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Abstract

The two adiponectin receptors (AdipoR1 and AdipoR2) have been implicated in glucose and lipid regulation involved
in several metabolic pathologies including type Il diabetes. Their exact biochemical functions and mechanisms remain
poorly understood. Moreover, these receptors do not yet have data on possible co-crystallized active ligands. In this study,
we applied different computational methodologies to address three main unanswered questions: first, the localization
and validation of possible binding sites; second, the generation of novel ligands with amenable characteristics to target
the receptors; and third, the determination of important chemical interactions between the ligands and the receptors.
Computational analysis of the binding site reveals that the residues triad R267, F271, and Y310 could be responsible
for changes in the spatial arrangement and geometry of the binding pocket in AdipoR1. Molecular docking results in
high docking scores of — 13.6 and — 16.5 kcal/mol for the top best ligands in AdipoR1 and AdipoR2 respectively. Finally,
molecular dynamics suggests that hydrolytic activity may be possible with these compounds and that this reaction could
be mediated by aspartic acid residues. The two adiponectin receptors have an endogenous protein ligand, adiponectin.
However the synthesis is expensive and technically challenging. Although some debatable agonists have been proposed
investigations of suitable synthetic ligands are indeed, very much needed for targeting these receptors and their associate
pathologies and metabolic pathways. Furthermore, these findings provide a framework for further biochemical investi-
gations of amenable compounds for drug discovery in order to target these receptors and their associated pathologies.
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1 Introduction

Adiponectin is an adipokine involved in several patholo-
gies associated with the regulation of glucose and the
oxidation of fatty acids [1-5]. A diminished plasma level
of the protein has been associated with increased obesity
in human studies [6, 7]. Several reports have shown the
beneficial pleiotropic activity of this protein in pathologies

including type Il diabetes, dyslipidemia, and the meta-
bolic syndrome but also in conditions of the immune
system (common variable immune deficiency, CVID) and
cancer [1, 5, 8-12]. Animal studies have shown that the
augmentation of adiponectin correlates with improved
insulin sensitivity and glucose management in mice [13,
14]. The adiponectin receptors (AdipoRs: AdipoR1 and
AdipoR2) are key components in mediating the activity
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of adiponectin [4, 14]. The two receptors belong to the
progesterone adipoQ receptor (PAQR) family in the super-
family of rhodopsin-like receptors and pumps. This family
includes seven transmembrane (7TM) G-protein-coupled
receptors (GPCRs) [15]. AdipoRs, like GPCRs, have 7TM
architecture however, they present a unique conformation
with associated distinct properties from GPCRs and other
close families [3, 4, 8, 15, 16]. Specifically, AdipoRs present
an extracellular C-terminus and a cytosolic N-terminus,
overall exhibiting a topology that is opposite to all known
GPCRs [4]. These two receptors induce the downstream
activation of distinct pathways, namely the AMPK and the
PPAR-a for AdipoR1 and AdipoR2 respectively [17]. How-
ever, this is, debatably, not exhaustive for the biochemical
routes that these receptors activate [18-21]. Further evi-
dence has highlighted their probable independent cer-
amidase activity and, at the present time, more evidence
has emerged regarding this activity in AdipoRs [9, 14, 22].

The crystal structures of the two receptors reveal a com-
mon zinc metal ion adjacent to the intracellular portion
of the proteins and an extensive internal cavity spanning
almost the full length of the proteins, from the extracellu-
lar lipid bilayer to the internal cytosolic space as depicted
in Fig. 1 [3, 14]. A probable catalytic site for ceramidase
activity has been recently characterized as a part of the
central cavity with the zinc ion implicated in modulating
free fatty acid (FFA) interactions [14, 23]. Electron density
maps of the central cavity indicate that this may be a key

Fig. 1 Adiponectin recep-
tors PDBs: 5LXG and 5LX9. a A \d
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modulating feature for molecules’accessibility to the two
receptors [14].

A third receptor, T-cadherin, exists with specific affinity
for adiponectin in smooth muscle and endothelial cells but
lacking in hepatocytes where adiponectin is most active
[25, 26]. However, the exact pathophysiological relevance
between adiponectin and T-cadherin in several patholo-
gies including diabetes remains unclear [25-28]. Due to
the different specific structure of T-cadherin and its patho-
logical relevance the analysis of this protein is out of the
scope of this paper and may be considered in our future
work.

At present, neither the co-crystallization nor bind-
ing sites localization and/or characterization has been
described. Moreover only one synthetic agonist (Adi-
poRon) has been described however, it has shown high
dissociation constant (Kd), thus a low binding affinity,
in the range of 1.8 and 3.1 uM (Kd) for adipoR1 and Adi-
poR2 respectively [29]. This presents an opportunity for
the examination of novel molecules and computational
analysis of the AdipoRs.

In the context of computational analysis, the conforma-
tional changes of at least AdipoR1 (two crystallographic
structures in open and closed conformations) suggests
that metastable conformations may occur and, there-
fore, a comprehensive approach that includes an analy-
sis of the conformational changes may be important for
ligand recognition, site identification, and validation [14,
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30]. The initial clues for possible binding pockets have
been described in the literature due to the presence of
oleic acid in the central cavity of AdipoR2 (PDB: 5LX9),
which has been used to describe the ceramidase activ-
ity of these receptors. From this initial evidence, we have
addressed three main issues regarding these receptors:
binding pocket location, binding pocket validation, and
ligand-receptor dynamics. The prediction of possible bind-
ing regions was explored by using SiteMap (Schrodinger,
LLC, NY, USA) [31-33] and intrinsic dynamic domain (IDD)-
based analysis [34, 35]. This methodology employs an elas-
tic network model (ENM) that considers its Gaussian and
anisotropic network [36, 37]. Next, we generated suitable
ligands for these receptors. The initial library of ligands was
chosen with the notion that the structural chemical space
isimmensely large and that biologically active compounds
constitute separate closed groups; thus, the analysis of
diverse compounds is more prone to produce less useful
leads than closely-related compounds [38, 39]. From an
initial set of scaffolds, more compounds were retrieved in
PubChem using manual and automated searches. Finally,
we analyzed the molecular simulations to determine pos-
sible common mechanisms of action between the ligands.
Some mechanisms of action, conserved among different
classes of proteins and hydrolytic activities regarding cera-
mides, have been proposed for AdipoR2. Here, we have
implemented MD analysis to further identify commonali-
ties that may apply to the ligands screened in this study.
Overall, the discovery of novel compounds represents
an important step in developing therapeutics toward the
amelioration of pathologies associated with adiponec-
tin and its receptors. Here, we have addressed this need
through a computationally-aided examination as an initial
platform for the characterization of the important chemi-
cal features of these receptors and their associated ligands.

2 Methods and materials
2.1 Protein preparation

The crystal structures of the adiponectin receptors were
retrieved from the Protein Data Bank (www.rcsb.org) [40]
for chains A, PDB ID: 5LXG [14] and 5LX9 [41] for AdipoR1
and AdipoR2 respectively. Both proteins were prepared
using the protein Preparation Wizard protocol available in
the Schrédinger suite (Maestro 10.4, Schrédinger, LLC) [42].
Briefly, hydrogens were added, bond orders were assigned,
and loops and side chains were filled using the Prime mod-
ule (Schrodinger, LLC) [43, 44]. Restrain minimization was
performed using Optimized Potentials for Liquid Simula-
tions (OPLS2005) force field until the RMSD reached 0.3 A
from the initial geometry in order to improve steric clashes

[45, 46]. Additionally, PDB: 3WXYV [3], A for AdipoR1 was
used and prepared structurally as stated above.

2.2 Ligands retrieval and filtering

All of the ligands were retrieved by designing initial com-
mon scaffolds considering the proposed ceramidase
activity in the presence of FFA in AdipoR2. Briefly, the
ceramidase activity takes through the hydrolysis of the
amide bond of the ceramide. Further details on these
mechanisms can be found in Vasiliauskaité-Brooks et al.
[14] regarding FFA interactions with AdipoR2, and in Airola
et al. [23] for neutral ceramidase activity. Scaffolds were
used to fit the geometry and volume adjacent to the zinc
ion. These structures were used as queries in the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) to retrieve
ligands for docking. A manual search was also performed
to retrieve additional compounds that include natural
ligand as previously reported in the literature [47].
Collectively, 21,845 ligands were filtered by Lipinski’s
rule of five (RO5), rapid elimination of swill (REQS) and pan
assay interference compounds (PAINS 1, 2, and 3) using
Canvas (Schrodinger, LLC). The resulting 20,067 (Data avail-
able at) ligands were used for molecular docking studies.

2.3 Binding pocket identification
2.3.1 Initial identification

The structures for AdipoR1 and AdipoR2 were prepared
as previously described using Maestro Protein Wizard
and then uploaded into SiteMap (Schrédinger, LLC). The
software identified the top five possible binding sites and
determined their potential druggability. Sites with a mini-
mum of 15 points were identified with a more restrictive
definition of hydrophobicity using a fine grid cropping at
4 A (for display purposes only). SiteMap generates sev-
eral physiochemical properties as described by Halgren
[31, 33]. A SiteScore value of 1.0 and above is indicative of
high druggability and this, in conjunction with Dscores,
served as a measure of hydrophobicity [31, 33, 48].
SiteMap assigns a penalty to the high hydrophilic site that
is reflected in the Dscore. Here, only the first site for both
receptors was included for further analysis. Interestingly,
the region generated by SiteMap fully accommodates
the oleic acid present in the crystallographic structures
for AdipoR2.

2.3.2 AdipoRs binding site further analysis

In order to further validate the binding region on the Adi-
poRs we applied IDD-based methodology [34]. Briefly, in
IDD, the Gaussian network model generates frequency
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modes and the one that determines the highest degree
of fluctuations is considered to be most associated with
the biological activity of the protein. The determined
slowest mode was then analyzed. The sign of the eigen-
vectors, associated with the residues, are considered as
movements in positive and negative directions. Residues
can be grouped by the same direction of motion and the
two largest groups (domains) from the opposite directions
are analyzed. The plane that best describes the separation
between the two domains is defined as the D-plane. This
plane is calculated by linear discriminant analysis, which
determines the best separation axis (D-normal plane)
between the two afore mentioned domains. Points that
represent transitions between the domains (positive and
negative direction of motion) are used for principal com-
ponents analysis. Transition points are projected on the
D-plane in order to define the D-axis. Catalytic sites have
been described as a function of the IDD [34]. Moreover, the
residues adjacent to the IDD have been shown to contain
the majority of the possible catalytic sites for enzymatic
activity [34]. More details regarding the algorithm can be
found in the literature [34, 35, 49].

2.4 Docking

The binding site was assessed for docking of the ligands
due toits large geometry and characteristics, as described
above. The selection follows the notion that large cavi-
ties with high SiteScores may predict and accommodate
ligands due to their large volume. This may also overcome
the flexibility deficiency of the receptor during docking
and present an opportunity for the initial assessment of
the ligands in the receptor-ligand complex. The docking
analysis relies on the creation of a receptor grid, which
was calculated using Glide (Schrodinger, LLC). The grids
for the two receptors were generated using Glide's default
settings. All of the ligands were prepared using LigPrep
(Schrodinger, LLC) by identifying 32 stereoisomers with
protonation states of pH 7 +2 using Epik (Schrédinger,
LLC) using the OPLS2005 as a force field. The docking was
generated initially using the standard precision (SP) pro-
tocol and the 10% ligands were further submitted for a
second round of docking using the extra precision (XP)
docking protocol in Glide. The top 1% of the ligands were
used for molecular dynamics simulations.

Finally, a recent study hypothesized that byproducts
of ceramidase activity may result in structural changes to
the receptors [14]. Although this may be similar for both
adiponectin receptors, only AdipoR1 has deposited crys-
tallographic structures in closed and open conformations.
The differences between the two structures reside in the
relatively large shift of the transmembrane domain 5 (TM5)
and intracellular loop 2. Therefore, we further analyzed the
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AdipoR1 in the closed conformation, PDB: 3WXV. The ini-
tial rigid docking produced very low Glide docking scores
below —7.3 kcal/mol (-5 kcal/mol average). Therefore, we
generated two different Glide’ grids: the first by rotation
of the hydroxyl and thiol groups for residues: C183, S187,
$219, S277,T282, and Y310; and the second by manual
adjustments of the rotamers for R267, F271, and Y310. To
further analyze the possibilities, an induced fit docking
(IFD) protocol was applied for PDB 3WXV as described by
Sherman [50]. In Maestro (Schrodinger, LLC), the param-
eters were set with a Van der Waals scaling of 0.5 for a
standard protocol of up to 20 positions and the final re-
docking was set for the SP protocol with the top 20 struc-
tures within 30 kcal/mol; all other parameters were left as
indicated by the default mode.

2.5 Molecular dynamics simulation

Simulations for both receptors were implemented consid-
ering the top 1% of the best ligand positions generated by
Glide. All of the simulations were carried out using the MD
Desmond package [51]. The crystal structures used were
PDB 5LXG and 5LX9 for AdipoR1 and AdipoR2 respec-
tively. The receptor and ligand complexes were set up in
an orthorhombic box using a buffer condition of 10 A.
The orientation of the membranes from the Orientation
of Protein in Membranes (OPM) database [52]. lons were
neutralized for the system, salt was added at a concentra-
tion of 0.15 M NaCl, and OPLS 2005 was used for the force
field [53]. Long-range electrostatic interactions were cal-
culated with the Ewald method using a cut-off of 9 A for
Van der Waals and Coulomb interactions. The simulation
was carried out in an isothermal, isobaric ensemble (NPT)
with an initial temperature of 300 °K and 1 bar of pressure.
The temperature followed the Nose—-Hoover method and
the pressure was controlled by the Martyna—-Tobias-Klein
protocol [41, 54, 55]. The simulation was set for 200 ns
and trajectories were recorded every 100 ps. The default
relaxation protocol for the system was used. Representa-
tive structures were extrapolated from the simulation at 0,
100, and 200 ns for graphical representations.

3 Results and discussion

3.1 Binding sites characterization and architecture
3.1.1 Binding sites localization

The two adiponectin receptors have a unique architec-
ture that is poorly represented in other 7TM proteins.

The central cavity, that spans almost the full length of the
protein in both receptors, presents an opening located at
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the intracellular side as represented in Fig. 2a and b. The
main differences between the two receptors (PDB: 5LXG
and 5LX9) are the transmembrane openings due to the
spatial rearrangement of the ICL2 and the shift of the TM5,
as illustrated in Fig. 2a.

The Sitemap analysis, to determine possible binding
sites, located the docking regions in the central cavity
approximately within the opening in both receptors, as
illustrated in Fig. 2b. The first possible binding site pro-
duced a SiteScore of 1.084 and 1.257 for AdipoR1 and Adi-
poR2, and a Dscore of 1.118 and 1.349 for AdipoR1 and
AdipoR2 (see SI.1); these values are associated with high
druggability [33]. These sites are located in the central
cavity of both adiponectin receptors including the region
adjacent to the zinc ion. Concerning the closed conforma-
tion of the AdipoR1 for PDB 3WXYV, the SiteMap analysis
produced high scores for the first detected site. This site
scored 1.200 and 1.247 for SiteScores and Dscores respec-
tively; however, this region is located away from the cen-
tral cavity. The second site presents a better localization

within the upper portion of the central cavity at the bilayer
interface (SiteScore 1.188 and D-Score1.289). Nevertheless,
the small volume does not seem suitable for ligand screen-
ing, generating unrealistic ligand positions and very low
scores in the order of — 5 kcal/mol. Interestingly, the mere
re-organization of the residues triad: R267, F271, and, par-
ticularly, Y310 produced better scores. The vertical conti-
nuity of the binding region gave accessibility to the middle
and lower portion of the central cavity, fitting the ligands
in a more probable region with improved binding energy
scores.

3.1.2 Binding sites by intrinsic dynamic domain analysis

Further validation of the binding sites was provided by
IDD. This type of inquiry has been used to determine
catalytic sites in enzymes, suggesting that 90% of the
sites can be found within 50% of the residues close to the
D-plane [34]. As depicted in Fig. 3, the surface of the resi-
dues within 2 A of the D-plane encapsulates the docked

Extracellular

Intracellular
AdipoR1 AdipoR1 AdipoR2
(5LXG) (3WXV) (5LX9)

Fig.2 Adiponectin receptors structures. a Surface representation
of the two AdipoRs. The two crystallographic structures for Adi-
poR1 are illustrated on the left-hand side where the TM5, TM6, and
ICL2 are highlighted in the yellow transparent surface. b Opening

between the TM5 and TM6 across AdipoRs. The positioning of TM5
and TM6 determines the overall area of the opening, illustrated in
yellow
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Fig. 3 Intrinsic dynamic domains (IDD) of the AdipoRs. a AdipoR1,
the left-hand side depicts the region covered by the closest resi-
dues to the D-plane. The top 1% of the screened ligands are shown.
The right-hand side shows the residue frequencies binned at 1 A,
the graph below show the first bin within 1 A from the D-plane.

ligands. AdipoR1, in particular, contains a region that fully
enclosed the most promising ligands. In Fig. 3, the fre-
quency of residues is depicted by binning at 1 A.The first
bin contained R267, F271, and Y310, which may be key
residues in modulation of the binding pockets in AdipoR1.
In AdipoR2, the closest residue of the triad is R278 within
1 A ofthe D-plane; the other two lie between 3 and 6 A of
the D-plane. As depicted in Fig. 3, the D-plane in AdipoR2
is located in the lower region of the central cavity in com-
parison to the AdipoR1 D-plane.

3.1.3 Binding site architecture

The analysis of the binding region for the AdipoRs
revealed differences in the geometry within the bind-
ing sites. As depicted in Fig. 4, the spatial orientation of
the three key residues (AdipoR1: R267, F271, Y310 and
AdipoR2:R278, F282, Y321) seems to be responsible for
modulation in the architecture of the binding pockets
of the two receptors. The residue Y310/321 seems to
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The triad of Arg 267, Phe 271, and Tyr 310 is within the 1 A region.
b AdipoR2 D-plane localization. The right-hand side, top graph
illustrates the residues frequencies at 1 A binning. The residues
within 1 A are further described in the bottom graph

determine the extendibility of the binding region within
the central cavity as illustrated in Fig. 4a and b.

Site volume has been associated with pocket drugga-
bility, however, exact cut-off numbers vary by report and
method [56-58]. In consideration of the foregoing the
cavity volume was analyzed using KVFinder [24]. The vol-
ume of the region present in AdipoR1 was determined
to be approximately 1000 A3 and 900 A3 for the region
in AdipoR2. These values seem to be favorable for the
druggability of the sites, as suggested by some reports
[56-58]. The values of the volume alone may only further
confirm the suitability of the binding site, rather than
determine specific differences in the receptor binding
characteristics.

Interestingly, the comparison between the open and
closed conformations of the AdipoR1 provides useful clues
regarding the key features of the receptor at its confor-
mational endpoints. Due to the two different deposited
crystallographic structures for AdipoR1, the possible bind-
ing region was analyzed by accounting for the open and
closed conformations of this receptor.
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Cc

Tyr310AdipoR1
Phe282AdipoR2

Phe271AdipoR1

Tyr321AdipoRZ

Fig.4 AdipoRs binding cavity. a Binding site of the AdipoR1 with
the residue triad delimiting the region. b AdipoR2 site with related
residue delimiters of the region, note that the binding region (grey)
is limited to the proximity of the ligand and, the entire cavity area

In AdipoR1, the rearrangement of the three key resi-
dues determines the continuity and volume of the binding
region (Fig. 5). Considering AdipoR1 in PDB 3WXV (closed
conformation), the region is divided into three separate
areas due to R267, F271, and Y310 spatial organization.
As shown in Fig. 5a—-¢, the three residues in PDB 3WXYV cut
through the cavity, generating an unsuitable region for
ligand docking. However, by introducing different rota-
tional isomers for the residues triad, the continuity of the
binding region could be restored, as illustrated in Fig. 5d.
In this case, the binding scores could be improved and
feasible positions could be generated by ligand screen-
ing. Importantly, the discontinuity and geometry of the
region did not allow for determining feasible positions for
the 3WXYV structure during ligand screening. The screen-
ing scores could only be improved by the rearrangement
of the three key residues. Interestingly, the initial dock-
ing using the 3WXV structure produced very low Glide
docking scores of approximately — 5 kcal/mol on average,
as illustrated in Fig. 5 for 3WXV. Therefore, a second grid
was generated by rotating the hydroxyl and thiol groups

is not depicted. ¢ Overlay of the two binding regions onto the two
AdipoRs. On top, the representation of the two receptors with their
associated residues; bottom, top view through the cavity with the
related residues

for residues: C183, 5187, S219, S277,T282, and Y310. The
second round of Glide docking showed better positioning
of the ligand, as illustrated in SI.2b and f with improved
Glide’s scores of —8 kcal/mol. Moreover, the PDB 3WXV
was further used for IFD, as described in the Sect. 2. Upon
relaxation of the docking region (IFD protocol), the scores
were further improved for the ligands. The binding pocket
fully accommodated the ligands and retained integral ver-
ticality, as depicted in SI.2 a and e. At the present time,
the only indication of activity inhibition is related to the
mutation of the zinc catalytic site by H191 and H202 for
AdipoR1 and AdipoR2 respectively in crude lysates [9, 14].
While computationally interesting, this observation war-
rants further experimental validation.

Finally, since no crystallographic structure for AdipoR2
in its open conformation is available, we can only specu-
late in support of the theory that both receptors may pre-
sent similar modalities related to their ability to process
substrates.
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Fig. 5 AdipoR1 binding pocket
architecture. a Left-hand side
PDB: 3WXYV, cyan, fragmenta-
tion of the cavity is depicted.
Right-hand side AdipoR1

open conformation and cavity
arrangement. b Overlay of the
two cavity conformations for
the open and closed conforma-
tions, red residue refers to PDB:
3WXV. ¢ Top view of the cavity
from open conformation, red
color residue for 3WXV.The
residues in red are depicted to
the left when they penetrate

Y Phe271

Arg267

the central area of the binding

cavity. Right-hand side: the
residues in open conformation.
d The closed conformation

of 3WXV with a relaxation of
R267, F271,and Y310. Here, the
cavity can contain the ligands
without being fragmented, as
illustrated above

3.2 Ligand docking

The compounds retrieved from PubChem were docked
for AdipoR1 (PDB: 5LXG) and AdipoR2 (PDB: 5LX9). The
top 1% of the screened ligands presented docking scores
between —13.6 and — 16.4 kcal/mol for AdipoR1 and Adi-
poR2 respectively. A selection of the top compounds is
reported in SI.3 and SI.4 for AdipoR1 and AdipoR2 (5LXG
and 5LX9) respectively. In SI.3 and SI.4, the ligand index is
correlated with the docking scores. From the initial 20,067
retrieved compounds, 200 ligands were retained after two
rounds of docking in Glide SP and XP mode (see Sect. 2 for
details). The majority were specific to the type of recep-
tor; however, 46 ligands showed promiscuity between the
AdipoRs. Regarding AdipoR1, the presence of an acetate or
carbonate group at one end of the ligand seemed to pro-
duce higher docking scores. As reported in SI.3 for binding
energies above — 12 kcal/mol, all of the structures contain
terminal acetate/carbonate groups with very few excep-
tions. Also, the two oxygen atoms seem to contribute to
contacts primarily with the zinc ions of the receptor. Modi-
fication of this group may be explored in further analyses.
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As illustrated in SI.5, the first protein-ligand complex is less
exposed to the solvent compared to the other two com-
plexes. In AdipoR2, the presence of acetate or carbonate
did not influence the docking scores as can be deduced by
analyzing the selection of ligands in Sl. 4. All of the ligands,
with few exceptions, have acetate, carbonate or similar
groups across the range of energy scores presented in SI.4.

3.3 Molecular dynamics
3.3.1 MD analysis of AdipoR1

The root mean squared deviation (RMSD) and root mean
squared fluctuation (RMSF) of the Ca for each ligand com-
plex are shown in Fig. 6a and b for AdipoR1 and AdipoR2
respectively, note that the figure contains ligand indexes
related to the receptor’s residue position.

The RMSD for the AdipoR1 simulation shows different
variabilities across the ligands. If we consider the coeffi-
cient of variation at the Ca between the complexes for
the entire duration of the simulation, variabilities of 10.3%,
6%, and 10.1% for Complex I, Il and Il respectively were
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ligand-protein complex for the top selected ligand during the
200 ns simulation. b RMSF and secondary structures assignments

determined. However, notice that Complex | shows equi-
libration after approximately 70 ns and stabilizes within
a shift of~1 A for the remainder of the simulation; this
constitutes the lowest variability of the three complexes.
As depicted in Fig. 6a, the overall shift for Complex | and
Illisaround 3 j’x, which may describe large conformational
changes in the protein considering the rearrangement of
the binding pocket as depicted in SI.5. Moreover, the anal-
ysis of the RMSF can give specific clues about the nature of
these shifts. The five peaks, 1-5 in Fig. 6b, refer to specific
residues, which compose the extracellular loop 1 (ECL1),
TM3, (ICL2), TM5, and ICL3 respectively. Large shifts are
associated with ECL1 and ICL2 and, arguably, this could
be due to the more flexible nature of the loop structures,
even though ICL2 has shown a pronounced translocation
between the open and closed conformations of AdipoR1
[14]. Concerning TM5 and its positional shift between the
open and closed conformations, a change is present only
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with ligand one and three but not with ligand two. Rep-
resentations of the spatial rearrangement of the binding
pocket during MD simulation at 0, 100, and 200 ns within
5 A of the ligand areillustrated in SI.5.

3.3.2 MD analysis of AdipoR2

The RMSD for the AdipoR2 simulation shows an over-
all uniformity across the three complexes, illustrated in
Fig. 6¢. The coefficient of variation for the 200 ns simula-
tion varies from 9.1%, 7.2% and 11.7% for the three com-
plexes. Analysis of the RMSF shows variation in TM5 and
ECL1, but also Complex Il shows a peak related to TM3
that, is absent in the other complexes and has a smaller
peak for TM5. This may be related to the lesser exposure
of the ligand to the solvent compared to other ligands, as
depicted in the openings in SL.5 e (bottom left).
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As illustrated in Fig. SI.5 d—f, the AdipoR2 produced a
more compact structure, which was expected, in compari-
son to the crystallographic structure of AdipoR1 due to
the shift in TM5 (PDB: 5LXG). All three complexes showed
similarities regarding the openings in the bottom part of
the receptor as depicted in SI.5d-f (bottom left). Although
in Complex Il the opening is absent at 200 ns of simulation.
These openings are located at the bottom of the receptor
toward the N-terminal and they were more accentuated
with the first ligand-protein complex (Sl.5a, bottom left).
This may represent a different mechanism for the substrate
released by AdipoR2 in comparison to AdipoR1, which
presents a central cavity more open to the surrounding
solvent. Cavity rearrangements are present in AdipoR2 but
these are less pronounced than in AdipoR1.

3.3.3 Receptor-ligand complex interactions

The contacts and types of interactions in the ligand-recep-
tor complexes are illustrated in SI.6 for AdipoR1 and SI.7 for
AdipoR2. These figures contain representative snapshots
of the simulation showing the key residues interacting for
more than 30% of the 200 ns.

3.3.3.1 AdipoR1-ligand complexes Regarding Complex I,
in the first 30 ns of the simulation, initial interactions in
the form of M-I stacking between Y209 and Y310 with the
benzene and pyran rings of the ligand were established.
The portion of the ligand between the benzene ring and
the carbonate group is initially exposed to solvent. The
carbonate group is in contact with the zinc by coordi-
nation. Water also establishes hydrogen bonds with the
single-bond of the oxygen from the carbonate. Residues
H191,H337,H341, and D208 interact directly with the zinc
in the presence of a water molecule. In the next 70 ns, the
ligand becomes more buried in the cavity and the inter-
actions include only the carbonate group. Another water
molecule and Y317 interacted with the single bonded
oxygen of the carbonate. In the last time period, water
molecules are not present, leaving the zinc and residue
Y317 interacting directly with the ligand by hydrogen
bonding. The overall location of the first ligand is buried
in the receptor and less exposed to the solvent compared
to the other two ligands. The zinc ion shift is pronounced
(around 4 /&), as shown in Sl.5a (final snapshot of the simu-
lation). This may well reflect the opening and closing of
the receptor upon binding, however, this warrants further
analysis.

In Complex Il, the ligand is more exposed to the sol-
vent, as depicted in SI.5b and S1.6. The residue triad: H191,
H337 and H341 with D208 are still present throughout the
simulation, as described for Complex | above. In the first
30 ns, the oxygens of the acetate group contact the zinc
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ion by metal coordination. The benzene ring, at the oppo-
site end of the ligand from the acetate group, is stabilized
by Y310 M- stacking. The Y209 interacts by M-cation with
diethyl(methyl)azanium, CC[NH +](C)CC group possibly
subtracting the bond from the adjacent benzene ring. In
the next 70 ns the zinc ion disengages from the double
oxygen bond of the acetate group and a hydrogen bond
is established with water in the presence of Y194.The last
part of the simulation shows that Y209 establishes contact
with a water molecule by binding with the oxygen present
in the middle of the ligand. As depicted in Figs. SI.5b and
S1.6, the ligand is exposed to the solvent throughout the
simulation.

In Complex lll, as described for the other two complexes
the zinc ion is stabilized by the three histidine residues,
however, D208 directly interacts with the ethyl(methyl)
azanium, CC[NH2 +]C group possibly preventing direct
interactions with the zinc. Interestingly, this ligand shares
an identical scaffold with the second ligand. The only dif-
ference is the addition of propane to the ethyl(methyl)
azanium. This small modification may explain the differ-
ences in the binding scores between these two ligands,
particularly considering the rearrangement of D208 and
the contact with the zincion.

3.3.3.2 AdipoR2-ligand complexes In Complex | the
repeating pattern of the three histidine residues (H202,
H348, and H352 for AdipoR2) is present with D219 and
water during the first 30 ns of the simulation. Y328 forms
hydrogens bonds with the double-bonded oxygen, which
interact with the three surrounding water molecules.
These water molecules are involved through hydrogen
bonds with R275, R278, and Y220. Between 30 and 100 ns
the Y328 produces M- stacking with the benzene ring
close to the acetate group; this terminal part of the ligand
is more exposed to the solvent. The last part of the simu-
lation shows the zinc interacting with the single bonded
oxygen. Residue D219 reforming hydrogen bonds with
a water molecule and F351 generates -1 stacking with
the benzene ring, as illustrated in the last frame of SIL.7.
As illustrated in SL.5, during simulation, the receptor has
openings on its lower part near the C-terminal. These
openings, illustrated in SI.5, are present for all of the com-
plexes with varying size, whether these openings consti-
tute conformational changes identified by the simulation
cannot be confirmed at this point.

The second complex present the ligand fully enclosed
in the cavity however, a transitory small opening exposes
the single-bonded oxygen of the acetate group to a water
molecule and D219 at the beginning of the simulation.
Residue F351 initially stabilizes the benzene ring to the
opposite side buried in the pocket. Here in contrast to the
others ligand, S198 is present with metal coordination
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with the zinc ion. The same histidine triad (H202, H348,
and H352) is also present. In the remaining time of the
simulation (200 ns), the S198 also interacts with the sin-
gle- bonded oxygen of the acetate group by hydrogen
bond. This represents the most stable simulation in terms
of residue interactions with the ligand.

Complex Il also has the zinc ion bound to the histi-
dine triad and two water molecules generating hydrogen
bonds with the double-bonded oxygen urea close to the
piperidine ring. M-I stacking was also present between
the central benzene ring and F351. The rest of the simu-
lation generated the displacement of water and direct
hydrogen bond of the urea oxygen with R278. In Com-
plex Ill, the ligand becomes increasingly exposed to the
solvent during simulation, as in Complex |, with the termi-
nal acetate group exposed to the solvent and to the zinc
interaction.

3.3.4 Commonalities across the ligands and possible
mechanisms of action

Although the ceramidase activity of these receptors is low,
some reports have highlighted the possibility that this
activity may play an important role in its overall effects on
lipid and glucose regulation [9, 14, 22]. A possible mecha-
nism of action for these receptors has been proposed with
the zinciion acting as a catalyst for the hydrolytic reaction
with sphingosine and fatty acids [14, 23]. The details of
this activity have been suggested in the literature, particu-
larly in AdipoR2 [14]. At the time of writing, this is the only
full conceptual model describing the ceramidase activity
of AdipoR2. For this reason, we have evaluated and com-
pared the simulation results with the aforementioned
model and with other possibilities of zinc-dependent
activities.

In general, the presence of the zinc ion and the coordi-
nation to histidine residues and aspartic acid have been
described for several enzymatic activities in metallopro-
teases and amino acetylases in the presence of water [59,
60]. In metalloproteases, the presences of motifs contain-
ing glutamine-histidine or aspartic acid-histidine combi-
nations are common, with the zinc ion directly interacting
with the residues. The water molecule and zinc ion repre-
sent a nucleophile center for a general base reaction. This
reaction occurs with specific residues’ motifs across differ-
ent types of proteins [59]. A subclass of metallo enzymes
known as zinc hydrolase has been shown to have differ-
ent catalytic site composition in the hydrolysis of differ-
ent substrates [59]. In AdipoR2, a possible mechanism of
action regarding the receptor’s ceramidase activity has
been proposed by Vasiliauskaité-Brooks et al. [14], sug-
gesting that the H348 mediates the proton transfer in a
nucleophilic reaction involving the attack of the carbonyl

bond in order to cleave the amide bond of the FFA. Moreo-
ver, the same study does not eliminate the possibility that
D219 in AdipoR2 may act similarly to H348 as a base for
proton retrieval from water. Considering the simulation
presented here with the screened ligands, generally, his-
tidine and aspartic acid are present, stabilizing the zinc
ion and interacting with the ligands in a similar fashion
in all of the complexes. Importantly, D219 (AdipoR2) and
D208 (AdipoR1) interact with the oxygens present in the
ligand’s terminal group. Considering, the simulation the
presence of water molecules close to the zincion may sup-
port the nucleophilic addition at the acetic acid/carbonate
region of the ligands for both of the AdipoRs. Furthermore,
it seems more likely that aspartic acid may mediate the
reaction instead of histidine with these compounds. A sin-
gle generalization for a possible mechanism of action for
all of the ligands remains difficult.

4 Conclusions

The generation of suitable ligands that modulate the adi-
ponectin receptors represents an important step in the
development of promising therapeutics toward the ame-
lioration of several metabolic physiopathologies. Recently,
both receptors have been crystallized but little is known
about their biochemical properties and associated ligands.
Very little literature is available and, therefore, the identi-
fication of new ligands represents a crucial step toward
understanding these proteins and their underlying bio-
chemistry as related to different metabolic conditions.

In the present study, we apply a computational
approach to determine the binding pocket location and
druggability applicable to subsequent virtual screening.
The molecular docking identified hits for both AdipoRs
with high binding energy scores of —13.6 kcal/mol and
—16.5 kcal/mol for AdipoR1 and AdipoR2 respectively with
PDBs 5LXG and 5LX9.

Moreover, we examined the two crystal structures for
AdipoR1 (3WXV and 5LXG) due to the hypothesized open
and closed conformations of this receptor because two
crystallized proteins exist in different conformations. The
rearrangement of the residue triad (R278, F282, and Y310)
in AdipoR1 revealed changes to the geometry of the bind-
ing pocket, thereby altering its vertical continuity, which
may underlie the differences in the binding scores.

MD analysis showed similar characteristics with the
proposed ceramidase activity, at least for AdipoR2. The
presence of aspartic acid interacting with the ligand
R-group may suggest that hydrolytic activity is possible
but involves aspartic acid instead of histidine as a media-
tor of the reaction.
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In conclusion, we have identified amenable compounds
for the AdipoRs. These docked hits represent starting
chemical structures for further biochemical analyses con-
sidering the limited literature on these newly identified
receptors. Furthermore, we have started to address the
need for novel compounds required for future research,
which are necessary for the understanding of these pro-
teins and their associated pathologies.
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