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Abstract

Evidence from systems biology indicates that promiscuous drugs, i.e. those that act simulta-
neously at various protein targets, are clinically better in terms of efficacy, than those that
act in a more selective fashion. This has generated a new trend in drug development called
polypharmacology. However, the rational design of promiscuous compounds is a difficult
task, particularly when the drugs are aimed to act at receptors with diverse structure, func-
tion and endogenous ligand. In the present work, using docking and molecular dynamics
methodologies, we established the most probable binding sites of SB-206553, a drug origi-
nally described as a competitive antagonist of serotonin type 2B/2C metabotropic receptors
(5-HTsp/2cRs) and more recently as a positive allosteric modulator of the ionotropic a7 nico-
tinic acetylcholine receptor (hnAChR). To this end, we employed the crystal structures of the
5-HT»gR and acetylcholine binding protein as templates to build homology models of the
5-HT,cR and a7 nAChR, respectively. Then, using a statistical algorithm, the similarity
between these binding sites was determined. Our analysis showed that the most plausible
binding sites for SB-206553 at 5-HT,Rs and a7 nAChR are remarkably similar, both in size
and chemical nature of the amino acid residues lining these pockets, thus providing a ratio-
nale to explain its affinity towards both receptor types. Finally, using a computational tool for
multiple binding site alignment, we determined a consensus binding site, which should be
useful for the rational design of novel compounds acting simultaneously at these two types
of highly different protein targets.
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Introduction

Observations coming from systems biology increasingly indicate that “promiscuous” drugs, i.e.
targeting multiple receptors, might show better profiles than selective compounds, regarding
both efficacy and side effects [1-4]. This has generated a new trend in drug design and develop-
ment called polypharmacology [4]. However, the rational design of these polypharmacological
agents is a difficult task, particularly if the addressed targets exhibit high structural or func-
tional diversity.

Drug-receptor interaction relies primarily on the shape and electronic complementarities
between the ligand and the receptor’s binding site. Therefore, it seems reasonable to assume
that all proteins targeted by a given compound should have certain similarities of these features
at their binding sites. In fact, approaches based on this idea are being used to predict polyphar-
macology for agents acting at highly different proteins [5,6].

SB-206553 (Fig 1) is a dihydropyrroloindole derivative described two decades ago as a
competitive antagonist of metabotropic serotonin type 2B/2C receptors (5-HT,p/,cRs), exhib-
iting anxiolytic properties [7,8]. Later it was reclassified as a 5-HT,R inverse agonist [9]. More
recently, this compound was shown to act also as a positive allosteric modulator at the ionotro-
pic 07 nicotinic acetylcholine receptor (nAChR) [10].

5-HT),p/»cRs are closely related G-protein-coupled receptors (GPCR), whose stimulation
activates phospholipase-C and phospholipase-A,-mediated responses [11]. The crystal struc-
ture of the 5-HT,gR bound to ergotamine was recently described [12], allowing a detailed anal-
ysis of the structural requirements necessary for ligand binding.

On the other hand, the o7 nAChR is a member of the pentameric ligand-gated ion channel
superfamily (pLGIC), whose activation allows Ca®" influx at levels ~ 10-20 times higher than
for Na" influx, and concomitantly K* efflux [13]. Although the crystal structure for this homo-
meric ionotropic receptor has not been reported yet, it can be reliably modeled using the acetyl-
choline binding protein (AChBP) and/or the muscular nAChR structures as templates [14].

Considering that the comparative analysis of the binding sites/modes of drugs showing
affinity at diverse receptors could facilitate the future design of novel multitarget ligands, in the
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Fig 1. Chemical structure of SB-206553.
doi:10.1371/journal.pone.0134444.g001
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present work we first determined the most important components at each putative binding site
and the possible binding modes of SB-206553 at the 5-HT,p, 5-HT,c, and o7 nACh receptors,
respectively. Then, using a statistical algorithm, the similarity between these binding sites was
determined. Our analysis show that the most plausible binding sites for SB-206553 at the
5-HT, and 07 nACh receptors are remarkably similar, both in size and in the chemical nature
of the amino acid residues lining these pockets, thus providing a rationale to explain the affinity
showed by the drug upon these two highly different protein targets.

Materials and Methods
Homology modeling of a7 and 5-HT ¢ receptors

The models were prepared using MODELLER v9.9 [15]. The extracellular domain (ECD) of
the 07 nAChR was built using the crystallographic structure of the Lymnaea stagnalis AChBP
complexed with nicotine (PDB code IUWG6; [16]) as template, whereas the transmembrane
domain (TMD) was built on the basis of the structure of the Torpedo marmorata nAChR (PDB
code 2BGY; [17]). The amino acid sequence of the a7 nAChR was aligned with those from the
AChBP or Torpedo nAChR using Clustal W [18], obtaining 24% and 45% of identity (38% and
57% of similarity), respectively.

Initially, 50 models of each subunit (both in the ECD and the TMD) were generated, and
those showing the lowest values of molpdf (Modeller objective function) and DOPE (Discrete
Optimized Protein Energy) were chosen for further validation. Subunit assembly (ECD and
TMD separately), was performed with the ICM software [19] using the AChBP or Torpedo
nAChR as templates. All other modeling conditions were as previously described [20, 21] (see
below).

For the modeling of the 5-HT,cR, we used the crystal structure of the 5-HT,gR linked to
the chimeric protein BRIL (PDB code 41B4; [12]) as template. The amino acid sequences of
both serotonergic receptors were aligned with ClustalW, yielding 76% identity. All other
modeling conditions were as previously described [22,23]. Briefly, the best o7 and 5-HT )¢
receptor models were stereochemically and energetically evaluated by the ANOLEA web ser-
vice [24] and with PROCHECK [25]. Missing hydrogen atoms, bond orders and disulfide
bonds were added to the receptor models, and also to the 5-HT,gR structure, using the "Protein
Preparation Wizard" module [26] included in the Schrédinger Maestro suite. Then, protein
structures (as appropriate) were embedded in a hydrated palmitoyl-oleyl-phosphatidyl-choline
(POPC) bilayer membrane, solvated in a water box (SCP water model), and ions were added
creating an overall neutral system. Ionic strength was fixed to approximately 0.12 M NaCl,
according to experimental data [27]. The final systems were subjected to a molecular dynamics
(MD) simulation for 5 ns using Desmond software from Schrédinger Maestro [28]. The iso-
baric-isothermal ensemble (NPT, temperature of 310 K and 1 atm) was used to perform MD
calculations. The equations of motion were integrated using a time step of 2 fs. The simulation
time was sufficient to obtain an equilibrated system (root mean square deviation-RMSD- val-
ues <2 A).

Docking

The SB-206553 structure was obtained from PubChem [29] and optimized using MOPAC2012
[30] with the PM6 semiempirical method.

To define the probable binding site(s) for SB-206553 in the 07 nACh, 5-HT),¢, and 5HT,p
receptors, a blind docking centered on the target macromolecule was performed using the
AutoDock suite 4.2 [31]. It should be noted that in the case of the o7 nAChR, the molecular
docking was performed separately in the ECD and TMD. The docking procedure was applied
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to the whole protein/domain, without defining or imposing a unique binding site. A grid box,
large enough to accommodate free motion of the drug (126 A’ with a grid-point spacing of
0.375 A), was built (using AutoDockTools) in each case. The grid maps were calculated using
AutoGrid 4.0. All other docking conditions were as previously described [22,32], except for the
number of generations (200), energy evaluations (25,000,000), and docking runs (150), which
were set according to Galeazzi et al. [33]. The docked compounds forming the receptor-drug
complexes were built using the lowest docked-energy binding positions. Then, these conforma-
tions were used for further production MD simulations.

Molecular dynamics

The protein/domain-ligand complexes with the highest affinity (inferred from docking energy)
were submitted to MD simulations to evaluate the stability of each complex and, in the case of
the a7 nAChR, to define the most probable binding site for SB-206553.

For this purpose, the receptor-ligand complexes were prepared with Desmond (System
builder module) included in the Schrédinger Maestro suite [28]. In the case of SB-206553
docked to the 07 nAChR-ECD, the complex was inserted into an orthorhombic water box with
SPC solvent model (85 A x 95 A x 60 A). On the other hand, complexes of SB-206553 with the
o7 nAChR-TMD, 5HT,gR or 5HT,.R were embedded in a POPC membrane and solvated
in an orthorhombic water box with the SPC solvent model (80 A x 190 A x 69 A for the o7
nAChR-TMD; and 121 A x 130 A x 97 A for the 5-HT,Rs). In all cases, the systems were neu-
tralized with Na" ions and a salt concentration of 0.12 M NaCl was used to mimic physiological
conditions.

The final systems were subjected to 10-ns MD simulations, using previously described con-
ditions [34] with minor modifications. Briefly, for each system, an NPT ensemble (tempera-
ture = 310 K, pressure = 1 atm, using the Langevin Piston method), a time step of 2 fs and
the OPLS2005 force field were used. The Particle-Mesh Ewald (PME) method was used to
compute long-range electrostatic interactions, whereas van der Waals interactions were
smoothly switched off at 9 A. This procedure was performed with the Molecular Dynamics
module of Desmond included in the Schrodinger Maestro suite [28]. The RMSD values for the
position of atoms in the simulated systems were utilized to appraise the stability of the ligand
in the binding site throughout the trajectory of the MD. Visualization of protein-ligand com-
plexes and analysis of MD trajectories was done using the VMD software package [35].

Similarity measurements

The similarity of the SB-206553 binding sites at the different evaluated receptors was deter-
mined by using the PocketMatch algorithm [36]. Binding site comparisons were performed
using the procedure described by the algorithm’s authors with minor modifications [37].
Briefly, each binding site was represented as a sorted list of distances between the amino acids
present at a given distance from the ligand docked in each protein. To do this, each residue was
classified into one of five groups, considering its chemical properties. Then, each residue was
represented as a set of three points corresponding to the coordinates of the alpha C, the beta C
and the centroid of the side chain. The distances between these three points of each residue
and each of the three points in every other residue in the binding sites were measured and
sorted in ascending order. The sorted and organized distances were aligned and compared
using a threshold of 0.5 A, which was established considering the natural dynamics of biologi-
cal systems. The similarity between sites, referred to as the PMScore, was measured by scoring
the alignment of the pair of sites under comparison. Thus, the PMScore represents the percent-
age of the number of “matches” calculated over the maximal number of distances computed
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for each binding site. A PMScore of 0.5 (50%) or higher was considered as indicative of similar-
ity between binding sites. A script allowing the automatic evaluation of PMScores considering
distances from 3.5 A to 8 A from the ligand was developed. Thus, we built similarity profiles
that graphically show at what distances from the ligand (if any) the binding sites are similar.

Binding sites alignment and common binding site generation

Structural alignments of the binding sites of SB-206553 at the 5-HT, and a7 nACh receptors
were performed using the MultiBind computational method [38]. This approach reveals the
common physicochemical patterns that may be responsible for the binding of the same ligand
to different protein targets. For the recognition of common patterns, MultiBind performed a
multiple alignment between the binding sites defined by all residues of the 5-HT, and a7
nACh receptors that were located up to 4 A from SB-206553. Multiple structural rearrange-
ments of superimposed binding sites were subsequently performed using a Geometric Hashing
technique [39]. Briefly, this method consists of two main processes: a) pre-processing of the
features of each binding site conformations and hashing them into a table; and b) recognition
of the similar features in the objects of the hash table. In the pre-processing, each amino acid
was denoted by pseudo centers (X, Y, and Z coordinates), which provide a singular physico-
chemical property to the binding site: hydrogen-bond donor, hydrogen-bond acceptor, mixed
donor/acceptor, hydrophobic aliphatic or aromatic contacts. Finally, MultiBind performed a
combination of multiple superimposed binding site conformations, in order to find consensus
binding patterns. Then, the highest scored consensus-binding site conformations at the 5-HT),
and o7 nACh receptors were manually depurated. Here, to generate a unique and common
binding site, the equivalent amino acids (same physicochemical group: polar, non-polar, posi-
tively or negatively charged) that appeared superimposed in all three binding sites were
merged. On the contrary, the non-equivalent amino acids in all three binding sites were pre-
served in the final consensus-binding site.

Results and Discussion
Homology models

The amino-acid sequence alignment of the o, oy and B, subunits with their corresponding
AChBP and Torpedo nAChR template subunits are shown in Figs 2 and 3, in which the

N
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Fig 2. Alignment of the extracellular (ECD) a7, a4 and 2 nAChR subunits and AChBP sequences
using ClustalW. Conserved residues are highlighted in yellow and partially conserved residues highlighted
in red. Secondary structures are shown schematically above the sequences; alpha helices and beta sheets
are represented by cylinders and arrows respectively.

doi:10.1371/journal.pone.0134444.9002
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Fig 3. Alignment of the transmembrane (TMD) a7, a4 and B2 nAChR subunits and Torpedo marmorata
nAChR sequences using ClustalW. Conserved residues are highlighted in yellow and partially conserved

residues are highlighted in red.
doi:10.1371/journal.pone.0134444.g003

conserved, semi-conserved residues and regions with conserved secondary structures are
highlighted. Furthermore, the sequence alignment of the human 5-HT,cR with the 5-HT»sR

used as template is shown in Fig 4.

As in previous work [20-23], we used these alignment data to generate the 3D models of the
07 nAChR (ECD and TMD) and the 5-HT,cR. The stereochemical and energetic quality of the
resulting models were evaluated using ANOLEA server [24] and Procheck [25]. S1-S3 Figs
show the Ramachandran plots for the ECD (S1 Fig) and the TMD (S2 Fig) models of the o7
nAChR, as well as for the 5-HT,cR (S3 Fig) model. As shown in the corresponding insets (S1-
S3 Figs), in all cases more than 91% of residues are in the most favored regions, about 4-8% are

in additional allowed regions and less than 3% are in generously allowed regions. No residues
were found in disallowed regions, confirming the quality of the models.

SB-206553 binding site location at 5-HT, receptors

Fig 5A shows a general view for the most stable docking poses for SB-206553 when docked at
either the 5-HT»gR or 5-HT,cR. The docking analysis of 150 simulations for each drug-recep-
tor complex, revealed a total of five and seven multimember conformation clusters at the
5-HT,gR and 5-HT,cR, respectively (S4 and S5 Figs). In both cases, the configuration with the
lowest binding energy (-17.2 kcal/mol and -15.3 kcal/mol, respectively) was a member of the
highest populated cluster (S4 and S5 Figs). The models show that the drug docks in a very simi-
lar pose at both targets. Moreover, this binding site is located in a position analogous to that
occupied by the agonist ergotamine in the crystal structure of the 5-HT R [12]. This result
agrees with the competitive nature of the action of SB-206553 [7]. When these ligand-receptor

5-HTzc- Human w
5-HT,5- Human

5-HTyc- Human EXKLHNATNYFLMSLATA
5-HTz5- Human EXKLQYATNYFLMSLAVADL

IFNTS DGGRFKFPDGVQNV

IIIMTIGGNILVIMAVSM 60
VIIPTIGGNTLVILAVSL 51

PVWISLDVLFSTA 120
AWLFLDVLFSTA 111

Human

5-HTzc- SIMHLCAIS LDRYVAIRNPIEHSRFNSRTKAIMKIAIVWAILS 180
5-HTz- Human SIMHLCAISVDRYIAIKKPIQANQYNSRATAFIKITVVWLIS 171
5-HTye- Human pFyNNTTCVLNDP---NFVLIGSFVAFF IPLTIMVITYCLT: RO, 237
5-HTy- Human -PNNITCVLTKERFGDFMLFGSLAAFFTPLAIMIVTYFLT: DKKAYLVKNKPPQRLT 230
5-HTzc- Human GLSLD--FLKCCKRNTAEE== === ===~ ENSANPNQDQONAFR MOAINNE 286
5-HTz- Human WLTY MLDGS RKDKAL PNS GDE TISNE 289
5-HTyc- Human rxasKVLGIVFFVFL IMACPFFITNILSVLCEKSCNOKL VEVWIGYVCSGINPL 346
5-HTy- Human QRASKVLGIVFFLFLLMACPFFITNITLVLCD-SCNQTTL EIFVWIGYVSSGVNPL 348
5-HTzc- Human VYTLENKIYRRAFSNYLRCNYK NVN-IYRHTN 400
5-HT- Human VYTLENKTFRDAFGRYITCNYRAT! ¥ 408
5-HTc- Human

5-HT,5- Human

Fig 4. Alignment of 5-HT,gR and 5-HT,cR sequences using ClustalW. Conserved residues are

highlighted in yellow.
doi:10.1371/journal.pone.0134444.9004
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Fig 5. Structural determinants of the SB-206553 binding site at the 5-HT;Rs. (A) Ribbon diagram of the superimposed structures of the 5-HTogR (silver)
and 5-HTocR (purple), showing the putative binding site for SB-206553 (red or blue, respectively) at each protein. For comparative purposes, the binding site
for ergotamine (yellow) in the crystal structure of the 5-HT,gR (PDB code 41B4) is also depicted. (B-C) Close ups of the docking poses of SB-206553 at
5-HT,gR and 5-HTxcR, respectively. Main active site amino acid residues (cyan) are rendered as stick models.

doi:10.1371/journal.pone.0134444.9005

complexes were submitted to 10-ns MD simulations, almost no changes were observed in the
position adopted by SB-206553 at its binding sites (RMSD < 0.4 A during the whole simula-
tions). Furthermore, this site coincides with the binding pocket described for 5-HT and a series
of 5-HT,cR antagonists and inverse agonists, as defined by a similar docking protocol as that
used in the present work [33]. These observations support the plausibility of this location as
the most probable binding site for SB-206553 at 5-HT,Rs.

As shown in the insets of Fig 5, the molecular modeling of the environment surrounding
the binding poses of SB-206553 in the 5-HT,gR (Fig 5B) or 5-HT,cR (Fig 5C), suggests that
the pyrroloindole moiety of this compound is located in a hydrophobic pocket formed by a
series of aromatic and aliphatic residues embedded in the transmembrane domain, whereas its
pyridine moiety is oriented towards the extracellular side of the receptor. In the particular case
of the 5-HT,gR, the aromatic rings of Phe340 and Phe341 (homologous to Phe327 and Phe328
in the 5-HT,cR) are oriented in such a way that they establish n-m interactions with the ligand
indole group. An additional interaction between the pyrroline moiety and Trp337 (Trp324 in
the 5-HT,cR) is also observed. Furthermore, the centroid of the SB-206553 pyridine ring is
located in a favorable position to establish van der Waals interactions with Leu209, which may
further stabilize this binding mode. It should be noted that the aforementioned residues, partic-
ularly the aromatic ones, coincide with those underlying the binding of several 5-HT, ligands,
as identified in other docking [33,40-42] and site-directed mutagenesis [43-45] studies. More-
over, crystallographic data from 5-HT,zR indicate that a tightly bound water bridge is essential
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for stabilizing ergotamine at its binding site [12]. Considering the importance that water mole-
cules in binding sites might have for intermolecular interactions and stability of different
ligands [46,47], we investigated whether this may affect SB-206553 binding. Interestingly, our
simulations showed that SB-206553 did not interact with the water molecule at any of the
5-HT,R receptors studied. This might be related with the smaller size of SB-206553 as com-
pared with ergotamine and/or with their different intrinsic activities at these receptors (see
below).

SB-206553 binding site location in the a7 nAChR

When SB-206553 was docked at both the ECD and TMD of the .7 nAChR, three possible
binding sites were detected (Fig 6). The most stable poses (binding energy = -23.8 kcal/mol; S6
Fig) showed the compound docked in a pocket in the ECD, which is different from the orthos-
teric site occupied by nicotine. Nevertheless, similarly stable complexes (as judged by docking
energies; S7 Fig) were detected with the drug bound to sites located in the M2-M3 loop and in

s

Fig 6. Potential binding sites for SB-206553 at the a7 nAChR. Ribbon diagram of the a7 nAChR model showing the putative binding sites for SB-206553 in
the extracellular domain (ECD; red), at the M2-M3 loop (orange), and in the transmembrane domain (TMD; blue), respectively. -Sheets and a-helices are
shown in yellow and purple, respectively. The insets show molecular details of the docking poses of SB-206553 at each putative binding site. For comparative
purposes, the binding pose of nicotine (green) in the crystal structure of the AChBP (PDB code 1UWB) is also depicted.

doi:10.1371/journal.pone.0134444.9006
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the TMD of the o7 nAChR (Fig 6). Thus, after docking of SB-206553 at this region, six multi-
member conformation clusters were identified, with the two highest populated clusters having
72 (M2-M3 loop) and 68 (TMD) members out of 150 conformations (S7 Fig). The three sites
identified have been previously shown to be the binding site (or to modulate the effects) of dif-
ferent positive allosteric modulators (PAMs) [48-53], and therefore any of them might account
for the pharmacological effects of SB-206553 at this receptor. Since none of these binding sites
could be a priori selected/discarded based on energy criteria or previous data, MD simulations
were performed to evaluate the stability of the ligand at each one of the potential binding sites.

Fig 7 shows the movement of SB-206553 during the 10-ns MD simulation, at each one
of the potential binding sites of the &7 nAChR. In the site located in the a7 nAChR-ECD, SB-
206553 remained relatively stable (in the same position) during the whole MD simulation.
Conversely, the complexes were clearly less stable in the cases in which the drug was bound to
either the M2-M3 region or the TMD. These results suggest that the most likely binding site
for SB-206553 at the a7 nAChR is the allosteric site located in the ECD. It should be noted that
this site is located in a position that roughly coincides with the “vestibule pocket”, an allosteric
site identified in a recent crystallographic study that used a chimera of the o7 nAChR and
AChBP as a model for the ECD of the o7 nAChR [54].

As seen in Fig 8, SB-206553 exhibits a binding mode in the 07 nAChR-ECD where the
amino group of the carbamate establishes a hydrogen bond with the carbonyl group of Asp133,
whereas the pyrroloindole moiety appears located between Phel51 and Phel55, a position that
would favor n-stacking interactions between the corresponding aromatic rings. In addition,
hydrophobic interactions with Lys138, Leul43, Ala153 and Thr157 were observed, all of which
could further stabilize the binding mode of SB-206553 at this site.

Similarities between the binding sites of SB-206553 at the 5-HT, and a7
nACh receptors

As mentioned in the Methods section, to assess the structural similarity between all binding
sites, the residues located at a given distance of 3.5 to 8.0 A from the docked ligand were

considered.

E — e

2,5_5 — o7TMD
2_ ) mh Ak “q '\. r\."

§1 . _L,‘i" ‘"'r‘ ~ "" I

A'""*\‘\' ‘w‘-t‘("r I‘\"-' "‘v ' “’"’“,q' A
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Time (ps)

Fig 7. RMSD behavior of SB-206553 docked in each one of the three putative binding sites from the a7 nAChR. RMSD values are shown for the
compound when bound at: the extracellular domain (ECD; black line), the M2-M3 loop (red line), and the transmembrane domain (TMD; blue line).

doi:10.1371/journal.pone.0134444.9007
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I\

Fig 8. Binding mode of SB-206553 at the extracellular domain of the a7 nAChR. SB-206553 is shown in blue. Main active site amino acid residues
(cyan) are rendered as stick models.

doi:10.1371/journal.pone.0134444.9008

Fig 9 shows the similarity profile, i.e. the PMScores determined at different distances from
the ligand (3.5 A to 8.0 A), for the binding sites of SB-206553 at 5-HT,g, 5-HT,¢ and a7-nACh
receptors. When comparing the 5-HT,gR and 5-HT,¢R binding sites (Fig 9A), the calculated
similarity scores at all measured distances were well above 0.5, indicating high similarity, as
expected for two highly homologous proteins triggered by the same neurotransmitter. Since
most amino acids located between 4 and 6 A from the ligand line the binding site (see Fig 5B
and 5C), this result agrees with the idea that the binding sites at the 5-HT R and 5-HT,cR are
quite similar. In addition, our data show that the similarity extends beyond the binding site,
with both proteins showing a high degree of global structural similarity, considering at least all
the residues located up to 8 A from the ligand. Even though these findings might be considered
obvious from the analysis of each receptor sequence and function, they confirm the suitability
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Fig 9. Similarity profiles between the binding sites for SB-206553 at the 5-HT,5R, 5-HT,cR, and a7 nAChR. Similarity profiles between the binding sites
for SB-206553 docked at the 5-HT»gR and 5-HT,c R (A), at the 5-HT,gR and a7 nAChR (B), and at the 5-HT»gR and a7 nAChR (C), as calculated using
PocketMatch. In each case, the horizontal black line indicates PMScore = 0.5. Each point corresponds to the PMScore.

doi:10.1371/journal.pone.0134444.9009

of PocketMatch to find and predict such characteristics. They also highlight how challenging it
is to design compounds that can distinguish between receptors belonging to the 5-HT,R family
[55].

On the other hand, when the binding site of SB-206553 at the .7 nAChR-ECD was com-
pared to those at the 5-HT,gR (Fig 9B) and 5-HT,cR (Fig 9C), PMScore values above 0.5 were
observed at least from 4.5 to 7.0 A from the ligand. This indicates that these binding sites are
similar, both in size and chemical nature of the amino acid residues lining these pockets. In
contrast to that observed for 5-HT,Rs, the detected similarity does not extend beyond the bind-
ing sites. This is sound in view of the high structural and functional diversity of these receptors.
This result is remarkable since it shows that two profoundly different targets, such as an iono-
tropic nAChR and metabotropic 5-HT,Rs, share a similar pocket, which is also pharmacologi-
cally relevant. In addition, our results provide a rationale to explain the affinity showed by
SB-206553 upon these two highly different types of proteins.

Interestingly, when the putative binding sites for SB-206553 located in the M2-M3 loop
and in the TMD of the o7 nAChR were evaluated against the 5-HT,Rs binding sites, no simi-
larity was detected (all PMScore < 0.5) at any distance measured (S8 and S9 Figs). This result
further supports our initial proposal that the active site for SB-206553 is located in the o7
nAChR-ECD.

Characteristics of the common binding site for SB-206553 at the 5-HT,
and a7 nACh receptors

After the alignment of the SB-206553 binding sites at the 5-HT,Rs and o7 nAChR, a consensus
binding site was generated (Fig 10). This three-dimensional pattern contains the residues
which are likely responsible for the binding of the drug to the different targets. The consensus
binding site is a hydrophobic pocket in which three aromatic residues play a crucial role to
establish mt-m and/or hydrophobic interactions with the ligand’s indole group, in agreement
with our previous simulation. The importance of aromatic interactions for the binding of dif-
ferent ligands at 5-HT,Rs has been documented before [33,43-45]. Importantly, our results
show that a similar three-dimensional arrangement is also present in an allosteric site in the o7
nAChR.

In addition, the consensus binding site includes a Leu, a Thr, and an Ala residue, which may
help to stabilize the ligand binding (e.g., via hydrophobic interactions). It is noteworthy that
our analysis indicates that the consensus binding site also contains an aspartic acid. In the
docking studies, an interaction between SB-206553 and an Asp residue was only observed in
the 07 nAChR. However, an important interaction between different agonists and Asp134 at
the orthosteric binding sites of 5-HT,Rs has been previously reported (see e.g., [56]). The fact
that this type of interaction was not detected in our docking simulations might be related to the
inverse agonist properties of SB-206553.

Beyond these considerations, the consensus binding site determined in this work should
be useful for the rational design of novel compounds acting simultaneously at 5-HT, and o7
nACh receptors.
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Fig 10. Common structure of the SB-206553 binding site of the 5-HT,Rs and a7 nAChR. The cavity observed in the site is depicted as a transparent
surface with residues in licorice format. Each color represents the chemical nature of residues (polar = green, non-polar = grey, negatively charged = red,
positively charged = blue).

doi:10.1371/journal.pone.0134444.9010

Conclusions

SB-206553 is a multitarget drug with an interesting pharmacological profile ranging from anxi-
olytic to anti-addictive properties [9,57]. It is likely that these actions are mediated by its
inverse agonist activity at 5-HT,p/,cRs and its positive allosteric modulatory activity at o7
nAChR.

In this work we demonstrated that both kinds of receptor targets have similar binding sites,
which presumably underlies the polypharmacological properties mediated by SB-206553. The
identification of this common binding site should facilitate the structure-based design of novel
drugs acting at both receptor types which, depending on their intrinsic activities (agonist,
antagonist, positive or negative modulator, etc.), might exhibit a wide spectrum of pharmaco-
logical actions.
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On the other hand, our results give further support to the notion that all proteins targeted
by a given compound may have certain similarities at their binding sites, and therefore search-
ing for these similarities is a key aspect in the rational design of polypharmacological drugs.

Supporting Information

S1 Fig. Ramachandran plot for the homology model generated for the extracellular domain
(ECD) of the a7 nAChR. Inset shows Procheck statistics for the model.
(TIF)

$2 Fig. Ramachandran plot for the homology model generated for the transmembrane
domain (TMD) of the a7 nAChR. Inset shows Procheck statistics for the model.
(TIF)

$3 Fig. Ramachandran plot for the homology model generated for the 5-HT,cR. Inset
shows Procheck statistics for the model.
(TIF)

$4 Fig. Docking of SB-206553 at the 5-HT,gR. Figure shows the cluster analyses of the Auto-
Dock docking runs of SB-206553 in the drug binding site at the 5-HT,gR.
(TTF)

S5 Fig. Docking of SB-206553 at the 5-HT,cR. Figure shows the cluster analyses of the Auto-
Dock docking runs of SB-206553 in the drug binding site at the 5-HT,cR.
(TIF)

S6 Fig. Docking of SB-206553 at the ECD of the a7 nAChR. Figure shows the cluster analy-
ses of the AutoDock docking runs of SB-206553 in the drug binding site at the ECD of the o7
nAChR.

(TIF)

S7 Fig. Docking of SB-206553 at the TMD of the a7 nAChR. Figure shows the cluster analy-
ses of the AutoDock docking runs of SB-206553 in the drug binding site at the TMD of the a7
nAChR.

(TTF)

S8 Fig. Similarity profiles of the binding sites for SB-206553. Similarity profiles between the
binding sites of SB-206553 docked in the 5-HT,gR and the transmembrane domain (TMD) of
the 07 nAChR (A), in the 5-HT,gR and the M2-M3 loop from the 07 nAChR (B), as calculated
using PocketMatch. In each case, the horizontal black line indicates PMScore = 0.5. Each point
corresponds to the PMScore.

(TIF)

S9 Fig. Similarity profiles of the binding sites for SB-206553. Similarity profiles between the
binding sites for SB-206553 docked in the 5-HT,cR and the transmembrane domain (TMD) of
the 07 nAChR (A), and in the 5-HT,cR and the M2-M3 loop from the a7 nAChR (B), as calcu-
lated using PocketMatch. In each case, the horizontal black line indicates PMScore = 0.5. Each
point corresponds to the PMScore.

(TIF)
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