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Abstract

The three human monoamine transporters (MATs) i.e. the dopamine transporter (DAT), the 

serotonin transporter (SERT) and the norepinephrine transporter (NET) are primarily responsible 

for controlling the neurotransmission mediated by their respective monoamine substrates, 

dopamine (DA), serotonin (5-HT) and norepinephrine (NE). MATs terminate the action of the 

neurotransmitters by translocating them from the synaptic space back into the presynaptic neurons. 

These neurotransmitters are responsible for controlling a number of physiological, emotional and 

behavioral functions and their transporters are a target of many marketed drugs prescribed for 

treatment and relief of disorders such as depression, anxiety, ADHD, schizophrenia, and 

psychostimulant abuse. This unit provides an overview of the location and regulation of the MATs 

and the structural aspects that mediate the translocation process. A brief description of the 

evolution of ligands that target these transporters is provided as well as more current insights 

regarding pharmacological effects, mechanisms of synthetic substrates, inhibitors and allosteric 

modulators. This unit also summarizes known data and evidence that provide structural details on 

the existence and significance of allosteric binding sites other than the natural substrate binding 

site. The purpose of this unit is to introduce researchers new to this field to basic background 

information on MATs, and the significance and application of unique effects elicited by ligands 

that interact with these transporters.
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Introduction

The monoamine neurotransmitter transporters (MATs) are part of the solute carrier 6 (SLC6) 

family of transporters (Kristensen et al., 2011; Rudnick et al., 2014). They are expressed in 

the central nervous system (CNS) among other places, where they play a critical al role in 

regulating monoamine neurotransmitter homeostasis. There are three types of MATs, 

namely dopamine transporter (DAT, SLC6A3), norepinephrine transporter (NET, SLC6A2), 

and serotonin transporter (SERT, SLC6A4) which mediate the uptake of monoamine 

neurotransmitters dopamine (DA), norepinephrine (NE), and serotonin (5-HT), respectively, 

from the extracellular space into the intracellular compartment (Figure 1). All three 

*Author for correspondence: Drexel University – Pharmacology & Physiology, 245 North 15th Street, MS488 Room NCB8225, 
Philadelphia PA 19102, Ole.Mortensen@drexelmed.edu. 

HHS Public Access
Author manuscript
Curr Protoc Pharmacol. Author manuscript; available in PMC 2018 December 20.

Published in final edited form as:
Curr Protoc Pharmacol. ; 79: 12.16.1–12.16.17. doi:10.1002/cpph.32.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transporters are membrane-embedded proteins and in the CNS exclusively expressed in the 

presynaptic neuronal terminals of their respective pathways. They mediate a relatively rapid 

uptake of neurotransmitters (turnover rate ~1 molecule/second) from the synaptic cleft, into 

the pre-synaptic neuronal terminals, where the neurotransmitters are sequestered into 

synaptic vesicles (via vesicular monoamine transporters or VMAT) for recycling or are 

degraded by monoamine oxidase enzymes. The translocation of monoamine substrates 

involves co-transport of Na+ ions with one molecule of substrate through the transporters 

along with other ions. The transport of substrates by the transporters is favored by the energy 

gradient produced by the movement of Na+ ions inside the cell, and driven by the 

concentration gradient created by Na+/K+ ATPase. DAT and NET transport one dopamine or 

norepinephrine molecule along with two Na+ ions and one Cl− ion, whereas SERT co-

transports one 5-HT molecule with one Na+ and one Cl− together with one K+ ion in the 

opposite direction. Thus, MATs are sometimes also referred to as Na+/ Cl−-symporters.

The MATs play a pivotal role in controlling the signal amplitude and duration of 

monoaminergic neurotransmission by altering the concentration of monoamines in the 

extracellular space of the CNS. Therefore, direct or indirect modulation of the MATs can 

significantly affect the regulation of neuronal activity (Howell & Negus, 2014). There are a 

plethora of compounds that are used as therapeutic drugs or as pharmacological tools to 

modulate or control monoamine neurotransmission in the brain (Table 1). In addition, the 

MATs are also the primary targets of action of a number of psychostimulants and 

recreational drugs of abuse such as cocaine, methamphetamine, 3,4-methylenedioxy–

methamphetamine (“ecstasy” or MDMA), cathinones (or “bath salts”) and many more which 

block or reverse the transport of neurotransmitters and increase the synaptic 

neurotransmission leading to stimulatory effects.

As evident from Table 1, a number of drug discovery efforts have resulted in the availability 

of inhibitors for DAT, NET and SERT that have high affinity and selectivity. Tricyclic 

antidepressants (TCAs) (for e.g., clomipramine and amitriptyline) and the selective 

inhibitors of SERT (also known as selective serotonin-reuptake inhibitors or SSRIs) such as 

fluoxetine, sertraline, escitalopram and paroxetine are commonly prescribed for depression, 

anxiety, and panic disorders. Bupropion, a DAT inhibitor, is an anti-depressant and smoking 

cessation aid. Methylphenidate, another DAT-inhibitor is marketed for attention-deficit 

hyperactivity disorder (ADHD). The NET inhibitor reboxetine is approved and marketed for 

depression, panic disorders and ADHD outside of the U.S. Synthetic compounds that act as 

non-selective substrates of MATs and promote monoamine efflux have also found 

application for clinical use. For example, Adderall® (a racemic mixture of amphetamine 

isomers) is prescribed in low doses to treat ADHD, and is commonly used off-label to 

improve cognition and to help in narcolepsy by promoting wakefulness. However, such 

drugs along with many other cognition-enhancing drugs that interact with MATs are strictly 

controlled and regulated because of their rewarding properties and abuse liability.

Apart from a plethora of known MAT-inhibitors as therapeutic drugs, there are many highly 

potent and selective blockers of MATs that are commonly used as important 

pharmacological tools (some in the form of radioactive or fluorescence-based ligands) for in 
vitro and in vivo studies related to MAT’s biochemistry and molecular pharmacology. 
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Despite several years of research in studying MATs structure and function, there is still 

information lacking about the exact mechanism of transport and inhibition of the MATs and 

the structure of their binding sites. The breakthrough discoveries such as co-crystal 

structures of the homologous bacterial (Aquifex aeolicus) leucine transporter (LeuT) (Singh 

et al., 2007; Yamashita et al., 2005; Zhou et al., 2007), Drosophila melanogaster dopamine 

transporter (dDAT) (Penmatsa et al., 2013, 2015; K. H. Wang et al., 2015), and human 

serotonin transporter (hSERT) (Coleman et al., 2016) have been pivotal in enhancing our 

understanding of the structural biology of the MATs and in guiding further studies to 

elucidate underlying molecular mechanisms of ligand transport and interaction.

The aim of this overview is to provide a brief background on DAT, SERT and NET to 

introduce the readers to the human monoamine transporters and their significance in CNS-

related diseases. Information on a number of marketed CNS-drugs that target these 

transporters for their respective therapeutic applications is also provided. Special emphasis 

has been given to the recent elucidation of structural characteristics and transport 

mechanisms utilized by these transporters. This unit also covers details on what is currently 

known about the unique pharmacological effects of substrates, inhibitors as well as allosteric 

modulators of MATs.

Localization

All three monoamine transporters are distributed throughout the brain, but data shows that 

NET and SERT are also found in adrenal chromaffin cells, mast cells and blood platelets 

(Ramamoorthy et al., 2011). Due to their extensive distributions in the brain, they control a 

wide variety of physiological and behavioral functions. In the CNS, MATs are exclusively 

expressed in their corresponding monoaminergic neurons that have projections throughout 

the neocortex, basal ganglia and limbic forebrain areas (Lin et al., 2011). These 

monoaminergic projections interact with and innervate other neurons in the brain in the 

cortex, hippocampus, amygdala and hypothalamus. Dopaminergic neurons that express DAT 

project from the VTA (ventral tegmental area) and substantia nigra to pre-frontal cortex, 

nucleus accumbens and striatum. These projections control functions such as memory, 

planning, attention, motivation, reward and reinforcement processes, and movement. SERT 

is expressed in the serotonergic neurons that project from raphe nuclei of pons and upper 

brain stem to hypothalamus, thalamus, amygdala, striatum, cortical mantle and many other 

regions. These neurons regulate mood, emotion, learning, cognition, memory, sleep, and 

appetite. Other than its presence in the serotonergic neurons in the central nervous system, 

SERT is also known to be expressed in many peripheral sites such as the gut, lung, placenta, 

platelets, blood lymphocytes, and adrenal chromaffin cells (Ramamoorthy et al., 2011). NET 

is expressed in noradrenergic neurons present in the locus coeruleus and the lateral 

tegmental group that innervate regions such as striatum, amygdala, hypothalamus, thalamus, 

cerebellum, VTA, brain stem, spinal cord, and cortex. These neurons control processes such 

as modulation of arousal, sleep-wake cycle, and cognition. Noradrenergic neurons also 

mediate the stress and fear-related response by controlling the endocrine and the autonomic 

nervous system.
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Structural Insights and Transport Mechanism

In the early 1990’s, the complementary DNAs (cDNAs) of NET, DAT and SERT were 

cloned for the first time from rat (Kilty et al., 1991) following the methods used successfully 

to clone cDNAs of rat and human brain GABA transporters. The availability of the primary 

amino acid sequences of the MATs thereafter increased the impetus to delineate the 

structural features of the transporters involved in ligand binding and transport through 

extensive biochemical and mutagenesis studies (Torres et al., 2003). Since the primary 

sequences of DAT, NET and SERT were found to have high amino acid similarity (~40%), 

all three transporters were proposed to possess a very similar general structure (Figure 2). A 

major breakthrough in the SLC6 transporter field occurred when, in 2005, the first x-ray 

crystal structure of the bacterial leucine transporter (LeuT) that shares 20–25 % overall 

homology with the MATs was published (Yamashita et al., 2005). This structure, for the first 

time, gave insights into the tertiary arrangement of the transporters and their functioning, 

especially of the core region which shares ~ 60% homology with the MATs. This discovery 

has since triggered several homology-based molecular modeling studies to reveal the 

structure and mechanisms of the MATs using the LeuT structure as the template (Manepalli 

et al., 2012). Subsequently, over the years, an arsenal of new crystal structures bound with 

various ligands have been published which have further provided much clearer insight into 

the ligand binding sites, conformational changes and transport mechanism of the MATs 

(Table 2) (Koldso et al., 2015). More recent structures are the co-crystal structures of 

Drosophila melanogaster DAT (dDAT bound to the substrate DA, D-amphetamine, 

methamphetamine, cocaine, and other ligands) which has 50–55% homology with the MATs 

(Penmatsa et al., 2013, 2015; K. H. Wang et al., 2015), and the human SERT in complex 

with paroxetine and escitalopram (Coleman et al., 2016).

The structure of all MATs includes 12 alpha-helical transmembrane spanning domains 

connected with flexible intracellular and extracellular loops (Figure 3). The N- and C-

termini lie in the intracellular region. The high affinity primary substrate binding site, the S1 

site, lies at the core of the translocation pathway located between TM1 and TM6. The S1 

site binds a substrate together with one or two Na+ ions. The S1 pocket is comprised of a 

hydrophobic region, which binds the aromatic substituents of the substrates, and a 

hydrophilic or a polar region that contains a conserved aspartate residue (SERT: D98, DAT: 

D79, NET: D75) to form ionic interactions with the amino group of the substrates.

Substrate translocation by these transporters is believed to follow a three-state “alternating 

access” mechanism (Figure 4) (Kristensen et al., 2011). This implies that the transporter is 

capable of adopting distinct conformations in which it can seal the access to the S1 binding 

site from either extracellular or intracellular side of the membrane in an alternating manner. 

The gating networks, formed by two pairs of charged residues along with a few hydrophobic 

amino acids, present above and below the S1 site, mediate these conformations. It has been 

proposed that the influx of substrates and ions is achieved through a series of sequential 

binding and conformational changes. This sequence is initiated by the binding of a Na+ ion 

on the extracellular side which is followed by the substrate binding within the central S1 site 

when the transporter adopts an outward-facing conformation exposed to the extracellular 

side (state 1). Substrate binding to S1 is the key for further triggering conformational 
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changes in the transporter which closes the extracellular gate of the transporter to form an 

occluded-state in which the ions and the substrate lie in the middle of the channel and are 

protected from the either side of the membrane by gating networks (state 2). Next, the 

occluded state is followed by the opening of the intracellular gate, leading to an inward-

facing conformation, which releases the ions and substrate into the cytoplasm via diffusion 

facilitated by hydration of the site (state 3).

The MATs are proposed to have another low affinity binding site in the extracellular 

vestibular region that lies in the solvent-accessible pathway which connects the extracellular 

milieu of the transporter with the S1 site (Shi et al., 2008). Though the exact molecular and 

structural determinants of ligand binding to this region of the transporter are unknown, there 

is evidence that several inhibitors can bind in this extracellular vestibular region. For 

example, this putative secondary binding site region (which we will refer to as LeuT/TCA 

site in this review) is shown to be occupied by several TCAs and SSRIs in molecular 

modeling and x-ray crystal structures of bacterial LeuT (Loland, 2015; Singh et al., 2007; 

Zhou et al., 2007). This LeuT/TCA site is formed by LeuT residues R30, Q34, F253, A319, 

F320, L400, D401, and D404. However, co-crystal structures of dDAT in complex with DA, 

amphetamine, cocaine, tricyclic antidepressants and several other inhibitors only show the 

occupancy of the S1 site (K. H. Wang et al., 2015) which is in contrast to the LeuT 

structures which are co-crystallized with antidepressants in the secondary LeuT/TCA-site 

located in the extracellular vestibule. It is important to note that the affinity of certain 

inhibitors to LeuT is much lower compared to its mammalian counterparts. Thus, it is very 

unlikely that the LeuT/TCA-site of LeuT for which the ligands have low-affinity will 

correspond to a similar secondary binding site in human MATs for which they will have high 

affinity. Though the functional relevance of the binding sites present in this extracellular 

vestibule region is still being explored in human MATs, evidence shown by the recent 

hSERT crystal structure with two (S)-citalopram molecules simultaneously bound (one in 

the S1 site and the other in the extracellular vestibule region) strongly indicates the presence 

of distinct low-affinity ligand binding sites (similar to the LeuT/TCA-site) in the 

extracellular region within MATs other than the high-affinity primary binding site (i.e. S1). 

The drastic increase in affinity of some bivalent ligands for SERT and DAT (Andersen et al., 
2016) compared to the common monovalent ligands also supports the presence of distinct 

low-affinity ligand binding sites. These results add to the earlier data on antagonist 

dissociation experiments of SERT that showed that there is a low-affinity allosteric site in 

SERT that slows the dissociation of inhibitors from a separate high-affinity site (Plenge et 
al., 2012).

Though the role of S1 in driving the alternating access mechanism of translocation is proven, 

it is yet to be determined if binding of substrates to secondary binding sites is also necessary 

to trigger substrate translocation. Molecular dynamics studies using LeuT crystal structure 

revealed that along with a leucine molecule present in the primary binding site, another 

leucine simultaneous can occupy a secondary substrate binding site (designated as LeuT/S2) 

lined by hydrophobic residues i.e. Leu29, Tyr107, Ile111, Trp114, Ala319, Phe320, Phe324, 

and Leu400, and hydrophilic resides i.e., Asp404 and Arg30 (the residues that form the 

extracellular gate in LeuT) (Loland, 2015; Shi et al., 2008). This second leucine binding site 

(LeuT/S2) in the extracellular vestibule, that lies on top of the extracellular gate, is proposed 
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to “allosterically” trigger conformational change in the LeuT transporter from substrate-

bound occluded state to inward-open state which facilitates the release of the substrate and 

Na+ ions through hydration of the primary site from the intracellular side. The binding of a 

Na+ ion from the extracellular side then reorganizes the transporter to the extracellular-open 

conformation to begin another transport cycle. Interestingly, this proposed leucine-bound 

LeuT/S2 site lies adjacent to the LeuT/TCA site and both have some structural features in 

common. However, the binding mode of TCAs, such as clomipramine, to the LeuT/TCA-site 

is proposed to be different from that of leucine. Thus, TCAs, when bound to the LeuT/TCA-

site, functionally act as inhibitors of the substrate transport probably by inhibiting the 

conformational change that facilitates the substrate and ion release into the intracellular side 

(Loland, 2015). In addition to the studies performed in LeuT to elucidate the functional 

relevance of secondary sites, combined computational and mutagenesis approaches have 

shown that SERT also contains a secondary binding site (which we will refer to as the 

SERT/A1 site in this review) that is located in the extracellular vestibule which is analogous 

to the LeuT/S2 site (Plenge et al., 2012). SERT ligands such as 5-HT, and some TCAs and 

SSRIs, that exert an allosteric effect by functionally modulating the dissociation of ligands 

bound to the high affinity primary site, were proposed to bind to this secondary site 

SERT/A1 (Plenge et al., 2012).

Mutational and computational studies identified some key residues that constitute SERT/A1 

site such as L99, W103, I179, A486, V489, K490 and G402 along with R104 and E493, 

which are a part of the extracellular gate (Figure 5). This SERT/A1 site closely resembles 

the earlier proposed LeuT/S2 site. Mutation at these residues tend to affect substrate 

transport, decrease allosteric potency of ligands bound to the secondary site as well as 

reduce dissociation rates of ligands bound to the primary site but do not affect the binding 

affinity of ligands towards the primary site (Plenge et al., 2012). However, direct or indirect 

effects of such mutations through long range conformational changes still cannot be proven. 

Interestingly, in another study, molecular dynamics simulations and comparative genomics 

techniques identified one more allosteric pocket (Kortagere et al., 2013; Mortensen & 

Kortagere, 2015) in the extracellular vestibule of SERT (we will refer to this site as SERT/

A2). This SERT/A2 pocket, which is conserved in all MATs, is lined by residues Q111, 

N112, I327, D328, A331, Q332, K490, and E494 (Figure 5). Virtual screening identified a 

few low potency ligands, which engage with this SERT/A2 site to specifically modulate the 

function of SERT ligands known to bind to the high-affinity S1 site.

The recently resolved x-ray crystal structure of human SERT co-crystallized with (S)-

citalopram adopts an outward-open conformation bound with two molecules of (S)-

citalopram (Coleman et al., 2016) (Figure 5). One molecule of (S)-citalopram occupies the 

primary substrate binding site S1 which is analogous to the central binding sites seen in 

LeuT and dDAT structures. The second (S)-citalopram molecule is present in the 

extracellular vestibule and occupies a secondary site (we will refer to this site as SERT/A3). 

According to our observation, the SERT/A3 site more closely overlaps with the LeuT/TCA 

and the proposed SERT/A2 sites. However, the SERT/A3 site is distinct from the LeuT/S2 

site (Shi et al., 2008) and also from the SERT/A1 site that was proposed in the previous 

mutagenesis and computational studies of SERT (Plenge et al., 2012), with a few 

overlapping residues common to all sites. The amino acids constituting this SERT/A3 site 
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that interact with (S)-citalopram, as seen in the crystal structure, are R104, D328, A331, 

Q332, F335, E494, F556, and P561. Overall, the predictions based on computational and 

biochemical studies, along with further corroborating evidences from co-crystal structures of 

LeuT and SERT suggest a physiological role of putative secondary “allosteric” binding sites 

present in the extracellular vestibule in substrate translocation. Thus, in addition to the 

primary binding site S1 observed in the crystal structures of LeuT and SERT, there is a 

possibility that multiple low affinity binding sites are present in regions distinct from the 

direct translocation pathway that could serve as allosteric sites for modulating 

conformational changes in the transporter and affect its function. The relevance of these 

allosteric sites as functional binding sites for monoamine substrates during translocation and 

for inhibitors is still strongly debated by many as, to date, there is no known crystal structure 

of any MATs or their homologs that have a substrate molecule simultaneously bound to any 

site other than the primary S1 site. Moreover, a large number of structures of dDAT have 

been co-crystallized with the substrate DA, NET-specific reuptake inhibitors (NRIs), SSRIs, 

TCAs, serotonin-norepinephrine reuptake inhibitors (SNRIs), cocaine and its analog RTI-55, 

and amphetamines bound only at the conserved primary binding site, S1 (Penmatsa et al., 
2015; K. H. Wang et al., 2015). In addition, several crystal structures of LeuBAT (LeuT with 

key residues in the central binding site mutated to corresponding amino acids of human 

SERT) have been published with mazindol, TCAs, SSRIs, SNRIs, etc., all occupying the S1 

site (H. Wang et al., 2013). Hence, there is still a further need to establish the presence and 

relevance of allosteric binding sites, similar to those in LeuT and SERT, in the extracellular 

vestibule of DAT and NET via crystallographic studies. Several computational, 

pharmacological and structure-function studies have discovered a few ligands that act as 

allosteric modulators of DAT function (Rothman et al., 2015) and NET (Paczkowski et al., 
2007) confirming the possibility that DAT and NET also might contain functionally relevant 

allosteric binding sites outside of the S1 site. However, additional studies related to 

elucidation of the location and molecular determinants of the binding pockets of these 

allosteric ligands will be highly desirable.

Pharmacology

A wide range of MAT-interacting compounds have been developed to date as 

pharmacological and therapeutic tools to modulate and regulate neurotransmission (Table 1). 

Different classes of non-selective or selective drugs that can inhibit, modulate or promote the 

activity of the three transporters have been extensively developed via design and synthesis 

efforts and evaluated for potential efficacy in the treatment of many CNS-related diseases 

such as depression and the abuse of psychostimulants like cocaine and amphetamines.

Inhibitors

DAT: Cocaine is one of the most widely abused psychostimulants and while a non-selective 

inhibitor of DAT, NET and SERT, its reinforcing and rewarding effects lead to abuse and 

addiction that are primarily mediated by inhibiting DA uptake by blocking the DA binding 

site of DAT increasing perisynaptic DA levels. Efforts are ongoing to develop cocaine 

antagonists that can competitively or non-competitively prevent cocaine binding to DAT 

without the associated stimulatory effects exhibited by cocaine. These efforts have led DAT 
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inhibitors like WIN-35,428 (β-CFT), benztropine (and its analog JHW-007), GBR-12909, 

methylphenidate, RTI-55, and more (Figure 6) (Reith et al., 2015; Schmitt et al., 2013). 

WIN-35,428 and RTI-55 are more structurally rigid, metabolically stable and higher affinity 

cocaine analogs with pharmacological effects similar to cocaine. Due to their “cocaine-like” 

psychostimulant effects and addictive liability, they lack therapeutic utility but as radioactive 

ligands are used as pharmacological tools instead of cocaine in DAT-related assays. 

Benztropines are another class of high affinity DAT inhibitors that are structurally analogous 

to cocaine. Despite their higher affinity and selectivity for DAT, benztropine itself and its 

analog, JHW-007, do not demonstrate cocaine-like stimulatory behavioral effects in animal 

models of addiction (Schmitt et al., 2013, Velázquez-Sánchez, C. et al., 2010). Such 

‘atypical’ non-addictive behavioral effects of these compounds have resulted in their 

exhaustive exploration for the treatment of cocaine dependence. GBR-12909, with a distinct 

structure from that of cocaine, is a potent and selective DAT inhibitor with non-addicting 

properties. Despite an ideal therapeutic profile for psychostimulant abuse treatment, 

GBR-12909 prolonged the QTc interval causing ventricular arrhythmias that led to its 

clinical failure. Methylphenidate, another potent DAT inhibitor marketed as Ritalin® in low 

doses to treat attention-deficit hyperactivity disorder (ADHD), also has psychostimulant 

activity. Bupropion is approved as a smoking cessation aid and for the treatment of major 

depressive disorder and seasonal affective disorder. The pharmacological properties of 

buproprion have been attributed to weak DAT inhibitory potency, inhibition of NE uptake 

and non-competitive inhibition of select nicotinic acetylcholine receptors (nAChRs) (Carroll, 

et al., 2014). At low doses, it lacks psychostimulant activity in humans and is of interest for 

development as a treatment for cocaine abuse (Carroll, et al., 2010). Modafinil continues to 

be one of the most sort after DAT ligands for development into a potential treatment for 

cocaine and other psychostimulant dependence (Mereu et al., 2017). It is a schedule IV 

controlled drug approved for promoting wakefulness, it is commonly used “off-label” as a 

cognition-enhancer. Preclinical and clinical studies on modafinil have produced mixed 

results while evaluating its ability for abuse potential. Though evidence from animal studies 

indicate that modafinil does have some level of abuse liability, it is relatively lower than 

cocaine which is attributed to its weak DAT inhibitory efficacy (Schmitt et al., 2011). Due to 

modafinil’s unique in vivo pharmacological profile as an “atypical” DAT ligand, structure-

activity relationship studies continue to explore its mechanism of action (Mereu et al., 2017, 

Zhang et al., 2017).

The discovery of several potent and selective DAT inhibitors that lack “cocaine-like” abuse 

liability led to an increase in elucidation of their mechanism of interaction with DAT. The 

findings that “atypical” DAT-inhibitors such as GBR-12909, benztropine, JHW-007, 

bupropion and modafinil, despite their ability to inhibit DA uptake, lack the same 

psychostimulant and abuse liability profile of cocaine has piqued further interest in 

determining their molecular interactions with DAT. It is suggested that these ligands bind 

and stabilize a DAT conformation which is disparate from that of cocaine-bound DAT 

conformation resulting in contrasting psychostimulant effects (Schmitt et al., 2013). 

Experimental evidence suggests that cocaine and methylphenidate stabilize outward-open 

DAT conformation whereas JHW-007, GBR-12909, modafinil and bupropion tend to be less 

affected by conformational changes and most likely favor a more inward-facing occluded 
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conformation (Schmitt et al., 2013). This conformational “preference” could be responsible 

for the lack of addiction potential of atypical inhibitors (Reith et al., 2015). Another reason 

for reduced addiction liability of atypical DAT inhibitors could be their slow rate of onset of 

action in the brain or their off-target effects that might also contribute to their reduced 

behavioral reinforcing effects (Reith et al., 2015). Hence, further studies related to specific 

structural basis of interaction of DAT ligands are needed to promote the discovery and 

development of improved medications for psychostimulant addiction.

SERT—TCAs that include imipramine, clomipramine, desipramine, and amitriptyline were 

among the first-generation MAT inhibitors marketed as antidepressants (Stahl et al., 2013). 

They mediated their antidepressant properties by increasing synaptic levels of 5-HT and NE 

neurotransmitters via inhibition of SERT and NET. Though they do not bind to DAT, they 

displayed activity across many other receptors which is associated with many adverse 

effects. Since their antidepressant effect was mainly attributed to the inhibition of SERT, this 

led to the development of more selective SERT inhibitors (Stahl et al., 2013). The selective 

serotonin reuptake inhibitors (SSRIs) fluoxetine, citalopram, paroxetine (and sertraline or 

Zoloft®) were categorized among the second-generation antidepressants (Figure 7) (Stahl et 
al., 2013). SSRIs are selective and potent SERT inhibitors with relatively fewer side-effects 

as compared to TCAs. In particular, citalopram, in its racemic mixture, is a potent and 

selective SERT inhibitor devoid of any affinity for DAT and NET. Upon resolution of 

citalopram enantiomers, S-citalopram (or escitalopram) was found to be the active, higher 

efficacy enantiomer as compared to the R-enantiomer (Jacobsen et al., 2014). In fact, studies 

showed that R-citalopram can also weakly attenuate the activity of escitalopram.

Though LeuT was co-crystallized with TCAs and SSRIs bound in the secondary LeuT/TCA 

site in the extracellular vestibule region, compelling evidence has supported the observation 

that these antidepressants bind to the primary site S1 in mammalian transporters (Penmatsa 

et al., 2013). Several crystal structures of dDAT are now available which are in complex with 

various TCAs and SSRIs bound to the S1 site (see Table 2 for the list of references). 

However, citalopram, a SERT inhibitor, displayed unique in vitro kinetic behavior where it 

slowed down its own dissociation-rate from SERT and possessed allosteric modulatory 

effects (Plenge et al., 2012). The recently published x-ray co-crystal structure of 

escitalopram-bound hSERT confirmed the binding of escitalopram simultaneously to both 

high affinity S1 site and low affinity SERT/A3 allosteric site in the extracellular vestibule 

(Coleman et al., 2016). This unambiguously proved that escitalopram allosterically 

modulates its affinity to the primary site by simultaneously binding to the extracellular 

region. Interestingly, in addition to R-citalopram’s weaker affinity for the S1 site than 

escitalopram, it is hypothesized to weakly interact with the allosteric SERT/A3 site also and 

compete with escitalopram binding to this site. Many studies continue to explore the in vitro 
allosteric effects of the two enantiomers of citalopram and other antidepressants, and how 

their interaction with SERT translates to their behavioral effects in animal models.

NET—Discovery and development of the later generation of antidepressants has seen a 

paradigm shift where additional inhibition of norepinephrine reuptake activity has been 

combined with the SSRIs. These SERT/NET inhibitors have been suggested to have 
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additional therapeutic benefits compared to SSRIs such as improved antidepressant efficacy 

and faster onset of action. SNRIs such as duloxetine and venlafaxine increase DA levels 

specifically in the prefrontal cortex area of the brain along with increasing in 5HT and NE. 

This effect is thought to improve cognition and motivation (Stahl et al., 2013), and adds to 

the anti-depressant efficacy of these inhibitors. Selective norepinephrine reuptake inhibitors 

(NRIs) such as reboxetine and nisoxetine (Figure 8) are also in use for depression and 

ADHD (Stahl et al., 2013). Dual NET/DAT inhibitors (eg, nomifensin) and triple reuptake 

inhibitors (SERT/DAT/NET inhibitors eg, indatraline and mazindol) are also being explored 

for their efficacy in depression and other CNS-disorders (Stahl et al., 2013).

Human NET and DAT share 80% overall sequence homology. Even though structural 

variations in the non-conserved regions of NET versus DAT imparts transporter selectivity to 

their respective ligands, their pharmacological profiles resemble one another as both 

transporters can translocate DA and NE across the membrane (Andersen et al., 2015). For 

these reasons, the dDAT crystal structure bound with the NRIs reboxetine and nisoxetine in 

the S1 site is suggested to be the closest representative of inhibitor binding to hNET 

(Andersen et al., 2015).

Synthetic substrates/Releasers/Substrate efflux inducers

Amphetamine, and its derivatives e.g., methamphetamine, are recognized as substrates and 

translocated by the MATs through the plasma membrane and compete with the uptake of 

physiological monoamines. In addition, these synthetic substrates, once translocated, elicit 

the efflux of monoamines through the transporters into the synaptic cleft (Sitte & 

Freissmuth, 2015). Transported amphetamines are accumulated in the synaptic vesicles 

through the VMATs (vesicular monoamine transporters) and displace the monoamines out 

from the vesicles (Sitte & Freissmuth, 2015). The combined effects of amphetamine-induced 

natural substrate reuptake inhibition and efflux results in an increased synaptic concentration 

of the monoamines leading to psychostimulant effects. Other amphetamine-like compounds 

with a similar mode of action are MDMA (methylenedioxymethamphetamine), cathinone, 

methcathinone, mephedrone, methylone, phenmetrazine and others (Figure 9) (Baumann & 

Volkow, 2016). Although the mechanism of reverse transport is not well understood, 

evidence indicates that amphetamines could facilitate reverse monoamine transport by 

altering ion conductance across the plasma membrane that couples the monoamine transport 

process (Sitte & Freissmuth, 2015). Since the increase in monoamine concentrations could 

either result from their reuptake inhibition or reverse transport or both, the activity of any 

MAT ligand should be experimentally evaluated in both in vitro uptake inhibition assays as 

well as efflux assays.

Amphetamine and its analogs are currently being explored as “agonist medications” for 

stimulant addiction (Howell & Negus, 2014; Negus & Henningfield, 2015). The antagonist 

approach using MAT inhibitors generally suffers from their own abuse liability and low 

compliance due to extreme withdrawal symptoms. On the other hand, ideal agonist-based 

medications will likely compete with the psychostimulants for the transporters and attenuate 

their action, and will be more compliant as they will provide a mild reinforcing effect of 

their own to provide relief in withdrawal symptoms. In addition, their pharmacokinetic 
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profile (such as bioavailability, slow onset of action, long duration of action) could be 

modified to make them less likely to be abused and increase their safety and efficacy. 

Interestingly, a set of compounds characterized as “partial releasers” could be ideal 

candidates for the agonist-based therapy (Reith et al., 2015; Rothman et al., 2012). 

Structural analogs of amphetamines, e.g., MDEA (methylenedioxy-ethylamphetamine) do 

not elicit the maximum efflux of intracellular substrates even at highest concentrations as 

compared to “full” substrates. Further studies are required to evaluate the in vivo efficacy of 

such ligands in attenuating the effects of psychostimulants in animal models of addiction. 

Many recent studies have suggested that the mechanism of substrate uptake and efflux are 

distinct from each other and can be differentially regulated. Experimental evidence indicates 

that there are certain mutations as well as MAT-ligands that modulate monoamine uptake 

without having any effect on efflux. The functional significance of such a mechanism, as 

well as exact molecular determinants and binding site location of these ligands will require 

further evaluation.

Allosteric modulators

The X-ray crystal structure of LeuT bound with TCAs and SSRIs in the secondary 

LeuT/TCA site present in the extracellular vestibule of the translocation pathway provided a 

possibility for the presence of corresponding secondary or allosteric sites in mammalian 

transporters as well. This notion was strengthened by previous observations where some 

antidepressants could slow the dissociation rate of other SERT-bound ligands. It was 

demonstrated that mutation of some residues in the extracellular region of SERT reduced the 

allosteric potency of antidepressants in modulating the dissociation of ligands bound to the 

high affinity primary S1 site (Plenge et al., 2012). This further indicated that the S1 site in 

SERT is allosterically associated with a functionally-relevant secondary site in SERT. 

Biochemical, pharmacological, and computational approaches predicted the location and 

molecular determinants of this second site (SERT/A1) (Plenge et al., 2012) which, according 

to our observations, is slightly distinct from the location of the corresponding LeuT/TCA 

site (Singh et al., 2007) but more closely overlaps with the LeuT/S2 site (Shi et al., 2008). 

Another allosteric site was identified in SERT (SERT/A2) through molecular dynamics and 

comparative genomics techniques which is distinct from the SERT/A1 site reported earlier. 

A hybrid structure-based method was utilized to screen for compounds that bind to the 

SERT/A2 site. ATM7 was one of the ligands identified using this approach which 

allosterically modulated the 5-HT uptake as well as MDMA-elicited reverse transport 

(Kortagere et al., 2013; Mortensen & Kortagere, 2015). The recently published x-ray crystal 

structure of hSERT with a molecule of escitalopram bound to the S1 site and another 

escitalopram molecule bound in the extracellular vestibule region finally provided a direct 

evidence of the presence of an allosteric site in SERT (Coleman et al., 2016). This second 

site (SERT/A3) had low affinity for escitalopram which upon interaction could functionally 

modulate the dissociation rates of ligands bound to the high affinity S1 site. We observed 

that the predicted location of the SERT/A2 site is close to the SERT/A3 site and both have 

many overlapping residues (Figure 5). These results together suggest the presence of one or 

more functionally-relevant allosteric sites within SERT, and that continued computational 

approaches along with biochemical and structure-function studies could lead to the 
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discovery of more efficacious allosteric modulators for use in the treatment of many CNS-

related diseases involving monoamines.

There is still inadequate experimental evidence for the presence of functionally-relevant 

allosteric sites, and their location and molecular determinants, in DAT and NET. The 

availability of the dDAT crystal structure with a variety of ligands seen to be bound only to 

the S1 site with nothing in the extracellular region adds to the uncertainty of whether a 

secondary site is present in hDAT and hNET or not. Interestingly, a study showed that a 

peptide called Chi-conotoxin, isolated from a marine Conus marmoreus snail, 

noncompetitively inhibited NET function by interacting with the extracellular vestibule 

region of NET (Paczkowski et al., 2007). Another chemical library screening effort 

identified a series of ligands (known as the SoRI ligands) with moderate DAT affinity and 

exhibited partial allosteric modulation of DAT function (Rothman et al., 2015; Rothman et 
al., 2012). None of the SoRI ligands displayed dose-dependent complete inhibition of a DAT 

radioligand (known to occupy S1) which is a typical characteristic of noncompetitive 

binding. Further evaluation using uptake and kinetic assays suggested that the SoRI ligands 

probably bind to a site distinct from that of the primary site S1. Remarkably, one of the SoRI 

compounds (SRI-20041, Rothman et al., 2009) inhibited DA uptake like the others in the 

series, but had no effect on the amphetamine-induced efflux of the substrate. This 

observation led to the conclusion that the two processes of substrate translocation in and out 

of the MATs are independent of each other and allosteric modulators could be designed to 

modulate only one single cycle of substrate transport or the other (Schmitt et al., 2013). The 

molecular determinants of the binding site of SoRI compounds and the mechanism of action 

of these compounds at molecular level will be an interesting addition to aid in understanding 

of the function of DATs at the molecular level.

Regulation and trafficking

Though MATs have high similarity in their core TM region, their extracellular loops, N-, and 

C-termini differ to a great extent in length and sequence of the amino acids (Kristensen et 
al., 2011) (Figure 2). The sites present in these regions are involved in various post-

translational modifications and protein-protein interactions with several signaling proteins 

that control transporter localization, stability, and activity of each MAT. For example, the 

long extracellular loop, EL2, between TM 3 and 4 of the MATs contains several sites for N-

glycosylation that are required for the stability of DAT and NET embedded in the plasma 

membrane (Kristensen et al., 2011). However differences in the N-terminus of DAT and 

NET could explain differences observed in the role of posttranslational ubiquitinylation. The 

DAT is ubiquitylated following activation of PKC triggering the internalization of DAT 

(Miranda et al., 2007; Miranda et al., 2005; Mortensen, 2003). On the other hand, NET does 

not appear to be ubiquitylated (Mortensen et al., 2017). This difference is perhaps not 

surprising as NET lacks all the N-terminal lysines that are ubiquitylated in DAT (Figure 2). 

The physiological relevance of such differences in regulation between DAT and NET is 

highlighted by studies on the ultrastructural localization of DAT and NET. These studies 

have found the expression of NET in some areas of the prefrontal cortex is predominantly 

intracellular (Miner et al., 2003). This is in contrast to the DAT that was found to be mainly 

expressed on the plasma membrane (Hersch et al., 1997). These results implies that there 
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must be differences in how trafficking and cell surface expression of these two related 

transporter is regulated. It could be hypothesized that differences in the primary sequences 

of intracellular domains of DAT and NET recruits different regulatory proteins.

MATs also undergo regulation directly or indirectly by a number of kinases e.g., protein 

kinase C (PKC), cAMP-dependent protein kinase (protein kinase A, PKA), cGMP-

dependent protein kinase (protein kinase G), Ca2+/calmodulin-dependent protein kinase II, 

ERK1/2, p38 mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase 

(PI3K)/Akt and tyrosine kinases. Details regarding the effects of every signaling pathway on 

MAT structure and function is beyond the scope of this overview and the readers are directed 

to review articles on this topic (Bermingham & Blakely, 2016; Kristensen et al., 2011).

Conclusions

DAT, NET and SERT represent important therapeutic targets for a number of CNS-related 

pathophysiological conditions. The discovery of crystal structures of transporter homologs 

bound with substrate and inhibitors have substantially advanced our understanding of 

structure-function profile of MATs and has aided in several medicinal chemistry-based drug 

discovery efforts. However, knowledge of specific ligand-directed conformational changes at 

the molecular level and the subsequent behavioral effects elicited through the transporters is 

still lacking. The exact regulatory and functional significance of the extracellular vestibular 

region of the human MATs at a physiological level also remains unresolved. The complex 

mechanisms that dictate the binding interactions and effects of substrates, inhibitors and 

releasers on the transporters also remain a critical topic of research. Careful design and 

interpretation of biochemical and behavioral assays to evaluate the function and 

pharmacology of MAT ligands is necessary to delineate them as competitive inhibitors, 

allosteric modulators, substrates or releasers.
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Figure 1. 
Chemical structures of the three monoamine neurotransmitters.
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Figure 2. 
Alignment of primary sequences of hDAT, hSERT, hNET and bacterial LeuT.
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Figure 3. 
A general 2D representation of the 12-transmembrane domain structure of monoamine 

transporters showing the placement of N-terminal, C-terminal, extracellular- and 

intracellular loops.
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Figure 4. 
Cartoon representation of the proposed alternating access mechanism of translocation of 

substrates and ions through monoamine transporters.
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Figure 5. 
Side (left) and top (right) views of the human SERT crystal structure bound with two 

escitalopram molecules (PDB ID 5I73), with a few protein backbone structures truncated for 

the ease of visibility. One escitalopram molecule (purple) is bound to the primary, high-

affinity S1 binding site with residues shown in yellow. The residues of the secondary 

allosteric site SERT/A1 in the extracellular vestibule are depicted in blue. The SERT/A2 site 

residues are shown in orange. The second escitalopram molecule of the crystal structure 

bound in the extracellular vestibule is shown in green.
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Figure 6. 
Chemical structures of a few DAT ligands.
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Figure 7. 
Chemical structures of a few SERT ligands.
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Figure 8. 
Chemical structures of selective NET inhibitors.
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Figure 9. 
Chemical structures of monoamine substrate releasers or efflux inducers.
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Table 2

A list of relevant x-ray co-crystal structures of transporters discovered to date bound to various ligands.

Transporter Ligand Binding site/Conformation Reference

LeuT Leucine Substrate binding site (S1), outward-
occluded

(Yamashita et al., 2005)

LeuT Tryptophan 2 molecules bound, one at S1 and other at 
the external vestibule site, outward-open

(Singh et al., 2008)

LeuT n-octyl-β-D-glucopyranoside detergent External vestibule site, outward-open (Quick et al., 2009)

LeuT TCAs (desipramine, clomipramine, imipramine), 
SSRIs (sertraline, (R)/(S)-fluoxetine) External vestibule site, outward-open (Singh et al., 2007)

LeuBAT Antidepressants (SSRIs, SNRIs, Clomipramine), 
Mazindol S1, outward-open (H. Wang et al., 2013)

dDAT 3,4-dichlorophenethylamine (DCP, a dopamine 
analog) S1, outward-partially occluded (K. H. Wang et al., 

2015)

dDAT
cocaine, RTI-55, SNRIs, NRIs (nisoxetine, 
reboxetine), SSRIs, nortriptyline, dopamine, D-
amphetamine, (+)-methamphetamine

S1, outward-open
(Penmatsa et al., 2015; 
K. H. Wang et al., 2015)

hSERT (S)-citalopram 2 molecules bound, one at S1 and other at 
external vestibular site, outward-open

(Coleman et al., 2016)

hSERT paroxetine S1, outward-open (Coleman et al., 2016)
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