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ABSTRACT 

The mechanism of ion-coupled secondary transport is universally utilized in every 

kingdom of life to catalyze the concentrative uptake of molecules across cellular 

membranes. Ion-coupled transporters are central to many physiological functions 

ranging from nutrient uptake to neural synaptic transmission.  Recently, the crystal 

structure of the ion-coupled transporter LeuT, a bacterial homolog of the 

Neurotransmitter:Sodium Symporter (NSS) family, was solved. This structure 

revealed a novel transporter motif characterized by an internal 2-fold structural 

repeat, with the substrate L-leucine and two sodium ions bound in a centrally 

located occluded binding site, suggestive of an alternating access transport 

mechanism.  To date, LeuT presents one of only a small handful of sodium-coupled 

secondary transporters structures, and remains the only NSS transporter to have 

yielded to crystallographic studies. LeuT has therefore become widely used as the 

structural blueprint for modeling and interpreting the structure, function, and 

pharmacology of the human NSS members which include the monoamine 

transporters for serotonin, dopamine, and norepinephrine.  Insights into 

transporter mechanism from LeuT and the quality by which it can be used as a 

modeling template depend deeply upon our knowledge of the structure and 

function of LeuT itself.  Thus, in an effort to further understand the structural 

principles of LeuT transport, we have undertaken more detailed studies of LeuT 

structure and function.   

In this dissertation, I present the experiments, results, and conclusions from 

crystallographic and functional investigations of LeuT.  In these studies, we probe 
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the structure and mechanism of LeuT using transport and binding assays together 

with X-ray crystallography with different substrates and mutations.  We show that 

LeuT binds and transports aliphatic and aromatic amino acids, and that binding of 

transportable substrates results in the stabilization of an occluded conformation.  

Transport is competitively inhibited by L-tryptophan, which traps the transporter in 

an open-to-out conformation and has tryptophans bound both in the central binding 

site and at a second site that opened up in the extracellular permeation pathway.  

Though this open state has two apparent binding sites, detailed measurements 

show that the occluded state, by contrast, harbors only a single high-affinity 

substrate binding site.  Further work identified a mutation that allows LeuT to 

transport L-tryptophan and we show that this gain of function corresponds to the 

ability of LeuT to form the occluded state with tryptophan bound only in the central 

binding site.  These data together suggests that the occluded state is a necessary 

intermediate in the transport mechanism, and that the second site identified in the 

open-to-out state is likely a low-affinity site transiently occupied during substrate 

permeation.  Our findings are used to construct a structural description of the 

alternating access mechanism for the transport cycle of LeuT, which we believe 

contains general principles that provide insights into how other structurally and 

functionally related transporters work. 
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Crossing the membrane 

In every kingdom of life, cells are bounded by lipidic bilayered membranes 

that separate the intracellular components from the external environment.  While 

hydrophobic compounds may passively diffuse through cellular membranes, most 

ions and polar molecules cannot.  Membranes thus form a barrier impermeant to 

most substances needed to sustain life.  To rectify this, embedded within 

membranes are a vast array of proteins that facilitate the selective transfer of 

solutes across the lipid bilayer.  These proteins enable and regulate the flux of ions, 

nutrients, waste products, and signaling molecules, often acting as gate and 

gatekeeper together to promote and maintain the function of the cell. 

 These transmembrane proteins are dynamic machines that operate by a 

number of thermodynamically and physically distinct mechanisms.  The primary 

mechanistic distinction that classifies most of these transmembrane machines is 

derived from the kinetic profile of the solute flux that the protein facilitates.  Steady-

state flux rates are often observed to have either a simple linear dependence on 

solute concentration or the flux exhibits a more complex concentration-dependence 

characterized by an asymptotically saturating steady-state flux rate [1].  The former 

kinetic observation is characteristic of “channel” proteins, which is distinct from the 

latter that is characteristic of “transporter” proteins.   

The simple kinetics of channel proteins reflect an underlying mechanism that 

serves to facilitate diffusion of a chemiosmotic solute gradient.  The direction and 

magnitude of flux will be dictated by the direction and magnitude of the 

chemiosmotic (or electrochemical potential) gradient [2].  Channel proteins, in 
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essence, are pores in the membrane that selectively allow solutes to diffuse in and 

out of the cell; however they may also be gated to provide temporal control over the 

opening of the pore, effectively changing the stochastic probability that any single 

channel will open [3].  Channel gating can be responsive to a number of stimuli 

including activation by ligand binding, voltage sensing, mechano-sensory 

transduction, or photon absorption.  Furthermore, gating kinetics can be modulated 

to control the rate of solute flux, for example, via secondary ligand binding, which 

may stimulate or depress gating, or by temporal desensitization, which decouples 

the gating stimulus from pore opening, leading to pore closure during prolonged 

stimulation.  Generally, the kinetics of solute flux through channels is described by 

terms analogous to electrical circuits:  Solute flux, or single channel current, is 

proportional to the unitary conductance (the product of the open probability of the 

channel and the maximal conductance) and the chemical/electrochemical potential 

established across the membrane. 

In contrast to channels, the saturable kinetics of transport proteins 

underscores the notion that transporters are more akin to enzymes and are, in fact, 

well-characterized by kinetic enzyme models [1] (Figure 1.1).  Instead of simply 

serving as a gated pore that facilitates diffusion across the membrane, transporters 

methodically transfer solute from one side of the membrane to the other by 

coordinating the binding and releasing of solute to conformational changes in the 

protein structure that alternately exposes the substrate binding site to opposite 

sides of the membrane [4-8] (Figure 1.2).  In this manner, transporters can exert an 

exquisite amount of structural control over the flux and selectivity of the transport 
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process.  This attribute permits transporters to couple solute flux to exergonic 

processes which effectively enables the transporter to pump solutes against 

chemiosmotic and electrochemical potential gradients. 

Most transporters do act as pumps and thus are called “active” transporters 

to differentiate from passive transport mechanisms where solute flux is not coupled 

to the energetics of a second process.  Active transporters are classified in two 

categories: primary active transporters and secondary active transporters.  Primary 

active transporters are so-called because they harbor the ability to directly use a 

primary source of energy such as phosphodiester bond hydrolysis (e.g. ATPase 

activity), decarboxylation, oxidoreduction (e.g. NADH reductase or cytochrome c 

oxidase activity), or photon absorption to drive an otherwise thermodynamically 

unfavorable translocation of solute across the membrane [9-11].   Coupling 

enzymatic activity, such as the phosphodiesterase activity utilized in the majority of 

primary active transporters, to selective transport means that primary transporters 

are dual-function transmembrane proteins and are often assembled as multi-

domain oligomers [12]. 

One key role of primary active transporters in cell physiology is to establish 

and maintain the ionic electrochemical gradients across the plasma and organelle 

membranes.  These electrochemical gradients effectively store the chemical energy 

used by primary transporters as potential energy across the membrane.  This 

transmembrane potential energy is a “secondary” energy source for the cell, and is 

harnessed by secondary active transporters to drive solute translocation. In a 

general sense, secondary transporters are thus “thermodynamic couplers” that can 
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convert the energy released from the exergonic movement of one solute across the 

membrane to the endergonic movement of a second solute.   

Secondary transporters encompass an incredibly diverse collection of 

proteins, with approximately 100 families identified, genetically disparate, with 

distinct solute (substrate) specificities (www.tcdb.org) [10, 11].  The majority of the 

known secondary transporters are cation-coupled, utilizing either Na+ or H+ 

gradients to drive solute transfer; however a small number of transporters are 

driven by gradients of K+, Cl-, OH-, or inorganic phosphate [10].  The coupling of 

gradient discharge to solute flux can be either “symport”, where ion and solute flow 

in the same direction, or “antiport”, where ion and solute flow in opposite directions 

across the membrane (Figure 1.3). Though ion:solute symport or antiport is the 

most common general mechanism for secondary transport, concentrative uptake 

can also be accomplished by solute:solute antiport (e.g. the mitochondrial ATP:ADP 

exchanger family, TC #2.A.29).  Solute:solute antiport and phenomena related to 

solute exchange will be discussed in greater detail later. 

Sodium-coupled secondary transport  

In 1952, Christensen et al. observed that erythrocytes can concentrate amino 

acids from the extracellular solution, and that the transport activity is dependent on 

the presence of sodium [13]. They noted that the activity was curiously insensitive 

to respiration inhibitors such as azide, cyanide, arsenate, and 2,4 dinitrophenol 

(DNP).  The idea that sodium is coupled to active transport was nascent at the time 

and the significance of the apparently respiration-uncoupled mechanism had yet to 

be appreciated.  This was around the same time that Hans Ussing was working out 
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the basis of active sodium transport in frog skin epithelial cells, identifying that Na+ 

and K+ are actively exchanged across frog skin preparations against both electrical 

and chemical concentration differences [14, 15], and that the transport is tightly 

coupled to respiration, being strongly inhibited by DNP, and requiring an almost 

stoichiometric consumption of O2  [16, 17].  The active Na+/K+ exchange activity in 

frog skin was indeed identified as an ATPase-coupled pump [18] (TC #3.A.3.1.1).  

Thus, finding Na+-coupled active transport that was apparently independent of 

respiration was a harbinger of the underlying mechanistic divergence from primary 

and secondary sodium-coupled transport.1

In addition to Christensen’s observations of concentrative amino acid uptake, 

the phenomenon of sodium-driven substrate flux was also being observed for 

glucose uptake into cells.  Early studies examining glucose transport showed that 

glucose uptake is sodium dependent and well-described by Michaelis-Menten 

kinetic parameters [1, 19].  Using excised frog intestines, Csaky and Thale showed 

that the direction of the sodium gradient is critical for transfer of the non-

metabolizable analog 3-methylglucose across epithelial tissue [20].  A flurry of 

research thereafter quickly established that sodium indeed drives uptake of amino 

acids, glucose, and other essential nutrients (reviewed in [21]), placing sodium-

coupled secondary transporters as key elements to many central physiological 

processes.   

 

In 1987 Matthias Hediger and Ernest Wright developed the technique of 

expression cloning to successfully identify the cDNA of the rabbit Na+/glucose 
                                                 
1 It is of interest to note that the Na+K+ ATPase is also in fact the main primary active transporter that 
maintains that transmembrane Na+ gradient utilized by sodium-coupled secondary transport processes. 
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cotransporter,  which was the first mammalian co-transporter to be cloned [22].  

With cDNA in hand, they subsequently identified the human Na+/glucose 

transporter SGLT1 (TC #2.A.21.3.1) [23], which opened up the rapid identification 

of genetic polymorphisms that underlie disease states [24].  More recently, in 2008, 

the crystal structure of a prokaryotic homolog of SGLT1, the sodium/galactose co-

transporter from Vibrio parahemolyticus (vSGLT), was solved bound with galactose 

and sodium [25].  The vSGLT crystal structure and its mechanistic implications are 

discussed more extensively in Chapter 5 of this dissertation. 

Neurotransmitter uptake by sodium-coupled secondary transporters 

 Around the same time that amino acid and glucose transport was being 

discovered to be sodium dependent, Axelrod and colleagues were studying the 

mechanism by which neurotransmitter signaling is terminated.  In 1961, Whitby, 

Axelrod, and Weil-Malherbe reported on experiments that followed the tissue-

specific accumulation of injected [3H]-norepinephrine (NE) [26]. They found that 

[3H]-NE is rapidly absorbed into tissues within two minutes after injection, and is 

particularly localized to the heart, spleen, and adrenal gland, and that the sites for 

tissue absorption are likely to be localized to nerve endings, as binding of 

catchecolamines to tissues is dependent upon intact sympathetic nerve endings 

[27].  Shortly thereafter, L.L. Iversen reported on a series of elegant kinetic assays 

measuring [3H]-NE uptake in rat heart perfusions.  These assays showed that [3H]-

NE is concentrated into tissues by a stereospecific mechanism that obeys Michaelis-

Menten kinetics (Figure 1.4).  Iversen also demonstrated that cocaine inhibits [3H]-

NE uptake dose-dependently, with an EC50 ~ 0.5 – 1 µM (Figure 1.4) [28].   A few 
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years later Iversen and Kravitz demonstrated that norepinephrine uptake at nerve 

terminals is sodium-dependent, and predicted that the uptake of the 

neurotransmitters γ-amino butyric acid (GABA) and glutamate is also sodium-

dependent [29].  Subsequently, Iversen and Neal showed that GABA is in fact rapidly 

transported into rat cerebral cortex slices by an active transport process well 

described by Michaelis-Menten kinetics and is steeply dependent on the external 

sodium concentration [30].   

In the same time period, tissue-specific uptake of the neurotransmitter 5-

hydroxytryptamine (5-HT, serotonin) was also being examined.  Early studies 

examining neuronal uptake observed that 5-HT appeared to be transported by a 5-

HT specific system that is inhibited by cocaine, amphetamine, and desipramine [31, 

32].  It was also observed that blood platelets contain a high affinity transport 

system for 5-HT.  Blood platelet uptake of 5-HT also demonstrated a saturable [33] 

and specific sodium-dependent active transport system [34] that is inhibited by 

tricyclic antidepressants such as imipramine and clomipramine [35, 36].  By 1970 it 

was widely accepted that neurotransmitters are rapidly cleared from synaptic and 

extraneuronal spaces by specific sodium-dependent transport systems, and that this 

functioning is central to the physiology of neurons.2

                                                 
2 While the signaling by biogenic amine and amino acid neurotransmitters is terminated directly by 
synaptic reuptake transporters, signaling by the neurotransmitter acetylcholine is instead terminated by 
enzymatic cleavage via synaptic acetylcholinesterase activity. The resulting choline product is then 
transported back into neurons by a sodium-cotransporter.   

  It was also becoming clear that 

a rich pharmacological profile existed for these transporters, and that inhibition of 

transmitter uptake could be used to potentiate neuronal signaling [37]. 
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The neurological and pharmacological importance of neurotransmitter 

transporters spurned significant efforts towards structural and functional 

characterization.  In the 1970’s, the use of isolated membrane vesicles was 

pioneered by Kaback [38, 39], which allowed researchers to study native 

membranes with greater control over the conditions on either side of the 

membrane.  Thus, vesicles could be reconstituted with different internal and 

external solutions with tailored gradients, permitting detailed studies of ion-

coupled transport activity in the absence of confounding factors such as cytoplasmic 

metabolic activity.  Using this type of system, the naturally abundant transporters 

for GABA and 5-HT were studied using vesicles derived from either rat brain 

neurons for GABA transport studies [40-42], or blood platelet cells for 5-HT 

transport studies [43]. 

From native membrane vesicle preparations, the stoichiometry of GABA 

transport was observed to require the symport of 2 Na+ ions for one molecule of 

GABA.  The transporter was also found to co-transport Cl-, acting as an allosteric 

enhancer of sodium binding [40, 44, 45].  Because the transport of GABA results in 

the net movement of one positive charge across the membrane, transport is 

electrogenic and thus sensitive to the membrane electrical potential. By contrast, 5-

HT transport is driven by the co-transport of two Na+ ions and one Cl- ion, with the 

counter-transport of one K+ ion.  Thus, the overall mechanism for 5-HT transport is 

electroneutral [46]. 

Cloning of neurotransmitter transporters defines the NSS family 
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 Studies of GABA and 5-HT transport in membrane vesicle preparations led to 

more sophisticated experimental approaches to measure transporter function [47, 

48], and the ability to functionally purify transport activity [49].  This led to the 

landmark paper in 1990 which reported the first cloning of a neurotransmitter 

transporter, the GABA transporter GAT-1, by Baruch Kanner’s group in 

collaboration with Henry Lester’s lab [50].  From highly purified GABA transporter 

protein, cyanogen bromide digestion fragments were sequenced and used to design 

oligonucleotide probes for the GABA transporter gene.  Rat brain cDNA libraries 

were screened with these probes by colony plaque hybridization techniques.  From 

this they identified two positive colonies, one of which yielded mRNA that produced 

GABA transport activity when expressed in Xenopus oocytes. 

 Shortly after GAT-1 was cloned, in 1991 Susan Amara’s group reported the 

cloning of the gene for the  human norepinephrine transporter, hNET, using an 

expression cloning technique similar to that used by Hediger and Wright to clone 

the Na+/glucose co-transporter [51].  Strikingly, hNET showed 46% sequence 

identity (68% similarity) to GAT-1 and contained a 20 residue stretch near the N-

terminus (residues 78-98) that was completely identical, save for one single 

substitution at residue 87.  Thus, the identification of GAT-1 and hNET together 

founded a family of neurotransmitter transporters that will become known as the 

NSS – Neurotransmitter Sodium Symporter - family. 

 Using the sequence alignments between GAT-1 and hNET, degenerate 

oligonucleotide probes were constructed to identify cDNA fragments encoding 

related transporter genes.  Within an extremely rapid timeframe, the rat dopamine 
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transporter (DAT) from was cloned [52, 53], followed by the serotonin transporter 

(SERT), also from rat [54, 55].  The NSS family grew to encompass neuronally-

localized sodium-coupled transporters for most of the major neurotransmitters 

such as the amino acids GABA (GAT-1, GAT-2, and GAT-3), glycine (GlyT1), and 

proline (ProT), and the biogenic amine transmitters dopamine (DAT), 

norepinephrine (NET), and serotonin (SERT).  Other NSS members include the 

transporters for the osmolytes taurine (TauT), creatine (CT1 and CT2), and betaine 

(BgT1 and BgT2), and several distinct gut epithelial transporters for the absorption 

of neutral and cationic amino acids.  Bacterial homologs of the NSS family have also 

been discovered, including a tryptophan transporter (TnaT) [56], tyrosine 

transporter (TyT1) [57], methionine and alanine transporter (MetP) [58], and the 

primary subject of this dissertation: the aliphatic and aromatic amino acid 

transporter LeuT [59].  

Disease and pharmacology of NSS family members 

 The enormous complexity of central nervous system diseases have proven 

difficult to demarcate according to specific functional polymorphisms in genes of 

known function. Nevertheless, several of the NSS family transporters have been 

directly associated with diseases, particularly mental disorders (reviewed in [60]), 

and are the principle targets for therapeutic interventions using a wide array of 

drug compounds.  Of particular interest are the serotonin, norepinephrine, and 

dopamine transporters (SERT, NET, and DAT).   

Serotonin is a key regulator of basic physiological functions such as mood, 

appetite, sleep, cognition, and sexual activity.  As such, serotonin imbalance is 
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implicated in a myriad of mental illnesses including depression, anxiety, autism, 

obsessive-compulsive disorder, and schizophrenia.  Genetic polymorphisms in SERT 

have been linked to several of these disorders and are associated with aggravated 

impulsiveness and novelty-seeking type behaviors.  Elevated expression of SERT has 

also been identified with certain types of alcoholism.  

Norepinephrine and NET polymorphisms are implicated in attention-deficit 

hyperactivity disorder (ADHD) and depressive syndromes and are regulators for 

attention, memory, and learning.  Norepinephrine is also a major neurotransmitter 

of the sympathetic nervous system and plays a role in regulating heart rate, blood 

pressure, and vascular tone.  Decreased NET function is found in patients with 

orthostatic intolerance (marked by the inability to maintain blood pressure when 

transitioning ones posture from sitting to standing).   

Dopamine uptake by DAT regulates motor functions, mood, and reward.  DAT 

dysfunction is also implicated in ADHD, schizophrenia, bipolar disorder, autism and 

Parkinson’s disease.  Nonsynonymous polymorphisms encoding mutant DAT 

proteins are linked to bipolar disorder and ADHD.  Polymorphisms in the 3’ UTR of 

DAT mRNA has been observed to affect expression levels of DAT in association with 

alcoholism, drug abuse, and ADHD. 

Among the first compounds developed to target monoamine transporters 

were the tricyclic antidepressants (TCAs).  TCAs are generally based on the three-

ringed dibenzazapine structure with various alkyl and halogen substituents to tune 

the activity of each compound (Figure 1.5).  Examples of prescribed TCAs include 

imipramine, clomipramine, desipramine, nortryptyline, and amitryptyline.  TCAs are 
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potent inhibitors of SERT and NET with Ki values in low nanomolar range [61].  

TCAs are effective in treating depression and other syndromes related to decreased 

serotonergic signaling, however the therapeutic usefulness of TCA compounds are 

limited by the range of severe side-effects.  In addition to potent SERT and NET 

inhibition, TCA’s antagonize neurotransmitter receptors at therapeutic 

concentrations, including 5HT2A, histamine H1, muscarinic M1, and α1- and α2-

adrengergic receptors.  This broad receptor antagonist activity is thought to account 

for the number of harsh side-effects of TCAs. 

To combat this, a second generation antidepressants were developed – the 

so-called selective-serotonin reuptake inhibitors (SSRIs).  These include some the 

most highly prescribed psychiatric drugs in history such fluoxetine (Prozac), 

sertraline (Zoloft), and citalopram (Lexapro).  The chemical structures of SSRIs vary 

(Figure 1.5), and are classified together based on their moderate selectivity for 

SERT over NET inhibition.  SSRIs inhibit SERT with low nanomolar affinity but can 

inhibit NET in the low micromolar range, thus showing about 1000 fold selectivity 

for SERT over NET.  An exception is citalopram, which is highly selective for SERT 

and does not bind either NET or DAT to any significant extent.  SSRIs are poor 

ligands for neurotransmitter receptors (Kd values are generally in the micromolar 

range for the receptors that potently antagonized by TCAs) and thus have reduced 

clinical side-effects compared to TCAs.   

Though SSRIs are safer than TCAs, they are less efficacious for treating 

depression due to weak NET inhibition.  A related class of drugs similar to SSRIs 

were developed that, like TCAs, are selective for SERT as well as NET, but without 
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the broad receptor antagonism effects.  These serotonin and norepinephrine 

reuptake inhibitors (SNRIs) include venlafaxine (Effexor), and duloxetine 

(Cymbalta) (Figure 1.5).  SNRIs exhibit low to mid nanomolar Ki values for SERT 

and NET, and have a similar side-effect profile as SSRIs. 

The dopamine transporter DAT is a principal target for psychostimulant 

drugs such as methylphenidate (Ritalin), cocaine, and amphetamines including 3,4-

methylenedioxyamphetamine (MDMA, “ecstasy”) (Figure 1.5).  Methylphenidate, a 

piperadine derivative, is a DAT and NET inhibitor that is widely prescribed for the 

treatment of ADHD in children.  Ki values for DAT and NET inhibition are around 60 

and 100 nM, respectively.  Cocaine also potently inhibits DAT uptake (Ki = 230 nM) 

as well as NET (Ki = 480 nM) and SERT (Ki = 740 nM), though the intense reward 

conditioning of cocaine administration is generally attributed to effects on the 

dopamine pathway.  While methylphenidate and cocaine are non-transportable 

inhibitors of dopamine uptake, amphetamine and its congeners, including 

methamphetamine, are instead transportable substrates for DAT.  Amphetamines 

compete with both DAT and NET uptake with Ki values around 100 – 700 nM and 

weakly inhibit SERT with Ki around 30 – 40 µM. 

The primary effect of amphetamines, in addition to competing with 

neurotransmitter reuptake, is to induce DAT-dependent dopamine efflux from cells 

[62] thereby causing a rapid increase in the extracellular dopamine concentration.  

Serotonin release via amphetamine-induced SERT efflux has also been observed 

[63].  The precise mechanism of this induced efflux is not entirely clear, however it 

is thought to involve the release of monoamine neurotransmitter from filled 
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presynpatic vesicles via the H+-coupled vesicular monoamine transporters (VMATs) 

[64], interactions of DAT with syntaxin 1A [65], phosphorylation-dependent 

regulation of DAT via protein kinase C [66],  and calmodulin-dependent kinase II 

[67]. 

Transport kinetics and thermodynamic coupling 

The ion:solute stoichiometry and electrogenicity of transport are key 

determinants of the extent to which solute can be concentratively transported and 

the steady-state rate of transport.  Considering the chemical reaction scheme for the 

simple transport of a moles of solute S coupled to the symport of b equivalents of 

sodium ion Na+:  

aSout + bNa+out  aSin + bNa+in 

When a or b is equal to one, the steady-state rate of transport will be hyperbolic 

with respect to the concentration of Sout or Na+out, respectively.  For example, when a 

= 1 and sodium is not limiting, the rate, or transport velocity, V, as a function of [Sout] 

is given by the Michaelis-Menten equation: 
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It is commonly the case that a = 1 while b > 1.  For b > 1, when solute is not limiting, 

transport may exhibit a sigmoidal response as a function of Na+ concentration and is 

modeled by the Hill equation: 
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where n is the Hill coefficient.  n will approach b with increasing positive 

cooperativity of Na+ binding.  It is important to note that the manifestation of 
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stoichiometry in the steady-state rate profile is dependent on this degree of 

cooperativity.  When cooperativity is low, at low sodium concentrations a mixed 

population of transporters with fractional occupancy (occupancy less than b sites 

per transporter) of sodium sites will exist in equilibrium with fully occupied 

transporter, thereby “flattening” the sigmoidal response at the lowest 

concentrations to more closely resemble a hyperbolic response.  In this case, the 

kinetics are better modeled by an ordered binding equation that gives explicit 

treatment for each fractionally occupied transporter specie. For the case when b = 2, 

the two-site ordered binding equation for velocity V as a function of sodium 

concentration Naout is: 
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where KNa is an intrinsic dissociation constant for the single-occupied transporter 

term (i.e. the first Na+ binding to the empty transporter), and α is the coefficient that 

modifies KNa for the double-occupied transporter term (i.e. the second Na+ binding 

subsequently to the single-occupied Na+-transporter complex)  and is related to the 

extent of binding cooperativity.  For highly cooperative systems, α decreases, 

reflecting a lower intrinsic dissociation constant (i.e. a reduced αKNa term) for the 

double-occupied transporter.  For zero cooperativity, α = 1, thus αKNa =  KNa (the 

intrinsic dissociation for the single- and double-occupied states are the same),  

however the curve will maintain a sigmoidal shape equivalent to the Hill equation 

with n=1.25 (reference [68]).  Kinetics arising from ordered two-site binding, 
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whether cooperative or not, can therefore still be distinguished from simple single-

site kinetic phenomenon.   

 These kinetic models require that the measured rate is dependent only on 

the concentration of either ion or solute, i.e. the experimental conditions are such 

that one specie is held in constant excess (at saturating concentration that does not 

appreciably change during the time period over which transport is measured) while 

the rate of transport is measured as a function of the other.  This condition allows 

transport to be modeled using these simple bi-molecular kinetic models in which 

velocity is only dependent on enzyme (transporter) and one substrate 

concentration and assumes that the excess background substrate is in rapid 

equilibrium with the enzyme and can be kinetically ignored. From such a model, we 

are assuming that transport is approximated by the Briggs-Haldane model (shown 

here converted to relevant transporter terms), where the TSout and TSin species are 

assumed to be in steady-state: 
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In practice, modeling transport by this type of scheme works, however the 

interpretation of KM and Vmax (or kcat) from transport rate measurements must 

consider the simplicity of these assumptions and that the true kinetic model for 

transport may be much more complex.  Most secondary transporters probably pass 

through several kinetically-relevant intermediates consisting of different 

transporter conformations, and ion and solute bound states.  For sure, the above 

scheme does not faithfully illustrate the structural transitions of the transporter that 
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are necessary to shuttle Sout to  Sin, the ion or solute effect on stabilizing 

conformational intermediates, and the conformational transition(s) that recycles 

the transporter back to the initial state.   

 Indeed, recycling of empty transporter back to a state that is competent to 

bind Sout can be rate limiting to the overall transport process.  For instance, in SERT 

Na+ symport influx kinetics are stimulated by K+ antiport activity that facilitates 

transporter recycling.  It has also been observed for some transporters (i.e. GAT-1) 

[41] that the flux rate of labeled substrate is actually potentiated by the presence of 

unlabeled substrate on the opposite side of the membrane (“trans stimulation”), 

which leads to the rapid equilibration of unlabeled and labeled substrate across the 

membrane.   Such observations can be explained by a substrate exchange 

mechanism where, following the release of labeled substrate, unlabeled substrate 

binds and is reverse-transported back to the other side of the membrane.  Thus the 

conformation of the transporter is shuttled back and forth by labeled substrate on 

one side and unlabeled substrate on the other side, avoiding the otherwise rate-

limiting empty-carrier turnover step.    

 While ion:substrate:transporter stoichiometry may or may not be obscured 

in kinetic measurements of transport, it is, in theory, inextricably linked to the 

thermodynamic profile of substrate accumulation.  The extent to which substrate 

can be transported against its concentration gradient is directly determined by the 

ion coupling stoichiometry ratio and the relative “downhill” potential energy (i.e. 

chemical and/or electrical potentials stored in the driving ion gradient) that the 

transport mechanism can harness to counterbalance substrate gradient and “push” 
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substrate “uphill” across the membrane.  For an uncharged substrate, the chemical 

potential gradient, ΔµS, that must be overcome for inward transport is determined 

by it’s molar concentration ratio across the membrane: 
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where R is the ideal gas constant and T is temperature in Kelvin. 

 The full electrochemical potential energy available in an ionic gradient across 

the membrane, ΔµNa, is given by: 
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where z is the charge on the ion (obviously z = 1 for sodium), F is the Faraday 

constant, and Φ is the electrical potential across the membrane.  In essence, the 

raison d’être of a secondary active transporter is to combine ΔµS and ΔµNa together.  

For the symport reaction scheme stated above, the reaction energy Δµrxn is given by: 

NaSrxn ba µµµ ∆+∆=∆~  

 At equilibrium, rxnµ~∆  = 0, thus Sa µ∆  = - Nab µ∆ .  This shows that if transport is 

allowed to reach equilibrium, then the electrochemical energy in the driving ion gradient 

will build a substrate gradient with a chemical energy equal to the electrochemical ion 

gradient multiplied by the stoichiometric ratio b/a.  Therefore, theoretically (in the 

absence of ion leaks or transport “slippage”), the ion:substrate transport stoichiometry is 

will be a major determinant in the equilibrium concentrations, and the maximal extent to 

which substrate is accumulated in the cell.  It is important to note that transport 

stoichiometry should be discriminated from binding stoichiometry.  Ions or substrate may 
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bind with stoichiometries different from the ratios in which they are transported across 

the membrane.   

The crystal structure of LeuT 

 The bacterial NSS homolog LeuT, though distantly related to the eukaryotic 

neurotransmitter transporters, has recently become the subject of thorough 

investigations – and the subject to which the rest of this thesis is devoted.  LeuT is a 

transporter from the hyperthermophilic bacterium Aquifex aeolicus and contains 20-

25% sequence identity to the human NSS transporters [59, 69].  It is a sodium-

coupled amino acid symporter, shares the same predicted 12 transmembrane (TM) 

helix topology, and is highly conserved in the regions of functional importance, 

including substrate and ion binding sites.  It is therefore thought to operate by the 

same mechanistic principles as the other family members.  In 2005, the crystal 

structure of LeuT was solved [59] providing the first and, to date, only blueprint for 

the architecture of an NSS family member.  Thus, LeuT provides us with the ability 

to study the intimacies of NSS structure and function by combining crystallographic 

observations with functional experimentation to better understand the mechanism 

of transport. 

 The original LeuT structure revealed a completely novel protein fold 

characterized by a mostly α-helical secondary structure arranged as a bundle of 12 

TM helices (Figure 1.6A).  A notable feature of the TM helix arrangement is the 

formation on the extracellular side of the transporter a solvent accessible opening 

or depression that dips into the transporter nearly halfway into the transmembrane 

region (Figure 1.6B).  The high resolution to which the crystals diffracted (1.65 Å) 
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permitted the unambiguous identification of a molecule of L-leucine and two Na+ 

ions bound near the base of this extracellular “vestibule” in the center of the 

transporter (Figure 1.6B).  The binding sites for leucine and sodium are occluded 

from extracellular solvent by the side chains of just two residues, Y108 and F253, 

which lie at the base of the extracellular vestibule, thus forming a “thin” gate over 

the top of the substrate. By contrast, substrate is occluded from access to 

intracellular solvent by about 20 Å of ordered protein structure.  The observation of 

the substrate binding site lying occluded at the base of an extracellular vestibule 

suggested that the structure was of an intermediate state of transport, which is 

dubbed as the “occluded state”.  This notion implies that the transporter must 

therefore undergo conformational changes that alternately open and close the 

binding site to extracellular and intracellular permeation paths.  The presence of an 

occluded state in the transport cycle demands that transporter must also transit 

through “open-to-out” and “open-to-in” states as part of the mechanism.  

 Insight into the nature of ion and substrate coupling was also revealed by the 

structure of LeuT.  Two sodium ions are bound: one is coordinated completely by 

protein structure (Na2) between TM helices 1 and 8; however the other (Na1) is 

coordinated not only by protein structure, between TM helices 1 and 6, but also by a 

carboxylate oxygen from the bound leucine molecule (Figure 1.7).  This 

demonstrates that ion-substrate coupling is reliant, at least in part, on the 

coordinated binding of ion and substrate.   

The substrate binding site is formed by TM helices 1 and 6 on one side and 

TM helices 3 and 8 on the other side (Figure 1.7).  In the region proximal to the ion 
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and substrate binding sites, TM helices 1 and 6 are unwound and significantly 

kinked [70], which allows mainchain atoms to participate in hydrogen bonding 

interactions with the α-amino and carboxylate groups of the bound leucine.  The 

aliphatic sidechain of bound leucine interacts with hydrophobic sidechains of 

residues in TM helices 3, 6 and 8.  The substrate binding site can be broken down 

into two structural halves, with the polar amino and carboxylate groups coordinated 

by Na1 and the kinked region of TM helices 1 and 6 on one half, and the other half 

formed by the hydrophobic interactions of the aliphatic group with sidechains from 

TM helices 3 and 8.  In this view, the substrate therefore bridges the two halves of 

the binding site. 

The structure of LeuT also showed how the arrangement of residues that are 

highly conserved in the NSS family are important to function.  Across the family, TM 

helices 1 and 6 are particularly enriched with conserved residues, and in LeuT these 

regions share roughly 50% sequence identity with human NSS members [59, 69].  

The crystal structure revealed that many of the residues conserved in TM helices 1 

and 6 are observed to either be directly involved in substrate and/or ion binding, or 

participate in interaction networks with other highly conserved residues to form 

putative extracellular and intracellular permeation pathway “gates”.  On the 

extracellular side of the substrate binding site, R30 in TM helix 1 is strictly 

conserved and forms a water-mediated electrostatic bridge with the similarly 

conserved D404 in TM helix 10 (Figure 1.8).  The R30-D404 bridge is located near 

the base of the extracellular vestibule directly above the aforementioned “thin gate” 

residues Y108 and F253 in TM3 and TM6 respectively, both of which are also highly 
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conserved.  The guanidinium group of R30 lies co-planar with the phenyl ring of 

F253 and is hydrogen-bonded with conserved Q250, which is one helical turn above 

F253 in TM helix 6 (Figure 1.8).  Thus, a highly conserved extracellular interaction 

network is formed that appears to bridge the two “halves” of the transporter 

together.  It is hypothesized that this network forms an extracellular gate that open 

up the bridge between R30 and D404 to allow substrate to permeate into the 

substrate binding site and then closes again to stabilize the occluded state.  This 

notion is expounded upon in the following chapters. 

On the intracellular side, a similarly organized highly conserved element is 

found, suggestive of an intracellular gate.  Conserved residue R5 in TM helix 1 forms 

a direct salt-bridge with conserved D369 in TM helix 8.  The hydroxyphenyl ring of 

Y268, also strictly conserved, lies co-planar to the guanidinium group of R5, 

apparently stabilizing the salt-bridge (Figure 1.8).  This R5-D369-Y268 triad seems 

to form the core of a larger interaction network that may open to allow substrate to 

be released to the intracellular side and then reforms to stabilized the 

intracellularly-closed occluded state conformation [71].  

The identification of highly conserved ion and substrate binding sites and 

gate structures that are formed on both sides on the binding site are suggestive of a 

permeation pathway that is lined on one side by TM helices 1 and 6, and on the 

other by TM helices 3, 8, and 10.  Yamashita, et al., and Forrest, et al. [59, 72] 

proposed that TM helices 1 and 6 form part of a mobile domain that moves relative 

to 3 and 8 to open and close the extracellular and intracellular pathways.  

Furthermore, the unwound regions in the center of TM helices 1 and 6 may confer 
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flexibility to the mobile domain, being a hinge region that may further allow the 

extracellular and intracellular halves to move independently. The intramolecular 

psuedosymmetry observed in the structure (discussed in Chapter 5) supports this 

notion.  Forrest et al. further showed that such structural movements posited for 

LeuT are consistent with experimental mutagenesis and cysteine accessibility data 

for SERT [72]. 

The crystallographic accessibility of the LeuT structure has undoubtedly 

sharpened our knowledge of the mechanism of NSS transporters.  In addition to 

providing an explicit structural model for the NSS family, the structure of LeuT has 

been used to resolve many other aspects of NSS function.   For instance, by using 

LeuT as a structural template, the location of the Cl- ion binding site found in SERT 

[73], GAT, and DAT [74] was identified.  The structural basis of pharmacological 

inhibition has begun to be elucidated not only for LeuT itself [75-78] but also, by 

LeuT-based modeling, for the human transporters in numerous studies that marry 

experimental and computational approaches [79-90].  Furthermore, the structure 

has been of keen interest for studying the general biophysical principles that 

underlie secondary transport mechanisms, using experimental methods [75, 91-98] 

as well as molecular dynamics simulations [71, 72, 82, 83, 93, 95, 99-107]. 

Preview of this dissertation 

The following chapters of this dissertation will describe the experimentation, 

results, and conclusions of structure-function studies for LeuT subsequent to the 

original work by Yamashita, et al [59].  In Chapter 2, we examine the substrate 

specificity profile of LeuT by measuring the binding, transport, and inhibition 
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properties of a panel of putative substrates.  We find that LeuT can bind and 

transport a range of aliphatic and aromatic L-amino acids from glycine to tyrosine, 

and is competitively inhibited by tryptophan, which binds but is not transported.  

Structural insight into the observed functional specificity is gained from crystal 

structures of LeuT in complex with glycine, alanine, methionine, 4-fluoro 

phenylalanine (an isosteric tyrosine analog), and tryptophan. These structures show 

that each transportable amino acid binds nearly identically to LeuT, maintaining the 

same α-amino and carboxylate interactions, and each complex forms the same 

occluded state conformation.  Tryptophan also binds with the same α-amino and 

carboxylate interactions, but instead of forming the occluded state, the transporter 

is in an open-to-out conformation that is apparently “propped” open by the inability 

of the binding site to close up around the bulky indole sidechain of tryptophan.  In 

this state, the R30-D404 bridge is opened and a second tryptophan molecule is 

observed bound between R30 and D404, suggestive of a transient binding site along 

a permeation pathway. 

In Chapter 3, we describe a series of binding and transport assays designed 

to measure the stoichiometry with which substrate binds to the transporter.  It was 

hypothesized that LeuT actually binds two leucine molecules with nanomolar 

affinity and act allosterically to promote transport [95], though a second leucine 

binding site has not been observed crystallographically.  We performed isothermal 

titration calorimetry, equilibrium dialysis, and scintillation proximity assays to 

measure binding of leucine to LeuT and mutants that were proposed to knockout 

the second binding site.  We also measured transport kinetics under different 
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conditions to test if there is any underlying signature of a two-substrate kinetic 

profile.  We find all data to be consistent with a single high-affinity binding site for 

leucine. 

In Chapter 4, experiments are described in which we “engineer” LeuT to 

transport tryptophan based on homology to the related transporter TnaT.  We find 

that tryptophan transport function is gained by simply a single substitution in the 

binding pocket:  I359Q.  The crystal structures of I359Q-LeuT with tryptophan show 

that, in contrast to wildtype, which binds tryptophan in an open state, the mutant 

now binds tryptophan in the same occluded state as every other transportable 

ligand. This lends strong evidence that the occluded state is a necessary structural 

intermediate in the transport cycle.  Furthermore, the R30-D404 bridge is reformed 

in the I359Q-LeuT –tryptophan complex, with loss of the second tryptophan binding 

site thus demonstrating that the binding site between R30 and D404 is 

conformationally sensitive and that the previous observation of a second binding 

site (described in Chapter 2) was not an artifact of co-crystallization with 

tryptophan. 

Chapter 5 presents a review of the principles of neurotransmitter transport, 

emphasizing the structural perspective from crystallographic studies.  We examine 

two neurotransmitter transporter families, NSS and DAACS (Dicarboxylate/Amino 

Acid:Cation Symporter, crystallographically represented by the bacterial 

glutamate/aspartate transporter GltPh [108, 109]), describing the crystallographic 

and functional data from these two families.  From our analysis, we suggest both a 

conserved general principal of transport and postulate specific mechanisms for 
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each.  Data from other transporter families that have been found to also adopt the 

“LeuT-fold” is synthesized to build a structural description of an alternating access 

mechanism for NSS and structurally related transporters. 
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Figure 1.1.  Figure from Widdas, 1951 in which he illustrates the theoretical 

hyperbolic saturation profile of glucose transfer across sheep placenta membranes.  

In this paper, he relates the observed dependence of glucose uptake with Michaelis-

Menten kinetics, and proposes a carrier-transfer hypothesis for glucose absorption.  

However, in this nascent era of transport studies, it was still assumed that the 

carrier was a mobile specie that physically crossed interfaces to transfer solute. 
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Figure 1.2.  Early illustrations describing an alternating-access type mechanism for 

transporters.  (A) Fig. 1 from Mitchell, 1957 describing a hypothetical carrier 

mechanism for the uptake of phosphate by an alternating binding site coupled to a 

group-transfer reaction.  (B) Fig. 1 from Jardetzky, 1966 showing how an allosteric 

Na+ pump might work via an alternating-access mechanism that is coupled to 

phosphorylation.  

   

A B 



 30 

 

 

 

Figure 1.3.  Cartoon diagram illustrating examples of ion and solute flow in symport 

and antiport mechanisms by secondary transporters.  Blue circles and yellow stars 

indicate solute and ions, respectively. The blue and yellow triangles indicate the 

direction of the respective solute and ion gradients(thin to thick is low to high 

concentration).  The brown shaded bar demarcates the membrane. 
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Figure 1.4.  Figures from Iversen, 1963.  The top panel shows the stereoselective 

saturation kinetics for noradrenaline (norepinephrine) uptake, fitted by the 

Michaelis-Menten function.  The bottom panel shows the dose-dependent inhibition 

of noradrenaline uptake by cocaine.    
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Monoamine neurotransmitters:

TCAs:

SSRIs:

SNRIs: Psychoactive stimulants

dopamine norepinephrine serotonin

imipramine desimpramine clomipramine amitriptyline

fluoxetine (Prozac) sertaline (Zoloft) citalopram (Lexapro)

venlafaxine (Effexor) duloxetine (Cymbalta)

cocaine amphetamine

MDMA (Ecstasy) methylphenidate (Ritalin)

 

Figure 1.5. Chemical structures of monoamine neurotransmitters and a selection of 

drugs that target NSS transporters. 
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Figure 1.6.  (A) LeuT structure.  View is from the side, parallel to the membrane 

plane.  The approximate position of the membrane relative to LeuT is indicated by 

dashed lines.  Helices are numbered.  Elements that are related by the 

intramolecular two-fold symmetry are similarly colored.  Bound leucine and Na+ are 

shown as spheres.  (B)  Cross-sectional slice of the LeuT structure, showing the 

solvent accessible surface area (blue surface), and leucine (yellow sticks) bound in 

an occluded binding pocket at the base of the extracellular vestibule.  Na+ ions are 

shown as magenta spheres.  
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Figure 1.7.  Substrate and ion binding sites in LeuT.  Leucine (magenta) and Na+ 

ions (orange).  The α-carboxylate and amino group of leucine are bound mainly by 

mainchain atoms in the unwound region of TM helices 1 and 6.  The carboxylate of 

leucine also coordinates Na1, forming a bridge between Na1 and Y108.  The 

aliphatic sidechain of bound leucine extends across the binding site to interact with 

F259, I359, and Y108.  Na2 is coordinated entirely by protein structure from TM 

helices 1 and 8. 
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Figure 1.8.  Conserved residues form extracellular and intracellular “gate” elements 

above and below the substrate binding site.  Selected core helices of LeuT are 

shown, with TM helices 1 and 6 highlighted in yellow.  The bound leucine molecule 

is shown in cyan.  Conserved residues that form putative gating structures are 

shown as yellow sticks.  TM helices 3 and 10 are truncated for clarity, Na+ ions and 

water molecules are not shown.    
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Chapter 2 

Substrate Specificity and Competitive Inhibition of LeuT 

 

 

The contents of this chapter are published in modified form:  

Singh, S.K., Piscitelli, C.L., Yamashita, A., Gouaux, E. (2008) A competitive 

inhibitor traps LeuT in an open-to-out conformation. Science 322(5908) 1655-1661 
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LeuT-methionine crystal structure, and DynDom analysis were performed by CLP; 

inhibition of binding and transport screens and steady-state transport 

measurements were performed by SKS; and the determination of the LeuT-alanine 

crystal structure was performed by SKS and AY.  CLP, SKS, and EG analyzed all data 
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Abstract 

Secondary transporters are workhorses of cellular membranes, catalyzing the 

movement of small molecules and ions across the bilayer, coupling substrate 

passage to ion gradients.  However, the conformational changes that accompany 

substrate transport, the mechanism by which substrate moves through the 

transporter, and principles of competitive inhibition remain unclear.  Here we use 

crystallographic and functional studies on LeuT, a model for neurotransmitter 

sodium symporters, to show that various amino acid substrates induce the same 

occluded conformational state, and that a competitive inhibitor, tryptophan, traps 

LeuT in an open-to-out conformation.  In the Trp complex the extracellular gate 

residues, Arg30 and Asp404, define a second weak binding site for substrates as 

they permeate from extracellular solution to the primary substrate site, 

demonstrating how residues that participate in gating also mediate substrate 

permeation. 
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Introduction 

Secondary active transporters are ubiquitous integral membrane proteins that 

couple the potential energy stored in pre-existing ion gradients to the concentrative 

uptake of polar and charged molecules across the lipid bilayer [110-112]. Members 

of the solute carrier 6 (SLC6) family of sodium-coupled transporters, also known as 

neurotransmitter sodium symporters (NSS), comprise one of the most widely 

investigated and pharmacologically important classes [113, 114]. SLC6 proteins play 

a central role in diverse physiological processes, ranging from the maintenance of 

cellular osmotic pressure [115] to the reuptake of small molecule neurotransmitters 

in the brain [116]. SLC6 dysfunction is implicated in numerous debilitating illnesses 

such as depression [117], obsessive-compulsive disorder [118], epilepsy [119], 

autism [120], orthostatic intolerance [121], X-linked creatine deficiency syndrome 

[122], and retinal degeneration [123]. Importantly, the transport activity of these 

molecular machines can be inhibited by many different compounds, including 

tricyclic antidepressants (TCAs) [124], selective-serotonergic reuptake inhibitors 

(SSRIs) [124], anticonvulsants [125] and cocaine [126].  

Unraveling the molecular principles that define a substrate, a molecule that 

can be transported, versus a competitive inhibitor, a molecule that can displace the 

substrate but is not itself transported, is intimately linked to the larger goal of 

elucidating transport mechanism and ultimately to the development of new 

therapeutic agents. LeuT, a prokaryotic SLC6 member [59], affords an opportunity 

to couple functional and structural data to uncover the molecular mechanisms of 

transport and inhibition. Recently, a model for noncompetitive inhibition was 
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proposed using a combination of steady-state kinetics [76], binding, and 

crystallographic studies with LeuT and three TCAs [76, 77]. The structures of LeuT 

bound to the TCA clomipramine [76], imipramine [76], or desipramine [76, 77] 

revealed that each of these drugs binds to LeuT in the extracellular vestibule, about 

11 Å above the substrate and directly above the extracellular gating residues, R30 

and D404 [76, 77], stabilizing the occluded state in a closed conformation. Zhou et 

al. have proposed that the TCA binding site observed in LeuT is equivalent to the 

TCA site in SERT and the norepinephrine transporter (NET), the therapeutic targets 

in humans. However, in SERT and NET, TCAs are competitive inhibitors [127-129] 

and their binding site likely overlaps with the substrate binding site [130]. 

Therefore, we suggest that the LeuT-TCA complexes do not provide a model for 

competitive inhibition of eukaryotic SLC6 transporters.  

Here we show that LeuT is capable of transporting many hydrophobic 

amino acids and that a fundamental requirement for a molecule to be a substrate 

is that it must fit within the occluded substrate-binding cavity. Molecules such as 

tryptophan which can bind but are too large to be accommodated within the 

occluded state cavity are not substrates but instead are competitive, non-

transportable inhibitors. Structural analysis of the LeuT-Trp complex reveals that 

tryptophan traps LeuT in an open-to-out conformation and unveils the movements 

that accompany transition from the occluded- to an open-to-out state. Molecular 

insights gleaned from our studies are especially relevant to transporter 

mechanism because many other transporter families, including SLC5 [25], have 

the same fold as LeuT and likely share mechanistic principles. 
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Materials and Methods 
Protein expression and purification for functional experiments 

 LeuT protein reconstituted into lipid vesicles was expressed and purified as 

described previously [59].  Protein employed for both the radioligand binding and 

fluorescence titration experiments was purified similarly [76] except for the 

presence of 100 mM L-alanine during the solubilization and NiNTA 

chromatographic steps to displace the endogenously-bound L-leucine.  The alanine 

concentration was subsequently decreased to 20 mM during the size-exclusion 

chromatographic (SEC) step in buffer I (20 mM HEPES-Tris [pH 7.0], 100 mM 

choline chloride) containing 1 mM n-dodecyl-β-D-maltoside [DDM] and then finally 

allowed to fall below 100 nM during extensive dialysis against the same buffer.  All 

functional data were analyzed via nonlinear regression in GraphPad Prism 4.03. 

Preparation of LeuT proteoliposomes 

 LeuT was reconstituted into lipid vesicles with a 1:110 protein:lipid ratio and 

loaded with buffer II (20 mM HEPES-Tris [pH 7.0], 100 mM potassium gluconate) as 

outlined elsewhere [76].   

Inhibition of binding and transport screens 

 These experiments were performed at 20°C as described [76].  For binding, a 

typical reaction contained 100 nM LeuT, 50 nM L-[3H]leucine (11.7 Ci/mmol), and 1 

mM of the indicated amino acid (none for the positive control), along with 1 mM 

DDM, in buffer III (20 mM HEPES-Tris [pH 7.0], 100 mM NaCl).  Nonspecific binding 

obtained in the presence of 1 mM alanine was subtracted from each data point, and 

binding was terminated as described [76].  For transport, a typical reaction 

contained 0.5 µg protein diluted 200-fold into buffer III containing 50 nM 
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[3H]leucine (117 Ci/mmol).  Nonspecific uptake into liposomes devoid of protein 

and subjected to the same experimental conditions was subtracted from the 

corresponding LeuT data points to determine specific uptake, and transport was 

terminated as described [76].  For both binding and transport screens, the entire 

experiment was performed twice, each time in triplicate, and the data normalized to 

that measured in the absence of competing amino acid.  

Saturation binding 

 Binding was initiated by adding LeuT to a final concentration of 20 nM in 500 

µL  buffer III containing 1 mM DDM and 0.5-200 nM [3H]leucine (23.4 Ci/mmol), 10-

4000 nM [3H]alanine (14.3 Ci/mmol), or 2-500 nM L-[3H]methionine (41 Ci/mmol).  

Reactions were rotated at room temperature for 2 hours and then terminated as 

described [76] except that the filters for [3H]alanine and [3H]methionine were 

washed only once or twice, respectively.  Nonspecific binding obtained in the 

presence of 1 mM alanine was subtracted from each data point.  Experiments were 

performed at least three times, each time in duplicate, and the data were fit to a 

single-site rectangular hyperbola. 

Competition binding 

Binding inhibition assays were performed by equilibrating 20 nM solubilized 

LeuT in buffer III with 1 mM DDM and 20 nM [3H]leucine (58.5 Ci/mmol) up to 15 

hours at room temperature with competing cold L-amino acids at the following 

concentration ranges:  0-10 μM leucine, 0-100 μM methionine, 0-1 mM tyrosine, 0-1 

mM L-4-F-Phe, 0-500 mM glycine, 0-10 mM alanine, and 0-10 mM tryptophan.  

Reactions were terminated, and the filters were washed as outlined [76].  The 
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experiments were performed at least twice, each time in duplicate, and the data 

were normalized to that measured in the absence of competing amino acid and fit to 

a sigmoidal dose response equation.  IC50s were converted to Kis with the Cheng-

Prusoff equation [131] using a leucine dissociation constant of 17 nM.  

Steady-state kinetics 

 Transport was initiated at 20°C by diluting LeuT proteoliposomes (0.05 µg 

per assay for [3H]leucine, [3H]alanine, and [3H]methionine or 0.5 µg per assay for 

[3H]glycine and L-[3H]tyrosine) 200-fold into buffer III containing varying 

concentrations of one of the five amino acids mentioned above: 0.5-800 nM 

[3H]leucine (117 Ci/mmol), 25-5000 nM [3H]alanine (17.9 Ci/mmol), 15-1600 nM 

[3H]methionine (41 Ci/mmol), 100-30000 nM [3H]glycine (14 Ci/mmol), or 100-

20000 nM [3H]tyrosine (20 Ci/mmol).  For the lowest and highest concentrations of 

each amino acid, preliminary experiments established that flux remained linear for 

up to 10 min.  Reactions were terminated after six minutes essentially as outlined 

[76], and each experiment was performed at least twice in triplicate, with data being 

fit to the Michaelis-Menten equation. 

Tryptophan time course 

 LeuT-proteoliposomes (1.3 μg/mL in buffer III) were incubated at 20oC with 

1 µM [3H]tryptophan (31 Ci/mmol) for up to 90 minutes.  At the indicated time 

points, 200 μL-aliquots of the reaction mix was removed and quenched as described 

previously [76]  For the positive control, LeuT-proteoliposomes were similarly 

incubated with 100 nM [3H]alanine, with 200-ul aliquots removed at intervening 

time points up to 12 minutes.  Non-specific flux was measured by repeating the time 
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course using liposomes devoid of protein.  The experiment was conducted twice in 

duplicate, and data were fit to a single exponential. 

Binding versus transport time course 

  These experiments were performed as outlined for the tryptophan time 

course with two exceptions.  First, the reaction buffer contained 70 nM [3H]leucine 

(117 Ci/mmol), 290 nM [3H]alanine (71.7 Ci/mmol), 145 nM [3H]methionine (81 

Ci/mmol), 955 nM [3H]glycine (56 Ci/mmol), or 1415 nM [3H]tyrosine (40 Ci/mmol), 

concentrations which are ~ 50% of the respective Michaelis constants.  Second, two 

sets of LeuT liposomes were prepared, one loaded with buffer III to measure 

transport, the other loaded with buffer II to measure binding.  The assay was 

performed twice, each time in duplicate, and the data were fit to a single exponential. 

Inhibition kinetics  

 These experiments were conducted as delineated for [3H]alanine steady-

state kinetics except that a concentration range of 50-8000 nM [3H]alanine (14.3 

Ci/mmol) was used in the presence of three different tryptophan concentrations (0, 

2, and 50 µM), and the assays were performed in the dark to minimize 

photooxidation of tryptophan [132].  The experiment was replicated once, each time 

in triplicate, and the data were fit to the Michaelis-Menten equation.  

Preparation of LeuT-amino acid complex crystals 

 The LeuT-Ala complex was prepared as described [76].  LeuT-Met was 

prepared similarly except for the substitution of 10 mM methionine and 1 mM 

dithiothreitol (DTT) for alanine during the size exclusion chromatographic (SEC) 

and dialysis steps.  LeuT-Leu and LeuT-SeMet were also prepared similarly except 
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for the substitution during the SEC step of 30 mM leucine for the LeuT-Leu complex 

and 30 mM selenomethionine and 1 mM DTT for the LeuT-SeMet complex.  LeuT-Gly 

was prepared with buffer containing 50 mM tryptophan during the solubilization 

step, 10 mM tryptophan during the NiNTA chromatographic step, and 200 mM 

glycine during the SEC step.  LeuT-L-4-F-Phe was prepared similarly except that the 

pooled NiNTA fractions were applied to a series of two PD10 columns pre-

equilibrated with buffer containing 20 mM TrisHCl (pH 7.0), 190 mM NaCl, 10 mM 

KCl, 1 mM DDM, and 8 mM D,L-4-F-Phe.  Final dialysis subsequent to SEC was then 

performed against buffer containing 40 mM β-OG and 40 mM L-4-F-Phe.  The 

presence of L-4-F-Phe in all samples was facilitated by monitoring a distinct, sharp 

absorbance peak at 262 nm that was easily distinguishable from the protein 

absorbance peak at 280 nm.   

LeuT-Trp was prepared with the presence of 50 mM tryptophan in all 

buffers, and protein concentration was monitored with the Bradford assay.  Some of 

the LeuT-Trp protein was applied to an analytical SEC column (Superose 6) to 

exchange the 40 mM n-octyl-β-D-glucopyranoside (β-OG) with 30 mM seleno-

heptylglucoside.  This would permit unambiguous placement of detergent molecules 

in the resulting crystal structures (see below).  Selenomethionine-labeled protein 

(SeMet-LeuT) was expressed in C41 cells essentially as described [133] and purified 

as outlined for LeuT-Trp except for the addition of 1 mM β-mercaptoethanol (βME) 

in all buffers.  

 LeuT protein was concentrated to 3-6 mg/ml and subjected to crystallization 

trials via hanging drop vapor diffusion.  Crystals for the most of the “occluded state” 
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structures grew within 7-10 days at 20°C in the presence of 17-22% PEG 550 MME, 

100 mM HEPES-NaOH (pH 7-7.5), and 200 mM NaCl.  The best-diffracting crystals 

for the more “open” LeuT-Trp structure also grew under similar conditions except 

in the presence of 400 mM NaCl and in the dark.  The best-diffracting crystals for the 

LeuT-Gly and –L-4-F-Phe complexes grew within a similar time frame and 

temperature except in the presence of 24-26% PEG 550 MME and 400 mM NaCl.    

Structure determination 

Native diffraction data were collected at 110K at NSLS beam line X29A or ALS 

beam line 8.2.2 at an X-ray wavelength of 1.0000 Å with the exception of data for 

LeuT-Ala, -Met, and -Trp crystals, which were collected at 1.1000 Å, 1.7712 Å, and 

0.9796 Å, respectively.  Diffraction data for all selenium-containing crystal 

complexes were collected at 0.9796 Å in 45° wedges (inverse beam strategy).  All 

datasets were processed using HKL2000 [134].  Selenium sites were located with 

SOLVE [135] and confirmed with strong peaks (>5σ) in anomalous difference 

Fourier maps. 

  Phases for the LeuT-Gly, -Ala, Leu (30 mM), -Met, -SeMet, and –L-4-F-Phe, 

complexes were obtained via molecular replacement with MOLREP [136] or AMORE 

[137] using the LeuT-Leu structure (PDB ID 2A65) devoid of water, leucine, and 

sodium as the starting model.  Initial phases for the LeuT-Trp complex were also 

calculated by molecular replacement (MOLREP) using a modified version of 2A65 in 

which portions of TM1, TM6, EL4a, and EL4b had been deleted.  These phases were 

significantly improved by rigid-body refinement in REFMAC [138] and simulated 

annealing in CNS [139].  As independent verification of these phases, experimental 
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phases obtained from a single-wavelength anomalous dispersion (SAD) experiment 

[140] on a selenomethionine-substituted LeuT-Trp cocrystal were calculated, and 

the SeMet-LeuT-Trp structure solved (data not shown).  Refinement for all 

structures proceeded with iterative rounds of manual rebuilding in O [141] and 

COOT [142] with the assistance of sigmaA-weighted 2Fo-Fc and Fo-Fc maps as well 

as simulated-annealing Fo-Fc omit maps followed by maximum-likelihood based 

energy minimization and isotropic B-factor refinement in CNS [139] or REFMAC5 

[138].  Ramachandran geometry is excellent for all structures, with greater than 

93% of the residues in the most favored regions and none in disallowed regions.  

For each data set, 5% of the reflections were removed for cross-validation. 

Conformational shift analysis 

  The conformational shifts observed between the LeuT-Trp and LeuT-Leu (PDB 

ID 2A65) complexes were analyzed (PDB ID 2A65) with DynDom [143].  The moving 

domain elements were manually assigned by first superposing the two structures using all 

Cα atoms in residue ranges 5-22, 55-203, 257-287, and 322-511 (RMSD = 0.41 Å).  The 

definitions of the moving elements were subsequently modified by superposing the 

intervening regions of the structures and observing the RMSD fit.  Two elements were 

identified that, when fit independently as rigid bodies, largely define the differences 

between the two structures.  One element is composed of residues 23-54 and 241-257, 

which superposes with a Cα RMSD of 0.35 Å.  The second element is composed of 

residues 304-320, which superposes with a Cα RMSD of 1.39 Å.  These “moving 

domain” definitions were independently input into DynDom via web server access 
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(http://fizz.cmp.uea.ac.uk/dyndom/) to calculate the degree of rotation and location of the 

axes.    

Results and Discussion 

Substrate screen of LeuT 

To identify a competitive inhibitor of LeuT, we examined the ability of a 

spectrum of amino acids to displace [3H]leucine binding from purified, detergent-

solubilized LeuT and inhibit [3H]leucine transport by LeuT reconstituted into lipid 

vesicles (Figure 2.1A). We found multiple aliphatic and aromatic amino acids of 

varying size inhibited [3H]leucine binding and transport. We chose glycine, alanine, 

leucine, methionine, tyrosine, and tryptophan (Table 2.1) for further functional 

analysis. Competition binding of [3H]leucine with unlabeled amino acids (Figure 

2.1B; Table 2.1) revealed that after leucine, methionine binds the most tightly 

followed by alanine, tyrosine, tryptophan, and glycine. A similar trend of affinities 

for LeuT was observed in direct radioligand binding experiments with leucine 

(Figure 2.2A), alanine (Figure 2.2B), and methionine (Figure 2.2C; Table 2.1).  

For a compound to be a competitive inhibitor, it must not only displace the 

substrate but cannot itself be transported. We previously demonstrated [59, 76] and 

replicated here that leucine and alanine are substrates (Figure 2.3A and B). 

Compared to leucine, alanine is transported with a 5-fold higher turnover rate (kcat) 

and a 27% higher catalytic efficiency (kcat/Km; Figure 2.4A and B; Table 2.1). We 

show that LeuT also catalyzes the uptake of  methionine, tyrosine and glycine 

(Figure 2.3C-E) with catalytic efficiencies roughly correlated to the inverse of 

substrate volume (Figure 2.4C-E; Table 2.1).  
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Tryptophan is not a substrate of LeuT (Figure 2.5A) but rather is an 

inhibitor. To determine the kinetic mechanism of tryptophan inhibition, we 

performed steady-state kinetic experiments. With [3H]alanine as the substrate, 

increasing concentrations of tryptophan increased the Michaelis constant (Km) of 

LeuT for [3H]alanine without changing the maximum velocity (Vmax) (Figure 2.5B; 

Table 2.1). The corresponding Eadie-Hofstee plot (Figure 2.5C) exhibited 

nonparallel lines intersecting on the y-axis, hallmarks of competitive inhibition.  

LeuT-substrate crystal structures reveal an occluded state  

 To probe the atomic basis of ligand specificity, we cocrystallized LeuT with 

each of the six amino acids, measured x-ray diffraction data to high resolution, and 

solved the structures by molecular replacement. The readily-soluble, isosteric 

tyrosine analog, L-4-fluorophenylalanine (4-F-Phe), was used in place of tyrosine 

because tyrosine’s low solubility limit precluded successful cocrystallization. All 

cocrystals diffracted to 1.8–2.3 Å resolution (Table 2.2) and the resulting structures 

refined well (Table 2.3).    

  The structures of LeuT in complex with each of the substrates (glycine, 

alanine, leucine, methionine, 4-F-Phe) are similar, with overall Cα RMSDs ranging 

from 0.2 to 0.3 Å (Figure 2.1C) despite the 132 Å3 variation in substrate volume. All 

five structures adopt the same outward facing occluded state as originally seen in 

the LeuT-Leu complex in which access to the substrate binding pocket from both the 

extracellular and cytoplasmic sides of the membrane is obstructed, with access from 

the extracellular side being blocked by just a few residues and access from the 

intracellular side being blocked by ~25 Å of tightly packed protein [59, 76] (Figure 
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2.1D-E). Simulated-annealing Fo-Fc omit maps (Figure 2.6A-D) confirm the position 

of the substrates in the occluded binding pocket located in the center of the 

transporter, halfway across the lipid bilayer. Residues F253 and Y108 reside on 

“top” of the substrate, with electrostatic interactions formed by D404 and R30 

layered directly above F253 and Y108. The hydroxyl of Y108 retains its two critical 

hydrogen bonds: one with the substrate carboxylate that helps anchor the substrate 

in place and the second with the amide nitrogen of L25 that stabilizes the unwound 

region of TM1 and bridges TM1 with TM3 (Figure 2.1E; Figure 2.7A-E). 

  Despite overall congruence among the structures, there are differences in 

comparison to the Leu complex, localized primarily to F259 and I359. For the 

glycine and alanine complexes, the “R” groups of these ligands induce a ~30° torsion 

of F259’s phenyl ring and ~15° torsion of I359’s sec-butyl moiety into the substrate 

binding cavity, compensating for the poor fit of the substrate to the binding pocket 

(Figure 2.1E, Figure 2.7A and B) and consistent with the weak affinity of LeuT for 

these two amino acids. The LeuT-Met and –Leu complexes superimpose within 

experimental error (Figure 2.1E, Figure 2.7C and D), a finding in accord with their 

similar binding and transport parameters. Substituents larger than those of leucine 

or methionine begin to sterically hinder binding and formation of the occluded state. 

The structure of the 4-F-Phe complex exhibits the most pronounced differences: a 

~180° rotation of I359’s sec-butyl group as well as a ~0.5 Å outward shift in the 

backbone of the unwound region in TM6 (G258-A261) (Figure 2.1E; Figure 2.7E). 

The displacement of the backbone is suggestive of a strained occluded state, 
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perhaps one that is less likely to isomerize to the open-to-in state. While speculative, 

this hypothesis is consistent with tyrosine’s reduced turnover rate.   

LeuT-Trp complex adopts an open-to-out conformation 

 What are the structural principles by which tryptophan acts as a competitive 

inhibitor of LeuT? The LeuT-Trp complex exhibits an open-to-out conformation 

characterized by a widening of the extracellular vestibule and solvent accessibility 

to the substrate binding pocket (Figure 2.8A and B). Relative to the occluded state, 

in the LeuT-Trp complex there is a 9° outward rotation of a structural element 

comprised of TMs 1b (residues 23-38), 2a (40-54), and 6a (241-257) about an axis 

oriented nearly parallel to the membrane and located near the unwound regions of 

TMs 1 and 6 (Figure 2.8C; Movie 2.1). To accommodate movement of these helices, 

the highly conserved glycine-rich loop between TMs 1b and 2a slides under EL3 

(233-240), the latter of which also undergoes a concerted translation along its 

helical axis, approximately parallel to the membrane. The EL4a helix (307-318) also 

undergoes an outward rotation of nearly 13° about an axis running approximately 

perpendicular to the plane formed by the EL4 loop (Figure 2.8C; Movie 2.1). 

Together, these movements widen the extracellular vestibule at the base by 3 Å, as 

defined by measurements between residues Y108 and F253 (Figure 2.8A, B, and 

E).  

  TM11 also undergoes a substantial displacement in the LeuT-Trp complex. 

Concomitant with the outward rotation of neighboring TM6a, TM11 shifts inward by 

~2 Å in the region around W467, while the indole side-chain of W467 on the 

interior face of the helix rotates 90° about χ2 relative to that in the occluded state 
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structures. The space vacated by rotation of this indole ring and the outward 

movement of TM6a is partly occupied by the alkyl chain of a β-octylglucoside 

molecule (Figure 2.9).  

  Like substrates, the amino group of Trp601 forms hydrogen bonds with 

oxygen atoms in TMs 1b and 6a (Figure 2.7F; Figure 2.8D). Similar coordination 

exists between the carboxylate of Trp601 and the backbone amide nitrogens of 

TM1b (L25 and G26) as well as Na1 (Figure 2.7F; Figure 2.8D); Na2 is also present 

in the Trp complex and is coordinated in a similar manner as the occluded state 

complexes. The indole ring is accommodated in the binding pocket and, with only 

minor adjustments to the sidechain geometry of I359 and a slight rotation of Y108, 

engages in nonpolar interactions with these residues (Figure 2.8E). Furthermore, 

the indole ring nitrogen of Trp601 is within ~3.2 Å of the phenyl ring face of F259, 

forming an edge-to-face aromatic interaction (Figure 2.7F; Figure 2.8D).  

  Unlike the substrate-bound complexes, the LeuT-Trp structure reveals 

significant differences that define the molecular basis of competitive inhibition. The 

α-amino and α-carboxylate substituents of Trp601 are shifted by ~2 Å relative to 

the corresponding positions of these atoms in the substrate-bound, occluded-state 

complexes (Figure 2.8E). Trp601’s rigid indole ring acts like a strut that braces the 

binding pocket open, with the α-amino and carboxylate groups maintaining their 

conserved interactions with TMs 1 and 6 (Figure 2.8D) and the distal edge of the 

indole ring lodged against TMs 3 and 8. This mode of binding prevents the 

extracellular vestibule from closing and adopting the occluded state (Figure 2.8A 

and B). Specifically, the hydrogen bond observed in the occluded state between the 
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substrate and Y108 hydroxyl does not form with Trp601 (Figure 2.7F; Figure 

2.8D-E), and the extracellular gate residue F253 on TM6a is ~3.0 Å farther away 

from Y108, resulting in a solvent-accessible channel to the binding pocket (Figure 

2.8B).   

Second ligand binding site is unique to the open-to-out conformation 

 Electron density maps revealed unanticipated density for a second Trp 

molecule (Trp602) at the base of the extracellular vestibule. Trp602 contacts TM10 

and its α-substituents form an ionic bridge between residues D404 and R30 of the 

extracellular gate (Figure 2.10A). The amino group also makes a hydrogen bond 

with the side chain hydroxyl of T409, while the indole nitrogen hydrogen bonds 

with the carbonyl oxygen of G408, located in a stretch of π-helix between M403 and 

V412 (Figure 2.10A).    

We suggest that Trp602, located ~4 Å above Trp601, represents a low 

affinity, transiently occupied site for amino acids as they move from the 

extracellular vestibule to the substrate binding pocket, perhaps with R30 and D404 

serving to dehydrate the incoming amino acid. Although molecular dynamics studies 

[95, 106] and binding assays [95] suggest that the substrate leucine can bind to a 

site similar to the Trp602 site when LeuT is in an occluded-like state, the LeuT-Trp 

crystal structure demonstrates that occupancy of the Trp602 site requires an open-

to-out state, with the guanidinium group of R30 and the side chain carboxylate of 

D404 separated by ~7-8 Å. To determine if substrates can bind to the Trp602 site in 

the occluded state, we solved the crystal structure of LeuT with 30 mM leucine and 

did not observe any amino acid density in the extracellular vestibule (Figure 2.11). 
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We also measured diffraction data on a LeuT-selenomethionine complex. 

Anomalous difference Fourier maps show a large anomalous peak (25σ) in the 

primary binding site but no significant peaks elsewhere (Figure 2.10B).  

 In addition to Trp601 and 602, we observed two additional tryptophans (603 

and 604) at the cytoplasmic and extracellular faces of LeuT, respectively (Figure 

2.8C). Trp603 is located in the cleft between EL2 and EL4, while Trp604 is situated 

at the cytoplasmic-face of LeuT and forms a salt bridge with R11. At present we 

believe these tryptophan molecules are not relevant to the function of LeuT, in large 

part because they are removed from mechanistically crucial regions of the 

transporter.  

A model for transport and inhibition 

 How do inhibitors prevent substrate translocation? For LeuT we postulate 

that inhibition of transport occurs by preventing distinct steps of the transport cycle 

(Figure 2.12D and E). Here we show that a competitive inhibitor displaces 

substrate and traps the transporter in an open-to-out conformation, thereby 

preventing progression to the occluded state (Figure 2.12A and D). The LeuT-Trp 

complex demonstrates how the extracellular-facing TMs 1b, 2a (residues 40-54), 

and 6a are involved in the binding of a competitive inhibitor and in the ensuing 

conformational changes, showing that TMs 1b, 2a and 6a move independently of 

their respective intracellular-facing counterparts, TMs 1a, 2b (residues 55-70), and 

6b and that the TM1, 2, 6 and 7 helix bundle does not move as rigid body, in contrast 

to a recent proposal by Forrest and colleagues [72]. The notion that TMs 1b and 6a 

undergo conformational changes upon substrate or inhibitor binding is further 
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supported by chemical modification experiments on single cysteine mutants of the 

eukaryotic GABA and serotonin transporters [144-146]. 

 What are the molecular principles associated with binding, i.e. formation of 

the occluded state? We suggest that substrates permeate from extracellular solution 

to the primary substrate site, located halfway across the membrane, by transiently 

binding to the extracellular gate residues R30 and D404. We argue that this binding 

event is only possible when the transporter is in the open-to-out conformation, 

typified by the LeuT-Trp complex. The substrate then moves to the primary binding 

site and the open-to-out state 'collapses' to the occluded state (Figure 2.12A and B) 

before isomerizing to the open-to-in state and permitting release of substrate to the 

cytoplasm (Figure 2.12B and C) . The transporter can then cycle to the open-to-out 

state, perhaps through an apo yet occluded-like conformation. Optimal substrate 

binding and formation of the occluded state requires complementary shape and 

charge and is best satisfied by leucine and methionine. The apparent paradox posed 

by these two amino acids, which exhibit the highest binding affinities but the lowest 

turnover rates and catalytic efficiencies, is reconciled by the notion that transport is 

a balance between affinities for different intermediates in the transport cycle. 

Accordingly, the slow turnover rates of leucine and methionine are due to the fact 

that their occluded state complexes are very stable and the energy barriers 

associated with isomerization to open-to-in (Figure 2.12B and C) or -out 

conformations are relatively high. By contrast, the reduced affinity but higher 

turnover rate and catalytic efficiency of the smaller alanine is likely a reflection of 
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the limited degree to which it can stabilize the occluded state compared to leucine 

or methionine. 

 The distinction between a substrate and a competitive inhibitor is provided 

by the ability of the ligand to promote formation of the occluded state. For LeuT, this 

distinction is highlighted by the differences between tyrosine and tryptophan. 

Because tyrosine is a substrate and tryptophan is not, there is an apparent size 

“boundary” for transport between 197 and 228 Å3, the volumes of tyrosine and 

tryptophan, respectively. In GAT1, the existence of a size boundary between 

transport and inhibition has been shown, where the addition of an aromatic moiety 

transforms the substrate nipecotic acid into the non-transportable competitive 

inhibitor SKF89976A [147]. In the SLC5 family, this size boundary has also been 

demonstrated with a series of glycoside derivatives in experiments on the human 

glucose transporter (hSGLT1) [147]. Whereas galactose is a substrate, 1-

naphtylgalactose is a non-transportable, competitive inhibitor. But the boundary 

between a substrate and competitive inhibitor does not solely reside with the 

ligand. More generally, the definition of this boundary depends on the size, shape, 

and rigidity of the ligand relative to the constraints imposed by the binding pocket. 

Thus, amino acid substitutions in the binding pocket that alter these constraints, i.e. 

increase volume, should also alter this boundary. An example of this second case is 

TnaT, a prokaryotic SLC6 tryptophan transporter [56].  Comparison of the amino 

acids lining the substrate-binding pocket in LeuT and TnaT [69] reveals that a 

prominent difference is substitution of the larger Phe at position 259 of LeuT with 

the smaller Val in TnaT. These substitutions would increase the volume of the 
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binding pocket in TnaT to permit accommodation of Trp in an occluded state. These 

molecular principles are not only relevant to our understanding of LeuT and its 

SLC6-orthologs but are also germane to the structurally related glucose and 

nucleobase transporters [25, 148]. 
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Table 2.1.  Binding and kinetic constants. Unless otherwise noted, the errors represent the 
s.e.m. from two or three independent experiments, each performed in duplicate or 
triplicate. n.d., not determined. 

Binding & Displacement Constants 

L-amino acid (Å3)* Kd (nM)† Bmax (pmol)‡ Ki (nM)§ 

Gly (65) n.d. n.d.            322,000 + 36,900 
Ala (90)  512 + 131           1.1 + 0.5                3320 +      810 

Leu (164)    20 +   2           0.6 + 0.1                   16 +          1 
Met (167)    69 +   8           0.8 + 0.04                 232 +        21 
Tyr (197) n.d. n.d.               9040 +       550 
L-4-F-Phe n.d. n.d.                 950 +       100 
Trp (228) n.d. n.d.             64800 +     4670 

Steady-State Kinetics 

L-amino acid (Å3)* Km (nM) Vmax (pmol/min/mg) kcat (hr-1) kcat/Km (nM-1hr-1) 

Gly (65) 1910 +   30           444 + 57 1.58 + 0.20 0.0008 
Ala (90)   583 +   28         1730 + 94 6.06 + 0.30 0.0104 

Leu (164)   146 +   25           343 + 46 1.20 + 0.20 0.0082 
Met (167)   289 +   27           523 + 12 1.86 + 0.04 0.0064 
Tyr (197) 2830 +  150           209 + 15 0.74 + 0.05 0.0003 
Trp (228) not transported 

Competitive Inhibition of L-alanine Transport by L-tryptophan 

[Trp]  µM Km (nM) Vmax (pmol/min/mg) Ki (µM)◊ 

0              665 +   78        1530 +   50 
24 + 3 20            1020 + 230        1550 + 110 

50            1880 + 330        1610 + 110 
*Volume in Å3 of amino acid as defined in (38).  Kd is dissociation constant.  ‡Bmax is number of 
binding sites.  §Ki refers to inhibition of [3H]Leu binding.  ◊Ki refers to inhibition of [3H] Ala 
transport. 
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Figure 2.1.  LeuT substrate screen and occluded state structures.  (A) Inhibition of 

[3H]leucine binding (red bars) and transport (cyan bars) by L-amino acids. (B) 

Displacement of [3H]leucine binding by leucine (yellow), methionine (cyan), alanine 

(green), tyrosine (orange), tryptophan (blue), and glycine (magenta).  Errors bars 

represent s.e.m. of triplicate (A) or duplicate (B) measurements.  (C) Superposition 

of the LeuT-Leu (gray), -Ala (green), -Gly (magenta), -Met (cyan), and L-4-F-Phe 

(orange) complexes using α-carbon positions. Shown in CPK are leucine and the two 

Na+ ions from the LeuT-Leu complex.  Membrane boundaries are demarcated by the 

two solid black lines. (D) Solvent-accessible surface (depicted in mesh) illustrating 

the occluded state of the LeuT-substrate complexes.  (E) Close-up of the substrate 

binding pocket, with substrates depicted as sticks.  Leucine is shown in semi-

transparent CPK representation.  Coloring is the same as in (C).   
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Figure 2.2. Radioligand binding data. Saturation binding plots for (A) [3H]leucine, 

(B) [3H]alanine, and (C) [3H]methionine with Scatchard insets. Data are shown as 

mean +/- s.e.m. (vertical bars, N = 3). 
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Figure 2.3. Transport versus binding control experiments for the five amino acid 

substrates examined. Transport by (open circles) and binding to (filled circles) for 

(A) [3H]leucine, (B) [3H]alanine, (C) [3H]methionine, (D) [3H]tyrosine, and (E) 

[3H]glycine. Data shown are mean values (N = 2). 
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Figure 2.4. Steady-state kinetics. Michaelis-Menten plots for (A) [3H]leucine, (B) 

[3H]alanine, (C) [3H]methionine, (D) [3H]tyrosine, and (E) [3H]glycine with Eadie-

Hofstee insets. Data shown are mean +/- s.e.m. (vertical bars, N = 3). 
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Figure 2.5. L-tryptophan is a nontransportable, competitive inhibitor of LeuT. (A) 

Time course of 100 nM [3H]alanine (open circles) versus 1 μM [3H]tryptophan 

transport demonstrating that tryptophan is not a substrate. (B) Steady-state 

kinetics (Michaelis-Menten plot) of inhibition of [3H]alanine transport by 1, 2, and 

50 μM tryptophan. (C) Eadie-Hofstee plot of the same data shown in (B). Data are 

shown as mean values in A (N = 2) or mean +/- s.e.m. (vertical bars, N = 3) in B and 

C. 
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Figure 2.6. Simulated-annealing omit electron density maps (contoured at 3σ) of 

amino acids bound in the substrate binding pocket of LeuT (the "601" site). (A) 

Glycine, (B) alanine, (C) methionine, (D) L-4-fluorophenylalanine, and (E) 

tryptophan. In each case, the respective amino acid was omitted from the simulated 

annealing run and subsequent phase calculation. 
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Figure 2.7.  Substrate binding pocket - substrate and inhibitor interactions. 

Substrate binding pockets of the (A) LeuT-Gly, (B) -Ala, (C) -Leu,(D) -Met, (E) -L-4-F-

Phe, and (F) -Trp complexes.  Hydrogen bonds and polar interactions are illustrated 

by black dotted lines. 
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Figure 2.8.  Tryptophan is a competitive inhibitor that stabilizes an open-to-outside 

conformation.  Solvent-accessible surface of the (A) LeuT-Leu (gray) and (B) LeuT-

Trp complexes (sand/red/magenta).  Leucine, tryptophan, Y108, and F253 are 

depicted in both panels.  Distances between Y108 (Cδ1) and F253 (Cζ) in each panel 

are shown.  Helices involved in the domain shift (TM1b, 2a, and 6b) are colored red.  

(C) Cα superposition (depicted as cylinders) of the LeuT- Leu and LeuT–Trp 

complexes.  Colors are the same as in (A) and (B).  EL4a, an additional element 

involved in the domain shift, is magenta.  The rotation axes of the two domains are 

depicted in their respective colors.  The bound tryptophans are shown as stick 

models, with Trp601 colored bright green and the other three colored dark green.  

TM11 is omitted from the figure for clarity.  

(D) Close-up of the Cα superposition depicting the hydrogen bonding network in the 

substrate binding pocket of the LeuT-Trp complex.  Note disruption of the critical 

hydrogen bond between Y108 and the carboxylate of tryptophan, indicated by a 

double-headed arrow.  (E) Overlay (in stereoview) of the leucine and tryptophan 

binding sites to illustrate displacement of the ligand α-amino carboxylate group and 

concomitant shift in protein and sodium positions.  Leucine and tryptophan are 

colored in magenta and green, respectively.   
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Figure 2.9. Overlay of the LeuT-Trp and -Leu complexes at TM11. Cα traces of 

TMs1b, 6a, and 11 for the LeuT-Trp (sand and red) and -Leu (gray) complexes. 

W467 from each structure is also depicted in the same colors. The carbon and 

oxygen atoms of β-OG 708 from the LeuT-Trp structure are colored yellow and red, 

respectively. 
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Figure 2.10. A second Trp molecule is bound between R30 and D404 of the 

extracellular gate only in the open-to-outside conformation.  (A) Trp602 bound in 

the extracellular vestibule of LeuT, residing between D404 and R30, flanked by the 

π-helix in TM10.  (B) Extracellular vestibule of the LeuT-SeMet complex.  Anomalous 

difference Fourier map (contoured at 5σ and 15σ and depicted in green and blue 

mesh, respectively) showing no significant density peaks in the extracellular 

vestibule. 
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Figure 2.11. View of the LeuT-Leu complex (crystallized in the presence of 30 mM 

leucine). The extracellular vestibule is shown, along with EL4 (blue), TMs 1b, 3, 6a, 

and 10 (transparent gray), and residues R30, Y108, I111, L400, and D404. Also 

depicted are Leu601 (yellow) and water molecules (red spheres) in the vestibule. 

Simulated annealing Fo-Fc omit map, contoured at 4σ, in which Leu601 and solvent 

molecules were omitted from the Fc calculation. There is clear density for leucine in 

the primary substrate binding pocket but not in the vestibule. 
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Figure 2.12.  Schematic of transport and inhibition in LeuT.  Postulated 

conformational changes associated with isomerization from the open-to-out (A) to 

the outward facing occluded state (B) upon binding of substrate and ions, from the 

occluded (B) to open-to-in state (C) and dissociation of transported substrate and 

ions, and from the open-to-in (C) back to the open-to-out state (A).  (D) Effect of a 

competitive inhibitor on transport: stabilizing the open-to-out conformation.  (E)  

TCAs are noncompetitive inhibitors that stabilize the occluded state.  The boxed 

conformations represent actual crystal structures, while the unboxed conformations 

are hypothetical.  
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URL to access Movie 2.1: 
http://www.sciencemag.org/cgi/content/full/322/5908/1655/DC1 

 

Movie 2.1.  Structural conformational changes depicted for isomerization of LeuT 

between the substrate-bound occluded and the competitive inhibitor-bound open-

to-out states.  The beginning and end states are the crystal structures of the LeuT-

Leu and LeuT-Trp complexes, respectively.  The structure is viewed parallel to the 

membrane plane, initially with all helices shown.  In the second part, portions of 

TM10 and TM11 have been removed (residues 407-419 and 450-477) for clarity 

and residues that comprise part of the extracellular gate (R30, D404, Y108, and 

F253) are shown as sticks. Coloring is the same as that in Figure 2.3C of the main 

text.  Intermediate states were calculated by linear interpolation between the two 

sets of crystallographic coordinates as implemented by the CNS morphing script 

from the Yale Morph Server (http://molmovdb.org) [149, 150].  
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Chapter 3 

Stoichiometry of Substrate Binding to LeuT 
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Introduction 

Neurotransmitter sodium-coupled symporters (NSSs) couple the uptake of 

neurotransmitter with one or more sodium ions [151-153], removing transmitter 

from the synaptic cleft. NSSs are essential to the function of chemical synapses, are 

associated with multiple neurological diseases and disorders [117], and are the 

targets of therapeutic and illicit drugs [126]. LeuT, a prokaryotic ortholog of the NSS 

family, is a paradigm transporter for understanding the relationships between 

molecular mechanism and atomic structure in a broad range of sodium-dependent 

and sodium-independent secondary transporters [25, 97, 106, 145, 148, 154-156]. 

At present there is a controversy over whether there are one or two high affinity 

substrate binding sites in LeuT. The initial crystal structure of LeuT, together with 

subsequent functional and structural studies, provided direct evidence for a single, 

high affinity, centrally located substrate binding site, defined as the S1 site [59, 75]. 

Recent binding, flux, and molecular simulation studies, however, have been 

interpreted in terms of a model where there are two high affinity binding sites: the 

central S1 site, and a second site, S2, located within the extracellular vestibule [95] 

(Figure 3.1). Furthermore, it was proposed that the S1 and S2 sites are allosterically 

coupled such that occupancy of the S2 site is required for the cytoplasmic release of 

substrate from the S1 site [95]. Here we address this controversy by performing 

direct measurement of substrate binding to wild-type LeuT and to S2 site mutants 

using isothermal titration calorimetry, equilibrium dialysis and scintillation 

proximity assays. In addition, we perform uptake experiments to determine if the 

proposed allosteric coupling between the putative S2 site and the S1 site manifests 
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itself in the kinetics of substrate flux. We conclude that LeuT harbors a single, 

centrally located, high affinity substrate binding site and that transport is well 

described by a simple, single-substrate kinetic mechanism.  

Materials and Methods 

Mutagenesis and protein purification 

Site-directed mutants of LeuT were prepared using the QuickChange kit 

(Stratagene, Inc.). The Y108F mutant of LeuT was made in the background of the 

K288A mutation (Y108F-LeuTK). Wild-type LeuT and mutants bearing a C-terminal 

His8 tag were expressed in C41 cells and purified as previously described [59] with 

the exception that cell membranes were washed three times with 50 mM Tris-HCl 

(pH 8.0) supplemented with 10 mM 1,4,7,10,13-pentaoxacyclopentadecane (15-

crown-5) [157] to facilitate the removal of bound leucine and augment the 

generation of apo-LeuT. Purified protein destined for equilibrium dialysis and ITC 

assays was concentrated to 5-30 µM using a 50-kDa cutoff concentrator, and 

dialyzed at 4 oC for 24 hours against buffer I (20 mM Tris-citrate [pH 7.0], 200 mM 

NaCl, and 1 mM dodecyl maltoside), with three buffer changes. Protein for 

scintillation proximity assays was purified in buffer II (150 mM Tris-MES pH 7.5, 50 

mM NaCl, 1 mM dodecyl maltoside, 20% glycerol) [95]. Equilibrium dialysis assays 

on wild-type LeuT demonstrate no notable differences using either buffer I or buffer 

II. Reducing conditions were maintained for preparations of the L400C mutant using 

2 mM tris(2-carboxyethyl)phosphine (TCEP). The concentration of protein and 

ligand used in the ITC measurements was directly determined by quantitative 

amino acid analysis (qAAA) on material that was subjected to overnight acid 
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hydrolysis in 0.02 N HCl. The extent to which the purified LeuT starting material 

was contaminated by residual leucine was determined by qAAA of non-hydrolyzed 

material to measure the free amino acid content. All qAAA measurements were 

performed at the Keck Biotechnology Resource Laboratory (Yale University, New 

Haven, CT). All other protein concentration measurements were estimated by 

absorbance spectroscopy using a molar extinction coefficient of 136,459 cm-1 M-1 at 

λ = 280 nm for the His-tagged protein, derived from the extinction coefficient 

predicted from primary sequence (ProtParam, 

http://expasy.org/tools/protparam.html ) and empirically corrected by 

quantitative amino acid analysis measurements of LeuT (A280 of unity = 0.43 

mg/ml). Sample purity was assessed by SDS-PAGE under reducing conditions using 

12.5% Tris-glycine gels (Figure 3.2A) Protein dispersity was monitored by 

fluorescence-detection size-exclusion chromatography [158] measuring intrinsic 

tryptophan fluorescence (Figure 3.2B).  

Isothermal titration calorimetry 

A solution of wild-type LeuT or Y108F-LeuTK (at 20 or 30 µM, respectively, in 

buffer I) was loaded into the sample cell of an ITC200 calorimeter (MicroCal). L-

leucine at 200 or 500 µM for titrations with wild-type LeuT or Y108F-LeuTK, 

respectively, was dissolved in buffer I and loaded into the injection syringe. Prior to 

data collection, the system was equilibrated to 25 °C with the stirring speed set to 

1000 rpm. Titration curves for Y108FK LeuT binding leucine was generated by five 

successive 1.5-μl injections followed by fourteen 2.0 μl injections at 180 second 

intervals. Titration curves for wild-type LeuT binding leucine were generated with 
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nineteen 2.0 μL injections at 180 second intervals. Control injections of ligand into 

buffer I without protein were done to determine background corrections. The 

integrated heats from each injection, normalized to the moles of ligand per injection 

were fit to a single-site binding isotherm [159] using Origin v. 7. Final values of KD, 

stoichiometry (N), ΔH, and -TΔS were determined from the average of 2 to 4 ITC 

runs. 

Equilibrium dialysis 

For each replicate, 100 μl of either 60 nM wild-type LeuT, 94 nM L400A, or 

5.7 μM Y108F-LeuTK protein in buffer I was placed in the sample chamber, and 300 

μl of [3H]leucine at 0.3 to 30 μM (0.27 Ci/mmol) in buffer I was placed in the buffer 

chamber of a Rapid Equilibrium Device (RED) plate (Thermo Scientific). The unit 

was covered with sealing tape and incubated at room temperature on a shaker for 6 

hours. To determine the concentration of the total and free ligand, 10 μl aliquots 

were removed from the sample and buffer chambers, respectively, and added to 6 

ml of Ultima Gold scintillation fluid. The concentrations of free and total leucine 

were calculated from the tSIE (transformed spectral index of an external standard) 

corrected dpm (disintegration per minute) values measured using a liquid 

scintillation counter. Data were analyzed as a single-site binding function. KD, Bmax, 

and N values were determined from the average of two independent experiments, 2 

to 4 replicates each. 

Scintillation proximity assays 
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For saturation binding analysis, 10 nM LeuT was incubated with 2 mg/mL 

Cu+-YSi SPA beads in buffer II in the presence of 0.3 to 600 nM [3H]leucine (10.8 

Ci/mmol). The reactions were mixed on an orbital microplate shaker at room 

temperature. Plate readings were taken at 2, 20, 40 and 60 hours using a Wallac 

Microbeta plate counter, though for each experiment no significant change was 

observed after 20 hours incubation. SPA experiments to quantify the binding site 

concentration in each sample were performed as described above, but using 400 nM 

LeuT and 25 to 1200 nM [3H]leucine (10.8 Ci/mmol). For all assays, specific binding 

was calculated by subtracting the background radioligand binding assessed by 

duplicate binding measurements in the presence of 5 mM L-alanine.  

Transport time course 

 LeuT was reconstituted into lipid vesicles as previously described [59] using 

internal buffer appropriate for the experiment (20 mM HEPES-Tris pH 7, 200 mM 

KCl or 20 mM citrate-Tris pH 6, pH 5, or pH 4, 200 mM KCl). Transport reactions 

were assembled by diluting LeuT proteoliposomes to a final protein concentration 

of 10 µg/mL into external buffer (20 mM HEPES-Tris pH 7.0, 200 mM NaCl or 20 

mM citrate-Tris pH 6.0, pH 5.0, or pH 4.0, 200 mM NaCl) at 27 oC with 500 nM 

[3H]alanine (83 Ci/mmol). Uptake was followed by removing and quenching 100 µL 

aliquots of the reaction into ice-cold internal buffer at various time points up to 40 

minutes. Reactions were filtered and analyzed as previously described [59]. Non-

specific uptake was assessed by repeating the time course for the same liposome 

preparation under identical conditions except for the replacement of external NaCl 
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by KCl. Non-specific uptake was then subtracted from the total uptake measured to 

calculate the specific uptake. Each experiment was performed in duplicate.  

Steady-state kinetics 

 LeuT proteoliposomes at 10 μg/ mL were incubated with 0.050 – 8.0 μM 

[3H]alanine (8.3 Ci/mmol) at 27 oC for 2 minutes in external buffer (20 mM citrate-

Tris pH 5.0, 200 mM NaCl) with or without 50 nM valinomycin. Preliminary time 

course experiments done at 0.050, 0.40, 1.0 and 8.0 µM [3H]alanine established that 

transport remained linear through the 2 minute time point. Data from 2 to 4 

experiments, each repeated in duplicate, were fit to the Michaelis-Menten equation 

and analyzed by linear regression to an Eadie-Hofstee transformation.  

 To test for multi-site cooperative kinetics, data were modeled according to 

the Hill equation: v= (Vmax[S]n)/(K’+[S]n) allowing the variables, n, K’, and Vmax to 

float. Alternatively, data were also modeled by a two-site ordered binding equation: 

v= (Vmax(([S]2)/(αKs2)))/(1+([S]/Ks)+(([S]2)/(αKs2))) allowing the variables α, Ks, 

and Vmax to float. To compare the Michaelis-Menten model to the ordered binding 

model the F test statistic was calculated according to the GraphPad Prism manual 

using the following equation: F= ((SSnull-SSalt)/(DFnull-DFalt))/(SSalt/DFalt), where null 

and alt refer to the Michaelis-Menten and ordered binding models, respectively, and 

SS is the absolute sum of squares of the variance for each model, and DF is the 

degrees of freedom for each model. For the Michaelis-Menten model, SS and DF 

were 3.564 x 107 and 68, respectively. For the ordered binding model, SS and DF 

were 3.579 x 107 and 67, respectively. 
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Results and Discussion 

LeuT:substrate stoichiometry is 1:1 

We first measured the thermodynamic response and stoichiometry of L-

leucine binding to LeuT using isothermal titration calorimetry (ITC). To minimize 

the potential for artifacts in our binding assays arising from endogenously bound 

leucine co-purifying with LeuT, we extensively washed cell membranes with Na+-

free buffer containing the Na+ chelator 15-crown-5 [157]. For the wild-type LeuT-

leucine interaction, ITC binding isotherms were best fit by a single site model with a 

substrate to LeuT stoichiometry, N, of 0.70 ± 0.01 and a dissociation constant, KD, of 

54.7 ± 1.8 nM (Figure 3.3A; Table 3.1). Binding of leucine to LeuT is driven by 

enthalpic and entropic factors with a ΔH of -3.93 ± 0.02 kcal mol-1 and a -TΔS of -

6.01 ± 0.13 kcal mol-1. Thermodynamic binding models of higher complexity 

describing two-site random or two-site sequential binding modes yielded poorer fits 

to the data, with either high χ2 values or non-converging parameters.  

The measured stoichiometry of 0.70 suggests that approximately 30% of 

LeuT in the ITC cell is unable to bind titrated substrate. This could be due to 

incomplete removal of endogenously bound substrate despite extensive ‘washing’ of 

the membranes. To weaken substrate binding and thus diminish the relative 

proportion of leucine-bound LeuT, as well as to specifically probe the interaction of 

substrate with LeuT, we mutated Tyr108 to Phe (Y108F), thereby disrupting the 

hydrogen bond between the hydroxyl group of Tyr108 and a carboxylate oxygen of 

substrate bound to the S1 site [59]. We hypothesized that by ablating the hydrogen 
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bond between Tyr108 and leucine, the Y108F mutation would reduce the enthalpy 

of leucine binding to the S1 site, thus allowing us to more readily isolate apo-LeuT. 

Similar to wild-type LeuT, the binding isotherm for leucine binding to the 

Y108F mutant was best fit by a single-site model (Figure 3.3B). Reflecting the 

predicted binding site perturbation, the dissociation constant, KD, increased to 1.4 ± 

0.1 µM, and the stoichiometry parameter also increased (N=0.79 ± 0.01) relative to 

the wild-type transporter (Table 3.1). Notably, the ΔH value decreased to -1.92 ± 

0.03 kcal mol-1, a difference of 2.01 kcal mol-1 from wild-type LeuT and consistent 

with the loss of a single hydrogen bond between LeuT and a single substrate 

molecule bound at the S1 site.  

Because the stoichiometry values from the ITC experiments ranged from 0.7 - 

0.8, we were compelled to determine how much residual substrate remained bound 

to LeuT. To measure the amount of ‘free’ amino acid present in our LeuT samples, 

we employed quantitative amino acid analysis (qAAA). The qAAA results (Tables 

3.2-3.7) show that the molar ratio of free leucine to LeuT is approximately 6% for 

Y108F but is negligible for the wildtype preparations. The presence of more free 

leucine in the Y108F preparations was unexpected and may be due to variations in 

individual membrane preparations as well as variability in qAAA determinations. 

Even if all of the free leucine is bound to LeuT, however, the fraction of LeuT bound 

with substrate does not fully account for the sub-stoichiometric values obtained 

from ITC. Possible explanations for the sub-stoichiometric binding of substrate are 

that the LeuT samples used in the experiments contain trace amounts of 

contaminating proteins, that there is a small amount of protein aggregation as 
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judged by SDS PAGE and fluorescence-detection size-exclusion chromatography, 

respectively [158] (Figure 3.2), or that a fraction of LeuT is not competent to bind 

substrate.   

To corroborate the binding parameters obtained by ITC we used equilibrium 

dialysis to measure [3H]leucine binding to LeuT. Data for wild-type LeuT and the 

Y108F mutant were well fit by a single site binding equation (Figure 3.3C and D) 

with respective stoichiometries of 0.73 ± 0.03 and 0.72 ± 0.02 (Table 3.1). Taken 

together, both the ITC and equilibrium dialysis data are consistent with a single 

substrate binding site. Importantly, the observed differences between wildtype and 

Y108F demonstrate that we can use the LeuT crystal structure to specifically and 

predictably perturb binding of substrate to the S1 site.  

L400 mutants bind leucine equivalent to wildtype 

We next probed the presence of the S2 site by asking if mutations in this 

proposed site would also measurably perturb binding of substrate to LeuT. In fact, 

Shi et al. assert that mutation of Leu400 to Cys (L400C) ablates leucine binding to 

the S2 site, reducing overall binding to LeuT by approximately half [95]. We 

therefore measured [3H]leucine binding to mutants L400A and L400C. With 

equilibrium dialysis, we observed that the extent of leucine binding to L400A was 

comparable to the wild-type transporter (Figure 3.3C; Table 3.1). This conclusion 

was reinforced using the scintillation proximity assay (SPA) method [160] to 

compare [3H]leucine binding to wildtype, L400A, and L400C (Figure 3.4A). In our 

hands, neither the L400A nor L400C mutant shows any significant change in leucine 
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binding, as measured by maximum binding capacity or dissociation constant, 

relative to wild-type LeuT (Table 3.1). 

A limitation of the SPA method is the unreliable determination of the 

scintillant counting efficiency which, in turn, complicates an accurate conversion of 

measured radioactivity in counts per minute to moles of radioligand. To circumvent 

the need for this transformation, we quantified the binding site stoichiometry by 

titrating transporter protein at 20-fold excess over KD with 0.06 to 3.0 molar 

equivalents of [3H]leucine [161]. The resulting response is initially first-order with 

respect to leucine concentration as binding sites are in excess over ligand. When 

binding reaches saturation, binding is zero order with respect to leucine 

concentration. The intersection abscissa of the first-order and zero-order linear 

regressions provides the ligand concentration equivalent to the binding site 

concentration, thus defining a stoichiometric value that is independent of ordinate 

radioactivity conversions. Using this method, we measured [3H]leucine binding to 

wild-type LeuT and to the L400A and L400C mutants (Figure 3.4B). For each of 

these transporters, binding site saturation occurs at a nearly identical ligand 

concentration, each corresponding to a substrate to transporter stoichiometry of 

about 0.8, confirming that mutations at the L400 position do not decrease the 

binding capacity of LeuT for leucine (Table 3.1). 

Clomipramine does not inhibit leucine binding 

We performed a final saturation binding analysis to assess the effect of 

clomipramine, an inhibitor of LeuT transport [76, 77] which was proposed to 

displace leucine binding from the S2 site [95]. In the presence of 10 nM LeuT and 1 
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mM clomipramine we saw no change in the binding of leucine to wild-type LeuT 

thus indicating that leucine and clomipramine binding sites do not overlap (Figure 

3.4C; Table 3.1), consistent with previous data that clomipramine is a 

noncompetitive inhibitor of LeuT transport [76]. 

Transport activity is consistent with single-site kinetics 

To augment our assessment of binding site stoichiometry, we next asked if 

LeuT-catalyzed transport is better modeled by a single-site or a two-substrate 

bound kinetic model. Previously reported flux measurements for several substrates 

showed that LeuT steady-state kinetics is well described by single-site Michaelis-

Menten parameters. The overall slow turnover rate of LeuT under those conditions, 

however, may have obscured the detection of more complex kinetic behavior. Here, 

we sought to re-evaluate the kinetics of alanine transport under conditions tailored 

to promote higher turnover to determine if transport kinetics are better fit by a one- 

or a two-site model. We first determined that uptake is more robust at acidic pH 

values with a maximum at pH 5, and that mutation of Lys288, a residue protruding 

into the hydrophobic portion of the membrane bilayer [59], to Ala (LeuTK) further 

enhanced substrate flux (Figure 3.5). Steady-state kinetics for alanine uptake by 

LeuTK under optimized conditions was measured in the presence of a 200 mM 

inward Na+ gradient. The data fit well to the Michaelis-Menten rectangular 

hyperbola with a KM of 0.79 ± 0.06 μM and Vmax of 11006 ± 281 pmol min-1 mg-1 

(Figure 3.6A). The corresponding turnover number, kcat, is 0.65 min-1, about 6-fold 

higher than measured for wild-type LeuT at pH 7 with a 100 mM Na+ gradient [75] 

(Table 3.8). 
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We reasoned that transport would be further stimulated by including 

valinomycin. Addition of this K+-selective ionophore will induce a negative-inside 

membrane potential and prevent the buildup of positive charge inside the liposomes 

during transport. With valinomycin present, kcat increased to 2.3 min-1 yet KM 

remained nearly unchanged at 0.75 ± 0.06 μM (Figure 3.6B; Table 3.8). Similar to 

transport under membrane-neutral conditions, valinomycin-stimulated transport is 

well-fit by a single-site Michaelis-Menten kinetic model. 

In conjunction with the Michaelis-Menten modeling, the steady-state kinetic 

data were fit with alternative kinetic models that describe two-binding site kinetic 

mechanisms: the Hill equation [162] for a random-order cooperative binding 

response; and an ordered-binding two-site kinetic model [68]. Data fit to the Hill 

equation converged with a Hill slope, nH, of 0.96 +/- 0.03, indicating that there are 

not multiple, interacting substrate sites underlying the kinetic behavior of LeuT. A 

two-site ordered binding reaction scheme, which provides explicit treatment for 

both single and double-occupied transporter-complexes [68], was fit to the flux 

data. While the value for Vmax was calculated to be 10965 +/- 308 pmol min-1 mg-1, 

nearly identical to the Michaelis-Menten model, the parameters KS and the 

coefficient α converged to 6.8 +/- 22 nM and 114 +/- 360, respectively indicating 

that the parameters are not well fit by the data. 

In conclusion, we have examined the stoichiometry of substrate binding to 

LeuT using multiple methods and find consistent evidence for a single, high affinity 

substrate binding site. We find no evidence to support the notion that mutation of 

Leu400 to Ala or Cys, or the presence of clomipramine, perturbs the stoichiometry 
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of substrate binding. Furthermore, the kinetics of substrate flux is best fit by a single 

substrate kinetic model. Taken together, these data refute the two substrate binding 

model for LeuT [95] and is consistent with previously determined crystallographic 

and functional data [59, 75, 76]. The mechanistic implications of our work are that 

transport of substrate by LeuT occurs through a singly-occupied intermediate 

where substrate is bound to a central high affinity site (the S1 site; Figure 3.1). We 

maintain, however, that substrate may indeed transiently bind to weak, low affinity 

sites as it transits from the extracellular solution to the S1 site and from the S1 site 

to the intracellular solution, as suggested by previous structural and computational 

studies [75, 106]. 
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Table 3.1. Binding parameters for leucine binding by LeuT using three 
methods 
 

  Stoichiometry 
(mol/mol LeuT) 

Bmax  
(cpm/pmol LeuT) KD (nM) 

ITC       

        wildtype 0.70 ± 0.01 - 54.7 ± 1.8 

        Y108FK 0.79 ± 0.01 - 1400 ± 100 

Eq. dialysis       

        wildtype 0.73 ± 0.03 - 122 ± 17 

        Y108FK 0.72 ± 0.02 - 2250 ± 138 

        L400A 0.76 ± 0.12 - 162 ± 2 

SPA†       

        wildtype 0.80 ± 0.06 5682 ± 310 39.0 ± 3.7 

        wildtype + CMI - 5662 ± 197 (99.6%)‡ 26.8 ± 4.0 

        L400A 0.81 ± 0.05 5259 ± 67 (92.6%)‡ 20.3 ± 1.2 

        L400C 0.79 ± 0.04 5147 ± 75 (90.6%)‡ 33.5 ± 2.1 

 
 
† SPA-derived stoichiometry determined from experiments shown in Fig 2b; SPA- 
derived Bmax and KD values from experiments shown in Fig 2a and c. 
‡ Values in parentheses indicate Bmax expressed as percent binding relative to 
wildtype LeuT. 
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Table 3.2. Quantitative amino acid analysis (qAAA) of a wildtype LeuT sample 
used for ITC.  Material was subject to acid hydrolysis prior to analysis.  Shown 
below are the values from four well-measured amino acid peaks used to calculate 
the protein concentration.  
 

 
Amino Acid 

nmoles amino 
acid from qAAA† 

# residues per 
LeuT molecule 

Calculated nmoles 
LeuT LeuT conc. (μM) 

Mean LeuT conc. 
(μM) 

leucine 2.643 61 0.04333 17.32 

19.45 
alanine 2.610 54 0.04833 19.33 

tyrosine 0.820 17 0.04823 19.29 

lysine 1.039 19 0.05468 21.87 
† analyte volume = 2.5 μL 
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Table 3.3. qAAA of wildtype LeuT sample (analyzed in Table 3.2) to determine 
free amino acid content.  Sample was not subjected to hydrolysis prior to analysis.  
Results are shown for the four aliphatic amino acids that bind LeuT with low 
nanomolar affinity.  None were present in detectable quantities.  b.d.l. – below 
detection limit.  
 

 
Amino Acid 

nmoles amino 
acid from qAAA† 

concentration 
(μM) 

leucine b.d.l. - 

isoleucine b.d.l. - 

valine b.d.l. - 

methionine b.d.l. - 
† analyte volume = 2.5 μL 
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Table 3.4. qAAA of titrant solution used for ITC analyses of wildtype LeuT 
binding leucine.  Empirical determination of ligand concentration and the extent of 
competing amino acids.  b.d.l. – below detection limit.  
 

 
Amino Acid 

nmoles amino 
acid from qAAA† 

concentration 
(μM) 

leucine 0.4830 193.0 

isoleucine b.d.l. - 

valine b.d.l. - 

methionine b.d.l. - 
† analyte volume = 2.5 μL 
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Table 3.5. Quantitative amino acid analysis (qAAA) of a Y108FK LeuT sample 
used for ITC.  Material was subject to acid hydrolysis prior to analysis.  Shown 
below are the values from four well-measured amino acid peaks used to calculate 
the protein concentration.  
 

 
Amino Acid 

nmoles amino 
acid from qAAA† 

# residues per 
LeuT molecule 

Calculated nmoles 
LeuT LeuT conc. (μM) 

Mean LeuT conc. 
(μM) 

leucine 1.841 61 0.03018 30.18 

29.94 
alanine 1.522 55 0.02767 27.67 

tyrosine 0.491 16 0.03069 30.69 

lysine 0.562 18 0.03122 31.22 
† analyte volume = 1.0 μL 
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Table 3.6. qAAA of Y108FK LeuT sample (analyzed in Table 3.5) to determine 
free amino acid content.  Sample was not subjected to hydrolysis prior to analysis.  
Results are shown for the four aliphatic amino acids that bind wildtype LeuT with 
low nanomolar affinity.  Free leucine was measured to be equivalent to 6.2% of the 
total protein concentration.  b.d.l. – below detection limit.  
 

 
Amino Acid 

nmoles amino 
acid from qAAA† 

concentration 
(μM) 

leucine 0.118 1.844 

isoleucine b.d.l. - 

valine b.d.l. - 

methionine b.d.l. - 
† analyte volume = 64 μL 
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Table 3.7. qAAA of titrant solution used for ITC analyses of Y108FK LeuT 
binding leucine.  Empirical determination of ligand concentration and the extent of 
competing amino acids.  b.d.l. – below detection limit.  
 

 
Amino Acid 

nmoles amino 
acid from qAAA† 

concentration 
(μM) 

leucine 1.111 555.5 

isoleucine 0.028 14.00 

valine 0.020 10.00 

methionine b.d.l. - 
† analyte volume = 2.0 μL 
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Table 3.8. Kinetic constants for alanine uptake by LeuT 
 
 

   KM (nM)   Vmax (pmol/min/mg)   kcat (min-1) 

LeuTK pH 5 †   788 ± 59   11006 ± 281   0.65 

LeuTK pH 5 † + valinomycin   747 ± 63   38233 ± 1071   2.3 

LeuT pH 7 ‡   583 ± 28   1730 ± 94   0.1 

 
 
† this study.  Values are mean ± s.e.m. from 2 - 4 experiments.  
‡ previous study, determined for wildtype [75].  Values are mean ± s.e.m. from 3 
experiments. 
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Figure 3.1. LeuT mechanism. Starting from the apo transporter in an open-to-

outside conformation (1), substrate and sodium ions bind, forming the outward-

facing occluded conformation (2) characterized by closure of a “thin gate” over the 

S1 substrate binding site [152]. Clomipramine, which inhibits transport, binds in the 

extracellular vestibule [76, 77] directly above the thin gate, near the putative S2 site 

of Shi et al. [95]. The substrate and ion bound transporter undergoes structural 

isomerization to form the inward-facing conformation (3), allowing release of 

substrate and ions to the intracellular solution, thereby generating an apo 

transporter, open-to-inside (4) which isomerizes to the open-to-outside 

conformation (1). 
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 Figure 3.2. Characterization of LeuT. a) SDS-PAGE analysis of purified protein 

samples used for binding studies. b) Assessment of protein monodispersity using 

fluorescence-detection size exclusion chromatography (FSEC) [158]. 
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Figure 3.3. Leucine binding measured by ITC and equilibrium dialysis. a) and 

b) ITC data for a) leucine binding to wild-type LeuT and b) leucine binding to 

mutant Y108F-LeuTK. Raw injection heats (top panel) and the corresponding 

specific binding isotherms (lower panel) determined at 25 oC and pH 7.0. c) and d) 

Quantitation of [3H]leucine binding stoichiometry by equilibrium dialysis for the c) 

wild-type (open circle, solid line) or the L400A mutant (open triangle, dashed line) 

or d) Y108F-LeuTK. Errors bars indicate s.e.m., n=2. 
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Figure 3.4. Leucine binding measured by scintillation proximity assays. a) 

Saturation binding isotherms and nonlinear regression analysis for wild-type (open 

circle, solid line), L400A (open triangle, dashed line), and L400C (open square, 

dotted line). b) Saturation binding at high LeuT concentration (approx. 20 x KD) to 

quantify substrate binding stoichiometry. Symbols and lines are as in panel a. c) 

Saturation binding for wild-type LeuT in the absence (same data shown in panel a) 

or presence of 1 mM clomipramine (closed circle, dashed line). Error bars indicate 

s.e.m., n=2. 
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Figure 3.5. pH dependence of [3H]alanine transport. Alanine uptake into LeuTK 

proteoliposomes after 10 minutes at specified pH values. Errors bars are s.e.m. 

(n=2). 
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Figure 3.6. Transport kinetics of [3H]alanine uptake. a) Steady-state alanine 

uptake as a function of alanine concentration at pH 5. Shown in the inset is the 

corresponding Eadie-Hofstee plot with linear regression (r2 = 0.93). Error bars 

indicate s.e.m., n=4. b) Steady-state alanine uptake at pH 5 in the presence of 

valinomycin to induce a membrane potential. Shown in the inset is the 

corresponding Eadie-Hofstee plot with linear regression (r2 = 0.96). Error bars 

indicate s.e.m., n=2. 
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Engineering Tryptophan Transport Activity into LeuT 
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Abstract 

Neurotransmitter/Sodium Symporters (NSS) are a family of transporters 

that catalyze the reuptake of neurotransmitters from neural synapses. To date, the 

bacterial ortholog LeuT, an aliphatic amino acid transporter that is inhibited by 

tryptophan, is the only member of the NSS family to have been structurally 

characterized by X-ray crystallography. Because of this, the crystallographic and 

functional analysis of LeuT has yielded fundamental insights into the mechanism of 

the NSS family at large. In this work we harness the analytical combination of 

crystallography with radioligand binding and transport assays to characterize 

variants of LeuT that have been mutated to “engineer” altered substrate transport 

specificity. While wildtype LeuT is inhibited by tryptophan, which locks in the 

transporter in an open-to-out conformation, we show that simple substitutions, 

derived from sequence alignment with the related tryptophan transporter TnaT, 

introduced into the binding site of LeuT allows tryptophan to bind such that LeuT 

adopts the occluded state and results in a gain of tryptophan transport function. The 

conformational shift from open-to-out to the occluded state with tryptophan bound 

abolishes the second extracellular vestibule tryptophan binding site, indicating that 

the existence of this second site is conformationally dependent. Altogether, these 

data demonstrate the link between the functional and structural states of the 

transporter and show that a necessary step in the transport cycle is the formation of 

the occluded state, which is determined by the protein:ligand binding 

complementarity in the central binding site. The ability to easily transfer function 
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between NSS family members suggest these mechanistic insights into LeuT 

structure and function can be generalized to other NSS members. 

Introduction 

Rapid transport of polar solute molecules across biological membranes is 

accomplished by a diverse array of transporter proteins specialized for different 

physiological functions. The Neurotransmitter/Sodium Symporter (NSS) family of 

transporters (TC# 2.A.22 [11]) function at neuronal synapses in the reuptake of 

biogenic amine and amino acid neurotransmitters from the synaptic cleft into 

surrounding cells [37, 46, 163]. The central role of NSS members in neural 

physiology and disease is reflected in the large number of therapeutic and illicit 

drugs that target these transporters [61, 164]. Because of this, the mechanism of 

these transporters has been under study for decades. Recently, structural studies of 

a prokaryotic homolog of the NSS family, LeuT, have produced high-resolution 

crystallographic snapshots of the transporter showing the three-dimensional 

organization of functional elements conserved across the NSS family and providing 

insight into how substrates and inhibitors interact with the transporter [59, 75-78]. 

Correlating structure and function through crystallographic and biophysical 

measurements in LeuT is thus a potent means to understand mechanistic principles 

of the NSS family [75, 165]. 

Previous studies have shown that LeuT functions in the sodium-dependent 

binding and transport of aliphatic and aromatic amino acids [59, 75, 76]. Amino acid 

transport is limited by the size of the ligand, and it was shown that while tyrosine 

can be transported, tryptophan is not and is in fact a competitive inhibitor of LeuT 
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[75]. Crystal structures of LeuT in complex with transportable ligands and with 

tryptophan showed that while all transportable ligands, including the isosteric 

tyrosine analog 4-fluoro phenylalanine (4-F-Phe), adopt the same occluded 

conformation, the non-transportable tryptophan molecule binds LeuT in an open-

to-out conformation with tryptophan bound not only in the central binding site (Trp 

601) but also at a new site (Trp 602) between conserved residues R30 and D404, 

formed by the more open extracellular vestibule [75]. We reasoned that the change 

in ligand size and electrostatics between tyrosine (or 4-F-Phe) and tryptophan 

represented a fundamental limit in the substrate specificity profile of LeuT which is 

structurally correlated to the ability of LeuT to form the occluded state upon 

substrate binding. If the occluded state is blocked, then the transporter is prevented 

from progressing through the transport cycle [75, 152]. Accordingly, we 

hypothesized that tryptophan is an inhibitor because it prevents the formation of 

the occluded state and locks the transporter open. Thus, the occluded state is a 

necessary transport intermediate and that transport specificity is a result of the 

complementarity between the transporter and ligand bound in the central binding 

site which determines the ability of the complex to form the occluded state. The 

change in complementarity that occurs between tyrosine and tryptophan therefore 

defines a mechanistic boundary between substrate and inhibitor. 

In this work, we undertake experiments that demonstrate how the ligand-

protein complementarity determines transport specificity and the functional link to 

the structural state of the transporter. We show that a single mutation in the binding 

site is sufficient to shift the substrate specificity profile of LeuT to transport 
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tryptophan. We further show that this change in functional specificity is 

accompanied by a structural change whereby LeuT adopts the occluded 

conformational state when bound to tryptophan, thus demonstrating a link between 

functional activity and structural state. Finally, we observe that the vestibule R30-

D404 tryptophan binding site that exists in the open-to-out state is absent in the 

tryptophan-bound occluded state. This shows that the wild-type transporter is 

locked in the open-to-out state by the tryptophan bound in the primary site and the 

occupancy of the Trp 602 site is a consequence of this trapping effect. This suggests 

that the Trp 602 site in the open-to-out state is a transient binding site for 

substrates that defines part of the permeation path through the transporter and its 

occupancy is strictly dependent on the overall conformational state. 

Materials and Methods 

Homology modeling of TnaT 

Pairwise alignment of the TnaT sequence from Symbiobacterium thermophilum 

(GenBank accession BAA24689.2) with LeuT was performed using ClustalW 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html). A three-dimensional model of TnaT 

was constructed using the Swiss-Model [166] web interface from the ClustalW-generated 

sequence alignment and the coordinates of the occluded-state LeuT structure (PDB ID 

2A65). Similar results were achieved using Modeller 9v5 [167] both with and without 

explicit modeling of the bound sodium ions. Tryptophan and sodium was modeled 

manually into the resulting homology model of TnaT guided by the locations of the ions 

and the α-amino and -carboxylate position of bound leucine in the template LeuT 

structure. The model of TnaT bound with sodium and tryptophan was subjected to a 
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round of geometrical energy minimization to alleviate clashes using Refmac5 [138, 168, 

169].  

Expression and purification 

LeuT was expressed and purified as previously described [59, 75]. Mutations were 

introduced by polymerase chain reaction using the QuikChange method (Stratagene, 

Inc.). All binding and transport assays were conducted with LeuT constructs containing 

the K288A background mutation (LeuTK) [91]. To displace endogenously bound high-

affinity ligands, protein was solubilized from membranes in the presence of 100 mM L-

alanine followed by purification either without added ligand (for binding and transport 

assays) or with 50 mM L-tryptophan (for crystallization of LeuT-Trp complexes). 

Preparation of LeuT proteoliposomes 

LeuT was reconstituted into proteoliposomes at a protein:lipid ratio of 1:100 (w:w) as 

previously described [76]. Reconstitution was carried out in the presence of 20 mM 

HEPES-Tris pH 7, 100 mM KCl. Proteoliposomes were concentrated by centrifugation at 

300,000 x g for 30 minutes and resuspended in reconstitution buffer to a protein 

concentration of 0.5 mg/mL, determined by the modified amido black assay method 

[170]. Proteoliposomes were flash-frozen in liquid N2 and stored at -80 oC. Prior to each 

assay, proteoliposome stock suspension was thawed then diluted 25-fold into internal 

buffer (20 mM HEPES-Tris pH 7, 500 mM KCl), subjected to two freeze/thaw cycles in 

liquid nitrogen and room temperature water and reconcentrated by centrifugation at 

300,000 x g for 30 minutes. The pelleted proteoliposomes were resuspended back to the 

original volume using internal buffer. The resuspended liposomes were then extruded 
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using an Avestin Mini-extruder coupled to two 1 mL Hamilton syringes with a 400 nm 

polycarbonate filter, passing the suspension through the filter 15-21 times. 

Transport assays 

For time course assays, reactions were initiated by adding proteoliposomes into external 

buffer (20 mM HEPES-Tris pH 7, 500 mM NaCl) at 27 oC with 1.2 µM [3H]tryptophan 

(20 Ci/mmol) or 1 µM [3H]tyrosine (40 Ci/mmol). Final LeuT concentration was 8 

µg/mL. At time points, 100 µL of reaction mix was removed and quenched in a glass 

test-tube containing 1.8 mL of ice-cold internal buffer. 

For the steady-state kinetic measurements, proteoliposomes were diluted into 

external buffer at 27 oC with 0.3 – 400 µM [3H]tryptophan (0.2 Ci/mmol).  Final LeuT 

concentration was 16 µg/mL.  Reactions were incubated for 2 minutes, then 100 µL from 

each was quenched in a glass test-tube containing 1.8 mL of ice-cold internal buffer. For 

both time-course and steady-state assays, nonspecific uptake was assessed by control 

reactions in the absence of sodium. After each time or concentration series was collected, 

quenched reactions were filtered through GSWP02500 nitrocellulose filters, pre-wetted 

with ice-cold internal buffer, followed by three 2 mL washes with ice-cold internal 

buffer. Filters were placed in glass scintillation vials, 6 mL of Ultima Gold scintillation 

fluid was added and filters were allowed to dissolve for ~5 hours before measuring tSIE-

corrected dpm values using the Packard TriCarb LSC. Data was analyzed using 

GraphPad Prism version 4.0. Steady-state measurements were fitted with a Michaelis-

Menten equation or subjected to an Eadie-Hofstee transformation and analyzed by linear 

regression. 

Binding assays 
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For saturation binding analysis, 70 nM LeuT with C-terminal His8 tag was incubated with 

2 mg/mL Cu+-YSi SPA beads (GE Healthcare) in binding buffer [20 mM HEPES-Tris 

pH 7, 100 mM NaCl, 1 mM C12M] in the presence of 0.3 to 600 μM [3H]tryptophan (0.2 

Ci/mmol) in a white-walled clear bottom 96-well Isoplate (Perkin Elmer). The reactions 

were mixed on an orbital microplate shaker at room temperature. Prior to reading, each 

plate was allowed to rest for at least one hour to allow the beads to settle. Readings were 

taken at 2, 20, 40 and 60 hours, though for each case no significant change was observed 

after 20 hours incubation. Radioactivity from each well was read using a Wallac 

Microbeta plate reader specifying sample type as SPA and measuring detector-

normalized counts per minute. Nonspecific radioligand binding was assessed by parallel 

binding measurements with 5 mM unlabeled leucine added. Specific binding was 

determined for each experiment by the difference between the mean of duplicate 

measurements of total and nonspecific binding. Data was analyzed using GraphPad Prism 

version 4.0. 

Crystallization, data collection, model refinement 

LeuT constructs with the binding site mutations F259V, I359Q, and F259V+I359Q, 

fractioned by size-exclusion chromatography in the presence of 40 mM β-octyl glucoside 

and 50 mM L-tryptophan as described [75], were concentrated to 3 - 4 mg/mL and 

dialyzed overnight against crystallization buffer [20 mM HEPES pH 7, 200 mM NaCl, 40 

mM β-octyl glucoside, 50 mM L-tryptophan] using a 25,000 kDa MWCO membrane. 

Hanging-drop crystallization screens were set up in 24-well plates with 100 mM HEPES 

pH 7 or pH 7.5, 200 or 400 mM NaCl and 16 - 26 % PEG 550-MME at protein:reservoir 

ratio of 1:1, 2:1, and 1:2 (v:v). Plates were incubated at 20 oC and in the dark to minimize 
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photo-oxidation of tryptophan [132, 171]. Crystals of a rod-like morphology grew to 20 – 

100 µm in the smallest dimension within 7-10 days and were harvested and cryoprotected 

as described previously [59]. Diffraction screening was carried out using synchrotron 

radiation at the Advanced Light Source, beamlines 8.2.1, and 5.0.2 (Lawerence Berkeley 

National Lab, Berkeley, CA) and at the Advanced Photon Source, beamline NE-CAT 24-

ID E (Argonne National Lab, Chicago, IL). The best-diffracting crystals typically grew at 

20-24 % PEG 550-MME at both 200 mM and 400 mM NaCl. 

Datasets from cryogenically cooled crystals were collected with λ = 1.000 Å, Δφ = 0.5 – 

1.0o per frame, with a minimum of 180o total crystal rotation. Data was indexed, 

integrated, and scaled using HKL2000 [134]. Molecular replacement was carried out with 

data from each crystallization experiment using MolRep [172] with either the occluded 

state structure of LeuT (PDB ID 2A65) or the open-to-out structure (PDB ID 3F3A) with 

all ligands removed as the search model. The highest scoring solution was then subjected 

to an initial round of rigid-body refinement followed by simulated annealing and iterative 

rounds of positional and B-factor refinement with manual model rebuilding using Phenix 

[173] and Coot [142] with geometrical validation using Molprobity [174]. Complete data 

collection and refinement statistics are reported in Table 4.1.  

Results and Discussion 

LeuT-TnaT sequence alignment suggests altered binding site within a conserved 

structure 

 To gain insight into the nature of transport vs. inhibition, we began by 

comparing the sequences of LeuT with TnaT, a related bacterial NSS homolog that 

transports tryptophan [56]. The sequence alignment shows that while the overall 
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conservation is about 29%, the regions that are involved with substrate and ion 

binding and permeation are highly conserved with approximately 50% conservation 

of TM1 and TM6 and strict conservation of isolated elements implicated in 

transporter function [69]. This pattern of conservation is similar to that observed in 

sequence alignments of LeuT with eukaryotic NSS transporters. Because we were 

interested in determinants of substrate specificity, in particular how TnaT provides 

extended specificity for larger amino acids, we looked more closely at the residues 

of TnaT that align with the residues that form the binding site of LeuT (Figure 

4.1A). We found that most of the binding site residues with side chains that contact 

bound substrate in LeuT have shared identity between LeuT and TnaT with two 

exceptions, F259 and I359. In TnaT these residues are substituted by valine and 

glutamine, respectively (Figure 4.1A). 

 

 

TnaT homology model suggests binding site substitutions are specificity-altering 

A homology model of TnaT helps to illustrate these substitutions in the 

three-dimensional context of the binding site (Figure 4.1B). In LeuT, F259 and I359 

sidechains participate in van der Waals interactions with the sidechain of bound 

substrate such as leucine. In the tryptophan-bound structure of LeuT in the open-to-

out conformation, the tip of the indole ring of bound tryptophan is braced against 

I359 and Y108, while the ring N-H group contacts the aromatic face of F259 forming 

a π-electron mediated interaction. The substitutions in TnaT significantly alter the 

environment of the binding pocket. The substitution of the I359 sec-butyl group, a 
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branched non-polar sidechain, with the glutamine propylamide, an unbranched 

polar sidechain, presents a drastic chemical change in terms of both sterics and 

electrostatics. The other substitution of the F259 phenyl group with the smaller 

isopropyl group of valine removes the π-electron face from the binding site and also 

changes the shape of the binding pocket. 

These observations suggest that the extended specificity of TnaT for 

tryptophan relative to LeuT is founded, at least in part, on altered complementarity 

of the binding site. Previously we observed that steric and electrostatic 

complementarity of ligand:binding site interactions contribute to the uptake 

specificity of the transporter [75]. We hypothesize that correct complementarity 

allows the transporter to adopt the occluded state upon substrate binding which we 

believe is a necessary intermediate in the transport cycle. Poor complementarity 

that inhibits formation of the occluded state causes competitive transport inhibition, 

which is observed with tryptophan binding LeuT. Thus, the fundamental difference 

between LeuT and TnaT is the altered complementarity in the binding site for 

tryptophan. Accordingly, we surmise that TnaT transports tryptophan because the 

ligand is accommodated in an occluded state. Extending this idea to LeuT - binding 

site mutations in LeuT that confer tryptophan transport should also confer adoption 

of the occluded state for the tryptophan-bound transporter. We sought to test this 

hypothesis by constructing LeuT mutants that contain the TnaT binding site 

substitutions F259V and I359Q to see if we can, in fact, observe a correlation 

between a gain of tryptophan transport function and a change in the conformational 

state that tryptophan binding stabilizes. 
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I359Q substitution in LeuT confers tryptophan transport activity to LeuT 

LeuT variants incorporating either both substitutions (LeuTF259V+I359Q) or 

each individually (LeuTF259V and LeuTI359Q) were purified and reconstituted into 

liposomes for transport analysis. The ability of each variant to transport 

[3H]tyrosine and [3H]tryptophan was measured in a time course assay. Tyrosine was 

chosen as an assay ligand because it is the largest amino acid that wildtype LeuT can 

transport [75] and therefore we reasoned that it would present a more sensitive 

functional readout of substitutions in the binding pocket that interact with the 

substrate amino acid sidechain. As expected from previous work [75], wildtype 

LeuT does not transport tryptophan under these conditions but does demonstrate 

measureable tyrosine transport (Figure 4.2A and Figure 4.3). The single 

substitution LeuTF259V also does not transport tryptophan which suggests that the 

F259V substitution alone is insufficient to extend the substrate specificity of LeuT. 

The F259V variant, however, also displayed reduced tyrosine transport suggesting 

that the F259V substitution induces changes in the transporter that are sub-optimal 

in the context of LeuT. 

Conversely, the single I359Q substitution demonstrated a significant gain of 

tryptophan transport function (Figure 4.2A). When I359Q is incorporated together 

with F259V, the double variant also shows measurable tryptophan transport 

activity, though it is significantly reduced compared to the single I359Q variant. This 

is consistent with the idea that F259V alters LeuT negatively, opposing the I359Q 

gain of function, and likely requires additional substitutions within the surrounding 

environment to bolster tryptophan transport activity. 
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F259V does not inhibit binding of trp to LeuT  

To determine if the F259V substitution opposes transport by inhibiting 

tryptophan binding, we measured binding of [3H]tryptophan to LeuT and the three 

variants. We found that none of the substitutions dramatically affect equilibrium 

binding of tryptophan, each binding tryptophan with an apparent Kd of ~ 20 µM 

(Figure 4.2B), which rules out the possibility that F259V reduces transport activity 

by inhibiting tryptophan binding. 

Steady-state kinetics of trp transport by LeuTI359Q  

The activity of LeuTI359Q was further characterized by measuring the steady-

state kinetics of [3H]tryptophan transport. The data were well-fitted by a single-site 

Michaelis-Menten model (R2 = 0.991) with kinetic parameters of KM = 78.9 ± 8.8 µM 

and Vmax = 7504 ± 340 pmol min-1 mg-1  (Figure 4.2C). The corresponding turnover 

rate kcat is approximately 0.6 min-1, which is within the range of turnover rates 

previously reported for transport activity by wildtype LeuT [75, 76]. Altogether, 

these uptake and binding data demonstrate that the single substitution, I359Q, 

derived from TnaT, is sufficient to alter the substrate specificity profile of LeuT, 

introducing a gain-of-function activity to the transporter. 

Trp transport active LeuT mutants bind trp in the occluded state 

In order to understand the structural basis for the I359Q gain of function 

phenotype, we co-crystallized each of the three LeuT binding site variants with 

tryptophan and determined the crystal structures by X-ray diffraction (see Table 

4.1 for data collection and refinement statistics). The structure of the tryptophan 

transport negative variant LeuTF259V in complex with tryptophan is nearly identical 
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to the wildtype LeuT-Trp structure previously described [75] (Figure 4.4A and C; 

Figure 4.5). LeuTF259V-Trp adopts an open-to-out conformation marked by a solvent 

accessible pathway through the extracellular vestibule into the central substrate 

binding site (Figure 4.4B) with a second tryptophan molecule (Trp 602) bound in 

the extracellular vestibule between the extracellular gate residues R30 and D404 

(Figure 4.5B). We previously proposed that this open-to-out conformation signifies 

a competitively inhibited state where the transporter is locked open and prevented 

from progressing through the transport cycle due to steric hindrances from the 

tryptophan bound in the central site. Because the F259V variant also does not 

transport tryptophan, it is therefore consistent with the wildtype transporter 

structure that the LeuTF259V-Trp structure similarly yields a competitively inhibited 

state in the same conformation. 

The structures of LeuTI359Q and LeuTF259V+I359Q bound with tryptophan, both 

of which demonstrated a gain of tryptophan transport activity, by contrast adopt the 

occluded state conformation in complex with tryptophan (Figure 4.4B and D). 

From the structure of LeuTI359Q-Trp we see that the glutamine introduces both steric 

and electrostatic changes that cause the indole ring of the bound tryptophan to 

rotate downward towards the intracellular side of the transporter (Figure 4.4D). 

When we compare the tryptophan bound LeuTI359Q occluded state structure with 

the wildtype open-to-out structure (Figure 4.4E and F) we find that, in the wildtype 

transporter, the indole ring of tryptophan is nestled into a cleft between the 

hydroxyphenyl ring of Y108, which contributes an edge-face aromatic interaction, 

and the sec-butyl sidechain of I359 (Figure 4.4C). The conformational isomer of 
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tryptophan that binds the open-to-out state is therefore stabilized in this more 

elongated state spanning the open binding site and preventing the inward “collapse” 

of the binding site to form the occluded state.  

In the I359Q substitution the glutamine sidechain is extended toward Y108 

where the amide head group instead interacts with the aromatic face of the Y108 

sidechain (Figure 4.4D). The indole moiety of tryptophan is therefore precluded 

from binding with Y108, thus the ligand adopts a more compact conformation 

where the indole ring is rotated by ~30o about the χ2 torsion. This rotation situates 

the indole ring such that the aromatic face interacts with the Nε of the glutamine 

amide group as well as putative C-H interactions with the Cγ methylene. The 

cytoplasmically-oriented indole ring now interacts directly with N21, resulting in 

about a 90o rotation of the asparagine amide sidechain, engaging it with the 

aromatic face of the conserved Y265 residue, forming part of a putative intracellular 

gate network (Figure 4.6). Thus, the I359Q substitution alters the LeuT binding site 

interaction network, enabling tryptophan to bind with complementarity that allows the 

transporter to isomerize to the occluded state. 

The Trp602 site is absent  in the Trp-bound occluded state 

The LeuTI359Q and LeuTF259V+I359Q complexes with tryptophan demonstrate that a 

single tryptophan molecule binds in the central, S1 binding site.  Furthermore there is no 

evidence for a second tryptophan bound within the extracellular vestibule. Similar to the 

wild type occluded state structures, in the engineered tryptophan transporter structures, 

extracellular gate residues R30 and D404 are engaged in a water-mediated ionic bridge 

(Figures 4.7 and 4.8), ablating the binding of Trp602. This illustrates that the Trp602 site 
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is strictly dependent upon the conformation of the transporter and that in the open-to-out 

facing structures its presence is not simply an artifact of co-crystallization.  

A structural description of the transport cycle  

Our crystal structures of LeuT bound to tryptophan in two functional states, 

together with previous structure-function data provide evidence that the transport 

cycle of LeuT begins with an open-to-out state in which the conserved extracellular 

gate residues are open [92], forming an electrostatically polarized pathway between 

conserved residues R30 and D404 to recruit ligands into the extracellular vestibule 

(Figure 4.6A). This polarized pathway might transiently bind substrates as they 

permeate through the transporter into the central substrate binding site (Figure 

4.6B) which could aid in orienting the substrate and possibly providing first-pass 

substrate selection. Indeed, TM10 residues that interact with Trp602, including 

D404, break from the normal α-helix structure to form a π-helix which are 

energetically costly to maintain in protein structures and generally indicate regions 

of functional importance [175, 176]. After passing through the extracellular gate, 

substrate binds into the central site (Figure 4.6C) whereupon, given the correct 

complementarity, the transporter closes the extracellular gate, forming an occluded 

state (Figure 4.6C). The transporter can then isomerize to open the conserved 

intracellular gate [71] (Figure 4.6D), allowing substrate and/or ions to dissociate 

(Figure 4.6E). The opening of the intracellular gate has not been observed 

crystallographically, but is postulated to involve outward movements of TM1a and 

TM6b based upon the 2-fold pseudosymmetry of TMs 1-5 and 6-10 [59, 72], single 

molecule FRET studies [93], substituted cysteine accessibility assays [71, 72] and 
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molecular modeling [72, 93, 100].
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Table 4.1. Crystallographic data collection and model refinement statistics 

  LeuT(F259V)-Trp LeuT(I359Q)-Trp LeuT(F259V)(I359Q)-Trp 

Data collection       

   Space group C2 C2 C2 

   Unit cell dimensions (Å) a = 90.2   b = 86.6   c = 82.1 

α = 90.0   β = 93.6   γ = 90.0 

a = 90.9   b = 87.1   c = 81.9 

α = 90.0   β = 94.8   γ = 90.0 

a = 91.8   b = 87.1  c = 82.2 

α = 90.0   β = 94.7   γ = 90.0 

   Resolution 50.0 – 2.63 (2.74 – 2.63) 50.0 – 2.60 (2.69 – 2.60) 50.0 – 2.80 (2.90 – 2.80) 

   Total observations 68853 49524 57879 

   Unique reflections 18602 (1840) 19270 (1905) 15756 (1556) 

   Rsym (%) 4.4 (41.8) 5.6 (42.4) 8.0 (80.3) 

   Completeness (%) 99.6 (99.2) 97.8 (98.1) 98.3 (98.6) 

   Redundancy 3.7 (3.7) 2.6 (2.6) 3.7 (3.5) 

   I/σ 16.1 (2.00) 12.2 (1.84) 15.3 (1.50) 

   Wilson B-factor (Å2) 51.28 46.55 49.15 

Refinement       

   Refinement range 45.0 – 2.63 (2.80-2.63) 31.4 – 2.60 (2.76 – 2.60) 33.5 – 2.80 (3.02 – 2.80) 

   Total atoms 4146 4134 4130 

   Waters 33 12 12 

   Rcryst (%) 21.4 (28.1) 20.1 (24.3) 20.0 (24.3) 

   Rfree (%) 22.8 (30.2) 24.1 (30.8) 23.7 (31.4) 

   Bond length deviation (Å) 0.002 0.004 0.002 

   Bond angle deviation (o) 0.559 0.656 0.563 

   Average B value (Å2) 68.66 58.98 57.67 

   Ramachandran plot, favored (%) 96.00 98.42 97.62 

   Ramachandran plot, disallowed (%) 0 0 0 
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Figure 4.1. (A) Sequence alignment of LeuT and TnaT, showing the regions of TM6 

and TM8 that contribute to the binding site in LeuT.  Yellow highlights indicate 

residues which contribute sidechain interactions to the substrate in LeuT crystal 

structures. Shown in red lettering are the residues F259 and I359 in LeuT that are 

substituted by V and Q, respectively, in TnaT. (B) Overlay of the LeuT-leucine crystal 

structure (yellow; PDB id 2A65), and a homology model of TnaT (green).  The 

substrate leucine is shown in spheres, the Van der Waals radii of the residues 

sidechains that contact the bound leucine (highlighted in yellow in panel A) are 

rendered as a dotted surface. 
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Figure 4.2. (A) Initial rate of [3H]Tyr or [3H]Trp uptake by LeuT and binding site 

variants.  Error bars indicate s.e.m., n=2-5. (B) Saturation binding of [3H]Trp to 

LeuT and variants measured by scintillation proximity assay.  LeuT: circles with 

solid line, F259V: triangles with dashed line, I359Q: inverted triangles with dotted 

line, F259V+I359Q: squares with dash-dot line.  Error bars indicate s.e.m., n=2. (C) 

Steady-state kinetic measurement of [3H]Trp uptake by LeuTI359Q fitted with 

Michaelis-Menten rectangular hyperbola.  Inset is the Eadie-Hofstee transformation 

with linear regression. Error bars represent s.e.m., n=3. 
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Figure 4.3. Time course of uptake for (A) [3H]tryptophan and (B) [3H]tyrosine. 
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Figure 4.4. (A) and (B) Cross-sections of the crystal structures of (A) LeuTF259V-Trp 

in the open-to-out conformation and (B) LeuTI359Q-Trp in the occluded 

conformation, showing solvent accessible surface area (blue). Bound tryptophan 

molecules are shown as yellow sticks, sodium ions are depicted as magenta spheres. 

(C) Overlay of the LeuTF259V-Trp (green) and the wildtype LeuT-Trp (PDB id 3F3A, 

yellow) crystal structures showing details of tryptophan bound in the central 

binding site. (D) Overlay of LeuTI359Q-Trp (teal), LeuTF259V+I359Q-Trp (orange), and 

wildtype LeuT-Leu (PDB id 2A65, gray) crystal structures, showing details of the 

substrate binding site. (E) and (F) Overlay of the LeuTI359Q-Trp (teal)  and wildtype 

LeuT-Trp (yellow) crystal structures.  Panel E shows a zoomed-out view of the 

transporters, parallel to the membrane plane.  Panel F is a close-up view of the 

central binding sites showing the details of how tryptophan is differently 

accommodated in the wildtype and I359Q mutant LeuT structures. 
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Figure 4.5. LeuTF259V-Trp electron density kicked omit maps, omitting Trp601, 

Trp602, R30, D404, and V259 from the map calculations. 2mFo-DFc map, contoured 

at 1σ shown as blue mesh. mFo-DFc map, contoured at 3σ shown as green mesh.  

Red spheres indicate explicitly modeled water oxygen atoms. (A) Density in the 

primary binding site region. (B) Density in the extracellular gate region, showing the 

Trp602 binding site. 
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Figure 4.6.  Mechanism of substrate permeation and conformational changes of the 

LeuT transport cycle. Core helices of LeuT are shown with TMs 3 and 10 truncated 

for clarity.  TMs 1 and 6 are colored yellow.  Select residues that are observed to 

interact with substrate during permeation and/or are known conserved functional 

elements are labeled and shown as sticks. Tryptophan, colored cyan, is shown as the 

permeating substrate, with Na+ indicated by purple spheres.  Red arrows indicate 

the direction of TM helix movement required to progress to the succeeding state. 

(A) Na+-bound open-to-out state, modeled on the open-to-out conformation of the 

wildtype LeuT-tryptophan structure (PDB id 3F3A). (B) Na+-bound open-to-out 

state with substrate bound between extracellular gate residues R30 and D404, 

proposed to be a transient state (indicated by double-dagger symbol) along the 

transport cycle. (C) Na+ and tryptophan bound occluded intermediate state, based 

on the LeuTI359Q-Trp structure.  (D) and (E) Putative inward-facing conformation to 

illustrate opening of the intracellular gate preceding inward Na+ and substrate 

release. (D) Na+ and tryptophan bound inward-facing state. (E) Inward-facing state 

with Na+ and substrate dissociated (apo state). 
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Figure 4.7. LeuTF259VI359Q-Trp electron density kicked omit maps, omitting Trp601, 

V259 and Q359 from the map calculations.  2mFo-DFc map, contoured at 1σ shown 

as blue mesh. mFo-DFc map, contoured at 3σ shown as green mesh.  Red spheres 

indicate explicitly modeled water oxygen atoms. (A) Density in the primary binding 

site region. (B) Density in the extracellular gate region. 
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Figure 4.8. LeuTI359Q-Trp electron density kicked omit maps, omitting Trp601 and 

Q359 from the map calculations.  2mFo-DFc map, contoured at 2σ in (A) or 1σ in 

(B), shown as blue mesh. mFo-DFc map, contoured at 4σ in (A) or 3σ in (B), shown 

as green mesh.  Red spheres indicate explicitly modeled water oxygen atoms. (A) 

Density in the primary binding site region. (B) Density in the extracellular gate 

region. 
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Abstract 

 Transmembrane sodium ion gradients provide energy that can be harnessed 

by so-called ‘secondary transporters’ to drive the translocation of solute molecules 

into a cell.  Decades of intense study has proven the central role that sodium-

coupled transporters play in many physiological processes, making them vital 

targets to treat many serious diseases.  Within the last year, several sodium-coupled 

transporter crystal structures have been reported from different families, showing a 

remarkable structural conservation between functionally unrelated transporters.  In 

this review we discuss these atomic resolution structures and how they illuminate 

the mechanistic principles of sodium-coupled transport of solutes across cellular 

membranes. 
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Introduction 

Nature has evolved a multitude of greasy, transmembrane transporter 

proteins to catalyze the movement of polar or charged small molecules across the 

~30 Å thick hydrophobic barrier of the membrane bilayer [177].  A large class of 

these proteins, deemed secondary transporters, can couple the selective discharge 

of an ionic gradient to power the “uphill” translocation of solute molecules across 

membranes.  By coupling solute movement to ion co-transport, secondary 

transporters can concentrate solutes across a membrane by as much as 106-fold 

[111], and can accelerate solute flux by as much as 105-fold [178, 179] over simple 

passive diffusion.  

Secondary transporters are present in all species throughout the kingdoms of 

life [153].  In humans, secondary transporters participate in diverse physiological 

processes, from the uptake of nutrients in the intestine [24], to the transport of Na+ 

and Cl- in the kidney [180], and the removal of neurotransmitters from the synaptic 

cleft [181]. Consequently, secondary transporters are the target of multiple 

therapeutic agents that include thiazide diuretics that inhibit a Na+/Cl-  symporter in 

the distal convoluted tubule of the kidney [182] and selective serotonin reuptake 

inhibitors (antidepressants) that block activity of the serotonin transporter [183]. 

At the level of primary structure, amino acid sequence analysis suggests that 

there are over 100 distinct families of secondary transporters [Transport 

Commission (TC) system] [184], with over 40 families identified in humans alone 

[Solute Carrier (SLC) system].  With respect to biological function, these amino acid 

sequences encode uniporters, symporters, and antiporters that act on a myriad of 
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substrates ranging from elemental cations and anions to aromatic 

neurotransmitters, nutrients, or even di- and tri-peptides [10, 11]. Transport is most 

commonly driven by proton or sodium transmembrane gradients, but other ionic 

gradients such as potassium, calcium, or chloride can also be utilized [10, 185].  

In this review, we focus on transporters that are coupled to the sodium ion 

for their function. Our discussion employs the recent crystallographic advances in 

sodium coupled transporters to address questions pertaining to substrate-ion 

coupling, conformational states of the transport cycle, mechanisms of inhibition, and 

how the permeation pathway is alternately gated to maintain a tightly coupled 

transport mechanism. 

Alternating access mechanism and internal symmetry 

The mechanism by which secondary transporters couple the chemical 

potential of an ionic gradient to the translocation of solute has been considered for 

decades.  Peter Mitchell provided early insights into the mechanism of secondary 

transporters by suggesting that they occupy two alternating structural states: one 

where the substrate binding pocket is accessible to extracellular solution (open-to-

out) and another where the binding pocket is accessible to the cytoplasm (open-to-

in) [5]. In this simple model, the concept of coupled transport (e.g. symport) could 

be understood by the positive coupling in the binding of substrate and ion to the 

open-to-out state, followed by isomerization of the transporter to the open-to-in 

state, allowing release of substrate and ion to the cytoplasm [6]. Through the late 

1950s and the 1960s the basic idea of a two state alternating access mechanism was 

recast in a number of forms, from the 'gate type non-carrier' mechanism of Patlak 
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[7], to the two state 'allosteric model' of Vidaver [8],and the 'alternating access' 

model of Jardetzky [4].   

Molecular mechanisms of secondary transporters based on atomic structures 

did not emerge until almost 40 years later, largely due to the fact that these 

transporters are hydrophobic and dynamic proteins that are difficult to crystallize. 

In 2002, the first crystal structure of a secondary transporter, the proton-driven 

multi-drug efflux pump AcrB of the resistance nodulation cell division (RND) family 

from Escherichia coli was reported [186]. Shortly thereafter, in 2003, the crystal 

structures of two major facilitator superfamily (MFS) transporters were solved: the 

glycerol-3-phosphate/phosphate antiporter GlpT [187] and the proton-coupled 

lactose symporter LacY [188].  Despite the markedly different fold of AcrB 

compared to the MFS transporters, each of these structures revealed internal 2-fold 

structural pseudo-symmetry that relates the N-terminal half of the transporter to 

the C-terminal half by an axis running through the center of the transporter, 

approximately perpendicular to the membrane.  Furthermore, the inward-facing 

conformations adopted by GlpT and LacY suggested a mechanism of transport that 

involves a 'rocker-switch type' motion of the two symmetry-related halves, 

alternately opening and closing 'gates' to the extracellular and intracellular 

solutions.  

The first atomic resolution structural insights into the mechanisms of 

sodium-coupled secondary transporters were reported in 2004 and 2005 with the 

structures of the aspartate transporter GltPh [109] (Dicarboxylate/Amino 

Acid:Cation Symporter; DAACS family), followed by the Na+/H+ antiporter NhaA 
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from E. coli. [189] and the bacterial leucine transporter LeuT [59] 

(Neurotransmitter:Sodium Symporter; NSS family).  The structures of GltPh, NhaA, 

and LeuT not only revealed unique membrane protein folds, but they also 

underscored the theme of internal 2-fold structural symmetry and discontinuous 

transmembrane helices [70].  

 GltPh, which assembles as a homotrimer, displays a pseudo 2-fold 

symmetrical relationship between crucial elements of the protomer architecture 

that includes 2 re-entrant hairpin loops (HP1, HP2), together with TM7a and the 

first half of TM8 [109].  The relevance of the 2-fold axis to transporter mechanism is 

particularly striking and it immediately suggests that HP1 and HP2 may undergo 

alternating, symmetry-related motions that open and close access to the substrate 

and ion binding sites (Figure 5.1) [109] .  

In LeuT, which has a different fold from GltPh, an internal 2-fold pseudo-

symmetry axis, running parallel to the membrane plane through the center of the 

transporter relates the first 5 transmembrane helices (TMs 1-5) to the second 5 

helices (TMs 6-10) by ~180o rotation [59]  (Figure 5.2). Surprisingly, the same fold 

as LeuT was observed in the subsequently reported structure of the galactose 

transporter, vSGLT (Solute:Sodium Symporter; SSS family) [25], and in the benzyl-

hydantoin transporter Mhp1 (Nucleobase:Cation Symporter; NCS1 family) [148], 

transporters that are unrelated in amino acid sequence to LeuT.  Both vSGLT [25] 

and Mhp1 [148] contain the 5+5 inverted structural symmetry motif defined by TMs 

1-10 of LeuT even though these three transporters share neither significant amino 

acid sequence identity nor the same number of TM segments. In vSGLT, with 14 TM 
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helices compared to the 12 for LeuT and Mph1, there is an amino terminal TM helix 

preceding the 5+5 helix repeat and 3 additional helices following the repeat. That 

different transporters have the same common helix core yet have additional TM 

segments on the periphery supports the idea that the 2-fold-related 5+5 TM repeat 

defines the fundamental machinery of these transporters. 

Not only have the structure determinations of vSGLT, LeuT, and Mhp1 

effectively 'collapsed' the SSS [24], NSS [113] and NCS1 transporter families into one 

structural group (Box 5.1), they also foreshadow the likelihood that other 

secondary transporters, previously believed to belong to distinct families, may also 

have LeuT-like folds. The similarity in architecture between LeuT, vSGLT, and Mhp1 

further implies commonalities in mechanism, ranging from principles of substrate 

and ion binding and specificity to conformational changes associated with transport.  

Atomic models of these functionally disparate yet structurally related transporter 

families has provided insight into the principles of sodium-coupled transport, and is 

beginning to clarify an alternating access mechanism that is distinctly different from 

the MFS family. Box 5.1 outlines the three known structural folds of sodium-

coupled transporters and the members from each family whose crystal structures 

have been solved.  Each fold is named based upon the first transporter structure 

solved for that fold.  Representative homologs in each family are also listed for 

reference.  As highlighted in this review, despite being structurally unrelated, the 

concept of ‘gates’ and how they might function in the alternate access mechanism 

has many similarities for transporters with LeuT- and GltPh-folds.  

Central pathway inside a scaffold 
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Inspection of LeuT, vSGLT, and Mhp1 structures show that the 5+5 TM motif 

consists of two interior pairs of symmetry-related helices, TMs 1, 6, and 3, 8, which 

are nested within an outer ring of helices, TMs 2, 4, 5, 7, 9, and 10 (LeuT 

numbering).  Consistent with mutagenesis and functional studies [190-193], these 

interior pairs largely define the central translocation pathway that contains the 

binding sites for substrate and ions.  The three transporter structures show that the 

substrate binding site lies in the center of these interior pairs, and is coincident with 

the internal 2-fold symmetry axis (Figures 5.1, 5.2, and 5.3).   

Among the outer ring of helices, symmetry-related TMs 4, 5 and 9, 10 form 

inverted V-shaped 'pincers' that cradle the interior TM 3, 8 pair,  whereas TMs 2 and 

7, also related by the 2-fold axis of symmetry, link TMs 1 and 6 with the intracellular 

and extracellular helix-loop-helix structures, IL1 and EL4. We suggest that the outer 

ring of helices, which nestle the interior pairs, provides a framework to stabilize the 

transporter within the lipid membrane and couples conformational changes 

occurring on one side of the membrane to movements on the other side.     

The notion of a central translocation pathway that is surrounded by a protein 

scaffold is also observed in the GltPh-fold (Figure 5.1).  In GltPh, the transport 

machinery of HP1, HP2, TM7 and TM8, forming a C-terminal domain, is enveloped 

by a ring of 6 TM helices from the N-terminal domain of the transporter.  In this 

case, the crucial role of the C-terminal domain in defining the transport pathway 

was suggested by studies showing that functionally important residues were 

localized to the C-terminus and that the C-terminal domain was more highly 

conserved than the N-terminal domain [194-196].  For GltPh and its orthologs, the 
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scaffold of TMs 1-6 not only supports elements of the transport pathway, but it also 

mediates essential intersubunit contacts in the trimer. 

Substrate and ion binding sites 

A single substrate binding site was identified in LeuT, at the center of the 

transporter, surrounded by the interior helices, TMs 1, 3, 6, and 8 [59].  The binding 

sites for galactose in vSGLT [25] and benzyl-hydantoin in Mhp1 [148] are also 

similarly located (Figure 5.3A).  Directly adjacent to the primary binding site, TMs 1 

and 6 (LeuT and Mhp1) or TMs 2 and 7 (vSGLT) have interruptions in their helical 

conformations, a structural feature encountered in other membrane proteins of ion-

transport function [189, 197, 198]. The interruption in the α-helical structures in 

the proximity of the binding site exposes main-chain hydrogen-bonding partners 

and orients the helical dipoles to create a polar environment for coordinating 

substrate and ions within the lipid bilayer [59].  These electrostatic elements 

combined with specific side chains that alter the volume and shape of the binding 

pocket provide selectivity of these transporters for a substrate based on its size, 

polarity, and charge [75]. 

Recent experimental ligand binding experiments and steered molecular 

dynamics simulations (SMD) of LeuT have suggested that there is an additional 

‘secondary’ binding site between the primary site and bulk extracellular solution 

located near R30 and D404 [95, 106].  Shi and colleagues [95] proposed that the 

simultaneous occupancy of this secondary site triggers the intracellular release of 

substrate and sodium from the primary site. X-ray diffraction studies of LeuT, by 

contrast, do not show binding of either the substrate leucine or the substrate analog 
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selenomethionine anywhere other than the primary binding site [75]. However, 

LeuT complexed with tryptophan, which locks the transporter in an open-to-out 

conformation, does bind a second tryptophan molecule (Trp 602) between R30 and 

D404 [75] (Figure 5.3B). Because binding at this site is observed when the 

transporter is trapped in an open-to-out state, we suggest that this site serves as a 

transiently occupied site as substrates move from the extracellular vestibule to the 

primary binding site. 

The high resolution structure of LeuT also identified the presence of two Na+ 

ions, Na1 and Na2 [59]. The Na1 ion is octahedrally coordinated by five protein 

ligands and the carboxylate of the substrate leucine (Figure 5.3C), demonstrating 

that ion and substrate binding are directly coupled. By contrast, the Na2 ion is 

located ~6 Å away from the substrate in LeuT and is bound via a trigonal 

bipyramidal coordination geometry (Figure 5.3D). Intriguingly, by structural 

comparison, a sodium-ion binding site similar to the site occupied by the Na2 ion in 

LeuT was identified in both vSGLT and Mhp1, positioned about 10 Å away from the 

substrates [25, 148]. Although the resolutions of the vSGLT and Mhp1 structures are 

not sufficient to unambiguously assign a sodium ion to the site occupied by the Na2 

ion, a sodium ion at this position in vSGLT is supported by biochemical and 

mutagenesis studies on vSGLT and other SSS family members, including the 

sodium/iodide symporter [25, 199, 200]. These observations indicate a role for a 

Na2-like ion not only in substrate binding but also in conformational changes 

associated with substrate transport. Studies on GAT-1 [201] as well as molecular 

dynamic and free-energy simulations of LeuT [105] implicates the site occupied by 
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the Na2 ion as a low affinity site that can readily give up its ion to the bulk phase,  

thus promoting release of the substrate [104]. 

Sodium-to-substrate stoichiometry not only varies between sodium-coupled 

transporters but also amongst members of the same family, depending on the 

thermodynamic driving force required for substrate uptake [179]. The requirement 

for transport varies from 1 to 3 sodium ions per substrate in the NSS [111, 202-204] 

and SSS families [200, 205-207] (Box 5.1). Because vSGLT and Mhp1 probably have 

a sodium ion binding site similar to that occupied by the LeuT Na2 ion, we suggest 

that it is a common ion site for divergent transporters and is essential for coupled 

substrate binding and symport.  Though the ion site for Na1 is less conserved among 

these transporters from different families, for members of the NSS family the Na1 

ion not only enhances substrate binding, but it also provides favorable interactions 

with the co-transported chloride ion [73, 74]. Even though some LeuT orthologs 

couple substrate transport to 3 sodium ions, there is no direct experimental 

determination of a third sodium ion binding site [179]. 

Conformational states 

Crystal structures of LeuT [59, 75, 76], Mhp1 [148], vSGLT [25], and GltPh 

[108, 109] provide evidence for the conformations sampled by sodium coupled 

secondary transporters as they proceed through the transport cycle.  These 

structures support a mechanism of transport (Figure 5.4A) where an outward-

facing conformation of the transporter (Tout) binds substrate and ions and 

subsequently isomerizes to an inward-facing conformation (Tin) via substrate-and-

ion bound Michaelis-like intermediates (TMSin and TMSout).  After the release of 
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substrate and ion(s), the Tin state recycles 'back' to the Tout state either in the apo 

form, or through a potassium bound state (as is the case for glutamate [208] and 

serotonin transporters [209]), or back through a TMS state, i.e. substrate exchange. 

A common and striking observation from the crystallographic studies 

reviewed here is the presence of a stable occluded state for the substrate-ion bound 

ternary complex of each of the four transporters (Figure 5.4A).  This state is 

characterized by the bound substrate residing in a closed or partially occluded 

binding pocket, where dissociation from the pocket would require a conformational 

change. Despite the common steric occlusion of substrate, the degree to which the 

four transporters block solvent accessibility to the binding pocket from the 

extracellular and cytoplasmic sides varies (Figure 5.4A).  

In the substrate-bound state of Mhp1 and LeuT (Figure 5.4A), the occluded 

state occupies an outward-facing conformation (TMSout), where the extracellular 

pathway is kept open to solvent.  In LeuT, the extracellular solvent-exposed region 

is formed by a large hydrophobic vestibule. At the base of this vestibule are two 

highly conserved residues, Y108 and F253, that close the top of the binding pocket, 

forming the occluded substrate binding pocket.  In Mhp1, the structural elements 

that occlude the substrate benzyl-hydantoin are different from LeuT and involve the 

N-terminal half of TM10. GltPh also displays an outward-facing occluded 

conformation (Figure 5.4A). Aspartate is bound between the tips of the HP1 and 

HP2 loops, which are closed over the binding site like lids, preventing the 

dissociation of substrate to either side of the transporter.  
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In contrast to LeuT and Mhp1, the occluded state of vSGLT adopts an inward-

facing conformation (TMSin), exposing a region to intracellular solution (Figure 

5.4A) that is consistent with accessibility studies carried out on PutP [199] and 

SERT [72, 210-212], vSGLT and LeuT orthologs, respectively.  Akin to leucine 

binding in LeuT, galactose is bound to vSGLT in a central binding pocket located 

above the intracellular vestibule, and is occluded from the vestibule by a conserved 

aromatic residue, Y263. Even though the inward-facing, occluded conformation of 

galactose-bound vSGLT is fundamentally different from that observed for substrate-

bound LeuT or Mhp1, there is a simple relationship between the two distinct states: 

the outward- and inward-facing states are related by the common 2-fold axis of 

internal symmetry that relates the 5+5 TM repeats, thus suggesting a symmetrical 

relationship between the TMSin and TMSout states. 

The crystal structure of Mhp1 in the unliganded form shows an open-to-out 

conformation representing the Tout state of the transport cycle (Figure 5.4A).  

Comparison of the ligand-bound occluded form of Mhp1 with the apo open-to-out 

state shows that the N-terminal half of TM10 bends inward in response to ligand 

binding to form the occluded state.  Further insight into the conformation of the Tout 

state is provided by crystal structures of LeuT and GltPh bound to competitive 

inhibitors that trap open-to-out conformations of the transporters [75, 108] (Figure 

5.4B).   

Mechanisms of inhibition 

Crystal structures of LeuT bound to both competitive and non-competitive 

inhibitors have afforded us a glimpse into the mechanisms of inhibition for NSS 
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family transporters.  In 2007, crystal structures of LeuT bound to the tricyclic 

antidepressants (TCAs) clomipramine, desipramine, and imipramine were reported 

[76, 77].  Therapeutically, these molecules are competitive inhibitors of the human 

serotonin transporter [128] and block re-uptake of serotonin from synapses, 

thereby prolonging activation of the serotonin receptor. For LeuT, however, the 

mechanism of inhibition by TCAs is purely non-competitive [76].  The structures of 

the LeuT-TCA complexes reveal that the TCA molecule binds in the outward-facing 

vestibule, a partially hydrophobic cavity that binds other non polar molecules, 

including n-octyl-β-D-glucopyranoside [75].  The TCA is situated directly above the 

R30-D404 salt bridge, where the guanidinium head group of the arginine has flipped 

to form a direct salt bridge with the aspartate, stabilizing the occluded state of LeuT 

(TMSI) (Figure 5.4B), and preventing further conformational changes necessary to 

progress around the transport cycle.  The identification of this inhibitory allosteric 

site is consistent with a general mechanism of non-competitive inhibition, where the 

substrate binding site and inhibitor site do not overlap, and thereby trap the 

transporter in an inactive state.  Though the non-competitive mechanism for TCA 

inhibition of LeuT is different from the competitive mechanism for TCA inhibition of 

SERT [128], the structural principles revealed by the LeuT-TCA complexes define a 

paradigm for allosteric inhibition of NSS family transporters and, by extension, for 

other transporters with the LeuT-fold. 

The structural basis for competitive inhibition was recently revealed by the 

crystal structure of LeuT bound to tryptophan [75]. Tryptophan acts like a strut 

between TMs 1/6 and TMs 3/8/10 where the bulky indole ring is wedged into the 
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binding pocket and, in so doing, displaces the α-amino and α-carboxylate moieties 

outward by ~2 Å compared to their positions in the leucine-bound occluded state.  

With insufficient space to fully accommodate the indole ring in the substrate binding 

pocket,  the transporter is effectively propped open through interactions of the 

inhibitor’s α -substituents with TMs 1b and 6a and the indole ring with TMs 3, 8, and 

10.  The transporter is thus locked open (ToutI, Figure 5.4B) and thereby blocked 

from progressing to the occluded TMSout state of the transport cycle. 

The crystal structure of GltPh bound to the competitive inhibitor TBOA, a 

bulky aspartate analog, underscores a similar principle of competitive inhibition for 

transporters with the GltPh-fold (Figure 5.4B) [108].  In this structure the aspartate 

group of TBOA binds similarly to the substrate L-aspartate, lodged between TM7, 

TM8 and HP1.  The large benzyl moiety of TBOA, however, sticks out toward HP2, 

propping HP2 in an open conformation (Figure 5.4B), disrupting sodium site 2 and 

precluding the formation of the occluded state. 

The observation of bulky substrate analogs as competitive inhibitors of 

transport that stabilize an opening of the extracellular side of the transporter is also 

supported by SCAM assays for the eukaryotic SLC6 homolog GAT-1, as well as the 

human glucose transporter hSGLT of the SLC5 family [147].  The consistency of 

these results with the LeuT-Trp crystal structure suggests that the mechanism of 

inhibition is likely to be similar for other sodium-coupled transporters that share 

the LeuT-fold, and that a comparable principle seems to be found in other families of 

structurally disparate transporters, such as those adopting the GltPh-fold. 

Permeation pathways and gating mechanisms 
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In transporters with GltPh-fold (GltPh) and LeuT-fold (LeuT, vSGLT, and 

Mhp1), the primary substrate and ion binding sites are flanked by two gates, one 

controlling access to the outside of the cell and the other controlling access to the 

inside. To allow substrates and ions to reach the primary binding sites yet not open 

up a continuous transmembrane pore, only one gate can open at a time. Thus, 

understanding how secondary transporters 'work' is fundamentally a question of 

how the gates work, i.e. what are the principles governing the coordinated alternate 

opening and closing of extracellular and intracellular gates upon substrate binding 

from the outside and unbinding from the inside.  To answer this question, we 

consider the conformational changes that occur during transport and the likely 

pathways that substrates and ions take upon binding and unbinding from their 

central primary sites.  

 Inspection of the small group of sodium-coupled transporter structures 

suggests that for a given transporter trapped in a specific state, the gates that 

control access to and from the primary binding site are often asymmetric, i.e. the 

extracellular gate is less substantial or 'thinner' and the cytoplasmic gate is more 

substantial or 'thicker', and vice versa (Figure 5.4A). This is observed for 

transporters with the GltPh- as well as the LeuT-fold. For example, in the outward-

facing occluded leucine-bound LeuT complex, only a few residues directly block 

access from the primary binding site (Y108, F253), forming a ‘thin’ gate at the base 

of a solvent-filled cavity to the outside, whereas the cytoplasmic ‘thick’ gate is made 

up of ~20 Å of packed protein that includes TMs 1a, 3, 6b, 8 and 10, in combination 

with the amino terminus and IL1 (Figure 5.5A, C, E). Similarly, in the substrate-
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bound state of GltPh we find that the extracellular gate is made up of a few residues 

at the tip of HP2 whereas the cytoplasmic gate is composed of a ~15 Å slab of 

helices and side chains (HP1, TM7a and TM8).  

The substrate-and-ion bound inward-facing occluded state of vSGLT presents 

the converse situation, with a 'thick' extracellular gate formed by TMs 1b, 3, 6a, 10 

and EL4 (LeuT numbering) and a 'thin' cytoplasmic gate defined by Y262, Y263 and 

W264 (Figure 5.5B, D, F).  Thus, the 'thin' gates are typically defined by the side 

chain atoms of a few residues whereas the 'thick' gates are formed by entire TM 

helices packing close together, in combination with extracellular and intracellular 

loops such as amino termini, IL1 or  EL4 (LeuT numbering).  Importantly, the 

extracellular and intracellular pathways defined by the open-to-out and outward-

facing LeuT/Mhp1 and inward-facing vSGLT structures, are defined precisely by the 

symmetry-related components to the “thick” gate for each transporter.  That is, in 

any one state, the location of the “thick” gate (either extracellular or intracellular) is 

reciprocal to the solvent-filled pathway, related fundamentally by the 2-fold axis of 

internal symmetry.  

Instances where the same transporter was captured in different states of the 

transport cycle provide insight into how the thin gate opens and closes.  The 

structures of LeuT, Mhp1, and GltPh in open-to-out and in substrate-and-ion bound 

occluded states demonstrate that substrate and ion binding results in relatively 

small conformational changes. In GltPh, for example, aspartate binding allows HP2 to 

close over the binding site, whereas TBOA binding holds it open, suggesting that the 

simple 'flipping' movement of HP2 primarily describes the thin gate motion that 
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occludes the binding site during transport.  With LeuT, in comparing the open-to-

out conformation of the Trp complex with the occluded Leu-bound state, the most 

substantial change is the rotation of a subdomain of the transporter composed of 

TMs 1b, 2a, 6b, and EL4, which, together with rotations of several side chains, 

collectively move inward to close off the substrate binding site from extracellular 

solution.  For Mhp1, the binding of substrate involves the inward bending of the N-

terminal half of TM10. Thus, the thin gate opens and closes around the substrate 

binding pocket by movements localized to the side of the transporter from which 

substrate is binding or unbinding (i.e., transitions from Tout to TMSout or from TMSin 

to Tin) .   

In contrast to the local changes associated with substrate binding, the 

isomerization between the outward-facing (TMSout) and inward-facing (TMSin) states 

involves larger-scale conformational changes spread throughout the transporter. As 

first illustrated by Yamashita and colleagues [59], and further elaborated by Forrest 

et al. [72], one can conceptualize this conformational change by applying the 2-fold 

axis of internal pseudo-symmetry to the key TM segments 1 and 6. In so doing, one 

sees that because the conformation of TM1 and 6 deviate from the internal 2-fold 

axis, a rotation of ~180o about the internal symmetry axis alternatively 'open' and 

'closes' the extracellular and cytoplasmic gates. Forrest and colleagues suggest that 

the bundle of TMs 1, 2, 6 and 7 moves as a rigid body, in a rocker switch-like 

mechanism. This simplification, however, is not consistent with the structural 

comparison of the LeuT-Leu and LeuT-Trp complexes which indicate that there is 
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some degree of independent movement within this bundle and thus further 

experimental and computational studies are required to validate this hypothesis.    

Nevertheless, comparison of the LeuT-leucine (outward-facing, TMSout) and 

vSGLT-galactose (inward-facing, TMSin) structures suggests that the differences in 

these states can be described by a reorientation of TMs 1 and 6 (TMs 2 and 7 in 

vSGLT), together with movement and bending of TMs 2 and 7 (TMs 3 and 8 in 

vSGLT). In the outward-facing state, near the extracellular opening in LeuT, TM 1, 

for example, is about 17 Å and 18 Å away from TM3 and 10 respectively (Figure 

5.5A, C) compared to ~ 7 Å and 5 Å for equivalent elements in vSGLT (Figure 5.5B, 

D).  Similarly, the intracellular cavity is open in vSGLT by ~16 Å, measured between 

TMs 9 and 7 (Figure 5.5B, F), whereas the same elements in LeuT (TMs 6 and 8), 

with the ‘thick’ intracellular gate closed, are ~ 9 Å apart (Figure 5.5A, E). Thus, the 

similar magnitude to which the extracellular cavity of LeuT collapses to form the 

‘thick’ gate seen in vSGLT and to which the ‘thick’ intracellular gate of LeuT opens to 

form the cavity in vSGLT supports the idea that the relationship between the 

cavities and ‘thick’ gates is reciprocally related by the 2-fold internal symmetry of 

the transporter, and that structures of LeuT and vSGLT largely represent distinct 

occluded-state ternary intermediates that interconvert during transport.  The re-

orientation of TMs 1, 2, 6, and 7 (LeuT numbering) between an occluded LeuT-like 

conformation (TMSout) and an occluded vSGLT-like conformation (TMSin) is 

therefore likely to approximate the conformational transition that re-orients the 

‘thin’ gates of a transporter to the opposite side of the membrane.  Additionally, 

flexing of TMs 3 and 8 may also contribute to opening and closing the gates, with 
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these TMs bending at conserved glycine residues near their midsections and with 

IL1, EL4, and the amino terminus functioning as flexible 'flaps', helping to seal the 

gates in the closed states.     

Taken together, the analyses described above from the available structures 

of the LeuT-fold, namely Mhp1, LeuT, and vSGLT, identify two major classes of 

transitions that occur during transport. First, substrate binding and unbinding 

closes and opens, respectively, the ‘thin’ gates to occlude or expose substrate in the 

primary binding site. Second, opening and closing of the ‘thick’ gates 'switch' the 

transporter from outward-facing to inward-facing states and vice versa. The 

opening and closing of the ‘thin’ gates stem from relatively local conformational 

changes, some of which involve helix rotations centered on axes passing through the 

regions of helical discontinuity. By contrast, the ‘thick’ gate transition reorients the 

occluded substrate-transporter complex by rotation of entire transmembrane-

spanning bundle of helices about a central axis approximately perpendicular to the 

axis of internal 2-fold symmetry (Figure 5.6A, B).  How do we know that comparing 

different transporters in different conformations reliably predicts common 

mechanistic principles?  While there is, at present, no unambiguous answer to this 

question, the fact that transporters with the LeuT-fold share multiple common 

elements of structure and symmetry suggests that basic mechanistic principles are 

also likely common.  Specific details, related to substrate and transporter 

interactions, as well as regulation, as examples, will likely differ, however.   

What prevents both gates from opening simultaneously? We suggest that the 

discontinuous helical regions of TM1 and 6 provide a hinge around which a small 
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degree of conformational change can occur. This is visualized in the movements that 

accompany binding of the competitive inhibitor, tryptophan to LeuT in which the 

‘thin’ extracellular gate opens by outward movements of TMs1b and 6a.  However, 

TMs 1 and 6 are also adjacent to TMs 2 and 7, which all together form a 4-helix 

bundle. Thus larger scale movement of TMs 1b and 6a are constrained by TMs 2 and 

7, perhaps because the latter are continuous α-helices lacking the non helical, hinge-

like regions present in TMs 1 and 6.  Consequently, substantial outward (opening) 

movements of TMs 1b and 6a, or TMs 1a and 6b, are limited by TMs 2 and 7. Thus, 

while both gates may be closed at the same time, both gates are prevented from 

simultaneously opening by the conformational rigidity enforced by TMs 2 and 7. 

Future Prospects  

The recent crystallographic advances in sodium-coupled secondary 

transporters have greatly advanced our understanding of the structural principles 

that underlie transporter function. The consistency of these models with the 

decades of elegant functional studies has allowed us to associate specific 

conformations with different mechanistic states of the transport cycle.  However, 

this mechanistic description is derived from a patchwork of different transporters 

fortuitously crystallized in different states.  Therefore, an accurate description of the 

precise conformational changes that a given transporter undergoes during 

transport must await further structural, biophysical and computational studies of 

individual secondary transporters.  Additionally, multiple questions regarding the 

fundamental nature of the transport cycle remain outstanding.  Although it is 

straightforward to understand how substrate binding leads to closure of a 'thin' 
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gate, what are the chemical and structural principles that drive isomerization of the 

transporter from outward-facing to inward-facing states, i.e. opening of the 'thick' 

gate? Unlike mechanical models of gating in primary transporters and in ion 

channels, in secondary transporters there is no apparent source of mechanical force 

to open the thick gate. What structural changes occur upon only the binding of ions?  

What is the sequence of events that leads to release of substrate on the cytoplasmic 

side? How do ions, such as potassium, catalyze the isomerization of glutamate and 

serotonin transporters from inward facing to outward facing states? Finally, in 

order to fully understand and appreciate the biological and pharmacological 

properties unique to the human transporters, crystal structures of eukaryotic 

homologs will have to be solved.  
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Box 5.1: Families of sodium-coupled transporters (TC classification13, www.tcdb.org) grouped 
according to structural fold. 

LeuT-fold 
 LeuT (amino acid:2Na+)  vSGLT (glucose/galactose:1Na+) 

 TyT1 (tyrosine:2Na+) 

 

 PutP (proline:1Na+)  

  TnaT (tryptophan:2Na+) 

 

SSS 
Family 

NIS (2Na+:I-)  

  CAATCH1 (neutral amino acid:2Na+or 2K+) PanF (pantothenate:Na+) 

  CRT (creatine:2Na+:Cl-) 

 

 SMCT (monocarboxylate:3Na+) 

 NSS 
Family 

GlyT1c (glycine:2Na+:1Cl-)  

 

 SMIT2 (myoinositol:2Na+) 

 GlyT2b (glycine:3Na+:1Cl-)  

 

  

 NET (noradrenaline:1Na+) 

 

  

 GAT-1(α-aminobutyric acid:2Na+:Cl-) 

 

  

 

 

SERT (serotonin:1Na+:Cl-:K+) 

 

  

 DAT (dopamine:2Na+) 

 

  

 B0,+ (neutral and cationic amino acid:2 Na+:1Cl-) 

 

  

GltPh-fold  

 

NhaA-fold 

 
 GltPh (aspartate:Na+) 

 

NhaA 
Family 

NhaA (1Na+:2H+) 

DAACS 
Family 

DctA (C4-dicarboxylate:2H+) 

 EAAT 1-5 (glutamate/aspartate:3Na+:1H+:1K+) 

 

  

 AscT1 (neutral amino acid:Na+) 

 

  

 

Box 5.1. Families of sodium-coupled transporters (TC classification [11, 184], 

www.tcdb.org) grouped according to structural fold. NSS, SSS, and NCS1 families 

adhere to the LeuT-fold, while DAACS family adopts the GltPh-fold, and NhaA family 

adopts the NhaA-fold. Representative transporters from each family are listed, and 

the ion stoichiometry is indicated when supported by biochemical data. 

Transporters whose crystal structures have been determined are italicized. Note 

that some of the transporters are thought to be H+ rather than Na+ dependent. 
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Figure 5.1. Architecture of the GltPh fold.  (A)  View of core transmembrane 

helices for GltPh illustrating how the first 6 transmembrane segments form a cradle 

harboring the elements of the transporter machinery.  The functionally essential 

reentrant hairpin loops (HP1/HP2) are in brown, the partially unwound TM7 and 

the amphipathic TM8 are in red.  View is parallel to the membrane and only one 

subunit of the GltPh trimer is shown.  (B),  Same elements as panel (A) viewed 

approximately perpendicular to the membrane. The bound substrate (carbon, gray; 

oxygen, red; nitrogen, blue) and sodium ions (yellow) are shown in CPK 

representation. (C) Topology diagram for GltPh with substrate and ions depicted as 

yellow triangle and circles, respectively.      
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Figure 5.2. Architecture of the LeuT fold.  (A)  View of the core 5+5 repeat 

structure for LeuT showing the inverted scaffold of TMs 4/5 and 9/10 (pink) 

holding the long bracing helices (TMs3/8; blue) and the jointed, finger-like and 

partially unwound TM1/6 helices (red).  Bracing TMs 1/6 are TMs 2/7 (green).  

Reentrant, pseudo 2-fold related loops that either partially (EL4) or fully (IL1) 

occluded central binding site are shown in brown.  View is parallel to the 

membrane.  (B) Same elements as in panel (A) viewed approximately perpendicular 

to the membrane. The bound substrate (carbon, gray; oxygen, red; nitrogen, blue) 

and sodium ions (yellow) are shown in CPK representation. (C) Topology diagram 

for LeuT with substrate and ions depicted as yellow triangle and circles, 

respectively. 
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Figure 5.3. Conserved substrate and ion binding sites in LeuT, vSGLT and 

Mph1. (A) Stereo diagram of the superpositioned occluded structures of LeuT 

(yellow), Mhp1 (blue), and vSGLT (green) showing the location of their primary 

substrate binding sites roughly in the middle of the membrane bilayer and close to 

the discontinuous regions of TMs 1 and 6. Substrates and LeuT Na ions (orange) are 

shown in CPK representation. For clarity, only TMs 1, 3, 6, 8, and 10 are shown. (B) 

View of the secondary binding site in LeuT. A second Trp molecule, Trp 602, is 

bound between R30 and D404 in the open-to-out conformation stabilized by Trp 

601 in the primary binding site. (C) Na1 ion in LeuT is octahedrally coordinated by 

residues from TMs 1, 6, and 7 as well as bound leucine (purple). (D) Stereo 

representation of superpositioned LeuT (yellow), vSGLT (green), and Mhp1 (blue) 

structures shows the location of their Na2 sites. Na2 of LeuT and Mhp1 are shown as 

yellow and blue spheres, respectively. Residues contributing side chain and main 

chain oxygens that coordinate Na2 are shown as sticks with LeuT residues labeled.  
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Figure 5.4. Crystal structures of transport intermediates.  (A) Transport cycle 

based upon an alternating access type mechanism together with insights from 

crystallographic studies.  Known transporter structures that represent intermediate 

states are shown.  Clockwise from the Tout state: Mhp1-apo (PDB 2JLN), LeuT-Leu 

(PDB 2A65), GltPh-Asp (PDB 2NWX), vSGLT-Gal (PDB 3DH4).   (B) The inhibitory 

branches of the transport cycle from panel (A).  On the left, structures of GltPh-

TBOA (PDB 2NWW) and LeuT-Trp (PDB 3F3A) represent an open-to-out 

competitive-inhibitor bound state.  On the right, the structure of LeuT-Leu-CMI 

(PDB 2Q6H) represents a non-competitive inhibitor-bound occluded state.  Cross-

sectional illustrations of the crystal structures of each transporter are shown 

associated with the states of the cycle that they represent.  The positions of the ‘thin’ 

gates and ‘thick’ gates are highlighted by red dashed lines.  The solvent-accessible 

surface area, calculated with a probe radius of 1.4 Å, is shown in light blue for the 

LeuT-fold structures or green for GltPh-fold structures. The yellow regions highlight 

the surfaces of the binding site and cavities that penetrate the structures.  Bound 

ligands, shown as van der Waals spheres, are colored magenta, with sodium ions 

colored orange.  The view of each transporter is approximately parallel to the 

membrane plane, with the extracellular side at the top of each figure.  
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Figure 5.5. Comparative views of substrate-bound LeuT (PDB 2A65, panels A, 

C, E) and vSGLT (PDB 3DH4, panels B, D, F).  (A) and (B) show membrane-parallel 

views of LeuT and vSGLT.  (C) and (D) show a top-down view of the extracellular 

pathway.  (E) and (F) show a bottom-up view of the intracellular pathway.  

Equivalent structural elements are colored the same in both LeuT and vSGLT.  To 

help gauge the re-organization of the extra- and intracellular elements, black dashed 

lines indicate distance measurements between structural elements, measured from 

structurally similar residues in the two transporters. Considering the internal two-

fold symmetry, note the similar organization of the open LeuT extracellular pathway 

to the open vSGLT intracellular pathway, and the similarity of the closed vSGLT 

extracellular pathway to the closed LeuT intracellular pathway. 
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Figure 5.6. Transition between outward-facing and inward-facing states in 

LeuT-fold transporters. TMs 1 (red), 3 (orange), 6 (green), and 8 line the central 

translocation pathway with EL4 and IL1 acting as lids that seal the extracellular and 

intracellular gates, respectively, in their closed states. (A) The outward-facing 

arrangement of central helices in substrate-bound LeuT.  (B) The inward-facing 

arrangement of central helices in substrate-bound vSGLT, with LeuT numbering for 

comparison with panel a.  TM 8 and IL1 are omitted from the figure for clarity. TMs 

1 and 6 rotate approximately 37 degrees relative to TMs 3 and 8 in transitioning 

from the outward-facing state adopted by LeuT in (A) to the inward-facing state 

adopted by vSGLT in (B). The rotation axis, shown in black, and the angle of rotation 

were calculated using DynDom [213]. Cartoon representations of outward-facing 

and inward-facing states, adapted from Yamashita et al, [59] are shown below the 

corresponding ribbon diagrams.  
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