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G protein-coupled receptors

G protein-coupled receptors (GPCRs) constitute the largest superfamily of transmembrane
receptors whose primary function is to convert extracellular stimuli to an intracellular
response through the action of G proteins. The overall architecture of GPCRs is
characterized by seven membrane-spanning helices connected by three intracellular (ICL)
and three extracellular (ECL) loops. It was estimated that up to 800 GPCRs are encoded
by the human genome,' of which ~400 are expected to bind endogenous ligands.?® Such
a diversity is deeply related to two fundamental aspects of the GPCR machinery: the
necessity to respond to a broad spectrum of chemically diverse extracellular signals
(including light, neurotransmitters, hormones, peptides, lipids, amino acids and many
others) and to activate different intracellular signalling pathways.

Nowadays, more than 30% of currently marketed drugs target GPCRs,* underlining the
physiological importance of this receptor family and their therapeutical relevance. Due to
these reasons, in the last decades a growing interest has been shown for the study of
GPCRs functions, mechanisms and modulation: the intimate understating of the receptor
structural features and of the signalling mechanism could lead to the development of new

drugs useful in the treatment of a variety of diseases.

Classification

The first attempt to classify GPCRs was made in 1993,° when sequence-based
fingerprints were developed for the seven hydrophobic domains of GPCRs: this study was
subsequently extended® to incorporate a higher number of sequences taken from different
species and the term “clan” was then created to designate different GPCR families. This
classification system was updated in 1994, with the introduction of the “A-F” notation to
describe GPCR classes:” nowadays this classification is widely used and accepted as
standard from the International Union of Pharmacology, Committee on Receptor
Nomenclature and Classification (NC-IUPHAR)®. A different method of classification was
proposed in 1999, in which GPCRs were divided in different families (from 1 to 5) on the
basis of their common structural motifs and of the nature of their endogenous ligands.®
The sequencing of the human genome in 2001 re-opened the issue of GPCR
classification, since a plenty of new sequences belonging to the human GPCR repertoire
were mapped and characterized.
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The last GPCRs classification method relied on a phylogenetic approach and divided
GPCRs in five different families, named Glutamate, Rhodopsin, Adhesion, Frizzled/taste2
and Secretin (GRAFS)." Two of the main advantages of this method are the inclusion of a
wider number of classified proteins and the presence of the bitter taste 2 receptor subtype,
not covered in the previous classifications.

A brief description of GPCR families is reported below: each family is indicated using both
the GRAFS and the NC-IUPHAR nomenclature systems.

Class A (Rhodopsin)

The rhodopsin family is the most populated one and contains more than 600 human
proteins. The GRAFS classification further divided this family into four groups, named o, £,
vy and 6. While group a includes some of the most interesting targets currently under
investigations in the majority of drug discovery campaigns, such as histamine, dopamine,
adrenergic and serotoninergic receptors, group [ contains mostly peptide-binding
receptors, like oxytocin, gonadotropin-releasing hormone and neuropeptide Y receptors.
Few examples of proteins included in group y are somatostatin, opioid and angiotensin
receptors, whereas group & comprises the glycoprotein-binding receptors, the olfactory
receptors and others.

Class A of GPCRs is characterized by some peculiar characteristics, like a considerably
short N-terminus portion and the presence of common structural motifs. However, despite
their similarities, proteins belonging to class A show a high heterogeneity in terms of
primary sequence and ligand preference. Indeed, an extremely wide spectrum of
extracellular substances, such as amines, photons, purines, hormones and peptides are
able to bind members of class A GPCRs. It was estimated that about 27% of currently
marketed drugs target class A GPCRs, which highlights the therapeutic potential and the
importance of this class of membrane receptors.''2

Due to the presence of common structural domains among class A members, some
attempts were made to found a common numbering scheme to label corresponding pairs
of amino acids. Schwartz'® and Ballesteros'* proposed two different nomenclatures to
assign numbers to conserved residues in the transmembrane (TM) domains: while in the
former approach the most conserved residue in a helix receives a generic number
according to its position in the helix, in the latter method the most conserved residue is

indicated as X.50, where X is the number of the TM helix. Nowadays, the Ballesteros-
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Weinstein numbering scheme is commonly used and widely accepted in the GPCRs

community and will be used thorough the text to indicate amino acid positions.

Class B (Secretin)

In contrast to the highly-populated rhodopsin family, the secretin family includes only a
small number of members characterized by a high sequence identity, such as the
calcitonin-like receptors, the corticotrophin-releasing hormone receptors and the glucagon-
like peptide receptors. The direct consequence of such a high degree of sequence
similarity is a reduced ability of these targets to respond to a wide spectrum of exogenous
ligands: indeed, the receptors comprised in this family preferably bind peptide hormones.
While in the rhodopsin family the ligand binding site is located approximately into a cavity
delimited by the TM portions, in the secretin family the hormone-binding domain is located
mainly in the extracellular milieu.”™'®'” The binding region of the secretin-like receptors is
constituted by three distinct domains, that span from the N-terminus through the
extracellular loops (ECLs):'®'9202! an extended network of cysteine bridges located at the

hormone-binding pocket brings to an overall stabilization of the binding site structure.

Class B (Adhesion)

The members of the adhesion family differ from secretin-like receptors for at least three
main characteristics: i) the architecture of the N-termini, ii) the nature of ligands able to
bind them and iii) the presence of functional domains,? like the GPCR proteolytic domain,
absents in the secretin family. Adhesion-like receptors preferably bind extracellular matrix
molecules and the architecture of their N-termini is peculiar among other GPCRs families,
since it contains several domains that have been shown to play a key role in determining
the specificity of ligand-receptor interactions.?*

Class C (Glutamate)

Cass C contains about 20 GPCRs,'® including the metabotropic glutamate receptors and
the calcium-sensing receptor. Similarly to what observed for class B GPCRs, the binding
site region of the glutamate-like receptor family is located at the N-terminus region.
Crystallization studies have been used to clarify the architecture of the extracellular portion
of these receptors:®® it was seen that the binding site structure is organized into two
domains whose tertiary structures are fixed through several disulphide bridges. From

these observations, it was hypothesized that the ligand binding mechanism resembled that
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of a Venus flytrap, in which the two extracellular domains could accommodate the

endogenous ligand and trigger the subsequent receptor activation.

Frizzled/taste2

The frizzled group of receptors comprises ten frizzled receptors and the smoothened
receptor:'® while the formers preferably bind a specific family of glycoproteins, the latter
seems to be able to trigger the activation cascade in a ligand-indipendent manner.
Similarly to class B and C, also the frizzled receptors are characterized by a long N-
terminus domain which is formed by 200-300 amino acids and acts like a binding site
region that could accommodate the glycoprotein.?® On the other hand, the taste2 group of
receptors shows slightly different characteristics compared to the frizzled cluster. As seen
for class A GPCRs, also the members of the taste2 group are characterized by a
heterogeneous amino acid composition and low sequence similarities.?” This could explain
the ability of these receptors to detect a variety of bitter compounds present in nature.?® In
contrast to what observed for frizzled receptors, the taste2 ligand binding site is not
enclosed in the long N-terminus domain: indeed, recent studies identified some residues

located on extracellular loop portions as crucial for ligand binding.?

Signalling pathways and second messengers

As described before, GPCRs convey an extracellular stimulus to the intracellular
environment. However, this response is not driven by GPCRs themselves, but requires the
activation of other proteins and second messengers that could trasmit the signal from the
extracellular milieu into the cell. The cascade of events that follows GPCRs activation
starts with the involvement of heterotrimeric guanine-nucleotide-binding regulatory
proteins, called G proteins. G proteins bind to the cytoplasmic portion of GPCRs and are
constituted by three different subunits: o (36-52 kDa), p (35-36 kDa) and v (8-10 kDa).*
The last two subunits (B and vy) are strongly connected to form functional units. G proteins
transmit the signal from GPCRs to second messengers and to other proteins. However, to
avoid altered signal transmissions, G proteins follow an activation-deactivation cycle that is
triggered by GPCR activation. When a GPCR activates a G protein, it leads the
replacement of guanosine diphosphate (GDP, that preferentially binds the inactive state of
G protein) with guanosine triphosphate (GTP) at the o subunit. This nucleotide exchange
drives the release of the G protein from its cognate GPCR and allows the dissociation of



14| Introduction

the G protein into two different subunits, o and By. These two functional units activate
other downstream effectors (such as adenylyl cyclase, phospholipases and lipid kinases)
to transmit and amplify the initial signal. The effector targets usually regulate the
intracellular concentrations of second messengers, such as inositole-triphosphate,
diacylglycerol, cyclic AMP and calcium cations which finally exert a physiological
response, typically through the regulation of gene transcription. The cycle is then
terminated with the cleavage of GTP in GDP by the a subunit: the increased affinity of the
o subunit towards the By unit leads to their re-association and the re-coupling of the G-
protein with the cognate GPCR.

So far, 20, 6 and 12 isoforms have been identified for o, p and y subunits, respectively:
different combinations of isoforms lead to different G proteins with different characteristics
and functions. G proteins are currently classified in four distinct classes based on their
sequence homology: Gs, Gi, Gy and G12.3' Different G protein subtypes exert different
functions and mediate different intracellular responses.®*%34% |ndeed, while Gs activates
adenylyl cyclase and regulates calcium channels, the G; subtype inhibits adenylyl cyclase,
activates cyclic GMP phosphodiesterase and regulates potassium and calcium channels.
Similarly to Gs, also the Gq subtype leads to the activation of an effector target, namely the
phospholipase CB. The functional mechanism of the Gi, subtype has been recently
characterized:* it was shown that this G protein not only regulates sodium and potassium
channels but also binds and stimulates the Bruton’s tyrosine kinase.

As stated previously, the downstream signal produced by GPCR activation is transmitted
to effectors through the action of G proteins. After the discovery of the GPCR-G protein
signalling mechanism, it was hypothesized that only the a subunits could activate
downstream effectors, while the By complex could only inhibit or negatively tune the o
subunit-induced effects. Recent experimental evidences brought to a reassessment of the
GPCR-G protein transduction mechanism. Indeed, it was shown that also the By subunit
could activate effector targets, like potassium channels,*® adenylyl cyclase, phospolipase
CB, phospholipase Az and other kinases.®” While the B subunits seem to share a common
amino acid composition, the y subunits are characterized by a lower sequence similarity:
thus, it could be hypothesized that the different characteristics and functions seen among
different By complexes are mainly due to the y subunit.

Although some effector proteins have been shown to be regulated by both o and By

subunits, it must be noted that the ability of a specific subunit to activate a particular



Introduction |15

effector strongly depends on the effector subtype.®® For example, different subtypes of
adenylyl cyclase show different responses to o and Py subunits: while one subtype is
activated by o and unaffected by By, a second subtype can be only activated by a and is
inhibited by By.

The mechanism and functions of G proteins are regulated by some covalent modifications,
acted by three main types of lipids: these covalent adducts occur mostly at the a and vy
subunits.***° The o subunit can undergo both myristoylation and palmitoylation: while the
former is an irreversible reaction crucial for anchoring the unit to the membrane, the latter
is a reversible modification that was thought to regulate and tune the downstream
response. On the contrary, the y subunit is usually prenylated: this modification is thought
to facilitate the anchoring of the By complex to the membrane and to promote the
association between o and By subunits. Although several studies have been already
performed, the functions of these G protein-lipids adducts are matter of evaluation.
However, it seems reasonable that the covalent bond with these hydrophobic substituents
could facilitate the seizure of G protein towards specific lipid-enriched membrane domains,
like calveole.*

It must be noted that G protein transduction mechanism does not usually follow a “one
protein-one effector-one signal” relationship and that the activation of a specific receptor
does not imply the involvement of a predetermined pattern of downstream effectors. On
the contrary, the starting signal coming from a single GPCR could diverge or converge
depending on some specific conditions, such as the cell type or the tissue: thus, i) a single
GPCR could activate different G proteins and effector targets, leading to the activation of

different signaling routes®*'#2:43:44.45.:46.47.48

or ii) different GPCRs could activate the same G
protein, in order to tune and integrate the activation signals coming from different
extracellular stimuli.**°%°"°25% A third case, called “cross-talk”, is characterized by the
integration and the cross-regulation of two or more different signal routes coming from

different GPCRs.>*55:%6

Available GPCR crystal structures: similarities and differences

GPCR crystallization is extremely challenging due to different factors: i) the instability of
these proteins in detergents, ii) the presence of highly-flexible regions (e.g. loops) and iii)
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their low expression levels. Recently, the field of GPCR structural biology has achieved
new remarkable results due to the development of improved crystallization techniques.
The first crystal structure of a GPCR was that of bovine rhodopsin, released in 2000.>” For
the subsequent 7 years rhodopsin has been the sole GPCR crystal structure available.
Although this crystal structure represented an impressive breakthrough in the field of
structural biology, it belongs to a very specific branch of GPCRs and could not completely
clarify the mechanism and function of GPCRs machinery, especially for diffusible ligands.
In 2007, the structure of the B, adrenergic receptor in complex with an inverse agonists
was solved.’®*%%% The release of the crystal structure of a “druggable” GPCR threw light
for the first time on the interactions between a drug-like compound and its receptor and on
the differences occurring between GPCR subfamilies. The B, adrenergic receptor was
folowed by other class A GPCRs: the B; adrenergic receptor,’’ the Aa adenosine
receptor,®? the CXCR4 chemokine receptor,®® the Ds; dopamine receptor®® and the Hj;
histamine receptor.®®

Although the crystal structures of the ligand-free form of rhodopsin (opsin) were released
in 2008,%%°” year 2011 saw the dawn of a new era for GPCR structural biology: indeed, the
crystal structures of the active states of Bz, B1 and Aza adenosine receptors were

70,71,
d.68’69’ 0,

release 273 The availability of the active form of “druggable” GPCRs helps to

clarify at a molecular level the major structural modifications occurring upon agonist
binding.
Nowadays, 55 GPCR crystal structures are available in the Protein Data Bank,” divided

57,75,76,77,78,79,80,81,82,83,84,85,86 2 of Squid rhodopsin,87'88 2

58,59,60,68,69,70,89,

as follows: 16 of bovine rhodopsin,
of opsin,®®®” 11 of the B. adrenergic receptor, %091 10 of the By adrenergic
receptor,’’"%2 7 of the Asa adenosine receptor,?#73% 5 of the CXCR4 chemokine
receptor,®® 1 of the D3 dopamine receptor® and 1 of the Hy histamine receptor.®®

A detailed comparison between available crystal structures is presented below.

Extracellular region

Class A GPCRs can respond to a variety of chemically diverse compounds. To favor the
entrance and the accommodation of such a diverse set of chemical entities into the ligand
binding pocket, class A GPCRs developed highly-flexible extracellular domains, that can
differ even between members of the same subfamily. The release of the new GPCR

crystal structures threw light on the architecture of the extracellular regions belonging to
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different GPCR subfamilies, highlighting their striking differences as well as specific

structural motifs.

ECL1 is usually small and it is constituted by few amino acids. Although its residue
composition can vary remarkably between different receptors, its length remains
conserved since more than 70% of class A GPCRs are characterized by 52 amino acids
between residues 2.50 and 3.50% (according to the Ballesteros numbering scheme'?). A
sequence-based analysis revealed the presence of two conserved motifs into the ECL1
sequence: the WXFG®® and the DXXCR.%* The WXFG seems to be the most conserved
one, as it is present in 80% of class A GPCRs: since site-directed mutagenesis targeting

959798 it has been

this sequence altered receptor activation but not ligand binding,
hypothesized that this specific motif could be involved in the transmission of the ligand
binding signal to the TM portions,®® triggering the conformational changes associated with
receptor activation. On the contrary, the DXXCR motifs was found at the C-terminus of
ECL1 in the vasopressin and oxytocin receptors: due to its proximity to the extracellular
portion of TM3, this motif is probably involved in the formation and stabilization of the
conserved disulfide bridge between TM3 and ECL2. Moreover, additional studies provided
some clues for a role of this specific domain in the receptor activation mechanism.*®*° The
inspection of available GPCR crystal structures revealed that ECL1 can form an extended
network of interactions with neighboring domains. With the only exception of the Aza
adenosine receptor, the ECL1 is characterized by an unfolded structure. Its C-terminus
sequence points towards the conserved disulfide bridge between TM3 and ECL2 (Figure
1): in particular, for aminergic GPCRs (B+, B2, Hi and D3), the tryptophan residue belonging
to the WXFG domain can form favorable hydrophobic interactions with the cysteine
residues of the disulphide bridge. In the rhodopsin sequence, this tryptophan is substituted
by a phenylalanine. However, also in this case, a hydrophobic interaction occurring
between the conserved cysteines and the FXFG motif could be identified. ECL1 domains
of the Aza and the CXCR4 receptors represent two extreme cases, in which the overall
structural arrangement is remarkably influenced by additional molecular interactions. ECL1
segment of the CXCR4 receptor is shifted outwards compared to other GPCR structures,
due to the peculiar architecture of ECL2, that leans on ECL1 to retain the binding pocket
accessible from the extracellular side. In this case, beside the hydrophobic interaction
between the tryptophan of the WXFG motif and the disulphide bridge, an additional polar
interaction could be detected between Asn101 (ECL1) and the backbone NH group of
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Tyr184 (ECL2). ECL1 of the Aoa adenosine receptor is characterized by the presence of
an unique B-strand at the interaction interface with ECL2: this secondary structure
arrangement and the presence of a disulphide bridge linking ECL1 with ECL2 (between
Cys71 and Cys159) bring to an overall stabilization of ECL1 and to an inward shift of this
domain compared to other GPCR crystal structures.

Although several evidences exclude an involvement of the ECL1 portion in ligand binding,
the interactions occurring between this short segment and the highly conserved cysteine

bridge between TM3 and ECL2 could impact the binding site shape.%*7:98:100.101

Phel03

Trp99 Trpl02

Figure 1: representation of the interaction between ECL1 and the conserved disulfide bridge connecting
ECL2 to TM3. Phe or Trp residues belonging to the W(F)XFG domain are represented in sticks as well as
the cysteines forming the disulphide bond. Rhodopsin (PDB: 1GZM), B, adrenergic receptor (PDB: 2RH1)
and CXCR4 chemokine receptor (PDB: 30DU) are depicted with cyan, green and magenta cartoons,
respectively.

ECL2 is the extracellular domain with the highest heterogeneity in terms of structural
arrangement and primary sequence among different GPCRs (Figure 2). Due to its peculiar
position at the top of the helix bundle and, consequently, at the entrance of the binding
pocket, this loop has been extensively studied as a key structural feature of GPCRs, that
could directly influence both ligand stabilization and receptor activation.

The role of ECL2 in the regulation of ligand trafficking from the extracellular milieu to the
receptor binding crevice was highlighted by several experimental evidences. Although the
overall ECL2 structure is stabilized by a conserved disulphide bridge connecting ECL2
with the extracellular end of TM3, the flexibility of this domain has to be maintained to
some extent to preserve receptor functionality.'®*'%'%* |ndeed, attempts to constrain
ECL2 structure using additional cysteine bridges has been shown to inhibit signal
transduction for some GPCRs.'% The enhanced flexibility of this extracellular domain led
to hypothesize additional mechanisms that can regulate its conformational equilibrium and,

consequently, the trafficking of ligand molecules. The presence of such “molecular
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triggers” at the extracellular surface of GPCRs was then confirmed by recent studies, that
correlated the structural rearrangement observed at the ECL2 domain with ligand
stabilization and receptor activation. 9':10>:106.107

The overall architecture of this extracellular portion greatly vary between different GPCR
crystal structures. Rhodopsin represents a peculiar case, in which ECL2 forms a four-
stranded B sheet in conjuction with the N-terminus: this particular arrangement of ECL2
seals the binding site crevice, avoiding solvent penetration into the ligand binding pocket.
Conversely, ECL2 domains of aminergic GPCRs as well as those of CXCR4 and Aza
receptors, assume a more open conformation, that allows the accommodation of diffusible
ligands. While 1 and B> receptors are characterized by a short a helix segment from the
tip of TM4 to the conserved cysteine on ECL2, in Hy and D3 receptors ECL2 segments
show an unfolded structure. CXCR4 and A,a receptors are characterized by a more
complex architecture of ECL2 domains.

Figure 2: cartoon representations of the ECL portions for available GPCRs: rhodopsin (PDB: 1GZM, green),
B. adrenergic receptor (PDB: 2RH1, orange), A.a adenosine receptor (PDB: 3EML, blue), H; histamine
receptor (PDB: 3RZE, cyan), CXCR4 chemokine receptor (PDB: 30DU, magenta) and D3 dopamine receptor
(PDB: 3PBL, dark green). The three disulphide bridges present in the ECL2 segment of the Aga receptor are
depicted in sticks.

In the Aoa adenosine receptor, ECL2 tertiary structure is highly constrained by 3 disulphide
bonds (Figure 2): these covalent interactions are aimed to fix the position of ECL2 with

respect to ECL1 and TM3 and to stabilize a short a helix segment shown to be crucial for
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ligand binding, located between the conserved cysteine and the tip of TM5. The CXCR4
receptor has another, different, arrangement of the extracellular domains, where ECL2
leans on ECL1, leaving the ligand binding pocket completely exposed to the solvent.
These different conformations seen for ECL2 mirror the differences of GPCRs
endogenous ligands. Indeed, while ECL2 of rhodopsin tends to enclose the hydrophobic
molecule of retinal in a solvent-inaccesible pocket, aminergic GPCRs bind to diffusible
ligands, withdrawn from the extracellular milieu: in this case a more open conformation of
the ECL2 domain is required to facilitate ligand penetration.

With the availability of new GPCR crystal structures, it is becoming clear that ECL2
domain is strongly involved in shaping the binding site crevice, since an extended network
of interactions could be identified between ligands and the amino acids belonging to ECL2.
For example, a phenylalanine residue belonging to ECL2 of the B1 and B, adrenergic
receptors (Phe201 and Phe193 in the 1 and B, receptors, respectively) inserts deeply into
the binding site crevice, forming hydrophobic interactions with the aromatic cores of both
agonist and antagonist molecules. A similar interaction was seen in the Aza adenosine
receptor, in which two different residues located on ECL2 (Phe168 and Glu169) stabilize
the binding of agonists and antagonists through an extended network of hydrophobic and

polar interactions.

Similarly to ECL1, also ECL3 domain is characterized by a small number of amino acids,
from 6 to 8.%%® A possible role of this extracellular domain in signal transduction and G
protein activation has been recently proposed.®'% A variety of contacts have been
observed either between ECL3 and other extracellular domains or within the amino acids
included in the ECL3 segment (Figure 3). In CXCR4 receptor Cys274, located on ECLS3,
forms a disulphide bridge with Cys28 belonging to the N-terminus: this interaction further
stabilizes the open conformation of the CXCR4 extracellular domain, allowing the
accommodation of bulky ligands into the binding site crevice. The presence of additional
disulfide bridges within ECL3 has been identified in H{ histamine receptor, as well as in
Aoa adenosine receptor. It could be hypothesized that these additional restraints help
ECL3 to make favorable contacts with other receptor counterparts. For example, in the Aoa
adenosine receptor, hydrogen bond interactions were identified between a histidine
residue on ECL3 (His264) and Glu169 on ECL2: since the latter was found to form crucial
interactions for ligand stabilization, it could be hypothesized that His264 acts like an
anchor, that forces Glu169 to assume a conformation favorable for ligand binding.
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Cys28 Cys44l
N-terminus w444 Cys259 Cys262

™6
™7 M7 TM6

Cys274

Figure 3: disulphide bridges located on the ECL3 for CXCR4 chemokine receptor (PDB: 30DU, magenta),
H; histamine receptor (PDB: 3RZE, green) and A, adenosine receptor (PDB: 3EML, blue).

Transmembrane portions and ligand binding sites

Available X-ray crystal structures of GPCRs share a common tertiary structure, formed by
7 TM helices that span through the lipid bilayer. The overall organization of these domains
is conserved among different GPCRs and only small deviations have been observed. To
highlight the structural similarity shared by these structures it could be noted that, taking
into account only GPCRs crystallized in an inactive state, the root mean square deviation
(RMSD) calculated on the Ca carbons of TM segments do not exceed 3 A between any
pair of structures.'®® Thus, besides some minor differences, like deviations from the ideal o
helix conformation and shifts occurring at the tips of TM domains, the overall architecture
of the transmembrane portion seems to be conserved among different members of class A
GPCRs.

Figure 4: schematic representation of a GPCR embedded in a lipid bilayer. The hypothetic location of
phospholipids polar heads are represented with gray spheres. Extracellular and intracellular portions of the
TM bundle are depicted with orange and blue cartoon, respectively.

Ideally, the transmembrane domains of a prototypic GPCR could be divided into two

different portions: an extracellular part, mainly involved in ligand binding and an
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intracellular part, whose primary function is to couple with G protein. Not surprisingly,
these two portions of the transmembrane domain are characterized by a different degree
of sequence similarity that mirrors their functional role. For example, the higher diversity in
terms of amino acid composition of the extracellular portions of the TM domains is
explicable by the wide range of ligands and endogenous molecules acting on GPCRs: the
sequence heterogeneity of the extracellular domains allows the recognition and the
accommodation of a variety of chemically diverse compounds. On the contrary, the
intracellular portion of the TM bundle interacts and binds to a finite number of G proteins:
thus, a common recognition pattern of amino acids is required for an optimal protein-
protein interaction and, therefore, the sequence conservation is more pronounced. To
stress the differences in sequence similarity between these two portions of the
transmembrane domain, it was calculated that, among available GPCR crystal structures,
only 6% of residues are highly conserved in the extracellular part, compared to 26% of
residues in the intracellular branch.®

All available GPCR crystal structures show a common location of the ligand binding site,
placed towards the extracellular side of the receptor. Although all the ligands tend to
occupy this shared crevice, the nature and the location of the ligand binding pockets
strongly differ between different GPCR structures.

As described previously, rhodopsin is characterized by a deeply buried binding pocket,
sealed by a complex tertiary structure formed by the N-terminus along with ECL2: this
complex extracellular architecture allows retinal to be deeply inserted into the binding site,
reaching almost the middle of the TM domain (Figure 5, left).'®" The retinal binding site is
mostly constituted by hydrophobic amino acids and the overall structure of ECL2 is aimed
at preventing solvent penetration: the retinal-bound conformation is therefore stabilized by
an extended network of hydrophobic interactions, occurring with residues located on TMS3,
TM5 and TM6. Interestingly, no residues belonging to ECL2 directly interact with retinal.
The binding site of aminergic GPCRs has a completely different organization compared to
rhodopsin.

As described before, ECL2 structure of B4, B2, Hi and D3 receptors tends to be more open
compared to rhodopsin: thus, ligands do not penetrate deeply into the helix bundle and
occupy a pocket in the proximity of ECL2. A structural comparison showed that the main
core of B; and B, antagonists is shifted almost 5 A towards the extracellular side compared
to the p—ionone ring of retinal (Figure 5, center).’®" Moreover, the binding site of aminergic
GPCRs is shifted toward the extracellular portion of the receptor to allow the interaction of
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the ligand protonated nitrogen with an aspartic residue located on TM3 (Asp3.32): this

residue is highly conserved among aminergic GPRCs and several studies already

identified this amino acid as crucial for the binding of endogenous amines.''%'!"112.113
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Figure 5: Left: accommodation of retinal (blue sticks) into the rhodopsin binding site (PDB: 1GZM). N-
terminus and ECL2 portions are depicted in orange. Center: superposition of retinal (blue), carazolol
(yellow), doxepin (orange) and eticlopride (green) within the binding site of rhodopsin (PDB: 1GZM), B.
adrenergic receptor (PDB: 2RH1), H, histamine receptor (PDB: 3RZE) and D3 dopamine receptor (PDB:
3PBL), respectively. Right: comparison between binding modes of retinal (blue), carazolol (yellow) and
ZM241385 (orange) into the binding site region of rhodopsin (PDB: 1GZM), B, adrenergic receptor (PDB:
2RH1) and A, adenosine receptor (PDB: 3EML), respectively.

Besides the interaction with Asp®®, all co-crystallized ligands of Bi, P2, Hy and Ds
receptors form an extended network of both hydrophobic and polar interaction with the
residues delimiting the binding site region. In particular, a broad spectrum of contacts
could be identified with residues located on TM3, TM5, TM6 and TM7, including positions
3.34, 3.37, 5.42, 5.43, 6.48, 6.51, 6.52, 6.55 and 7.39. Interestingly, doxepin, the co-
crystallized ligand of the Hy histamine receptor, adopts a slightly different binding mode
compared to that observed for B1, B2 and D3 ligands. Indeed, the bulky tricyclic structure of
doxepin is deeply inserted into the binding site region to preserve the key interaction with
Asp3.32; thus, in the co-crystallized conformation, the aromatic moiety of doxepin lays in

648 similarly to what observed for the B-ionone ring of retinal (Figure 5,

the proximity of Trp
center).

The Aza receptor shows a different architecture of the ligand binding site. The Aza binding
pocket extends vertically into the helix bundle and protrudes out of the receptor
extracellular surface (Figure 5, right). The co-crystallized ligands are stabilized into the
binding site by several hydrophobic and polar interactions with residues located on TM5,
TM6 and TM7. However, due to the peculiar ligand conformation that spans vertically
towards the extracellular domain, a number of different residues located on both ECL2 and
ECLS are involved in ligand stabilization (e.g., Phe168 and Glu169 on ECL2 and His264

on ECL3). It was shown that Apa binding pocket is shifted outward of about 5-6 A
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compared to the By and B2 binding sites and of about 10-11 A compared to that of
rhodopsin.'”’

The location of the binding site in the CXCR4 receptor is more challenging, due to the
different nature of its endogenous ligands. As described previously, the extracellular
portion is shifted outward from the center of the helix bundle, favoring the accommodation
of bulky peptides. However, the CXCR4 structure co-crystallized with a small antagonist
molecule gave more precise clues to the location of the ligand binding site. The small
antagonist occupies a cavity different from that observed in rhodopsin and in the aminergic
GPCRs: this cleft is delimited by TM2, TM3, ECL2 and the N-terminus and is located at the
extracellular surface of the receptor (Figure 6). Once again, the location of this unusual
binding cavity is explicable by the nature of the endogenous ligands acting on the CXCR4
receptor. The binding process of peptide molecules (the typical CXCR4 ligands) requires
the presence of an extended recognition interface, that usually comprises specific
extracellular domains: therefore, it is likely that small molecules could be easily
accommodated in this wide binding cleft, located towards the extracellular side of the
receptor.

Figure 6: comparison between binding modes of retinal (blue), carazolol (yellow), ZM241385 (orange) and
IT1t (green) into the binding site region of rhodopsin (PDB: 1GZM), B, adrenergic receptor (PDB: 2RH1), Aga
adenosine receptor (PDB: 3EML) and CXCR4 chemokine receptor (PDB: 30DU), respectively.

Intracellular domain

The main role of the intracellular domains of GPCRs is to interact with the cognate G
protein, as well as with a number of different downstream effectors to activate the signal
transduction cascade. The newly released GPCR crystal structures revealed a certain
degree of similarity between different intracellular structural elements, letting to
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hypothesize a common coupling mechanism with effector targets among GPCRs of class
A.

Similarly to what observed for ECL1 and ECL2 portions, also ICL1 segment is formed by a
small number of residues. Although available GPCR structures reveal that this segment
preferably assume an unfolded secondary arrangement, a highly conserved architecture of
ICL1 backbone was observed among different crystal structures. Interestingly, a highly
conserved isoleucine residue, located on ICL1, inserts into the TM bundle, forming a
network of hydrophobic interactions with residues located at the extracellular ends of TM1
and TM2, as well as with residues belonging to helix 8."°'" Interestingly, this specific
interaction was not observed in the CXCR4 receptor: this could be due to the presence of
a disordered helix 8, that prevents the contacts with the isoleucine of ICL1. The Aoa
adenosine receptor differs from all the other structures solved so far since an o helix turn
could be observed in the ICL1 segment: however, despite the presence of such a
structurally diverse motif, the helix turn seems to preserve the isoleucine-mediated
contacts with helix 8. Recent experimental evidences highlighted the fundamental role

115

played by ICL1 in the signal transduction mechanism, > as well as in the regulation of

receptor translocation from the endoplasmatic reticulum.”* Moreover, increasing
experimental data support the role of ICL1 residues in the stabilization of the cognate G

protein.'61"7

Leu64

Leu37 /

Helix 8 ICL1 ICL1

Helix 8

Figure 7: representation of the interaction occurring between the conserved Leu residue on ICL1 and the
amino acids located on helix 8 for rhodopsin (PDB: 1GZM, blue), B, adrenergic receptor (PDB: 2RH1,
orange) and Apa adenosine receptor (PDB: 3EML, green).

Compared to ICL1, ICL2 domain is few amino acids longer and is characterized by an
enhanced flexibility: indeed, a conserved architecture of this domain among available
GPCRs is not observed (Figure 8). A broad spectrum of spatial arrangements has been
observed among ICL2 domains of available GPCR structures, even within a single crystal
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form. While in rhodopsin and in the H; histamine receptor ICL2 assumes an unfolded
structure, in the Aoa adenosine receptor a two-turn a helix segment is observed. Also the
CXCR4 receptor is characterized by a lack of secondary structural elements in the ICL2
portion: it is interesting to note that, in this case, the extracellular end of TM5 is two-turns
longer compared to other TM5 domains of other GPCR structures and it is tilted towards
TMS3, shortening ICL2 segment. B and the B, adrenergic receptors show both unfolded
and oa-helix arrangements of ICL2 portion among different crystal structures, highlighting
the great flexibility of this intracellular domain. The D3 dopamine receptor represents a
peculiar case in this scenario, since two different arrangements of its ICL2 portion could be
observed in two receptor structures solved into the same asymmetric unit: while one ICL2
shows a well-resolved a-helix structure, no electron density is available for the other
unfolded ICL2. These structural evidences along with additional experimental data'®’
clearly indicated a complex conformational equilibrium acting at the ICL2 level, that could
be involved in the selective coupling with cognate G proteins and, therefore, in the

determination of the receptor functional state.''®'"®

Figure 8: superposition of ICL2 segments for rhodopsin (PDB: 1GZM, blue), B, adrenergic receptor (PDB:
2RH1, orange), A,x adenosine receptor (PDB: 3EML, yellow) and H; histamine receptor (PDB: 3RZE,
green).

ICL3 is the most peculiar portion among the three intracellular loops. Its length strongly
vary between different GPCRs, ranging from few to hundreds of amino acids. Several
experimental evidences showed that ICL3 is mainly involved in G protein recognition and,
consequently, in the regulation of the receptor functional state.'®*'2"1%212 Dye to its
crucial role in the recognition of the G protein partner, ICL3 is characterized by a
remarkable intrinsic flexibility, that allows to provide an optimal protein-protein recognition
interface. In contrast to what has been observed in the rhodopsin structure, in which a
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well-defined geometry of the ICL3 could be observed, in all the other class A GPCRs
crystallized so far ICL3 domain is not present. Indeed, it seems that the plasticity of ICL3
tended to destabilize the receptor structure during the crystallization procedure:>
therefore, a T4-lysozyme molecule has been used in a number of different GPCRs crystal
structures to replace the ICL3 segment, improving the overall stabilization of the receptor.
Due to this reason, all the structural information regarding ICL3 were lost during the
crystallization phase. Only recently, the thermostabilized structures of the A2a adenosine
receptor and the By adrenergic receptor were solved:”"*® the thermostabilization obtained
by site-directed mutagenesis brought to an overall stabilization of the GPCR structure and
allowed to avoid the T4-lysozime insertion technique previously adopted. In these
structures, ICL3 segments are well-resolved and they are characterized by an unfolded
arrangement. Interestingly while in the Aza crystal structures the ICL3 segments show a
conserved architecture (Figure 9, left), in the structures of the 1 adrenergic receptor ICL3
could assume two different conformations, depending on the orientation of the extracellular
tip of TM6 (Figure 9, right). These recent structures highlight and confirm the high degree
of flexibility exhibited by this portion, as well as its importance in shaping the intracellular

domain to favor the accommodation of the G protein.

ICL3

Figure 9: Left: superposition of the ICL3 segments of the thermostabilized A,a receptor crystal structures:
3REY (orange), 3PWH (green) and 3RFM (blue). Right: superposition of chain A (orange) and B (blue) for
the thermostabilized B receptor crystal structure in complex with carazolol (PDB: 2YCW).

Similarly to what observed for the extracellular domain, the presence of “molecular locks”
regulating GPCRs activation and functions has been detected at the intracellular interface.
Particularly, a specific ionic interaction, called the “ionic lock”, has been identified between
a highly conserved arginine at the C-terminus of TM3 (Arg3.50), a glutamic or aspartic acid

at position 3.49 and a glutamic residue located at the intracellular end of TM6."?* This
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complex interaction pattern has been proposed to play a crucial role in the activation
mechanism of GPCRs and several experimental evidences support the role of this motif in
stabilizing the receptor inactive state. For example, a number of studies showed that the
neutralization of the aspartic/glutamic acid residue at position 3.49 through site-directed
mutagenesis brought to an increase in basal activity in different GPCRs:'?>'2%127 thijs
increased receptor activity confirmed that the polar interaction between the extracellular
ends of TM3 and TM6 stabilize the GPCRs inactive state. Surprisingly, among available
GPCR inactive conformations, only rhodopsin, the D3 dopamine receptor and the recently
released crystal structures of the thermostabilized A2a and B4 receptors show the presence
of the “ionic lock” interaction (Figure 10, left and center). More interestingly, this pattern of
polar interactions could be either present or not among crystal structures of the same
GPCR: this is the case, for example, of the Aza and the B adrenergic receptors, in which

the “ionic lock” could be either disrupted or formed (Figure 10, right).

Arg3.50 Arg3.50 Arg3.50

= s
AR A 9.2.4r 46
Glu6.30 Z -
-
Glu6.30

Figure 10: representation of molecular interactions occurring between the conserved Arg**® and the acid

residue located at the N-terminus of TM6 (G|u6'3°). Left: superposition of the crystal structures of rhodopsin
(PDB: 1GZM, orange) and of the D; dopamine receptor (PDB: 3PBL, blue) Center: superposition of the
crystal structures of rhodopsin (PDB: 1GZM, orange) and of the B, adrenergic receptor (PDB: 2RH1, green).
Right: superposition of the ZM241385-A,, (PDB: 3EML, white) and of the caffeine-A,x (PDB: 3RFM) crystal
complexes. The “ionic lock” distance was measured between the guanidine carbon of Arg**® and the
carboxy! carbon of Glu®%.

A possible explanation for this striking discrepancy between crystal structures and other
experimental evidences relies on the different basal activities shown by these receptors. It
was postulated that, while rhodopsin shows a degree of basal activity that is virtually zero,
B1 and Axa receptors show a higher level of basal activity, that is reflected in an enhanced
flexibility and instability of the ionic lock interaction. It must be noted that the peculiar
architecture of the ICL2 of both By and A.a receptors helped to destabilize the ionic lock
interaction. Indeed, a tyrosine residue in the ICL2 domain (Tyr112 in the Aza receptor and

Tyr149 in the B4 receptor located at position 3.60) protrudes into the TM bundle and forms



Introduction |29

a hydrogen bond interaction with the aspartic residue at position 3.49, weakening the 3.49-
3.50 salt bridge (Figure 11). Consistently with the hypothesis that the strength of the ionic
lock interaction mirrors the basal activity level, the B, adrenergic receptor architecture
reveals a even more disrupted structure of polar interactions between charged residues at
the end of TM3 and TM6 compared to rhodopsin, B1 and Axa receptors (Figure 11, center):
this disordered structure of the intracellular domain could be due to the high basal activity
showed by this GPCR. Moreover, also the unfolded structure of the ICL2 segment of the

inactive B, crystal structure seems to reveal an improved level of basal activity.

Asp101%4 Asp130°* Asp138>

Arg102*°° 3/‘\«‘
};}ﬁ. g Y Arg1313%°

\ i Tyr112 Tyr141 Tyr149

6.30
Glu228 Glu26863° Glu285°%

Figure 11: representation of molecular interactions occurring at the conserved Arg3'50 for Asa adenosine
receptor (PDB: 3EML, white), B, adrenergic receptor (PDB: 2RH1, orange) and B adrenergic receptor (PDB:
2VT4, green). Residues located at positions 3.49, 3.50, 3.60 (on the ECL2) and 6.30 are depicted in sticks.

In this perspective, the lack of the ionic lock interaction in some GPCR crystal structures
could be seen as an effect of the high degree of flexibility shown by the GPCR intracellular
domain, allowing the formation of a complex conformational equilibrium between different
receptor states, characterized by a either broken or formed ionic lock. Although this
explanation seems the most biologically-consistent one, it could be speculated that the
crystallization procedures can strongly impact the overall architecture of the GPCR,
leading to biased protein structural arrangement. The available crystal structures of the B,
adrenergic receptor seem to discard this hypothesis, since a common disrupted geometry
of the ionic lock was observed among all the structures, crystallized with different
techniques and with different covalent adducts (T4-lysozyme and antibodies). Conversely,
the A.a adenosine receptor shows a preserved ionic lock interaction only in the
thermostabilized receptor crystal structure, that does not contain the T4-lysozyme
fragment. All these observations could lead to speculate on the potential structural
modifications induced during the crystallization phase.
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The activation mechanism

The molecular basis of GPCR activation have been extensively investigated in earlier
studies. It was proposed that GPCR activation mechanism follow precise stages at
different levels of the GPCR structure.

For a long time rhodopsin was used as a prototypical receptor to elucidate the activation
mechanism of class A GPCRs. Site-directed mutagenesis studies were initially performed
on a cluster of highly conserved residues located on TM6. Results suggested that an
overall rotamer change (called rotamer “toggle switch”) occurring at that level of the
binding site is needed to trigger the subsequent structural rearrangements that finally lead
to receptor activation.'®® In particular, several experimental evidences highlighted a
remarkable conformational change of Trp®*® during rhodopsin activation, suggesting a key
role of this residue in the overall activation mechanism.'?®'3%'3" These experimental
evidences were confirmed by the observation, through different experimental techniques,
that GPCR activation implies large movements of TM6 with respect to TM3 and the
subsequent disruption of the “jonic lock” interaction.'?>124132133.134.135136.137 Thage
observations brought to an unambiguous definition of GPCR activation mechanism, that
seemed to be triggered in the ligand binding site region and then to proceed downwards
through TM6, causing an outward movement of its intracellular end with respect to TM3.
The first structural evidences of the receptor active state came from the rhodopsin
framework. In contrast to other class A GPCRs, rhodopsin binds its endogenous ligand
(retinal) through a covalent interaction: thus, it was shown that the light-induced receptor
activation requires a complex rearrangement of the retinal molecule into the binding site,
leading to the breaking of the covalent bond and the subsequent dissociation between the
ligand (all-trans-retinal) and the ligand-free form of rhodopsin (opsin). This complex
mechanism of activation implies the presence of different conformational states
corresponding to different steps of the covalent reaction: five different stages have been
detected from the inactive form to opsin, comprising photo, batho, lumi, meta | and meta Il,
with the meta |l stage being predicted as the active form of rhodopsin. The batho and lumi
crystal structures containing the all-trans-retinal were recently released®®* along with a
meta | and an unprotonated intermediate.”®'®® Although all these structures bind the
agonist form of retinal (namely, the all-trans-retinal), the outward tilt previously predicted
for the TM6 N-terminus was not observed,'®*'¥ indicating that these structures retain an

inactive conformation. The first crystal structures of opsin were finally released in 2008,
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giving the first clues for the structural rearrangement occurring upon receptor activation
(Figure 12).

Gs peptide

Figure 12: superposition between rhodopsin (PDB: 1GZM, orange) and opsine (PDB: 3DQB, blue) crystal
structures.

These structures showed the predicted outward movement of the intracellular end of TM6
and the subsequent breaking of the “ionic lock” interaction between TM6 and TMB3,
harmonizing for the first time experimental data and structural observations. Moreover, one
of these opsin structure was solved with a short peptide molecule belonging to the C-
terminal domain of G protein, known to bind preferentially the active state of GPCRs: this
element not only confirmed the active nature of the opsin structure but threw light, for the
first time, on the pattern of interaction governing GPCR-G protein recognition mechanism
(Figure 12).

Figure 13: superposition of rhodopsin (PDB: 1GZM, orange), opsine (PDB: 3DQB, blue), metarhodopsin |l
(PDB: 3PQR, green) and constitutively active rhodopsin (PDB: 2X72, yellow) crystal structures. The
conserved tryptophan residue located on the CWXP domain (Trp2656'48) is represented in sticks.
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The recent development of newer crystallization techniques brought to the release of the
first crystal structure of the meta Il state®® as well as of a constitutively active form of
rhodopsin.®> These new X-ray crystal structures contain the all-trans-retinal inside the
binding site, providing new evidences for the structural rearrangements occurring at the
ligand binding site upon the conversion of retinal from its antagonist (cis) to agonist (all-
trans) forms.

Interestingly, the rotamer change of Trp®*®

shown to be associated with receptor activation
was observed neither in opsin nor in the meta |l state (Figure 13). Several justifications
were proposed to explain this striking discrepancy between experimental and structural

648 side

data, and it is likely that the predicted conformational change occurring at the Trp
chain is a temporary event rather than a stable rearrangement: thus, it is probable that
such a fast conformational transition may not be captured by the crystallization process.
Year 2011 saw the dawn of a new era for GPCRs structural biology, with the release of the
crystal structures of the agonist-bound forms of the A,a adenosine receptor as well as the
B1 and B¢ adrenergic receptors. These structures represented a real breakthrough in the
field of GPCRs structural biology, since they clarified for the first time the molecular basis
of agonist recognition occurring at “druggable” GPCRs. Intriguingly, some unexpected
behaviors were observed among crystal structures of different receptors.

None of the agonist-bound forms of the By adrenergic receptor and the A,a adenosine
receptor showed the outward movement of TM6 observed in both opsin and meta Il state,
indicating that these structures represent an initial state of receptor activation in which the
agonist molecule did not trigger yet the TM6 rearrangement. A comparison between these
structures and the opsin-Gs peptide complex revealed that the slight movement of TM6
observed in both the agonist-bound structures of A2a and By receptors is not sufficient to
accommodate the G protein partner at the intracellular side. Although initially it was
hypothesized that the lack of TM6 movement was related to the presence of the T4-
lysozyme molecule that could impede a correct TM6 relocation, the newest crystal
structures of the A,a adenosine receptor were obtained through thermostabilization,
without the T4-lysozyme adduct. Thus, it is likely that the absence of the predicted shift of
TM6 is related not to the crystallization procedure but to the lack of a G protein counterpart
that could stabilize the outward movement of the TM6 end.

Although these crystallographic structures did not provide additional information on the
involvement of intracellular domains in receptor activation, they gave important hints on

the ligand binding site modifications occurring upon agonist binding. Indeed, in both 1 and
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Ao receptors, an inward shift of the extracellular end of TMS was observed, contracting
the binding site region and favoring the formation of an extended network of ligand-
receptor interactions. For example, in the Pi-isoprenaline complex, a contraction of the
ligand binding pocket of about 1 A was observed, bringing known key residues of TM5
(namely Ser211%%? and Ser215°) to interact with the agonist molecule.”" Also in the Aga-
NECA complex, a bulge on TM5 was detected. This inward movement of the helix and the
resulting insertion of Cys185°“¢ and Val186°*' into the binding site crevice cause a
conformational rearrangement of His250%°2, that shifts about 2 A towards the TM bundle
and forms a hydrogen bond interaction with NECA. Similarly to what observed for 31 and
Aza receptors, also the B, crystal structure covalently bound to an agonist molecule® does
not show the predicted outward tilt of TM6 helix but it displays an inward movement of the
extracellular side of TM5.

Ser212°® W ser215°%

Figure 14: Left: superposition of the antagonist- (PDB: 3EML, white) and agonist-bound forms (PDB: 2YDV,
blue) of the A5 adenosine receptor. NECA is depicted with yellow carbons. Right: superposition of the
cyanopindolol-B; (PDB: 2VT4, blue) and isoprenaline-3; (PDB: 2Y03, orange) crystal complexes.
Cyanopindolol and isoprenaline are represented with ball and sticks.

The first B2 receptor-agonist complexes that showed the predicted TM6 displacement were
recently released.®®’° In these structures the outward movement of TM6 was allowed by
the presence of either a camelid antibody or a G protein at the cytoplasmic surface, that
are known to stabilize the receptor active state. Taken together, these observation suggest
that agonist binding is required to trigger the activation signal but is not sufficient to
produce the conformational rearrangements needed to efficiently couple with the cognate
G protein.

Very interestingly, also in the agonist-bound crystal structures of “druggable” GPCRs the

rotamer “toggle switch” was not observed: once again, the lack of conformational changes
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occurring at the Trp®*®

could be explained by the transient nature of the switching event,
that could not be captured during the crystallization process. Another possible explanation
is the complete lack of such a “toggle switch” in the B, adrenergic receptor: indeed,
mutagenesis studies performed on other class A GPCRs showed that the mutation

648_mediated activation

Trp®“*®Ala did not abolish receptor activation,'*® highlighting that Trp
could be shared only among a specific subset of GPCRs.

Although Trp®*® conformation does not change remarkably in available agonist-bound
structures of GPCRs, different rigid shifts of TM6 could be observed among different
crystal structures. Indeed, while in Axa and B2 receptors Trp®“® shifts leftward towards TM5
of about 1 A (measured on Ca) upon agonist binding (Figure 15, left), in the structures of
opsin, metha Il state and of the constitutively active rhodopsin, the Trp®*® is shifted of
about 2 A away from TM7 compared to rhodopsin and moves in a cleft previously

occupied by the B-ionone ring of retinal (Figure 15, right).

Trp246°4 ‘ Trp265°%4

Figure 15: Left: superposition of the antagonist- (PDB: 3EML, white) and agonist-bound (PDB: 3QAK,
orange) crystal structures of the A,x adenosine receptor. Right: superposition of rhodopsin (PDB: 1GZM,
white) and the constitutively active form of rhodopsin (PDB: 2X72, green).

Several rearrangements around the conserved Trp®“® have been observed in the available
GPCR active conformations. The crystal structures of opsin, meta Il state and of the [,
receptor in complex with either the camelid nanobody or G protein show a particular
structural rearrangement one turn below the conserved tryptophan residue (Trp®%?). A
highly conserved phenylalanine located at position 6.44 seems to undertake an outward
rotation towards TM5, triggering the outward tilting of TM6. Simultaneously, the residue

3.40 located at the same level of Phe®** (

Leu125 in opsin and lle121 in the B> receptor)
shifts away from the highly conserved proline residue 5.50 (Figure 16). This complex

rearrangement is likely to be responsible of the outward movement of the cytoplasmic end
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of TM6, being Phe®* the pivot point that triggers TM6 relocation. Conversely, the B
receptor crystal structure covalently bound to an agonist and the B¢ receptor structures in
complex with both agonists and partial agonists do not show the same conformational

changes at the Phe®**

, confirming that they are representative of a receptor inactive state.
More interestingly, in the agonist-bound structures of the A;a adenosine receptor, the
concerted translocation of residues 11€92%° and Phe242%** is observed, but without the
expected TM6 outward movement. Thus, it could be hypothesized that the agonist-bound
forms of the Asa receptor represent an intermediate state of the signal transduction
pathway, in which the conformational rearrangements have been already transmitted from
the ligand binding site to Trp®“® but without affecting TM6 orientation. Once again,
increasing structural evidences highlight that the agonist binding alone is needed to trigger
the conformational rearrangements but is not able to stabilize the fully activated receptor

state.

Trp286°°

lle1218°

Leu125>%
6.44

Figure 16: Left: superposition of rhodopsin (PDB: 1GZM, white) and meta Il state (PDB: 3PQR, green)
crystal structures. Right: superposition of the inverse agonist- (PDB: 2RH1, orange) and agonist-bound
(PDB: 3P0G, blue) structures of the B, adrenergic receptor. The all-frans retinal and the P, agonist are
represented with spheres.

Comparative modeling

Despite the great interest in the field of GPCRs, few crystal structures have been solved
so far, belonging to 4 different subfamilies: rhodopsin (rhodopsin and opsin), aminergic (B1,
B2, D3 and H4) peptide (CXCR4) and nucleotide-like (A2a). The achievement of new GPCR
crystal structures is still limited by the intrinsic instability shown by these proteins during

expression and crystallization procedures, hampering the assessment of the molecular
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basis of ligand recognition as well as the characterization of the receptor functions at a
molecular level.

Since the optimization of expression and crystallization procedures could be achieved in
years, an alternative approach to overcome the lack of GPCR crystal structures is needed.
A common strategy adopted nowadays is the comparative modeling, that allows to build a
molecular model of the target under study and to investigate its mechanism, functions and

behavior applying a variety of in silico techniques.

Workflow overview

This study was focused on different GPCRs, for which structural information was either
available or not: in the latter case, a comparative modeling procedure was applied to
obtain a 3D model of the receptor.

The first phase of the comparative modeling procedure is the template selection. With the
recent availability of new GPCR crystal structures belonging to different class A
subfamilies, a finer selection of the starting structure could be made. In this scenario, the
model building could follow three different approaches: i) the use of one template, ii) the
use of multiple templates and iii) the so-called “fragment-based” modeling. The selection of
a single template structure for homology modeling of a target receptor could be based on
the similarity/identity shared among their sequences,'*® on the similarity of the regions

defining their binding pockets,'*’

or on the similarity occurring at some common structural
motifs."*? Although the single template methodology seems to be the most straightforward
one since it usually follows the “higher homology-better template” criterion, a growing body
of literature has been trying to investigate the role of the newly released GPCR crystal
structures in the context of a multi-template modeling approach. Although some cases
showed that the use of multiple templates could remarkably improve the enrichment during
virtual screenings,'*® the application of this approach should be carefully evaluated: indeed
the quality of receptor models is often not growing with the number of templates.’** The
application of a multi-template approach should be assessed also considering the quality
of available templates: a recent study performed on the B, adrenergic receptor clearly
showed that docking simulations performed on a multi-template model provided worse
results compared to models built using a single template.'* This finding was probably due
to the poor sequence homology shared between templates and the target receptor: in this

case, the enhanced sequence diversity could not be compensated by the inclusion of
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different template structures. The principle guiding the “fragment-based” modeling
approach is to use portions belonging to different templates and to reassemble them in a
new receptor structure using a threading alignment. One of these methods, called I-
TASSER, provided good results in the prediction of the Asa adenosine receptor
structure.'®

The main pitfall of the comparative modeling procedure lays in the fact that the receptor
model remarkably relies on the template structure, biasing the final secondary and tertiary
structure rearrangements. An alternative approach is represented by ab initio techniques
(like MembStruk'®'*” and Predict'*®), that generate a receptor model without relying on a
template structure. Membrane helices are firstly identified and built based on the
hydrophobic character of the amino acid sequence and then assembled together using
either geometrical criteria (derived from diffraction data or available helix rearrangements
of GPCR crystal structures) or contacts with the membrane environment. This method
showed reliable results for different GPCRs, including rhodopsin,'*”'*® the S25 odorant

149 1% the histamine receptors'™' , the D, and the neurokinin 1

receptor, ™ the 5-HT,c receptor,
receptors.'?

The modeling of loop sequences is widely recognized as a challenging task, due to the low
sequence identity and the different length between template and target receptors. The
building of these receptor portions is of particular interest since available GPCR crystal
structures clearly reveal a role of loop domains (especially ECL2) in ligand stabilization:
thus, the correct prediction of the architecture of these segments is crucial to understand
the molecular basis of ligand recognition and, consequently, to obtain reliable receptor
models. So far, GPCR crystal structures showed that loop architecture was conserved
between different receptor subtypes: for example, the By and the B, adrenergic receptors
share a similar arrangement of loop sequences and, more importantly, of the ECL2
segment. This means that, if the query sequence is very close to one of the crystallized
structures, the 3D coordinates of the template could represent a good starting point for
loop building. On the contrary, loop architecture is very receptor-specific and could
strongly vary even within the same group of receptors: for example, although H;, D3 and 32
receptors belong to group a of class A GPCRs, they show a completely different
rearrangement of the loop portions, especially of the ECL2. As stated before, due to the
fact that ECL2 has one of the longest loop sequences and is directly involved in ligand
binding, many efforts have been made to model this portion along with all the other loop

segments. A widely-used strategy relies on the de novo building of these regions, without
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using any 3D coordinates taken from the template structure. So far, a huge body of
literature on loop building is available but all cases showed that the prediction of loop
sequences longer than 10-12 residues is still a difficult task, 2419216157138 agpacially for
membrane proteins. Only recently, accurate predictions of long loop structures were

made:159,160

it is likely that, with the constant improvement of computational techniques,
the prediction of loop structures will become more reliable and affordable. Some studies
also suggested a different strategy: indeed, it was seen that a remarkable improvement of
docking results could be simply obtained by the deletion of loop sequences, that hindered

the binding site cavity impeding the correct ligand accommodation:'4%:161.162

this approach
is computationally cheaper compared to the de novo modeling but, at the same time,
completely avoid the determination of the ligand-receptor interactions occurring at the
ECL2, hampering a complete understanding of the molecular basis of ligand recognition.
Once the template is selected, the template(s) and the target sequences have to be
aligned. Usually, the alignment of class A GPCR sequences relies on conserved structural
motifs, identified within TM helices.'*'®®'%* They comprise an asparagine on TMI1
(Asn1.50), an aspartate on TM2 (Asp2.50), the DRY or ERY maotif at the extracellular end
of TM3, a tryptophan on TM4 (Trp4.50), a proline on TM5 (Pro5.50), the CWXP domain on
TM6 and the NPXXY motif on TM7. Recently, more accurate comparisons of TM helices
that include a vast number of GPCR sequences, showed the presence of additional
conserved residues and motifs.'®*'® For example, besides the conserved Asn1.50, Gly,
Leu and Val residues were found at positions 1.49, 1.52 and 1.53 within more than 50%
class A GPCRs."®* At the same time, six conserved aromatic/hydrophobic residues were
identified at the cystoplasmic end of TM2, including Phe2.42, Leu2.46, Ala2.47, Ala2.49,
Leu2.51 and Leu2.52."% In addition to the DRY (or ERY) motif, TM3 has other three
conserved amino acids, located at positions 3.39 (Ser), 3.43 (Leu) and 3.46 (lle).
Moreover, while TM4 is characterized by the occurrence of a highly-conserved proline
residue at position 5.59, TM5 shows a FXXP motif between Phe5.47 and Pro5.50. An
additional conserved Phe residue at position 6.44 was also detected among more than
80% of class A GPCRs and conserved leucine, asparagine and serine residues were
found at positions 7.41, 7.45 and 7.46 in more than 60% of class A GPCRs."®* Also the
short helix 8, that runs parallel to the lipid bilayer, shows some conserved positions, like a
small FR domain that occurs in more than 50% of GPCRs of class A."**



Introduction |39

Due to the broad occurrence of these structural motifs among class A GPCRs, the
alignment should be built taking into account these conserved sequences to fix key amino
acids positions within the TM domains.

The subsequent phase of the comparative modeling procedure includes the identification
of the binding site region. Although usually the location of the binding site could be
hypothesized on the basis of mutagenesis data, useful information could be also retrieved
from available GPCR crystal structures. Indeed, although different ligand spatial
orientations have been recognized among different GPCR subfamilies, a similar location of
the ligand binding site could be identified. As already described, the binding pocket is
located at the extracellular side of the transmembrane domains, in the proximity of ECL2.
In most of the cases, the ligand binding pocket is formed by residues located on TM3,
TM5, TM6 and TM7. Moreover, some interactions are found to be highly conserved within
GPCR subfamilies: for example, a hydrogen bond interaction between the ligand
protonated nitrogen and the aspartic residue at position 3.32 could be detected among
available crystal structures of aminergic GPCRs (B1, B2, D3z and Hy). Thus, although the
location of the binding site could differ between GPCRs, indications from both literature
and crystallized homologues could guide the identification of residues important for ligand
binding.

Once the 3D coordinates of the receptor model are obtained and refined, several
techniques could be applied to validate the homology model: this validation phase is a
crucial point, since it influences the reliability of the receptor in the drug design process.
Docking studies and MD simulations are currently two of the most widely used techniques
to assess the receptor model quality.

The docking approach tries to build energetically favored conformations of the ligand into
the receptor binding pocket: in brief, the algorithm tries to find the best match between
detected ligand features and receptor functional groups within the binding site region.
Alternative binding poses obtained by docking studies are ranked according to their ability
to occupy the binding site cleft as well as to form favorable interactions with receptor
functional groups. During this phase, the consistency between energetically favored ligand
poses and both experimental and ligand-based information should be carefully considered.
The importance of including additional information during model building and docking
studies was clearly highlighted by a recent study, aimed at evaluating the state-of-art of
the modeling techniques by the prediction of the Axa adenosine receptor structure before

its release.' Interestingly, the receptor models characterized by the smallest RMSD
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compared to the crystal structure were those that integrated available mutagenesis and
ligand-based information during model building.'® Several examples of this knowledge-
supported homology modeling procedure have been described in
literature, 18°167:168:169.170.171 high|ighting the importance to harmonize structural information
derived from X-ray crystal structures with both ligand-based and mutagenesis data.

To reduce the computational demand and to allow the evaluation of hundreds to million
compounds in an affordable time, docking studies represent a good compromise between
accuracy and speed. One of the main limitations of docking studies is the lack of a flexible
treatment of the protein structure: although this allows to remarkably reduce the
computation time, it prevents protein structural rearrangements that occur upon ligand
binding. To obtain a “flexible” description of the target structure and to carefully evaluate
the receptor structural relocations, another computational technique is required. Molecular
dynamics (MD) represents a widely used methodology that allows to describe the dynamic
evolution of the system under investigation following the Newtonian equation of motion.
This approach is useful to evaluate the stability of the ligand-receptor interactions found,
for example, during docking studies and to assess the occurrence of receptor structural
rearrangements that can take place after ligand binding: basing on observations provided
by the MD simulations, new ligand modifications, aimed at increasing the overall binding
affinity, could be suggested. With the recent advances in computer speed and
performances, timescales grown exponentially, bringing to a new era of MD in which
simulations of up to ps or ms became finally feasible.””? MD simulations have been
extensively applied to GPCRs, to assess the presence of different conformational

176

states,®® 173174175 15 investigate their interactions with the membrane components'”® or to

evaluate the preferred ligand pose into the binding site.'®*'"”

Nowadays, virtual screening (VS) represents one of the most powerful techniques that
could be used in the validation phase of the homology modeling as well as in early stages
of the drug design process. In both cases, VS is mainly employed to identify a small
subset of candidates among a larger set of compounds according to both chemical-
physical criteria and predicted ligand-receptor interactions. In this scenario, VS could be
used either to assess the ability of a receptor model to retrieve known compounds in a
larger set of decoys or to evaluate its capacity to recognize new small molecules
candidates endowed with acceptable affinities. Beside the remarkable performances

178,179,180,181,182,183

obtained using GPCR X-ray crystal structures, a growing body of

literature reports several examples of virtual screening campaigns applied on GPCR
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184,185,186,187,188,189

homology models to identify known compounds or new chemical

e 167,183,190,191,192,193,194,1
entities. 67,183,190,191,192,193,194,195

Conclusions

Since the release of the first crystal structure of a “druggable” GPCR in 2007, a growing
interest has been shown for GPCRs, also confirmed by the increase of GPCR-related
publications available in the literature.'®® The availability of a number of different GPCR
crystal structures provides a valuable amount of structural information; on the other hand
they show subtle but critical differences, that could be hardly predicted by state-of-art
modeling techniques (e.g. ECL2). In addition, the analysis of the agonist-bound structures
revealed that the binding sites for agonists, inverse agonists and antagonists overlap
considerably and share a common arrangement of residues delimiting the binding site
region: due to these subtle differences observed among different receptor functional
states, it will be even more difficult to predict the efficacy of newly designed compounds
targeting GPCRs. In this picture, homology-model-based drug design has to deal with i)
the prediction of a reliable receptor 3D structure and ii) the identification of new chemical
entities. Although a general skepticism around the application of structure-based drug
design on GPCRs has recently influenced the field of medicinal chemistry,’®"'®® the
advances in modeling techniques as well as the availability of a huge amount of high
quality information retrieved from experimental and ligand-based data definitely re-opened
that issue, bringing to the dawn of a new era for the GPCR homology modeling.
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This Ph.D. project was mainly focused on the building and validation of the three-
dimensional structures of G protein-coupled receptors and on the assessment of their
reliability and usefulness in the drug design process.

Different GPCRs have been extensively investigated, for which X-ray crystal structures
were either available or not: the MTy and MT, melatonin receptors, the 5-HTc serotonin
receptor, the Hs histamine receptor, the B, adrenergic receptor and the A,a adenosine
receptor.

A number of different computational techniques were applied to build and refine the
receptor 3D coordinates, to characterize the ligand recognition process at a molecular
level and to evaluate the main receptor rearrangements occurring upon ligand binding.
This allowed in some cases to propose a binding mode for new series of ligands and/or to
suggest an explanation for the agonist or antagonist behavior of known ligands or for
receptor subtype selectivity. The results provided by these in silico investigations were
compared with available experimental data and ligand-based information, such as
mutagenesis data, pharmacophore models and structure-activity relationships, to assess
the consistency of 3D models with available experimental information. After this validation
procedure, structural information provided by 3D models of ligand-receptor complexes
were used to suggest possible ligand modulations aimed at improving binding affinity,
selectivity or at attaining dual-acting activity.

This study threw light on the role of GPCR crystal structures and homology models in the
current medicinal chemistry landscape, highlighting their usefulness for the

characterization of the ligand recognition mechanism at a molecular level.
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Therapeutic relevance

Melatonin (N-acetyl-5-methoxytryptamine) is a tryptophan-derived hormone secreted by
the pineal gland with peak concentrations occurring during the night. The release and
production of this hormone follow a circadian rhythm and are regulated by the
suprachiasmatic nucleus, a brain area widely recognized as the main circadian clock in
mammals.'®® Although the release of melatonin mainly occurs at the pineal gland, other
tissues were shown to be involved in the secretion of this hormone.??%2°"2%2 Since its
discovery, a variety of studies highlighted the involvement of melatonin in a plethora of
physiological functions, such as the regulation of circadian rhythms, sleep®® and immune
system,?® blood pressure control,?®® pain perception®® and bone formation.?’” An
antioxidant activity has also been ascribed to melatonin,?*® suggesting an additional role of
this substance as a “radical scavenger”. Due to its involvement in a variety of different
physiological processes, melatonin has been proposed as a therapeutic agent in a number

of diseases, including sleep disturbances,®® mood disorders,?"° 2n

2 3

depression,

neurodegenerative syndromes,?'? cancer,?’® epilepsy?'* and stroke.?’®> The last two
decades showed a remarkable advancement in the design and discovery of novel MT; and
MT> receptor ligands.?'®?'” While a prolonged-release formulation of melatonin®'® and

219 (

ramelteon a non-selective agonist) have been marketed for the treatment of insomnia,

220,221

agomelatine, an MT4/MT, agonist and 5HT,c antagonist, has been approved for the

treatment of major depressive disorders. Moreover, tasimelteon®*® and PD-6795°% are
currently being evaluated in clinical trials for their sleep promoting properties and for the

treatment of insomnia.

HN‘é
o

. P
0@5 0%3 !

melatonin ramelteon agomelatine

HN ’éo
o |
¥ o
o \
N
cl N

tasimelteon PD-6795



MTy and MT, melatonin receptors |47
The availability of novel chemical entities, especially selective agents, is fundamental to

investigate and clarify the physiological roles of melatonin and its receptors, as well as to
identify new potential therapeutic applications.

Receptors signalling pathways

Melatonin binds to and activates two G protein-coupled receptors, named MT; and
MT,.224225 An additional melatonin binding site, named MTs, has been recently reported as
the hamster homologue of the human enzyme quinone reductase 2;?°%’ due to its
catalytic action, this third site has been proposed to be involved in the melatonin-mediated
antioxidant activity.?®#*® These binding sites show different affinities for melatonin. Indeed,
while MT; and MT; receptors are characterized by high affinity towards their endogenous
ligand (in the nM scale), the MT3 binding site shows a low affinity profile for this hormone.
Both MT; and MT; receptors couple with the inhibitory G; protein, leading to deactivation of
the adenylyl cyclase and a consequent decrease of intracellular cAMP concentrations.?*°
In addition to their cognate G proteins, melatonin receptor have also been shown to
interact with other intracellular second messengers.?*"#% |n humans, melatonin receptors

are expressed in different areas of the central nervous system?33234:23°

as well as in many
peripheral tissues.?**?372% The different roles of the two melatonin receptor subtypes have
been clarified only partially. While MT; activation inhibits neuronal firing in the

® and reduces hormones release,?*® the activation of MT»

suprachiasmatic nucleus®
receptors promotes splenocyte proliferation, inhibition of dopamine release in the eye and
vasodilatation of coronary arteries.?*¢?4!242 Experiments conducted on the rat caudal
artery showed a vasoconstrictive effect of MT; receptor in contrast to a MT.-mediated

vasodilation. 243244

Modeling melatonin receptors: state of the art

During the last two decades, both ligand-based and structure-based approaches have
been extensively applied to clarify the molecular basis of ligand recognition and to
understand the main requirements for ligand potency and selectivity.

Due to the paucity of available GPCR crystal structures, all the melatonin receptor models

pUb“Shed SO far245,246,247,248,249,250,251,252,253,254,255,256,257,258 have been built Starting from the
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crystal structure of bovine rhodopsin. Different binding modes have been proposed for
melatonin and other ligands. This is in part a consequence of the available mutagenesis
data: indeed, while site-directed mutagenesis recognized a number of residues that could
potentially influence ligand binding, it was not able to unambiguously identify key residues
involved in direct ligand-receptor interactions. For example, while the amide group was
proposed to interact with either Ser**® and Ser®* or with Tyr’*® or with some ECL2
residues, suggested counterparts for the methoxy group were His>* and Tyr*%. Thus,
binding hypothesis retrieved from previous models reflect the uncertainty of the structural
information available for melatonin receptors.

Moreover, the proposed receptor models were not able to fully explain structure-activity
relationships (SARs) of melatoninergic ligands.

Given the intrinsic limits of these models, several research groups tried to investigate
melatoninergic ligands applying ligand-based strategies. Several publications described

° 260.261  and  scaffold

the application of CoMFA analysis,>® pharmacophore models
hopping?®%2%32%* to discover and characterize new melatoninergic compounds without the
use of receptor 3D coordinates. These investigations provided an impressive amount of
high-quality information about SARs, that should be harmonized with structure-based

models.

Template selection

At the time of this study, only the crystal structures of rhodopsin, opsin, B1, B2 and Aga
receptors were available.

A sequence-based comparison made between MT; and MT, receptors and available
GPCR crystal structures showed identity percentages lower than 30% within TM domains:
considering that the accuracy of homology models of membrane proteins was predicted to

strongly decrease below 30% of shared identity,?®°

melatonin receptors represent a
challenging task from a modeling point of view. Calculated identity percentages between
both melatonin receptors and all available crystallized GPCRs are in the range of 20%-
29% within TM domains.?®® Since all available template structures shared low identity
percentages with target sequences, an increase in model quality was not expected using a
multiple template approach. In this scenario, the template selection was made taking into
account not only the sequence identity percentage but also the structural features of each

template structure. Rhodopsin was rejected due to i) its poor sequence identity shared with
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melatonin receptors (22% and 20% with MT; and MT, receptors, respectively) and ii) for
the peculiar arrangement of ECL2 segment: as described previously, its N-terminus and
ECL2 portions “seal” the retinal binding site and could impede a correct accommodation of
diffusible ligands. The Aza adenosine receptor shares sequence identities of 29% and 24%
with MT¢{ and MT; receptors, respectively. Although these percentages are higher than
those observed for rhodopsin, the ligand binding site architecture and the ECL2 secondary
structure arrangement brought to discard this template: indeed, the Aoa binding cleft is
completely exposed to the solvent and could prevent a correct accommodation of a
molecule with a strong hydrophobic character like melatonin. Moreover, the overall
structure of the A,a adenosine receptor is strongly optimized to accommodate bulky
nucleotide-like ligands: thus, it is likely that this specific architecture could not be suitable
to accommodate a less polar and bulky molecule like melatonin. By and B2 adrenergic
receptors share the same location of the binding site and the same architecture of the
ECL2 portion. Although the P1 receptor shares higher sequence identities with both
melatonin receptors (~28% between 1 and both MT; and MT,) compared to the Bz (~25%
between B, and both MT; and MT,), these percentages are too low to provide an
unambiguous identification of the best template: due to the fact that the crystallized B4
receptor derives from turkey, the human B, receptor was chosen as the reference

structure.

Sequence alignment and model building

The X-ray crystal structure of the human B, receptor in complex with the inverse agonist
timolol (PDB ID: 3D4S)* was selected as the template structure. The amino acid
sequences of the B,, MT{ and MT, receptors (UniProt IDs P07550, P48039 and P49286,
respectively) were retrieved from the Universal Protein Resource.?”?% |nitial alignment
was carried out with ClustalW,?® using default parameters and subsequently optimized
considering conserved sequence motifs among class A GPCRs (Figure 17)."*'®* Highly
conserved residues within TM domains, as well as the conserved disulfide bridge
connecting ECL2 and TM3 have been taken into account during alignment refinement.
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b2 WVVGMGIVMSLIVLAIVFEGNVLVITAIAKFERLQTVINYFITSLACADLVMGLAVVPFGAAHILMK-MWTFGNFWCE
hMT1 LASALACVLIFTIVVDILGNLLVILSVYRNKKLRNAGNIFVVSLAVADLVVAIYPYPLVLMSIFNN-GWNLGYLHCQ
hMT2 VAPALSAVLIVTTAVDVVGNLLVILSVLRNRKLRNAGNLFLVSLALADLVVAFYPYPLILVAIFYD-GWALGEEHCK
b2 FWISIDVLCVTASIWTLCVIAVDRYFAITSPFKYQSLLTKNKARVIILMVWIVSGLTSFLPIQMHWYRATHQEAINC
hMT1 VSGFLMGLSVIGSIFNITGIAINRYCYICHSLKYDKLYSSKNSLCYVLLIWLLTLAAVLPNLRAG-T-LQ-YDP-R~
hMT2 ASAFVMGLSVIGSVFNITAIAINRYCYICHSMAYHRIYRRWHTPLHICLIWLLTVVALLPNFFVG-S-LE-YDP-R~
b2 YAEETCCDFF--TNQAYAIASSIVSFYVPLVIMVEVYSRVEFQEAKRQL-—————————— KFCLKEHKALKTLGIIMG
hMT1 -I--YSCTFAQSVSSAYTIAVVVFHFLVPMIIVIFCYLRIWILVLQVRQRVKPDRKPKLK--PQDFRNFVTMEVVEV
hMT2 -I--YSCTFIQTASTQYTAAVVVIHFLLPIAVVSFCYLRIWVLVLQARRKAKPESRLCLK--PSDLRSFLTMEVVEV
b2 TETLCWLPFFIVNIVHVIQDN----LIRKEVYILLNWIGYVNSGENPLIYCRSPD-FRIAFQELLCL

hMT1 LFAICWAPLNFIGLAVASDPASMVPRIPEWLFVASYYMAYFNSCLNAIIYGLLNOQNFRKEYRRIIV-

hMT2 IFAICWAPLNCIGLAVAINPQEMAPQIPEGLEFVISYLLAYFNSCLNAIVYGLLNQNFRREYKRILL—

Figure 17: alignment of B,, MT; and MT, sequences. Conserved residues within TM domains (X.50
positions) are in bold while TM domains of B, receptor crystal structure are underlined in grey.

As previously described, in the B, crystal structure the ICL3 portion was substituted with
the T4-lysozyme to enhance receptor stabilization during the crystallization process: for
this reason, residues 223 to 263 belonging to the B, adrenergic receptor are missing in the
crystal structure and therefore were not considered during alignment building. The N- and
C- termini of the B> adrenergic receptor were not solved due to their low resolution: these
portions were not modeled and they were excluded from the alignment.

The MT; receptor was modeled in an advanced stage of the workflow, starting from the
optimized structure of the MTz receptor: thus, in the initial phase of the comparative
modeling, only the MT> receptor model was taken into account. The MT, homology model

was built using Modeller software?”%2"’

applying standard parameters. 5 receptor models
were initially built and the model characterized by the best value of the objective function
implemented in the Modeller package was chosen. Hydrogens were added to the model
structure and the protonation state of polar residues was calculated at a neutral pH; the
hydrogen bond network was optimized by modifying polar hydrogens orientation. An initial
minimization was applied to relax the major steric clashes, using a RMSD of 0.3 A as
convergence criterion.

The Ramachandran plot of the final MT, melatonin receptor is shown in Figure 18.
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Figure 18: Ramachandran plot of the MT, melatonin receptor model.

Identification of binding sites

Mutagenesis studies were used to identify the binding site location. For MTy and MT,
receptors, residues located on TM3, TM4, TM5, TM6 and TM7 were found to be involved

in ligand stabilization, including positions 3.32, 4.60, 5.42, 5.46, 6.52 and 7.43 (Figure 19,
Ieft).25°’252'258'272

Figure 19: location of key residues (thick red cartoons) within the MT, receptor.

Mutagenesis studies on MT; and MT; receptors outlined a peculiar binding site location,
that seems to be shifted towards TM4 and TM5 compared to aminergic GPCRs. One clue
that could confirm this hypothesis is the involvement of position 4.60 in ligand binding. This
position is occupied by an asparagine residue in less than 5% of class A GPCRs;'®* about
30% of GPCRs belonging to class A has proline or valine residues at position 4.60.'%

Thus the presence of an asparagine residue, able to form extensive H-bond interactions
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compared to non-polar proline or valine residues, could indicate a direct interaction of the
melatonin molecule with this specific position of TM4. Another hint suggesting a binding
site shift towards TM4/5 is the peculiar amino acid composition of TM3 and TM5. For
example, position 3.33 in melatonin receptors is occupied by a glycine: this residue occurs
only in about 5% of class A GPCRs, whereas bulkier residues such as tyrosine,
phenylalanine or valine are located at the same position in more than 40% of receptors.'®*
The presence of such a small residue at position 3.33 could lead to a simultaneous
rotation and shift of the ligand core towards TM4, being TM3 the pivot point for ligand
relocation. Interestingly, two tyrosine residues occupy positions 7.40 and 7.39 in both
melatonin receptors. While position 7.40 is occupied by an even bulkier tryptophan residue
in more than 20% of class A GPCRs,'® position 7.39 is commonly characterized by
smaller amino acids, such as valine, threonine and leucine.'® All these observations
outline a peculiar binding site architecture for melatonin receptors, comprising: i) a
hindered room at the interface between TM3 and TM7, delimited by three tyrosines at
positions 7.39, 7.40 and 7.43; ii) a more open cavity delimited by TM3, TM4 and TM5,
characterized by a pattern of smaller amino acids compared to other class A GPCRs.

Binding mode hypothesis

Position 5.46 of B, and B+ adrenergic receptors is known to be crucial for ligand binding:
indeed, mutagenesis studies performed on the P, receptor revealed a key role of
Ser207°¢ in the binding of catecholamines.?”® The importance of this residue is also
confirmed by available B, and B receptor crystal structures in which serine residues at
position 5.46 form favorable interactions with co-crystallized ligands. Position 5.46 in
melatonin receptors is occupied by a histidine residue (His195 and His208 in MT; and MT,
receptors, respectively). Mutagenesis studies showed a role of this amino acid in ligand
binding, since the point mutation His208>“®Ala brings to a 4-fold decrease in melatonin
binding at the MT, melatonin receptor.?’? Although mutagenesis studies evidenced the
importance of this residue for ligand stabilization, its interaction with melatoninergic
compounds is still unclear at an atomistic level. His>*® is unlikely to bind the methoxy
oxygen of melatonin since the mutation His208“°Ala brings to a 4-fold decrease in binding
affinity also for N-acetyltryptamine, that lacks the methoxy group on position 5 of the indole

ring.2’”? On the other hand, it is unlikely to be a counterpart for the indole NH group, since
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agomelatine (a naphthalene derivative of melatonin lacking the indole NH functionality)
shows Ki values in the nanomolar range for both melatonin receptors.?”* Thus, it could be

5.46

speculated that His”>* may form a n-n or even a NH-aromatic interaction with the indole

ring of melatonin.

e ko o w4,
of eb el

N-acetyltryptamine agomelatine 5-methoxytryptophol luzindole

Val®**? is located one turn above His>“®. This amino acid plays a crucial role in ligand
recognition, since the point mutation Val204>*Ala nullifies melatonin binding at the MT>
melatonin receptor. In addition, while mutagenesis studies have been also performed on
other GPCRs to clarify the key role of this amino acid in ligand stabilization and receptor
activation,?’® the newly released crystal structures of aminergic GPCRs helped to elucidate
the involvement of this residue in ligand recognition at a molecular level. In B4 and 2
receptors, position 5.42 is occupied by a serine, that was thought to bind the meta-
hydroxyl group of catecholamines.?”® In contrast to endogenous amines, melatonin is a
highly hydrophobic molecule, in which the meta-hydroxyl group of catecholamines is
methylated to form a methoxy group. In this scenario, one could speculate that the Ser®>*?
> Val®*? substitution observed among B adrenergic and melatonin receptor sequences
could be seen as a consequence of the different chemical structures of their endogenous
ligands. Indeed, while the hydroxyl group of catecholamines tends to form favorable
interactions with a polar residue (e.g. serine or threonine) at position 5.42,%”> the methoxy
group of melatonin is likely to be stabilized by a more hydrophobic residue: in this
perspective, it could be hypothesized that the valine residue at position 5.42 of melatonin
receptors might be the counterpart for the methoxy group of melatonin.

Another residue shown to be crucial for melatonin binding is Asn®°2. Interestingly, this
residue is a phenylalanine in B, B2, D3 and Hi receptors and it forms edge-to-face
interactions with the aromatic core of co-crystallized ligands. While point mutations
Asn268°°?Ala, Asn268°%°?*Asp and Asn268°>?Leu completely abolish melatonin binding at
the MT, melatonin receptor, the mutation Asn268°°°Gin does not affect melatonin
affinity.?®® Thus, it can be hypothesized that the required H-bond donor (glutamine or
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asparagine) at position 6.52 may interact with the neighboring His®>*® through a H-bond

interaction. In this scenario, Asn®*® may re-orient the imidazole ring of His>* in a

conformation capable of favorable interactions with the ligand indole ring.

Asn4.60

was proven to be involved in melatonin binding or stabilization. The point mutation
Asn175%%Ala on the MT, receptor brings to a 4-fold decrease in melatonin binding and a
13-fold decrease in 5-methoxytryptophol binding. Conversely, binding affinities of
compounds lacking the 5-methoxy group, namely luzindole and N-acetyltryptamine, were

unaffected. These evidences suggest that Asn**°

could be a counterpart for the methoxy
group of melatonin.

A tyrosine residue at position 7.43 is highly conserved among aminergic GPCRs and more
than 30% of class A receptors carry a tyrosine at this position.'®* Looking at available X-
ray crystal structures of B4, B2, D3 and Hy receptors, it is clear that this residue plays a key

3.32

role in ligand binding, since it promotes a suitable orientation of Asp” into the ligand

binding site. The point mutation Tyr298"**Ala completely abolishes melatonin binding at
the MT, receptor.?® Due to the lack of Asp>*? in MTy and MT> receptors, Tyr’** may
directly interact with the side chain of melatonin and, particularly, with the terminal amide
group. A recent study investigated the role of melatonin amide functionality using a novel
class of melatoninergic ligands in which the amide side chain was partially constrained
within a ring.2”® The absence of the amide hydrogen did not produce a remarkable effect
on ligand binding. Thus, it could be hypothesized that the hydroxyl group of Tyr’** may
interact with the carbonyl oxygen of melatonin amide chain through a H-bond interaction.
Taken together, the evidences described above suggest a specific orientation of melatonin

into the binding site, with the 5-methoxy group facing Asn*®°

|5.42 5.46

on TM4, the indole ring
accommodated in proximity of Val>* and His
Tyr’*3 on TM7.

A key aspect in the identification of the binding mode for MT»-selective antagonists came

on TM5 and the amide group bound to

from the 3D-QSAR models previously proposed by our group.?® One of the main
outcomes of this study was that MT,-selective antagonists require a bulky lipophilic group
bound to positions 1 or 2 of the indole ring of melatonin arranged in an “out-of-plane”
conformation. A sequence inspection of melatonin receptors revealed that positions 3.40
and 5.51 of the MT, receptor are occupied by smaller residues compared to the MT;
subtype (Figure 20), leading to the presence of a lipophilic pocket between TM5 and TMS3,
which is wider in the MT, receptor compared to the MT; subtype. Thus, this additional cleft

could accommodate the prototypical “out-of-plane” lipophilic substituent carried by MT,-
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selective antagonists. Interestingly, crystal structures of GPCRs active state showed a
crucial role of position 3.40 in receptor activation: as previously described, the receptor
activation mechanism implies the simultaneous rotation of residues 3.40 and 6.44,
triggering the outward movement of the intracellular end of TM6. In this scenario, it could
be hypothesized that the “out-of-plane” substituent conferring the MT, selectivity could
sterically interfere with position 3.40, impeding the outward tilt of TM6 and the subsequent
receptor activation.

On the contrary, positions 4.57, 4.61 and 3.29 are occupied by bulkier amino acids in the
MT. receptor compared to the MT; (Figure 20). SAR studies clearly indicated that the
presence of a bulky lipophilic substituent in a position corresponding to that of the methoxy
group of melatonin could improve MT; selectivity. Thus, it could be hypothesized that the
bulky substituent conferring MT; selectivity could be accommodated in this additional cleft
between TM3 and TM4, present in the MT; but not in the MT. receptor.

Position  MT; MT,

329 Gly104 Alai17
3.40  llel15 Vali28
457  Val1i59 Leui72
461 Leui63 Phel76

%} =1 551  Met200 lle213
3.40 X\

Figure 20: comparison between MT; (green carbons) and MT, (grey carbons) receptor models. Residues
delimiting the additional pockets are depicted with sticks. For the same position, the bulkiest residue is
represented by thick sticks.

4.61

Additional ligand-based information could be used to define the binding mode of
melatoninergic ligands. A chiral pharmacophore model, recently described for non-
selective melatoninergic agonists, was built starting from conformationally-constrained,
chiral and stereoselective ligands.?®® The main common pharmacophore features found
among selected compounds were: i) an aromatic nucleus, ii) an amide fragment and iii) a
methoxy, or other equivalent groups, placed on the aromatic nucleus. The melatonin
conformation with the best fit to this model has the ethylamidoethyl side chain below the

plane of the indole ring (in the orientation depicted in Figure 21), oriented perpendicularly
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to the aromatic plane: in this peculiar conformation the Ca-CB-N-C-CHs chain adapts an

all-anti configuration.?®°

Figure 21: Left: hypothesized binding mode of melatonin into the melatonin receptors. Amino acids important
for melatonin binding are depicted in the figure. Residues whose mutation abolish or decrease melatonin
binding are depicted in red and blue, respectively. Right: superposition of the constrained analogue
synthesized to assess the putative active conformation of the melatonin amide side chain (green carbons,
ref. 260) and melatonin (yellow carbons).

Refinement of the MT, receptor model

To adapt the binding site shape around the bulky melatonin receptor antagonists,
UCM454%”" was manually docked into the putative binding site in a conformation
consistent with pharmacophore model, mutagenesis studies and SARs. The resulting
UCM454-MT, complex was energy minimized using MMFFs force field to a convergence
gradient of 0.001 kJ/(molA): during this phase, to allow a better ligand accommodation
without affecting the geometry of the TM portion, UCM454 and TM helices backbone

atoms were maintained frozen.

o~ _é
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UCM454 d N-benzyl-melatonin
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The resulting complex was then submitted to a simulated annealing (SA) process. 10
cycles in which the system was heated and cooled gradually from 1000 K to 298 K were
performed, collecting the complex coordinates at the end of each cycle. To avoid a-helix

disruptions and to enhance mutual adaptation between the ligand and receptor side
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chains, some constrains were applied on receptor structure. While distance constraints
were applied between the backbone N and O atoms of TM regions involved in hydrogen
bonds, with a force constant of 500 kJ/(molA?) and a tolerance of 0.3 A to keep the -
helical secondary structure, positional constraints were introduced for all the TM backbone
atoms, with a force constant of 50 kJ/(molA?) and a tolerance of 2.0 A, to allow slight
adjustments in the relative position of the helices. To facilitate the adaptation of the binding
site cavity, UCM454 was retained frozen during each SA cycle.

The ten resulting structures were minimized with TM backbone atoms frozen, using
MMFFs and applying a convergence criterion of 0.05 kJ/(molA); the structure with the best
arrangement of the amino acids involved in ligand binding was chosen for further
optimizations. A MD simulation was performed to relax the MT, receptor-UCM454 complex
derived from the SA procedure. The same set of constrains used for SA were applied in
MD simulation and a gradual increase in temperature was applied, to prevent structure
disruption. After 100 ps at 50 K, 100 ps at 100 K and 100 ps at 200 K, 600 ps of simulation
at 310 K were performed. The final structure obtained was energy minimized with the
same set of constrains used in MD simulation.

Another bulky antagonist was then docked into the MT; binding site: N-benzyl-melatonin (a

MT,-selective antagonist).?*® A docking grid was built using Glide?”®

software, centered on
UCM454 in the complex obtained from MD simulation. Enclosing box and bounding box
were set to 25 and 10 A, respectively and a scaling factor of 0.8 was applied on Van der
Waals radii of protein heavy atoms. Coulomb-Van der Waals energy cutoff was set to 100
kcal/mol, to avoid the deletion of poses with proper geometry, but with a high energy
contribution due to steric hindrance. The best pose according to the GScore was retained
and the resulting complex was further minimized with frozen backbone, applying the
MMFFs force field to a convergence gradient of 0.05 kJ/(molA). The modified complex was
then minimized with frozen backbone and the resulting structure was submitted to MD
simulation. During MD simulation, all constrains used for SA were applied, and same
temperature steps described above were used: 100 ps at 50 K, 100 ps at 100 K, 100 ps at
200 K and a production phase of 600 ps at 310 K. The final structure obtained from this

simulation was energy minimized using the protocol previously described (Figure 22).
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Asn4.60

{?
A

His5.46

Figure 22: N-benzyl-melatonin within the MT, receptor binding site. The methoxy group is H-bonded to
Asn175% and the amidic oxygen interacts with Tyr298"“%. The benzyl substituent is located near Trp264°%“.
Amidic chain orientation is consistent with the pharmacophore hypothesis.

The 3D structure of the MT, receptor receptor after the SA and MD simulations previously
described was used as the template to build the MT; receptor model. Based on the
alignment reported in Figure 1, amino acids belonging to MT, were substituted with the

corresponding residues of the MTy receptor using Maestro®”®

software. Finally, side chains
of MT; receptor model were minimized with MMFFs, to a convergence gradient of 0.05

kJ/(molA) (Figure 23).
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Figure 23: Ramachandran plot of the MT; receptor model. Only 4 residues, belonging to loop segments, are
located in disallowed regions.

To evaluate if receptor models were consistent with available SARs and mutagenesis
data, docking studies and MD simulations were performed on these structures using

known active compounds.
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Receptor models validation

Docking studies within the MT, receptor model

| i< . 0 ng é\/b\}_ﬁ"{
o ted E

melatonin agomelatine UCM545 UCM454

A ligand subset comprising UCM454, (S)-UCM545,%%° agomelatine®®' and melatonin was
selected for docking studies. Automatic docking was performed using Glide software.?’®
Docking grids were centered on N-benzyl-melatonin in the complex with the MT, receptor
(previously described) and enclosing and bounding boxes were set to 22 and 10 A,
respectively. Van der Waals radii of protein heavy atoms were scaled to 0.8 and 20 poses
were retained for each docking run. Coulomb-van der Waals energy cutoff was set to 100
kcal/mol to avoid discarding of poses with proper geometry, but with a high energy

contribution due to steric hindrance.
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Figure 24: melatonin (yellow), agomelatine (green), UCM454 (orange) and UCM545 (cyan) docked into MT,
binding site.

The automatic docking procedure could not find a correct accommodation of melatonin
within the MT> binding cavity: in particular, none of the docking poses could form favorable
interactions with Tyr298”4* and Asn175*®°. This was probably due to the increased
volume of the MT;, binding site, adapted around two bulky MT,-selective antagonists. thus,

the endogenous ligand tended to occupy additional regions and cavities different from the
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putative binding site. For this reason, melatonin was manually docked into MT, binding
site. All resulting complexes were minimized applying MMFFs force field, with frozen
backbone atoms, to a convergence gradient of 0.05 kJ/(molA). Minimized complexes are
depicted in Figure 24. All ligands interacted with Tyr298”* with their amidic oxygen,
retaining an amide chain conformation consistent with the pharmacophore model.
Moreover, UCM454 and UCM545 accommodated their “out-of-plane” substituent in a
pocket formed by TM5 and TM6, in the proximity of Val128%*°. The methoxy group of

melatonin, agomelatine and UCM454 interacted with Asn175*¢°

, whose mutation leads to
a 4-fold decrease in melatonin binding.?”? His208°*¢ did not directly interact with the ligand
but it was H-bonded to Asn175*%, favoring the interaction between Asn175*° and the
ligand methoxy group.

To evaluate the stability of ligand-receptor interactions found with docking studies, the
resulting complexes were submitted to MD simulations. After 60 ps of equilibration, 600 ps
of production phase were run at 310 K, applying MMFF force field and with all backbone
atoms frozen. Minimized complexes after MD simulations are depicted in Figure 25: all the
four complexes were stable during MD simulations as well as H-bond interactions with key

residues within the binding site region.

ak‘ : . Trp&.48
Hia5.L5

Figure 25: minimized complexes of melatonin (cyan), agomelatine (green), UCM545 (orange) and UCM454
(yellow) into MT, receptor model after MD simulations.

Docking study within the MT, receptor model

Docking studies were performed to evaluate the consistency of the MT; receptor model
with the available experimental data. Melatonin and UCM871 (MT-selective partial

agonist) were chosen as reference compounds.
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To model the binding site shape, ligands were manually docked into the active site of the
MT; receptor in a conformation consistent with the pharmacophore model. Resulting
complexes were energy minimized with frozen backbone to a convergence gradient of
0.05 kJ/(molA), applying MMFFs force field. Melatonin and UCM871 interacted with
Tyr285"*® (Tyr298” in the MT, receptor) with their amidic oxygen and with His195°°
(His208%* in the MT, receptor) with their oxygen atoms connected to the aromatic
nucleus. In addition, the phenylbutyloxy substituent of UCM871 was accommodated into a
region located at the top of TM3 and TM4, where it formed extensive hydrophobic
interactions with Phe105%%, Val159*°” and Leu163*°' (Figure 26).

Figure 26: UCM871 (yellow) and melatonin (green) within the MT; receptor model; both ligands interacted
with Tyr285"*,

Comparison between MT, and MT, receptor models

Docking studies within the two melatonin receptor models allowed to evidence some
differences between MT; and MTo: in particular, some regions of the binding site that could
allow a better ligand accommodation in MT; compared to MT, (and vice versa) for
selective ligands were identified.
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Position MT; MT;

3.29 Gly104 Alat117
3.40 lle115 Val128
4.57 Val159 Leul72
4.61 Leu163 Phel76
5.51 Met200 lle213

Figure 27: MT1 (green carbons) and MT2 (gray carbons) complexes with melatonin (orange for MT1 and
yellow for MT2).

As described previously, while the MT; receptor has bulkier residues in the region
surrounding position 1 and 2 of the indole ring (3.40 and 5.51), the MT, receptor model
has smaller residues in this zone. In fact, lle115*%° and Met200>°' in MT; receptor
correspond to Val128>*° and 1le213°°" in the MT. receptor. Moreover, the MT; receptor
binding site is characterized by the presence of a region, surrounded by residues
belonging to TM3 and TM4, where a portion of the MTi-selective ligands can be
accommodated. The corresponding area in the MT, model is not or less available for the
ligand, due to the presence of amino acids with bulkier side chains, hampering a correct
ligand accommodation. Ala®?, Leu**” and Phe*®' in the MT, receptor correspond to Gly,
Val and Leu in MT; receptor, respectively. These differences could account for the slightly
different orientation of melatonin into the two binding sites (Figure 27): indeed, while in
MT receptor melatonin found an accessible volume near TM4 and TMS3, in the MT; this
region is occupied by amino acid side chains, and melatonin is therefore located near TM3

6.48, Va|3.40 and ”e5.51-

and TM5, closer to Trp
Figure 28 shows UCM871 (MT;-selective partial agonist) and UCM454 (MT.-selective
antagonist) docked within the MTy and MT binding sites, respectively. Solvent accessible
surfaces surrounding the five residues cited above (3.29, 3.40, 4.57, 4.61 and 5.51) are
represented. While the MT; receptor is characterized by an accessible pocket near TM3-
TM4 interface (upper left of the picture, orange surface), it has no or very limited space
available in the region surrounded by TM3 and TM5 (lower right of the picture). On the
contrary, the MT, receptor surface (blue) evidences a hindered region near TM3-TM4 and

an accessible volume between TM3 and TM5.
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Figure 28: UCM871 (green) and UCM454 (yellow) into the MT; (orange surface) and MT, (blue surface)
binding site; only a cartoon representation of the MT; receptor is reported for clarity.

MD simulations in a solvated lipid bilayer: the MT, melatonin receptor

Model building and refinement

The newly released crystal structures of GPCR active state gave the chance to investigate
the agonist recognition process at a molecular level. Thus, to investigate the agonist
binding at melatonin receptors, a new homology model of the MT; subtype was built
starting from a template structure crystallized in an active state.

As described previously, only certain B, receptor crystal structures (PDB ID: 3POG and
3SN6) and opsin structures show the complete pattern of conformational transitions
predicted for the GPCR activation mechanism. Among these two potential templates,
opsin shows the lowest homology and identity percentages with the MT; melatonin
receptor; consequently, the B, receptor was chosen as template structure. Since the
complex B2 receptor-Gs protein (PDB ID: 3SN6) was not available when this study started,
the B. receptor structure co-crystallized with a camelid nanobody (PDB ID: 3P0G) was
selected as template for the MT+ receptor modeling.

The alignment between the B> and MT; sequences used for model building is reported

below.
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b2 DVTQQORDEVWVVGMGIVMSLIVLAIVEGNVLVITATIAKFERLQTVINYFITSLACADLVMGLAVVPFGAAHILMKMWTFGNFWCE
hMT1 RGDGARPSWLASALACVLIFTIVVDILGNLLVILSVYRNKKLRNAGNIFVVSLAVADLVVAIYPYPLVLMSIFNNGWNLGYLHCQ
b2 FWISIDVLCVTASIWTLCVIAVDRYFAITSPFKYQSLLTKNKARVIILMVWIVSGLTSFLPIQMHWYRATHQEAINCYAEETCC
hMT1 VSGFLMGLSVIGSIFNITGIAINRYCYICHSLKYDKLYSSKNSLCYVLLIWLLTLAAVLPNLRAGTLQ--Y-DPRI-Y-—--SC
b2 DFF-—T-NQAYAIASSIVSFYVPLVIMVEVYSRVFQEAK——————————————— LKEHKALKTLGIIMGTFTLCWLPFFIVNIV
hMT1 T-FAQSVSSAYTIAVVVFHFLVPMIIVIFCYLRIWILVLQVRQRVKPDRKPKLKPQDFRNFVTMFVVEVLFATICWAPLNF IGLA
b2 HVIQOD-N-L--IRKEVYILLNWIGYVNSGENPLIYCRSP-DFRIAFQELLCLRR

hMT1 VASDPASMVPRIPEWLFVASYYMAYFNSCLNAIIYGLLNQNFRKEYRRIIVSLC

A different alignment was used for the ECL2 portion compared to that used for the
previous MT; receptor model. Indeed, in the melatonin receptor models previously
described and built on the inactive form of the B, receptor, the unique phenylalanine
belonging to the ECL2 of melatonin receptors was aligned to Phe193 of the B, sequence.
A visual inspection of crystal structures revealed that Phe193 protrudes into the B2 binding
site, forming favorable hydrophobic interactions with co-crystallized ligands. Retaining the
previous alignment, this phenylalanine belonging to the ECL2 lays in the middle of the
binding cleft, impeding a correct ligand accommodation in melatonin receptors (Figure 29).

Figure 29: superposition of the B, receptor crystal structure (PDB: 3D4S, blue) and the MT, receptor model
built on the inactive state of the B, receptor (orange). Phe193 of the B, receptor and Phe192 of the MT,
melatonin receptor are represented in sticks.

Since the B, receptor is characterized by the presence of two phenylalanines in its ECL2
sequence, it could be hypothesized that Phe179 in the MT; receptor (or Phe192 in the MT
receptor) corresponds to Phe194 instead of Phe193 of the B> sequence. In contrast to
Phe193, Phe194 points towards the extracellular milieu, far from the binding site. Thus, a
new alignment, in which MT; Phe179 is aligned on Phe194 of the B, receptor sequence,

could provide a wider binding site cavity, facilitating the agonist accommodation.
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7270,271

Comparative modeling was carried out with Modeller 9. and thirty MT; receptor

models were initially generated. The structural quality of the models was evaluated using

k?2, as well as the Protein Report tool implemented in Maestro 9.0.%%® The best

Prochec
model was selected on the basis of geometrical parameters quality and on Modeller
objective function. The initial ECL3 conformation of the chosen model had to be optimized
prior to further studies, since it protruded into the membrane bilayer and was not suitable
for MD simulations. This peculiar ECL3 geometry was probably due to the implicit
solvation treatment implemented in the Modeller package for loop optimization, which has
shown not to be suitable for the prediction of loop geometries in membrane proteins."®
Therefore, an extensive loop optimization procedure was conducted for ECL3, resulting in
an energetically-favored conformation consistent with the presence of the membrane
bilayer. The resulting receptor model was then refined with the Protein Preparation Wizard
workflow of Maestro 9.0.2%% Hydrogen atoms were added and the protonation state of polar
residues was consistent with physiological pH.

Preliminary MD simulations performed in a solvated lipid bilayer for both MT; and MT;
receptors showed some disruptions of the helix secondary structure. In particular, a
disordered a-helix structure was found near the conserved Asn'>°. A visual inspection of
trajectories revealed that an aspartic acid located at position 1.46 undertook a downward
rotation, forming a stable H-bond interactions with both the backbone NH group and the
NH: group of the side chain of Asn'*’: this double polar interaction caused the disruption

of the TM1 a-helix structure in both melatonin receptors (Figure 30).

Asp4l |

Figure 30: superposition of the initial (trasparent) and final snapshots retrieved from the MD simulation of the
MT, receptor.
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Interestingly, while in the majority of class A GPCRs, small and/or polar amino acids like

glycine, alanine, valine and serine are located at position 1.46,'642%4

in melatonin receptors
this position is occupied by an aspartic acid. The presence of an acid residue at this
position is not common among class A GPCRs since only 1% of them carry an aspartic
residue at position 1.46."%* Looking at available GPCR crystal structures it could be
observed that position 1.46 is deeply buried into the TM bundle and points towards TM7

and TM2 (Figure 31, left).

Figure 31: Left: superposition of crystal structures of inactive GPCRs: residues located at position 1.46 are
depicted with red spheres. Right: relative orientations of positions 1.50, 2.50 and 1.46 in available GPCRs

crystal structures: rhodopsin (green), . and B¢ receptors (grey), Aza (yellow), D; (blue), Hy (magenta) and
CXCR4 (orange).

A visual inspection revealed that neighboring residues in the proximity of position 1.46
form a hydrophobic environment, suitable to accommodate small and hydrophobic amino
acids rather than charged acidic residues. The peculiar orientation of position 1.46 and the
hydrophobic character of its environment led to hypothesize a different protonation state
for this particular acidic residue in the MTy receptor. PROPKA 282286287 anq MCCE 298289
were therefore used to estimate the pKa for this aspartate using the 3D structure of the
MT melatonin receptor model. Both approaches returned extremely high pKa values (~9
and ~13 for PROPKA and MCCE, respectively), suggesting the neutral form of this
aspartic acid as the most favored one. According to these results, the uncharged Asp41'4®
could form an extensive H-bond network with neighboring residues, leading to an overall
stabilization of the receptor structure (Figure 32).
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SER288

Figure 32: H-bond network stabilized by the protonation of Aspd1 % The carboxylic group of Asp41 148 could

interact with the side chain of Asn45 " on TM1 and Asp732' on TM2. Also Ser288" " concurs to the overall
stabilization of the TM1-TM2-TM7 interface.

C- and N- termini were capped with acetyl and methylamino groups, respectively. The
resulting receptor model was then subjected to a restrained minimization to an RMSD of

0.5 A. The Ramachandran plot for the final refined structure is reported below.
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Figure 33: Ramachandran plot of the final MT; receptor model. No residues are in disallowed regions.

To adapt the binding site region, a potent MT1/MT, non-selective melatoninergic ligand, 2-
phenylmelatonin (2PhMLT), was docked into the ligand binding site. To overcome the
difficulties experienced with initial docking studies on melatonin receptors, a “tailored”
induced fit docking procedure was applied, in which experimental and ligand-based
information has been used during pose selection.

The initial geometry of 2PhMLT was optimized through a minimization procedure, applying
the OPLS2005 force field®® in implicit water. The amide side chain conformation was

consistent with the chiral pharmacophore model for melatoninergic agonists (Figure 34).
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Figure 34: superposition of 2PhMLT (green carbons) with the chiral constrained analogue reported in ref.
276.

To create a suitable space for 2PhMLT accommodation, side chains of Val1113%,
Trp251%4® and Tyr281”° were deleted prior to docking studies. Enclosing and bounding
boxes were centered on Met107%%2 and His195°“, retaining default sizes of 20 A and 10
A, respectively. To soften the potential for nonpolar portions of the receptor, van der Waals
(vdW) radii of receptor atoms with partial atomic charges lower than 0.25 (absolute value)
were scaled to 0.7. 2PhMLT was docked rigidly into the MT; receptor model and 50 poses
were collected. vdW radii of ligand atoms with partial atomic charges lower than 0.15
(absolute value) were scaled to 0.5 and the Coulomb-vdW energy potential was increased
to 100 kcal/mol to avoid discarding of poses with proper geometry, but with a high energy
contribution due to steric hindrance.

Only the poses with the methoxy group pointing towards the cluster of smaller residues
found at the interface of TM3 and TM4 (8.29, 4.57, 4.61) in the MT receptor and with the
amide side chain facing Tyr285’*® were selected for further refinement: as stated
previously, the residues on TM3 and TM4 are thought to allow accommodation of the bulky
substituent conferring MT+-selectivity.

For each protein-ligand complex, a Prime side-chain prediction was run on residues within
6 A from the ligand molecule: after side-chain optimization, a Prime minimization of the
same set of residues and the ligand was performed to relax the structure.

Among selected poses, only one retained both the amide side chain conformation
consistent with the pharmacophore model and the main H-bond interaction with Tyr’*%:
thus, this pose was selected for further refinement. Since the ECL2 segment spanning
from the conserved cysteine to the tip of TM5 formed sub-optimal interactions with
2PhMLT, a Prime loop searching procedure was conducted on this specific protein
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segment: the loop conformation showing the best Prime Energy value was selected for

further studies.
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Figure 35: pattern of H-bond interactions occurring at the ECL2 before (left) and after (center) the loop
optimization procedure. Only residues in the proximity of 2-phenylmelatonin (green spheres) are depicted in
sticks. Right: sphere representation of 2PhMLT (green) and Tyr281”*° (white) into the MT; binding site.

In the final ECL2 conformation, an upward rotation of the Glu181 side chain could be
observed: this movement facilitated the formation of an extended network of H-bond
interactions that stabilized the overall geometry of the ECL2 portion. Interestingly, none of
the residues located between the conserved cysteine on ECL2 and the extracellular end of
TMS interacted with the ligand molecule. This was probably due to the close proximity of
the bulky Tyr2817-*° side chain to the ligand amide functionality: indeed, the Tyr281”-° side
chain sterically impeded the formation of favorable contacts between 2PhMLT and
residues located on the ECL2 portion (Figure 35, right).

The final complex was minimized using AMBER* force field®"?%2% applying a
convergence gradient of 0.05 kJ/(molA): atoms comprised in a shell of 8 A center on ligand
molecule were free to move while all the other residues were retained fixed. The resulting

complex is depicted below.
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Figure 36: Left: superposition of TM3 and TM4 of MT; (green residues) and MT, (grey residues) receptor
models. Positions 3.29, 4.57 and 4.61 are highlighted. Right: 2PhMLT (green carbons) into the MT; receptor
model (gray carbons).
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As can be seen in Figure 36, the amide side chain orientation of 2PhMLT is consistent with
the pharmacophore model for melatonin receptor agonists. Two main H-bond interactions
could be detected between the methoxy oxygen of 2PhMLT and Tyr187°® and between
the carbonyl oxygen of 2PhMLT and Tyr285”*3. While mutagenesis studies highlighted the

% no site-

5.38 is

importance of Tyr’*® for melatonin binding in the MT, melatonin receptor,?

directed mutagenesis studies have been performed for Tyr>3®

on TM5. However, Tyr
highly conserved among class A GPCRs (~30%)'®* and data retrieved from other
receptors showed a crucial role of residue 5.38 in both agonist and antagonist

170294 a5 well in receptor activation.?®® The indole core of 2PhMLT interacted with

binding
residues known to play a crucial role in melatonin binding such as Val191°%2, His195°4¢
and Asn255%%2. In addition, the 2-phenyl substituent of 2PhMLT formed a edge-to-face
interaction with Trp251%*®, known to be fundamental for the receptor activation
mechanism.'#®

As expected, the MT; binding site is shifted towards TM3 and TM4 compared to those
observed in available GPCRs: this shift also causes a different orientation of the 2PhMLT
core compared to that of the B, agonist co-crystallized into the template structure (Figure

37).

Figure 37: comparison between the binding pose of 2PhMLT (opaque green spheres) and the co-crystallized
B> agonist (PDB ID: 3P0G, transparent yellow spheres).

Protocol

2296

Desmond v2. was used to built the system and to perform the dynamics simulations.

Protein-ligand complex was aligned to the 3P0OG crystal structure deposited into the
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Orientations of Protein in Membranes database (OPM)?®’ to find the best protein
orientation with respect to the membrane bilayer. The MT{-2PhMLT complex was then
embedded in a POPC lipid bilayer with at least 12 A between the protein and its closest
periodic image. The system was solvated by approximately 10800 TIP3P water, resulting
in a simulation box of approximately 80 A x 70 A x 100 A. The Amber99SB force field?*®
was used to model the protein, while ligands and lipids were parameterized using the
GAFF .2 Partial charges of 2PhMLT were calculated at the AM1-BCC level. The
GAFF/TIP3P combination was applied on this system since it proved to give reliable
results in MD simulations of membrane systems.*® Preliminary MD simulations performed
on GPCR crystal structures and melatonin receptor models clearly showed that the latter
structures could not be simulated in the same conditions as those used for crystallized
complexes. Indeed, they needed a longer and “tailored” equilibration procedure to avoid
structure disruptions.

The steps applied during the equilibration phase of the system are listed below:

1. System was energy-minimized with 2000 steps of steepest-descent with a
convergence gradient of 50 kcal/(molA). All protein and ligand heavy atoms were
constrained with a force constant of 50 kcal/(molA?).

2. System was energy-minimized with 2000 steps of steepest-descent with a
convergence gradient of 5 kcal/(molA). All atoms were free to move.

3. 1 ns-long NVT simulation was performed using the Langevin barostat and
thermostat.*®’ Temperature was linearly increased from 10 to 310 K and heavy
atoms of both protein and ligand were constrained with a force constant of 50
kcal/(molA?), that linearly decreased to 10 kcal/(molA?). To avoid the penetration of
water molecules into the membrane bilayer, a gaussian potential was applied during
the NVT simulation to water molecules.

4. 1 ns-long NPT simulation was performed using the Langevin barostat and
thermostat. Temperature was set to 310 K and the Gaussian potential inserted in
the previous step was retained. Constraints on protein and ligand heavy atoms
were retained, applying a force constant of 10 kcal/(molA?).

5. 1 ns-long NPT simulation was run applying the same settings of the previous step,
without the inclusion of the Gaussian potential.

6. 2 ns-long NPT simulation was performed using the Langevin barostat and
thermostat. Temperature was set to 310 K and positional constraints were applied
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on both protein and ligand heavy atoms. The constraint force was linearly
decreased from 10 kcal/(molA?) to 2 keal/(molA?).

7. 5 ns-long NPT simulation was run using the Langevin barostat and thermostat, at a
temperature of 310 K. Positional constraints were applied on protein alpha carbons
as well as on heavy atoms of 2PhMLT, Tyr187°>% and Tyr285’*® with a force
constant of 2 kcal/(molA?). This phase was mainly used to facilitate the ligand
adaptation into the binding site preserving the main H-bond interactions.

8. A final equilibration step of 500 ps was performed using the NPT ensemble,

applying no constraints.

The production phase was performed in NPT conditions under constant pressure of 1 atm
and a temperature of 310 K, applying Langevin thermostat and barostat. M-SHAKE®
algorithm was employed to constrain all bond lengths to hydrogen atoms. Short-range
electrostatic interactions were cut off at 9 A, whereas long-range electrostatic interactions
were computed using the Particle Mesh Ewald method.>®® A RESPA integrator®®* was
used with a timestep of 2 fs, and long-range electrostatics were computed every 6 fs. The

production phase of the MD simulations was 50 ns-long.

Results

The receptor structure proved to be stable during the MD simulation, as well as the main
ligand receptor interactions. Moreover, the time evolution of the dihedral angle T4 indicated

a stable conformation of the amide side chain (Figure 38, right).

31 - 180
Met107
< ‘%)',\\\ Tyrl87 & <257 - 120
N 5 <
& | vanor O 21 | s T L 60 &
/ N o 1 =
& g = ‘ \>r_l.2 ju
X E‘\f His195 W ! =15 O N ) o 3
\ Won ko 3 £
N N g
2 p Sl =
A . 4 \\‘\ @05 120
& \ 0 ' ' . ' -180
0 10 20 30 40 50

T\\AanSS ‘i .
‘ Time (ns)

Figure 38: Left: starting (transparent) and final (opaque) conformations retrieved from MD simulation of the

2PhMLT-MT; complex. Right: time evolution of the RMSD value (orange) and the 1, dihedral angle value

(blue).
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The last frame of the MD simulation containing the entire system was submitted to a
minimization procedure applying a convergence gradient of 0.5 kcal/(molA). The protein
structure was then extracted from the system and was used to perform docking studies
with the MT-selective partial agonist, UCM871. To adapt the binding site shape to this
anilinoethylamide derivative, an induced fit docking run was applied using a slightly
different protocol compared to that employed for 2PhMLT. In this case, docking grids were
centered on 2PhMLT and, before docking studies, the side chain of Asn181 belonging to
ECL2 was trimmed to create a room for the accommodation of the phenylbutyloxy chain.
Since H-bond interactions with Tyr187°% and Tyr285’*® were maintained by 2PhMLT
during MD simulation, 2 distance constraints were applied between the two oxygen atoms
belonging to UCM871 and the hydroxyl hydrogens of both Tyr187°% and Tyr285"43.

The pose showing the best fitting with the pharmacophore features of melatoninergic
agonists was selected for MD simulations in a solvated lipid bilayer. The UCM871-MT;
complex was minimized using the AMBER* force field®®'?%%2% applying a convergence
gradient of 0.05 kJ/( moIA): during the minimization phase, only atoms comprised in a shell
of 8 A centered on UCM871 were free to move. The receptor structure was re-inserted into
the lipid bilayer obtained at the end of the previous simulation with 2PhMLT and water
molecules within 1 A of receptor structure were deleted. The MD simulation of the
UCM871-MT; complex was performed applying the same protocol used for 2PhMLT.

The 30 ns simulation showed a stable receptor structure, as well as a stable H-bond

interaction between UCM871 amide group and Tyr285"43

, that concurred to the
stabilization of the amide side chain conformation. In contrast, the interaction with
Tyr187°% was lost during the first stages of the MD simulation and the hydroxyl group of
Tyr187°%8 formed a OH-minteraction with the benzene ring of UCM871. The terminal
phenyl ring of the MT;-selective ligand formed extensive hydrophobic interactions with
Leu163*%" and Gly104°2° at the top of TM3 and TM4, belonging to the cluster of residues

thought to accommodate the bulky lipophilic substituents of MT-selective compounds.
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Figure 39: starting (transparent) and final (opaque) conformations retrieved from MD simulation of the
UCM871-MT,; complex.

These studies provided a new binding mode hypothesis for melatoninergic agonists into
the MT, receptor model. This binding mode showed high stability during MD simulations in
a solvated lipid bilayer and was consistent with available data, such as pharmacophore
models, mutagenesis data and SARs. A similar binding mode has been recently proposed
for melatoninergic antagonists into a rhodopsin-based receptor model®® but, in this case,
Tyr”*® was not involved in ligand binding and the binding site cavity was shifted towards
TM6 and TM7 compared to that found in this study.

Moreover, a structure-based explanation for the MTy selectivity was proposed, for which
the bulky substituents typical of MT-selective compounds could be accommodated into an
additional pocket present in the MT; melatonin receptor, but not in the MT, subtype,
located at the extracellular ends of TM3 and TM4.

Conformational analysis of melatoninergic ligands

4-phenyl-2-propionamidotetralin derivatives

As described previously, the investigation on the physiological roles of melatonin receptors
strongly depends on the availability of potent and selective ligands. So far, two selective
melatoninergic compounds have been extensively used as pharmacological tools to
discriminate the role of MT{ and MT, receptors in melatonin-mediated effects: luzindole, an
antagonist with modest binding affinity and limited selectivity for the MT, receptor,*® and
4-phenyl-2-propionamidotetralin®®® (4-P-PDOT). 4-P-PDOT shows nM binding affinity for
the MT, receptor, with about one hundred times selectivity over the MT; receptor and a

partial agonist behavior.
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Despite the importance of 4-P-PDOT in the pharmacological characterization of melatonin
receptors, structure-activity relationships (SARs) within the 4-phenyl-2-acylaminotetralin
series are still fairly unexplored. So far, only two analogs of 4-P-PDOT were characterized
(i.e. the N-acetyl and N-chloroacetyl derivatives), showing binding affinities comparable to
that of 4-P-PDOT.*® In addition, the role of two crucial elements for the pharmacophore of
melatonin receptor ligands, i.e. the 5-methoxy group of melatonin and the amidic group
orientation, still have to be assessed in the 4-P-PDOT series. Although the 4-phenyl-2-
alkylamidotetralin structure can be easily superposed to other chemically diverse MT»-

selective antagonists®®®

and the issue of cis/trans isomers had been already
investigated,®®’ the relationship between conformational equilibria, pharmacophoric-based
superpositions and ligand binding affinities has not been assessed yet.

The aim of this work was to investigate the active conformation of 4-P-PDOT derivatives,
combining structural information derived from two different pharmacophore models, one

260 and one for MT.-selective antagonists.®*®*% The crucial

for melatonin receptor agonists
pharmacophore points found for MTz-selective antagonists and partial agonists are the
following: i) an aromatic nucleus, ii) an amide fragment and iii) a bulky lipophilic group
characterized by an “out-of plane” arrangement with respect to the aromatic nucleus.
Moreover, 3D-QSAR analysis had shown that a methoxy substituent occupying a position
corresponding to that of the methoxy group of melatonin, is positively correlated with
binding affinity.**® Although pharmacophore models provided an impressive amount of
information that has been extensively exploited to design novel MTs-selective
ligands,?®"#% further investigations are needed to clarify some unsolved issues. For
example, due to the lack of available data regarding the stereoselectivity of MT,-selective
antagonists, specular pharmacophore models could be fitted by known compounds: in
addition, the amide side chain fragment and the “out-of-plane” bulky substituent could
assume different relative spatial arrangements, resulting in different pharmacophore
models.?’’

A chiral pharmacophore model has been recently described for nonselective

melatoninergic agonists, in which conformationally-constrained, chiral and stereoselective
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ligands have been superposed to identify a similar arrangement of common ligand
elements.?®® The main pharmacophore points were: i) an aromatic nucleus, ii) an amide
fragment and iii) a methoxy, or other equivalent groups, bound to the aromatic nucleus. In
the melatonin conformation that shows the best fit with this model the acetylaminoethyl
side chain points below the plane of the indole ring (in the orientation depicted in Figure
21), assuming a perpendicular orientation: in this putative active conformation the Ca-Cp-
N-C-CHj chain adapts an all-anti arrangement.?®°

Although the two pharmacophores previously described share common elements (i.e., the
aromatic nucleus and the amide fragment), so far no experimental evidences clearly
showed that these elements have the same mutual arrangement in the "agonists" and
"MT2-selective antagonists" active conformations.

To test the hypothesis that, in its active configuration and conformation, the aromatic
portion and the amide fragment of 4-P-PDOT are arranged similarly to those of melatonin,
a conformational analysis has been carried out for cis- and frans-8-methoxy derivatives of
4-P-PDOT (Table 1), applying a combined study of molecular dynamics simulations and

NMR experiments.3%°

R Stereochemistry pKiMT; pKiMT2

melatonin 9.58 9.47
OCHs (+)-cis 7.83  10.22

i NHCOE OCHjs (+)-trans 7.04 9.71
O‘ H® ()-cis 712 9.16
H® (+)-trans 6.65  8.06

O HP (+)-cis{(25,4S)  7.02  9.26

H° (-)-cis(2R4R) 659  7.01

HP (+)-trans-(2R,4S) 6.89  8.02
HP (-)-trans-(2S,4R) 5.67  6.10

Table 1: pKi values measured for 4-P-PDOT derivatives of ref. 309. a: see ref. 307. b: see ref. 310.
Protocol

Molecular modeling studies were performed with Macromodel 9.7.°'" Starting geometries
of cis and trans isomers of 8-methoxy-4-P-PDOT were optimized using the MM2 force

field,2'? applying a convergence criterion of 0.2 kJ/(molA) with implicit CHCls. Stochastic
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dynamics (SD) simulations were performed with the MM2 force field, applying the GB/SA
CHCIs solvation treatment. A time step of 1 fs was applied during SD simulations and
temperature was set to 298 K. A 1 pus-long SD simulation was run after 1 ns of
equilibration. 50000 frames were collected for analysis. SD was chosen among other
computational techniques since it proved to be able to reproduce the conformational
equilibrium of small molecules in implicit CHCIg.%13314315316317.318319 pralimingry SD
simulations were performed on both enantiomers of cis and trans isomers: since a similar
behavior was observed for each couple of enantiomers, SD simulations are described for
Compound 1 and 2 in the picture below. For the trans derivative, different starting
conformations were used for SD simulations, with axial amide substituent and pseudo-
equatorial phenyl ring or with equatorial amide group and pseudo-axial phenyl substituent:
data showed that the starting point did not significantly affect the results. Coupling
constants were calculated with Maestro 9.0,%®® employing an implemented version of the

Karplus equation.®?°

~N
o H H H
\\‘N . N.
~N S
9 (LY e
H7
(25,4S)-enantiomer (2R, 4S)-enantiomer
Compound 1 Compound 2
Results

The time evolution of dihedral angle ty (C1-C2-C3-C4) showed that the half-chair
conformation of the cis derivative characterized by both substituents in equatorial
arrangement (t1=60°) was conserved throughout the simulation, with only a small number
of snapshots (1.4%) showing a di-axial arrangement (t4=300). On the contrary, 1y values
for the trans derivative revealed multiple interconversions between two cyclohexene
conformations, | and II. While in conformation | (t4=60°) the 2-propionamido and the 4-
phenyl ring substituents are in axial and pseudo-equatorial arrangement, respectively, in
conformation Il (t11=300°) these two substituents assume opposite arrangements, with the

amide group in axial conformation and the phenyl ring in the pseudo-equatorial one.
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Figure 40: Graphical representation of 1, (C1-C2-C3-C4) dihedral angle values for compound 1 (up) and 2

(down). Representative structures collected during SD simulations for compound 1(orange) and 2 (cyan) are
depicted in black squares.

A ratio of 28/72 was observed for these two conformations, being | the more abundant.
Calculated coupling constants (J) for vicinal protons were obtained from 50000
conformations collected during SD simulations (see table below).



MTy and MT, melatonin receptors |79

Trans
Cis
Protonst® type of coupling calc.
obs. calc” obs. [ I Aver.”!

2

Hia-H1b  geminal (°J) 16.8 - 174 - - -
H3a-H3b  geminal §2J) 120 - 126 - - -
H1b-H2 vicinal (°J) 10.8 10.7 54 53 3.8 4.2
H1a-H2 vicinal (°J) 54 45 6.0 103 29 5.0
H3b-H2 vicinal (°J) 120 110 3.0 32 29 3.0
H3a-H2 vicinal (3J) 24 31 78 112 3.8 5.8
H3b-H4 vicinal (°J) 120 111 72 20 11.0 84
H3a-H4 vicinal (°J) 48 48 6.0 52 52 5.2
NH-H2 vicinal (*J) 7.2 - 7.2 - - -

Table 2: [a] Protons are marked “a” or “b” according to their relative position with respect to the tetraline
plane: while protons “a” lay below the ring plane, protons “b” are placed above the plane. [b] Average values
obtained from SD simulations. [c] Calculated from conformations of the tfrans derivative having the amide
side chain in axial arrangement. [d] Calculated from conformations of the trans derivative having the amide
side chain in equatiorial arrangement.

While for the cis analogue a substantial agreement between experimental and theoretical
values could be observed, for the trans derivative some slight deviations were detected
between observed and calculated J values, in particular JyszaHe (€xperimental = 7.8;
calculated = 5.8) and Jusp-nsa (experimental = 7.2; calculated = 8.4). Although SD
simulations showed | as the preferred conformation for the trans isomer, observed J
values suggest a more uniform distribution between conformations | and II: indeed, the
theoretical ratio showing the best agreement between experimental and calculated J
values is 45/55 (with Jeaicvza-vz = 7.1 and Jeaic Hab-Haa = 6.9). During SD simulations the 8-
methoxy group assumed one preferred orientation in which the methyl group points toward
H7: this observation is consistent with the presence of strong NOE signals between
protons belonging to the methoxy group and H7 (Figure 41).
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Figure 41: Distribution of t; values for compound 1 (left) and 2 (right) during stochastic dynamics simulation.
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SD simulations of both cis and trans isomers showed a preferred orientation also for the
amide NH group, that was oriented anti to H2 during most of the simulation time (>99%):
only in a small number of snapshots with an opposite orientation of the amide NH (i.e. with
7> ~0° was observed (Figure 42). Although SD simulations showed a favored
conformation for the amide NH group, both the coupling constant between H2 and NH
protons (7.2 Hz) and the lack of strong NOE signals between NH and protons belonging to
the tetralin ring suggest a free rotaion around the C2-N bond.
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Figure 42: Distribution of 1, values for compound 1 (left) and 2 (right) during stochastic dynamics simulation.

Combined information derived from both NMR data and SD simulations indicated: i) a
preferred di-equatorial arrangement of amide and phenyl substituents for the cis isomer; ii)
an equilibrium, with an approximate ratio of 50:50, between conformations | and Il of the
trans isomers; iii) a preferred anti orientation of H2 and NH protons, with a possible free
rotation around the C2-N bond.

The most abundant conformer of compound 1 obtained from SD simulation could be easily
superposed on the active conformation of melatonin, inferred from the pharmacophore
model recently proposed by our group (Figure 43, left).?®® Moreover, consistent with the
high stereoselectivity observed for the agonist (S)-8-M-PDOT,**' the cis-(25,49)
enantiomer of 8-methoxy-4-P-PDOT (compound 1) was the one with the best fitting to the
agonists pharmacophore. The “out-of-plane” phenyl ring of compound 1 represents an
additional pharmacophore element, which had been shown to improve MTz-selectivity and
reduce intrinsic activity.”® Accordingly, the same conformer of compound 1 fits the
common pharmacophore elements of the MT,-selective antagonist UCM454 (Figure 43,
center). These two superpositions suggest that the pharmacophore models for
melatoninergic agonists and for MTz-selective antagonists share the same relative

arrangement of the common features.
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Figure 43: Left: superposition of melatonin (yellow carbons), (S)-8-MPDOT (dark green carbons), and
compound 1 (orange carbons). Center: superposition of compound 1 (orange carbons) and UCM454 (light
green carbons). Right: superposition of compound 1 (orange carbons) and compound 2 (white carbons).

As for the trans stereoisomers, only the trans-(2R,4S) enantiomer (compound 2) could
give a strict superposition of its phenyl substituent to the 4-phenyl group of the cis-(25,4S)
derivative. On the other hand, the same orientation of the amide fragments of these two
sterecisomers could only be achieved selecting for compound 2 a 1, dihedral angle of ~0°:
this angle is consistent with NMR data, but is strongly disfavored in SD simulations. In
particular, the conformation of compound 2 reported in Figure 43 has an equatorial
arrangement of the amide chain, with the NH bond pointing toward H2: this represented a
minimum-energy conformation, belonging to a subset of snapshots accounting for about
0.5% of the total simulation ensemble (see Figure 42). The presence of a limited number
of snapshots that could fit the common pharmacophore features could explain, to some
extent, the lower potency observed for the trans isomer compared to the cis one (Table
1)_309

Thus, while for melatoninergic agonists the "active" conformation of the amide side chain
had been previously identified on the basis of chiral and constrained analogues,®®°® the
present results suggest that, also for MT.-selective antagonists or partial agonists, the NH
bond of the amide functionality should assume a perpendicular orientation respect to the
aromatic nucleus of the tetralin ring (Figure 43, center). To further test this hypothesis, two
derivatives carrying a double bond between positions 1 and 2 of the tetralin nucleus were
tested (compounds A and B): the insertion of the double bond could impede the NH group
to assume a perpendicular orientation, hampering a correct ligand binding.
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(£)-Compound A (£)-Compound B (+)-Compound C

As expected, compounds A and B showed a remarkable decrease in binding affinity for
melatonin receptors,®®® suggesting that these compounds could not interact within the
binding site with a pharmacophore-consistent pose. To further validate the hypothesis that
the decreased binding affinity is mainly due to the non-perpendicular orientation of the NH
group, a new compound was synthesized, in which an additional flexible methylene spacer
was inserted between the dihydronaphthalene ring and the amide side chain (compound

C). The inclusion of a flexible linker on the amide functionality allowed a better

superposition of the pharmacophore features on those of compound 1 (Figure 44),
309

bringing to a partial recovery of MT; binding affinity.

Figure 44: superposition of compound 1 (orange carbons) and compound C (violet carbons).

Phenlyalkylamides

Recently, a new series of melatoninergic ligands, characterized by a phenyl ring
connected to the amide group through an ethyloxy or ethylthio chain, has been
described.?®* Interestingly, the insertion of a methyl group on the alkyl chain strongly
affected ligand binding affinity, depending on the stereo-configuration of the carbon atom
carrying the methyl group.
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R pKi MT; pKi MT, Compound?®

S 739 717 12d
HN [o]
R (SMe 877 833 (S)-7d
S o
‘@’ (R)-Me  7.31 6.96 (R)-7d
A H 726  7.40 12¢
HN o]
o (S-Me 824 815 (S)-7e

o S
\©’ (R-Me 556  6.18 (R)-7e

[@ — compound names taken from ref. 264.

In both series, the introduction of a (R)-methyl group brought to a decrease in binding
affinities for both melatonin receptors compared to the unsubstituted compound. On the
contrary, the insertion of a (S)-methyl substituent brought to a slight increase in binding
affinities for both MTy and MT, receptors.

These molecules retain the main pharmacophore features identified for melatoninergic

agonists,?*°

i.e., i) an aromatic ring, ii) an amide functionality and iii) a methoxy group
bound to the aromatic nucleus (Figure 45). The higher binding affinity of the (S)
enantiomer can be due favourable interactions with the receptor, or to an alteration of the
conformational equilibrium of the acylaminoalkyl-oxy or —thio chain favoring a good
superposition to the pharmacophore model for melatoninergic agonists.

To test the latter hypothesis, SD simulations were performed on the unsubstituted
compound 12d and the (S)-methyl derivative (S)-7d to evaluate the impact of methyl

insertion on the conformational equilibrium in solution.

Protocol

Starting conformations of 12d and (S)-7d were optimized using the OPLS2005 force
field.?®® SD simulations were performed applying the OPLS2005 force field in implicit
water. A time step of 1 fs was employed during equilibration (1 ns) and production (500 ns)
phases of the SD simulations and temperature was set to 298 K. 10000 snapshots were

collected for data analysis.
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Figure 45: Left: superposition of melatonin (yellow carbons), compound (S)-7d of ref. 264 (orange carbons)
and compound (R)-7d of ref. 264 (green carbons). Center and right: schematic representation of the four
distances and the dihedral angle monitored for compound (S)-7d of ref. 264.

A set of 4 distances and 1 dihedral angle were monitored during SD simulations.
Measured distances were compared to those found in the putative active conformation of

melatonin, applying the following equation:

4
Squared Deviation from Pharmacophore (SDP) = Z(dicompound — i etatonin)
i=1

The SDP gives a measure of the deviation from the “ideal” distances observed in the
putative active conformation of melatonin. However, since SDP could not discriminate
between mirror amide side chain arrangements with respect to the aromatic nucleus, the
dihedral angle t4 (Figure 35, left) was used to assess the relative orientations of the amide
functionality and the aromatic ring. The expected “ideal” value of 11 dihedral angle is 270°,

corresponding to a sine value of -1.

Results

SD simulations revealed a different behavior of the unsubstituted compound compared to
the (S)-methyl derivative. Indeed, an inspection of the first 100 snapshots having the
lowest SDP values for compounds 12d and (S)-7d showed remarkable differences in the

distribution of 1 values.
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Figure 46: distribution of t; values for compounds 12d (left) and (S)-7d (right) taken from the first 100
snapshots ranked by SDP.

As depicted in Figure 46, a roughly symmetrical distribution of 14 values could be observed
for the unsubstituted 12d, indicating that the amide side chain could assume two specular
conformations, both perperdicular to the phenyl ring: one extends below the plane of the
aromatic ring (with sin(ty) around -1, in the orientation depicted in Figure 45) while the
other points above the aromatic nucleus (with sin(ty) around 1). Conversely, for (S)-7d
72% of the 100 snapshots with best SDP values assume a conformation in which the
amide side chain points below the plane of the phenyl ring and extend perpendicular to the
aromatic plane (-1 < Sin(ty) < -0.8). Structures with this arrangement of the amide chain
are superposable to the chiral pharmacophore model developed for melatoninergic
agonists.?®® Only 6% of the best 100 snapshots assume an opposite orientation of the
amide group, extended above the phenyl ring and not consistent with the agonists
pharmacophore model.

In conclusion, these simulations suggest an atomistic explanation for the increased affinity
of the (S)-enantiomers of the series compared to the unsubstituted derivatives. SD
simulations showed that the insertion of the methyl substituent influences the
conformational equilibrium of the alkyl chain, favoring an orientation similar to that

observed in the putative active conformation of melatonin.

The two studies prevoiusly reported described a computational approach based on the
screening of an ensamble of conformations (created through SD simulations) against a
pharmacophore model, to try to rationalize the different binding affinity profiles observed
among different derivatives. This procedure provided good indications regarding the ligand
conformational abundances: these information were subsequently used to rationalize the

differences in binding affinities for some melatoninergic compounds. Thus, although this
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specific protocol requires an extensive validation process, it represents a feasible and
computationally cheap approach that could be used to evaluate the ability of newly
designed compounds to fulfill the structural requirements defined by the pharmacophore
models.
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Therapeutic relevance

Serotonin (5-hydroxytryptamine) is an important endogenous neuromodulator which is
mainly located in the gastrointestinal tract, in platelets and in the central nervous system.
More than 70% of the total amount of serotonin is synthesized in the enterchromaffin cells,
whereas the remainder is synthesized in serotonergic neurons located in the central
nervous system.*? Serotonin was found to be involved in a variety of physiological and
behavioral functions, including the regulation of cardiovascular system, muscle
contraction, sleep, body temperature, weight, pain, mood, appetite and cognitive functions,
including memory and learning.** For this reason, serotonin has been extensively studied

324 325,326

as a prototypic therapeutic substance, useful in the treatment of obesity,”" anxiety,

depression,®*’ schizophrenia®*® and epilepsy.**®

Receptor signalling pathways

The 5-HTxc receptor is mainly coupled to the Gq protein subtype, leading to the activation
of phospholipase C and a consequent increase of intracellular calcium levels. Although Gy
represents its main intracellular partner, it must be noted that the 5-HT,c receptor can also
couple to other target effectors through the activation of other G protein subtypes.®*%1 5.
HT.c receptors are primarily expressed in the choroid plexus, where they decrease the
secretion of the cerebrospinal fluid.*** Beside the choroid plexus, 5-HTxc receptors are
widely distributed among different brain regions, including the olfactory bulb, the substantia

nigra, the hypothalamus, the hippocampus and the spinal cord.333334:3%

Modeling the 5-HT,c receptor: state of the art

So far, few homology models of the 5-HT¢ receptor have been reported.

O @Mf@

SB-206553 QF2004B
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SmithKline research group described a 5-HT.c receptor model®*®3%” in which only the
transmembrane regions were built by the “active analogue approach”3® and a standard
cationic neurotransmitter template (a default template of GPCR_builder program) was
used for model building. The antagonist SB-206553 was docked into the 5-HTxc receptor
model: interactions were found between the carbonyl group of the ligand, Ser138>¢ and
Ser141%% on TM3; moreover, the methyl substituent was accommodated in a pocket near
two valines belonging to TM2 and TM6. No interactions were described with Asp134°%
supposed to be the receptor counterpart for serotonin amine group.

|339

Brea et al. built a 5-HT,c receptor mode in which transmembrane regions were

modeled and their packing was adjusted on the basis of the crystal structure of bovine
rhodopsin. Ligand interactions were found with Cys127%2°, Asp134332 and Ser138°°.
Rashid et al. investigated the binding mode of sapogrelate, a serotonin antagonist, to 5-
HT2a, 5-HTos and 5-HTac receptors.®*® The 5-HToc receptor model was built based on
bovine rhodopsin as the template. Strong interactions were described between the ligand
and Asp134332 and an additional contact was found with Ser3617-4¢.

Brea et al. proposed complete models of both 5HT2a and 5HTc receptors,®*! built using
bovine rhodopsin as template. The inverse agonist QF2004B docked into the 5-HT.c
binding site interacted with Asp134%% and Ser138°%¢; an additional interaction was found
with a serine on TM2.

Another 5-HT,c receptor model was developed by Chavatte et al. using bovine rhodopsin
as the template;** agomelatine was docked into the binding site, showing extensive
interactions with Asp134%32, Ser138%% and Asn204 belonging to ECL2. Docking of the
bulky agonist lisuride revealed the same pattern of interactions seen for agomelatine, with
key interactions involving Asp134%% Asn204, Phe328%°? and Tyr358"3.

Finally, another rhodopsin-based 5-HTxc receptor model was published by Zuo et al.:**®
this receptor was investigated applying docking studies of agonist compounds, identifying
Asp1343*2 Ser138%% Tyr358"4? as the putative binding elements.

Only recently, the first 5-HT,c receptor model built starting from the crystal structure of the
B> adrenergic receptor in its inactive conformation was published.’®® The authors
described the use of potent 5-HT,c antagonists to adapt the binding site region during MD
simulations: to evaluate the ability of these 3D models to retrieve known 5-HT5c ligands,
virtual screenings campaigns and docking studies were applied on these ligand-adapted

receptors.
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Template selection

At the time of this study, only the crystal structures of rhodopsin, opsin, B1, B2 and Aga
receptors were available. Calculated identity percentages between the human 5-HTac
sequence and available GPCR crystal structures within TM domains were 21%, 36%, 37%
and 28% for rhodopsin, B1, B2 and Axa receptor, respectively. In this case two receptors
shared an identity percentage higher than 30% with the target sequence, being the human
B> receptor the closest homologue: for this reason, it was chosen as the template

structure.

Sequence alignment and model building

The X-ray crystal structure of the human B, receptor in complex with the inverse
agonist timolol (PDB ID: 3D4S)® was selected as the template structure. The amino acid
sequences of the B2 and 5-HTyc receptors (UniProt IDs P07550 and P28335, respectively)
were retrieved from the Universal Protein Resource.?®”?%® |nitial alignment was carried out
with ClustalW2,?° using default parameters and subsequently optimized considering
conserved sequence motifs among class A GPCRs.'*'®* Highly conserved residues within
TM domains, as well as the conserved disulfide bridge connecting ECL2 and TM3 have

been taken into account during alignment refinement.

b2 WVVGMGIVMSLIVLAIVFGNVLVITAIAKFERLQTVINYFITSLACADLVMGLAVVPFGAAHILMK-MWTFGNFWCE
5-ht2c VONWPALSIVIIIIMTIGGNILVIMAVSMEKKLHNATNYFLMSLATIADMLVGLLVMPLSLLAILYDYVWPLPRYLCP

b2 FWISIDVLCVIASIWTLCVIAVDRYFAITSPFKYQSLLTKNKARVIILMVWIVSGLTSFLPIQMHWYRATHQEAINC
5-ht2c VWISLDVLFSTASIMHLCAISLDRYVAIRNPIEHSRFNSRTKAIMKIAIVWAISIGVSVPIPVIGLRDEEKV—————

b2 YAEETCCDFF--TNQAYAIASSIVSFYVPLVIMVEVYSRVFQEAKRQL - —————————— KFCLKEHKALKTLGIIMG
5-ht2c FVNNTTCVLN--D-PNFVLIGSFVAFFIPLTIMVITYCLTIYVLRRQA-—————————— QAINNERKASKVLGIVEF
b2 TFTLCWLPFFIVNIVHVIQDN----LIRKEVYILLNWIGYVNSGENPLIYCRSPD-FRIAFQELLCL

5-ht2c VFLIMWCPFFITNILSVLCEKSCNQKLMEKLLNVEVWIGYVCSGINPLVYTLFNKIYRRAFSNYLR~

Figure 47: alignment of B, and 5-HT,c sequences. Conserved residues within TM domains (X.50 positions)
are in bold while TM domains of B, receptor crystal structure are underlined in grey.

As previously described, in the B, crystal structure the ICL3 portion was substituted with
the T4-lysozyme to enhance receptor stabilization during the crystallization process: for
this reason, residues 223 to 263 belonging to the B, adrenergic receptor are missing in the
crystal structure and therefore were not considered during alignment building (Figure 47).

The N- and C- termini of the B, adrenergic receptor were not solved due to their low
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resolution: these portions were not modeled and they were excluded from the alignment.
In the 5-HT,c receptor the ICL3 segment is formed by up to 50 amino acids. Since loop
modeling algorithms proved to be feasible for sequences constituted by a maximum of 10-
15 residues, the 5-HTxc cytoplasmic ends of TM5 and TM6 were linked by a bridge formed
by 7 alanines. This connection allowed to preserve the relative distance between the tips
of TM helices, favoring, at the same time, their a-helix propensity.344:34°:346.:347.348

The 5-HT2c homology model was built using Modeller software?®?"! applying standard
parameters. 10 receptor models were initially built and the model characterized by the best
value of the objective function implemented in the Modeller package was chosen.
Hydrogens were added to the model structure and the protonation state of polar residues
was calculated at a neutral pH; the hydrogen bond network was optimized by modifying
polar hydrogens orientation. An initial minimization was applied to relax the major steric
clashes, using a RMSD of 0.3 A as convergence criterion.

The Ramachandran plot of the final 5-HT,c receptor is shown in Figure 48: only two
residues belonging to loop segments and located far from the binding site were in
disallowed regions: these geometrical deviations were fixed later.
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Figure 48: Ramachandran plot of the 5-HT,¢ receptor model.

Identification of binding site

Mutagenesis studies were used to identify the binding site location. Site-directed
mutagenesis performed on the 5-HT,¢ receptor investigated only few residues, positioned
on TM3 and TM5:"'2113349 githough they provided limited indications regarding the binding
site location, these studies helped to clarify the key role of residues 3.32, 3.36 and 5.46 in
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ligand binding (Figure 49). In addition, since the 5-HT,c receptor binds and endogenous
amine (serotonin), it is likely that the location of its binding site can be similar to that

observed for other aminergic GPCRs, like B1, B2, D3 and Hy receptors.

Figure 49: location of key residues (thick red cartoons) within the 5-HT,¢ receptor.

Binding mode hypothesis

For 5-HT,c receptor mutagenesis data and information provided by ligand-based studies,
such as pharmacophore models and SARs, have been used to guess an initial binding
mode for potent 5-HT,c ligands into the receptor model.

£ ]@[m

H

An alignment was initially performed for stereoselective agonists (see figure above) to
assess the putative active conformation of the aminoethyl chain of serotonin.®*%°":352 A|so
in this case, a pattern of common pharmacophore features could be identified, comprising
i) an aromatic core and ii) a basic amine group. The aminoethyl chain in the serotonin
conformation showing the best fit has a C3-Ca-CB-NH, dihedral angle close to 180°.
Similarly to what observed for melatonin, also in this case the aminoalkyl side chain of the
endogenous molecule points below the plane of the indole ring (in the orientation depicted

in the images below), extending perpendicularly to the indole plane (Figure 50).
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Figure 50: superposition of serotonin (green carbons), compound 40 of ref. 350 (orange carbons), compound
29 of ref. 351 (yellow carbons) and WAY161503 (cyan carbons). Compounds are depicted in their

protonated state.

Receptor validation

Test set preparation

The set of 5-HT,¢c receptor antagonists used for docking studies is reported below along
with the binding affinities. The set comprises both basic and non-basic antagonists, with

different bulkiness.
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Docking protocol

Glide grid was centered on Asp134®%? and Ser219°*. Enclosing and bounding boxes
were retained at default dimensions and no scaling factors were applied on protein non-
polar atoms. Van der Waals (vdW) radii of ligand non-polar atoms (i.e. atoms having a
partial charge lower than +0.15) were down-scaled to 0.8 during docking run to achieve a
better ligand accommodation. No post-docking minimizations were performed and the
Coulomb-vdW energy potential was increased to 100 kcal/mol to avoid discarding of poses
with proper geometry, but with a high energy contribution due to steric hindrance. 20
poses were collected for each docking run and ranked using the Emodel score. The
selection of the final pose was based on both ligand-receptor complementarity and
available experimental information, such as mutagenesis studies and structure-activity
relationships.

When the described protocol failed to find a suitable docking pose, the induced-fit docking

protocol®>

implemented in Maestro software was applied: since it takes into account
protein flexibility during docking process it could facilitate ligand accommodation into the
binding site. Docking grids were centered on the same residues cited above and box
dimensions were retained at default values. The induced fit workflow applied on the 5-HTx¢
receptor is summarized below:

1. Constrained minimization of the receptor with an RMSD cutoff of 0.18 A

2. Initial Glide docking using a softened potential (scaling of van der Waals radii to 0.7
and 0.5 for receptor and ligand heavy atoms, respectively). Side chains of
Phe223°>%" and Phe328%** were temporarily removed to facilitate ligand
accommodation into the binding site.

3. Prime side chain prediction for each protein—ligand complex, applied on residues
within 5 A of any ligand pose. Side chains of Phe223>*” and Phe328%%2 were re-
introduced.

4. Prime minimization of each ligand-receptor complex.

5. Glide re-docking of each protein—ligand complex structure. The ligand is now
rigorously docked, using default Glide settings (van der Waals radii scaling of 1 and
0.8 for receptor and ligand, respectively), into the induced-fit receptor structure.

6. Estimation of the binding energy for each output pose using a combination of Prime
energy and GScore (IFDScore).
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Results

The docking poses obtained for basic antagonists (i.e. clozapine, ritanserine and
mesulergine) showed a similar accommodation, in which the aromatic core of the ligand is
placed in a cavity between TM6 and TM5, forming extensive hydrophobic/z-w interactions
with Phe223>*", Phe327%°" and Phe328°%°? (Figure 51). Moreover, the ligand protonated
nitrogen interacted with the conserved acid residue (Asp134>®%) on TM3 through a salt
bridge.

Phe327°%' Asp134°*

Figure 51: Left: clozapine (orange carbons) and ritanserine (green carbons) docked into the 5-HT,c receptor
model. Right: proposed binding mode of mesulergine (green carbons) into the 5-HT,¢ receptor model.

While mutagenesis data supported the key role of Asp134332

the 5-HTac receptor,''®''® no direct data is available for Phe223°>*, Phe327%°' and

Phe328°°2. However, mutagenesis data retrieved from the 5-HT.a receptor subtype
4

residue in ligand binding at

showed that Phe®*" is involved in the binding of serotonin®* and, more generally, of
serotoninergic agonists. Moreover, Phe®®' and Phe®°? residues are involved in ligand
binding, since their mutation to leucine brought to a decrease in serotonin affinity for 5-HT
receptor subtypes.3*®

The binding mode observed for rintanserine and mesulergine is similar to that proposed in
a recent publication,'®® in which a 5-HTc receptor model was optimized and refined using
potent 5-HT,c antagonists.

Once the ability of our receptor model to accommodate potent charged antagonists was
assessed, further docking studies were performed with non-charged compounds. UCM546
and agomelatine were selected as representative neutral antagonists, having binding
affinities in the micromolar range for the 5-HT,c receptor. Docking studies showed a

similar binding mode for these ligands, where the naphthalene core of agomelatine and
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the tricyclic ring of UCM546 laid in the hydrophobic cavity previously described, delimited
by Phe223>*", Phe327°°" and Phe328%°? (Figure 52, left). As depicted in Figure 52, the
aromatic rings of both UCM546 and agomelatine form zn-w interactions with the side chain
of Phe328°%°2. Moreover, an additional H-bond interaction is observed between Asn331°°°
side chain and the methoxy group of UCM546: mutagenesis studies made on the f
adrenergic receptor showed that this residue plays a crucial role in agonist recognition and

in receptor activation.®*®

Asn331%%°
- ASN331

PHE328

PHE223

Figure 52. Left: agomelatine (purple carbons) and UCM546 (green carbons) docked into the 5-HT,c receptor
model. Right: superposition of the 5-HT,c (grey carbons)-UCM546 (green carbons) complex and the H;
histamine receptor (orange carbons) co-crystallized with doxepin (yellow carbons).

Interestingly, the conformation of UCM546 into the 5-HToc binding site is similar to that
observed for doxepin into the Hy histamine receptor (Figure 52, right).®®> These compounds
share a common 6-7-6 ring system and an aminoethyl chain connected to the 7-
membered ring. While the amino group of both compounds interacts with the conserved

acid residue Asp>*

on TMB, the tricyclic core is accommodated deeply into the binding
site crevice, near positions 5.47 and 6.52.

The third set of 5-HT,c antagonists included carbomoyl-indolines derivatives: nowadays
these compounds represent the most important class of neutral and selective 5-HTyc
receptor antagonists. Docking studies showed a common binding orientation for all the
ligands tested, in which the ligand molecule adopted an extended conformation that

spanned from TM5 to TM2 (Figure 53).
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Asn3517%
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Asp1 343_3Q Phe327
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Asp134322

Figure 53. Left: a set of carbomoyl-indoline compounds docked into the 5-HT,c receptor model: S32006
(green carbons), SB242084 (yellow carbons), SB247853 (orange carbons) and SB206553 (cyan carbons).
Right: best pose obtained for SB247853 into the 5-HT,¢ receptor binding site.

The indoline core is positioned near TM5 and TM6, forming extensive hydrophobic
interactions with Phe327°%°" and Phe328%°2. The amide group of Asn331%°° is close to the
H-bond acceptor group attached to position 6 of the indoline core, such as CF; of
SB247853 or the chlorine atom of SB242084. The ureidic NH group interacts with the

conserved aspartic acid on TM3 (Asp134%32

) through a H-bond interaction. While the
pyridine ring bound to the urea group was sandwiched between Leu209 (ECL2) and
Val354”% the terminal pyridine of both SB247853 and SB242084 was accommodated in
a cavity between helices 2 and 3, delimited by Trp130>2%, Ser110%®! and lle114%°. In
addition, Asn351”® could form a H-bond interaction with the oxygen atom of SB247853
attached to the pyridine ring (Figure 53, right).

This accommodation of carbamoyl-indoline derivatives resemble the one observed in a
recent publication, in which a wider set of compounds has been docked into an optimized
5-HT.c receptor model.'® Although the overall accommodation of compounds is very
similar in both receptor models, there are also some subtle but critical differences. Indeed,
in the previously published 5-HTxc receptor model, Arg195*%® on TM4 forms a H-bond
interaction with the ureidic oxygen, and Asn210 located on ECL2 can interact with the
acceptor groups bound to position 6 of carbamoyl-indoline core. These small differences
are probably due to the different approaches used for the homology modeling procedure
and for the optimization phase.

Taken together, these results showed that our receptor model was able to accommodate a
set of diverse 5-HT,c antagonists into the ligand binding site. Docking poses obtained for
these compounds were consistent with available mutagenesis studies, made either on the

5-HT,c receptor or on other different serotoninergic receptors subtypes.
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MD simulations in a solvated lipid bilayer

For the 5-HTxc receptor, a MD simulation was performed in a solvated lipid bilayer to
evaluate i) the stability of the main ligand-receptor interactions and ii) the main protein

rearrangements that occur upon ligand binding.

Protocol

S32006 (see below) was initially docked into the 5-HT,c receptor model using the docking
procedure described above: the resulting complex was energy-minimized and used as

input for the MD simulation.

¢ DWW $32006
) N pKi 5-HT,c = 8.4

229 was used to built the system and to set up the dynamics simulation.

Desmond v2.
Protein-ligand complex was embedded in a POPC lipid bilayer by aligning the receptor to
the 2RH1 crystal structure deposited into the Orientations of Protein in Membranes
database (OPM),2%” with at least 13 A between the protein and its closest periodic image.
Protein-membrane system was solvated by approximately 9700 SPC water molecules in a
simulation box of approximately 80 A x 70 A x 100 A. The Amber99SB force field**® was
used to model the protein, while ligand and lipids were parameterized using the GAFF.?%°
The system was relaxed using a modified version of a membrane relaxation protocol
implemented in the Schrodinger 2009 Suite, summarized below:

1. System was energy-minimized with 2000 steps of steepest-descent with a
convergence gradient of 50 kcal/(molA). All protein heavy atoms were constrained
with a force constant of 50 kcal/(molA?).

2. System was energy-minimized with 2000 steps of steepest-descent with a
convergence gradient of 5 kcal/(molA). All atoms were free to move.

3. 60 ps-long MD simulation in the NVT ensemble was run using the Langevin
barostat and thermostat.**' Temperature was linearly increased from 10 to 310 K
and protein heavy atoms were constrained with a force constant of 50 kcal/(molA?),
that linearly decreased to 10 kcal/(molA?). In the initial system, the protein was

inserted into a pre-equilibrated lipid bilayer through a “replacement” methodology, in
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which the lipid molecules whose center of mass overlap that of the protein residues
were deleted from the membrane: this procedure built a “hole” into the membrane
bilayer to accommodate the protein. Although the membrane tried to adapt itself
around the protein structure, empty spaces are always present between the protein
and the lipid molecules. To avoid the penetration of water molecules into the
membrane bilayer, a gaussian potential was applied during the NVT simulation.

4. 200 ps-long MD simulation in the NPT ensemble was run using the Langevin
barostat and thermostat. Temperature was set to 310 K and the Gaussian potential
inserted in the previous step was retained. Protein heavy atoms were constrained
with a force constant of 10 kcal/(molA?).

5. 100 ps-long MD simulation on the NPT ensemble was run using the Langevin
barostat and thermostat. Temperature was set to 310 K but the Gaussian potential
was removed. Constraints were the same used in the previous step.

6. 600 ps-long MD simulation on the NPT ensemble was run using the Langevin
barostat and thermostat. Temperature was set to 310 K and positional constraints
were applied on both ligand and protein heavy atoms. The constraint force was
linearly decreased from 10 kcal/(molA?) to 2 kcal/(molA?) during the simulation.

7. 100 ps-long MD simulation on the NPT ensemble was run using the Langevin
barostat and thermostat, with a temperature of 310 K. Positional constraints were
applied only on protein alpha carbons with a force constant of 2 kcal/(molA?).

8. A final equilibration step of 100 ps was performed using the NPT ensemble,
applying no constraints.

The production phase of the simulations was performed in the NPT ensemble under
constant pressure of 1 atm and a temperature of 310 K, thermostated and barostated
using the Langevin method. All bond lengths to hydrogen atoms were constrained using
M-SHAKE.*? Short-range electrostatic interactions were cut off at 9 A whereas long-range
electrostatic interactions were computed using the Particle Mesh Ewald method.>® A
RESPA integrator®®* was used with a timestep of 2 fs, and long-range electrostatics were
computed every 6 fs. The production phase of the MD simulations was 10 ns-long.
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Results

The root mean squared deviation (RMSD) calculated on TM alpha carbons showed a

plateau at 1.8-2 A, confirming the stability of the receptor secondary and tertiary structures

(Figure 54, left).
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Figure 54: Left: RMSD graph calculated on transmembrane alpha carbons. Center: time evolution of the total
energy during the MD simulation. Right: time evolution of the potential energy during the MD simulation.

The time evolution of the total energy of the system and of the potential energy (Figure 54,
right and center) confirmed the stability of the complex during MD simulation: indeed, both
energies reached a plateau at 2-3 ns that was retained till the end of the simulation. As
depicted in Figure 55, the temperature oscillated around the equilibrium value of 310 K,
confirming the energetic stability of our MD simulation.
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Figure 55: Left: time evolution of the temperature along the MD trajectory. Right: time evolution of Coulombic
(blue) and van der Waals (red) energies.

The time evolution of long-range electrostatic interactions (Coulombic) and van der Waals
energies could be used as additional criteria to evaluate the degree of convergence of a
MD simulation: in this case, both van der Waals and Coulombic energies stabilized to
equilibrium values around 3-4 ns (Figure 55, right). Once the energetic profile of MD
simulation was inspected, we evaluated the behavior of the main ligand-receptor

interactions through the whole trajectory.
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As described previously for the carbomoyl-indoline 5HT,. antagonists, S32006 was
accommodated in a pocket delimited by TM3, TM5, TM6 and TM7. It formed extensive
hydrophobic interactions with a subset of aromatic residues located on TM6 and TM5
(e.g., Phe327%°" and Phe328%°?) and undertook a hydrogen bond with Asp134°3
Moreover, the pyridine nitrogen could form an additional H-bond with the side chain of
Asn3517-%. During the MD simulation S32006 retained its starting accommodation, as well
as the main interactions with residues located on TM5 and TM6 and with the conserved
Asp134%%2 (Figure 56, left). A transient H-bond interaction was observed between the
17.36

pyridine nitrogen and Asn35

naphthalene portion of S32006 towards Phe327°°! and Phe328°°2: this movement brought
17.36

side chain. This might be due to the shift of the

the pyridine nitrogen far from TM7 and, consequently, from the Asn35 side chain

(Figure 56, right).

6,/,,
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Figure 56: Left: starting (transparent) and final (opaque) conformation of S32006 (green carbons) retrieved
from MD simulation. Right: time evolution of the N-N distance between Asn351”® side chain and the pyridine
nitrogen of S32006.

In contrast with what has been observed in a previously published 5-HToc receptor
model,'® the carbonyl group did not interact with residues located near the binding site
region. Indeed, the carbonyl group of S32006 laid near ECL2 and was directly exposed to
solvent molecules. During the equilibration phase of the MD simulation, water molecules
moved into the receptor binding cavity and solvated the carbonyl group of S32006,
preventing its interactions with neighboring residues (Figure 57, left). Consequently, many
water-mediated interactions were formed between the carbonyl oxygen and the residues
of ECL2 segment (Figure 57, right). Particularly, a water-mediated H-bond interaction was
formed between the carbonyl oxygen of S32006 and the backbone NH group of Asp211
residue. This H-bond network was also stabilized by a salt bridge between the side chains
of Arg195 and Asp211 belonging to ECL2: this ionic interaction forced the positively
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charged chain of Arg195 to form a favorable cation-n interaction with the naphthalene ring
of S32006.

Argl95

AsleI ~€/

%: Aspl34

Figure 57: Left: positions of water oxygens within 2 A from the carboxyl oxygen of S32006 for all the frames
of the trajectory. Right: frame taken from MD trajectory. S32006 is colored with green carbons and residues
are depicted with gray sticks.
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Therapeutic relevance

Adenosine is a fundamental endogenous nucleoside, continuously released on both
extracellular and intracellular sides of the cell. However, while the intracellular production

involves specific enzymatic reactions,®7:3°8:3%9

the extracellular release is mediated by the
action of other neurotransmitters, such as NMDA or kainate.***%¢' The primary function of
adenosine is to act as a signal of metabolic distress during severe tissue injuries such as
hypoxia, ischemia or inflammation.®®® In this scenario, adenosine promotes tissue
protection through different mechanisms, including the increase of oxygen demand, the
conditioning of cells against ischemic damages and the trigger of anti-inflammatory
cascades.®® Beside its cytoprotective functions, adenosine has also been recognized to

play a key role in a variety of physiological processes, like sleep,®*

365,366

the regulation of heart

367,368

rate and contractility, vasodilation,*®? behavioral stimulation, pain perception,®®

 and the regulation of cell growth and proliferation.®”! Due to the

neuroprotection®’
pleiotropic effects of this endogenous substance and the wide distribution of adenosine
receptors in tissues, the use of either agonist or antagonist ligands has been proposed for

372,373

the treatment of numerous diseases, including arrhythmia, ischemia,®"*

376,377 ep”epsy,378

hypertension,®”® Parkinson’s disease, chronic obstructive pulmonary
disease,’”® asthma,*®° cancer,*®' and diabetes.>*?

Nowadays, four different types of adenosine receptors have been identified and
characterized in humans, namely A, Aoa, Aog and As. All four receptors belong to the
superfamily of GPCRs and each of them owns its peculiar pharmacological properties,
tissue distribution and transduction signalling pathways.®

Due to the crucial role played by adenosine in humans as well as its several therapeutic
applications, an increased interest has grown for the development of selective and potent
adenosine agonist and antagonist molecules. However, despite the increasing efforts in
the design of novel chemical entities, only adenosine itself is currently marketed
(Adenocard) for the treatment of supraventricular tachycardia. The paucity of marketed
adenosine receptor ligands could be due to i) the ubiquity of adenosine receptors that
facilitate the onset of side effects and ii) the species-specificity of ligand binding affinities,
that complicate the readability of preclinical results.

Due to the broad spectrum of clinical applications in which adenosine compounds could be

involved, nowadays the design of new chemical entities able to target and interact with
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adenosine receptors represents a critical field of the current medicinal chemistry
landscape.

Receptor signalling pathways

The Aza adenosine receptor is mainly coupled to the G protein subtype Gs, whose
activation causes an increase in intracellular cAMP concentrations mediated by adenylyl
cyclase. Beside the key role of the Gg protein in the A.a-mediated signal transduction
mechanism, other G protein partners can couple with this receptor. For example, it has
been shown that in rat striatal neurons the Axa receptor subtype exerts its action through
the Gor,°* a G protein similar to Gs. Experimental evidences employing chimeric A:/Aza
receptors indicated that the cognate Gs protein binds to specific receptor features located
in the ICL3 but not in the C-terminus segment of the Aa receptor.®®

Available crystal structures

Nowadays, 7 different crystal structures of the Aza adenosine receptor are available in the
protein data bank: while 4 of them are co-crystallized with antagonists, 3 are co-
crystallized with agonist molecules.

As described previously, although the overall arrangement of the TM bundle is similar to
that observed in other X-ray crystal structures of GPCRs, the A.a receptor shows some
remarkable differences compared to other class A GPCRs. For example, the ECL2 portion
of the Aqa receptor is characterized by a complex structure, constrained by a network of
three cysteine bridges and several secondary structural elements. The three disulphide
bridges (Cys71(ECL1)-Cys159(ECL2), Cys74%??(TM3)-Cys146(EC2), Cys77%2(TMB3)-
Cys166(ECL2)) strongly link ECL2 to TM3 and ECL1, defining a stable network of
interactions delimiting the binding site region. In addition to these cysteine bridges, a short
B-sheet formed by Val164 and Ala165 and an a-helix structure from Leu167 to Val172
further stabilize the geometry of the ECL2, as well as of the binding site crevice. Moreover,
a fourth disulphide bond within ECL3 segment (Cys259-Cys262) leads to an overall
stabilization of the whole extracellular portion of the Axa receptor structure. This network of
covalent and polar interactions within extracellular loops stabilizes a open conformation of

the binding site entrance, completely exposed to the solvent, facilitating ligand
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accommodation. Loop geometries strongly influence the shape of the binding cavity, that
extends vertically between TM5, TM6 and TM7. Due to its position, ECL2 directly interacts
with co-crystallized molecules and play a crucial role in shaping the binding site cleft.
Mutagenesis studies already highlighted the importance of Phe168 and Glu169 belonging
to the ECL2 for both agonist and antagonist binding:'"%%%3%" according to experimental
evidences, these two residues protrude into the binding crevice, forming extensive
interactions with co-crystallized ligands. Another polar contact that could be found in the
extracellular portion of the receptor links Glu169 on ECL2 with His264 on ECLS3. Indeed, in
the first crystal structure of the Aoa receptor co-crystallized with the adenosine-like
antagonist ZM241385 (PDB: 3EML),®? His264 belonging to the ECL3 segment forms H-
bond interactions with Glu169 side chain placed on ECL2. It is likely that this additional
polar interaction forces Glu169 side chain to form favorable contacts with the NH,
functionality of the antagonist molecule. However, it is not possible to exclude that this
Glu169-His264 H-bond could be an artifact due to crystallization conditions: indeed, in the
recent A-a-ZM241385 complex crystallized using a thermostabilized receptor, His264
points away from the binding site (Figure 58, left), without interacting with Glu169 side
chain.

. Glu169
His264 His264

Glu169 \ 'y
/; ‘.'i E
Asn253%55 /\}_
'
S y} .
o 2N

Figure 58: Left: superposition of two different crystal structures of the A,x adenosine receptor in complex with
the antagonist ZM241385: 3EML is depicted in blue, whereas 3PWH is depicted in orange. Right: close view
of the binding site region of the A;x-ZM241385 complex (PDB: 3EML, white carbons). Water molecules
forming H-bonds with the ligand or neighboring residues are depicted with red spheres. ZM241385 is
represented with green carbons.

Interestingly, the two crystal structures of the Aa-ZM241385 complex were obtained
applying different pH conditions: indeed, while 3EML was crystallized using a pH of 5.5-6,
the new thermostabilized structure was solved in a more basic environment, with a pH of
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about 8-8.75. This difference in crystallization procedures probably affected the
protonation state of amino acids delimiting the binding site region, including His264: in this
scenario, it is likely that the major differences observed for either polar or hydrophobic
contacts occurring within the binding site regions of the two complexes were due to the
different experimental protocols applied during the crystallization phase.

As described previously, the ligand binding site is exposed to solvent. As a consequence,
several water molecules penetrate into the binding cleft, forming extensive contacts with
the co-crystallized ligand (Figure 58, right). However, these water molecules could be
observed only in the first crystal structure of the Ao adenosine receptor in complex with
ZM241385.%2 Thus, it is not possible to identify conserved water molecules among
available X-ray structures of the Aoa receptor. 11 water molecules could be found in a shell
of 6 A centered on the co-crystallized antagonist (PDB: 3EML): these hydration sites form
an extensive network of H-bond interactions with both the antagonist molecule and
neighboring residues, leading to an overall stabilization of the ligand conformation into the
binding site region. The ligand molecule is further stabilized by an extensive network of
polar and hydrophobic interactions with amino acids delimiting the binding cavity. For
example, while the furan ring of ZM241385 is sandwiched between Leu85*%, Met177°38
and Leu249%°', the main triazolo-triazin core is stabilized by a n-m interaction with Phe168
located on ECL2 and by additional hydrophobic contacts with Leu249°°! and lle2747-%,

Glu169 5 ‘
i 2/ Phe168
&

Glu169
His264 \

Asn253%% .

H 6.52 s 3.33

| 249" Met2707%
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Figure 59: Left: close view of the binding site of the Axx-ZM241385 complex (PDB: 3EML, white carbons). H-
bond interactions between the co-crystallized antagonist and surrounding residues are depicted with dashed
blue lines. ZM241385 is represented with green carbons. Right: superposition of caffeine (PDB: 3RFM,
green carbons) and ZM241385 (PDB: 3EML, yellow transparent carbons) into the A,a receptor binding site.
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Two residues shown to be crucial for ligand binding,'”%%%%%" namely Asn253%°° and
Glu169, form a network of H-bond interactions with both the furan substituent and the
triazolo-triazin ring of the co-crystallized antagonists (Figure 59).

In the xanthine-bound crystals of the A>a adenosine receptor, a similar pattern of polar and
hydrophobic interactions are observed. Indeed, also in the case of caffeine-Axa and XAC-
Aoa complexes, the xanthine core is located at the bottom of the binding cavity,
sandwiched between Phe168, Leu249°%°! and 11e2747%. Conversely, the bulky substituent
bound to position 8 of the xanthine ring of XAC extends towards the extracellular part of
the receptor: this terminal portion accommodates into an additional cleft between TM1,
TM2 and TM7, formed by Tyr9'%, Leu2677-*2 and Tyr271"-¢ (Figure 60).

Glu169
u \’ (o) |.|N_/_NH2
Phe168 o~ H
N
v L O
Asn253°%° - 0 >N~ "N

XAC

Leu249°%% lle2747% Tyr27173%

\\//k / ’ i /
Y \N N .
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Figure 60: close view of the binding site region of the caffeine-A,p (PDB: 3RFM) and the XAC-A,x (PDB:
3REY) complexes. XAC and caffeine are depicted with yellow and green carbons, respectively. H-bonds
between the xanthine core and Asn253%%° are depicted with blue dashed lines.

Interestingly, in the alternative binding mode observed for ZM241385, the terminal phenol
group accommodates in an additional pocket between TM1, TM2 and TM7: however, the
terminal aromatic portion of ZM241385 tends to occupy a slightly different volume, more
shifted towards TM2 and less exposed to the solvent (Figure 61). Nevertheless, structural
data clearly showed the presence of a peculiar cleft located in the proximity of the tips of
TM1, TM2 and TM7 for both adenosine-like and xanthine A.a antagonists. Since binding
affinities shown by both XAC and ZM241385 (pKi ~9) 38838939 5re higher than that of
caffeine (pKi ~6),%*" it could be hypothesized that substituents able to target this additional

crevice might increase the ligand binding affinity.
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Figure 61: superposition of the binding site regions of XAC-A.x (PDB: 3REY) and ZM241385-A,4 (PDB:
3PWH) seen from the extracellular side. XAC and ZM241385 are depicted with yellow and green carbons,
respectively. The additional pocket between TM1 and TM7 is represented with white surface.

Since this study was mainly focused on the design of novel Aza antagonists, only the X-ray
structures crystallized in their inactive state were used to perform docking studies and MD
simulations: as a consequence, agonist-bound forms of the A.a adenosine receptor were

not included in the current analysis.

Docking studies within the A,, adenosine receptor

At the time of this work, only the A.a receptor crystal structure in complex with ZM241385
was available (PDB: 3EML).%
A set of potent A,a antagonists, belonging to different chemical classes, was used to
evaluate the consistency between ligand binding poses and available information, such as
SARs and mutagenesis data.
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The 3D structure of the Aza adenosine receptor in complex with ZM241385 was retrieved
from the PDB (PDB: 3EML)® and all the non-protein elements were deleted. As stated
previously, the ICL3 segment of GPCRs is characterized by a remarkable flexibility, that
could hamper the crystallization process: for this reason, in the Aza crystal structure the
ICL3 portion was substituted with a lysozyme molecule to decrease the overall intrinsic
instability of the receptor structure. Beside the ICL3 segment, another portion showing

high flexibility in the Aya receptor structure is the N-terminus of the ECL2: indeed, no
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diffraction data was available for residues from 149 to 155, indicating a high intrinsic
instability for this small cluster of residues. Thus, to obtain a complete set of 3D
coordinates for the Aza adenosine receptor, Modeller 9.4?"%?"" was used to re-built both
the ICL3 portion and the small segment belonging to the ECL2.

ECL2

Figure 62: Left: ZM241385-A,, crystal structure (PDB: 3EML). The cartoons thickness and color depend on
the b-factor: thick red cartoons and thin green cartoons represents high and low b-factor values, respectively.
The co-crystallized antagonist is depicted with spheres. Right: close view of the ligand binding site. Also in
this case both cartoons and co-crystallized ligand are colored and modeled according to the b-factor, from
red (highly flexible regions) to blue (poorly flexible segments). It could be observed a peculiar b-factor
distribution in the antagonist molecule, in which the terminal phenol substituent is characterized by an
enhanced flexibility compared to the rest of the molecule.

The best model was then selected on the basis of geometrical parameters quality and on
Modeller objective function.
As described previously, His264 formed an extensive network of interactions with
neighboring residues: in particular, while one nitrogen pointed towards the backbone
carbonyl group of Ala265, the other nitrogen laid within a H-bond distance from Glu169
side chain (Figure 63, left).

His264

Glul69

W

Glu169 !
L

Ala265

Ala265

Figure 63: Left: close view of the ligand binding site of the ZM241385-A,, complex (PDB: 3EML, white
carbons). The co-crystallized antagonist is represented with spheres. Right: schematic view of the H-bond
interactions occurring between residues of ECL2, ECL3 (white carbons) and the co-crystallized ligand (green
carbons).
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Since the crystallization process was conducted using acid pH (5.5-6)°? and the calculated
pKa of His264 was 7.75 (using PROPKA),2>28:287 it could be hypothesized that His264
was protonated under crystallization conditions. This hypothesis was further supported by
the fact that the protonation of His264 brought to the formation of an extended network of
H-bond interactions, leading to an overall stabilization of the binding site architecture.
Once protonated, His264 side chain formed not only a stable H-bond interaction with the
carbonyl backbone group of neighboring Ala265, but also with Glu169 side chain: this
latter contact seemed crucial for ligand stabilization, since it forced Glu169 to interact with
the exocyclic NH, group of the antagonist molecule (Figure 63, right). On the basis of
these observations, the protonation state of His264 was adjusted prior to docking studies.

To relax the crystal structure without losing the overall secondary and tertiary structure
arrangements, a constrained minimization was conducted on the ZM241385-Axa complex
applying OPLS2005 force field:**° a maximum RMSD of 0.3 A was set as convergence
criterion. The Ramachandran plot of the final structure is reported in Figure 64: no
residues laid in disallowed regions, confirming the quality of the receptor structure from a

geometrical point of view.

Psi (degrees)

135 180

Phi (degrees)

Figure 64: Ramachadran plot of the final ZM241385-A,, complex obtained after the constrained minimization
procedure.

Docking protocol

Docking studies were performed with Glide software.®*? Docking grids were centered on
the co-crystallized antagonist and both enclosing and bounding boxes were retained at

default dimensions: during grid generation, no scaling factors were applied on protein non-
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polar atoms. Van der Waals (vdW) radii of ligand non-polar atoms (i.e. atoms having a
partial charge lower than +0.15) were down-scaled to 0.8 during docking run to achieve a
better ligand accommodation and to allow the generation of alternative binding modes.
The Coulomb-vdW energy potential threshold was increased to 100 kcal/mol and post-
docking minimizations were conducted for all the generated ligand conformations. 20
poses were retained for each docking run and they were ranked according to the Emodel

scoring function.

Docking results for non-xanthine antagonists

Docking results obtained for non-xanthine antagonists showed a common orientation into

the binding site region.

Asn2535%

Asn253%%°

Figure 65: Left: docking poses obtained for compound 5 (yellow carbons, ref. 3%, 3%) compound 6 (green
carbons, ref. **®), compound 7 (orange carbons, ref. **) and compound 8 (ref. 396). ZM241384 is depicted
with magenta transparent sticks. Right: custom pharmacophore features identified among docked
compounds: donor, acceptor and hydrophobic sites are depicted in blue, red and yellow, respectively.

Similarly to the co-crystallized antagonist, non-xanthine derivatives are characterized by a
peculiar pattern of polar groups, constituted by one H-bond donor and two H-bond
acceptors. In some cases, an additional lipophilic group could be present (e.g., in
compounds 5 and 6). Similarly to what observed for ZM241385, while the H-bond donor

group interacted with Glu169 and Asn253%°°

36.55

side chains, the two H-bond acceptors
formed extensive interactions with Asn25 side chain (Figure 65). Interestingly, the
additional hydrophobic group of compounds 5 and 6 was accommodated in a volume
occupied by several water molecules in the Apa crystal structure. A recent study

investigated the stability of these crystallized water molecules in the Azx adenosine
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receptor by means of MD simulations.®®” Results clearly showed that waters located in the
binding site region, in the proximity of ZM241385, were characterized by unfavored
energies, reflecting their remarkable instability. These observations could explain, at least
in part, the high affinity conferred by substituents able to occupy this hydrated cleft.

Glu169

Asn2535%

Figure 66: best docking poses obtained for compounds 5 (yellow carbons) and 6 (green carbons) into the Aga
receptor binding site. Water molecules found in the Ay, crystal structure (PDB: 3EML) are represented with
red spheres.

The instability of these water molecules was also confirmed by the recent crystal structure
of the Aoa adenosine receptor in complex with ZM241385 (PDB: 3PWH). In contrast to
what observed in the previous X-ray crystal structure (PDB: 3EML), the terminal phenol
group of the co-crystallized antagonist did not extend towards the extracellular side of the
receptor, but was bent towards the TM bundle, interacting with residues placed at the
interface between TM1, TM2 and TM7.

Asn2536%°

Figure 67: Left: superposition of the two A, receptor crystal structures in complex with ZM241385: 3EML
(blue) and 3PWH (orange). Water molecules present in the 3EML structure are represented with red
spheres. Right: first (yellow carbons) and fifth (green carbons) poses of compound 7 superposed to the co-
crystallized poses of ZM241385 (blue and orange transparent carbons).
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In this conformation, the phenol group laid in the proximity of the highly-hydrated site
previously observed, disrupting the network of water-mediated H-bond interactions (Figure
67, left). A bent conformation of the terminal arylakyl chain could be observed also for
compound 7. Indeed, in the first ranked pose of this triazolyl-purine derivative the terminal
phenyethyl group did not extend vertically towards the extracellular milieu but was bent
towards the binding site cleft, occupying the highly-hydrated cleft. Only in the fifth pose the
terminal hydrophobic side chain pointing towards the extracellular side of the receptor
(Figure 67). These two alternative binding modes observed for compound 7 resembled the
two orientations observed for ZM241385 into the A2 binding site (Figure 67, right).

Docking results for xanthine antagonists

Xanthine derivatives showed a common accommodation into the binding site region, in
which the xanthine core was located deeply into the binding site crevice and the lipophilic
substituent bound to position 8 pointed towards the extracellular side of the receptor. In
particular, the carbonyl group located at position 6 of the xanthine ring formed a H-bond

36.55

interaction with the Asn25 side chain.

Glu169

Asn253°% 2\;

¥ Asn181542 Alag328!

His250°%2 //{
Ala59>°’

Figure 68: docking poses obtained for CSC (cyan carbons), KW-6002 (orange carbons), XAC (green
carbons) and compound 4 (yellow carbons) into the A,a binding site. ZM241385 is depicted with transparent
magenta carbons.

The binding pose found for xanthine derivatives seemed to be consistent with available
data. For example, SAR studies conducted on different xanthine analogues showed that,
while the carbonyl group in position 2 of the xanthine core could be removed without
affecting binding affinity, the carbonyl group bound to position 6 was crucial for ligand
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binding.>*® This evidence is consistent with docking results, where the only polar
interaction occurred between Asn253%°° side chain and the carbonyl oxygen at position 6.
SAR studies®%9490401:402 5155 showed that methylation of position 7 of the xanthine core
often increased the ligand binding affinity for the Aoa receptor. Once again, the orientation
of the xanthine derivatives into the Aza binding site was consistent with this experimental
evidence. Indeed, position 7 of the xanthine ring faced a small cavity formed by Glu169,
Met174>3% (not shown in Figure 68), Asn253°°° and Met270"*° (not shown in Figure 68).
The 7-methyl group could occupy this additional cleft, leading to an increase in ligand
binding affinity. It was recently proposed that also the insertion of an ethyl group in position
7 of the xanthine core brought to a slight increase in binding affinity for the A;a adenosine

03 thus, it could be hypothesized that the additional cleft cited above could

receptor:
probably accommodate bulkier substituents compared to the methyl group. Data taken
from SAR studies also showed that positions 1 and 3 of the xanthine ring could carry
methyl, ethyl and propyl substituents without affecting ligand binding affinity for the Asa
adenosine receptor. Accordingly, nitrogens located at positions 1 and 3 of the docked
xanthine compounds pointed towards two additional clefts present in the binding site
crevice, formed by Met177°%® Asn181°* His250°%? and Trp246°*® and Ala59%°,
AlaB3%%' and His278"*, respectively: these cavities are able to accommodate a small
methyl group, as in the case of CSC or compound 4, as well as a bulkier propyl

substituent, as observed for XAC.

Glu169
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Figure 69: CSC (yellow carbons) docked into the A2A adenosine receptor. ZM241385 is depicted with
transparent green carbons and water molecules present in the X-ray structure are represented with red
spheres.

The effect of the atom located at position 9 of the xanthine ring has been extensively

investigated.*** Results clearly showed that substitution of the 9-nitrogen with a carbon
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atom did not significantly affect binding affinity. This experimental observation was in
agreement with docking results obtained for xanthine antagonists: indeed, although
position 9 faced a hydrated cavity in the Axa receptor binding site, it was not able to form
favorable interactions with residues delimiting the binding site region or water molecules
(Figure 69). Thus, docking results could explain, the similar binding affinities showed by
xanthines and their 9-deaza analogues.

The favored binding mode observed for the subset of xanthine antagonists showed the
bulky lipophilic group bound to position 8 extended towards the extracellular side of the
receptor. This observation was consistent with available SARs, that showed that the
elongation of the liphophilic substituent from a styryl to a phenylbutadienyl group brought
to an increase in binding affinity for the Aza adenosine receptor.*®® The bulky substituent
bound to position 8 could form extensive hydrophobic interactions with residues placed at
the extracellular side of the receptor, such as Leu167 and Leu267’%. In addition, since the
elongation of the 8-substituent slightly increased the affinity for the Axa receptor, this group
has to point towards a cavity able to accommodate such bulky and hindered moieties:
because of the vertical orientation of the binding site, it is likely that these substituents
accommodate towards the extracellular side of the receptor rather than towards the
intracellular portion of the cavity.

Figure 70: superposition of the co-crystallized caffeine (green transparent carbons) and the best docking
pose of CSC (yellow carbons) into the Aga receptor binding site.

The recent publication of two xanthine-bound structures of the Aa adenosine receptor®
gave the chance to compare the docking results with crystallized complexes. According to
crystal structures, the xanthine core is placed at the bottom of the binding site, forming a
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H-bond interaction with Asn253°%°° via the carbonyl oxygen located at position 6 (Figure
70). Moreover, the xanthine core is stabilized by extensive hydrophobic interactions with
Phe168, Leu249%°! and lle2747%,

While the caffeine-A.a complex helped to clarify the key interactions occurring between the
xanthine core and residues delimiting the binding site region, the XAC-bound structure
threw light on the ligand-receptor interactions involving the substituent bound to position 8
of the xanthine ring. Similarly to what observed in docking studies, the bulky moiety linked
to the xanthine core extends vertically towards the extracellular side of the receptor. The
terminal aminoethyl chain of the co-crystallized antagonist is accommodated in a cleft
located between TM1, TM2 and TM7, delimited by Tyr9'*°, Leu267"*? and Tyr271"¢. In
contrast to what observed in the crystal structure, the docking poses showed a different
disposition of the XAC terminal chain, in which the amine group form a H-bond interaction
with Asp170 located on ECL2 (Figure 71).

Leu267"%2

Tyr2717%

Figure 71: comparison between the crystallized (yellow carbons) and the docked (green carbons) poses of
XAC into the Ay receptor binding site.

This discrepancy between docking results and the co-crystallized pose of XAC was
probably due to the lack of a suitable room between TM1, TM2 and TM7 in the ZM241385-
bound structure of the Aoa adenosine receptor. On the other hand the extremely high b
factor values detected in the XAC-Aza complex indicated a high degree of flexibility of the
co-crystallized antagonist into the binding site crevice: thus, it could be hypothesized that
the ligand molecule could adopt different binding conformations into the receptor binding
cleft (Figure 72).
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Figure 72: XAC-A,x complex (PDB: 3REY). XAC is represented with spheres colored according to atomic b
factor values, from 128 (blue) to 142 (red).

MD simulations in a solvated lipid bilayer

MD simulation of the ZM241385-A,, complex

Computational studies described in the previous sections were primarily conducted to
evaluate ligand-receptor interactions occurring between known Asa antagonists and
residues delimiting the binding site region. Although these studies were fundamental to
search for alternative ligand conformations into the binding site cleft, they did not
incorporate a flexible treatment of the target structure, that is known to be crucial for a
correct ligand accommodation. MD simulations represent a feasible technique that can
overcome the lack of flexibility characteristic of docking studies, leading to a better
evaluation of the main protein rearrangements that occur upon ligand binding. During MD
simulations, a complete and explicit description of the environment surrounding the ligand-
receptor complex was preferred: the explicit description of all the elements forming the
membrane environment (i.e., lipids, water and ions) could lead to a better description of
the dynamic rearrangements occurring at the protein level as well as of the main structural
elements involved in ligand stabilization. The analysis of the receptor relocations as well
as of the dynamic behavior of the ligand-receptor interactions could provide clues to
design novel chemical entities and to suggest possible chemical modifications aimed at
improving ligand binding affinity.
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MD protocol

The refined structure of the A.a receptor employed for the generation of docking grids was
used as input for MD simulation. Water molecules deleted during docking runs were
reintroduced into the receptor structure: indeed, although their removal was needed to
allow the accommodation of chemically different A,a antagonists (e.g., compounds 5 and
6), water sites were found to be crucial for the stabilization of the triazolo-triazine core of
ZM241385 as well as of the receptor binding site through a number of water-mediated
contacts (Figure 73, left). Only water molecules comprised in a shell of 15 A centered on
ligand molecule were taken into account. An inspection of the B factors of these water
molecules revealed a broad range of values, comprised between 39 and 101. Thus, while
some of them are characterized by a limited mobility around their crystallographic position,
other waters show a remarkable degree of flexibility. However, the incorporation of highly
flexible water molecules into the binding site region was fundamental to maintain the
network of water-mediated interactions and, consequently, to preserve the overall

stabilization of the ligand-receptor complex.

Asn2538°°
c e 101

Met177°%
39

Figure 73: Left: example of the water-induced stabilization of the receptor-ligand complex. ZM241385 is
represented with green carbons. Right: waters comprised in a shell of 15 A centered on ligand molecule are
depicted with spheres and colored according to their B factor, from high (red) to low (blue).

A Monte Carlo sampling was applied on water molecules to adjust their orientation and to
optimize the overall H-bond network. Finally, a constrained minimization procedure was
conducted on the resulting hydrated ZM241385-A.a complex, applying OPLS2005 force
field®° and setting a maximum RMSD of 0.3 A as the convergence criterion.

Desmond v2.2%%® was used to built the system and to set up the dynamics simulation. The
hydrated ZM241385-A,x complex was embedded in a POPC lipid bilayer by aligning the
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receptor to the 3EML crystal structure deposited into the Orientations of Protein in
Membranes database (OPM),2” with at least 13 A between the protein and its closest
periodic image. Protein-membrane system was solvated by approximately 13300 SPC
water molecules in a simulation box of approximately 70 A x 70 A x 120 A. Amber99SB

force field®®®

was used to model the protein, while ligand and lipids were parameterized
using the GAFF.?®® GAFF was used to parameterize lipid molecules since recent MD
simulations showed that this force filed could reproduce experimental data obtained for
membrane systems.*”® The final ligand-receptor complex embedded in a solvated lipid
bilayer was relaxed using a modified version of a membrane relaxation protocol
implemented in the Schrodinger 2009 Suite, summarized below:

1. System was energy-minimized with 2000 steps of steepest-descent with a
convergence gradient of 50 kcal/(molA). All protein heavy atoms were constrained
with a force constant of 50 kcal/(molA?).

2. System was energy-minimized with 2000 steps of steepest-descent with a
convergence gradient of 5 kcal/(molA). All atoms were free to move.

3. 60 ps-long MD simulation in the NVT ensemble was run using the Langevin
barostat and thermostat. Temperature was linearly increased from 10 to 310 K and
protein heavy atoms were constrained with a force constant of 50 kcal/(molA?), that
linearly decreased to 10 kcal/(molA?). During this initial MD stage, a gaussian
potential was applied on water molecules to avoid their penetration into the
membrane bilayer.

4. 200 ps-long MD simulation in the NPT ensemble was run using the Langevin
barostat and thermostat. Temperature was set to 310 K and the Gaussian potential
inserted in the previous step was retained. Protein heavy atoms were constrained
with a force constant of 10 kcal/(molA?).

5. 100 ps-long MD simulation on the NPT ensemble was run using the Langevin
barostat and thermostat. Temperature was set to 310 K but the Gaussian potential
was removed. Constraints were the same used in the previous step.

6. 600 ps-long MD simulation on the NPT ensemble was run using the Langevin
barostat and thermostat. Temperature was set to 310 K and positional constraints
were applied on both protein heavy atoms and protein backbone. The constraint
force was linearly decreased from 10 kcal/(molA?) to 2 kcal/(molA?) during the
simulation.
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7. 100 ps-long MD simulation on the NPT ensemble was run using the Langevin
barostat and thermostat, with a temperature of 310 K. Positional constraints were
applied only on protein alpha carbons with a force constant of 2 kcal/(molA?).

8. A final equilibration step of 100 ps was performed using the NPT ensemble,
applying no constraints.

The production phase of the simulations was performed in the NPT ensemble under
constant pressure of 1 atm and a temperature of 310 K, thermostated and barostated
using the Langevin method.®' All bond lengths to hydrogen atoms were constrained using
M-SHAKE.3%? Short-range electrostatic interactions were cut off at 9 A, whereas long-
range electrostatic interactions were computed using the Particle Mesh Ewald method.>%
A RESPA integrator®®* was used with a timestep of 2 fs, and long-range electrostatics
were computed every 6 fs. During 30 ns of production phase, frames were extracted and

subsequently used for the analysis.

Trajectory clustering

Ptraj is an application of the AMBER simulation package®’® that allows to perform
statistical analyses on MD trajectories. It includes a clustering procedure that can be
applied on an ensemble of snapshots extracted from a MD simulation. As stated
previously, the main aim of the MD simulation study performed on the ZM241385-Aza
complex was to investigate the main receptor rearrangements occurring upon ligand
binding. In this scenario, the clustering approach represented a useful technique to
analyze the MD trajectory because it allows to examine a number of different receptor
conformation and to evaluate the statistical relevance of their structural deviations, as it
permits to assess if two conformations are truly different from a structural point of view.
Thus, the aim of the trajectory clustering was to identify a manageable number of
structurally diverse receptor conformation, characterized by a different arrangements of
key structural elements.

Ptraj incorporates different statistical parameters to evaluate the quality of the clustering
process, as well as the optimal number of clusters recognized in whole ensemble of
structures (for a review of the use of these parameters see ref. 407). Two main parameters
have been monitored during clustering analysis: the Davies-Bouldin index (DBI) and the
pseudo-F statistic (pSF). DBI is mainly used to evaluate the compactness of identified
clusters:*%4% this parameter tends to decrease if the recognized clusters are well-

separated from each other. On the other hand, the pSF metric is proportional to the ratio
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between SSR and SSE, where SSR and SSE are the explained and residual variations
calculated on the distribution of RMSD values:*'° thus, the pSF tends to increases as a
consequence of a better clustering procedure.

Another additional parameter useful to evaluate the clustering performance is the so-called
critical distance, that is simply the distance between clusters that were just merged or split
(depending on the employed algorithm): a steep variation in the critical distance is often
seen when the optimal number of clusters is reached.

Taken together, these information indicate that, in an ideal situation, the optimal number of
clusters could be recognized by a peak of the pSF metric, a minimum value of DBl and a
steep increase (or decrease) of the critical distance. However, the identification of the
optimal number of clusters is often not straightforward, due to the lack of an “ideal” trend
for these three parameters. In this case one could first consider a manageable number of
clusters (e.g. 10-12) and then evaluate the presence of a common trend for pSF, DBI and
critical distance within this cluster range.

Among available clustering algorithm, the average linkage was selected for the analysis,
since several studies showed its ability in clustering different binding site conformations

obtained through MD simulations.**-#'"412413

Results of the MD simulation

A visual inspection of trajectories revealed that the overall structure of the Aoa receptor

was stable during 30 ns of MD simulation. (Figure 74, left).
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Figure 74: Left: RMSD graph calculated on TMs alpha carbons. Right: extracellular view of the starting
(transparent orange) and final (opaque blue) conformations of the A, adenosine receptor. The displacement
of the TM1 tip is represented with a magenta dashed line.

However, the RMSD graph (calculated on TM Ca carbons) did not show a clear plateau,

suggesting that the receptor structure was undertaking a conformation transition. Among
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all the seven TM segments TM1 underwent the largest displacement, showing an outward
movement of about 7 A of its the extracellular tip (Figure 74, right). Also TM6 showed high
values of RMSD during MD simulation. A visual inspection of trajectories revealed that, in
contrast to TM1, the major movement of TM6 occurred at its intracellular end. This
movement was mainly driven by the re-establishment of the “ionic lock” interaction, located
at the extracellular ends of TM3 and TM6. Indeed, the formation of the salt bridge between
Arg102°°° and Glu228°*° caused a inward relocation of the C-terminus domain of TM6 of
about 5 A. Interestingly, the “ionic lock” interaction, not present at the beginning of the MD
simulation, formed spontaneously in the first stages of the simulation: this observation
suggested, once again, the presence of a conformational equilibrium for this specific polar
interaction, between an “open” and a “closed” conformation. The dynamic behavior of this
peculiar interaction was recently investigated by microsecond-timescale MD
simulations:*'* also in this case, the formation of the Arg102%°°-Glu2285° salt bridge was

observed during the first stages of the simulation.

Figure 75: superposition of the starting (orange) and final (blue) conformations of the A, adenosine receptor
taken from the MD simulation. Residues forming the “ionic lock” interaction are represented in sticks.

The other TM domains did not undertake significant rearrangements during MD simulation:
accordingly, their RMSD graphs revealed only slight movements, with a maximum RMSD
comprised between 1 and 1.5 A (Figure 76).
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Figure 76: time evolution of the RMSD of each TM domain. RMSD was calculated on alpha carbons.

Although MD simulation did not show remarkable rearrangements of the secondary and
tertiary structures of the Aoa receptor, an interesting behavior of the co-crystallized
antagonist could be observed. To evaluate the dynamic stability of the ligand-receptor
interactions detected in the X-ray crystal structure, distances between ligand atoms and
amino acids counterparts involved in H-bond contacts were monitored during the MD

simulation.
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Figure 77: Left: ZM241385 into the Aua ligand binding site. Monitored distances are depicted with dashed
blue lines. Right: time evolution of distances d1, d2, and d3.

Interestingly, while H-bond interactions involving Asn253%°° side chain were retained for
the whole simulation, the polar interaction occurring between Glu169 side chain and the
exocyclic NH, group of the co-crystallized antagonist was lost during the first 5 ns of the
MD simulation (Figure 77, right). The disruption of this H-bond interaction brought to a
remarkable rearrangement of the ligand molecule into the binding site region. In particular,
the terminal phenol group of ZM241385 moved from its initial position to a cavity delimited
by TM1, TM2 and TM7, causing an outward shift of the C-terminus of TM1 from the TM
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bundle. Thus, the relocation of the terminal group of ZM241385 towards the tips of TM1
could explain the increased RMSD values observed for this helical segment compared to
other TM domains.

The final structure obtained from MD simulation was compared with the newly released
crystal structure of the ZM241385-A,p complex (PDB: 3PWH). Intriguingly, the
conformation of the co-crystallized antagonist resembled that obtained with the MD
simulation, with the terminal phenol group accommodated into an additional cleft delimited
by TM1, TM2 and TM7. Although in the structure extracted from the MD simulation the

TM1 segment is more shifted towards the membrane bilayer compared to the crystal

structure, these two receptor structures could be easily superposed, showing an overall
RMSD value of 3.7 A (Figure 78, left).
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Figure 78: Left: superposition of the final structure obtained from MD simulation (green carbons) and the
crystal structure of the ZM241385-A,n complex (PDB: 3PWH, orange carbons). Ligand molecules are
represented in sticks. Right: extracellular view of residues delimiting the binding site region. ZM241385 is
represented with spheres.

Looking at the main ligand-receptor interactions occurring in the binding site region of the
crystallized structure, it could be seen that Glu169 formed a H-bond contact with the NH
group present on the ethylamino chain of the ligand molecule. Similarly, also in the
structure obtained from MD simulation, Glu169-NH interaction was lost and the NH group
belonging to the ethylamino chain of ZM241385 pointed towards the Glu169 side chain.
The intrinsic instability seen for the Glu169-NH, interaction during MD simulation was
consistent with the presence of two conformations of ZM241385 into the Aza binding site
(PDB: 3EML and 3PWH). Indeed, Glu169 side chain seems to act like a “gate”, that allows
the terminal phenol group of the antagonist to assume different orientations into the
binding site region. To guarantee the relocation of the antagonist terminal moiety, this

residue has to be characterized by a high intrinsic flexibility.
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The trajectory obtained from the MD simulation was analyzed through a clustering

procedure.

Results of the cluster analysis

A cluster analysis was conducted on the MD trajectory to identify a manageable number of
structurally different receptor conformations: the analysis of these structures could lead to
identify other accessible pockets as well as additional residue counterparts that could be
targeted by newly designed Aza antagonists.

To investigate the major structural rearrangements of the ligand binding site, residues
comprised in a shell of 3 A centered on the ligand molecule were included in the analysis:
Leu167, Phe168, Glu169, Met177>%, Trp246%*, Leu249°°!, His250°°?, Asn253%°°
Met270”% and 11e274”° (Figure 79). The cluster analysis was conducted taking into
account the carbonyl carbon of the backbone along with the Ca,, C and Cy belonging to
the side chain.
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Figure 79: residues included in the clustering analysis. ZM241385 is represented with transparent spheres.

Results clearly showed a peak in the pSF metric for 2 clusters, whereas two minimum
values for DBI could be detected for a number of clusters equal to 3 and 6 (Figure 80).
Moreover, the critical distance showed steep decreases for 3 and 7 clusters. Taken
together these results suggested an optimal number of clusters comprised from 3 to 7.
Although the DBI-based selection identified 3 main clusters in the structures ensemble, the
aim of this study was to create a heterogeneous set of protein conformations as numerous

as possible, to avoid the deletion of important structural information. Thus, it was decided
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to include 6 clusters in the present analysis, corresponding to a “local” minimum of the DBI

metric.

1400
1200
1000
800
600
400
200
0 -

2
1.8
16
14
1.2

1

1 2 3 4 5 6 7 8
Number of clusters

9

10

1

O

2

3 4 5 6 7 8
Number of clusters

9

10

1.25
1.2
1.15
11
1.05
1

1

2 3 4 5 6 7 8
Number of clusters

9 10

Figure 80: graphs of pSF (left), DBI (center) and critical distance (right) as a function of the number of
clusters.

At the end of the clustering process, striking differences in cluster population could be
detected among different clusters. For example, while one cluster contained about 41% of
the receptor conformations (1020 out of 2502 snapshots), another cluster was found to be
a singleton and contained only one receptor structure.

At the end of the clustering procedure Ptraj returns two different receptor structures for
each cluster: an average structure and a representative structure. While the former is
obtained by averaging the 3D coordinates of all the receptor structures included in a
specific cluster, the latter is the structure showing the minimal sum of the squared
deviations between other receptor structures comprised the cluster and itself. Since one of
the main risks of averaging the 3D coordinates is to normalize the structural variation
between different receptor structures, the representative structures were extracted from

each cluster and subsequently used for docking studies (Figure 81).

v Trp246°4®

Figure 81: superposition of the 6 representative structures obtained from the clustering procedure.
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Docking studies on representative structures

Docking studies were performer with Glide software.?* Docking grids were centered on
the co-crystallized antagonist and both enclosing and bounding boxes were retained at
default dimensions: during grid generation, no scaling factors were applied on protein non-
polar atoms. Van der Waals radii of ligand non-polar atoms (i.e. atoms having a partial
charge lower than +0.15) were down-scaled to 0.8 during docking runs to achieve a better
ligand accommodation and to allow the generation of alternative binding modes. The
Coulomb-vdW energy potential threshold was increased to 100 kcal/mol and post-docking
minimizations were conducted for all the generated ligand conformations. 20 poses were
retained for each docking run and they were ranked according to the Emodel scoring
function.

Since xanthine derivatives represent promising therapeutic agents for the treatment of

Parkinson’s disease®'®*1°

and have been extensively investigated as important dual active
MAOB inhibitors-Aza antagonists,*'” KW-6002 and CSC were used as “probes” to evaluate
possible modifications of the main xanthine ring that could improve the binding affinity
profile. Although docking results were similar among different representative protein
structures, some striking differences could be detected. For example, in the fifth
representative structure (here the structure numbering used by Ptraj is maintained) an
upward shift of the imidazole ring of His250°%° could be detected. This relocation of
His250°°2 side chain was favored by the formation of an additional H-bond interaction with
the carbonyl group of Asn181°“? side chain (Figure 82, left). As a consequence of the
His250°-°2 shift, an accessible cavity delimited by TM5 and TM6 is formed. Docking of KW-
6002 into the fifth representative structure showed the presence of the key interaction
between Asn253°%°° and the carbonyl oxygen located at position 6 of the xanthine ring.
Interestingly, the ethyl substituent bound to position 1 of KW-6002 pointed towards the
newly formed cavity, in the proximity of His250%° (Figure 82, right). On the basis of
docking studies it could be hypothesized that bulkier substituents inserted at position 1 of
the xanthine core could be accommodated into this additional cleft, leading to an increase
in binding affinity. The presence of such a cavity could also explain, at least in part, the
increase in binding affinity seen for xanthine derivatives carrying a propargyl group at
position 1.*'8%'° Taken together, both SAR studies and MD simulations suggested the
presence of an accessible cavity located in the proximity of position 1 of the xanthine ring.
Also the newly released crystal structure of the XAC-Aza complex (PDB: 3REY) revealed

the presence of an accessible cavity located between TM5 and TM6, which is able to
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accommodate the 1-propryl group of the co-crystallized antagonist: however, this cavity is
slightly shifted towards Met177°% compared to that found in the MD simulation. Although it
cannot be excluded that the cavity present in the fifth representative structure might be an
artifact of the MD simulation, it could be also hypothesized that the orientation of the 1-
propyl group of XAC is due to the peculiar substituent bound to position 8 of the
antagonist: indeed, the 8-phenyl group lays on the extracellular tip of TM7 and could act as
a lever, shifting the xanthine ring towards TM3 and ECL2.

 Asn253°5°
s Asn253%%

His2506'52}‘“

Figure 82: Left: superposition of the starting conformations of the MD simulation (transparent) and the fifth
representative structure (opaque). The accessible cavity between TM5 and TM6 is represented with a white
surface and ZM241385 is depicted with green carbons. Right: best docking pose obtained for KW-6002
(yellow carbons) in the fifth representative structure. ZM241385 is depicted with green transparent carbons.
Also in this case the additional cavity is represented with a white surface.

A significant protein rearrangement could be also observed in the first representative
structure. In this receptor conformation, the terminal phenol group of ZM241385 was
accommodated in a cleft formed by TM1, TM2 and TM7, forming an OH-=n interaction with
Tyr2717° side chain. The terminal phenethyl chain of ZM241385 was further stabilized by
additional hydrophobic interactions with Ser672%° and Met270”%°. This specific ligand
conformation resembled that observed in the newly released crystal structure of the
ZM241385-Axa complex, in which the phenylalkyl chain of the co-crystallized antagonist is
inserted in a cleft formed by Ser67%°, Tyr271”¢ and 11e274°. Docking of KW-6002 and
CSC within the first representative structure showed the proposed orientation of xanthine
derivatives, with the xanthine ring located at the bottom of the binding site region and the
lipophilic chain extended towards the extracellular portion of the receptor. Interestingly,

3%°° was preserved, the terminal lipophilic chains of

while the key interaction with Asn25
KW-6002 and CSC tended to occupy the additional cavity delimited by TM1, TM2 and

TM?7, in the proximity of Tyr2717-%. In particular, in the best docking poses of both xanthine
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derivatives the meta-chloro and meta-methoxy groups bound to the terminal phenyl ring
faced the additional cavity entrance. In this scenario, the insertion of bulkier lipophilic (or
polar) functionalities at position meta could be used to target a wider pattern of amino
acids delimiting the small crevice (e.g. Tyr2717® and Ser67%%°), leading to an increase in
ligand binding affinity.

Asn2535% Asn2538%

Tyr2717% Tyr2717%

Figure 83: Left: superposition of the starting conformation of the MD simulation (transparent) and the fisrt
representative structure (opaque). ZM241385 is represented with green carbons. Right: superposition of the
best docking poses obtained for KW-6002 (yellow carbons) and CSC (cyan carbons) into the first
representative structure. The co-crystallized pose of ZM241385 (PDB: 3PWH) is depicted with green
transparent carbons.

MD simulations of triazolyl-purines

Two triazolyl-purine derivatives, namely compounds 7 and 8, have been already
investigated by means of docking studies.
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Figure 84: docking poses obtained for compounds 7 (green carbons) and 8 (yellow carbons) into the Aga
receptor binding site. Co-crystallized pose of ZM241385 (PDB: 3EML) is represented with transparent
orange carbons.
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The best docking poses obtained for these compounds into the A.a receptor binding site
shared a similar orientation compared to the co-crystallized antagonist, in which Glu169
side chain preferably interacted with the exocyclic NH, group of the antagonist and
Asn253%°° formed H-bond interactions with both the purine and the triazolyl ring.

In the best docking pose obtained for compound 7, the terminal phenethyl chain was bent
toward the TM bundle: since this pose disrupted the highly hydrated cleft found in the Aza
receptor structure, it was discarded from the analysis. Conversely, the second best pose
showing an orientation of the terminal group similar to that observed in the co-crystallized
pose of ZM241385 (PDB: 3EML) was selected for MD simulation. The final docking poses
of compounds 7 and 8 used for the MD simulations are depicted in Figure 84.

Resulting complexes were then prepared using the same protocol applied for ZM241385.
In brief, water molecules comprised in a shell of 15 A centered on ZM241385 were
reintroduced and their orientation was optimized through a Monte Carlo sampling. Finally,
resulting ligand-receptor complexes were energy-minimized applying a restrained
geometrical optimization, setting a maximum RMSD of 0.3 A as convergence criterion.
OPLS2005 was used as force field.

The same settings applied for ZM241385 were used for the equilibration and the
production phases; production phases were run for 10 ns.

Results of the MD simulations

Results obtained for MD simulations confirmed the stability of the A2a adenosine receptor
structure, even in the presence of ligands different from the co-crystallized one. The
RMSD graphs (depicted in Figure 85) reached a plateau at 1.4-1.8 A after about 6 ns of
simulation. These small geometrical fluctuations from the initial receptor structure clearly

indicated stable secondary and tertiary structures.
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Figure 85: time evolution of the RMSD of TM alpha carbons for A, receptor complexes with compounds 7
(blue) and 8 (red).
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Although both receptor structures showed a similar behavior during MD simulations,
remarkable differences could be detected in the pattern of ligand-receptor interactions
occurring at the ligand binding region. To evaluate the stability of the main ligand-receptor
contacts 3 distances were monitored during MD simulations: d1 (between the NH; nitrogen
atom and the carboxyl carbon of Glu169 side chain), d2 (between the NH; nitrogen atom

and the amide oxygen of Asn253%°°

36.55

side chain) and d3 (between the triazolyl nitrogen and

the amide nitrogen of Asn25
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Figure 86: Left: schematic representation of the distances monitored for compounds 7 and 8 during the MD
simulations. The common trazolyl-purine core is depicted with transparent green carbons. Center and right:
time evolution of distances d1 (blue), d2 (red) and d3 (green) for compounds 7 (center) 8 (right).

Figure 86 showed clear differences in the dynamic behavior of compounds 7 and 8 into the
binding site region. Indeed, while compound 7 was able to maintain key H-bond
interactions with Glu169 and Asn253%°° during the whole simulation, compound 8 showed
a high instability into the Aoa binding site. As a consequence, the main polar contact

3% side chain was lost. Also average d3

between the exocyclic NHz group and Asn25
distances strongly differed between the two triazolyl-purine derivatives: indeed,
compounds 7 and 8 showed average d3 values of 3.5 A and 4.4 A, respectively.

The different behavior of these two molecules could be rationalized considering their
terminal lipophilic groups. During MD simulation, the phenethyl chain of compound 7
shifted towards TM2 and TM7: due to this outward movement, the phenyl group was
accommodated in a pocket delimited by Ser67%%°, Leu267”** and Tyr271"¢ (Figure 87,
left). In this peculiar conformation, the phenyl ring of compound 7 formed extensive
hydrophobic interactions with neighboring residues and was sandwiched between the
extracellular tips of TM1, TM2 and TM7. In this arrangement, both the steric hindrance of
the phenyl ring and the extensive network of hydrophobic contacts concurred to the overall
stabilization the terminal phenethyl chain. Interestingly, the final conformation adopted by

the phenethyl substituent of compound 7 resembled that observed for the phenethylamino
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moiety of ZM241385 in its alternative orientation (PDB: 3PWH). Indeed, the two phenyl

rings accommodated in the same cleft, located at the extracellular interface of TM1, TM2
and TM7 (Figure 87, right).
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Figure 87: Left: superposition of the starting (transparent) and final (opaque) conformations of the MD
simulation of compound 7. The ligand molecule is represented with green carbons. Right: superposition of
the final snapshot taken from MD simulation of compound 7 (orange carbons) and the recently published X-
ray crystal structure of the ZM241385-A,, complex (blue carbons).

Compound 8 is characterized by a more flexible butyl chain bound to position 9. Due to its
high mobility, this alkyl chain could adopt different conformations into the binding site
region, accommodating in different accessible clefts. While one of these additional cavities
is located near the tips of TM1, TM2 and TM7 (Figure 88, left), trajectories revealed the
presence of another accessible volume placed near TM2 and TM3, oriented towards the
inner side of the TM bundle (Figure 88, right).

Asn253%%°

Asn253555 Tyr2717%

Tyr2717%

”62747'39 “62741%

Figure 88: Left: starting (transparent) and final (opaque) conformations taken from the MD simulation of
compound 8. Right: starting (transparent) and intermediate snapshots (opaque) extracted from the MD
trajectory of compound 8. Ligand molecule is represented with green carbons.

Interestingly, this latter pocket located between TM2 and TM3 (Figure 88, right)
corresponded to the highly hydrated volume found in the first Aoa crystal structure. Docking
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studies also showed that the same pocket could accommodate the para-chlorophenyl and
the furan substituents of compounds 5 and 6, respectively (Figure 89). Taken together,
these evidences suggested the presence of an accessible volume near TM2 and TM3:
thus, it could be hypothesized that substituents able to target this additional crevice might
lead to an increase in binging affinity.

Figure 89: superposition of docking poses of compounds 5 (yellow carbons) and 6 (green carbons) into the
Aoa receptor structure. The intermediate snapshot taken from the MD simulation of compound 8 is depicted
with orange carbons.

Conclusions

Docking studies and MD simulations performed on the Axa adenosine receptor threw light
on the ligand recognition process, as well as on the main protein rearrangements
occurring upon ligand binding. While docking studies correctly predicted the ligand-
receptor interactions for xanthine derivatives, MD simulations were able to reproduce the
alternative binding mode observed for the non-xanthine antagonist ZM241385. Moreover,
these studies suggested the presence of additional clefts in the proximity of the binding
site region: i) between TM5 and TM6 in the proximity of His250%°2 (C1 in Figure 90), ii) at
the extracellular ends of TM1, TM2 and TM7 (C2 in Figure 90) and iii) between TM3 and
TM2, in the proximity of Phe168 (C3 in Figure 90). In conclusion, computational studies
provided novel structural information, that could be exploited to either design novel

chemical entities or to optimize the scaffold of known structures.
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Figure 90: additional cavities found in the A,a adenosine receptor during the present study. Co-crystallized
pose of the antagonist ZM241385 is depicted with yellow transparent carbons.
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Therapeutic relevance

The B2 adrenergic receptor is a member of the GPCR superfamily and is activated by
endogenous catecholamines. This specific receptor subtype is mainly located in the
airways smooth muscle, epithelial cells, mast cells and type Il alveolar cells.**® The
activation of the B, adrenergic receptor brings to bronchodilatation, inhibition of the release

of pro-inflammatory mediators from activated mast cells,*?’

422

increase of beat frequency of
cilia**? and inhibition of the extravasation of plasma proteins in the airways.*?**?* For these
reasons, selective [.-adrenergic agonists are clinically used for the treatment of
respiratory diseases.*?>*? In the last decade, impressive efforts have been focused on the
discovery of “once daily” B> adrenoceptor agonists, to be used as effective agents in the

treatment of asthma and chronic obstructive pulmonary disease (COPD).*’

Receptor signalling pathways

The main intracellular signalling route that follows the B, receptor stimulation involves the
activation of the G protein subtype Gs, that brings to a subsequent activation of the
adenylyl cyclase and to an increase in intracellular cAMP concentrations. Although this
pathway represents the primary transduction mechanism exploited by the . adrenergic
receptor, several evidences suggested that this specific receptor subtype can couple with
other G protein partners as well as other target effectors. For example, it is known that
cAMP is able to activate the cAMP-dependent protein kinase (PKA): several studies
confirmed that a PKA-mediated phosphorylation of the ICL3 segment of the B, adrenergic

28 and an enhanced affinity for Gi.*?° Thus, it

receptor led to a reduced interaction with Gg
could be hypothesized that the ICL3 portion of the B, adrenergic receptor might act as a
“‘multipotential” G protein selector, whose functionality and specificity are regulated by the

PKA-mediated phosphorylation.

Available crystal structures

Nowadays, 11 X-ray crystal structures of the B, adrenergic receptor are available in the
Protein Data Bank: while 8 of them were co-crystallized with inverse agonists or
antagonists, the remainder were crystallized in the presence of agonist molecules. All the
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B2 crystal structures solved so far share a conserved arrangement of the TM bundle,
showing no remarkable dissimilarities between different crystallized receptors. As
described previously, one of the peculiar structural features of the B. receptor is
represented by the ECL2 portion. This loop region is characterized by a complex
architecture, in which the sequence spanning from the tip of TM4 and the conserved
cysteine residue is arranged in a short a-helix segment. The constrained geometry of the
ECL2 stabilizes an open conformation of the overall extracellular portion of the receptor,
facilitating the penetration of diffusible ligands from the extracellular milieu (Figure 91, left).

W B
S

Figure 91: Left: B, receptor crystal structure in complex with carazolol (PDB: 2RH1). While the ECL2 is
depicted in green, the carazolol molecule is represented with yellow spheres. The conserved disulphide
bridge linking ECL2 with TM3 is depicted with sticks. Right: schematic representation of the interaction
between Phe193 (green carbons) and carazolol (yellow carbons) into the B, receptor binding site (PDB:
2RH1) the ECL2 is represented with green cartoons.

The geometry and the position of the ECL2 segment have strong impact on the ligand
binding site shape and characteristics. Indeed, residues belonging to the ECL2 portion
form favorable interactions with both antagonist and agonist molecules into the ligand
binding site. One clear example is represented by Phe193 that protrudes into the binding
site crevice and forms edge-to-face interactions with the aromatic core present in a variety
of B2 receptor ligands (Figure 91, right).

Although the peculiar conformation of the ECL2 portion facilitates the exposure of the
ligand binding site to the solvent, no water-mediated contacts were observed within the
binding site region among all available B, receptor crystal structures.

Recent studies evidenced a crucial role of the ECL2 segment also in the receptor
activation mechanism.®" In particular, a recent NMR study on ligand-specific
conformational changes at the extracellular surface of B, receptor has shown that agonist
binding gives a weakening of the Lys305-Asp192 salt bridge, compared to what observed

with inverse agonists.®' Surprisingly, in available agonist-bound forms of the B, receptor
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this salt bridge interaction can be either formed (e.g. PDB: 3PDS) or broken (e.g. PDB:
3P0G). This discrepancy could be rationalized taking into account the different “activation
level” exhibited by B.-agonist complexes: indeed, while the Lys305-Asp192 salt bridge is
still present in the “partially” activated B, receptor structure co-crystallized with a covalent
agonist (PDB: 3PDS, Figure 92), this interaction is broken in the “full” active state of the B
receptor (PDB: 3P0G, Figure 92). However, due to the low resolution of available B.-
agonist complexes (>3 A), structural information provided by these crystal structures have
to be carefully evaluated.

Figure 92: electron density maps depicted for two P.-agonist complexes, namely 3PDS (left) and 3P0G
(right). Lys305 and Asp192 are represented with white sticks. 2Fo— Fc electron density maps contoured at
1.00.

Both the agonist- and antagonist-bound structures of the B, receptor share a similar
location of the binding site region, shifted towards the extracellular side of the TM bundle.
The ligand binding site spans from TMS and TM6 to TM3 and TM7, extending
perpendicularly respect to the helices vertical axis. Interestingly, co-crystallized agonists
and antagonists share the same binding cleft, showing a similar accommodation of
common ligand features. The ligand aromatic core is sandwiched between Val114>3® and
Phe290°%°2 and faces three serine residues placed on TM5, namely Ser203%42, Ser204°43
and Ser207°“. The ethanolamine fragment of the ligand molecule is involved in a H-bond
network with Asp113®%2 and Asn312”%°, where the first accepts H-bonds from both the

2739 acts both as a H-

protonated amine and the hydroxyl group of the ligand, while Asn31
bond acceptor and donor, with the amine nitrogen and the hydroxyl oxygen of the ligand,

respectively.
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Ser204%4

Ser203>42

Val1143%33

Figure 93: superpostion of the inverse agonist- (PDB: 2RH1, orange carbons) and agonist-bound (PDB:
3P0G, blue carbons) forms of the B, receptor. Ligands are represented with ball and sticks.

It is interesting to note that, despite the chemical diversity of co-crystallized ligands, no
remarkable structural differences were observed within the binding site region among

available B2 receptor crystal structures.

MD simulations of carmoterol-8, complexes

At the time of this study, only the inverse agonist- or antagonist-bound forms of the 3
adrenergic receptor were available: since . agonists represent the most attractive class of
compounds from a therapeutic point of view, this work tried to investigated the molecular

basis of agonist recognition by means of docking studies and MD simulations.

Figure 94: putative interactions between the P.-adrenergic agonist carmoterol and residues within the
receptor binding site, resulting from mutagenesis data. Residues (one-letter code) essential for carmoterol
binding are depicted in blue, while residues depicted in red had been pointed out from mutagenesis studies
performed with other adrenergic ligands. See text for references.

Recently, carmoterol (Figure 94, also reported as CHF-4226 or TA-2005) has emerged as

430,431

a promising compound, endowed with a long duration of action. Characteristic
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features of carmoterol are the 8-hydroxy-carbostyril nucleus and the para-methoxyphenyl
substituent on the lipophilic chain. While the first mimics the catechol group of the

endogenous agonists, the methoxyphenyl group has been found to be critical for the B.-

selectivity of the molecule.**

Mutagenesis studies*?
interacts with Ser207°*® of transmembrane (TM) 5. Also Ser204>*®, located on TM5, has

been found to be crucial for carmoterol binding, as the point mutation Ser204>**Ala brings

revealed that the 8-hydroxyl group on the carbostyril scaffold

to a 56-fold decrease in carmoterol affinity for the P, receptor.**® Several amino acids
belonging to TM7 have been shown to interact with the para-methoxyphenyl group of
carmoterol.**? In particular, Tyr308"*°Ala and 1le309"*Ala mutants showed 16-fold and 5-
fold reduction in ligand affinity, respectively. Conversely, the binding affinity of
isoproterenol, having an N-isopropyl group instead of the para-methoxyphenyl one, was
rather unaffected.*** These evidences suggest a specific orientation of carmoterol into the
binding site, with the carbostyril ring facing TM5 and the para-methoxyphenyl group
accommodated in the proximity of TM7. Further mutagenesis data, obtained from other
compounds, identified other residues that can be involved in agonist recognition. These
include: i) Ser203%*2 (TM3), an anchor point for the hydroxyl groups of catecholamines;*"®
i) Asn293%%° (TM6), known to participate to the stereospecific recognition of
norepinephrine stereoisomers;**%** iii) Asp113%32 (TM3), acting as the counterpart of the
charged nitrogen carried by endogenous amines;''%"'" iv) Asn312”%° (TM7) also
interacting with the catecholamine nitrogen.*®

Considering that the B-hydroxy-B-phenylethylamine substructure of B.-adrenergic agonists
is also shared by carmoterol, it had been proposed that all the cited residues can also
interact with this compound, as represented in Figure 94. Starting from this hypothesis,
two different binding modes have been recently proposed. In the first one, resulting from
docking studies on a rhodopsin-based receptor model, carmoterol was accommodated in
an extended conformation, spanning from TM5 to TM7 and TM2.* In the second one,
deriving from docking into a crystal structure of B, receptor, the lipophilic chain assumes a
bent conformation, with the para-methoxyphenyl group pointing toward TM6 and TM7
(Figure 95).%%’
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Figure 95: proposed binding modes for carmoterol (green carbons) into the B, receptor binding site in its
extended (panel A) and bent (panel B) conformations. Residues thought to be involved in carmoterol binding
are shown.

Asn312
Ser203

Considering that the available structures of B, receptor had been crystallized in the
presence of antagonists or inverse agonists, it is reasonable to expect a significant
induced-fit rearrangement in the protein when an agonist is docked into the binding site
with a correct pose. Large-scale movements involved in GPCR activation require a
modification of TM assembly, and significant rearrangement at the intracellular loops.
However, while a MD simulation in ns-scale is not expected to accurately reproduce TM
rearrangements, it may simulate limited modifications of the agonist-receptor complex in
the proximity of the binding site, providing an assessment of proposed binding schemes. In
this view, MD simulations starting from different agonist poses should converge to a single
stable ligand accommodation, or at least allow to discriminate between "good" and "bad"
ones. Furthermore, a proper agonist accommodation should favor some modifications of
protein conformation, consistent with experimental evidences related to receptor
activation. In fact, previous studies had reported that MD simulations are able to
discriminate among alternative docking poses, furnishing useful insights for drug
design.438’439’44°

In the present work, two series of independent, 10-ns long, MD simulations of the B>
receptor in complex with carmoterol, in an extended (hereinafter referred as conformation
A) or bent conformation (hereinafter referred as conformation B), were performed in an
explicit membrane environment. The two complexes corresponded to the best poses
resulting from a docking procedure applied to the PBo-receptor crystal structure, and
corresponded to the two binding modes previously proposed. A MD simulation with the co-
crystallized ligand carazolol was performed for comparison. Our results suggest that

carmoterol binds to P. receptor in a bent conformation, corresponding to one of the
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previously-proposed poses (conformation B),*?’

and that adaptation of the receptor to the
agonist is consistent with an event (weakening of the salt bridge between Asp192 and

Lys305) supposed to be involved in receptor activation.®"

Docking and MD protocols

Hydrogen atoms were added to the high-resolution crystal structure of B receptor-T4L
(PDB entry 2RH1),°® using Maestro 9.0.2%® All non-protein molecules were removed,
including the acetamide protecting Cys265, the palmitoyl group attached to Cys341 and
the crystallographic water molecules, except the carazolol molecule. Chain termini were
capped with neutral groups (acetyl and methylamino). All histidines were singly
protonated, all arginines and lysines were fully protonated. After deleting the T4L residues,
Modeller 9.727°2"! was used to cap the newly-exposed termini of Leu230 and Lys263 with
a bridge of 3 alanines. It was previously shown experimentally that partial removal of ICL3
results in functional protein:**' therefore, removal of the T4 during system construction for
the MD simulation was not expected to significantly alter the protein’s potential functional
properties and hence expected fluctuations.

(R,R)-carmoterol was docked with Glide 5.5°% into the B, receptor binding site. The
location of carazolol was taken as binding site for docking of carmoterol. The ligand
docking calculations were done in the standard precision mode of Glide. During the
docking process, the receptor was treated as fixed while ligand was flexible. The scaling
factor for the van der Waals radii of nonpolar atoms (those with an absolute partial charge
lower than 0.15) was set to 0.8 and the Coulomb-van der Waals energy cutoff was set to
100 kcal/mol. Initial carmoterol conformations into the P, receptor binding site were

436,437
d36,3

inferred from those previously reporte and used as reference conformations to

restrict the position of ligand heavy atoms during docking procedure. The AMBER* force

(291,202,203 7% were used to

fiel and the GB/SA water model implemented in MacroModel 9.
minimize all complexes. Partial minimization of docked complexes were performed in two
steps. First, distance constraints were applied between ligand and protein groups involved
in hydrogen bonds. These constraints were characterized by a force constant of 100
kJ/(molA?) and a distance of 2 A. All protein residues within 4 A of the ligand were allowed
for full flexibility, while position restraints of 20 kJ/(molA%) were applied to residues

between 4 to 10 A from the ligand. The rest of the atoms were retained fixed. In the
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second step of minimization only protein side chains in a 6-A proximity of the ligand
molecule were free to move. The Polak-Ribiere conjugate gradient method was used for
minimizations with a convergence threshold of 0.05 kJ/(molA).

Carmoterol and carazolol-B, receptor complexes were embedded in a POPC lipid bilayer
by aligning the receptor to the 2RH1 crystal structure deposited into the Orientations of

297 with at least 13 A between the protein and its

Protein in Membranes database (OPM),
closest periodic image. Protein-membrane systems were solvated by approximately 9200
SPC water molecules in a simulation box of approximately 80 A x 70 A x 100 A. The
Amber99SB force field®® was used to model the protein, while ligands and lipids were
parameterized using the GAFF.2% All the systems were relaxed using a modified version
of a membrane relaxation protocol implemented in the Schrodinger 2009 Suite.*'
Minimizations and molecular dynamics calculations were performed with Desmond
v22623.2% All simulations were performed in the NPT ensemble under constant pressure
of 1 atm and a temperature of 310 K, thermostated and barostated using the Langevin
method.®" All bond lengths to hydrogen atoms were constrained using M-SHAKE.3
Short-range electrostatic interactions were cut off at 9 A whereas long-range electrostatic
interactions were computed using the Particle Mesh Ewald method.*®® A RESPA

integrator®®*

was used with a timestep of 2 fs, and long-range electrostatics were
computed every 6 fs. Snapshots were saved every 12 fs, resulting in 834 structures for
each simulation. Three independent simulations were conducted for all systems using

different initial random velocity seeds.

Results

Automated docking with Glide®%

was performed to guide the placement of carmoterol
within the B2 receptor binding site. The first 10 solutions presented alternatively an
extended or a bent conformation of the ligand, corresponding to the previously reported A
and B binding modes, respectively. The top ranked poses (G-score) presented an
extended conformation of carmoterol; one of these poses, consistent with mutagenesis
data, was partially minimized and taken as the starting point for MD simulations on the so-
called "conformation A". The other family of docking poses was characterized by bent
conformations of carmoterol; one of these, allowing interaction of the ligand with the key
residues, was the starting point for simulations on the "conformation B", after partial

minimization. The two starting geometries of MD simulations are represented in Figure 95.



146 |B. adrenergic receptor

For each conformation, two series of 10-ns MD simulations were run. Each simulation was
replicated three times, starting from different random seeds for the initial velocity
distribution. Figure 96 reports the total root mean square deviations (RMSD) from the initial
structures, computed for TM a-carbons. After the first 1-2 ns, the RMSD values converged
to 1.2-1.4 A, indicating, for both complexes, overall conservation of the secondary
structure for the TM domains.
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Figure 96: RMSD plots for the MD-simulated structures of receptor-carmoterol complexes calculated for [1-
carbons of TM regions. Conformation A (left) and B (right). Purple line: simulation 1; green line: simulation 2;
orange line: simulation 3.

However, the dynamic behavior of carmoterol was different in the two systems, with
conformation A being significantly less stable than conformation B. For conformation A,
during MD simulations the carbostyril ring shifted considerably from its initial position
(Figure 97, left).

' Ser203

\
Asp113 ‘
Ser207 Ser207

Figure 97: Left: starting (transparent) and final (opaque) conformation of carmoterol (green carbons)
obtained with MD simulation of conformation A. Right: starting (transparent) and final (opaque) conformation
of carmoterol (green carbons) obtained from MD simulation of conformation B.

Asp113

In fact, during the early stages of the simulations, hydrogen bond interactions with
Ser203°*? and Ser204>** were lost. Time-averaged distances between Ser203°* or
Ser204%% hydroxyl oxygens and the carboxylic oxygen of carmoterol were 6.10 + 0.73 A
and 4.65 + 0.83 A, respectively. The H-bond between the 8-hydroxyl group of carmoterol
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and Ser207°“® resulted more stable, as indicated by the O-O average distance of 3.25 +
0.45 A. In its starting conformation, carmoterol also interacted with the amide group of
Asn293%%° through its aliphatic hydroxyl group. A rearrangement from the anticlinal to a
gauche orientation of the C-CH-CH2-N dihedral angle, occurring during the early stages of
the simulations, caused a reorientation of the hydroxyl group towards TM3, with loss of the
H-bond interaction with Asn293%%°. On the other hand, the methoxyphenyl substituent
showed little displacement from its starting accommodation, probably due to a H-bond
interaction between the methoxy group and the indole ring of Trp3137%°, located on TM7
(not shown in Figure 97). This behavior was observed in all the three independent
simulations.

Conversely, MD simulations for conformation B showed remarkable conservation of the H-
bond network between the carbostyril ring of carmoterol and the serines on TM5 (Figure
97, right). The average distance between Ser203°*? hydroxyl oxygen and the amide
nitrogen of carmoterol was 3.18 + 0.23 A. The distance between the oxygen atom of
Ser207°“¢ and that of the 8-hydroxyl group of carmoterol was 2.90 + 0.18 A, indicative of a
stable H-bond interaction. During the simulation, a rotation around %1 of the Asn293%°°
side chain, was observed, leading to a re-orientation of the side chain toward TM5. This
led to the formation of an extensive hydrogen bonding network, with Asn293%° bridging
between the side chain of Ser204>*® and the carbonyl oxygen of carmoterol. The
ethanolamine fragment of carmoterol was involved in a H-bond network with Asp113332
and Asn3127% where the first accepts H-bonds from both the protonated amine and the
hydroxyl group of the ligand, while Asn312”% acts both as a H-bond acceptor and donor,
with the amine nitrogen and the hydroxyl oxygen of carmoterol, respectively. During the
early stage of the calculation, a slight rotation about carmoterol N-CH bond was observed.
Due to this movement, the methoxyphenyl substituent moved toward Tyr308”° and
1le3097¢ on TM7, reaching a stable accommodation. Similar outcomes were observed for
the three independent simulations of conformation B.

A closer inspection of carmoterol binding site and its neighboring residues revealed critical
structural differences between MD simulations for A and B conformations. The most
relevant difference between the two complexes was observed at the receptor extracellular
domain, where a salt bridge between Asp192 and Lys305 connects the ECL2 to ECLS.
Several breaks of this salt bridge were observed in the simulations with conformation B.
The average distances between the e-N atom of lysine and the carboxyl carbon of aspartic
acid (N-C distance) were 3.89 + 1.03 A, 3.56 + 0.54 A and 3.55 + 0.43 A for the three
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simulations, respectively. Interestingly, no such movements were observed during the MD
simulations of conformation A, where the salt bridge was conserved through the entire
trajectory, with average N-C distances of 3.37 + 0.22 A, 3.44 + 0.23 A and 3.40 + 0.27 A
(Figure 98).
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Figure 98: time series of N-C distance for Lys305-Asp192, monitored during MD simulation of B, receptor-
ligand complexes: left: carazolol; center: carmoterol, conformation A; right: carmoterol, conformation B.
Purple line: simulation 1; green line: simulation 2; orange line, simulation 3.

Visual inspection of MD trajectories showed that, in the B orientation, carmoterol tends to

weaken the Lys305-Asp192 salt bridge by steric interference with the methoxyphenyl

moiety. During the last two ns of one of the three simulation, the N-C distance increased

from that of the B, receptor crystal structure (4.2 A) to 8-9 A, which is consistent with the

disruption of the geometrical criteria for a salt bridge, as recently defined by Kumar and

Nussinov.**34** To better analyze the occurrence of Lys305-Asp192 salt bridge

disruptions, we prolonged to 100 ns a simulation of conformation B. As depicted in Figure

99, although the salt bridge is maintained during most of the simulation time, several

breaks occurred during the trajectory. This confirms that this agonist-induced weakening of

the salt bridge is not an event occurring only during the equilibration of the system, in the
first nanoseconds.
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Figure 99: RMSD values (blue) for the 100-ns simulation of B, receptor-carmoterol complex in conformation
B, calculated over TM a-carbons (left y-axis). N-C distance values for Lys305-Asp192 are reported in orange
(right y-axis). The black horizontal line indicates the N-C distance observed in the B, receptor-carazolol
crystal structure 2RH1. The black bars indicate disruptions of Lys305-Asp192 salt bridge.
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Remarkably, a recent NMR study on ligand-specific conformational changes at the
extracellular surface of B, receptor has shown that agonist binding gives a weakening of
the Lys305-Asp192 salt bridge, compared to what observed with inverse agonists.”’

For comparison, MD simulations were also performed for the B, receptor crystal structure
in complex with carazolol. Three 10-ns simulations showed a stable complex (RMSD on
TM a-carbons of 1.35 + 0.26 A, 1.00 + 0.13 A and 1.38 + 0.22 A), with a stable
arrangement of carazolol within its binding site (all the polar interactions between ligand
and receptor were conserved). Moreover, the salt bridge between Lys305 and Asp192 was
conserved throughout the simulations, with average N-C distances of 3.43 + 0.25 A, 3.40 +
0.24 A and 3.41 £ 0.25 A.

The binding mode obtained at the end of the MD simulations of conformation B was
compared to the recent crystal structure of the By adrenergic receptor in complex with
carmoterol (PDB: 2Y02). Interestingly, the two binding modes were almost identical,
showing a similar orientation of the ligand functional groups: indeed, while the carbostyril
ring of carmoterol formed extensive polar interactions with conserved serines on TM5, the
terminal methoxyphenyl moiety was sandwiched between the side chains of residues
located at positions 7.35 and 7.36. A closer inspection revealed that also the orientation of

residues delimiting the binding site region was predicted with good accuracy (Figure 100).
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Figure 100: superposition of the last frame of simulation 1 conducted for conformation B of carmoterol (blue
carbons) with the co-crystallized pose of carmoterol within the B, adrenergic receptor (PDB: 2Y02, orange
carbons). Left: carmoterol molecules are represented with sticks. Right: view of residues delimiting the
binding site region: while carmoterol molecules are depicted with transparent spheres, residues surrounding

the binding site are shown with sticks. Residues are numbered according to the Ballesteros numbering
scheme.
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Conclusions

Here we report molecular dynamics simulations on membrane-embedded B2 receptor in
complex with the agonist carmoterol. Starting from two docking poses, corresponding to
the two previously proposed binding modes of this ligand, we observed different evolutions
of the MD trajectories. For the pose with an extended conformation of carmoterol (A), we
observed substantial loss of the interactions initially taken by the carbostyril moiety with
the serine residues, which had been suggested to be critical for agonist recognition by
mutagenesis data. Moreover, in this case no remarkable alteration of the extracellular
loops was observed. Conversely, starting from a bent conformation of carmoterol (B), MD
shows mutual arrangements of ligand and receptor, resulting in stable interactions with key
amino acids and in weakening of a salt bridge between Asp192 and Lys305. The
disruption of this salt bridge, connecting ECL2 and ECL3, has been recently recognized by
NMR data as involved in receptor binding with agonists. Consistently, MD simulations on
the complex crystallized with the inverse agonist carazolol showed stable ligand receptor
interactions and no weakening of the Asp192-Lys305 salt bridge.

Although the nanosecond time scale of these MD simulations was certainly not sufficient
for capturing the slow transition to the active receptor conformation, our study provides
new insights into the molecular basis of carmoterol recognition process, showing
conformational coupling between the extracellular motifs and the orthosteric binding site of
B> receptor. More interestingly, results retrieved from MD simulations were in good
agreement with the recently published Bi-carmoterol crystal structure, showing an almost
identical orientation of the ligand into the receptor binding site.

The stable orientation found for carmoterol, as well as indications given by MD

simulations, can be used in the structure-based design of new B.-adrenergic agonists.
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Therapeutic relevance

Identified for the first time in 1983,**® the histamine Hgz receptors are mainly located in the
central nervous system. They are primarily distributed in the presynaptic regions and they
modulate the biosynthesis and the release of histamine through a negative feed-back
mechanism.**® Beside their role in the histaminergic transmission, Hs receptors can act
also on non-histaminergic neurons, influencing the release of different neurotransmitters,

7 448,449 0 and alcetylcholine.451 Several

such as dopamine,**’ norepinephrine, serotonin®
experimental evidences showed that the administration of Hz antagonists in the central
nervous system causes an increase of neurotransmitters concentrations, leading to an
improvement of cognition and attention in animal models.****®* Due to this reason, Hs
antagonists have been proposed as attractive therapeutics for the treatment of cognitive
disorders, (e.g. Parkinson’s and Alzheimer’s diseases) as well as for other pathological

conditions, including narcolepsy, obesity and epilepsy. *>#4°°:4°6:457.458

Receptor signalling pathways

The H3 histamine receptor is mainly coupled to the G protein subtype G..****° The Hs-
mediated activation of the G; protein brings to an inactivation of the adenylyl cyclase and a
consequent decrease in cCAMP levels. Beside the adenylyl cyclase pathway, the G; protein
can activate other downstream effectors, such as the mitogen-activated protein kinase
(MAPK)*'462 and the phosphatidylinositol 3-kinase (PI3K). The signal transduction
pathway of the Hs receptor might also cause the activation of the phospholipase A2 (that

463

causes an increase of arachidonic acid concentration),”™ the decrease of intracellular

calcium concentration*®*“% and the inhibition of the Na*/H* exchanger.*%®

Computational studies on novel dibasic H; receptor antagonists

A series of non-imidazole dibasic Hs-antagonists carrying a biphenyl scaffold has been
recently characterized.*®”*®® The compound showing the highest potency within this series
(compound 1, Figure 101) was characterized by subnanomolar affinities for both human
and rat Hs receptors (human Hs pKi = 9.47, rat Hz pK = 8.92). A rhodopsin-based
homology model of the rat Hs receptor, showed two possible accommodations for

compound 1 in the receptor binding site. In the “horizontal” orientation, compound 1 is
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accommodated perpendicular to the helix bundle, occupying the typical orthosteric binding
site identified in class A GPCRs. In this orientation, the piperidine nitrogens form ionic
interactions with both Asp114°32 and Glu206°“¢. Mutagenesis studies conducted on these
two residues to investigate the binding mode of histamine, indicated that while Asp114332

preferably interacted with the histamine basic nitrogen, Glu206°*°

represented the
imidazole ring counterpart. On the contrary, in the “vertical” arrangement, compound 1 lays
in a cavity parallel to the transmembrane domains, delimited by TM1, TM2 and TM7. In
this alternative orientation, the two basic nitrogens interact with Asp114%*? and Asn404’*:
this latter residue is located on the intracellular portion of the TM7, in the proximity of the
conserved Trp371548,
\N 0\/\/"0
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Figure 101: structures of compound 1 and of three dibasic H; antagonists carrying a lipophilic side chain.

The presence of these two cavities into the Hs receptor homology model has been already
investigated by other modeling studies, which provided “horizontal” and “vertical’ poses for
a number of different Hs antagonists.*6®470471472473 | this scenario it could be speculated
that, due to the existence of two perpendicular pockets into the Hs receptor, dibasic Hs
antagonists carrying a suitable side chain could simultaneously occupy both cavities,
forming addtional favorable interactions within the Hs receptor binding site. This hypothesis
is further supported by some recent examples of novel Hs antagonists, characterized by a
lipophilic side chain connected to a dibasic scaffold (Figure 101).47447547¢

Therefore, to evaluate the impact of an additional lipophilic chain on the biphenyl scaffold,

a new series of derivatives has been characterized.*””
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Conformational analysis

Novel dibasic Hs-antagonists carrying an additional lipophilic chain have been synthesized
as mixtures of two diastereoisomers.*”” Since only the configuration of one chiral center
was determined (i.e. C2 within the 2-methylpyrrolidin substituent), the complete
assignment of their absolute configuration was attained combining NMR experiments and
computational studies. With the aim to define an unambiguous rule to assign the correct
stereochemical configuration based on their NMR spectra, this study focused on two
intermediate structures, namely compounds 2a and 2b (Figure 102), lacking the second
cyclic amine which gave NMR signals overlapping the interesting region. ldentification of
the two diasteroisomers for this model compound allowed the assignment of correct

Ho

Compounds 2a and 2b

configuration to target compounds in the series.

Figure 102: compounds selected for the conformational analysis.

Protocol

Molecular modeling studies were performed with Macromodel 9.8.*”® Starting
conformations of (S,R) and (R, R) isomers of {4’-[1-(2-methylpyrrolidin-1-yl)pentyl]biphenyl-

47
d,*®

4-yl}methanol (Figure 103) were energy-minimized applying the MM3 force fiel setting

a convergence criterion of 0.05 kJ/(molA).

Hsa, 2 Hsa, 2

d 3 d 3
Hsp, 2 Hsp, 2
12 NP 2 NP
OO OO
HO Hg ¥—¢ HO He X0
H;, Hzxp Hz, Hzp

(S,R)-isomer (R,R)-isomer

74: C2-N-C6-C11
7,: N-C6-C7-C8
Figure 103: compounds selected for the SD simulations. Protons are marked “a” or “b” according to their

relative position with respect to the pyrrolidine plane: while protons “a” lay below the ring plane, protons “b”
are placed above the plane.
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Stochastic dynamics (SD) simulations were run using the GB/SA implicit-solvation
model*®® for chloroform, with the MM3 force field. Equilibration and production phases
were run for 1000 ps and 1 ps, respectively. SD were conducted to a temperature of 298
K, applying a time step of 1 fs. Snapshots were collected every 100 ps, resulting in 10000
structures for each SD simulation. SD has already proved to reproduce the conformational
equilibrium of small molecules in solution, applying an implicit-solvation model for
chloroform313:314:315316317.318.319 54 5ling constants were calculated with Maestro 9.1,%®"

applying the Karplus equation.®?°

Results

The conformational analysis of (S,R) and (R,R) isomers showed remarkable differences in
the dynamic behavior of both the butyl chain and the pyrrolidine ring. The time evolution of
the 1 dihedral angle for the (S,R)-isomer revealed that the pyrrolidine ring adopted one
preferred orientation (11 = 300°in Figure 104), in which the methyl substituent is located in

the proximity of the benzylic hydrogen H6.
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Figure 104: time evolution of dihedral angles 1, for the (S,R)-isomer. Representative conformations with t; =

300° and 1, = 180° (left) or 1, = 300° (right) are depicted with green carbons. Only the H6 is represented for
clarity.
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Figure 105: time evolution of dihedral angles t, for the (R,R)-isomer. Representative conformations with t; =
60° (light) and t; = 180° (left) are depicted with yellow carbons. Only the H6 is represented for clarity.
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Conversely, SD simulation of the (R,R)-isomer showed rapid interconversions of the
pyrrolidine ring between two orientations (71 = 60° and 180° in Figure 105): while in the
former (t4 = 60°), the methyl substituent points toward the biphenyl scaffold (Figure 105,
right), in the latter (t1 = 180°) the methyl lays in the proximity of the benzylic hydrogen H6
(Figure 105, left).

Time evolution of the dihedral angle 1> showed the presence of two preferred orientations
for the butyl chain of the (S,R)-isomer (12 = 180° and 1> = 300°, Figure 106), with the first
rotatable bond arranged in anti or gauche conformation. Conversely, during SD simulation
of the (R,R)-isomer the butyl chain retained an almost fixed orientation, with > = 180°
(Figure 106): only a limited number of snapshots (~ 9%) showed a different alkyl chain

orientation, characterized by a 1, value around 60°.
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Figure 106: time evolution of dihedral angles 1, for the (S,R)- (left) and the (R, R)-isomer (right).

NMR data for compounds 2a is in agreement with SD results obtained for the (S,R)-
isomer. The preferred orientation of the pyrrolidine ring seen in the SD simulation is
supported by the presence of significant NOE signals between the ortho-aromatic protons
(H12) and H2a, H5a, H5b and CHj; protons: on the contrary, no detectable signals were
found between H12 and H3a, H3b, H4a and H4b. Accordingly, calculated average
distances between H12 and H5a, H5b and CHjs protons are 2.81 A, 3.26 A and 3.07 A,
respectively (for the methyl group the average minimum distance between CHj; protons
and H12 was considered). Proton-proton coupling constants obtained for the butyl chain of
compound 2a are consistent with the presence of two favored orientations: indeed, both
Juza-vs @nd Juzp-ne values can be considered as a combination of anti and gauche
arrangements (Table 3).

Also in the case of the (R,R)-isomer, results obtained from the SD simulation are in good

agreement with the NMR data for compound 2b. The preferred conformation found for the
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butyl chain in the SD simulation is consistent with i) the gauche and anti values assumed
by Jn7a-ne @and Juzp-He, respectively; ii) the presence of a significant NOE signal between
H12 and H7b, but not between H12 and H7a. The rotation of the pyrrolidine ring seen
during the SD simulation of the (R,R)-isomer is also consistent with a number of weak
NOE signals detected from H12, H7a and H7b to the pyrrolidine protons of compound 2b.
In Table 3 are listed 3J values obtained from SD simulations of (S,R) and (R,R) isomers
and NMR spectra of compounds 2a and 2b: as could be observed, °J values calculated for
the (S,R) and (R,R) isomers showed good agreement with 3J values measured for
compounds 2a and 2b, respectively. In addition, the assignment (S,R)-compound 2a and
(R,R)-compound 2b was also confirmed by the different & values obtained for both H2a
(more shielded in compound 2a) and CH; (more shielded in compound 2b) protons.
Indeed, in the majority of conformations observed for the (S,R)-isomer the H2a proton laid
above the plane of the phenyl ring (Figure 104): conversely, in one of the two preferred
conformations of the pyrrolidine ring of the (R,R)-isomer the methyl group pointed above
the phenyl ring (Figure 105).
(S,R)-isomer (compound 2a) (R,R)-isomer (compound 2b)

Coupling constant  Measured Calculated Measured Calculated
Ho-Hsa 6.6 7.1 - -
Hz>-Hap 6.6 7.5 - -
Hsb-Haa 3.0 3.2 - -
Hsp-Hap 8.4 8.3 - -
H7a-He 6.0 6.8 3.6 4.6
Hzb-He 9.6 7.3 10.8 10.0

Table 3: coupling constants (Hz) observed for compounds 2a and 2b and calculated for (S,R) and (R,R)
isomers.

For all the newly synthesized compounds, while one isomer showed NMR features similar
to those of compound 2a (e.g. closer Ju7a-He and Juzo-He, Shielded H2a proton) the second
one showed a spectrum resembling that of compound 2b (e.g. distinct Ju7a-1s and Ju7o-He,
shielded methyl group). Thus, the combination of SD simulations and experimental NMR
data allowed the assignment of the correct configuration to all the compounds in the
series, based on peculiar differences observed within each diastereomeric couple.
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Homology modeling of the H; histamine receptor

To evaluate the accommodation of novel dibasic compounds into the Hs receptor binding
site, a homology model of the human Hs histamine receptor was built starting from the

newly released crystal structure of the Hy histamine receptor.

Receptor model building and refinement

Considering their whole amino acid sequences, H; and Hs histamine receptors are
characterized by 21% identity and 43% homology. Although homology-models should be

considered as heuristic, previously published Hsz receptor models showed good

performances in virtual screening campaigns*”’

2

as well as in reproducing SARs of
antagonist molecules,*®® even if they were constructed from templates having lower
sequence similarity. TM domains of Hy and H3 receptors are characterized by 36% identity
and 68% homology of residues, sharing some crucial amino acids involved in ligand
stabilization. For example, the conserved aspartic acid located at position 3.33 in the H;
crystal structure (Asp107%%) interacts with the basic group of the co-crystallized ligand
(doxepin). Asn198°* located on TM5 of the H; receptor, is thought to be the counterpart

483

for the imidazole ring of the histamine molecule:™" interstingly, this residue does not form

interactions with doxepin in the Hy receptor crystal structure. The corresponding amino

6°%: mutagenesis studies

acid located at position 5.46 in the Hs receptor is Glu20
highlighted the importance of this amino acid for histamine and (R)-a-methylhistamine
binding.*®* A pattern of amino acids delimiting the ligand binding site in the Hy receptor
were found to be conserved in the Hs receptor, inclusing Tyr108%3® on TM3, Trp4285“¢ on

TM6 (belonging to the CWXP motif), Thr112%%”, Phe199°*’ Phe424%** and Tyr431%°',

<

ECL2 | )
7N N \
¥,/ X i
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— - »/ t\

Figure 107: x-ray crystal structure of the H1 histamine receptor. TM3, TM6 and the ECL3 portions are
depicted with green, orange and blue cartoon, respectively. Residues forming the two disulphide bridges
linking ECL2 with TM3 and ECL3 with TM6 are depicted in sticks.
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The H; histamine receptor crystal structure (PDB: 3RZE)®® was retrieved from the Protein
Data Bank.”* The amino acid sequence of the human Hs receptor (UniProt ID: Q9Y5N1)
was retrieved from the Universal Protein Resource.?*”?%® ClustalW?*® was employed to
build an initial sequence alignment: a following alignment optimization was carried out
taking into account conserved common motifs of class A GPCRs.'*'®* Moreover, a
characteristic disulfide bridge connecting the ECL3 to the tip of TM6 in the Hy receptor
crystal structure was taken into account during the optimization of the sequence alignment
(Figure 107).

H1 28 MPLVVVLSTICLVTVGLNLLVLYAVRSERKLHTVGNLYIVSLS 70
H3 35 AVLAALMALLIVATVLGNALVMLAFVADSSLRTQNNFFLLNLA 77
H1 71 VADLIVGAVVMPMNILYLLMSKWSLGRPLCLFWLSMDYVASTA 113
H3 78 ISDFLVGAFCIPLYVPYVLTGRWIFGRGLCKLWLVVDYLLCTS 120

H1 114 SIFSVFILCIDRYRSVQQPLRYLKYR-TKTRASATILGAWFLS 155
H3 121 SAFNIVLISYDRFLSVTRAVSYRAQQGDTRRAVRKMLLVWVLA 163

H1 156 FLWVIP-ILGWNH-——-——— RREDKCETDFYDVIWFKVMTAITI 197
H3 164 FLLYGPAILSWEYLSGGSSIP-EGHCYAEFFYNWYFLITASTL 205

H1 198 NFYLPTLLMLWFYAKIYKAVRQHC---LHMNRERKAAKQLGFI 420
H3 206 EFFTPFLSVTFFNLSIYLNIQRRT---FRLSRDRKVAKSLAVI 363

H1 421 MAAFILCWIPYFIFFMVIAFCK-NCCNEHLHMFTIWLGYINST 462
H3 364 VSIFGLCWAPYTLLMIIRAACHGHCVPDYWYETSFWLLWANSA 406

H1 463 LNPLIYPLCNENFKKTFKRILHI 485
H3 407 VNPVLYPLCHHSFRRAFTKLLCP 429

Figure 108: sequence alignment between human H, and H; receptor sequences. While the TM sequences of
the H, receptor are shaded, highly conserved residues in class A GPCRs are shown in bold.

As seen for other GPCR crystal structures, also in the Hy histamine receptor the deletion
of the ICL3 segment and the subsequent introduction of the T4-lysozyme fragment were
employed to increase the receptor stability during the crystallization phase. Since no
structural information were available for the ICL3 portion, the corresponding fragment of
the Hs receptor was not modeled: thus, Thr229 at the extracellular end of TM5 was directly
linked to Phe348 belonging to the C-terminus of ICL3. This modeling procedure should not
impact docking studies, since the binding pocket of the Hs receptor is located more than
30 A far from the ICL3 domain. The final alignment is reported in Figure 108.

Modeller 9.727%2"" was used for the comparative modeling procedure. Thirty Hs receptor
models were initially built using the alignment shown in Figure 108: the stereochemical
quality of resulting models was assessed employing Procheck®®? as well as the Protein
Report application of Maestro 9.1.%%" The best Hs receptor model was chosen according to
the quality of geometrical parameters and to the objective function implemented in the
Modeller software. Available GPCR crystal structures evidenced a key role of the ECL2
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portion in shaping the binding site region and in ligand stabilization. Thus, an additional
refinement procedure was conducted on the terminal segment of the ECL2 (from Tyr189 to
Asn195) employing Modeller 9.7. The final Hs receptor structure was prepared with the
Protein Preparation Wizard workflow. Hydrogen atoms were added to the structure as well
as capping terminal groups (acetyl and methylamino). To relax the receptor 3D
coordinates without losing the overall secondary and tertiary structure arrangements, a

d?° while

constrained minimization was performed: OPLS2005 was employed as force fiel
a maximum RMSD of 0.3 A was set as convergence criterion. The Ramachandran plot for

the final Hz receptor model is reported in Figure 109.

Docking protocol

To better evaluate the accommodation of the addtional lipophilic side chain into the Hs
receptor binding site, compounds 3 and 4 were selected for docking studies: indeed, the

presence of a bulky lipophilic moiety could allow for a better evaluation of ligand-receptor
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Figure 109: Left: Ramachandran plot of the Hj receptor model after the refinement procedure. Center and
right: compounds used for docking studies.

Initial geometries of compounds 1 (Figure 101), 3 and 4 (Figure 109) were energy-
minimized applying the OPLS2005 force field®® to a convergence gradient of 0.05
kJ/(molA). To account for protein flexibility during docking simulations, an induced fit
docking (IFD)*®°“® protocol was applied.

During the initial docking phase, van der Waals (vdW) radii of both ligand and protein non-
polar atoms were down-scaled to 0.5. Side chains of Leu76%®, Asp80%°°, Valg3%*®,
Ser121%%, Met378°%°°, Trp402”*® and Asn408’*° were temporarily trimmed to favor a
better ligand accommodation into the binding site. Docking grids were centered on
Asp114%%2 retaining their default dimensions. A H-bond constraint was applied during the

initial docking run on Asp1143'32: in particular, the charged pyrrolidine nitrogen of
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compounds 4 and 5 was forced to take interaction with Asp114®32, Docking studies were
conducted in standard precision (SP) mode, collecting the twenty best-ranked ligand
poses for further structural refinements. Prime was then used to refine the resulting ligand-
receptor complexes. Side chains removed in the previous stage were reintroduced and all
residues located in a shell of 6.0 A centered on the ligand molecule were included in the
Prime refinement stage. The tryptophan residue belonging to the CWXP motif (Trp371°4%)
was not refined and its initial position was maintained fixed: indeed, no remarkable
conformational changes involving this specific residue are expected upon antagonist
binding. In the last docking stage, the ligand was re-docked into the induced-fit receptor
conformation using default settings (no vdW radii scaling for protein and a 0.8 scaling
factor applied on ligand non-polar atoms). Also in this stage, a H-bond constraint was
applied on Asp114%%2, Final ligand-receptor complexes were ranked using an composite
scoring function, called IFD score: this scoring method incorporates both protein-ligand
interaction energy (GScore) and the total energy of the system (Prime Energy). Receptor-
ligand complexes of compounds 3 and 4 showing the highest IFD score were subjected to
an energy minimization procedure, applying the OPLS2005 force field and setting a
convergence gradient of 0.1 kJ/(molA).

Results

Preliminary docking studies were conducted on compound 1 to search for alternative
binding poses of the ligand into the Hs receptor binding site. Results highlighted the
presence of two different binding modes of compound 1, similar to those already observed
in a previous Hgz receptor model.*®” While in one orientation (“horizontal”) compound 1 laid
perpendicular to the TM bundle and formed two salt bridge interactions with Asp114332
and Glu206°*® via its protonated nitrogens, in the second orientation (“vertical’)
compound 1 accommodated parallel to the TM bundle, in a crevice delimited by TM1, TM2
and TM7.
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Figure 110: Superposition of the best-ranked H3-compound 3 (green carbons) and H3-compound 4 (yellow
carbons) complexes obtained from the IFD. Asp114%* and Glu206°“® are represented with gray sticks.

The best docking poses of compounds 3 and 4 show an “horizontal” orientation of the
biphenyl scaffold, in which the piperidine nitrogen forms a H-bond contact with Glu206°¢
and the pyrrolidine nitrogen undertakes a H-bond interaction with the conserved
Asp1143®2: this orientation resembles the “horizontal” pose previously reported for
compound 1 (Figure 110).%¢” A n-n stacking interaction was observed between the phenyl
ring of the benzylpiperidine moiety and Tyr115%% side chain (not shown in Figure 110).
Interestingly, no interactions were detected between ligand molecules and residues
belonging to extracellular loops. The 4-methoxyphenoxypropyl chains of compounds 3 and
4 protrude into the "vertical" additional pocket delimited by TM1, TM2 and TM7. Taken
together, these results confirm that the two pockets previously identified in the Hs receptor
binding site can be simultaneously occupied by antagonist molecules. The similar docking
poses obtained for compounds 3 and 4 into the Hs receptor binding site could also explain
the lack of stereoselectivity observed throughout the series.*”” Although this binding pose
showed the highest docking score, alternative docking solutions were obtained. In one of
them, while the pyrrolidine nitrogen interacts with Asp114®3? through a H-bond, the
piperidine ring extends into the “vertical” crevice, forming favorable contacts with polar
amino acids, including Asp80%°°, Ser121%%° and Ser405"“: interestingly, this pose is
consistent with the “vertical” arrangement previously described for compound 1. Another
pose was found during docking studies, in which the two basic nitrogens exchange their
amino acid counterparts: indeed, while the pyrrolidine nitrogen interacts with Glu206°“°,
the piperidine one forms an ionic interaction with the conserved Asp114%%%; in this specific
case, the lipophilic side chain points toward the extracellular side of the receptor.

The importance of the two basic centers for ligand affinity was proved by compounds 5

and 6 (see below). These two derivatives lack one of the two basic amine fragments either
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in the proximity of the lipophilic chain or at the opposite side. Both compounds showed a
notable decrease in ligand binding affinity (pKi < 5), indicating that the presence of the two
basic group is crucial to form favorable interactions within the Hs receptor binding site.

OO OO

Compound 5 (pKi hH; = 4.89) (£)-Compound 6 (pKi hH3 = 4.87)
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Although the recent breakthroughs in the field of GPCR structural biology provided
valuable structural information, there is an overwhelming difference between the number
of available crystal structures and the number of “druggable” receptors. Despite the
extraordinary efforts made by researchers during the last decade, only 7 out of ~800
GPCRs encoded by the human genome have been crystallized so far and they all belong
to class A. Moreover, even though the recent advances in crystallization techniques led to
characterize some of the intimate functional mechanisms of the GPCR machinery at a
molecular level, recent literature showed that the optimization of such experimental
protocols requires years of work and that a “tailored” crystallization procedure could be
necessary for each receptor structure. In this scenario, an alternative approach that allows
to overcome the lack of GPCR crystal structures is needed. The availability of a receptor
3D structure is crucial to investigate the molecular basis of ligand recognition, as well as
the main receptor rearrangements that occur upon ligand binding. In drug design, the
clarification of the overall binding mechanism at a molecular level could help the design of
new ligands and suggest potential structural modifications aimed at improving the desired
properties, such as binding affinity, intrinsic activity, receptor subtype selectivity, etc.
Comparative modeling represents one of the most widely-used in silico techniques
employed to predict the three-dimensional structure of a receptor for which no structural
information is available. In this Ph.D. thesis the application of comparative modeling to
some therapeutically relevant targets is presented.

One of the main drawbacks of comparative modeling techniques found in this study was
the strong dependency of the ligand binding site shape and architecture on the template
structure. Indeed, in all the examined GPCR homology models, the starting geometry of
the binding site was not suitable to accommodate known ligands, being somehow still
tailored on the template structure. Thus, simulated annealing procedures and/or induced fit
docking had to be applied to create suitable room and to adapt the binding site shape to
ligands of the target GPCR. Unfortunately, the automatic placement of ligands into the
ligand binding site failed most of times, producing poses not consistent with available
experimental and ligand-based information, such as mutagenesis data, pharmacophore
models and structure-activity relationships. Therefore, it became clear that common
scoring functions are not suitable to identify the best docking poses and, consequently, the
best ligand-receptor complexes. For this reason, high-quality information retrieved from
literature was fundamental to guide pose selection during docking studies and to identify
the best ligand-receptor complexes.



Conclusions | 167

Inclusion of prior knowledge during homology modeling procedure and receptor structural
refinement is a crucial step in the overall workflow, since it allowes to combine structural
information derived from the available GPCRs crystal structures with receptor-specific
data, including mutagenesis studies and ligand-based information. Not surprisingly, the
use of external knowledge during homology modeling had a remarkable impact in the case
of GPCRs showing low identity/homology percentages with available crystal structures. A
clear example of this aspect is represented by melatonin receptors. In this case, “rough”
structural information derived directly from the template was misleading, selecting a ligand
accommodation not consistent with mutagenesis data. Indeed, while in the template
structure the ligand binding site spanned through TM5 to TM7, mutagenesis data for
melatonin receptors suggested a different binding site location, extending from TM4 to
TM6. Thus, a ligand-based refinement of the binding site region was performed to obtain a
binding site able to accommodate structurally different melatoninergic ligands in an
orientation consistent not only with mutagenesis studies but also with pharmacophore
models and SARs. Conversely, the 5-HT,c and the Hs receptors were built starting from
template structures that bind the same class of endogenous ligands, i.e. the endogenous
amines. Due to the high identity percentages/homologies shared by these receptors and
their templates, structural information derived from the template crystal structures
appeared suitable to identify a sound ligand binding site location.

Docking studies helped to identify alternative ligand-binding orientations into the binding
site region. In all the GPCRs investigated in this project, mutagenesis data and SARs were
used as filters during pose selection. Indeed, alternative ligand poses often showed similar
scores and the identification of a preferred binding mode was not possible. For example,
the use of such knowledge-guided filters helped to identify the correct orientation of
xanthine antagonists in the Axa adenosine receptor.

Once a pose consistent with available experimental and ligand-based information was
found, molecular dynamics (MD) simulations allowed to correctly describe the dynamic
rearrangements occurring upon ligand binding, leading to the prediction of the preferred
ligand conformation into the binding site. This was the case of the A,a antagonist
ZM241385 and of the PBo-selective agonist carmoterol. In these studies, MD simulations
were used to investigate the stability of the main ligand-receptor interactions and the main
rearrangements occurring at the protein level: results showed a significant agreement
between the co-crystallized binding mode and that predicted by MD simulations.
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Although the prediction of some specific GPCR structural elements is still challenging for
current homology-modeling protocols, an impressive amount of structural information was
recently provided by the newly released GPCR crystal structures. While in some cases the
inclusion of novel structural information was crucial for model building (e.g., the availability
of the Hy histamine receptor crystal structure to built the Hs histamine receptor model), in
other cases the structural data available for GPCRs seems to be still inadequate to build a
reliable receptor model (e.g., in the case of melatonin receptors). In this latter case, the
inclusion of prior knowledge during the homology-modeling procedure was found to be a
fundamental step to obtain receptor models able to explain structure-activity relationships.

Even though the receptor models built in this study have been submitted to only a limited
evaluation in structure-based drug design campaigns, these receptors gave fundamental
clues on the molecular basis of ligand recognition, as well on the main rearrangements
occurring upon ligand binding: all these information could be exploited in further studies to
design novel compounds with good binding affinity, for virtual screening campaigns, as
well as to suggest scaffold modifications aimed at discovering novel classes of GPCR

ligands.
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