational states (Torrens-Fontanals et al. 2020). MD
simulations is a computational method used to analyze the time-dependent physical movement of atoms
and molecules. Currently, the most employed MD simulation methods in GPCRs use atomistic or

coarse-grained models, but more detailed Quantum Mechanical (QM) models or more simplified
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Continuum Electrostatic models can also be employed (Y. Lee, Basith, and Choi 2018). In this thesis,
we focus on the use of atomistic, Molecular Mechanics (MM) models. In MM models, three-
dimensional coordinates are represented for each atom and are connected to others by means of a
potential energy function called force field. Then, the motion of each atom is calculated according to
Newton’s laws of movement. Force fields contain the functions and parameters used to model bonded
terms (bonds and angles are modeled after a harmonic potential function) and nonbonded terms
(including van der Waals and Coulombic interactions), which are fitted to reproduce experimental data.
The most commonly used MM force fields for simulating protein dynamics are AMBER (Case et al.
2005), CHARMM (J. Huang and MacKerell 2013) and GROMOS (Schuler, Daura, and van Gunsteren
2001). The potential energy function adopts similar forms in MM force fields. As an example, Equation

1 shows the form of the potential energy function in CHARMM.

Equation 1. Potential energy function in CHARMMZ22, which includes bonded terms: bond stretches (constants
kp and bo), angles (constants ky and 6o), dihedrals (constants ke, n and ), impropers (out of plane bendings,
constants k,, and wo), Urey-Bradley (cross-term accounting for angle bending, constants k, and ug); and nonbonded
terms: van der Waals (calculated by 12-6 Lennard-Jones potential, constant Rmin) and electrostatic potential
(Coulombic potential, constants i, gj and €). Constants in this function (parameters) are usually derived or

adjusted to fit empirical data.

V= z ky (b — by)? + z ko (6 — 6)) + 2 ks [1 + cos(ng — 6)]

bonds angles dihedrals
Y k@—e)? Y k)’
impropers Urey —Bradley
R \12 R.. \6 a4
min j; min ;; iq;
Tii Ty Ty
nonbonded Y Y Y

MM approaches are limited by the simplification of the potential energy function, by how their
parameters are derived, and by the atomistic approach itself. The main limitations of the atomistic
approach lie in 1) the inability to model chemical reactions because electron potentials are not defined,
and 2) achievable timescales. Usually, MM allows to study GPCR systems in MD simulations at the
timescale of microseconds at a practical computational speed in current typical workstations. However,
GPCR motions can occur at a timescale ranging from fs to ns for side chain movements, s to ms for
large-scale conformational changes such as receptor activation, and seconds to minutes for receptor-G
protein complex formation or dimerization (Vilardaga et al. 2003; Y. Wang et al. 2018; Lohse,
Maiellaro, and Calebiro 2014). While QM approaches include the definition of electron potentials and
thus is possible to observe chemical reactions, they are very computationally demanding (Y. Lee,

Basith, and Choi 2018). On the contrary, coarse-grained models allow to study larger timescales by
11



U " B :‘“ ’I I N c
A --* Y Institut de
. . - (*“( Neurociéncies
P S )
Universitat Autonoma de Barcelona ~x v UAB

considering groups of atoms (e.g. all atoms of a residue) as a single unit, increasing the uncertainty
(Sengupta et al. 2016). While coarse-grained models are useful in order to study protein-lipid
interactions (Sengupta et al. 2018) or protein-protein interactions in GPCRs such as those present in
GPCR-G protein complexes (Alhadeff et al. 2018) or predicting GPCR oligomer interfaces (Altwaijry
et al. 2017), MM methods are a reasonable compromise between structural accuracy and achievable
timescales for studying mechanisms of GPCR function at a monomeric level without including G

protein.

One of the main advantages of MD simulations is that they allow to easily control the system
conditions in such a way that additional perturbations can be introduced, i.e. ligand or protein binding,
receptor mutation or alternative membrane or solute conditions, which might model physiological,
pathophysiological or pharmacologically relevant conditions. This allows the examination of
mechanisms of conformational change, which can lay a foundation for SBDD methods described above
(Y. Lee, Basith, and Choi 2018).

12
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In this thesis we examine examples of allosteric communication between different sites of the
receptor, including receptor activation, where the orthosteric site and the intracellular site (binding site
of the signaling protein) communicate, the allosteric effects of mutations in the GPCR activation state
located at an allosteric modulator binding site, with the aim of understanding the mechanisms of
allosteric communication at a structural level in order to provide a general framework to facilitate the
use of SBDD approaches in GPCRs. As a model of class A GPCR, we will focus on cannabinoid
receptor 1 (CB1). CBL1 is a class A GPCR involved in the modulation of pain, mood, behavior and
appetite, and as such it has received attention as a drug target (Thakur et al. 2009; Pertwee 2005; Janero
and Makriyannis 2009; Seltzman et al. 2016). Despite some cannabinoid medications are currently
marketed in the US and EU (Lipnik-Stangelj and Razinger 2020), their development has faced
difficulties associated to negative side effects (Giraldo 2010). Moreover, selective drugs towards
homologous CB2 have promising application on the treatment of inflammation and neuropathic pain
(Lucchesi et al. 2014; Romero-Parra et al. 2016). Thus, understanding the mechanisms of function of
cannabinoid ligands can be useful for the design of novel molecules or the modification of currently
known drug leads to improve their pharmacology.

Objectives

1. ldentify residues involved in agonist-mediated activation of CB1 and key agonist-
receptor interactions.

2. Evaluate the structural effects of allosteric perturbations introduced in CB1.

3. ldentify key residues involved in the mechanism of allosteric communication between
orthosteric and allosteric ligand binding sites in CBL1.

4. Examine mathematical models that include ligand cooperativity parameters at the level
of the binding kinetics.

5. Offer perspectives on new computational methods applicable to structure-based drug

design.

14
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This thesis is organized as an article compendium, where each article corresponds to at least one
of the objectives of the thesis.

First Article: Revealing the mechanism of agonist-mediated cannabinoid receptor 1 (CB1)

activation and phospholipid-mediated allosteric modulation
Reference: Diaz, Dalton, and Giraldo 2019b

In this first article, we examine the mechanism of agonist-mediated activation of CB1, in
particular, classical cannabinoid AM-11542 and non-classical cannabinoid CP-55940, with the
objective of identifying key residues involved in the activation process and critical ligand-receptor
interactions. Moreover, we evaluate allosteric modulation exerted by membrane phospholipid 1,2-
dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), a net negatively charged phospholipid that has been
shown to promote [, adrenergic receptor both in experiments (Dawaliby et al. 2015) and in MD

simulations performed by our research group (Bruzzese et al. 2018).

Second Article: Evaluating allosteric perturbations in cannabinoid receptor 1 by in silico single-

point mutation
Reference: Diaz, Renault, and Giraldo 2022

Following the previous work on CB1, we introduced an additional allosteric perturbation in the
form of F237L mutation. This mutation has been shown to increase CP-55940 affinity for CB1 while
F237446 was proposed to have a role on the activation process (Shao et al. 2019). This residue is located
neither at the orthosteric nor G protein binding site, but rather at an allosteric site, where is a contact
residue for CB1 PAM-antagonist ORG27569 (Shao et al. 2019) and cholesterol (Hua et al. 2017).
Although this mutation has not been associated to diseases in patients, its mechanism of function can
provide insights into the mechanism of allosteric modulation by ORG27569, as their proposed effects

(increase in CP-55940 binding and decrease in receptor signaling) are seemingly analogous.
Third Article: Allosteric binding cooperativity in a kinetic context
Reference: Diaz et al. 2023

In this article, we examine allosterism of GPCRs using a mathematical model in the context of
the equilibrium rate constants, in particular, the allosteric ternary complex model and a heterodimer

receptor model. This allowed us to derive a relationship between cooperativity rate constant parameters

16
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that supports many values for these parameters for a single binding cooperativity parameter, which is

relevant in order to explain experimental and computational results.
Fourth Article: Artificial Intelligence: A Novel Approach for Drug Discovery
Reference: Diaz, Dalton, and Giraldo 2019a

As seen by the exponential growth of available crystal structures of GPCRs with an increasing
variety of co-crystallized ligands with different pharmacological properties, and by the fact that MD
simulations can generate very large collections of data about the dynamics of GPCRs, novel machine
learning (ML) methods are being developed to identify molecular determinants associated to the
pharmacological profile of the bound ligand(s). In this brief spotlight article, we provide an opinion on

the use of machine learning techniques in drug discovery programs.
Supporting Information

The supporting information for the research articles is presented in Appendix 1 and 2.
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4.1. Structure preparation

The work presented in this thesis is based on publicly available experimentally determined crystal
structures. Receptor coordinates were obtained from Protein Data Bank (PDB) (rcsb.org) (Berman et
al. 2000). In general, crystal structures were selected according to their resolution, their activation state
or due to the co-crystallization of relevant ligands. Then, a receptor model was generated from these
coordinates. In general, this involves the following steps: 1) removal of fusion protein and co-
crystallized lipids; 2) reverting mutations in the structure to the wt sequence obtained from Uniprot
database (The UniProt Consortium 2021); 3) modeling missing regions from the crystal structure.
Missing regions of the receptor (in particular, ICL3 is usually replaced by a fusion protein or not solved
in crystal structures of GPCRs due to its flexibility) were modeled ab initio using MODELLER (Webb
and Sali 2014). TM ends were defined according to secondary structure prediction tools PSIPRED
(Buchan et al. 2010) and JPRED (Drozdetskiy et al. 2015). N- and C-termini were modeled (ab initio)
only if a short sequence of residues was missing (<10). Otherwise, a truncated receptor was generated.
In the case of single-point mutant receptor models, the mutation was inserted by replacing the wt residue
with the highest probability score rotamer of the mutant residue according to Dunbrack rotamer library
(Shapovalov and Dunbrack 2011). Disulfide bridges, solved in crystal structures of the presented

models in this study, were maintained in all cases.

After generating the receptor model, it was energy-minimized in CHIMERA (Pettersen et al.
2004) in the AMBER14SB force field (Case et al. 2005) using steepest descent (1000 steps) and
conjugate gradient (100 steps) algorithms (unless otherwise indicated). If co-crystallized ligands were
not within the interests of the study, their coordinates were removed, generating a free receptor (apo)
model. Then, in order to introduce a ligand of interest, if that ligand was co-crystallized in any crystal
structure of the receptor or homologous receptors, they were inserted into the receptor by coordinate
superposition in CHIMERA.. Otherwise, they were docked into the receptor model using AUTODOCK
(Morris et al. 2009). The docking pose was selected according to the docking score and considering
experimental data that would indicate critical ligand-receptor interactions, generally in the form of
mutational data published in the literature. In any case, the model was further energy-minimized as

described above.

4.2. Preparation of Molecular Dynamics simulations systems

The MD simulation systems were built in CHARMM-GUI (Jo et al. 2008). To do this, receptors
were oriented according to Orientations of Proteins in Membranes (OPM) database (Lomize et al. 2006)
and embedded in homogeneous membranes composed by 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) unless otherwise indicated, since POPC is the most widely used membrane

phospholipid in MD simulations of GPCRs (Plazinska, Plazinski, and Jozwiak 2015; Niesen,
20
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Bhattacharya, and Vaidehi 2011; Hu et al. 2016; Song et al. 2017; Che et al. 2018; Filipek et al. 2014;
Pérez-Benito et al. 2017; Robert B. Laprairie et al. 2016; B. Li et al. 2012; Shim, Bertalovitz, and
Kendall 2011; Dalton, Lans, and Giraldo 2015; Bruzzese et al. 2018). The protonation state of the
receptor residues at pH 7.4 was predicted using PROPKA (Olsson et al. 2011), but alternative
protonation states were also considered due to their potential conformational selection properties (Lans,
Dalton, and Giraldo 2015; Bruzzese et al. 2018). MD systems were solvated using the TIP3P model for
water molecules and K+ and CI- ions were used for charge neutralization of the system, generally at a
0.15 M concentration unless otherwise indicated. The use of Na+ ions was avoided due to potential
sodium-mediated allosteric modulation (W. Liu et al. 2013; White et al. 2018; Katritch et al. 2014; Tao
and Abood 1998).

CHARMM36 force field (or the revised CHARMM36m force field published during the
development of this thesis) (J. Huang and MacKerell 2013) was selected for performing MD
simulations in this study due to their extensive use (Song et al. 2017; Jaiteh et al. 2020; X. Liu et al.
2017; Koehl et al. 2018; Jung, Cho, and Yu 2018; Mafi, Kim, and Goddard 2022; Krishna Kumar et al.
2019; Shim, Khurana, and Kendall 2016; Miao et al. 2018; Latorraca et al. 2018) and native membrane
lipid parameters. Parameters for ligands were generated in ParamChem, which derives parameters from
the CHARMM General Forcefield (CGenFF) (Vanommeslaeghe and MacKerell 2012). Before
performing MD simulations, energy minimization in the CHARMM36 forcefield was performed with
position restraints set for all ligand and receptor heavy atoms, allowing membrane lipids, solvent and
protein and ligand hydrogen atoms to optimize their configuration using conjugate gradient
minimization algorithm (2000 steps). MD simulations were performed using ACEMD (Harvey,
Giupponi, and De Fabritiis 2009) at 300 K and 1 atm and were divided into two main stages:
equilibration and production. During equilibration, MD simulation was run on the NPT ensemble with
position restraints on protein and ligand heavy atoms progressively released over ~8 ns, after which a
~20ns step was run without restraints. Then, pressure control was released (Harvey, Giupponi, and De
Fabritiis 2009) for the production runs. Production runs (at least 2 replicas, but generally 3) were

simulated without restraints for 1-3 ps each.

MD trajectories were visually inspected in Visual Molecular Dynamics (VMD) (Humphrey,
Dalke, and Schulten 1996). The software used for analysis varied depending on the objective of the
measure. In general, properties were measured using VMD and associated plugins, GROMACS
(Lindahl, Hess, and van der Spoel 2001) or Bio3D in R (Grant et al. 2006).

Protein-protein docking was performed to validate the capability of G protein binding to assess

the presence of active-like receptor conformations. To do this, receptor snapshots were selected and
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their ICL3 was removed due to its flexibility. G protein coordinates from available crystal structures
were superimposed to receptor coordinates and then translated 5A in the Z axis (perpendicular to the
membrane) away from the receptor to generate a gap. After that, protein-protein docking was performed
in Rosie web server (Lyskov et al. 2013). The resulting docking positions with highest docking score
and lower RMSD were visually inspected and compared to available crystal structures of receptor-G

protein complexes.
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CHAPTER 5. RESULTS
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5.1. Article 1: Revealing the
Mechanism of Agonist-Mediated
Cannabinoid Receptor 1 (CB1)
Activation and Phospholipid-
Mediated Allosteric Modulation

25



UNRB

Universitat Autonoma de Barcelona

Downloaded by UNIV AUTONOMA DE BARCELONA at 07:06:59:872 on June 20, 2019
from https://pubs.acs.org/doi/10.102 1/acs jmedchem. 9b00612.

Journal of

Medicinal

= /JINc

’,.7":4(' Institut de

Neurociéncies

x4 UAB

Chemistry

@ Cite This: J. Med. Chem. 2019, 62, 5638-5654

pubs.acs.org/jmc

Revealing the Mechanism of Agonist-Mediated Cannabinoid
Receptor 1 (CB1) Activation and Phospholipid-Mediated Allosteric

Modulation
Oscar Diaz,i"i“§ James A. R. Daltom*”:‘vi.s*

and Jests Giraldo® i@

f‘Laboratory of Molecular Neuropharmacology and Bioinformatics, Unitat de Bioestadistica and Institut de Neurociencies and
“Unitat de Neurociéncia Traslacional, Parc Tauli Hospital Universitari, Institut d'Investigacio i Innovaci6 Parc Tauli (I3PT), Institut
de Neurocieéncies, Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain

Snstituto de Salud Carlos III, Centro de Investigacion Biomedica en Red de Salud Mental, CIBERSAM, 08193 Bellaterra, Spain

© Supporting Information

ABSTRACT: Cannabinoid receptor 1 (CB1) mediates the
functional responses of A’-tetrahydrocannabinol. Although
progress has been made in understanding cannabinoid binding
and receptor activation, detailed knowledge of the dynamics
involved in the activation mechanism of CB1 is lacking. Here, we
use recently determined CB1 crystal structures to analyze its
transition from inactive to active state by performing unbiased
microsecond-length molecular dynamics (MD) simulations,
totaling 32 us, with and without bound potent cannabinoid
agonist CP-55940. CB1 activation is characterized by an upward
axial movement of transmembrane (TM) helix 3, inward

CP-55940

TM7 conformational change
&

W356/F200 rotameric switch

movement of TM7, and outward movement of TM6. These conformational changes collectively allow G; protein docking,
although fully active states of the receptor occur only transiently during MD simulations. Additionally, positive allosteric
modulation of CB1 by anionic phospholipids is found to increase action of the bound agonist. Specifically, this involves
protein—lipid interactions at intracellular loop 3, TM6, and ionic lock residue Arg214>*°.

B INTRODUCTION

Cannabinoidreceptor 1 (CB1) belon%s to the class A family of G
protein-coupled receptors (GPCRs)." It is mainly expressed in
the central nervous system and is one of the most abundant
GPCRs in the brain, at particularly high levels in the neocortex,
hippocampus, basal ganglia, cerebellum, and brainstem,”*
controlling both excitatory and inhibitory neurotransmis-
sions."”” In addition, CBl is also present at lower levels in
numerous peripheral organs.”* Downstream signaling pathways
mediated by CB1 mainly involve G/, protein coupling,” but the
receptor can also activate others such as G, protein or f-
arrestin.”’

CBI activation is modulated by endogenous lipids (endo-
cannabinoids) and by exogenous molecules with considerably
different chemical structures® "' including A®-tetrahydrocanna-
binol (A’-THC), the main psychoactive component of the plant
Cannabis sativa." Cannabinoid agonists targeting CB1 have
shown potential utility in the treatment of pain, glaucoma,
depression, gastrointestinal disorders,”'* and, more recently,
neurodegenerative diseases.'> Thus, the wide variety of
molecules that can bind to CB1 and its multiplicity of signaling
pathways make this receptor an excellent drug target.

Understanding the molecular interactions involved in ligand
binding and ensuing receptor activation is essential for rational
drug design in GPCRs."" In this regard, structural comparison

< ACS Publications  © 2019 American Chemical Society 5638

between crystallized class A GPCRs in various active and
inactive states (including rhodopsin, f, and f, adrenergic
receptors, adenosine receptors Al and A2A, and muscarinic
receptors M1—M4, among others)"* ™" has provided molecular
insights into the activation mechanism of GPCRs.” Class A
GPCRs are composed of an extracellular N-terminal domain, a
short helix (H8) parallel to the membrane that contains the
intracellular C-terminus, and seven transmembrane (TM)
helices interconnected by three intracellular loops (ICLs) and
three extracellular loops (ECLs). Thus, all of the residues
mentioned in this study include the Ballesteros—Weinstein
numbering scheme as a superscript, which aids in the
comparison between homologous class A GPCRs.”® This is an
X.YY format, where “X” indicates the TM number and “YY”
refers to its location in the TM relative to the most conserved
residue in the helix, which is denoted as X.50. Rearrangements at
the intracellular side of GPCRs upon activation include an
outward bend (starting at a conserved Pro®*’) of TM6 away
from TM3, an outward movement of TMS, and an inward
movement of TM7.°%*” Additionally, a slight rotation and
upward movement of TM3 along its axis has been linked to a
rearrangement of hydrophobic residues at the core of the
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(-)-A°-THC
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1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG)

Figure 1. Chemical structures of ABC-tricyclic cannabinoids A>THC and AM-841, AC-bicyclic cannabinoid CP-55940, and membrane
phospholipids POPC and DOPG. POPC is composed of a 16-carbon and an 18-carbon fatty acid chains and a headgroup thatincludes a choline group,
resulting in a net neutral phospholipid. DOPG is composed of two 18-carbon fatty acid chains and a headgroup that includes a glycerol group, resulting

in a net negatively charged phospholipid.

receptor.”® These common conformational changes have been
proposed to be triggered by the action of several conserved
sequence motifs in their respective TM helices, known as
molecular microswitches:*® the DR*’Y, NPxxY,”®* and
CWxP*** motifs and hydrophobic residues in the core of
TM3 and TM6. Arg**° of the DR**°Y motif on TM3 participates
in a salt—bridge interaction with Asp®*” (in TM6) known as the
“ionic lock”, which has been suggested to maintain the receptor
in an inactive state, and is broken in the active state of the
receptor.”” The Tyr"* residue of the NPxxY"** motif on TM7 is
known to rotate toward the core of the TM helical bundle upon
receptor activation, where it has a role in G protein coupling and
in blocking TM6 from moving back to its inactive
conformation."* The CWxP6 % motif on TM6 contains the
highly conserved Trp®* residue, which has been proposed as a
link between the orthosteric binding site and the intracellular
movement of TM6.*° In CB1 specifically, McAllister et al.*’
proposed that Trp356°* undergoes a conformational change
consisting of a 7, dihedral angle change from gauche(+) to trans,
accompanied by a y; dihedral angle change in Phe200** from
trans to gauche(+), upon receptor activation. Finally, hydro-
phobic residues in the core of TM6 such as Phe/Leu®** and Ile/
Val/Leu®* form a cage around Leu®*’ that is rearranged in the
active state to allow TM3 upward movement.”® Collectively,
these conformational changes lead to the opening of an
intracellular cavity that forms the G protein binding site."****”

In addition to receptor activation by molecules that bind to
the same binding site as the endogenous ligand (ie., the
orthosteric site), CB1 function can also be modulated by
molecules that bind to topologically different binding sites
(allosteric sites).”' ™ Interestingly, cholesterol enrichment
ﬂgmﬁcantl?' reduces CB1-dependent signaling*'~*® by binding
to CB1,”"* which highlights the potential role for allosteric
modulation of CB1 by membrane lipids. Accordingly,
cholesterol also modulates the function of the homologous
adenosine A2A receptor,’ chemokme receptors CXCR4 and
CCRS," and 3, adrenergic receptor.”' In addition, Dawaliby et
al.” showed that net negatively charged phospholipids (e.g, 1,2-
dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), 1,2-dioleoyl-

5639

sn-glycero-3-[ phospho-L-serine], and 1,2-dioleoyl-sn-glycero-3-
phospho-(1-myo-inositol)) promote f3, adrenergic receptor
activation and agonist binding, acting as positive allosteric
modulators. Moreover, DOPG has been described to stabilize
the active conformation of f3, adrenergic receptor by forming
electrostatic interactions with positively charged resxdues
located on ICL3 and the intracellular region of TM6."* Since
CB1 also contains a large number of positively charged residues
in the intracellular regions of TMS, ICL3, and TM6 (9 out of 29
arginine/lysine residues in the receptor, excluding the N- and C-
terminus), it is possible that DOPG mightalso act as anallosteric
modulator of CB1.

The binding pocket of CB1 and residues involved in receptor
activation have been previously studied by combining muta-
tional analyses, ligand docking, and molecular dynamics (MD)
simulations using homology models of CB1.******~* Cur-
rently, five crystal structures of CB1 are available: two in an
inactive state,” "™ two ina partially active agonist-bound state,
and, most recently, a fully active G; protein-bound state.”
Although crystal structures are useful to determine active or
inactive states of GPCRs, they only reveal a single snapshot of
the receptor in a particular state and are unable to provide
information about the mechanism of transition through
intermediate states. MD simulations are a suitable method for
studying protein function®' and have been widely used to
capture multxple _molecular mechanisms in GPCRs, including
ligand binding,**** receptor conformational change, 34756 and
allosteric modulation.**””** However, capturing the transition
of class A GPCRs from inactive to active states has proved
elusive and has only been fully observed in “enhanced” MD
simulations,””® while in unbiased atomistic MD simulations,
they have typically been found to spontaneously deactivate
when a signaling protein is not included in the system.***¢"¢*

In this study, we aim to elucidate the key transition steps from
inactive to active state of CB1, starting from its inactive crystal
structure, by employing unbiased atomistic microsecond-length
MD simulations of CB1 with and without bound potent full-
agonist 3-(2-hydroxy-4-(1,1-dimethylheptyl)phenyl)-4-(3-
hydroxypropyl)cyclohexanol (CP-55940, Figure 1), which is

DOI: 10.1021/acs.jmed chem 9b00612
J. Med. Chem. 2019, 62, 5638-5654
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Figure 2. Clustering analysis of CP-55940 conformations along MD trajectories of CP-55940-bound CB1 (A) with representative binding mode of
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ligand hydrogen bond between the A-ring hydroxyl group of CP-55940 and Ser3837 in MD simulations of CB1 in POPC and DOPG membranes,

respectively.

of standard use in cannabinoid research as a reference
agonist.”*™"” In addition, potential allosteric interactions
between phospholipids and CB1 are evaluated by comparison
between MD simulations containing homogeneous membranes
composed of anionic DOPG or net neutral 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC, Figure 1). These might
provide further insight into the key molecular features of CB1
involved in cannabinoid binding, receptor activation, and
allosteric modulation.

5640

B RESULTS

Docking of Cannabinoid Agonist CP-55940 Is De-
pendent on CB1 Receptor State. To investigate receptor
activation, CP-55940 (see chemical structure in Figure 1) was
docked into the inactive CB1 wild-type (WT) crystal
structure,** yielding a docking score (estimated free energy of
binding as calculated by AUTODOCK®) of —9.2 kcal/mol.
The cyclic core of the agonist comfortably docks into the
subpocket formed between TM2, TM3, and TM?7, as proposed

DOI: 10.1021/acs.jmed chem 9b00612
J. Med. Chem. 2019, 62, 5638-5654
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by Shim et al.”* In this binding position, the phenolic A-ring of
the agonist forms a hydrogen bond with Ser3837% of the
receptor through its hydroxyl group, while also forming 7—7z
aromatic interactions with Phe268"“? (Figure S1A, Supporting
information). Additionally, the hydrophobic alkyl chain of CP-
55940 extends toward TMS, interacting with a second
subpocket formed by Leul93*%, Met363°, Trp279%*+, and
Leu276%%, while its dimethyl group points toward Trp356°*
and Phe200**. Both interactions between CP-55940 and
Phe268512/Ser38373%, as well as a similar orientation of the
ligand alkyl chain pointing toward TMS, are observed in the
agonist-bound crystal structure of CB1*’ (Figure S1B,
Supporting information), whose co-crystallized agonist AM-
841 shares a similar structural scaffold to CP-55940 except for
the absence of a B-ring (Figure 1).

To assess the quality of our docking into the inactive receptor
state, CP-55940 was also docked into the agonist-bound crystal
structure of CB1 (Protein Data Bank (PDB) entry SXR8),*
yielding a better docking score of —10.2 kcal/mol and a different
orientation of its cyclic core (although with previously described
interactions still intact). As such, in the inactive crystal structure,
the A- and C-rings are almost perpendicular to TM3, while in the
agonist-bound crystal structure, these rings are parallel to TM3,
in a similar manner to the co-crystallized agonist AM-841."
This results in an increase of interactions with TM7 compared to
the docking solution in the inactive state. Due to the inward
movement of the extracellular region of TM2 in the agonist-
bound crystal, docking of CP-55940 into this structure yields
interactions with this helix that are not observed in the docking
solution in the inactive state, despite high similarity in its
interactions with TM3, TMS, and TM6 (Figure S2A,B,
Supporting information). However, Phel70*¥Ala/Trp and
Phel74*%'Ala/Trp mutations do not affect CP-55940 po-
tency,”” which suggests that CP-55940 does not interact as
strongly with TM2. Nevertheless, the A- and C-rings of CP-
55940 move toward a binding mode similar to the docking
solution in the agonist-bound crystal early in our molecular
dynamics (MD) simulations (see below) with the consequent
formation of an additional hydrogen bond with lle267°¢!
(Figure S3, Supporting information). Mutational data further
support this binding mode, as mutations of residues Phel77>%,
Phel89*%, Leul93**’, Phe268""?, Pro269"°% Ile271*"*,
Tyr275%%, Trp279°%, Met363%%, Phe3797, and Ser383™¥
to Ala all decrease the affinity and/or the potency of CP-
55940,49“‘9;1 while Phe200**°Ala mutation does not affect CP-
55940 binding despite its effect on CB1 function.”””” This
indicates that our initial binding pose is accurate enough, despite
difficulties associated with docking an agonist into the inactive
crystal structure.

MD Simulations of CB1 with Bound CP-55940 Reveal
Phospholipid-Dependent Binding Mode. MD simulations
were performed in triplicate on CB1, starting from its inactive
crystal state, with bound CP-55940 in homogeneous mem-
branes composed of two different phospholipids: POPC and
DOPG (Figure 1). While POPC forms a membrane of net
neutral charge, DOPG instead forms a negatively charged
membrane with the potential to form more E:rotein—lipid
hydrogen bonds and electrostatic interactions.”” Here, it is
observed that CP-55940 subtly diverts from its initial docking
position in all MD simulations (agonist root-mean-square
deviation (RMSD) in POPC: 3.0 + 1.1 A; in DOPG: 3.5 + 0.7
A; Figure 2). To analyze binding mode convergence between
replicas, clustering analysis was performed. This shows the
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presence of three major clusters differentially represented
depending on the membrane phospholipid (Figure 2A). CP-
55940 adopts an L-shaped conformation in all three major
clusters where the A-ring of CP-55940 is almost perpendicular
to its alkyl chain (Figure 2). In clusters 1 and 2, the AC rings of
CP-55940 move from the initial docking position and become
parallel to TM3 in a similar manner to the co-crystallized agonist
AM-841 (Figure 2B,C). This conformation appears to be
partially stabilized by the formation of an intermolecular
hydrogen bond between the C-ring hydroxypropyl group of
CP-55940 and the backbone oxygen atom of Ile267 in
extracellular loop 2 (ECL2) of the receptor that is maintained
throughout most of our MD simulations (Figure S3, Supporting
information). Moreover, cluster 1, which is over-represented in
simulations containing DOPG membranes, shows the most
similar set of interactions with TM3, TMS, TM6, TM7, and
ECL2 compared to the predicted docking position in the
agonist-bound crystal state (Figure S2, Supporting informa-
tion). On the contrary, cluster 2, which is over-represented in
simulations containing POPC membranes, reveals a lack of
interaction between CP-55940 and TM7 compared to the
docking position in the agonist-bound crystal state despite its
similar interaction with residues in other helices (Figure S2,
Supporting information). Finally, cluster 3, which is only present
in replica #2 with a POPC membrane and briefly in replica #2
with a DOPG membrane, represents a different L-shape
conformation to clusters 1 and 2, where the alkyl chain of CP-
55940 inserts vertically rather than horizontally between TM3
and TM6 while the AC rings remain perpendicular to TM3
(Figure 2D). This cluster shares similar contacts with TM3 and
TM7 compared to the predicted docking position in the agonist-
bound crystal while lacking interactions with TMS and ECL2
(Figure S2, Supporting information). As this unusual movement
of the alkyl chain is not necessary to achieve receptor activation
(as shown below), this indicates that it may simply be a
consequence of inherent system flexibility. The stability of an L-
shape ligand conformation is supported by NMR experiments
with CP-55940,°” and its interactions with the receptor are
consistent with the agonist-bound crystal structure of CBI,
showing the best correlation with cluster 1" (Figure S2,
Supporting information). However, as CP-55940 possesses
three hydroxyl groups, compared to the two hydroxyl groups of
AM-841, an additional transient hydrogen bond with the
backbone of Ala38073 can be formed in CP-55940 clusters 1
and 3, which is likely stabilized by water molecules in the
orthosteric site (Figures S2 and $3, Supporting information). As
the formation of hydrogen bonds between agonists and TM7 is a
known feature of GPCR agonists,” it is possible that this
additional interaction favors CBI1 activation and CP-55940
stability in the orthosteric site.

Interestingly, CP-55940 function is abolished by a
Ser383”*Ala mutation in CBl,w which suggests that this
residue plays an essential role in agonist binding and function.
Supporting this mutational data, the protein—ligand hydrogen
bond formed between the A-ring hydroxyl group of the ligand
and Ser3837*” of the receptor is observed in clusters 1—3 and
maintained across all MD simulations (Figure 2G,H) except for
one replica (simulation #2 in DOPG), where it destabilizes in
the final few nanoseconds. The occupancy of this hydrogen
bond is 68.5% (S.D. + 17.2) in those MD simulations where
agonist cluster 1 or 3 is represented and only 22.7% in replica #1
in POPC, where only agonist cluster 2 is represented. Moreover,
receptor activation is only observed in replicas where agonist

DOI: 10.1021/acs.jmed chem 9b00612
J. Med. Chem. 2019, 62, 5638-5654
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Figure 3. (A) Initial inactive crystal structure of CB1 (PDB entry SU09). (B) Fully active-like conformation of CB1 after 0.9 ys of MD simulation #2 in
POPC with bound CP-55940. (C) Fully active-like conformation of CB1 after 0.6 us of MD simulation #1 in DOPG with bound CP-55940. RMSD of
Ca atoms of CB1 TM helices (D, E) and RMSD of Ca atoms of CB1 TM6 (F, G) from the initial inactive crystal state (PDB entry SU09) during MD
simulations of CB1 with bound CP-55940 in a POPC (blue, cyan, purple) and DOPG (red, orange, yellow) membrane.

clusters 1 or 3 are represented (see below), which highlights the
importance of this hydrogen bond. Furthermore, it appears to be
more stable in DOPG than in POPC MD simulations, showing
an occupancy of 71.5 + 7.7% in DOPG and 50.1 + 32.5% in
POPC, which suggests that the agonist undergoes less
perturbation in the former than the latter (following the same
trend observed for ligand RMSD and binding mode
convergence; Figure 2). As CP-55940 does not make direct
contact with the membrane, it seems the receptor likely mediates
this effect.

Bound Agonist CP-55940 Activates CB1 in a POPC
Membrane. Receptor activation was observed in two out of
three replicas with bound CP-55940 in POPC membranes
(receptor RMSD > 3.5 A; Figure 3), with conformational change
most notable in TM6 (RMSD > 5.0 A; Figure 3F). This increase
in RMSD corresponds to an outward movement of TM6 at its
intracellular side, which results in the separation of ionic lock
residues (Arg2143'5° and Asp3386‘3°) whose distance increases
from 6.8 to >15.0 A (Figure 4A; equivalent distance in fully
active CB1 crystal structure: 14.9 A%%). In addition, at the
intracellular side of the receptor, the side-chain oxygen atoms of
residues Tyr294>*® and Tyr3977** approach each other from a
distance of 11.6 up to 2.8 A (F1guu 4C; equivalent distance in
fully active crystal structure: 3.5 A*°), albeit transiently probably
due to the lack of a stabilizing G protein in the MD systems.
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Indeed, in one of these MD simulations (replica #3 in POPC) at
the halfway point, the outward movement of TM6 allows the
insertion of a single phospholipid molecule into the helical
bundle at its intracellular side between TM6 and TM?7. This
POPC molecule is able to form transient electrostatic
interactions between its negatively charged phosphate group
and the positively charged Arg214>*’ side chain of the ionic lock,
as the phospholipid molecule repeatedly moves in and out of the
protein (Figure 5). This type of electrostatic protein—lipid
interaction has been reported before in MD simulations of the
active state of f3, adrenergic receptor'>®' and appears to be a
specific allosteric interaction favoring the stabilization of TM6 in
an outward conformation in CBI as well. On the contrary, in
another replica, where the receptor also undergoes activation
with similar conformational changes (replica #2 in POPC), this
particular protein—lipid interaction is not observed. This
demonstrates that CB1 activation can occur without binding
of a phospholipid molecule and is likely a direct consequence of
the absence of a signaling partner in the MD systems.

One of the most characteristic microswitches in CB1 is the
Trp356°*/Phe200** double rotameric switch,*”****”* con-
sisting of a y; dihedral angle change in Trp356°* from
gauche(+) to trans and a , dihedral angle change in Phe200**
from trans to gauche(+), which results in the breakage of the
aromatic stacking interaction between these two residues upon

DOI: 10.1021/acs.jmed chem 9b00612
J. Med. Chem. 2019, 62, 56385654
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receptor activation.””*”*" In the inactive CBI crystal conformational change from gauche(+) to trans is indeed
structure,™ Trp336°* forms aromatic stacking interactions observed in Trp356°*® in the CP-55940-bound receptor, and
with Phe200** (Figure 6A). As shown in Figure 6B, a this residue either remains in trans conformation throughout the

5643 DOI: 10.1021/acs jmed chem 9b00612
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intermediate (both cyan), during MD simulation #2 in POPC with bound CP-55940. 7, dihedral angle of residues Trp356°* (B, C) and Phe200>*
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TM helices of CB1 compared to the initial inactive crystal state (dotted line, PDB entry SU09) and the active crystal state (dashed line, PDB entry

6N4B).

trajectory or later switches back to its gauche(+) conformation.
In its trans conformation, the side-chain nitrogen atom of
Trp356°* points toward TMS and forms either direct or water-
mediated hydrogen bonds with Thr283*%7 or Ser284>*, which
is equivalent to the aromatic interaction observed between
Trp®*® and Phe®" in activated muscarinic M2 receptor.”
Additionally, Phe200**® may switch from trans to gauche(+)
conformation either transiently or for the duration of the
simulation time (Figure 6D). This rotameric switch results in
the breakage of the aromatic stacking interaction between
Trp356°* and Phe200** (Figure 6F), which remains disrupted

5644

in replica #2 with bound CP-55940 in POPC even when
Trp356°* retums to its gauche(+) conformation due to the
outward movement of TM6. However, in replica #1 in POPC,
which does not yield active-like receptor conformations, no
rotameric switch is observed in Phe200*%*, which leads to the
recovery of its aromatic interaction with Trp356%* after the
latter residue retums to its gauche(+) conformation. The
rotameric switch of Trp356°** most likely allows Phe200>* to
slide between Trp356°** and Cys386™* on TM?7, resulting in an
axial upward movement of TM3 (Figure 6H). This shift of
Trp356°* and Phe200** and the axial upward movement of

DOI: 10.1021/acs.jmed chem.9b00612
J. Med. Chem. 2019, 62, 5638-5654

32



= /INc
,—*4( Institut de

\ Neurociéncies

Universitat Autonoma de Barcelona N~ \' UAB

Journal of Medicinal Chemistry

A M6 T3 Y37 Tu2
¥ /

v
T™4 r‘i " il )‘,_,‘

™2 TS Y397 * Tms
- ) v %

’ 558
€ e g r_w,_‘,_—YZM
) y Riw 7 ¢
2 I ¢ Ay

™S « " -
¢ > AR, % ™
'’ ¥ AA P
g AR R 14N y, s
"
J D338 p
~ »”
- N
icL2
IcL3 icL3
Cc
30 30
«POPC1 #DOPG 1 +POPC1 @DOPG 1
z +POPC2 +DOPG 2 . +POPC2 *DOPG 2
2 2 ? *POPC3  DOPG3 =20 *POPC3 - DOPG3
2
2
Eo g 10
5 -
5 5 ©
§ 0 § 0 e v
210 £-10 3
§ < .
gzo 2
3 a.20
§ 5
-30 <30
£ ]
. S
>.40 40
40 30 20 -0 0 10 20 30 40 30 20 -0 0 10 20 30 40

x offset from protein’s center of mass (A)

x offset from protein's center of mass (A)

Figure 7. (A) Orientation of intracellular loop 3 (ICL3) at 1.0 us of MD simulations of CB1 bound to CP-55940 in POPC (from replica#2, cyan) and
DOPG membranes (from replica #3, yellow). Position of the center of mass of ICL3 along x—y coordinates (plane of the membrane) with respect to
the center of mass of the receptor in MD simulations of CB1 bound to CP-55940 (B) and apo (C) in POPC and DOPG membranes, respectively.

TM3 is also observed in the agonist-bound and fully active
crystal structures of CB1.*”°” The importance of the aromatic
interaction between Trp356°** and Phe200** in the inactive
state of the receptor is supported by mutational data, which
show that Phe200***Ala mutation results in higher constitutive
activity compared to the WT receptor and Trp356°*Ala
mutation results in increased agonist efficacy.” This could be
due to alanine being a less bulky residue that reduces steric
hindrance between positions 3.36 and 6.48 and thus facilitates
easier TM3 upward movement.

Overall, the observed intracellular conformational changes in
CB1 are consistent with receptor activation,'*#***”*" The
approach between Tyr294%* and Tyr3977** side chains (Figure
4C) is seemingly triggered by the formation of the hydrogen
bond between CP-55940 and Ser3837* and by the upward axial
movement of TM3 and outward movement of TM6 that follow
the Trp3566'48/ Phe200** double rotameric switch. Similar
conformational changes are also observed when performing MD
simulations using the co-crystallized CB1 agonist AM-11542"
(Figure S4, Supporting information). Although GPCR
activation has been reported to occur at a millisecond
timescale,”* CBI is a class A GPCR that exhibits a high level
of constitutive activity,”””* which suggests that this receptor has
a relatively low energy barrier of activation. This is possibly due
to TM6 sequence divergence between CB1 and other class A
GPCRs: for example, the presence of aleucine residue instead of
the generally conserved Phe®* might increase the flexibility of
the receptor core and favor conformational changes required for
activation,”®’® while the presence of Gly357%* immediately
preceding the highly conserved proline kink residue Pro358%*
probably assists outward TM6 orientations.”” Additionally,
neutralization of key intracellular acidic residues (Asp213*%,
Asp338°%, as well as Glu323'“" and Asp324'“" on intracellular
loop 3 (ICL3)) seems to promote receptor activation as
described for homologous GPCRs,"***”® since simulations of

the CP-55940—CB1 complex using the expected protonation
state at pH 7.0 show less intracellular conformational change
despite observed switching of Trp356°**/Phe200** and the
presence of the CP-55940—Ser3837% hydrogen bond (Figure
SS, Supporting information).

Anionic DOPG Membrane Enhances Agonist-Medi-
ated CB1 Activation. It has been proposed that DOPG (and
other anionic phospholipids ) may favor class A GPCR activation
through protein—lipid allosteric interactions with ICL3 and
TMS6 of the receptor,*® as well as with the “ionic lock” residue
Arg** located at the intracellular side of TM3.**°! To assess if
this type of receptor—phospholipid allosteric interaction is
present in CB1, MD simulations were performed in homoge-
neous DOPG membranes. Receptor activation was observed in
all replicas with bound CP-55940 in a DOPG membrane
(Figures 3 and 4), suggesting enhanced mobility of TM6
compared to those in a POPC membrane. In general terms,
features of receptor activation are similar to those observed in a
POPC membrane using the same agonist, including outward
movement of TM6 (Figure 3G), separation of ionic lock
residues (Figure 4B) and changes in the Trp356°**/Phe200%%
double rotameric switch with consequent upward axial move-
ment of TM3 (Figure 6). However, the insertion of a DOPG
molecule into the intracellular side of the receptor is found to
occur more consistently (in two out of three MD simulations;
Figure SD). This is most likely due to the net negative charge of
the DOPG headgroup that interacts stronger with Arg214>%
than the zwitterionic headgroup of POPC and thus forms more
stable protein—lipid allosteric interactions.”' This has the effect
ofinducing earlier conformational change in TM6, with receptor
activation initiated in just a few nanoseconds in DOPG replicas
#1 and #2 compared to relevant MD simulations in POPC
(Figure 3). However, this specific protein—lipid allosteric
interaction is not strictly required for receptor activation, as it

DOI: 10.1021/acs.jmed chem 9b00612
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Figure 8. Average water density for MD simulations of CP-55940—CB1 complex (A, from replica#1 in DOPG) and apo receptor (B, from replica #1 in
POPC). (C, D) Respective snapshots at 1.0 ys with water-mediated hydrogen bonds represented as dotted lines. (E, F) Distance between centers of
mass of TM3 and TM7 during MD simulations of CB1 with bound CP-55940 in POPC and DOPG membranes, respectively.

is not observed in replica #3 in DOPG, which undergoes
receptor activation nevertheless (Figure 3E,G).

In addition to the allosteric actions of a bound phospholipid
molecule, external protein—lipid interactions can be formed
with ICL3, which is connected to TM6. In an analysis of these
interactions (Figure 7), it is observed that in CP-55940-bound
CB1 in a DOPG membrane, ICL3 tends to adopt highly
outward orientations (pointing away from ICL1 and ICL2),
while in POPC, ICL3 can apparently switch between outward
and inward conformations with more freedom. In addition, it is
also observed that ICL3 associates closer with the anionic
headgroups of DOPG molecules than respective zwitterionic
headgroups of POPC (Figure S6, Supporting information),
suggesting the presence of stronger electrostatic interactions
between ICL3 (whose net charge is +4 in our simulations) and
the DOPG membrane, including residues Lys315'°"3, Hi-
$320"°", Lys326', and Arg331°"® in ICL3, but also
Arg3366"'8 at the intracellular end of TM6. As noted elsewhere,*
an outward orientation of ICL3 favors an outward conformation
of TM6 and provides an additional stabilizing factor in an active-
like GPCR state. Interestingly, these observed CB1-phospholi-
pid interactions in a DOPG membrane (both external and
internal) act to increase stabilization of bound agonist CP-
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55940, showing higher binding mode convergence and
interaction with TM7 compared to simulations in POPC
(Figure 2A), as well as greater protein—ligand hydrogen-bond
occupancy as mentioned above. This is evidence for a system of
allosteric communication between the intracellular and
extracellular sides of CB1, which has been previously observed
in MD simulations of /3, adrenergic receptor.”’

Apoprotein State Reveals Partial Effects of Phospho-
lipid-Mediated Allosterism. Phospholipid-mediated allos-
teric effects in CB1 were also considered in systems without a
bound agonist as a control (apoprotein state). Although ionic
lock residues Arg214*%° and Asp338°*° can separate in
apoprotein state, suggesting the generation of an intermediate-
like conformation, active receptor states are not observed, with
conformational change of TM6 notably absent (Figure S7,
Supporting information). Hence, Tyr294>* and Tyr397"** side
chains do not approach in these simulations (Figure S8,
Supporting information). A lower efficiency in the Trp356°*%/
Phe200** rotameric switch is also observed, which only occurs
spontaneously in replica #3 in POPC (Figure S9, Supporting
information). Despite this switch to an apparent intermediate-
like state, there is no concomitant upward movement of TM3
relative to TM6 (Figure S9G, Supporting information),

DOI: 10.1021/acs jmed chem 9b00612
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Figure 9. Structural comparison of fully active-like conformation of CB1 after 0.9 ys of MD simulation #2 with bound CP-55940 in a POPC membrane
(cyan) against the initial CB1 inactive crystal state (in green, PDB entry SU09) and fully active CB1 crystal structure (in pink, PDB entry 6N4B) from

extracellular (A) and intracellular (B) points of view.

suggesting a lack of conformational change in the core of the
protein. Consequently, the receptor fails to activate with little
conformational change in TM6 (Figure S7, Supporting
information). On the contrary, in replica #1 in DOPG, the
intracellular end of TM6 develops an “L-shape” with conforma-
tional distortion at 1le339%%, resulting in one part of the helix
attaining an outward orientation while the rest of TM6
remaining in an inactive-like conformation (Figure S10,
Supporting information). This results in RMSD values >5.0 A
in TM6 and separation of the ionic lock (Figures SSD and S6B,
Supporting information), but no other features of activation are
observed in the receptor (Figure S8B,D, Supporting informa-
tion). As far as we know, this unusual TM6 conformation does
not correspond to any known GPCR crystal structure state and
is likely a direct consequence of allosteric protein—lipid
interactions with ICL3. This may offer some assistance in the
outward movement of TM6 at its intracellular end but not
enough to fully promote receptor activation by itself. Although
insertion of a phospholipid molecule between TM6 and TM7 is
not observed, transient protein—lipid interactions with ionic
lock residue Arg2143‘50 were recorded in a DOPG membrane, in
this case due to rotation of Arg214>*° toward the membrane,
which is possible because of high flexibility in the apoprotein
state (Figure S10, Supporting information).

Differences in the orientation of ICL3 between membranes
(DOPG or POPC) in apoprotein state MD simulations are not
as pronounced as in CP-55940-bound CB1 systems (Figure
7B,C). This supports the presence of cooperative allosteric
communication between DOPG phospholipids and agonist
when bound to CB1. On the other hand, in the apoprotein state
of CBI, it is observed that ICL3 may adopt either inward or
outward conformation regardless of the membrane phospholi-
pid. However, direct interaction between ICL3 and the
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membrane is only observed with DOPG (Figure S6, Supporting
information), which indicates its potential for positive allosteric
modulation.

Receptor Activation Modifies an Internal Water
Network. Internal water molecules can modulate the
conformational pr%perties of proteins and have a role in
GPCR activation.""® Together with the opening of the
intracellular cavity of the receptor that is mainly due to the
outward movement of TM6, conformational changes of TM3
and TM?7 allow the penetration of water molecules into the
receptor in CP-55940—CB1 complexes. Water density maps of
our MD simulations reveal the presence of water molecules at
several locations in the receptor (Figure 8). Active-like CP-
55940-bound CB1 (replicas #2 and #3 in POPC and #1, #2, and
#3 in DOPG) show a highly mobile water-mediated hydrogen
bond network that connects residues Asp163>, Ser203*%, and
Ser3907 at the core of the receptor with residues Thr210>%,
Arg214%%, and Tyr294*** through Tyr3977%3 and Asn393* of
the NPxxY motif on TM7. This occurs due to an inward
movement of TM7 toward TM3 and the shift of Tyr397"-%
toward Tyr294>5 (Figurc 8). In contrast, receptors that remain
in an inactive state show an interrupted water network where
either Tyr397”* interacts with Asp163**° or Asn184'° (CP-
55940-bound CBI replica #1 in POPC, and apo CB1 replicas #1
in POPC and all in DOPG) or Tyr3977%® points toward the
cytoplasmic region instead (apo CB1 replicas #2 and #3 in
POPC). These water networks are conserved in class A GPCRs
and are in agreement with the activation state of the receptor.*”
Indeed, Asp163*% is a highly conserved residue in class A
GPCRs* that is described to participate in sodium-mediated
negative allosteric modulation in CB1,*" while Ser3907% is
located two helix turns after Ser38373?, a crucial binding residue
for CP-55940.°” In addition, Ser’*’Ala and Asp>*°Asn
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Figure 10. Docking of the co-crystallized G; protein a subunit from the fully active CB1 crystal structure (PDB entry 6N4B) into MD-generated
conformations of CBI. The best docking position of G; protein (in yellow) is compared to its crystallized position (in pink) in the fully active CB1
crystal structure (with receptor structures superimposed). (A) At 0.9 us of MD simulation #2 with CP-55940 in POPC (in cyan), correspondingtoa G;
as helix RMSD of 0.9 A. (B) At 0.6 ys of MD simulation #1 with CP-55940 in DOPG (in red), corresponding to a G; a$ helix RMSD of 2.9 A.

mutations have been reported to alter the intracellular
conformation of TM7 toward a more inactive state near the
NPxxY motif in adenosine A2A receptor.*’

On the contrary, stable water molecules in the orthosteric site
are not conserved within GPCRs.*” The extracellular region of
CB1 shows water molecules interacting with residues
Tyr275*¥~Thr197°** and K192***—Asp184*“'—Asp176>*
(Figure S3A, Supporting information). Additional water
molecules interact with His178%* and GIn116'3 in all replicas,
which, in the case of apo receptors, forms a network that
connects His178>% to Ser383’%. In CP-55940—CB1 com-
plexes, this water network connects His178% to the C-ring
hydroxyl group of CP-55940 in replica #3 in POPC and in
replica #1 in DOPG, which in turn possibly stabilizes further
interaction with TM7 through the backbone of Ala3807%
(Figure S3, Supporting information). Finally, CP-55940-
bound CB1 replicas #1 and #2 in POPC, #1 and #3 in
DOPG, and apo CBI replicas #1 in POPC and all in DOPG also
show a water molecule interacting with the backbone of TM6 in
close proximity to the proline kink residue Pro358“% (Figure
S$3B, Supporting information). This water molecule hasbeen co-
crystallized in a crystal structure of y-opioid receptor™ and is
independent of GPCR activation state.”> The low level of
hydration in the TM3—TMS—TM§6 interface in CB1 can be
attributed to the high hydrophobicity of this subpocket. In
contrast, water molecules found in the TM1-TM2—-TM3—
TM?7 interface, especially in apo receptors, suggest that internal
water molecules have a role in agonist binding.

Fully Activated CB1 with Bound CP-55940 Can Dock G
Protein. Active-like CB1 conformations generated in MD
simulations were compared against the fully active, G, protein-
bound CBI crystal structure with co-crystallized agonist
MDMB-Fubinaca (PDB entry 6N4B).*" At its extracellular
region, this crystal structure shows an inward bend of TM1 and
TM2 that approach the orthosteric binding site relative to the
inactive crystal state. At the intracellular side, an outward bend
of TM6 and an inward movement of TM7 allow G; protein
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binding. Here, the extracellular TM1 inward bend is observed in
replica #2 with bound CP-55940 in POPC only, while TM2
remains in its original state in all replicas (Figure 9A). However,
different degrees of conformational change may occur depend-
ing on bound agonist as well as surrounding membrane
composition. Indeed, this TM2 movement is not commonly
associated with receptor activation in class A GPCRs, >
which suggests that it is a result of the binding of different
ligands.

In contrast, a higher degree of correlation is found in the core
and intracellular region of CB1 between our MD conformations
and the fully active crystal structure, specifically regarding TM6
outward movement and rearrangement of the NPxxY motif in
TM?7 (Figure 9B). Thus, the signaling capability of our MD-
generated conformations was assessed by docking the co-
crystallized G; protein a-subunit from the active crystal structure
of CB1*” into our MD-generated conformations. Satisfactory
protein—protein docking solutions for CP-55940-bound CB1
were obtained for the two replicas in POPC that yield active-like
receptor conformations and for all three replicas within a DOPG
membrane (criteria according to docking score and RMSD; see
Table S1, Supporting information). The position of successfully
docked G; proteins is consistent with the fully active CB1 crystal
structure (Figure 10), yielding G; a$ helix RMSDs of 0.9 and 2.4
A in POPC replicas (#2 and #3, respectively) and 2.9, 3.6, and
2.4 Ain DOPG replicas (#1, #2, and #3, respectively). However,
MD-generated fully active states of CB1 are not stabilized for
long and G; protein can only be satisfactorily docked into
selected conformations from our MD simulations. This is likely
due to the absence of a permanently bound intracellular partner
in our MD systems, as supported by the spontaneous
deactivation of f3, adrenergic receptor in previous MD
simulation studies.”** Thus, a G protein or other signaling
partner is probably necessary to stabilize the fully active state of
the receptor for longer than a few nanoseconds.
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B DISCUSSION AND CONCLUSIONS

Agonist-Mediated CB1 Receptor Activation. In the
inactive state of CBl, Trp356°** forms m—r aromatic
interactions with Phe200**, probably acting as an aromatic
lock to prevent axial upward movement of TM3, which is a
characteristic feature of class A GPCR activation.”® Upon CP-
55940 binding, the hydrophobic alkyl chain of the agonist
induces the rotameric switch of Trp356°** from gauche(+) to
trans conformation, as proposed by McAllister et al.*’ and Shim
et al.*® This may occur through two coexisting activation
pathways for CP-55940 depending on the orientation of the
hydrophobic alkyl chain: (a) mediated by its dimethyl group,
which has been reported to increase the potency of
cannabinoids,”” or (b) mediated by the rest of the alkyl chain.
Thus, the absence of the dimethyl group in less potent agonists
such as A°>-THC may result in only one optimal pathway for
receptor activation, which might explain the lower potency and/
or efficacy of A’ THC compared to CP-55940.°"®" The
rotameric switch of Trp356°** allows Phe200** to slide upward
between Trp356°* and TM7 and switch its conformation from
trans to gauche(+). In addition, the breakage of the Trp356°*
and Phe200** aromatic interaction leads to the uncoupling of
TM3 and TM6 at the core of the receptor, which favors an
outward movement of TM6 that is later transmitted to the
intracellular region and leads to the breakage of the ionic lock
(Arg214°%°—Asp338%°). In f, adrenergic receptor, TM3—
TM6 uncoupling has been described to involve residues Leu**,
11e%, and Phe®*, which rearrange upon receptor activation to
allow TM3 upward axial movement.”® However, the semi-
conserved residue Leu352%* in CB1 possibly confers higher
flexibility to this region of the receptor and perhaps facilitates
easier TM3—TMS6 uncoupling, as shown by F***L mutation in
a, adrenergic receptor, which increases both constitutive and
agonist-induced receptor activity.”® After TM3 upward move-
ment in CB1, Trp356°* can change its conformation back to
gauche(+), resulting in the positioning of Trp356°* below
Phe200%%*, as observed in the agonist-bound crystal structures of
CB1.49%0

In addition to the hydrophobic alkyl chain of CP-55940, the
cyclic core of the agonist also seems to play an important role in
receptor activation. The presence of a hydrogen bond between
the agonist and Ser3837% of the receptor can be considered
essential for receptor activation, as Ser383’°’Ala mutation
completely abolishes CP-55940 function, possibly due to a
destabilization of TM7 active-like conformations in the mutant
receptor.”” Moreover, the presence of hydrogen bonds between
agonists and TM7 promotes TM3—TM?7 interaction and
receptor activation in class A GPCRs.”” This appears to be the
case in the CB1 receptor as well, where the agonist-Ser3837%
and agonist-Ala3807* hydrogen bonds seem to stabilize the
inward orientation of the core and intracellular end of TM7
toward TM3, starting from residue $er39074¢ and extending to
the NPxxY”** motif. In turn, this modifies a water-mediated
hydrogen-bond network at the core of the receptor, ultimately
leading to the rotation of Tyr397”** toward Tyr294*** on TMS,
whose interaction has a role in G protein binding,"*

It is likely that other well-known cannabinoid agonists share a
similar activation mechanism to CP-55940, as AM-11542 also
triggers the Trp356°**/F200%% double rotameric switch
through its alkyl chain and induces conformational change in
TM?7 by forming a hydrogen bond with Ser3837’ through its
only hydroxyl group. Similarly, endogenous cannabinoids such
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as anandamide and 2-arachidonoylglycerol may trigger
Trp356°4/F200%% switching through their fatty acid chain
while forming a hydrogen bond with Ser3837? through their
hydroxyl groups. The G; protein-bound crystal structure of
CB1*° shows the co-crystallized agonist MDMB-Fubinaca
stabilizing the active gauche(+) conformation of Phe200**
through aromatic interactions instead, while suggesting the
presence of a water-mediated hydrogen bond with Ser3837%
and His178%%. This idea is supported in our MD simulations by
the observation of water molecules forming a network between
residues Ser383™%° and His178>% in the inactive apo receptor
and between the C-ring hydroxyl group of CP-55940 and
His178%. We expect that aminoalkylindoles such as
WINSS,212-2 share a similar set of interactions to MDMB-
Fubinaca, as Trp356°**Ala and Phe200**°Ala mutations
decrease the affinity of WINS5,212-2.%%7*

The switch of Trp356°**/Phe200>*, the breakage of the ionic
lock, TM3 axial upward movement, and inward movement of
TM?7, which are all observed in the agonist-bound crystal
structures of CB1,""*” constitute an early-activated state of the
receptor. From this, TM6 can move more outward and yield a
fully active receptor state capable of binding a signaling
protein.”” We also expect that a bound signaling protein could
confer extra stability to the fully active receptor state and
possibly assist full activation by binding to an intermediate
receptor state as proposed with 3, adrenergic receptor.™

Phospholipid-Mediated CB1 Receptor Allosteric Mod-
ulation. DOPG is a net negatively charged lipid that has been
shown to exert a positive allosteric effect on f3, adrenergic
receptor, a homologous class A GPCR,** stabilizing the active
conformation of the receptor by forming electrostatic
interactions with intracellular positively charged residues.*"'
In particular, this involves interactions with ICL3, which plays a
critical role in spontaneous GPCR activation.”* For example,
inward conformations of ICL3 have been reported to inactivate
/3, adrenergic receptor by favoring an inward conformation of
TM6 and hindering G protein binding,””* while outward
conformations of ICL3 may provide an outward pull of TM6
that assists receptor activation, apparently favored by a DOPG
membrane.”** Interestingly, DOPG phospholipids do not
seem to have an effect on the CB1 activation pathway itself, but
rather on speed and consistency of receptor activation as well as
agonist stability, especially in terms of protein—ligand
interactions with TM7. Since only partial effects of DOPG
were observed in the apoprotein state receptor, this suggests the
presence of a cooperative allosteric interaction between DOPG
and the agonist, in this case mediated through intracellular
regions of TMS, TM6, and ICL3 of the receptor. This is
consistent with a previous study’” that showed how an
expanded/narrowed orthosteric binding site hindered/facili-
tated an outward orientation of ICL3 in /3, adrenergic receptor.

Residues involved in CB1-phospholipid allosteric modulation
include positively charged residues in ICL3, as well as Arg336°%
and the semiconserved residue Arg340°*” at the intracellular end
of TM6. In other class A GPCRs, even more positively charged
residues are located at this region (Arg/Lys®*’, Arg/Lys®*!, and
Lys®? in §-HT mceptor,g0 muscarinic M, 4 recel:)tors,n’“'gl
3, adrenergic receptor,'”” ~'” and dopamine D, , receptors;
Lysé'zx, Lysé'zg, Argﬁ"m, His®*!, and Arg“2 in chemokine
receptors CCR2 and CCRs;*7° Arg/ LysS24, Lys5%, Argé‘zs,
Arg®?!, and Arg®* in -, k-, and p-opioid receptors” ~'°"). This
suggests that negatively charged phospholipids may act as
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DOI: 10.1021/acs.jmed chem 9b00612
J. Med. Chem. 2019, 62, 5638-5654

37



U"‘B = /JINc

- J¢ Institut de
. . - (* C Neurociéncies
A ol
Universitat Autonoma de Barcelona ~%Yv UAB

Journal of Medicinal Chemistry

positive allosteric modulators of a broad range of class A GPCRs,
likely with different sensitivity in a receptor-dependent manner.

Our study provides valuable knowledge regarding the mode of
action of cannabinoid agonists in CB1. We expect that similar
microswitches would also be present in other homologous
GPCRes, especially those with conserved sequence motifs. This
could be particularly useful for the design of novel cannabinoid
agonists and for studying the mechanism of activation of GPCRs
that have not yet been crystallized in an active state. For example,
the residue pair Trp®**~Phe/Tyr>*® is present in chemokine
receptors, as well as the Pro**%-Ile***-Phe/Tyr®* motif that is
not conserved in cannabinoid receptors. Interestingly, allosteric
modulation by net negatively charged phospholipids like DOPG
does not seem to be /3, adrenergic receptor-specific, and they
may be positive allosteric modulators of a broad range of
GPCRs, including CB1. Thus, the phospholipid composition of
the membrane may be an important factor in GPCR activation
in different cell types.

B EXPERIMENTAL SECTION

Crystal Structure Preparation and Ligand Docking. To date,
two human inactive CB1 receptor crystal structures are available, with
PDB entries STGZ"” and 5U09.** The crystal structure with the PDB
entry SU09 was selected for its higher resolution (2.6 A), lower number
of mutations, and the presence of two co-crystallized water molecules
inside the protein core. The non-native fusion protein (glycogen
synthase) from the GPCR structure was removed, the Thr210**Ala
mutation was restored to wild type (WT), and the missing regions of
TMS, TM6, and ICL3 were modeled ab initio using MODELLER
v9.14'" to obtain a WT receptor structure. As part of this process, the
end of TMS was extended until Arg311%” and the beginning of TM6
was extended until Pro332°* according to the secondary structure
prediction tools PSIPRED'"* and JPRED.'"* The obtained structure
was energy-minimized usin§ CHIMERA v1.11.2 software'”” in the
AMBERI4SB force field,"” to improve contacts within modeled
regions. Then, CB1 agonist CP-55940 was docked into this inactive
structure, as well as into the agonist-bound crystal structure of CB1
(PDB entry SXR8). For this purpose, respective co-crystallized ligands
were first removed and CP-55940 was docked using AUTO-
DOCK#4.2.°® Atomic coordinates for CP-55940 were obtained from
the PubChem database (CID 104895). The highest scoring
conformation that best fulfilled requirements described in the
literature: formation of a hydrogen bond between the A-ring hydroxyl
group of CP-55940 and Ser383739 154969 aromatic interaction between
the A-ring of CP-55940 and Phe268EC2 % and orientation of the
hydrophobic alkyl chain of CP-55940 toward TMS,"” was selected. To
further validate CP-55940-mediated receptor conformational changes,
agonist AM-11542 was positioned into the inactive CB1 crystal
structure with coordinates extracted from the agonist-bound crystal
structure (PDB entry SXRA)* by superimposing the transmembrane
domains of both receptor structures.

Molecular Dynamics (MD) Simulations Setup. After a second
short energy minimization to refine protein—ligand interactions as
described above, MD simulation systems of the inactive receptor were
built using CHARMM-GUL'"" The disulfide bridge between
Cys257" and Cys264" of the receptor was maintained,'”* and
three residue side chains: Asp163>%, Asp213°%, and Asp338°3° were
protonated to favor GPCR activation according to mutational data from
CB1*” and MD simulations of other homologous GPCRs.**7*!*!1?
Additionally, His302%%, His304>%, His320'“", Glu323'“"%, As-
p324'3, and Asp333°%, which are all located in intracellular regions
of the receptor, were protonated to potentially assist interactions of
ICL3 with the membrane, consistent with a previous study of f,
adrenergic receptor.*’ Simulations at the expected protonation state of
all residues at pH 7.0 as predicted by PROPKA''"''* were also
analyzed in POPC membranes. The receptor was oriented according to
the Orientations of Proteins in Membranes (OPM) database' "> and
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embedded in 80 X 80 A’ homogeneous membranes composed of
POPC in the AM-11542—CB1 complex, and POPC or DOPG*** for
the CP-55940—CB1 complex. All systems were solvated with TIP3P
water molecules above and below the membrane, and a 0.3 M
concentration of K* and CI” ions was used to neutralize system charge.
K" ions were used instead of Na" to avoid sodium-mediated negative
allosteric modulation.”* Systems without agonist (apoprotein state)
were also analyzed for control purposes.

All MD simulations were performed in the CHARMM36 force
field'"* using ACEMD software''* (simulation conditions: 300 Kand 1
atm). Agonists were parametrized with the CHARMM General Force
Field''® using ParamChem service.''”"'* During equilibration, the
protein and ligand were initially restrained, with these restraints
progressively released over the first 8 ns, followed by a further 20 ns
without restraints. Then, the systems were simulated (production run
without restraints) for 2 yis. Three replicas were performed for each CP-
55940—CB1 complex and apo receptor at the selected protonation
state, two replicas were performed for the AM-11542 complex at the
selected protonation state, and two replicas were performed for the CP-
55940—CB1 complex at the expected protonation state at pH 7.0,
constituting a total simulation time of 32 us.

MD simulation trajectories were analyzed with Visual Molecular
Dynamics 1.9.3 software and associated plugins.' ' Receptor conforma-
tional change was measured by calculating the root-mean-square
deviation (RMSD) of Ca atoms of TM helices to the inactive CB1
crystal structure,*® RMSD of Ca atoms of TM6 alone, distance of the
“ionic lock” formed between Asp338%* and Arg214**° (measured
between their Ca atoms), distance between Tyr294>% and Tyr397"%3
(measured between oxygen atoms of res%ective side chains), and y,
dihedral angles of Trp356°* and Phe200**. The upward movement of
TM3 was measured as the distance offset in the Z axis (perpendicular to
the membrane) from the center of mass of TM3 to the center of mass of
other TM helices of the receptor and TM3—TM?7 distance was
measured between their centers of mass. The stability of the ligand was
assessed by calculating its RMSD (with respect to initial docked
position and excluding hydrogen atoms) and by measuring the distance
of hydrogen bonds that the A-ring ligand hydroxyl group formed with
the side-chain oxygen atom of Ser3837%? and, in the case of CP-55940,
the hydrogen bonds that the C-ring hydroxyl groups formed with water
molecules and with the backbone oxygen atoms of 11e267°"* and
Ala38073. The occupancy of hydrogen bonds was calculated as the
fraction of simulation time where the oxygen atoms involved were
within 3.5 A of one another and the angle of the hydrogen bond was
from 120 to 180°. Additionally, CP-55940 conformations were grouped
into clusters using Clustering Tool plugin with a 2.0 A RMSD cutoff.
The interaction between membrane phospholipid(s) and ICL3 was
measured in terms of the distance between the center of mass of
His320'“"3, a positively charged residue located at the center of ICL3,
and the phosphorus atom of the closest lipid. Additionally, outward/
inward orientations of ICL3 were assessed by calculating the offset in
XY coordinates (plane of the membrane) of the center of mass of ICL3
with respect to the center of mass of receptor TM helices. Nonbonded
energies of interaction between residue side chains were estimated
using NAMD Energy plugin.'*’ Water density maps were created using
VolMap plugin by calculating the weighted atomic density of water
molecules averaged over the total MD trajectory. In simulations where a
phospholipid molecule bound to Arg214>%, only the first 1 us of
simulation was considered.

Protein—Protein Docking. In those MD simulations where
characteristic features of receptor activation were collectively observed
(see Introduction section), 10 conformations were selected for G,
protein—protein docking according to the highest ionic lock distance,
the lowest Tyr294>%*—Tyr3977% distance, and the lowest TM6 RMSD
to the G protein-bound active crystal structure of CB1 (PDB entry
6N4B). These MD-generated conformations were initially super-
imposed against the active crystal structure of CB1 according to their
TM domains. Then, using CHIMERA software,'” the co-crystallized
a-subunit of the G, protein from the active CB1 crystal structure was
translated S A in the Z axis away from the receptor (creating a clear gap
between proteins) before performing protein—protein docking using
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the ROSIE web server. = ICL3 of MD-generated receptor con-
formations was removed to avoid clashes with G, protein since protein—
protein docking is performed with a rigid backbone. Docking solutions
were evaluated by calculating the RMSD of Cax atoms of the G; a$ helix
to the original fully active CB1 crystal structure and by the interface
docking score (I_sc) provided by ROSIE (0.0 to —10.0), where more
negative values represent better interaction.
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ABSTRACT: Cannabinoid receptor 1 (CB1) is a promising drug target
involved in many physiological processes. Using atomistic molecular dynamics
(MD) simulations, we examined the structural effect of F237L mutation on
CB1, a mutation that has qualitatively similar effects to allosteric ligand
ORG27569 binding. This mutation showed a global effect on CBI
conformations. Among the observed effects, TM6 outward movement and the
conformational change of the NPxxY motif upon receptor activation by CB1
agonist CP55940 were hindered compared to wt CB1. Within the orthosteric
binding site, CP55940 interactions with CB1 were altered. Our results revealed
that allosteric perturbations introduced by the mutation had a global impact on
receptor conformations, suggesting that the mutation site is a key region for

allosteric modulation in CBI1.

Bl INTRODUCTION

Cannabinoid receptor 1 (CB1) is one of the key components
of the endocannabinoid system. CB1 belongs to the class A G
protein-coupled receptor (GPCR) family, is one of the most
abundantly expressed GPCRs in the brain, and is involved in
the modulation of pain, behavior, memory, and cognition."”
CBI is one of the targets of A’-tetrahydrocannabinol (THC),
the major psychoactive component of the cannabis plant,
which has been consumed over millennia for recreational and
medical uses.” Thus, the pharmacological properties of drugs
that bind to cannabinoid receptors (cannabinoids) have been
extensively studied over the years, including their endogenous
ligands (endocannabinoids), cannabinoids present in the
cannabis plant such as THC, and synthetic cannabinoids.”**
Although synthetic THC and a synthetic analogue (nabilone)
are approved for medical use in the United States and in
several countries in the EU (see ref 6 for a review on approved
medications in the EU countries), the development of
synthetic cannabinoid drugs with clinical use has been difficult.
Specifically, inverse agonist SR141716A (rimonabant) was
withdrawn from the market due to its apparent association to
depression and suicidal ideation.”” Given the difficulty of
developing drugs that target the CB1 orthosteric site, allosteric
modulation has emerged as an interesting approach to regulate
the effects exhibited by orthosteric ligands. Importantly,
allosteric compounds have known advantages over orthosteric
ligands, such as a ceiling effect (in contrast to the effect of
competition with a different orthosteric ligand, which can
indefinitely shift the response of the endogenous ligand in a
dose-dependent manner, the functional effects of allosteric
modulators are “saturable”, with a ceiling driven by the
cooperativity between ligands and thus may offer an advantage

© 2022 The Authors. Published by
American Chemical Society
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to avoid overdose) and greater GPCR subtype-selectivity.”’
Allosteric modulators can increase (positive allosteric modu-
lators, PAMs) and decrease (negative allosteric modulators,
NAMs) the functional response exerted by orthosteric ligands
or the receptor itself'” or provide bias toward a particular
signaling pathway (biased allosteric modulators, BAMs)."! The
first allosteric modulator targeting CB1 (ORG27569) was
discovered in 2005,'> but many others have since been
discovered."*~'°

Currently, a crystal structure of CB1 with bound ligands
CP55940 (orthosteric agonist) and ORG27569 (allosteric
modulator) is available.'” In this structure, the orthosteric
binding site is adapted for CPS55940 binding but the
intracellular region is in an inactive-like conformation. This
structure confirmed the known pharmacologic behavior of
ORG27569: positive allosterism for binding and negative
allosterism for function,'” known as a PAM-antagonist."®
Moreover, this crystal structure shows ORG27569 bound to
the intracellular region of transmembrane helix (TM) 2 and
TM4, in an extrahelical cavity in contact with the membrane.'”
This binding site overlaps with a cholesterol binding site in
CB1 as shown by agonist-bound crystal structures of CB1."”
Consequently, ORG27569 competes with cholesterol binding,
as described previously in rat brain membranes.”” Interestingly,
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cholesterol enrichment reduces CPS55940 bmdmg, whlle

cholesterol depletion decreases inverse agonist binding,*’
suggesting cholesterol behaves as a NAM. This indicates this
cavity contains key residues that affect orthosteric ligand
binding and receptor activation, despite not being part of the
orthosteric binding site or the G protein binding site.
Recently, parallel tempering metadynamics simulations
indicated that a shift in F155** (Ballesteros-Weinstein
numbering scheme included as a superscript™), a residue
located in this cavity, is critical for receptor activation, and this
rearrangement displayed a higher energy barrier than TM6
outward movement.”* This shift of F155** can be observed by
comparing inactive and active G protein-bound crystal
structures of CB1, where F155** points toward the over-
lapping bmdmg site of ORG27569 and cholesterol in the active
receptor.”*™*° Another residue located at the overlapping
binding pocket is F237**. Mutation of this residue to leucine
has been shown to increase CP55940 affinity and reduce
inverse agonist SR141716A affinity.'” As for its functional
effect, it has been roposed that F237** has a role in the
activation process.'” In active crystal structures of CB1 with
cocrystallized G protein,””® F237*% is displaced toward the
extrahelical site and away from TM2 and TM3 (overlapping
with the binding pose of ORG27569) and its space is replaced
by F155**, which shifts toward TM4 (Figure 1). This shift of

A CP55940

S158%4° a W241450

‘J F237%446
)5238“7
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Figure 1. (A) View of the inactive wt CB1 model with bound
CPS5940 and with conserved sequence motifs in class A GPCRs
highlighted. (B) Close up view of the extrahelical cavity in the inactive
state (green, from PDB ID 5U09) and active state (orange, from PDB
ID 6KPG) containing ORG27569 and cholesterol contact residues.

F155** and F237** is not tied to intracellular conformational
changes in TM6 and TM7, which can be observed in active-
like agonist-bound crystal structures of CB1 without bound G
protein,'” since F155** and F237** are in an “inactive-like”
state in these structures. Interestingly, a cholesterol molecule is
bound to the extrahelical cavity in these active-like crystal
structures. Overall, this indicates CB1 activation is sensitive to
perturbations in this region, which may be introduced by
allosteric ligand binding, residue mutation or membrane lipid
composition. Furthermore, F237*%¢ is not part of well-known
sequence motifs or activation microswitches in class A GPCRs
despite its capability to modulate ligand binding.

In this study, we investigate structural and dynamical effects
of the F237L mutation. This work follows a previous study on
the molecular mechanism of agonist-mediated CBI activa-
tion.”” In that study, starting from an inactive crystal structure

molecular dynamics (MD) simulations in the apo state and
also bound to the agonist CP55940, and observed spontaneous
transitions to active-like states. This model included the
protonation of some selected residues shown to favor active-
like conformations (see Methods section). Thus, it provides a
reference for comparison with subsequent studies on CBI.
Here, we perform additional MD simulations to explore the
perturbations on CBI1 introduced by F237L mutation, as a
model for allosteric perturbation at the allosteric site observed
in crystal structures,'””'” and evaluate their effects on
CP55940-mediated CBI1 activation. To do this, we employ
the same CB1 model as presented in Diaz et al.”” so as to
compare the F237L mutant to wt CBI.

B MATERIALS AND METHODS

The wt CB1 model employed was previously used in Diaz et
al.*” Briefly, the model was built from starting coordinates of
the inactive crystal structure of CB1** obtained from the
Protein Data Bank (PDB 5U09). After removal of the
cocrystallized fusion protein, T210A mutation was restored
to wt and the missing regions of TMS, TM6, and ICL3 were
modeled using MODELER v9.14.”® Then, the receptor was
energy minimized, and CP55940 was docked into the
orthosteric binding site using AUTODOCK4279 After our
simulations with this model in Diaz et al,”’ an inactive
structure of CB1 with cocrystallized CP55940 was published.'”
Nevertheless, to allow direct comparisons with these earlier
simulations, we kept the same protocol here and used the
model built with docking. In the present study, the F237L
mutant CB1 was generated from this previous model by
replacing F237*% with the leucme rotamer with highest
probablhty in CHIMERA 1.14* according to the Dunbrack
library.>' Then, models of F237L CBIl and wt CB1 were
minimized in CHIMERA 1.14 performing 1000 steps of
steepest descent and 100 conjugate gradient steps in the
AMBERI14SB force field.

Molecular dynamics (MD) simulations of wt CB1 analyzed
in this study at apo and CP55940-bound conditions were
previously published in Diaz et al.”’ In two replicas of these
simulations, starting from the inactive state, wt CB1 achieved
active-like conformations when bound to CP55940. Therefore,
they provide a good point of comparison to evaluate CBI
activation. The same MD simulation approach was employed
for F237L CBI. The C2575°"%.C264"“"* disulfide bridge was
maintained, and charges for D163*%, D213%*%, E323'°13,
D324, D333%%, and D338%° were neutrahzed while
H302%%, H304%%, and H320'"* were protonated.”’ Com-
pared to the expected residue protonation state at pH 7, this
alternative protonation state was shown to promote activation
of CB1”” and other class A GPCRs.”>™** Systems were
embedded in 80 X 80 A 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocoline (POPC) homogeneous membranes, and the
system charge was neutralized at 0.15 M concentration of KCL.
Simulations were performed using ACEMD software®® in the
CHARMMS36 force field*® at 300 K and 1 atm, while CP55940
was parametrlzed in the CHARMM GenFF*’ using Para-
mChem.”® Equilibration consisted in 8 ns of simulation time
progressively releasing restraints on protein and ligand heavy
atoms followed by 20 ns of simulation without restraints, and
then each production run consisted of 2 ys of simulation time.
MD simulation input files are provided in Supporting
Information. Three replicas were performed for each
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simulation condition (apo and agonist-bound wt CB1; apo and
agonist-bound mutant), adding up to a total of 24 us of
simulation time analyzed in this study.

Trajectories were analyzed by examining MD-generated
snapshots at an interval of 4 ns of simulation time. These MD-
generated conformations were visually inspected and distances
between Ca atoms of R214>*°-D338%% (residues implicated in
the formation of the ionic lock), side chain hydroxyl atoms of
Y294%55.Y3977% and the y; dihedral angles of W356%%,
F200*%, F155**, and F237*% were measured using VMD
1.9.3.%° Distances between aromatic moieties of F155*%
F237*% and W241*%° were measured from the center of mass
of the heavy atoms of aromatic rings in VMD, and the presence
of aromatic interactions was considered when this distance was
within a 7.0 A distance cutoff.

Protein root-mean square deviation (RMSD) was also
measured in VMD based on C, atoms of transmembrane
helices and taking the initial structure as reference. Ligand
RMSD was based on its heavy atoms and measured against the
initial docking pose. The initial CP55940 docking pose was
compared to crystal structures with cocrystallized CP55940
(PDB 6KQI'” and 7WV9*®), and contact residues were
defined as those within 4 A of CP55940 heavy atoms.

Principal component analysis (PCA) was performed with
GROMACS." To do this, all replicas of agonist-bound wt and
agonist-bound mutant CB1 were concatenated and aligned to
the Ca atoms of the initial model. The N-terminal and the
highly flexible ICL3 were excluded and not considered in the
analysis. Therefore, only residues from A118"** to R307°7" and
from A335%% to F412"™ were included in PC calculations.
Then, we built and diagonalized the covariance matrix
corresponding to this concatenated and aligned trajectory.
The elements of this matrix were C;; = ((r; — (r; )) (r; — (r;)))
where i and j denote the Cartesian coordinates of the Ca
atoms of the receptor. The vector r; indicates the instantaneous
value of coordinate i and (r;) is the average value of this
coordinate in the ensemble of conformations. Each individual
trajectory was then projected on the space of the first two
principal components.

The statistical analysis of pairwise residue distances was
performed using the Ensemble Difference Distance Matrix,
implemented in the Bio3D package in R.*' Residue distances
were compared between two groups, based on the results of
PCA: (i) replicas 2 and 3 of agonist-bound wt CBI and (ii) all
replicas of agonist-bound F237L CB1. The distance between
two residues was defined as the closest distance between any
heavy atoms in the residues (side chains included). Residue
pairs whose distances were greater than 10 A across all frames
of all trajectories were excluded from the analysis. In the same
manner as PCA, the N-terminal and the ICL3 were also
excluded (only residues from A118'** to R307°7" and from
A335%%" to F412"® were considered). Matrices of the average
distances between residues were built for the two groups and a
difference distance matrix was obtained by subtracting the
matrix of the mutant from that of the wt receptor; however,
only statistically significant differences greater than 1 A were
retained. Statistical significance was determined by a two-
sample Wilcoxon test, with p-value lower than 0.005. To
identify close contacts that were present in one group but not
in other, we selected a subset of the significant differences in
which the average residue distance was lower than a 4 A cutoff
in one group and greater than this cutoff in the other.

In order to characterize differences in the interaction
frequencies between agonist and contacting residues for both
wt and F237L CB], first the distance between the closest heavy
atoms of CP55940 and the receptor for each trajectory frame
was measured using gmx pairdist in GROMACS.* Then,
contact frequencies for each residue were calculated consid-
ering that a contact is present if the distance is <4 A. Finally,
the frequencies for CP55940-F237L CBl contacts were
subtracted from the frequencies for wt CB1 for each respective
residue to generate a frequency difference. As a second
approach, AGy;,q was estimated using gmx MMPBSA,*
including an implicit membrane with thickness determined
by CHARMM-GUI initial setup. Solvent, membrane, and
internal dielectric constants used were 80, 7, and 2,
respectively. Residues within 4 A of the starting CP55940
binding position and residues that showed average difference
in contact frequency over 0.1 were considered for decom-
position analysis. Average differences in free energy decom-
position were evaluated by a two-sample, two-tailed Student’s ¢
test, with equal or unequal variances as assessed by an F-test.

Water occupancy was defined as the percentage of frames in
which a given protein residue established a contact (distance
within 4 A) with a water molecule. Distances between protein
and water were measured with the tool gmx pairdist in
GROMACS.™"

B RESULTS

Overall, MD trajectories were stable, as indicated by the
RMSD curves in Figure S1. Higher values were observed for
two of the replicas of agonist-bound wt receptor (Figure SI1A),
and this is consistent with the conformational changes seen in
these trajectories, where CB1 achieved active-like conforma-
tions,”” characterized by a movement of TM6 (Figure S1E). In
comparison to wt systems, the RMSD was higher in trajectories
of the mutant, and this can be explained by the relaxation that
followed the perturbation introduced by the mutation (Figure
S1B, D, F). Plots of the root mean square fluctuation (RMSF)
also point to a consistent pattern of CB1 fluctuations in all
trajectories (Figure S2).

The RMSD of the agonist CP55940 was relatively high
(Figure S3B, C), and probably reflected inaccuracies
introduced by docking. As shown in Figure S3A, the docking
pose differs from the crystal structure (PDB 6KQI) mainly in
the position of the C ring and the orientation of its OH groups
(Figure S4A). As a result, native contacts between the ligand
and TM2 are missing from the docking pose. Overall, from 19
protein—ligand contacts present in the crystal structure, 12
were found in docking (63%). In addition, contacts with
1267%"* and 1276 were frequently formed during the
simulations, raising the percentage of native contacts retained
from the crystal structure to 74%. More details about the
frequency of CB1-CP55940 contacts in the simulations can be
found in Table S1. Nevertheless, CP5S5940 remained in its
binding site throughout the MD trajectories (Figure S3B, C),
despite fluctuations observed mostly due to movement of its
alkyl chain and, to a lesser extent, its C-ring (Figure S4).
Moreover, as active-like conformations were generated in
CP55940-bound CB1 but not in apo,”” this indicates that our
model captures native contacts that are likely important for
receptor activation. Taken together, these observations suggest
that, despite inaccuracies introduced by docking, and
considering that MD simulations of F237L CBI started from
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the same initial model, it was still possible to discern the effect
of the mutation on collective motions of the receptor.

F237L Mutation Hindered Outward Movement of
TM6. The hallmark of class A GPCR activation is the breakage
of the salt-bridge formed by residues 3.50 and 6.30 (ionic lock)
and consequent outward movement of TM6 away from
TM3,* which can be observed by comparing inactive and
active CB1 crystal structures.'”**™**** In our MD simulations
of apo CB1, TM6 remained in inactive-like conformations
both in wt and F237L CB1, as shown by the distance between
residues R214>5°-D338%3° (Figure 2A), which is expected
because CB1 was in the inactive conformation at the start of
MD simulations. In CP55940-bound wt CB1 MD simulations,
TM6 moved outward, reaching active-like states in two of the
three replicas performed.”” Thus, two subpopulations of TM6
conformation can be observed: an inactive-like conformation
that is represented by a closer R214**°-D338%*, and an active-
like conformation represented by a larger TM3-TM6 distance,
indicating a broken ionic lock (blue curve in Figure 2B). On
the contrary, this did not occur in F237L mutant CB1 (red
curve in Figure 2B) even when CPS55940 was bound to the
receptor. Here, TM6 remained mostly in an inactive-like
conformation, similar to the observations in apo conditions.

This indicates the outward movement of TM6 upon receptor
activation by CP55940 was hindered by F237L mutation, and
this is consistent with a role of F237** on receptor
activation.'”**

F237L Mutation Blocked Y3977%® Conformational
Change. At the receptor level, the binding of a signaling
protein is the final consequence of receptor activation. In this
regard, the NPxxY motif has been linked to G protein binding,
as Y3977 shifts toward Y294™*" in active receptor
conformations to facilitate G protein binding and blocking
TMB6 inactivation.”** In MD simulations of apo CB1, Y3977
remained in an inactive-like conformation overall, as shown by
the distance between Y3977°% and Y294%%% (Figure 3A),
regardless of F237L mutation. In contrast, a new population
was observed in wt CB1 bound to CP55940 centered at ~3 A,
indicating the presence of active-like conformations™” (blue
curve in Figure 3B). However, this subpopulation was not
clearly represented in CP55940-bound F237L CB1 (red curve
in Figure 3B), where Y3977*® remained in inactive-like
conformations such as in apo CB1. This suggests that F237L
mutation blocks the conformational change in Y3977
observed in active crystal structures of CB1.”>*® Together
with the hindrance of TM6 movement, our results indicate that

https://doi.org/10.1021/acsomega.2c04980
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F237L mutation interfered with receptor activation during the
simulations.

W356°48/F200%%¢ Rotameric Switch Was Unaffected
by F237L Mutation. The residue pair W356%4 /F200%3¢
forms an additional microswitch for receptor activation in
CBI, consisting of a double rotameric switch where W356%*%
and F200%% are rearranged upon receptor activation. This is
accompanied by an upward movement of TM3.”” This
rearrangement has been proposed to be mediated by changes
in the y, dihedral angles of W356%* and F200>¢ that result in
the breakage of aromatic stacking 1nteractlons between these
two residues upon receptor activation.”> McAllister et al.,, 2004
proposed W356%*® shifts its y, dihedral angle from gauche( +)
to trans, followed by a transition m the y, dihedral angle of
F200*3* from trans to gauche(+)." This was observed in MD
simulations of wt CB1 as described in Diaz et al., 2019 (Figure
4A, C), although W356%*  conformation may return to
gauche(+) after TM3 upward movement while the receptor
is in an active-like conformation, as shown by active CB1
crystal structures.”>*® In MD simulations of CP55940-bound
F237L CB1 (Figure 4B, D), the y, dihedral angle from
W356%* transitioned from gauche(+) to trans and y, dihedral
angle from F200** transitioned from trans to gauche(+),
suggesting that the double rotameric switch was unaffected by
F237L mutation.

Contacts between CP55940 and CB1 Were Affected
by F237L Mutation. To evaluate the effect of F237L
mutation on agonist binding, the frequencies of contact

between CPS55940 and CB1 were calculated for MD
simulations of wt and mutant receptors. The difference in
average frequencies between wt and mutant suggests there is a
difference on how CP55940 interacts with CB1, with some
interactions favored for wt and others for F237L (Figure S).
Moreover, interaction differences were consistent across
simulation time (Figures SS and S6).

Additionally, the affinity of CP55940 for wt and F237L CB1
was estimated using Molecular Mechanics Poisson—Boltzmann
Surface Area (MMPBSA), decomposed for each residue within
4 A of CPS55940 starting conformation, in addition to residues
identified by contact frequency difference analysis. Overall, the
difference between global AGy,;,4 for wt and F237L was not
statistically significant as calculated by a two-sample Student’s ¢
test (AGying™ = —12.22 + 0.52 kcal/mol, AGy,g 27" = —12.48
+ 0.71 kcal/mol (mean + S.EM.), p = 0.583, for n = 3
trajectories). From both contact frequency difference and
MMPBSA decomposition, residues could be grouped accord-
ing to whether their interaction with CP55940 was favored in
wt or in F237L. According to frequency differences, residues
favored by wt CB1 were most notably $123'%, F170*%, and
M3847*°, while residues favored by F237L CB1 were
P2695°12, A38073¢, C3827, and C386”*2. MMPBSA decom-
position (Figure SC) showed residues $123'%¥, F170%Y,
F200*3%¢, L276%%°, M3847*°, and L3877* were favored toward
wt CB1, while residues L359%%!, F37973%, A3807%, and
C3867** were favored toward F237L CB1. To a lesser extent,
this analysis also indicated that interaction with residues

37877 https://doi.org/10.1021/acsomega.2c04980
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Figure 6. (A) Projection on the principal components PC1 and PC2
of the wt and F237L CB1 MD-generated conformations with bound
CPS55940. (B) Extreme conformations along the direction of PC1
(minimum value in blue, maximum value in red). A transition from
the red to the blue conformation corresponds to a movement from
positive to negative projections along the direction of PC1. (C)
Extreme conformations along the direction of PC2 (minimum value
in blue, maximum value in cyan). A transition from the blue to the
cyan conformation corresponds to a movement from negative to
positive projections along the direction of PC2.

correspond to PCs 1 and 2. Figure 6B shows that going from
positive to negative values of the projection along PC1 (from
right to left in the PC map in Figure 6A) corresponds to an
outward motion of TM6. In the case of PC2, Figure 6C shows
the motion from negative to positive values of the projection
(from bottom to top in the PC map) corresponds to a bending
of TM7 that contributes to open the intracellular cavity of the
receptor (besides a collective rearrangement around the
orthosteric site). Therefore, open and active-like conforma-
tions of CB1 are scarcely explored by the mutant. Taken
together, these results indicate that the mutation had an impact
on the dynamical behavior of CBI and shifted the receptor
population toward the inactive state.

As detailed in the Methods section, PCA was based on the
Ca atoms of CBI, thus providing information on motions of
the main chain. However, we also wanted to investigate how
the mutation affected the side chains of the receptor. The
residues analyzed in the previous sections are either micro-
switches of CB1 activation well established in the literature®*
or form the binding cavity of the orthosteric ligand, and thus
were selected as a first indicator of the effect of F237L
mutation. To characterize other residues that may be affected
by F237L mutation, we calculated distance matrices of wt and
mutant CB1, both in the presence of the agonist. PCA results
allowed us to separate two groups for comparison in order to
reduce noise and focus on differences between the two

conditions: (i) replicas 2 and 3 of wt CB1 (where active-like
conformations were observed); (ii) the three replicas of the
mutant. We then determined statistically significant differences
in average residue pairwise distances between these two
groups. Residue pairs with distances always longer than 10 A in
all trajectories were excluded from the analysis. A list of the
1378 residue pairs whose variations in distance were
significantly higher than 1 A is available in the Supporting
Information. Considering the magnitude of distance variations,
the top 35 (variations in the range 4.6—6.7 A) corresponded to
distances that were larger in the wt receptor; interestingly, they
involved residue pairs in TM6-TM2 and TM6-ICL2. It is
necessary to descend to the 36th position in the ranking to find
a residue pair with increased distance in the mutant, and it
involved residues in TM7 and TM3. The 10 largest differences
are listed in Table 1 and schematically depicted in Figure 7A,

Table 1. Top 10 Highest Differences in Average Residue
Pairwise Distance between MD Simulations of wt (Replicas
2 and 3) and F237L CB1 (All Replicas) with Bound
CP55940

avg. avg. distance
distance in in F237L delta

residue 1  residue 2 wt (A) (A) (A) p value

P151>%  D338%% 20.22 13.52 670 19 x 107
F155*% L1345 11.98 6.00 598 19 x 107%*
S152*%  A3426% 17.16 11.43 573 49 x 107%
P151%% 134153 15.88 10.19 569 29 x 1077
F155*%  A3420% 17.25 11.57 569 87 x 107
F155%  V346°% 16.15 10.45 569 9.6 x 107#
P151%%%  M337%% 19.72 14.04 568 2107
S152%%  1341%% 12.68 7.04 5.64  7.5%x 10777
$152%%  D338%% 17.34 11.76 558 34 x 107
S152%% 13395 19.59 14.06 553 37 x 1077

T™M6

Figure 7. (A) Ten largest distance differences in MD simulations
between wt CBI1 (replicas 2 and 3) and F237L CB1 (all replicas) with
bound CPS$5940. (B) Differences in contacts between wt CB1
(replicas 2 and 3) and F237L CB1 (all replicas) with bound
CP55940. Contacts only present in wt CB1 are represented in blue
and contacts only present in F237L are represented in red.

which shows that in wt CB1 there was a larger distance
between TM6 and TM2 in comparison to the mutant. This
increased distance was consistent across simulation time
(P151**.D338%% distance shown in Figure S7). This is in
agreement with our other results and indicates that an outward
movement of TM6 was hindered by the mutation. It is also
worth noting that the largest distance observed between TM7
and TM3 in the mutant is also consistent with the hypothesis

https://doi.org/10.1021/acsomega.2c04980
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that the mutation suppresses collective motions that lead to
activation, since the approach between these two helices is well
described in the activation of class A GPCRs."

Moreover, the hindrance of TM6 movement by the
mutation was reflected by the higher frequency of water
molecules in contact with residues A342%** and 13967 (close
to the G protein binding cavity) in wt CB1 compared to F237L
CB1 (Figure S8). The presence of these additional contacts
with water molecules in this region suggests an entrance of
water molecules as a consequence of the outward movement of
TM6, and can be seen as an indicator of conformational
change, which occurred in wt receptor and was hindered by the
mutation.

In a complementary analysis, we also identified residues
which formed close contacts (distance < 4 A for at least 50% of
the simulation time) in one group but not in the other (Table
2 and Figure 7B). In this category, we found residue pairs in

Table 2. Differences in Close Residue Contacts (Distance <
4 A) between MD Simulations of wt (replicas 2 and 3) and
F237L CB1 (All Replicas) with Bound CP55940

residue 1 residue 2 contact in wt contact in F237L
$203%¥ $39074¢ yes no
Y29455% 1348540 yes no
M295%% L3494 yes no
D163*% T39174 yes no
T130"4 $39074 no yes
N134'5 $39074¢ no yes
T210%% Y2948 no yes
Y2943 V34653 no yes
1290%5* L3495 no yes
D163* N3937# no yes

TM6-TM3 and TM6-TMS; and also pairs between TM7 and
TMI, and between and TM2 and TM3. Residues D163,
Y2945 §390746, and 1L.349°*! were each one of them involved
in more than one of these contacts which were switched on or
off, suggesting an important role for these residues in the
collective dynamics of CB1. Notably, many of these changing
contacts, as well as the large amplitude distance variations,
occurred far from the site of the mutation, involving several
other helices and distinct regions of the receptor, pointing to
the global structural and dynamical effect of the mutation.
F237L Substitution Disrupted Aromatic Interactions
in the Mutation Site. F237L mutation consists of a
substitution of an aromatic residue with an aliphatic one. In
crystal structures of CB1, F237*% is in the vicinity of two
aromatic residues, F155** and W241*%; the latter is a highly
conserved residue in class A GPCRs™ which participates in
allosteric modulator ORG27569 binding.'” In one of the MD
simulation replicas of wt CBl bound to CP55940,” a
conformational change of F155** and F237** was observed.
In this MD trajectory, active-like conformations were
observed”” and F155** shifted toward TM4 generating an
intermediate state in which F155** and F237**¢ briefly
formed aromatic tilted T-shape interactions (Figure S9), after
which F237*4 shifted away from TM3. This configuration of
F155** and F237** (Figure S9C) can be seen in active crystal
structures of CB1 with cocrystallized G protein,”*° but not in
active-like crystal structures without the G protein.'” Aromatic
interactions between F237** and W241*% are favored in this
“displaced” configuration of F237*% (Figure S10). Thus,

substitution of phenylalanine by leucine would disrupt such
aromatic interactions between F237**¢ and W241*%° character-
istic of states coupled to the G protein. Presumably, this
modulation might extend to ligand binding to this region
because of the fact that ORG27569 and cholesterol bind to
CB1 with an inactive-like conformation of F155** and
F237446 17,19,23

Hl DISCUSSION AND CONCLUSIONS

In this study, we have interrogated the effect of the F237L
mutation upon CBI activation through molecular dynamics
simulations. Here, we performed MD simulations of apo and
CP55940-bound F237L CBI, starting from the inactive state of
the receptor. We compared our observations with results from
our previous work, in which we performed simulations of wt
CB1.” In that work, we observed that the agonist-bound wt
receptor achieved active-like conformations during the
trajectories; in contrast, in the simulations of the mutant
performed here CB1 remained inactive, even in the presence of
the agonist. Notably, the mutation was associated to a
suppression of a large amplitude outward movement of TM6
in the simulations.

In both of our studies—our previous work with wt CB1 and
the present one with the mutant—systems were setup in the
same way, and we followed the same simulation protocol. This
included the insertion of the receptor in a very simple model
membrane, composed of POPC. Though it has been shown
that cholesterol can play an important role as an allosteric
modulator of GPCRs,”" and particularly of CB1,”%*"* it was
not included in our simulations. This allowed us to make direct
comparisons with our previous work and also to decouple the
effect of the mutation from allosteric effects exerted by
cholesterol. Moreover, F237*% is located in a cholesterol
binding site of CB1,'” and an investigation of the impact of the
mutation on cholesterol binding or the combined effects of
cholesterol and the mutation were beyond the scope of this
paper. However, it should be important to consider the
behavior of the mutant receptor in the presence of cholesterol,
and we believe this topic deserves attention in the future.

Crystal structures show that the conformation of F23
changes upon receptor activation, and this conformational
change is accompanied by a rearrangement of F155** (see
Figure 1B). In the inactive state,”* F155*** points toward the
G protein binding cavity, interacting with residues L207>%,
T210%%, L345%Y, 1348°%, and Y3977 in other TMs. Upon
activation,”*® F155** shifts and points toward the extra-
helical cavity and interacts with residues L209°%, D2133%,
A233**#, and L237*. This shift therefore leads to a loss of
contacts between TM2 and TM6 which possibly facilitates the
uncoupling between these two helices. The important role of
F155** in CBI activation has been recently highlighted by
metadynamics simulations,”> which indicated that the
rearrangement of this residue (and, more generally, a
rearrangement of TM2) is a critical step in CB1 activation.
Importantly, these simulations revealed that the free energy
barrier to the conformational change of F155*** is much
higher than the one associated to the outward movement of
TM6. Our results are consistent with this picture, since the
outward movement of TM6 was more frequently observed in
our simulations than the reorientation of F155***. Importantly,
we should note that in our trajectories the F237L mutation
hindered this relatively easier movement of TM6, suggesting

7446
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that the mutation contributes to heighten the energy barrier to
the displacement of this helix.

The active-like states observed in our simulations were then
frequently characterized by TM6 and F155** in active and
inactive conformations, respectively (this also characterizes
conformational states explored in the metadynamics simu-
lations referred to above, in which TM6 could switch between
inward and outward states while F155** remained in its
inactive conformation). The existence of such distinct
intermediate states is consistent with models of GPCR
dynamics that propose the existence of multiple conforma-
tional states in dynamical equilibrium.** Other molecules—for
instance, orthosteric or allosteric ligands, membrane lipids or
intracellular proteins such as G proteins—would be able to
shift this equilibrium and stabilize certain conformations, thus
modulating the receptor function. For example, recent NMR
experiments with CB1 in the presence of different ligands
(including the agonist CP55940 and the allosteric modulator
ORG27569) detected a variety of conformational states,
leading the authors to propose a model for activation and
allosteric modulation including not only inactive and active
states but also preactive and active-like conformations; each
one of them would be favored by the interaction with distinct
partners.”* In the particular case of the conformations of TM6
and F155*%, it is possible that the stabilization of both in the
fully active conformation requires coupling to the G protein.
Our results suggest that the F237L mutation renders G protein
coupling less probable, because it shifts the dynamical
equilibrium toward the inactive state of the receptor.

Structural differences between wt and mutant CBI1 in the
simulations were accompanied by modifications in the
hydration of the receptor. In particular, wt CB1 exhibited a
higher occupancy of water molecules in specific residues close
to the G-protein binding site. The entrance of these water
molecules was possibly facilitated by the outward movement of
TM6, that opened the intracellular cavity. It constituted
another indicator of conformational changes observed in wt
CBI and suppressed by the mutation. However, the observed
differences in the pattern of hydration between wt and mutant
CBI are complex (Figure S8), and it remains to be verified if
water molecules play an active part in triggering CBI
conformational changes, as suggested for the activation of
other GPCRs.*>*°

It seems logical to attribute the behavior of F237L mutation
to the loss of aromatic interactions in the mutated receptor due
to the substitution of an aromatic residue for an aliphatic one.
It should be noted that, although our simulations indicated
that stacking or T-shape aromatic interactions between
F155** and F237** may form transiently in a dynamic
context (Figure $9), aromatic interactions between these
residues are not present in CB1 crystal structures. Moreover, in
mutagenesis experiments the replacement of F155** by V, an
aliphatic but smaller side chain, was shown to increase G
signaling; in contrast, mutation to the aromatic but larger W
had the opposite effect.”® These results suggest the aromaticity
of F155** might not be the determinant factor for its role in
the activation process, and also the possibility that the size of
the side chain at this location might be important.

On the other hand, W241*% is a highly conserved aromatic
residue in GPCRs (conserved at 97% in class A GPCRs")
located one helix turn from F237** and is also a contact
residue for ORG27569'” and cholesterol.'” In our trajectories,
W241*% could form stacking or T-shape aromatic interactions

with F237*% in its “displaced” conformation (Figures $9 and
$10), and such interactions would be lost in the F237L mutant
CBI1. Though contacts between F237*% and W241* are
observed in crystal structures of the receptor coupled to the G
protein,zs’zo suggesting aromatic interactions between F237+4
and W241*%° are characteristic of the active state, the
disruption of such interactions is likely not the only factor
involved in the effect of F237L mutation upon activation.
Actually, one of the important results in this study is the global
effect of the mutation. While the perturbation of local aromatic
interactions is probably relevant, we observed that the effects
are nonlocal and widespread, affecting pairwise residue
distances and contacts across CBI1 structure. The dynamical
coupling between the local network of aromatic residues and
the global state of the receptor deserves further investigation.
F155*%, F237*%, and W241**° may work as an “allosteric
micro-switch” that could be modulated by mutations, allosteric
ligands, or membrane lipids. We believe this hypothesis should
be further explored through new simulations with mutations of
these residues, and also through metadynamics simulations, to
probe free energy barriers associated to their conformational
changes.

Experimental results showed that F237L increases CP55940
binding and reduces inverse agonist SR141716A binding."”
Our simulations indicated that the F237L mutation had an
impact on residues on the CP55940 binding site, and therefore
they are consistent with the experimental verification that
perturbations in F237*%¢ can affect orthosteric ligand binding.
However, we have not been able to capture significant
differences between wt and mutant affinities for CP55940.
This can be explained by the relatively low difference in the
experimentally determined CP55940 affinity between wt and
F237L CBI (K in wt CB1:8.7 & 0.7 nM; K3 F237L CB1:5.0 +
0.2 nM; data from Shao et al.'”) and also by limitations in
MMPBSA methodology, such as considering an implicit
solvent and membrane. Also, the entropic component was
not considered, which might be an important factor
contributing to the free energy of binding, or perhaps altered
by F237L mutation. Despite these limitations and inaccuracies
introduced by docking, our results suggest that multiple
residues in the CP55940 binding site are affected by F237L
mutation, as shown by contact analysis and MMPBSA free
energy decomposition (Figure 5). These results indicate a
complex effect, with some protein—ligand interactions being
more probable in wt CB1 and others favored in the mutant.
Among the residues that display different contact frequencies
with the agonist, 1267512, P2695CL2 and D2725¢2 are located
in the ECL2; notably, contacts between the agonist and
12675 and P2695°!* are favored in the mutant. This is an
interesting result, since it has been shown that ECL2 is a
critical region for CP$5940 binding.*® One hypothesis is that
the F237L mutation, by favoring these contacts, leads to a
stronger interaction with ECL2 and facilitate agonist binding
into a higher affinity state. The small difference in experimental
affinities for CP55940 between wt and F237L CB1 poses a
challenge to the corroboration of this hypothesis through
simulations. Nevertheless, it could be interesting to use more
sophisticated free energy estimation methods (e.g, funnel
metadynamics®’) to interrogate more closely the role of these
ECL2 residues in the process of agonist binding. Mutations at
these ECL2 sites could be tested both theoretically and
experimentally to test the validity of our observations.
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The F237L mutation exhibits a qualitatively similar effect to
allosteric ligand binding. Mutations whose effect is similar to
allosteric ligand binding have been reported before for other
GPCRs. For example, in the metabotropic glutamate receptor
2 (mGluR2), it has been observed that Q679V and C770A
mutations converted a partial agonist into a full agonist,
therefore acting in a similar way as a positive allosteric
modulator (PAM).** ORG27569 is one of the most studied
CB1 allosteric modulators and has intriguing pharmacological
properties in that it displays positive binding cooperativity and
negative functional cooperativity with CBI agonists such as
CP55940. Allosteric modulators with this behavior have been
previously denominated PAM-antagonists.'® However, the
mechanism by which ORG27569 exerts this effect is still
unknown. In the CP55940 and ORG27569-bound crystal
structure of CB1,'” ORG27569 can be observed bound to the
intracellular side of the receptor, in an extrahelical binding site
formed by TM2 and TM4 that partially overlaps with a
cholesterol binding site.'”'” F237*% is a contact residue for
both ORG27569 and cholesterol binding as shown in these
crystal structures. Moreover, F237L mutatxon causes an
increase in the affinity of CP55940 for CB1'” and, as examined
in this study, impairs receptor activation. Furthermore, it has
been sho_wn that ORG27569 promotes receptor internal-
ization,””*” an effect that is also observed in homologous
F238L mutation in rat CB1.°” When considered together, all
these data and the shared effects between ORG27569 binding
and F237L mutation, combined with the fact that F237*%¢ is a
contact residue for ORG27569, suggest that F237%+4¢
contributes to mediate its allosteric effects.

This study was limited to the analysis of F237L mutation.
Since this mutation has a global effect on the receptor
conformational properties, this indicates that this region is a
potential hotspot for allosteric modulation in CBI. It would be
expected that other perturbations in this region such as those
resulting from ligand binding would affect distant regions of
the receptor, thus suggesting a chemical space where a variety
of allosteric ligands may be developed. Finally, we conclude
that MD simulations on mutant receptor models, despite their
inherent limitations and taken with the necessary caution,”'
can be used as an exploratory tool to provide clues for
subsequent structure-based drug design of allosteric com-
pounds.
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Allosteric modulators are of prime interest in drug discovery. These drugs regulate the binding and
function of endogenous ligands, with some advantages over orthosteric ligands. A typical pharmaco-
logical parameter in allosteric modulation is binding cooperativity. This property can yield unexpected
but illuminating results when decomposed into its kinetic parameters. Using two reference models (the
allosteric ternary complex receptor model and a heterodimer receptor model), a relationship has been
derived for the cooperativity rate constant parameters. This relationship allows many combinations of
the cooperativity Kkinetic parameters for a single binding cooperativity value obtained under
equilibrium conditions. This assessment may help understand striking experimental results involving
allosteric modulation and suggest further investigations in the field.

Keywords: allosteric modulation; binding kinetics; binding cooperativity; rate constant; cooperativity rate constant;

residence time; GPCRs; heterodimer receptor

Allosteric modulation at equilibrium
conditions

Allostery, in particular in G-protein-
coupled receptors (GPCRs), is a research
area of special interest to both academia
and the pharmaceutical industry because
of the known advantages (a ceiling effect
level and greater GPCR subtype selectivity,
among others) that allosteric modulators
have with respect to orthosteric ligands.'
In this study, we consider first the allos-
teric ternary complex receptor model, in
which a receptor R bears two binding sites
to which the orthosteric ligand A and the
allosteric ligand B bind.”” In the first
instance, we do not consider how ligand

binding translates into receptor function
and we limit the analysis to a pure binding
scenario in which either equilibrium or
rate constants are used.

At equilibrium, the concentrations of
the four receptor species present in the sys-
tem are regulated by the corresponding K;
to K, equilibrium dissociation constants
(Fig. 1a).”* We can change the notation
and introduce the o and B binding cooper-
ativity parameters (Iig. 1b). o measures the
binding affinity of A to RB with respect to
the free receptor R, whereas  measures the
binding affinity of B to AR with respect to
R. Only three of the four equilibrium con-
stants are independent or, in other words,

a is equal to B. From now on, we use o to
denote the binding cooperativity parame-
ter between the two ligands. o can be
greater, lower, or equal to one, indicating,
respectively, an increase, decrease or no
effect on the affinity of each of the ligands
for the receptor because of the presence of
the other bound ligand. Binding coopera-
tivities can be experimentally measured
by different methods and allosteric modu-
lators can be classified as positive, nega-
tive, or neutral depending on o > 1,
o<1 ora=1, respectively.2 However,
the mutual influence between the two
ligands can be further examined when
time is considered. For example, we can

1359-6446/@ 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http:/creativecommons.org/licenses/by/4.0/).
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FIG. 1

Allosteric ternary complex model. It is assumed that A is the agonist and B is the allosteric modulator. (a) K; to K, equilibrium dissociation constants are used:
Ky = [AIRV/[AR]; K, = [BI[RI/[RB]; K5 = [BI[ARI/[ARB]; K4 = [AI[RBI/[ARB]. (b) K5 and K, have been removed by including o and B binding cooperativity
parameters, with o = K;/K, and B = Ky/Ks. It can be shown that only three of the four K; to K, constants are independent: if we substitute each equilibrium
dissociation constant by its expression in terms of concentrations of receptor species, then K;/K, = K,/K5 = [RI[ARB]/([ARI[RB]) (one equilibrium constant
depends on the other three), or, in other words, o = p. Adapted from .

ask whether it is possible to find a positive
allosteric modulator (PAM) B that is more
kinetically unstable in its binding site
when A is present than when it is bound
to the free receptor. If o > 1, one would
expect an increase in the affinity of each
of the two ligands when the other is pre-
sent, but this conclusion does not explain
the behavior of the ligands and the mutual
influence between them when they are
already at the receptor binding site and
only the processes of ligand-receptor dis-
sociation are considered.

From equilibrium constants to rate
constants: including the kinetic context
Equilibrium constants are the ratio
between rate constants (Fig. 2a). The inclu-

the discussion to binding kinetics, a phar-
macological research area of major applica-
tion in clinical and drug discovery
research.”® We follow the same rationale
as in Fig. 1 but using rate constants (associ-
ation: k,; to k.4 and dissociation: k_; to
k_4) (Fig. 2a) and their corresponding o,
o, By, and B_ cooperativity rate constant
parameters, with o, = Ku/Kq, oo = k 4/
k1, By = Kia/kep, and B = ko3/k,
(Fig. 2b). It can be shown that only seven
of the eight rate constants are indepen-
dent: (k_; kig)/(ky koy) = (k2 kiz)/(k2
k_3), or, in other words, o, /0 = B,/p_.

In the same way as equilibrium con-
stants are the ratio between rate constants,
the binding cooperativity parameters (o
and B) are the ratio between the corre-

parameters (o.= o, /o and p = B,/p_). Given
a = P, this does not necessarily mean that
o, =B, and o_ = P_. The latter is a sufficient
but not a necessary condition and, thus,
the kinetic reciprocity between orthosteric
and allosteric ligands occurs at the level of
their cooperativity rate constant ratios and
not their absolute values.

Let us consider the following example:
o=p=4 witho, =2, 0_=05,B,=8
and B_ = 2 for an orthosteric ligand A
and an allosteric ligand B. These values
imply a PAM in binding terms (a > 1)
and, thus, the equilibrium dissociation
constants of both the orthosteric and the
allosteric ligands decrease in the presence
of the other bound ligand or, in other
words, their affinities for the receptor

sion of rate constants in the analysis opens sponding cooperativity rate constant increase in the presence of the other
2 Kis b) Buksy
AR " ARB AR | > ARB
ks Bk
K1 ] Jk-1 Kig ‘H K4 K1 I J K_4 d+k+1l l ak4
k+2 k+2
R <" RB R <—" RB
K. K.,
Drug Discovery Today

FIG. 2

Allosteric ternary complex model. It is assumed that A is the agonist and B is the allosteric modulator. (a) The equilibrium dissociation constants in Fig. 1 in
the main text are substituted by the corresponding association (k,; to k.4) and dissociation (k_; to k_,) rate constants: Ky = k_1/k1, Kz = k_2/k,2, K3 =k _3/K,3,
Ky = k_a/ky4. (b) k3, k_3, ki4, and k_4 have been removed by including o, o, B,, and _ cooperativity rate constant parameters, with o, = k,a/k,y, o =k_4/
k_1, Bs+ = kys/ksz, and B =k_3/k_,. It can be shown that only seven of the eight k,, to k.4 and k_, to k_, rate constants are independent: if we express each
equilibrium dissociation constant in terms of concentrations of receptor species, then K;/K; = K»/K3 = [RI[ARB]/([ARI[RB]) (Fig. 1 in the main text) and, by
putting equilibrium constants in terms of rate constants, it can be seen that (k_; ky4)/(k,; k_4) = (k_; k;3)/(k,> k_3) (one rate constant depends on the other
seven), or, in other words, o, /o = B./B_. Adapted from .
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bound ligand. However, if we look at the
o_ and p_ parameter values, we see oppo-
site effects. Whereas the dissociation rate
constant of the orthosteric ligand
decreases when the allosteric ligand is
bound (o = 0.5), that of the allosteric
ligand increases when the orthosteric
ligand is bound (B_ = 2). Moreover, if we
look at the o, and B, parameter values,
we see that both are > 1 although the effect
of the orthosteric ligand on the association
rate constant of the allosteric modulator
(B; = 8) is greater than that of the allosteric
modulator on the association rate constant
of the orthosteric ligand (o, = 2).

Interestingly, for this particular o= =4
value, many other combinations of values
of the cooperativity rate constant parame-
ters are possible, which indicates that dif-
ferent mechanistic hypothesis concerning
microscopic events are compatible with a
macroscopic outcome. For instance, the
o = B = 4 binding cooperativity value can
also result from o, = 8, o =2, B, = 0.8
and B_ = 0.2. Now, the effects that the
allosteric modulator and the orthosteric
ligand exert on each other are opposite in
both the association and the dissociation
rate constants (o,>1 and B,<1; o_>1 and
B_<1). See the discussion below on the
relationship between residence time and
agonist efficacy and ° for an insightful
review on the influence of allosteric modu-
lators on the binding kinetics of the
orthosteric ligand.

In this report’, adenosine receptors
were selected for analysis and, among
others, adenosine Aj allosteric modulators
were examined. For purposes of illustra-

tion, two compounds are now taken. The
first, VUF5455, behaved as an A; PAM by
significantly retarding the dissociation rate
of the agonist radioligand ['*°I]-I-AB-
MECA, from the adenosine Aj receptor in
a concentration-dependent manner.”
Interestingly, its effect on the dissociation
rate of the antagonist [*H]-PSB-11 was
insignificant.®” These data illustrate the
known dependence of allosteric modula-
tion on the orthosteric ligand used, which
is reflected in both equilibrium and kinetic
assays.""” The second compound, LUF6096,
which bears a different chemical scaffold,
also behaved as a PAM of the adenosine A3
receptor.” Noteworthy, the compound was
able to change the biphasic dissociation of
['*51)-I-AB-MECA from the receptor into a
monophasic process, by slowing the kinet-
ics of the agonist in the fast dissociating
phase (Kot fast = 0.089 to 0.035 min ). This
effect was attributed to the stabilization of
the receptor active conformation. This pro-
posal was corroborated by a functional
assay, in which LUF6096 significantly
enhanced the intrinsic activity of CI-
IBMECA agonist.”” These are two examples
showing the effects of allosteric modulators
on the dissociation rate constants of orthos-
teric ligands.

As recognized in °, the influence of
allosteric modulators on association rate
constants of orthosteric compounds has
been less investigated, which indicates
that further work is needed to cover the
entire kinetic space. However, the occur-
rence of receptor-receptor interactions in
GPCRs adds a layer of complexity to the
concept of allosterism.

6

Allostery in a heteromeric context
Allostery can arise not only from the inter-
action between an orthosteric and an
allosteric ligand within a single receptor
protein, but also from the interaction
between two or more orthosteric ligands
in an oligomeric receptor. Given its anal-
ogy with the previous case, at least at the
mathematical level, we consider the model
of receptor heterodimerization. Previ-
ously,'” we proposed a mathematical
model for receptor heterodimerization.
Fig. 3a shows an adaptation of the binding
part of the model in which kinetic con-
stants for the binding of ligands A and B
to the corresponding R; and R, receptor
protomers in the heterodimer are
included. Figs. 2 and 3 depict two models
describing allostery between two ligands.
Although the models are different in terms
of protein structure (one or two proteins,
respectively), they are equivalent to each
other from the point of view of the kinetic
parameters involved. This means that, in
the absence of structural information
about the allosteric interactions between
the two bound receptor-ligands, binding
experimental data are compatible with
both a monomeric and a heterodimeric
receptor. Therefore, the discussion above
on the variability of cooperativity kinetic
parameter values within a common o,/
o_ = B,/p_ ratio is also valid.

At this point, it is worth comparing het-
erodimeric receptors with homodimeric
receptors. We see that a homodimeric
receptor is a particular case of a heterodi-
meric receptor with R; = R; = R or, in other
words, a homodimeric receptor is a limit-

a)

Drug Discovery Today

AR(R,

RR, « " RR,B

k+3 b) 5*k+2
AR,R,B ARR, 1
K3 Bk
k+1 I l k_1 k+4 [ l k_4 k+1 [ l k_1 a+k+1
Kiz Ko

2 K,

AR(R,B

R1 R2 47. R1R2B

i

FIG. 3

Heterodimer receptor model considering only the binding part. A is a ligand selective for R; and B is a ligand selective for R,. (a) k,; to k., association and k_,
to k_, dissociation rate constants are used. (b) k.3, k_3, k.4 and k_4 have been removed by including o,, o_, B,, and B_ cooperativity rate constant
parameters, with o, = k,a/kyq, o0 = k_a/k 1, By = kys/k,2, and B_ = k_3/k_,. Proceeding analogously as in Fig. 2 in the main text, it can be shown that only
seven of the eight k,; to k,4 and k_; to k_, rate constants are independent, (k_; ky4)/(k;1 k_4) = (k_; k;3)/(k;; k_3), or, in other words, o.,/0._ = B,/f3_. Adapted

from '°.
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FIG. 4

Homodimer receptor model constructed from the heterodimer model shown in Fig. 3 in the main text by considering R; = R; = Rand A = B. (a) The set of rate
constants present in Fig. 3a in the main text is reduced because k., = k1, k_, =k _;, kg =k,zand k_, =k_3. (b) k,3 and k_3 have been removed by including
o, and o_ cooperativity rate constant parameters, with o, = k,3/k,; and o_ = k_3/k_;. Comparing Fig. 3b in the main text with (b), it can be seen that

Kiz=Ke k a=k 1, 0 =P, and o = p_.

ing case of a heterodimeric receptor in
which the two protomers progressively
resemble each other until finally they are
the same.'" If, in addition, only one ligand
species (say A) is included, then the previ-
ous relationship between cooperativity
rate constants is simplified (o, = B, and
o_ = B_) and only two cooperativity rate
constants (o, and o_) contribute to the
homodimer receptor system'” (Fig. 4).

In functional terms, a heterodimer
receptor with two orthosteric sites is more
complex than a monomeric receptor with
an orthosteric site and an allosteric site.
In the heterodimer, at least two signaling
pathways are present, one for each pro-
tomer, leading to a more complex func-
tional scenario. The present study is
mainly aimed at binding. However, it
appears clear that the mutual influence in
binding kinetics that ligands can have on
each other could affect their respective
functional responses. The potential vari-
ability in cooperativity kinetic parameter
values might be obscured under equilib-
rium conditions but can be determinant
when equilibrium is not present. In this
regard, it can be interesting to consider
whether complex pharmacological prob-
lems, such as that described in '* can be
reanalyzed through binding kinetics.

In ", the potential relationship of the
SHT2A-mGlu2 heteromer with
schizophrenia was postulated. For this het-
eromer, a Gq signaling pathway is linked
to the SHT2A protomer, whereas a Gi sig-
naling pathway is linked to the mGlu2
protomer. In healthy circumstances, a
determined Gi-Gq balance is present,
which is disrupted by a decrease in Gi

and an increase in Gq signaling under
schizophrenia conditions. The authors
found that, in general, dominant (strong)
agonists enhance signaling through the
protomer they target as part of the hetero-
mer but inhibit signaling of the hetero-
meric receptor partner. By contrast,
inverse agonists inhibit signaling through
the protomer they target as part of the het-
eromer but enhance signaling of the het-
eromeric receptor partner.'’ Thus, to
restore normal balance in patients with
schizophrenia, an mGlu2 dominant ago-
nist would be appropriate to increase Gi
signaling and additionally decrease Gq sig-
naling. In the same way, a serotonin
SHT2A inverse agonist would be appropri-
ate to decrease Gq signaling and addition-
ally increase Gi signaling. Furthermore, a
combination of the two ligands would
synergistically favor the desired effect."”
This behavior was modeled in '* by using
a heterodimer model under equilibrium
conditions.'” To do so, proper values for
the parameters describing receptor func-
tion under equilibrium conditions were
chosen; in particular, values either greater
than one or lower than one for the func-
tional cooperativities in their respective
Gi or Gq signaling pathways were cho-
sen.'* A second layer of complexity comes
from considering the mutual influence
between the receptors through ligand
binding. Thus, if we are including a combi-
nation of two ligands, that is, a strong ago-
nist A for mGlu2 and an inverse agonist B
for SHT2A, a binding cooperativity o > 1
would favor the binding of the two
ligands. Interestingly, and as discussed
above, a single o value can be obtained

from different (o, o) and (B,, B_) combi-
nations. This variability in association
and dissociation cooperativity rate con-
stants can yield striking and unexpected
results for those cases not restricted to
equilibrium conditions, which could pro-
vide new insights into the biological prob-
lem. Furthermore, this mechanistic
knowledge can help design the appropri-
ate protocol for combination drug therapy
in neurologic and psychiatric diseases.'”

Residence time, agonist efficacy, and
allosteric interactions
Binding kinetics and, consequently, the
time factor are conceptual pieces in the
mechanism of drug action that should
not be neglected in pharmacological
research and pharmaceutical develop-
ment. The time factor is present in an
explicit way through the concept of resi-
dence time.'® If we define residence time
as the time a ligand spends at the
receptor-binding site, many different com-
binations of cooperativity rate constant
values can be obtained from different
ligands with similar equilibrium dissocia-
tion constants. In the above proposed case
(a=Pp=4,witho,=2,0_=0.5, B, =8, and
B_ = 2), if no other factors are considered,
there would be expected an increase in
the residence time of ligand A because of
the presence of ligand B (o.<1) and a
decrease in the residence time of ligand B
because of the presence of ligand A (B_>1).
There are studies in the literature show-
ing the effect of allosteric modulators on
the binding kinetics of orthosteric ligands.
As examples, we can mention values
included in Table 7 of ° showing the
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decrease in the dissociation rate constant
of the adenosine Az ['2°I]-I-AB-MECA ago-
nist exerted by some allosteric modulators,
namely, 43% (VUF5455),” 46%
(DU124183),"” 58% (2-AG),"® and 47%
(HMA)." Interestingly, the HMA allosteric
modulator increased 1.6-fold the dissocia-
tion rate constant of the [*H]-PSB-11
antagonist.'’

Residence time is expected to be posi-
tively correlated with agonist efficacy
because the longer an agonist remains
bound to the receptor, the more cycles of
G-protein activation it can catalyze.” This
proposal has been proven in some receptor
systems, such as the M3 muscarinic acetyl-
choline,?” the adenosine A,,,”' the adeno-
sine A3,” and the B, adrenergic®” receptors,
but not in others, such as the adenosine
A,** and dopamine D, ** receptors (see ©
for a discussion). These discrepancies can
be a consequence of the intrinsic complex-
ity of the relationship between efficacy
and residence time when, for example,
allosteric effects coming from lipid-recep-
tor”>?° or receptor-receptor '’ interac-
tions might be present (reviewed in ).
These interactions might differently mod-
ulate agonist-binding kinetics, yielding a
functional result that is the product of a
combination of association and dissocia-
tion rate constants. In this regard, dissoci-
ation rate constants determine the time
ligands spend in the receptor binding site.
Yet, before dissociating from the receptor,
the ligand must bind to it. Thus, dissocia-
tion and association rate constants influ-
ence drug action and should be
considered together.”**’ On the one hand,
high association rate constants can be use-
ful in pharmacological therapy to allow
fast association of the drug to its tar-
get.””?! On the other hand, although dis-
sociation rate constants might be
fundamental for drug action, this is not
always the case because, as found in A
the prolongation of binding owing to a
long drug-target residence time can only
occur when the binding dissociation is
slower than the pharmacokinetics (PK)
elimination. PK is beyond the scope of
the present report, which is limited to
the study of cooperativity from a binding
kinetics perspective and applied to two
receptor models: a ternary complex recep-
tor model and a heterodimer model.

Moreover and to make the picture more
complex, when relating residence time

with efficacy, the former should include
only the time the ligand spends bound to
active receptor conformations, such as,
for instance, the results in ? and reviewed
in °, in which the adenosine A; receptor
allosteric compound LUF6096 specifically
stabilized the active conformation of the
receptor with a concomitant increase in
the intrinsic efficacy of orthosteric agonist
CI-IBMECA. In this regard, we have to take
into account that the receptor species
included in Figs. 1-4 represent macro-
scopic terms, including populations of dif-
ferent receptor conformations and states.
Thus, inactive and active receptor species,
either free or ligand bound, are present in
the system. Moreover, if we attribute the
observed receptor effect to receptor-G pro-
tein interactions, G protein-bound recep-
tors are also implicitly included in the
receptor terminology.

The question arises on how the
schemes in Figs. 1-4 represent this molec-
ular variety. For the sake of simplicity, we
denote R as the free receptor and LR as
the ligand-bound receptor in the figures.
When using mathematical models of
receptor function, it is said that a stimulus
is provided by each of the receptor species
through the product of the concentration
of the considered receptor species and the
corresponding intrinsic efficacy & (Sg = er[R]
and S;r = g1r[LR]); where, if L is an agonist
then g g > eg; if L is an inverse agonist then
gr < &g and if L is a neutral antagonist
g r = &g. Then, these stimuli are summed
up (S = Sg + Sir) and converted into effect
through the transducer function E = E;;S/
(S + Kg), with E; the maximum possible
effect and K the transducer parameter.™
Yet, and speaking in molecular terms, for
the receptor to generate a stimulus, it is
necessary that an active conformation is
formed. If R and LR now denote inactive
receptor conformations, R* and LR* are
the corresponding active ones. If, in addi-
tion, the G protein is the transducer pro-
tein involved in the signaling pathway,
we can accept that R*G and LR*G represent
the receptor species responsible for the
produced stimuli and, subsequently, for
the observed effect. We can consider the
binding kinetics concept through the asso-
ciation and dissociation rate constants of
the different species of the system and,
most importantly, of those related with
the generated stimuli. Thus, we can con-
sider that a low LR* dissociation rate con-

stant (high residence time of the ligand
in the active receptor complex) would be
beneficial to allow the binding of the G
protein. By contrast, if we focus our atten-
tion on the free receptor, initial receptor
stimulus through R*G precoupling would
be increased by an agonist with a high
association rate constant for this recep-
tor-G protein complex, because the intrin-
sic efficacy of an agonist-receptor complex
(erp) is higher than that of the free receptor
(ep) (see *** for detailed descriptions of
GPCR Kkinetics). These are two examples
of microscopic events showing how either
decreasing or increasing dissociation or
association ligand-receptor rate constants,
respectively, can both increase the efficacy
of the system. These changes in ligand-re-
ceptor rate constants both will lead to a
decrease in the ligand-receptor equilib-
rium dissociation constant. The increase
in efficacy will result only if a concomitant
increase in the efficiency of G protein acti-
vation is part of the process.

To quantitatively illustrate these con-
cepts, a simulation of the biological
response under the heterodimer receptor
model depicted in Fig. 3 was performed.'’
To this end, the transducer function
E/Em = S/(Kg + S) proposed above was used,
with the total stimulus S defined as S = ¢
[RiRz] +&A[AR Rz] +&5[R1R2B] +eAp[AR R2B].
The model has the complexity of includ-
ing two ligands, A and B, which are selec-
tive for protomers R; and R,, respectively.
We assume that both ligands are in excess
with respect to the total receptor concen-
tration. The model includes constitutive
receptor activity through the & parameter
and ligands A and B are agonists, neutral
antagonists, or inverse agonists depending
on the values of their intrinsic efficacies, €,
and &g, compared with & The doubly
bound receptor has an intrinsic efficacy,
eap, defined as exgpd. In a similar way to
the binding cooperativity o, 8 can be
greater than, lower than, or equal to one,
thus reflecting the mutual allosteric inter-
action between the two ligands at the
functional level (see '" for a detailed
description of the heterodimer model).

For the sake of simplicity, we examined
the biological effect of changing the con-
centration of various agonists in the pres-
ence of a constant concentration of
allosteric modulators (Fig. 5). To analyze
the effect of binding kinetics on the trans-
ducer function, some parameters were

www.drugdiscoverytoday.com 5

JINC

(' Institut de
Neurociencies

UAB

FEATURE

60



UNRB

Universitat Autonoma de Barcelona

= /JINc
.

(' Institut de
Neurociencies

JUNLY3d

/"(
$

FEATURE Drug Discovery Today ® Volume 28, Number 2 ¢ February 2023

1.0 4

0.8 1

0.6

E/E,,

0.4 4

0.2 1

0.0 1

T T T T T T T T T T T

-16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6
log [A]

Drug Discovery Today

FIG. 5

Simulation of the E/E,, fractional effect resulting from the heterodimer binding kinetics model depicted in Fig. 3 in the main text. The translation of binding
into function is made through the relationship E/E.,, = S/(Kg + S), with the total stimulus S defined as S = €[R;R,] + £alAR;R,] + £a[R1R,B] + £a5[AR;R,B], where &,
€n €, and exg = Oepgg are the intrinsic efficacies of the free receptor, the singly bound A and B receptors, and the doubly bound receptor, respectively; &
measures the functional interaction between A and B, and K is the transduction factor of stimulus into effect.'® The reference curve is the black curve, which
includes the following functional parameter values: = [Ri/Ke = 1,£ =1, 5 = 10, g5 = 107", and & = 5 and the following binding kinetics parameter values:
Kiy =107,k 3 =107, kia =107, k_» =107 koy = 25107, k_4 = 107, k,3 = 4¥107, k_3 = 2*107%, with M~" 57" and s~ units for association and dissociation rate
constants, respectively. Ligands A and B are an agonist and an inverse agonist, respectively, because their intrinsic efficacies are greater and lower than that
of the free receptor, &, respectively. Using cooperativity rate constant parameters, it can be seen that o, = k,a/ky1 =2, 0 =k_a/k ¢ = 1072, By =kis/kia =4
and B_ =k_s/k_,=2*10" Moreover, it is found that o,/ = B,/B_ = 200. The allosteric compound B is present at 107° M fixed concentration. Red curve: the
dissociation rate constants k_, and k_, are decreased with respect to the black curve, that is, k_, = 107 and k_; = 107>. The values for the cooperativity rate
constant parameters are the same. The decrease in the k_, and k_; dissociation rate constants translates into a decrease in the dissociation equilibrium
constant of A for R; and, consequently, into an increase in the potency of A, which is reflected in the displacement of the red curve to the left with respect to
the black one. Note: the red curve can be equally obtained by an increase in the association rate constants k.4 and k., with respect to the black curve, that is,
k.4 = 2*10° and k,; = 10°. Blue curve: taking the black curve as a reference, k_, and k_; are changed in the same way as for the red curve, that is, k_, = 10~
and k_; = 1073, but, in addition, there is an increase in the intrinsic efficacy associated with ligand A, £4 = 50. As a result, there is an increase in the potency
and efficacy of the system with a displacement of the black curve both left and upwards (the maximum response is increased). Green curve: taking the black
curve as a reference, k_, and k_; are changed in the same way as in the red curve, that is, k_, = 10~ and k_, = 1073, but, in addition, & is changed from 5 to
100. As a result, there is an increase in the potency and efficacy of the system with a displacement of the black curve both left and upwards (the maximum
response is increased). Note: mathematical expressions of the maximum response (the limiting value of E/E, as [A] or [B] increase) can be found in '*.

UAB

changed with respect to a reference condi-
tion (Fig. 5, black curve). First, we consid-
ered the effects of either decreasing the
dissociation rate constant of ligand A
through k_; and k_4 rate constants or
increasing the association rate constant
of ligand A through k,; and k,4 rate con-
stants (Fig. 5, red curve). The values used
were chosen so that the (k_; ki4)/(kiy
koy) = (k2 ki3)/(ki2 k_3), or, in other
words, o,/o_ = B,/B_ condition was satis-
fied. We can see that a change in binding
kinetics has an effect only on the observed
potency of ligand A (shift to the left with
respect to the reference curve) with no
change in efficacy (maximum response).
However, as discussed above, a change in
the asymptotic maximum effect can be
observed if the change in binding involves
a change in intrinsic efficacy. To illustrate
this, the blue curve in Fig. 5 was obtained

from the red curve by assuming an
increase in g, that might result from either
a decrease of the dissociation rate con-
stants or an increase of the association rate
constants of ligand A. Both changes might
increase the biological response: in the for-
mer case, by assuming active AR;R, and
AR R;B receptor states in which a low dis-
sociation rate constant of ligand A favors
the binding of the G protein; in the latter
case, by assuming active R;R, and R{R,B
receptors coupled to G proteins in which
ligand A presents a high association rate
constant for the complexes. The maxi-
mum response displayed by the agonist A
can also be increased through the mutual
allosteric effect between ligands A and B.
To show this point, the green curve in
Fig. 5 was obtained from the red curve by
assuming an increase in the & parameter
from S to 100. This increase in § leads to

an increase in g,y and, as a result, an
increase in the concentrations of active
AR R,B receptor states. To generalize the
concept of allosterism, we draw attention
again to the conceptual similarities
between the allosteric ternary complex
receptor model and the heterodimer recep-
tor model, where § is present in both (see
¢ for a discussion on operational models
of allosterism).

As mentioned above, some, but not all,
experimental studies have found a correla-
tion between residence time and efficacy.
In particular, we can recall on a study on
the adenosine A,, receptor,”’ in which
the authors found a correlation between
the residence time of an agonist and its
functional efficacy in two assays; they also
found that, compared with the equilib-
rium affinity, the receptor residence time
of the A, receptor agonist had a much bet-
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ter correlation to its intrinsic efficacy. Sim-
ilarly, in a study of the Mj; muscarinic
acetylcholine receptor involving seven
agonists,”’ the authors did not find a rela-
tionship between agonist efficacy and the
equilibrium binding affinity. However,
when efficacy was compared with the dis-
sociation rate constant, a high correlation
was found, suggesting a relationship
between the duration of agonist binding
at the receptor and the intrinsic efficacy.”’

Apart from experimental studies, a typ-
ical field in which the discussion on resi-
dence time makes particular sense is
molecular dynamics (MD) simulations. In
the case of a PAM in the context of bind-
ing to the receptor (« > 1), one would
expect that, in those MD simulations
including both the orthosteric and the
allosteric ligands, the stability of ligand-re-
ceptor interactions of both ligands in their
binding sites would increase compared
with their simulations in the absence of
the partner ligand. However, if this were
not the case, we can now understand,
based on the above discussion on o_ and
B_ values, that a variety of results can be
obtained from the dynamic interactions
between orthosteric and allosteric ligands
that can be compatible with a single coop-
erativity binding parameter obtained at
equilibrium conditions.

Concluding remarks

Inclusion of cooperativity in a binding
kinetic model of allosterism has enabled
us to find a mathematical expression (o./
o_ = B,/p_) that links the cooperativity rate
constants of the orthosteric and allosteric
ligands. The expression shows that many
different combinations of kinetic allosteric
effects are possible for a particular value of
the o binding cooperativity parameter
obtained under equilibrium conditions.
This assessment could help understand
striking experimental results involving
allosteric modulation and suggest further
investigations in the field. Furthermore,
the fact that allosteric modulators can
exert pathway-specific effects leads to the
concept of biased allosteric modulation,””
a chemical space in which kinetically ori-
ented drug discovery programs can help
in the search for new pharmacological
therapies.
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Data will be made available on request.

Acknowledgments

This project received funding from the
European Union’s Horizon2020 research
and innovation programme under grant
agreement No 848068 and by the grant
PID2020-119136RB-100 funded by MCIN/
AEI/10.13039/501100011033. This publi-
cation reflects only the authors’ view and
the European Commission is not responsi-
ble for any use that may be made of the
information it contains. A.G. has been
funded by grant PID-2021-122954NB-100
funded by MCIN/AEI/10.13039/50110001
1033 and by ERDF ‘A way of making
Europe’.

Declaration of interests
The authors declare no competing
interests.

References

1 A. Christopoulos, T. Kenakin, G protein-coupled
receptor allosterism and complexing, Pharmacol Rev
54 (2002) 323-374.

F.J. Ehlert, Estimation of the affinities of allosteric

ligands using radioligand binding and

pharmacological null methods, Mol Pharmacol 33

(1988) 187-194.

S. Tucek, J. Proska, Allosteric modulation of

muscarinic acetylcholine receptors, Trends

Pharmacol Sci 16 (1995) 205-212.

4 DA. Sykes, L.A. Stoddart, L.E. Kilpatrick, S.J. Hill,

Binding kinetics of ligands acting at GPCRs, Mol Cell

Endocrinol 485 (2019) 9-19.

D. Guo, LH. Heitman, A.P. lizerman, The role of target

binding kinetics in drug discovery, ChemMedChem

10 (2015) 1793-1796.

D. Guo, L.H. Heitman, A.P. lJzerman, Kinetic aspects of

the interaction between ligand and G protein-

coupled Receptor: the case of the adenosine

receptors, Chem Rev 117 (2017) 38-66.

Z.G. Gao, JE. Van Muijlwijk-Koezen, A. Chen, CE.

Miller, A.P. ljizerman, KA. Jacobson, Allosteric

modulation of A(3) adenosine receptors by a series

of  3-(2-pyridinyl)isoquinoline  derivatives, Mol

Pharmacol 60 (2001) 1057-1063.

JR. Lane, LT. May, RG. Parton, P.M. Sexton, A.

Christopoulos, A kinetic view of GPCR allostery and

biased agonism, Nat Chem Biol 13 (2017) 929-937.

L.H. Heitman, A. Goblyds, A.M. Zweemer, R. Bakker, T.

Mulder-Krieger, J.P. van Veldhoven, et al,, A series of

2,4-disubstituted quinolines as a new class of

allosteric enhancers of the adenosine A3 receptor, J

Med Chem 52 (2009) 926-931.

10 B. Zhou, J. Giraldo, Quantifying the allosteric
interactions within a G-protein-coupled receptor
heterodimer, Drug Discov Today 23 (2018) 7-11.

11 B. Zhou, J. Giraldo, An operational model for GPCR
homodimers and its application in the analysis of
biased signaling, Drug Discovery Today 23 (2018)
1591-1595.

12 C. White, LJ. Bridge, Ligand binding dynamics for
pre-dimerised G protein-coupled receptor
homodimers: linear models and analytical solutions,
Bull Math Biol 81 (2019) 3542-3574.

~

w

w

o

~

oo

=)

13

7

>

15

16

17

18

19

20

2

22

23

24

25

26

27

28

29

M. Fribourg, J.L. Moreno, T. Holloway, D. Provasi, L.
Baki, R. Mahajan, et al, Decoding the signaling of a
GPCR heteromeric complex reveals a unifying
mechanism of action of antipsychotic drugs, Cell
147 (2011) 1011-1023.

J. Giraldo, B. Zhou, D. Roche, C. Gil, J. Ortiz, I. Lans,
et al, Analysis of the function of receptor oligomers
by operational models of agonism, in: T.E. Kenakin
(Ed), Comprehensive Pharmacology, Elsevier,
Amsterdam, 2022, pp. 337-359.

I. Gilron, T.S. Jensen, AH. Dickenson, Combination
pharmacotherapy for management of chronic pain:
from bench to bedside, Lancet Neurol 12 (2013)
1084-1095.

R.A. Copeland, D.L. Pompliano, T.D. Meek, Drug-target
residence time and its implications for lead
optimization, Nat Rev Drug Discov 5 (2006) 730-739.
Z.G. Gao, S.G. Kim, KA. Soltysiak, N. Melman, A.P.
lJzerman, KA. Jacobson, Selective allosteric
enhancement of agonist binding and function at
human A3 adenosine receptors by a series of
imidazoquinoline derivatives, Mol Pharmacol 62
(2002) 81-89.

JR. Lane, MW. Beukers, T. Mulder-Krieger, AP.
lizerman, The endocannabinoid 2-
arachidonylglycerol is a negative allosteric
modulator of the human A3 adenosine receptor,
Biochem Pharmacol 79 (2010) 48-56.

Z.G. Gao, N. Melman, A. Erdmann, S.G. Kim, CE.
Miuiller, A.P. ljzerman, et al, Differential allosteric
modulation by amiloride analogues of agonist and
antagonist binding at A(1) and A(3) adenosine
receptors, Biochem Pharmacol 65 (2003) 525-534.
D.A. Sykes, M.R. Dowling, S.J. Charlton, Exploring the
mechanism of agonist efficacy: a relationship
between efficacy and agonist dissociation rate at
the muscarinic M3 receptor, Mol Pharmacol 76 (2009)
543-551.

D. Guo, T. Mulder-Krieger, A.P. ljizerman, L.H. Heitman,
Functional efficacy of adenosine A,A receptor
agonists is positively correlated to their receptor
residence time, British J Pharmacol 166 (2012) 1846-
1859.

E.M. Rosethorne, M.E. Bradley, K. Gherbi, D.A. Sykes, A.
Sattikar, J.D. Wright, et al., Long receptor residence
time of C26 contributes to super agonist activity at
the human beta2 adrenoceptor, Mol Pharmacol 89
(2016) 467-475.

J. Louvel, D. Guo, M. Soethoudt, T.A. Mocking, E.B.
Lenselink, T. Mulder-Krieger, et al., Structure-kinetics
relationships of Capadenoson derivatives as
adenosine A1 receptor agonists, Eur J Med Chem
101 (2015) 681-691.

CK. Herenbrink, D.A. Sykes, P. Donthamsetti, M.
Canals, T. Coudrat, J. Shonberg, et al., The role of
kinetic context in apparent biased agonism at GPCRs,
Nat Commun 7 (2016) 10842.

A. Bruzzese, C. Gil, J.AR. Dalton, J. Giraldo, Structural
insights into positive and negative allosteric
regulation of a G protein-coupled receptor through
protein-lipid interactions, Sci Rep 8 (2018) 4456.

0. Diaz, JAR. Dalton, J. Giraldo, Revealing the
mechanism of agonist-mediated cannabinoid
receptor 1 (CB1) activation and phospholipid-
mediated allosteric modulation, J Med Chem 62
(2019) 5638-5654.

K.J. Gregory, J. Giraldo, J. Diao, A. Christopoulos, K.
Leach, Evaluation of operational models of agonism
and allosterism at receptors with multiple orthosteric
binding sites, Mol Pharmacol 97 (2020) 35-45.

G. Vauquelin, Link between a high k (on) for drug
binding and a fast clinical action: to be or not to be?,
MedChemComm 9 (2018) 1426-1438

G. Vauquelin, Effects of target binding kinetics on
in vivo drug efficacy: koff, kon and rebinding, British J
Pharmacol 173 (2016) 2319-2334.

www.drugdiscoverytoday.com 7

FEATURE

62



UNRB

Universitat Autonoma de Barcelona

J¥NLY3d

FEATURE

= JINc

Institut de
Neurociencies

. UAB

/;&4(

X

Drug Discovery Today ® Volume 28, Number 2 ® February 2023

30 N. Yin, J. Pei, L. Lai, A comprehensive analysis of the

influence of drug binding kinetics on drug action at

molecular and systems levels, Mol Biosyst 9 (2013)

1381-1389.

A. Schoop, F. Dey, On-rate based optimization of

structure-kinetic relationship-surfing the kinetic map,

Drug Discovery Today Technol 17 (2015) 9-15.

32 G. Dahl, T. Akerud, Pharmacokinetics and the drug-
target residence time concept, Drug Discov Today 18
(2013) 697-707.

33 D. Roche, D. Gil, J. Giraldo, Mechanistic analysis of the
function of agonists and allosteric modulators:
reconciling two-state and operational models, Br J
Pharmacol 169 (2013) 1189-1202.

3

34 RS. Stein, F.J. Ehlert, A kinetic model of GPCRs:
analysis of G protein activity, occupancy, coupling
and receptor-state affinity constants, J Recept Signal
Transduct Res 1-15 (2014).

35 LD. Shea, RR. Neubig, J.J. Linderman, Timing is
everything the role of kinetics in G protein activation,
Life Sci 68 (2000) 647-658.

36 J. Giraldo, Operational models of allosteric
modulation: caution is needed, Trends Pharmacol
Sci 36 (2015) 1-2.

37 LM. Slosky, M.G. Caron, LS. Barak, Biased allosteric
modulators: new frontiers in GPCR drug discovery,
Trends Pharmacol Sci 42 (2021) 283-299.

Oscar Diaz "%, Victor Martin %,
Pedro Renault "*?, David Romero®,
Antoni Guillamon **, Jests Giraldo %"

" Laboratory of Molecular Neuropharmacology
and Bioinformatics, Unitat de Bioestadistica and
Institut de Neurociéncies, Universitat Autbnoma
de Barcelona, 08193 Bellaterra, Spain

?Instituto de Salud Carlos Ill, Centro de Investi-
gacion Biomédica en Red de Salud Mental,
CIBERSAM, Spain

3 Unitat de Neurociéncia Traslacional, Parc Tauli
Hospital Universitari, Institut d'Investigacié i Inno-
vacié Parc Tauli (I3PT), Institut de Neurociéncies,
Universitat Autonoma de Barcelona, Spain
“Departament de Matematiques, Universitat Poli-
técnica de Catalunya, Barcelona, Spain

SCentre de Recerca Matematica, Universitat
Autonoma de Barcelona, 08193 Bellaterra, Spain

* Corresponding author:

8 www.drugdiscoverytoday.com

63



UNB “ac' INC
A P ’ Institut d
'/ 4( Sutut ae

. . . el Neurociéncies
Universitat Autonoma de Barcelona ~'%v UAB

64



»
B ~  sINc
A /’,*4(’ Lr:stitut.c_ie )

Universitat Autonoma de Barcelona ~'%v UAB

5.4. Article 4: Artificial
Intelligence: A Novel Approach

for Drug Discovery

65



UNRB

Universitat Autonoma de Barcelona

Trends in Pharmacological Sciences

Special Issue: Rise of Machines in Medicine

Artificial Intelligence: A
Novel Approach for
Drug Discovery

Oscar Diaz, 23

James A R. Dalton, %2 and
JesUs Giraldo 23+

=

Molecular dynamics (MD) simula-
tions can mechanistically explain
receptor function. However, the
enormous data sets that they may
imply can be a hurdle. Plante and
colleagues (Molecules, 2019) re-
cently described a machine leamn-
ing approach to the analysis of MD
simulations. The approach suc-
cessfully classified ligands and
identified functional receptor motifs
and thus it seems promising for
mechanism-based drug discovery.

G protein-coupled receptors (GPCRs) are
one of the most targeted protein families
in current pharmaceutical research [1].
There can be various explanations: one is
that these proteins are involved in many
physiological functions and, therefore,
their malfunctioning can be the cause of
disease. Another is their structural and
functional complexity, which is on the one
hand a hurdle for drug discovery, but, on
the other hand, it poses an extra level of
richness to ligand space. The more subtle
the desired functional effect, the more ex-
tensive and varied the molecular space
for drug design will be. Different types of li-
gands can be found depending on the
pharmacological effect sought: full and
partial agonists, neutral antagonists, and
full and partial inverse agonists. In addition,
allosteric modulators and biased ligands
are now attracting much attention
because of their particular properties:

the former, modulating the effects of en-
dogenous ligands without replacing them
from their binding sites [2] and the latter,
differentially selecting one signaling
pathway with respect to others [3].

Crystallography has contributed enor-
mously to GPCR knowledge by determin-
ing the structures of receptors, either free
or bound to agonists, antagonists, inverse
agonists, and allosteric modulators,
thereby helping to establish the general
characteristics associated with GPCR ac-
tive and inactive states (i.e., the structural
motifs of receptor function) [4]. Neverthe-
less, crystal structures are snapshots,
static views, of very flexible molecules.
GPCRs, as proteins, can adopt multiple
3D forms (molecular conformations) and
these forms will determine their ultimate
physiological response.

Molecular dynamics (MD) simulations is a
computational technique that can effec-
tively explore the conformational space of
GPCRs [5] (Figure 1). However, this tech-
nique inherently presents a ‘Big Data’
problem. To satisfactorily explore the
GPCR conformational space, long-
timescale MD simulations are needed
and this implies the involvement of a large
collection of molecular structures of the
system. How can we manage such a
large set? How can we extract relevant in-
formation from it? Although current state-
of-the-art GPCR-ligand MD simulations
can be analyzed effectively with conven-
tional methods in the field of multivariate
statistics, it can be assumed that if ad-
vances in computational power and
force-field accuracy continue to be made
as expected [6], MD simulations of
GPCRs will become exclusively high
throughput, as well as robustly predictive,
in the near future. This means the func-
tional effect of perhaps hundreds (or even
thousands) of ligands could theoretically
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be characterized over microsecond (or
millisecond) time-lengths in a single recep-
tor and readily achieved in a manageable
time-frame. The concomitant explosion of
such simulation data will likely necessitate
the implementation of automated analyti-
cal methods, such as that provided by
machine learning (ML) or other artificial in-
telligence (Al) techniques [6,7].

In a recent article [8], Harel Weinstein's
group describes a new ML approach to
the analysis of MD simulations that is
based on transforming MD simulation tra-
jectories into a representation recogniz-
able by deep learning object recognition
technology. Two Class A GPCRs were
chosen as targets: serotonin 5-HT2A and
dopamine D2 receptors, which were stud-
ied bound to a collection of eight ligands:
either full, partial, or inverse agonists.
After MD simulations of each receptor—
ligand complex, the atomic coordinates
(XYZ2) for each MD-generated conformation
(or frame) were transformed into the colors
of an image (RGB) that was easily recogniz-
able by the ML algorithm. After training, the
ML algorithm was able to classify the MD-
generated GPCR conformations according
to the phammacological effect of the bound
ligand (full, partial, inverse agonist) with high
accuracy for the tested ligands (>98%).
Furthermore, the contribution of each
atom to the classification could be calcu-
lated, allowing the identification of the mo-
lecular determinants of receptor function
(i.e., those atoms/residues of the receptor
that are most important for classification
according to ligand pharmacological ef-
fect). Remarkably, it was found that the
most important regions responsible for re-
ceptor activation were common to both
5-HT2A and D2 receptors. In particular,
the extracellular ends of transmembrane
(TM) helices 4 and 5, extracellular loop 2,
the intracellular ends of TM helices 5 and
6, and intracellular loops ICL2 and ICL3
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Figure 1. Workflow of Molecular Dynamics (MD) Simulations and Machine Learning-Based
Approach for Ligand Classification. MD simulations of a ligand-bound G protein-coupled receptor
generate multiple ligand-receptor conformations (conformational ensemble). Machine learning can be used as
a powerful analysis tool to differentiate between ligand-induced receptor conformational changes, which
allows the identification of residues involved in the pharmacological action of the ligand. When a large
collection of ligands are studied, machine learning approaches could potentially classify the phamrmacological

profile of new drugs.

were identified as important for discrimina-
tion between different ligand types.

With this work, the authors added to on-
going work in the area of ligand bias,
which is a pharmacological concept of
fundamental importance, the appropriate
quantification of which [9,10] in drug dis-
covery programs can be key to finding
drugs with the desired efficacy in the se-
lected signaling pathway. It is expected
that the coupling of MD simulations with
Al approaches integrated in a general

pharmacological model of drug action will
be a promising tool in the design of more
efficacious and safer medicines. More-
over, advances in computational capability
canmake this conceptual progress acces-
sible to the simultaneous analysis of large
data sets of ligands, thus making dynamic
virtual screening a systematic tool for novel
drug discovery.
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The disruption of large protein-
protein (PP) interfaces remains
a challenge in targeted therapy.
Designing drugs that compete
with binding partners is daunting,
especially when the structure of
the protein complex is unknown.
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In this thesis we have examined mechanisms of allosteric communication in GPCRs involving
allosteric perturbations in order to provide a conceptual framework that includes structural and
mathematical pieces potentially useful for drug design. The nature of allosteric perturbations is varied
and can be exerted by ligand binding, receptor mutation, ion concentration, membrane lipids and protein-
protein interactions. We have focused our study on cannabinoid receptor 1 (CB1).

We first started by identifying key residues involved in the activation mechanism of CB1 (Article
1). To do this, a model of the inactive state of CB1 was generated from an available crystal structure
(Shao et al. 2016). To examine the dynamics of the activation process, MD simulations of inactive CB1
bound to full agonists CP-55940 and AM-11542 were performed. Active-like structures were generated
during MD simulations, as shown by the outward movement of TM6, conformational change of the
intracellular region of TM7 and upward axial movement of TM3. The degree of receptor activation was
validated by comparing those conformations to active crystal structures and by G protein docking. We
found active-like states at particular MD snapshots, but they were not stable for more than a few
nanoseconds, possibly due to the absence of G protein in the MD system. Nevertheless, this allowed to
identify intermediate states and thus propose the role of residues involved in the activation process. In
general, the residues involved in the activation process can be classified into three groups according to

their position in the receptor:

I.  Ligand contact residues. These include the W356°%¢/F200%¢ double-rotameric switch and
$38373°. W356°%“¢ (from the CWxP motif) and F200%2¢ form aromatic stacking interactions in
the inactive state that are broken in active states. The conformational shifts of W356°“¢ (from
the CWxP motif) and F200%% upon activation were described before in CB1 (McAllister et al.
2004). However, by examining intermediate states in our MD simulations we proposed that
W356°48 and F2003% form a microswitch in CB1 that acts as a lock for the upward movement
of TM3. Although the conformational change of W356%4 might be facilitated by clashes
between flexible regions of the ligand bound to the inactive state of the receptor (in this case,
CP-55940 and AM-11542 have a flexible alkyl chain), the shift of W356°“¢ was also observed
in the free receptor. In addition to the W356°4¢/F200%*¢ double rotameric switch, CP-55940
forms a hydrogen bond with S38373° in TM7. Hydrogen bonds with TM7 residues have been
associated with agonism in GPCRs (Dalton, Lans, and Giraldo 2015) and S383"-* is critical for
CP-55940 binding and function (Kapur et al. 2007). We proposed that the stability of this
hydrogen bond mediates conformational changes in TM7 that lead to the approach between
residues at the core of TM7 and TM3 with consequent outward movement of TM6 and

rearrangement of an internal water network at the receptor core.
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Il.  Core residues. At the receptor core, we observed the uncoupling of hydrophobic residues of
TM3 and TM6, together with the approach of TM7 towards TM3. This involves the
rearrangement of an internal water network that connects polar core residues D163%%°, S3907¢,
S203%** to intracellular residues such as N39374° and Y3977 from the NPxxY motif. This
suggests that the hydrogen bond between CP-55940 and S38372° mediates TM7 conformational
change through a network of interactions that communicates TM2, TM3 and TM7.

I1l.  Intracellular residues. Conformational changes observed in the intracellular side of the
receptor are consistent with the opening of the G protein binding cavity, which includes outward
movement of TM6 with consequent separation of ionic lock residues R214*%° (from the DRY
motif) and D338°%2°, and shift of Y3977 from the NPxxY motif towards Y294°%,

The large-scale conformational changes observed upon activation of CB1 are in agreement with
the known mechanism of activation of class A GPCRs (Weis and Kobilka 2018; Katritch, Cherezov, and
Stevens 2013; Tehan et al. 2014). However, the PIF residues of the “transmission switch”, which have
been proposed to play the role of transmitting conformational changes between orthosteric site and core
of the receptor in other class A GPCRs, are not conserved in CB1. It should be noticed that these
described conformational changes have been widely studied for class A GPCRs, but they are not
universal across all GPCR classes. For example, work published in our laboratory found differences in
the activation mechanism between class A and class C GPCRs (Dalton, Pin, and Giraldo 2017; Lans et
al. 2020) where outward movement of TM6 was not necessary to achieve active-like states. This proposal
was later validated by the crystallization of metabotropic glutamate receptor 2 and 4 (class C GPCRS) in
their active conformation bound to G protein (Lin et al. 2021; Seven et al. 2021).

Interestingly, conformational changes in the microswitches did not always proceed towards
receptor activation. As an example, shifts in the W356°8/F200*3¢ double rotameric switch were
observed in the free receptor despite not leading towards active-like conformations. This is likely due to
the intrinsic conformational flexibility of the receptor, and is a key concept of conformational selection
(Van Eps et al. 2018; Schafer and Farrens 2015; Niesen, Bhattacharya, and Vaidehi 2011), a widely
studied category of mechanisms of protein function. Conformational selection implies the presence of
different receptor conformations in the ensemble that the agonist binds selectively and thus redistributes
the population of conformations at the equilibrium. On the contrary, the fact that transition from the
inactive to active-like states was only observed when the agonist was bound to the receptor would
support an induced fit mechanism, by which the agonist binds to the inactive state of the receptor and
triggers receptor activation. In the two-state model of agonism (Equation 1), conformational selection is

represented by an agonist-mediated shift in the vertical chemical equilibria (agonist A stabilizes active
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AR™* by binding selectively to active R*), while induced fit is represented by the agonist-mediated shift
in the horizontal chemical equilibria (agonist A increases the propensity of forming active AR* relative
to inactive AR) (Giraldo 2004). Our MD simulations suggest that both mechanisms may coexist. Further
studies are needed to evaluate the importance of one mechanism over the other, which has been a subject
of debate (Redhair and Atkins 2021), but we hypothesize that GPCR mechanism of activation is
promiscuous, and the propensity of one over the other may depend on the specific ligand and receptor.
Despite agreement in the observed conformational changes in the microswitches and large-scale motion
of TM6, attributing a unique time-sequence of structural changes was not possible from the MD
trajectories. Instead, we interpret the conformational changes that lead towards activation of the receptor
as a collective rearrangement that may follow a multitude of pathways with variable probabilities
depending on the receptor and the bound ligand. This is consistent with the notion that allosteric
communication has been selected in evolution in such a way to confer robustness to the signaling process
of proteins (Buchenberg, Sittel, and Stock 2017), and is further supported by NMR experiments that
show many intermediate conformations exist in the ensemble of conformations of CB1, described as an
equilibrium between at least four states (apo, pre-active, active-like and active) that can be modulated
by ligands (X. Wang et al. 2021).

Observing the transition from inactive to active-like states of CB1 allowed to perform further
studies on this receptor by introducing additional perturbations. First, we evaluated the effect of a
different membrane phospholipid on the activation process, in this case DOPG. DOPG is a net-
negatively charged phospholipid that has been previously described to promote receptor activation in
homologous class A GPCRs (Dawaliby et al. 2015; Neale et al. 2015) through charge-charge interaction
with positively charged residues can be found in other class A GPCRs such as CB1. In our MD
simulations, interactions with ICL3 were stably present in MD simulations of CB1 in membranes
composed of DOPG, but not in membranes composed of net neutral phospholipid POPC, and have been
proposed to provide an additional “pull” that favors outward movement of TM6 (Bruzzese et al. 2018).
This effect was reflected in the higher frequency of outward conformations of TM6 and in the increased
stability of full agonist CP-55940 bound to CB1, which indicates higher stabilization of active-like states.
Thus, membrane composition can alter CB1 conformational space and as such, its function might be
differentially modulated in different cell types or in regions of the membrane with different membrane
composition. One of such regions of the membrane is lipid rafts, where cholesterol is a highly abundant
lipid. There is evidence that suggests cholesterol behaves as a NAM for CB1 (Bari et al. 2005), and that
cholesterol can bind to CB1 in an allosteric pocket that partially overlaps the binding site of CB1
allosteric modulator ORG27569 (Hua et al. 2017; Shao et al. 2019). Thus, this site in CB1 appears to be

sensitive to allosteric perturbations.
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We studied the effect of allosteric perturbations in this site by introducing single point F237L
mutation (Article 2). This mutation has been shown to increase CP-55940 binding and it has been
proposed that F23744¢ has a role in the activation process (Shao et al. 2019). Moreover, F2374% is located
far from the orthosteric site and the G protein binding site, in a cavity formed by TM2, TM3 and TM4,
where it is a contact residue for CB1 allosteric modulator ORG27569. Consequently, it is likely that
F2374% is involved in the mechanism of ORG27569 allosteric modulation. Thus, we examined the effect
of F237L mutation in the context of an allosteric perturbation using the same approach as we did when
observing the CP-55940-mediated activation mechanism of CB1. We observed impaired outward
movement of TM6 and TM7 conformational change in MD simulations of F237L CB1 compared to wt
CB1 with bound CP-55940, which supported the concept that allosteric perturbations have a global effect
on the conformational properties of the receptor. Indeed, many residues located in distant regions were
affected by F237L mutation. Moreover, we highlighted residues D163%%°, Y2945 5390746 and 1349541
as key residues that have a role in the collective dynamics of CB1 and are affected by F237L mutation.
This is in agreement with the core and intracellular residues identified in Article 1 as key residues for

CB1 activation.

Among the methods employed in SBDD, MD simulations stand out as they can describe the
dynamical behavior that is intrinsic in the field of allosteric modulation. Many efforts have been directed
towards the characterization of the pharmacological profiles of ligands from MD trajectories, including
their affinity (Lagarias et al. 2018; Y. Lee, Basith, and Choi 2018; Miller et al. 2012) and efficacy (Jung,
Cho, and Yu 2018; Ricarte, Dalton, and Giraldo 2021). Given the technological advances in the last few
decades in the field of computation, more sophisticated simulation methods are being developed
(Limongelli, Bonomi, and Parrinello 2013). These methods would allow more precise estimations of
pharmacological parameters such as ligand affinity, and thus optimize virtual screening techniques or de
novo drug design. Unsurprisingly, because their capability of observing mechanistic aspects of
physiological and pharmacological processes, as shown in Articles 1 and 2, MD simulation methods
have also been applied to the estimation of kinetic parameters of drugs (S. Huang et al. 2020). In this
context, we highlight the importance of the kinetics of allosteric modulation when studying MD

simulations starting from a receptor bound to both an orthosteric and an allosteric ligand.

In Article 3, we show that an allosteric ligand may increase or decrease the residence time of the
orthosteric ligand and vice versa, regardless of positive or negative binding cooperativity. For example,
a PAM may increase the dissociation rate constant of an orthosteric agonist (decreasing residence time)
while still exerting positive binding cooperativity. In other words, two ligands A (orthosteric) and B
(allosteric) can have opposite effects on the binding kinetics of the other for a single binding
cooperativity. This is due to the found equation o.+/a.=p+/p., where a. and P+ are the cooperativity rate
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constant parameters of association and o. and . are the cooperativity rate constant parameters of
dissociation for ligands A and B, which is derived from the relationship between rate constants of the
equilibrium (K.1kss)/(ks1ks) = (kokss)/(ki2ks). This is in contrast with the binding cooperativity
parameter o = B, which is mutual, and derived from the relationship between equilibrium binding
constants Ki/Ks = Ko/Ks. Furthermore, the found equations are equivalent for a receptor heterodimer,
where ligands A and B are both orthosteric ligands of a receptor heterodimer R1R». Consequently, the
effects of allosteric communication on the binding rate constants can alter the efficacy and potency of a
ligand, which may be exerted through increasing or decreasing residence time. As such, careful
interpretation of equilibrium parameters derived from MD simulations is required, especially when the
timescale of the simulation is smaller than that required to obtain equilibrium conditions, which is

common in current state of the art atomistic MD simulations of GPCRs.

In recent years, the field of GPCRs has experimented a series of breakthroughs due to the growth
of publicly available databases, ranging from static crystal structures deposited in databases such as the
Protein Data Bank (Berman et al. 2000) and structural alignment, drug and signaling protein binding
databases such as GPCRdb (Isberg et al. 2016) and, more recently, databases for MD trajectories of
GPCRs such as GPCRmd (Rodriguez-Espigares et al. 2020). The large amount of data opens the door
for the use of machine learning (ML) and artificial intelligence (Al) methods for drug discovery, a field
that has grown exponentially in recent years. Currently, this field includes promising applications such
as accurate prediction of protein structure (Jumper et al. 2021; C. Lee, Su, and Tseng 2022), drug binding
sites (Kandel, Tayara, and Chong 2021; Kozlovskii and Popov 2020) and exploration of the chemical
space for novel drug discovery (Maragakis et al. 2020). ML methods have also been applied with the
aim of analyzing MD trajectories (Plante et al. 2019; Noé 2018; Noé et al. 2020), but also for the
development of force fields with faster algorithms (Doerr et al. 2021), which allows to increase the
accuracy and/or achievable timescales of MD simulations. A perspective on the use of ML methods for
the analysis was discussed in Article 4, and we expect these methods to grow with the availability of

public databases and computational resources.
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In this thesis, we have identified key residues that affect the structural dynamics of CB1. As such,
it is important to examine the behavior of those residues when applying structure-based drug design
methods. We have limited our approach to the classical cannabinoid AM-11542 and non-classical
cannabinoid analog CP-55940, which are both agonists that share a similar structural scaffold. It would
be interesting to evaluate the dynamical behavior of these residues in presence of an inverse agonist or
a chemically different agonist to examine how these residues are affected and/or identifying common
residues involved in the signaling process. Indeed, crystal structures of CB1 bound to diverse ligands
are available, which provide accurate coordinates to facilitate this endeavor. These include crystal
structures of CB1 bound to agonists CP-55940 (X. Wang et al. 2021), MDMB-Fubinaca (Krishna Kumar
et al. 2019) and THC analogues AMB841 (Hua et al. 2020; 2017) and AM11542 (Hua et al. 2017);
antagonist AM6538 (Hua et al. 2016) and inverse agonist taranabant (Shao et al. 2016). Moreover, there
are crystal structures of homologous CB2 available bound to antagonist AM10257 (X. Li et al. 2019),
THC-like agonist AM12033 (Hua et al. 2020) and CB1/CB2 agonist WIN55,212-2 (Xing et al. 2020).
In a similar manner, it would be interesting to examine how allosteric modulators affect the behavior of
key residues for the dynamics of CB1. In this regard, there is a crystal structure of CB1 bound to ago-
PAM ORG27569 (Shao et al. 2019) and a more recent crystal structure of CB1 bound to PAM ZCZ-011
published (Yang et al. 2022), which may provide insights into the allosteric modulation of CBL1.

The structural determinants of efficacy and subtype receptor selectivity remain to be well
understood. For this thesis it is relevant to consider ligand selectivity towards CB1 or CB2, as selective
CB2 drug targets have been facing challenges in their development due to their lack of efficacy and/or
CB1-mediated effects resulting from low CB2 selectivity (Bow and Rimoldi 2016). In this regard,
ligands with intriguing pharmacology in that they are CB1 antagonists but CB2 agonist (Dhopeshwarkar
et al. 2016) may be helpful for the identification of determinant chemical features of efficacy and
selectivity. On the other hand, allosteric modulators may present a more practical solution to receptor
subtype selectivity, as allosteric sites are generally less conserved. Among allosteric modulators of CB1,
ORG27569 has an interesting pharmacological profile in that of a PAM-antagonist (Ahn, Mahmoud, and
Kendall 2012; Shao et al. 2019), but insights into the allosteric modulation of CB1 may be gained from
studying others (see Kulkarni et al. 2017 for a review of different CB1 allosteric modulators). As an
example, cannabidiol is a non-psychoactive compound that is currently marketed as a blend of A°-
tetrahydrocannabinol/cannabidiol (Sativex® (Keating 2017)) and is a NAM with estimated affinity of
302 nM for CB1 (R B Laprairie et al. 2015). The new crystal structures of CB1 bound to allosteric
modulators (Shao et al. 2019; Yang et al. 2022) and the crystallization of CB2 (X. Li et al. 2019; Hua et
al. 2020; Xing et al. 2020) may assist in the design of further studies directed on improving the

pharmacology of CB1 and CB2 allosteric modulators. As an example, understanding the molecular
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determinants for efficacy and selectivity is critical for the curation of large libraries of compounds by
structure-based virtual screening, which is a typical computational method employed to select potential
candidates for biological assays (Ripphausen, Nisius, and Bajorath 2011; Ferreira et al. 2015).

In addition to performing MD simulations to understand CB1 allosterism under different
conditions, we have developed a mathematical modeling approach under a kinetic perspective. Our aim
was to set the basis of a mathematical framework in which relevant data from MD simulations could be
later included. This mathematical approach is being further developed in our laboratory by solving the
ordinary differential equations associated to the time-dependent models. Moreover, to connect MD
simulations with time-dependent mathematical modeling, reliable parameter estimation is needed. To
this end, we expect that the next future MD simulations will deliver more accurate estimates of the
energy barriers associated to ligand-receptor interactions. These energies could be used to simulate the
effects on the variation of the values of the rate constants included in the mathematical models. It is
worth noting, that the mathematical models shown in (O. Diaz et al. 2023) can give a mechanistic
explanation to the widely applied drug combination therapy. The fact that the combination of drugs A
and B, with particular concentrations, may result in a better treatment than that coming from doubling
the concentration of A or doubling the concentration of B can be explained by the synergistic effects
resulting from the crosstalk between the physically interacting protomers in a heterodimer or by those
resulting from the crosstalk between downstream signaling pathways. The former explanation was

developed in (Zhou and Giraldo 2018; O. Diaz et al. 2023), the latter is currently being developed in our
group.

In the longer term, our binding kinetics models might be integrated within the pharmacodynamics
part of a pharmacodynamics/pharmacokinetics (PK/PD) generalized model aimed to provide a
mechanistic framework for different medical treatments, in particular, drug combination therapy. For
example, in an attempt to understand GPCR biology by complementary mathematical and biophysical
methods, our mathematical modeling for receptor heteromerization is performed in parallel with coarse-
grained MD simulations of the self-assembly of two different protomers. These studies are expected to
identify the optimal interfaces between the two protomers in the heterodimer and, thus, provide the right
model for subsequent all-atom MD simulations of heterodimers including different combinations of
drugs (none, A, B, or A and B, in which A binds protomer 1 and B binds protomer B) for which

allosterism can be studied at the atomic level.

We expect that these molecular and mathematical studies may help a better understanding of
GPCR complexity and, consequently, be useful for a mechanism-based drug discovery and

mechanistically explained drug therapies.
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Figure S 1. Docking of CP-55940 (black sticks) into the inactive crystal structure of CB1 (A,

PDB entry 5U09, green) and agonist-bound crystal structure of CB1 (B, PDB entry 5XRS,

brown) compared to the co-crystallized agonist AM-841 (white sticks) with labelled A(B)C rings.
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Figure S 2. Ligand-receptor interaction diagrams for CP-55940 docking solutions in the inactive
CBI crystal state (A, PDB entry 5U09) and in the agonist-bound CB1 crystal state (B, PDB entry
5XR8) and for representative conformations of cluster 1 (C), cluster 2 (D) and cluster 3 (E).
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Figure S 3. Water hydration of the orthosteric pocket in CP-55940-CB1 complex (A, from
simulation #1 in DOPG) and in apo CB1 (B, from simulation #2 in POPC). Hydrogen bonds
represented as black dotted lines. C, D) Distance of the protein-ligand hydrogen bond between
the C-ring hydroxypropyl group of CP-55940 and backbone oxygen atom of Ile2675L%, E, F)
between C-ring hydroxyl group of CP-55940 and backbone oxygen atom of Ala3807¢ and G, H)
between C-ring hydroxyl group of CP-55940 and oxygen atom of the closest water molecule in
MD simulations of CB1 bound to CP-55940 in POPC and DOPG membranes.
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Figure S 4. Conformational change of AM-11542-CB1 complex in POPC membrane. A, B)
RMSD of Ca atoms of TM helices and TM6 alone, relative to initial inactive CB1 crystal state,
respectively. C) RMSD of AM-11542 excluding hydrogen atoms. D) Distance of hydrogen bond
between A-ring hydroxyl group of AM-11542 and Ser3837*°. E, F) y: dihedral angle of
rotameric switch residues Trp356%*® and Phe200°%. G) Offset in the Z axis (perpendicular to
membrane) of center of mass of TM3 with respect to TM domain center of mass, compared to
inactive crystal state (PDB entry SU09, dotted line) and AM-11542-bound crystal (PDB entry
5XRA, dashed line). H) Distance between Tyr294°°% and Tyr397">* with respect to ionic lock
distance in conformations sampled each 8 ns of simulation time compared to relevant CBI1

crystal structures (PDB entries indicated).
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TM6 of CB1 at 1.0 ps of MD in replica #3 in DOPG with bound CP-55940 (yellow). Distance
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Figure S 7. Receptor conformational change during MD simulations of CB1 in the apo state in
POPC (light green, olive green, dark green) and DOPG (black, grey, light grey) membranes.
RMSD of Ca atoms of CB1 TM helices (A, B) and RMSD of Ca atoms of CB1 TM6 (C, D) to

the initial inactive CB1 crystal state (PDB entry 5U09).
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Figure S 8. Intracellular features of CB1 activation during MD simulations in the apo state in
POPC (light green, olive green, dark green) and DOPG (black, grey, light grey) membranes. A,
B) Distance between Co. atoms of ionic lock residues in CB1 (Arg214**° and Asp338539). C, D)
Distance between sidechain oxygen atoms of residues Tyr294>>% and Tyr3977->3. Distances in the
mnitial inactive (PDB entry 5U09) and active (PDB entry 6N4B) CB1 crystal structures are
represented as dotted and dashed lines, respectively. E, F) Distance between ionic lock residues
against distance between Tyr294>% and Tyr3977°%in CBI1 conformations sampled every 8 ns of
MD simulation time. Green, brown and magenta diamonds represent inactive (PDB entry 5U09),
agonist-bound (PDB entry 5XR8), and active (PDB entry 6N4B) crystal structures of CBI,
respectively. G, H) Distance between centers of mass of TM3 and TM7 in CB1.
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Figure S 9. y1 dihedral angle of residues Trp356%4% (A, B) and Phe200%3¢ (C, D) during MD
simulations of apo state CB1 in POPC and DOPG membranes. Dotted lines represent the angle
intervals for gauche(-) (0°-120°), trans (120°-240°) and gauche(+) (240°-360°). E, F) Estimated
non-bonded energy of interaction between Trp356%4® and Phe200°*¢ sidechains. G, H) Offset in
Z-axis (perpendicular to membrane) of the center of mass of TM3 with respect to center of mass
of TM helices of CB1 compared to initial inactive crystal state (dotted line, PDB entry 5U09)
and active crystal state (dashed line, PDB entry 6N4B).
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Table S1. Receptor-G; protein-protein docking scores of selected MD-generated CBI

conformations compared to original crystal structures of CB1.

System MD | R3%0.p®30 | y558.y753 | Receptor | G;idocking | Gi a5
time | ionic-lock | distance TM RMSD | interface | helix
(ns) distance (A) to active | score RMSD
(A) CB1 (A) (I_sc) to active
CB1 (A)
CB1 Crystal structures
Active CB1 (6N4B) - 14.9 35 - 9.3 1.1
Agonist-bound CB1 - 14.2 5.1 1.8 -6.4 8.8
(5XRA) @
Agonist-bound CB1 - 14.4 5.2 1.9 -6.5 4.8
(5XR8) ®
Inactive CB1 (5U09) - 6.7 11.6 3.0 -2.4 11.7
Selected CB1 MD-
generated conformations
CP-55940 and POPC #1 204 13.8 7.8 2.8 -4.5 7.3
CP-55940 and POPC #2 946 15.5 2.4 2.1 -6.4 0.9
CP-55940 and POPC #3 488 17.1 2.6 25 -6.5 2.4
CP-55940 and DOPG #1 608 13.8 4.1 2.8 -6.8 2.9
CP-55940 and DOPG #2 626 14.0 4.1 3.0 -8.0 3.6
CP-55940 and DOPG #3 141 12.2 9.4 26 -6.2 2.4
APO and POPC #1 463 12.8 10.3 24 -5.5 7.5
APO and POPC #2 1040 11.5 6.4 2.7 -5.5 4.1
APO and POPC #3 670 13.6 9.1 24 -5.6 4.4
APO and DOPG #1 1231 15.5 9.0 29 -4.9 4.8
APO and DOPG #2 1512 12.7 10.1 3.0 -5.3 6.9
APO and DOPG #3 1216 12.5 13.2 31 -5.2 10.2

2 Crystal structures with incomplete TM5 and TM6, both missing one helix turn compared to active CB1

crystal (PDB entry 6N4B).
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Figure S 10. A) Intracellular point of view of apo CB1 (ICL3 hidden) with conformational
distortion of TM6 at 1.8 us of MD simulation #1 in a DOPG membrane and interaction between
a single DOPG molecule with residue Arg214*°°. B, C) Distance between ionic lock residue

Arg214* and phosphorus atom of the closest POPC or DOPG phospholipid headgroup.
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Figure S 1. Protein RMSD along the three MD trajectories for each condition: wt CB1 bound to
CP55940* (A), F237L CB1 bound to CP55940 (B), wt apo CB1* (C) and F237L apo CB1 (D).
TM6 RMSD for wt* and F237L CBI1 bound to CP55940 (E, F, respectively). *Data from MD

simulations of wt CB1 taken from Diaz et al., 2019.
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Figure S 2. Root mean square fluctuations (RMSF) in MD trajectories for each condition: wt CB1
bound to CP55940 * (A), F237L CB1 bound to CP55940 (B), wt apo CB1* (C) and F237L apo

CB1 (D). *Data from MD simulations of wt CB1 taken from Diaz et al., 2019.
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Figure S 3. A) Docking pose of CP55940 into the inactive crystal structure (PDB 5U09, green),
compared to CP55940-bound crystal structure of CB1 (PDB 6KQI, blue). RMSD of CP55940
heavy atoms compared to the initial docking pose along MD trajectories of wt CB1* (B) and F237L

CBI1 (C). *Data from MD simulations of wt CB1 taken from Diaz et al., 2019.
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Figure S 4. Chemical structure of CP55940 with labeled A (green) and C (red) rings and alkyl

chain (blue) (A). RMSD along MD trajectories of wt* and F237L CB1 of CP55940 heavy atoms

of its A ring (B,C), C ring (D, E) and alkyl chain (F, G). *Data from MD simulations from Diaz

et.al 2019.
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Figure S 5. Distance between CP55940 and P2695°"? along MD trajectories of wt CB1* (A, B, C)

and F237L CBI1 (D, E, F). Running average represented in red. Dotted line represents the cutoff

distance for contact (4 A). *Data from MD simulations from Diaz et.al. 2019.
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Figure S 6. Distance between CP55940 and M3847? along MD trajectories of wt CB1* (A, B, C)
and F237L CB1 (D,E,F). Running average represented in red. Dotted line represents the cutoff

distance for contact (4 A). *Data from MD simulations from Diaz et. al 2019.
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Figure S 7. Distance between P151%%® and D338%3" during MD simulations of wt CB1* (A) and

F237L CB1 (B) bound to CP55940. *Data from MD simulations from Diaz et. al. 2019.
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Figure S 8. Difference in per residue occupancy of water molecules between wt* and F237L CB1
in MD simulations of CB1 bound to CP55940, represented in the initial structure (A, higher
occupancy in wt CB1 in red, higher occupancy in F237L CBI1 in blue). Differences are also plotted
in (B), where positive values indicate higher water occupancy in the wt receptor. *Data from MD

simulations from Diaz et. al. 2019.
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Figure S 9. A) Inactive crystal structure of CB1 (PDB ID 5U09). B, C) MD-generated
conformations from replica #2 of wt CB1 bound to CP55940 at 280 ns and 2 ps of simulation
time*, respectively. D, E) Distance between center of mass of sidechain aromatic moieties
(hydrogens excluded) of F155*4? and F2374%, and F237*4¢ and W214*°, respectively, in MD
simulations of wt CB1 bound to CP55940*. F, G) xi dihedral angle of F155*%* along MD
trajectories of wt *and F237L CB1 bound to CP55940. *MD trajectories of wz CB1 are taken from

Diaz et al. 2019.
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Table S1. Contact frequencies of CP55940 with the receptor (residue heavy atoms within 4 A of
CP55940 heavy atoms) in MD simulations of ws* and F237L CB1 bound to CP55940. *Data from

MD simulations of wt CB1 taken from Diaz et. al. 2019.

Residue | wr 1 wt 2 wt 3 F237L1 |F237L2 | F237L3
F170>%7 0.68 0.96 0.65 0.49 0.56 0.79
S173%%0 0 0 0 0 0 0
F1742! 0 0.52 0 0 0 0.11
EI77%% 0 0 0 0 0 0
H178>%% [0 0 0 0 0 0
K19232%2 10 0 0 0 0 0
L1932 1 0.88 0.96 0.98 0.97 0.95
V196> 1 0.93 1 1 1 0.97
T19733 1 0.86 1 1 1 0.91
1267°°12 | 0.88 0.16 0.87 0.79 0.96 0.39
F268EC12 | ] 1 1 1 1 1
Y2753 10.99 0.19 0.9 0.79 0.55 0.4
L2764 0.99 0.52 0.99 0.88 0.97 0.81
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Table S1 (cont.)

Residue wt 1 wt 2 wt3 F237L 1 F237L 2 F237L 3
W2793433 | ] 0.94 1 0.99 1 0.97
W356%48 4 1 0.82 0.45 0.16 0.76 0.1 0.09
13593312 10.99 0.58 0.34 0.99 0.99 0.78
M363632 | 0.69 0.22 0.18 0.49 0.14 0.35
F3797-% 0.92 1 0.55 0.86 1 0.99
S3837392 1] 1 1 1 1 1

* Contact absent in active crystal structure of CB1 bound to CP55940 and G protein (PDB 7WV9)
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Table S2. Statistical analysis of differences in estimated AGyind residue decomposition between wt

and F237L CBI1. Residues ordered by the p-value in a two-sample Student’s t-test with unequal

variance.

Residue p-value Residue p-value
W356548 0.129 Flpgh-em 0.538
T197%% 0.161 F170>% 0.608
C3g2’ 0.221% 128054 0.620
L3874 0.291 F102%=m 0.682
Y2755 0.298 M36365° 0.722
F3797-% 0.309 F20033% 0.722
1.359°41 0.328 271He2 0.723
M384740 0.347 P2695¢L2 0.730
A38073 0.349 L36D2 0.767¢
S1231%¥ 0.400° L276740 0.800
W279%43 0.468 2672 0.810
E268H= 0.483 S383%> 0.846
C386"# 0.522 M103N-term 0.950
D272EC12 0.524 L193%% 0.997

&5¢ 4 yalues correspond to two-sample Student’s t-test with equal variance. Equal variance

observed by a F-test with p-values: a: 0.006; b: 0.005; c: 0.001)
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