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Abstract

The study of binding site similarities can be relevant to understand the interaction of different

drugs at several molecular targets. The increasing availability of protein crystal structures

and the development of novel algorithms designed to evaluate three-dimensional similari-

ties, represent a great opportunity to explore the existence of electronic and shape features

shared by clinically relevant proteins, which could assist drug design and discovery. Proteins

involved in the recognition of monoaminergic neurotransmitters, such as monoamine trans-

porters or monoamine oxidases (MAO) have been related to several psychiatric and neuro-

logical disorders such as depression or Parkinson’s disease. In this work, we evaluated the

possible existence of similarities among the binding sites of the serotonin transporter

(SERT), the dopamine transporter (DAT), MAO-A and MAO-B. This study was carried out

using molecular simulation methodologies linked to the statistical algorithm PocketMatch,

which was modified in order to obtain similarities profiles. Our results show that DAT and

SERT exhibit a high degree of 3-D similarities all along the pathway that is presumably

involved in the substrate transport process. Distinct differences, on the other hand, were

found both at the extracellular and the intracellular ends of the transporters, which might be

involved in the selective initial recognition of the corresponding substrate. Similarities were

also found between the active (catalytic) site of MAO-A and the extracellular vestibule of

SERT (the S2 binding site). These results suggest some degree of structural convergence

for these proteins, which have different functions, tissue distribution and genetic origin, but

which share the same endogenous ligand (serotonin). Beyond the functional implications,

these findings are valuable for the design of both selective and non-selective ligands.
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Introduction

Monoaminergic neurotransmitters exert their actions by interacting with diverse protein tar-

gets in their synapses. Thus, serotonin (5-HT), norepinephrine (NE) and dopamine (DA), acti-

vate either metabotropic or ionotropic receptors (e.g. β-adrenoceptors or 5-HT3 receptors,

respectively), are catabolized by monoamine oxidase and/or catechol-ο-methyltransferase (in

the case of NE and DA) and are pumped back into their synaptic terminals by selective trans-

porter proteins. Furthermore, these neurotransmitters are accumulated into synaptic vesicles

inside the nerve terminals by specific transporters, and even within noradrenergic neurons the

presence of the enzyme DA-β-hydroxylase can be considered as an additional site for the inter-

action of DA [1,2]. Moreover, several other compounds, including therapeutically useful and

widely used recreational drugs which bind to more than one of these receptor proteins have

been described [2,3].

Even though this promiscuous interaction does not usually grab attention, it should be kept

in mind that monoamine receptors, metabolic enzymes and transporters belong to different

protein families, with highly diverse functionality, genetic origin and structure. That is the

case, for instance, of the 5-HT and DA transporters (SERT and DAT, respectively) and mono-

amine oxidases. Although both types of proteins are involved in terminating the actions of

5-HT or DA at their synapses, their cellular localization, mechanism, structure and function

are markedly different. Thus, human DAT and SERT are plasma membrane proteins which

belong to the neurotransmitter/sodium symporter (NSS) family [4,5]. The active reuptake of

the corresponding monoamine into the neurons (or glial cells) against a concentration gradi-

ent is carried out by coupling the flow of neurotransmitters to that of sodium and chloride

(and also to the counter-transport of potassium in the case of SERT) [6]. Much of the struc-

tural knowledge about human DAT and SERT transporters is based on the crystal structures

of the LeuT (and homology models derived from them), a homologue Na+-coupled trans-

porter from the bacterium Aquifex aeolicus [7–9]. Furthermore, the crystal structures of the

DAT from Drosophila melanogaster, and the human SERT have been recently reported

[10,11]. In general terms, these structures revealed that these transporters contain a shot glass-

shaped bundle of 12 transmembrane helices, which are connected by six extracellular and five

intracellular loops. A central binding site is located approximately halfway across the mem-

brane bilayer. At this site, both substrates and inhibitors [10–12], establish an ionic interaction

between the ligand amino group and the carboxylate of a conserved aspartate (D46 in DAT

from Drosophila, D98 and D79 in human SERT, and DAT, respectively). In these transporters,

the majority of residues at this binding site are hydrophobic, although a few polar residues are

able to form strong interactions with the substrates. All the crystal structures (as well as homol-

ogy models, [13]) show the existence of a secondary binding pocket termed the extracellular

vestibule, since it is located closer to the extracellular side of the transporter. Although in LeuT

this site can accommodate selective 5-HT reuptake inhibitors or tricyclic antidepressants [14–

16], more recent data using engineered LeuT or actual MA transporters, have unequivocally

shown that these drugs inhibit DAT or SERT by acting at the central binding site [17,18]. Nev-

ertheless, pharmacological, mutagenesis and structural studies [17,19,20] have shown that the

extracellular vestibule is an allosteric site, which can positively or negatively modulate activity

at the central binding site.

On the other hand, monoamine oxidase (MAO), which in humans exists in two isoforms

termed MAO-A and MAO-B, are outer mitochondrial membrane-bound flavoproteins, with

the FAD cofactor covalently bound to the enzyme. 5-HT and 2-phenylethylamine are selec-

tively oxidized by MAO-A and MAO-B respectively, while DA is a non-selective substrate of

both enzyme isoforms [21,22]. MAOs oxidize monoamines through a reaction that involves
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an α-C-H bond cleavage of the substrate and the concomitant reduction of the flavin cofac-

tor, which is reoxidized by molecular oxygen producing hydrogen peroxide [21,22]. Since

2002 a series of articles showing high-resolution structures of human or rat MAOs have

been published [23–27], allowing a detailed comparison of the overall structures of both iso-

forms and their active sites [28]. Thus, the substrate/inhibitor binding site of both isozymes

can be described as a pocket lined by the isoalloxazine ring and several aliphatic and aro-

matic residues. A critical role of Y444, Y407, G215 and I180 of MAO-A (Y435, Y398, G206

and L171 being the corresponding residues in MAO-B) in the orientation and stabilization

of the substrate/inhibitor binding can be inferred from the X-ray diffraction data. In the

case of MAO-B, the substrate/inhibitor binding site is a cavity (a flat entity of 420 Å3 in vol-

ume, termed the “substrate cavity”) which can be distinguished, in some cases, from another

hydrophobic entity (290 Å3 in volume, termed the “entrance cavity”) located closer to the

protein surface. In contrast, human and rat MAO-A’s differ from human MAO-B in that

they have only a single cavity, although it has been suggested that a two-cavity system could

also exist in MAO-A [29].

The interaction of monoamines with their targets relies primarily on the shape and elec-

tronic complementarities between the ligand(s) and the receptor(s) binding site(s). Therefore,

it seems reasonable to assume that all proteins targeted by a given monoamine should have

certain similarities of these features at their binding sites. The availability of the crystal struc-

tures of either some of these proteins [10,30–32] or their insect homologues [11,12,33,34] as

well as the development of an increasing number of algorithms aimed to evaluate the similari-

ties between the binding sites of related and unrelated proteins [35–38], provide an exceptional

framework to test this hypothesis.

Based on these precedents, in the present work we evaluated the likely existence of similari-

ties among the binding sites of SERT, DAT, MAO-A and MAO-B. Beyond the mechanistic or

functional clustering implications, we anticipate that the study of binding site similarities (and

differences) among these proteins can be insightful for the rational design of selectively and

non-selectively acting compounds.

Materials and methods

Molecular structures

The crystallographic data of human MAO-A ([31]; 3.1 Å resolution), MAO-B ([24]; 1.7 Å reso-

lution) and SERT ([10]; 3.1 Å resolution) were taken from the Protein Data Bank (PDB;

PDBcodes: 2BXS, 1OJA and 5I6X respectively). A homology model of the human DAT was

built as previously described [39,40] using the crystal structure of the DAT from Drosophila
melanogaster ([11]; 2.9 Å resolution, PDB code 4XPA) and the human SERT as templates.

In all cases, the corresponding transmembrane segments were embedded in a hydrated

palmitoyl-oleyl-phosphatidyl-choline (POPC) bilayer membrane, solvated in a water

box (type TIP3), and ions were added creating an overall neutral system in approximately

0.2M NaCl. The final systems were subjected to a molecular dynamics (MD) simulation for

5 ns using NAMD 2.6 [41]. The isobaric-isothermal ensemble (temperature of 310 K and 1

atm) was used to perform MD calculations. Periodic boundary conditions were applied to

the system in the three coordinate directions. The simulation time was sufficient to obtain

an equilibrated system (RMSD < 2 Å; Figures A, B, C and D in S1 File). Stereochemical and

energy quality of the homology model was evaluated using the PROSAII server [42] and

Procheck [43] (Figures E and F in S1 File). Due to the size and complexity of the systems, in

the case of SERT and DAT, MD simulations were performed applying some constraints to

the backbone of the proteins.
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Dummy atoms

An aspect that should be solved before comparing the ligand binding sites is that, because of

their structure and function, both transporters and MAOs probably do not have a single ligand

binding site. Indeed, both in SERT/DAT and in MAO-B (and probably in MAO-A [44]), a

two-cavity system covered by a flexible loop has been described as the presumable path that

has to be traveled by the ligand (substrates or inhibitors) in order to reach its "final" binding

site [28,45,46]. Moreover, pharmacological, mutagenesis and structural studies [19,20,47,48]

have shown that the extracellular vestibule/entrance cavity (according to the nomenclature

used for the secondary binding site found in transporters and MAOs, respectively), is an allo-

steric site which can positively or negatively modulate activity at the orthosteric binding site.

Then, the pathway traveled by the ligand in these targets might contain several binding

sites, and similarities between the different proteins might appear in any of them. Therefore,

in order to consider all possible ligand binding sites and to explore their similarities in detail,

we decided to fill SERT, DAT, MAO-A and MAO-B cavities with "dummy atoms". It should

be noted that the coordinates of dummy atoms, which in size correspond to a hydrogen atom,

were used only as spatial references for the similarity measurements (see below), and they

affect neither the structure nor the function of the protein. For MAO structures, a rectangular

box of 15 Å x 15 Å x 30 Å was defined, and its center was located in the middle of the sub-

strate/inhibitor cavity. 118 dummy atoms were located uniformly in this space (Fig 1A). The

rectangular box defined for SERT and DAT was of 15 Å x 15 Å x 60 Å and 192 dummy atoms

were located in this space with a uniform distribution (Fig 1B).

Scoring of ligand binding sites similarity using dummy atoms

To evaluate the similarity between the ligand binding sites at the proteins of interest we used the

Pocketmatch algorithm [49]. All aspects involved in binding site comparisons followed the pro-

cedure published in the original article describing the algorithm with minor modifications

[50,51]. Briefly and as previously described [51], each binding site was considered as that deter-

mined by the residues for which one or more atoms surround a dummy atom (a crystallographic

Fig 1. Dummy atoms located in: (A) MAO-A and (B) SERT. Both proteins are shown in red with a ribbon format.

Each gray sphere represents a dummy atom.

https://doi.org/10.1371/journal.pone.0200637.g001
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ligand in the original report) at a given distance (distances from 3 Å to 10 Å from the dummy

atoms were considered). Each residue was classified into one of five groups (tag 1–5), taking into

account its chemical properties. Then, each residue was represented as a set of three points corre-

sponding to the coordinates of the α-C, the β-C, and the centroid coordinates of the side chain.

Distances between every three points of each residue in the binding sites were measured. All

computed distances were sorted in ascending order and stored in sets of distances organized by

type of pairs of points and type of pairs of tags. The sorted and organized distances were then

aligned and compared using a threshold of 0.5 Å, which was established considering the natural

dynamics of biological systems. The similarity between sites, referred to as the PMScore, was

evaluated by scoring the alignment of the pair of sites under comparison. Thus, the PMScore

represents the percentage of the number of "matches" calculated over the maximal number of

distances computed for each binding site. A PMScore of 0.5 (50%) or higher was considered as

indicative of similarity between binding sites. To evaluate the similarity between the cavities of

SERT and DAT where dummy atoms were inserted, each binding site surrounding the 192

dummy atoms in SERT (considering 15 distances from the atom, from 3 Å to 10 Å) were com-

pared with the corresponding dummy atom binding sites in DAT (i.e., 192 x 192 x 15 = 552.960

measurements of PMscore were made). To compare SERT/DAT with MAO-A/MAO-B, 339.840

determinations of PMscore were made between the binding sites surrounding the 118 dummy

atoms in the enzymes and those of the 192 dummy atoms in the transporters. Fig 2 illustrates

how the pairs of dummy atoms were selected in MAO-A and SERT for the comparisons. Finally,

the mean of the PMScores obtained after comparing each pair of dummy atom binding sites (3–

10 Å) was used to determine the similarity between the binding sites in the analyzed proteins.

Scoring of binding site similarity in MAO-A and SERT using a

promiscuous ligand

In order to analyze the similarities found in a more realistic approach, we compared the char-

acteristics of the binding sites of 4-methylthioamphetamine (MTA) in MAO-A and SERT.

MTA is a non-selective ligand that exhibits affinity for both proteins in the low micromolar

range [52,53]. To this end, and given that MTA is a 5-HT releasing agent and apparently a

SERT substrate [52], we used steered molecular dynamics (SMD; see below) to simulate the

transport of MTA along the substrate pathway of SERT. Thus, several conformations of the

SERT-MTA complex were obtained, and each one was considered as defining a putative bind-

ing site of the drug at this protein. On the other hand, as MTA is a competitive MAO-A inhibi-

tor [54], the drug was docked into the active site of the enzyme as previously described [54].

Finally, the binding sites of MTA at SERT and MAO-A were compared using the Pocketmatch

algorithm, where every similarity determination between the MTA/MAO-A complex and

each MTA/SERT conformation was evaluated at 70 distances (from 3 Å to 10 Å adding 0.1 Å
in all iterations).

Steered molecular dynamics simulations (SMD)

Through SMD, a time-dependent external force was applied to simulate the uptake of MTA by

SERT. During the simulation, we calculated the force exerted as well as the external work per-

formed on the system. Each simulation lasted 3 ns, which was sufficient to observe almost the

entire ligand uptake process (see discussion). The mean force for each step of the simulation

was calculated by averaging the outcomes of 4 independent runs. Before simulations, the

MTA-SERT complex was inserted into a POPC membrane and solvated with TIP3 water mol-

ecules using the VMD software [55]. The dimensions of the system were 100 Å x 110 Å x 120

Å. All simulations were carried out using the parallel molecular dynamics program NAMD2
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PLOS ONE | https://doi.org/10.1371/journal.pone.0200637 July 20, 2018 5 / 18

https://doi.org/10.1371/journal.pone.0200637


[41] and the CHARMM27 force field. Temperature was controlled by Langevin dynamics.

Periodic boundary conditions were applied to obtain consistent behavior. The initial position

of MTA on the extracellular side was then relaxed for 1 ns. The final state was saved as a restart

point for the initial position of SMD. The pulling velocity was 10 Å/ns and a spring constant of

2.5 kcal/mol/Å2 was used. During each SMD, the force was only applied along the pulling

direction. The trajectories were saved every 5 ps, and the steering forces were recorded every

0.5 ps. The trajectory along SERT was repeated four times. Finally, the force profile along the

MTA pathway was constructed and 2000 MTA-SERT complex states (frames) were obtained

from the SMD.

Binding site alignment and common binding site generation

Structural alignments of the similar binding sites in MAO-A and SERT proteins were per-

formed using the MultiBind computational method [56]. This approach reveals the common

physicochemical patterns that may be responsible for the binding of the same ligand to

Fig 2. Representation of the all-against-all procedure applied to compare all possible binding sites defined by the dummy atoms (grey spheres). Each black circle

denotes a different distance measured. MAO-A (left) and SERT (right) are shown in red with a cartoon format.

https://doi.org/10.1371/journal.pone.0200637.g002
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different protein targets. For the recognition of common patterns, MultiBind carried out a

multiple alignment between the binding sites defined by all residues of the MAO-A and

SERT proteins that were located up to 4 Å away from MTA. Then, multiple structural rear-

rangements of superimposed binding sites were made using a Geometric Hashing technique

[57]. Briefly and as previously described [51], this method consists of two main processes: a)

the pre-processing of the features of each binding site conformation and hashing them into

a table; and b) the recognition of the similar features in the objects of the hash table. In the

pre-processing, each amino acid was denoted by pseudocenters (X, Y and Z coordinates)

which provided a unique physicochemical 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. The pockets that originate

the consensus binding site do not necessarily must have identical residues and therefore,

different residues might be matched (aligned) if the overall structural alignment score

between two pockets is better with that arrange. This procedure is similar to the Needle-

man-Wunsch pairwise alignment algorithm implemented in BLAST [58], but used in a 3D

perspective. Then, the highest scored consensus binding conformations at the MAO-A and

SERT proteins, which are stored as independent pdb files, were manually depurated. Thus,

to generate a unique and common binding site, all equivalent amino acids (same physico-

chemical group: polar, non-polar, positively or negatively charged) that appeared superim-

posed in the binding sites found in each protein (both pdb files), were merged. In contrast,

all non-equivalent amino acids were preserved in the final consensus binding site [51].

Results and discussion

Similarities between the dopamine and serotonin transporters

DAT and SERT share almost 70% of their amino acids sequences and their secondary

and tertiary structures are relatively similar (RMSD = 3.0 Å; Figure G in S1 File) Further-

more, our partial 3D comparisons yielded, in many cases, PMScore values higher than

0.5, which are indicative of similarity. As shown in Fig 3A, a high degree of similarity

(red blocks) appeared when comparing the cavities defined by the dummy atoms located

in the transmembrane regions in both proteins. It is worth pointing out that the highest

PMScore values (denoted in Fig 3A by the brightest red blocks) were obtained when

the comparison was performed considering dummy atoms located at the same relative

positions in both proteins (Fig 3B). On the contrary, the lowest PMScores values

(PMScore � 0.01; blue blocks Fig 3A) were observed when comparing the sites defined

by the dummy atoms located at the intracellular and extracellular ends of the transport-

ers, as illustrated in Fig 3C.

Overall, our results indicate that the SERT and the DAT have similar shapes and chemical

features in their substrate permeation pathway, while structural differences occur in zones pre-

sumably associated with the initial recognition of selective ligands (extracellular and intracellu-

lar ends). Thus, these results yield insights regarding the structural features underlying the

selectivity shown (either for uptake or reverse transport) by each protein for different sub-

strates. Furthermore, the similarities found all along the pathway that is believed to be involved

in the substrate transport process, agree with the idea that these proteins share a similar mech-

anism for the transport of substrates from the extracellular domain to the cytoplasm [5]. Inter-

estingly, our findings might also account for the distinct transport rates that have been

experimentally determined for diverse non-selective substrates [59].
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Similarities between MAO-B versus DAT and MAO-A versus SERT using

dummy atoms

As illustrated in Figs 4 and 5, when comparing the cavities defined by dummy atoms in DAT

and MAO-B, and those in SERT and MAO-A a few pairs of sites showed similarity values

greater than 0.5 (denoted by bars in red; Figures H and I in S1 File). Interestingly, the pockets

showing similarity appeared located at places where ligands must interact to be transported or

metabolized by these proteins (e.g. the extracellular vestibule in DAT or SERT, and the

entrance cavity or the catalytic site in MAO-B; Figs 4 and 5). Therefore, our results indicate

that DAT and MAO-B, as well as SERT and MAO-A (whose preferential substrates are DA or

5-HT, respectively) exhibit striking structural similarities in zones presumably involved in the

initial recognition of substrates. In addition, similarities were also found between the active

(catalytic) site of MAOs and the extracellular vestibule in the transporters (also known as the

S2 binding site; [60]). Indeed, additional comparisons between, SERT/MAO-B and DAT/

MAO-A (as well as a reassessment of the similarities between SERT/MAO-A and DAT/

Fig 3. Average of similarity/differences between cavities in SERT and DAT. (A) shows the average of similarity

between all patterns around each dummy atom in SERT (grey) versus all patterns around each dummy atom in DAT

(red). The dummy atoms inserted in DAT are represented on the Y axis, sorted by the Z coordinate. The dummy

atoms inserted in SERT are represented on the X axis, sorted by the Z coordinate. The average of the PMScore is

represented on the Z axis. Each colored block represents the mean of the PMScores obtained after comparing all

patterns (3–10 Å). Red represents high similarity scores (PMScore> 0.5). Blue represents low similarity scores

(PMScore< 0.5). (B) and (C) show a superimposition of SERT and DAT and their detected similarities (green) and

differences (yellow).

https://doi.org/10.1371/journal.pone.0200637.g003
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MAO-B) were done using the ligand MTA docked into the S2 binding site of the transporters

and into the active site of the MAOs. The results, obtained also with the PocketMatch algo-

rithm, are shown in the Table A in S1 File. These data indicate that the binding sites of SERT/

MAO-A and DAT/MAO-B are more similar than those in SERT/MAO-B or DAT/MAO-A,

respectively. Interestingly, in these more local comparisons, all scores were higher than 0.5

(indicating more that 50% of structural similarity). This might be the reason why some ligands,

e.g. amphetamine, are able to bind all of these target proteins. Thus, these results suggest the

existence of a certain degree of structural convergence for proteins that have different func-

tions, tissue distribution and genetic origin, but which share the same endogenous ligand. It is

noteworthy that these similarities could not be identified using a sequence-based method, and

although different algorithms and configurations were applied (local algorithms, global algo-

rithms, low GAPs penalization, deleted GAP extension penalization, etc), no similarities were

detected between MAOs and SERT/DAT (Figure J in S1 File). These results confirm the use-

fulness of the structure-based methods to find local similarities, where residues that form part

of different binding sites are not located continuously in the primary sequences.

Fig 4. Similar zones between DAT and MAO-B. The 3D structures of DAT and MAO-B are shown in grey. Blue spheres represent the dummy atoms with an average

PMScore greater than 0.5. Green surfaces are used to represent the similar zones.

https://doi.org/10.1371/journal.pone.0200637.g004
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Steered molecular dynamics (SMD) of the ligand

4-methylthioamphetamine (MTA) in SERT

Although our results showed significant similarities among binding sites present in all the pro-

teins considered, these findings were obtained using dummy atoms. The use of these atoms

does not consider conformational or electronic changes produced by ligands when interacting

with their target structures. To address this issue, we simulated the presumable transport path-

way of a substrate (in this case MTA) in SERT, and several possible binding sites (MTA-SERT

complexes) were detected. As detailed in the methodology section, this was performed by forc-

ing MTA to move from the extracellular to the intracellular domain of SERT, using an SMD

simulation. Four distinct peaks of force were detected in the evaluation of the trajectory of

MTA in SERT (Fig 6A, numbers 1–4). These force peaks indicate that more force was required

to keep the velocity of MTA constant, and denote the formation of stable MTA-SERT com-

plexes. The first peak occurred between frames 30 and 40 (number 1, Fig 6A and 6B) and rep-

resents the initial recognition site of MTA in the SERT. Here, a hydrogen-bond interaction

between the amino group of MTA and Asp400 of SERT was identified. The second peak

occurred between frames 90 and 100 (number 2, Fig 6A and 6B), which corresponds to the

extracellular vestibule of SERT (the S2 binding site). Here, MTA is located in a position favor-

able to interact with residues such as Glu494, Tyr177 and Ile179. The third peak occurred

Fig 5. Similar zones between SERT and MAO-A. The 3D structures of SERT and MAO-A are shown in grey. Blue spheres represent the dummy atoms with an average

PMScore greater than 0.5. Green surfaces represent the similar zones.

https://doi.org/10.1371/journal.pone.0200637.g005

3D similarities of monoaminergic proteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0200637 July 20, 2018 10 / 18

https://doi.org/10.1371/journal.pone.0200637.g005
https://doi.org/10.1371/journal.pone.0200637


Fig 6. Steered molecular dynamics of MTA in SERT. Force profile (pN) versus the frame of the trajectory. Each force peak is

represented with the localization of MTA and its interactions with SERT amino acid residues. The red square represents an artifact in the

simulation.

https://doi.org/10.1371/journal.pone.0200637.g006

3D similarities of monoaminergic proteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0200637 July 20, 2018 11 / 18

https://doi.org/10.1371/journal.pone.0200637.g006
https://doi.org/10.1371/journal.pone.0200637


between frames 120 and 130 (number 3, Fig 6A and 6B) and represents a putative MTA bind-

ing site that is located halfway between the S2 and the substrate binding site (also known as

S1), but which still includes several residues of the extracellular vestibule of SERT. Here MTA

showed a binding mode in which interactions could be established with Glu493, Ile179,

Trp103, Tyr176 and Tyr177. These results are highly consistent with those recently reported

for the binding and migration of 5-HT into SERT, as analyzed by computational methods

[61].

It is noteworthy that in the analyses performed with the dummy atoms, the zone described

by peaks 2 and 3 exhibited similarity with the substrate binding site of MAO-A. The fourth

peak occurred between frames 150 and 180 (number 4, Fig 6A and 6B), and corresponds to

the substrate binding site (also known as S1) of SERT. This site was also suggested as similar to

the substrate binding site of MAO-A, according to our similarity determinations done using

dummy atoms. Starting in frame 185, an abrupt change in the orientation of MTA was

detected (red square Fig 6B). This behavior, which was not observed at any of the other peaks

of force, was likely caused by a steric obstruction of SERT. This appears at the moment when a

major conformational change (from an outward-facing to an inward-facing conformation)

must occur in SERT in order to complete the proposed transport mechanism [62–64]. This

major motion cannot be simulated by the SMD technique and more advanced approaches

must be used to confirm this idea.

Similarities between binding sites of MTA in MAO-A and several

complexes of MTA-SERT from the SMD trajectory

Several putative binding sites of MTA were detected in SERT by the SMD simulations. Three

of these (peaks 2, 3 and 4) concentrate the most relevant interactions and correspond to those

reported as the binding sites (S2 and S1) of substrates and inhibitors in the monoamine trans-

porters [10–12,18,65]. Additionally, these sites were classified as similar when compared with

binding sites in the MAOs. As mentioned, the dummy atom method is a robust approximation

but it does not consider the natural flexibility of proteins. This issue was improved with the

inclusion of ligand based similarity measurements where 200 MTA-SERT complexes were

compared with the MTA binding site in MAO-A, as determined by previous experimental and

docking studies [54]. The results of this analysis are depicted in Fig 7. Interestingly, PMScores

indicating similarity (i.e. > 0.5) were obtained when the binding sites detected in frames 70–

130 (which include peaks 3 and 4 of Fig 6) were compared with the substrate binding site of

MAO-A. Indeed, the highest PMScore value was detected in frame 120 (green circle in Fig 7).

Considering that these results are in close agreement with those obtained when comparing

MAO-A and SERT using dummy atoms, we propose that some shape and physicochemical

features are conserved between the catalytic site of MAO-A and the extracellular vestibule of

SERT. Moreover, these similarities might underlie the reasons for which a common ligand

(e.g. 5-HT) is able to interact with both highly different proteins.

Common binding site of MTA in MAO-A and SERT

The binding site of MTA in MAO-A and the S2 binding site in SERT were structurally aligned

using MultiBind software [56]. This approach revealed the common physicochemical patterns

that might be responsible for the binding of the amphetamine derivative to both proteins. For

the recognition of common patterns, MultiBind performed a multiple alignment between the

binding sites defined by all residues of MAO-A and SERT located up to 6 Å from MTA. Sev-

eral conformations were built and the most accurate alignment was identified (Fig 8A). Finally,

and after a manual depuration, a unique common binding site was generated (Fig 8B).
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The consensus binding site is formed by the following residues: Tyr, Glu, Asp, Gly, Arg,

Thr and Ser (Fig 8B). It has a well-defined shape/cavity, and some chemical features such as

two polar positively charged zones, two polar negatively charged zones and four aromatic non-

polar components. These properties are in agreement with both the “aromatic cage” present in

Fig 7. Profile of similarity between the binding site of MTA in MAO-A versus 200 putative binding sites of MTA in SERT. The Y axis represents the PMScore. The

X axis represents an MTA/SERT complex from the SMD simulation.

https://doi.org/10.1371/journal.pone.0200637.g007

Fig 8. Common/consensus binding site of MTA in MAO-A and SERT. (A) shows the alignment of the binding sites and (B) shows the consensus binding site.

https://doi.org/10.1371/journal.pone.0200637.g008
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the catalytic site of MAOs [28] and the key residues Glu, Thr and Asp that form the S2 binding

site of SERT. However, it should be noted that this consensus binding site must be cautiously

considered in terms of drug design, since it might not reflect some specific physicochemical

features of each isolated binding site. For instance, although negatively charged residues are

contained in the common binding site, there are not such type of residues at the active site of

MAO-A.

Concluding remarks

3D similarities between SERT and DAT were found all along the pathway that is presumably

involved in the substrate transport process. This agrees with the idea that these proteins share

a similar mechanism for the transport of substrates from the extracellular domain to the cyto-

plasm [7,64]. In addition, 3D differences between SERT and DAT were found both at the

extracellular and the intracellular ends of the transporters, in regions that, remarkably, are rel-

atively distant from the S1 or S2 binding sites. These results are in agreement with recent

computational and mutagenesis data showing that selective binding of substrates is not associ-

ated with the non-conserved SERT/DAT residues at S1 or S2 binding sites [66], but rather sug-

gest that selectivity might be related to the initial recognition of substrates at the areas that we

have found to show 3D differences. Altogether, similarities and differences detected when

comparing SERT and DAT might be useful for both a better understanding of monoamine

transporter function and for the design of selective and non-selective ligands.

Similarities were also found between the active (catalytic) site of MAO-A and the extracellu-

lar vestibule of SERT (the S2 binding site). These results suggest some degree of structural con-

vergence [67] for these proteins which have different functions, tissue distribution and genetic

origin, but which share the same endogenous ligand (5-HT). Hence, we propose the existence

of a serotonergic “receptophore” in both proteins (the consensus binding site shown in Fig 8),

which by analogy with the pharmacophore concept can be defined as a 3D ensemble, at the

binding site(s) of two or more receptors, of molecular, steric and electronic features that ensure

the optimal molecular interactions with a common promiscuous ligand. Further studies are

necessary to determine if this 3D ensemble is also present in metabotropic and/or ionotropic

5-HT receptors, and if this concept can be extrapolated to other ligand-receptor systems.

Finally, from a methodological perspective, we want to emphasize that the use of dummy

atoms instead of typical ligands to study binding site characteristics can be particularly appro-

priate in those cases where the ligand binding site is unknown.
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Conceptualization: Gabriel Núñez-Vivanco, Pablo Moya, Miguel Reyes-Parada.
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