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ABSTRACT Translocation through the extracellular vestibule and binding of leucine in the leucine transporter (LeuT) have
been studied with molecular dynamics simulations. More than 0.1 ms of all-atom molecular dynamics simulations have been
performed on different combinations of LeuT, bound substrate, and bound structural Na1 ions to describe molecular events
involved in substrate binding and in the formation of the occluded state and to investigate the dynamics of this state. Three
structural features are found to be directly involved in the initial steps of leucine transport: a Na1 ion directly coordinated to
leucine (Na-1), two aromatic residues closing the binding site toward the extracellular vestibule (Tyr-108 and Phe-253), and a
salt bridge in the extracellular vestibule (Arg-30 and Asp-404). These features account for observed differences between
simulations of LeuT with and without bound substrate and for a possible pathway for leucine binding and thereby formation of
the occluded LeuT binding site.

INTRODUCTION

Neurotransmitter transporters have been attracting increasing

attention because of their involvement in numerous physio-

logical processes. Of particular importance are the monoamine

(serotonin, dopamine, and norepinephrine) transporters, which

are members of the neurotransmitter sodium symporter (NSS)

family and responsible for reuptake of biogenic monoamines

after signaling in the brain. They are involved in psychological

disorders such as depression, obsessive-compulsive disorders,

Parkinson’s disease, and epilepsy (1–4). The transport of

monoamines by NSSs is driven by the ionic gradient across the

cellular membrane. All depend on symport of Na1, but some

also symport Cl�, and a few antiport K1 (5). Experimental

studies indicating different ion/substrate stoichiometries in the

NSSs (5) suggest that, despite a high degree of similarity, the

transport mechanism in NSSs is not entirely uniform. The

molecular details of the transport mechanism and substrate/

inhibitor selectivity are so far poorly understood, primarily

because of lack of detailed structural information. Efforts were

previously put into constructing models of the serotonin and

dopamine transporter binding sites from structures of lactose

permease and a Na1/H1 antiporter (6–9) even though these

proteins belong to different transporter families. Other ap-

proaches have included developing ligand-based descriptors

for the binding sites through, e.g., QSAR studies (10–14).

The first x-ray structure of the bacterial leucine transporter

from Aquifex aeolicus (LeuT) (15) was solved in 2005. An-

other five structures, including bound tricyclic antidepres-

sants (TCAs), have recently been published as well (16,17).

LeuT belongs to the same family of NSSs as the monoamine

transporters and, thus, presents a highly relevant model for

investigation of the mechanism of transport in the family.

Structural differences between LeuT and mammalian NSSs

are primarily located in the loop regions, generally longer in

the latter. The overall homology between human NSS pro-

teins and LeuT is ;20–25%, but up to ;50% similarity can

be detected in the transmembrane (TM) segments, clearly

indicating the relevance of the mechanism of transport in

LeuT to neurotransmitter transport in NSSs. Because of the

high similarity, the structure of LeuT has recently been em-

ployed to improve and refine the amino acid sequence align-

ment of NSSs to LeuT (18) and to build homology models

of the serotonin, dopamine, and norepinephrine transporters

to study substrate and antidepressant binding and selectivity

(19–24,72), providing new opportunities for the field of neu-

rotransmitter research.

The crystal structure of LeuT (15) revealed a dimer with

a crystallographic twofold axis. Each monomer has 12 TM

a-helices (H1–H12) showing an inverted repeat motif be-

tween helices 1–5 and 6–10, respectively. A substrate mol-

ecule, Leu, and two structural Na1 ions (denoted Na-1 and

Na-2) were bound in a closed binding site of each monomer.

Two partially unwound helices, H1 and H6 (the N-terminal

halves are denoted H1a and H6a, and the C-terminal halves

H1b and H6b, respectively), make up the binding site to-

gether with residues from H3 and H8, which are slightly

kinked around the binding site (Fig. 1). Of special interest

here are the unwound segments of H1 and H6, where exposed

backbone amide groups might interact with both the substrate

and the structural Na1 ions. Unwound helices or half-helices

with a common center have been found in a number of helical

membrane transporters and channels and seem to present a
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common structural motif of functional importance in this

family of proteins (15,25–29).

Aquifex aeolicus, the bacterium from which LeuT is iso-

lated, is a thermophilic organism, exhibiting a strong binding

affinity for Leu at room temperature (KD � 20 nM) with a

slow transport rate (kcat� 1.2 h�1) (16). The Leu binding site

is adapted to the amphiphilic structure of the substrate; highly

hydrophobic regions are complemented by hydrophilic ones

to optimally match the aliphatic side chain of the substrate

and its charged groups, respectively (Fig. 1). A number of

aromatic residues constitute an aromatic cage around the

binding site with residues Tyr-108 (in H3) and Phe-253 (in

H6) functioning as a ‘‘lid’’ covering the extracellular en-

trance of the binding pocket (Fig. 1). Above the aromatic lid,

residues Arg-30 (in H1) and Asp-404 (in H10), positioned

across the lumen from each other, form a water-mediated salt

bridge. In the initial crystal structure of LeuT (15), this salt

bridge and the above-mentioned aromatic lid close the

binding site to the extracellular lumen, whereas the path to

the intracellular side is closed by ;20 Å of tightly packed

FIGURE 1 (A) The crystal structure of LeuT. The 12 TM a-helices in LeuT are bundled together in a unique spiral-like fold. (B) The two unwound helices,

H1 (magenta) and H6 (green), as well as helices H3 (yellow) and H8 (blue) are important for substrate binding and transport. H10 (light blue) and the

extracellular loop 4 (EL4) (light blue) provide residues close to the suspected pathway. The Arg-30–Asp-404 salt bridge is water (red balls) mediated. (C)

Substrate binding in LeuT. Snapshot of Leu (pink) and interacting residues (cyan) together with Na-1 (yellow). Note how residues interacting with the substrate

functional groups are located in the unwound parts of H1 (magenta) and H6 (green). Possible hydrogen bonds to Leu(N) are marked with heteroatom distance.

(D) The substrate, Leu (pink), and Na-1 (yellow sphere) in a surface representation of the LeuT binding site. The front of the figure is cut away to clearly show

the hydrophobic (white) and hydrophilic (magenta) duality of the binding site.
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protein residues. In the recently published structures of LeuT

with TCAs bound in the extracellular vestibule, Arg-30

forms a direct (not water-mediated) salt bridge with Asp-404

(16,17). Arg-30, Asp-404, and Asp-401 are the only charged

residues found in the extracellular vestibule of LeuT, sug-

gesting their importance and possible interactions with the

zwitterionic Leu substrate during transport. Indeed, muta-

tional studies on the g-aminobutyric acid and serotonin

transporters have shown that these three residues are crucial

for transport in NSSs (30,31).

The two structural Na1 ions, Na-1 and Na-2, are tightly

coordinated in LeuT; Na-1 is positioned in the substrate bind-

ing site, directly coordinated by the substrate, whereas Na-2

is positioned somewhat farther away. Na-1 is found in an

octahedral (six-liganded) coordination interacting with two

backbone carbonyls, two side-chain amide carbonyls, and

a hydroxyl group besides one of the oxygen atoms of the

carboxylate group of the substrate. Na-2, which has no

contact to the substrate, is bound in a trigonal bipyramidal

(five-liganded) site composed of three backbone carbonyls

and two hydroxyl groups. A similar picture of substrate

and sodium binding is found in GltPh, an aspartate transporter

from Pyrococcus horikishii, and a bacterial homolog of the

mammalian glutamate transporters (25,26). The family of glu-

tamate transporters is functionally related to the NSS family,

although instead of 12, they include only 8 TM a-helices per

monomer. The crystal structure of GltPh showed a trimer

rather than a dimer as found for LeuT. Despite this structural

difference, the substrate binding sites are organized in the

same way and include free backbone carbonyl groups from

unwound or half-helices and two Na1 binding sites in close

proximity of the substrate (15,25,26).

Membrane transporters are generally believed to operate

by a mechanism known as the alternate access model de-

scribed by Jardetzky in 1966 (32). In this model, the binding

of substrate triggers a structural transition between two states,

an inward open and an outward open, thereby inducing the

translocation of the substrate across the membrane. Kinetic

studies indicate the involvement of a third and possibly a

fourth state in the transport facilitated by NSSs (33,34). The

recent structures of LeuT (15–17) and GltPh (25,26) directly

show the involvement of a so-called ‘‘occluded’’ state as a

third structural state in the mechanism: a transporter con-

formation with a closed binding site but where the main parts

of the transporter lumen are still exposed to the extracellular

side.

Although the substrate/ion stoichiometry has been exten-

sively studied for different NSSs (5), the sequence of binding

and release of the ions and the substrate during transport in

NSSs are poorly understood. Another important question

concerns the conformational changes of the transporters

during the transport mechanism. Because of the static nature

of x-ray crystallography, the structure does not provide direct

information about possible conformational changes to other

states. For example, because of lack of a structural model for

the outward open state, it is unknown if major conformational

changes are involved in the formation of the occluded state

after the binding of substrate from the extracellular lumen, or if

primarily rearrangement of amino acid side-chain groups are

involved. However, for the serotonin transporter, it has been

suggested, based on cysteine-scanning experiments, that for-

mation of the occluded state does not involve major confor-

mational changes (35), as the accessibility of the tested

residues did not change much between an apotransporter and

a transporter with the substrate bound.

Complementary to static structures from x-ray crystallog-

raphy, molecular dynamics (MD) simulations have proven

very effective in providing dynamic information on biolog-

ical systems (36–40). Despite time-scale limitations, previ-

ous studies have shown the usefulness of equilibrium MD

simulations in describing physiologically relevant conforma-

tional states of proteins (41–45). Many processes, however,

cannot be described by equilibrium MD simulations. For ex-

ample, translocation of a substrate across the protein usually

follows a longer time scale than sampled in presently acces-

sible unbiased MD simulations. Biased methods, such as

steered MD (SMD (46–48)), have been developed in which

an external force or moving constraint is employed to accel-

erate certain molecular events. The application of the method

to membrane proteins has been demonstrated, e.g., for aqua-

porins (49,50), lactose permease (51), and the outer membrane

transporter BtuB (52). Although the resulting biased trajectories

do not sample perfectly equilibriated structures and pro-

cesses, numerous studies have revealed that careful appli-

cation of such methods can provide relevant and useful

information (46–51,53,54). In modeling of membrane trans-

porters, MD and SMD simulations have been employed to

directly study or deduce individual steps involved in the

transport mechanism (45,52,55).

In this article we present the results of more than 0.1 ms of

simulations of an all-atom membrane-embedded model of

the outward-occluded conformation of the LeuT dimer. MD

simulations have been conducted with different setups, sys-

tematically exploring the effect of the presence and absence

of substrate and sodium ions on LeuT dynamics and disen-

tangling the binding of Leu in LeuT. Furthermore, pulling

simulations, employing different force profiles and pulling

velocities to either Leu alone or Leu and Na-1 together, were

performed to study the unbinding of the substrate from the

binding site and to study the formation of the open state from

the occluded state, thereby revealing the differences between

an outward-open and the outward-occluded state as well as

proposing a likely pathway for Leu binding to LeuT. This is

the first such study of the NSS transport mechanism and can

thus be utilized in further studies of monoamine transporters.

Results show a very tight binding of Leu in the occluded

binding site, highly influenced by the presence of free po-

lar groups in the unwound backbones of H1 and H6. We

have, furthermore, identified a possible binding pathway for

Leu that has been well reproduced in pulling simulations

1602 Celik et al.

Biophysical Journal 94(5) 1600–1612



employing different pulling schemes. This pathway espe-

cially involves the aromatic residues closing the binding site

and a conserved salt bridge in the extracellular vestibule of

LeuT.

METHODS

Model building

The 1.65 Å resolution x-ray structure of LeuT (15) was obtained from the

Protein Data Bank (56) (accession code 2A65). The structure includes the

protein residues 5–132 and 135–515 from one of the monomers in the dimer.

Furthermore, a substrate leucine (Leu), two sodium and one chloride ions,

five detergent molecules, and 210 water molecules were included in the PDB

file. The detergent molecules and the chloride ion were removed. Two

missing residues, Asn-133 and Ala-134 located in extracellular loop 2 (EL2),

were built as follows: first two glycine residues were introduced to complete

the backbone, the residues were then mutated to alanine, and finally, the

asparagine side chain was built for residue 133. Residues 132–135 were

minimized after each step of the modeling process. Coordinates for missing

atoms of side chains and hydrogen atoms were constructed with the psfgen

plugin in VMD (57) employing the CHARMM32 topology for proteins and

lipids (58–61). No information is available as to whether LeuT is functional

in a monomeric or a dimeric form, but it was crystallized as a dimer (15).

Other studies have shown that the biogenic amine transporters are functional

as dimers (62,63). The dimer was constructed by applying a crystallographic

twofold symmetry and space group using program O (64) to the monomer

found in the pdb-file. As a further incentive to model LeuT as a dimer, we

observed that the expected usual interactions between the lipid head groups

and charged and polar residues would induce a deep depression of the lipid

bilayer on one side of the transporter if it were modeled as a monomer. The

inclusion of the dimer in the model further allowed us to double the statistics,

as two trajectories, one from each monomer, are produced for every setup

employed. As described below, to further improve the statistics, some SMD

simulations were performed twice. Reproducibility of the observed molec-

ular events in repeated simulations will provide additional reliability for the

obtained results.

A preequilibrated and solvated 140 3 125 Å2 membrane bilayer con-

sisting of palmitoyl-oleoyl phosphatidylethanolamine lipids was created

using the membrane plugin in VMD (57). The LeuT dimer was embedded in

the bilayer by aligning the lipid head groups with a ring of charged and

aromatic residues at the surface of the dimer. The lipid bilayer was large

enough to provide at least 15 Å of lipid padding around the dimer along any

direction. Layers of water 20 Å thick were added to the two sides of the

membrane to fully solvate the lipid-protein system. The system was then

neutralized with sodium and chloride ions to a physiological concentration

of 0.2 M. This resulted in a total atom count of 142,405, with dimensions of

130 3 113 3 90 Å3 after equilibration (Fig. 2).

The Leu substrate is modeled as a zwitterion, charged on both the amino

and carboxylate groups. The two charged groups will be referred to as the

ammonium and the carboxylate groups, respectively.

Assignment of protonation states

The titration states of ionizable amino acids (aspartate, glutamate, lysine,

arginine, histidine, and tyrosine) were assigned based on a pKa calculation

using the web application H11 from Virginia Technical University (65).

Glutamate residues 112 (in H3), 287 (in H7), and 419 (in H10) exhibited high

pKa values of 10.2, 13.9, and 23.1, respectively, and were thus modeled as

neutral during the simulations. The three affected residues are all located

facing other acidic residues (either an aspartate or a glutamate), presenting an

opportunity for them to interact with each other. All other glutamate residues

were modeled as charged. Of the seven histidine residues present in LeuT,

His-74 and His-391 had high pKa values (13.2 and 7.3, respectively) and

were thus modeled in their protonated form. His-7, His-377, and His-480

were modeled as neutral with the proton on Ne, whereas His-510 was

modeled with a proton on Nd to maximize favorable interactions with the

local microenvironment. All aspartate, arginine, and lysine residues were

modeled as charged, and tyrosines as neutral.

Simulation details

All simulations were performed using the CHARMM32 force field for

proteins and lipids (58–60) including the CMAP corrections (61) with the

MD program NAMD 2.6 (66,67). After an initial Conjugate Gradient min-

imization for 500 iterations, lipid tails were melted in a 500-ps NVT simu-

lation at 310 K in which all atoms but the lipid tails were held fixed. The

system was then equilibrated for a 2-ns constraint-free simulation with a time

step of 1 fs. Equilibration was performed under periodic boundary conditions

in the NPT ensemble employing the particle mesh Ewald algorithm (68) for

calculation of long-range electrostatics. Constant temperature was achieved

by employing Langevin dynamics with a damping constant of 0.1 ps�1 for

melting of lipid tails and 5 ps�1 for the equilibration phase. The Langevin

Piston method (69) was employed to maintain a constant pressure of 1 atm

with a piston period of 100 fs and a piston decay of 50 fs. The van der Waals

interactions were accounted for to a cut-off distance of 12 Å and gradually

dampened by use of a switching function from 10 Å.

Production dynamics (MD and SMD) was performed in the NPT en-

semble with a Langevin damping constant of 0.5 ps�1 and imposition of a

constant area to the membrane patch. Coordinates for analysis were saved

every picosecond. Four equilibrium MD simulations were set up to study the

dynamics and stability of LeuT with or without substrate/sodium ions; setup

1 is the holo system represented by a dimer of LeuT; setup 2 is the apo

transporter devoid of both substrate and the sodium ions; setup 3 is the apo

transporter including sodium ions; and setup 4 included substrate but no

sodium ions. Together these four simulations were used to study the dy-

namics of the substrate in the binding pocket as well as to deduce information

about the sequence of sodium and substrate binding to the transporter.

In pulling simulations, a moving constraint is applied to the center of mass

(COM) of a group of atoms. The chosen group of atoms will thus be forced to

generally move along a specified direction while still being able to move

FIGURE 2 The simulated system from a side view. The two transporter

monomers are depicted in green and magenta cartoons, lipid tails in cyan

lines, lipid heads in CPK, water in transparent, and ions as van der Waals

spheres in yellow (Na1) and cyan (Cl�). The limited interaction between the

two monomers is through H11 and H12, which are not directly involved in

substrate binding or transport, suggesting that the two monomers function

independently.
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freely along all other degrees of freedom (46–48). Constant-velocity SMD

simulations were performed using the tclforces command in NAMD 2.6

(66,67). The force was applied to the COM of different groups of atoms

(Table 1). The force constant employed was 500 pN/Å following the stiff

spring protocol according to Park et al. (70) while different pulling velocities

were systematically investigated (see Table 1). The system was oriented such

that the applied force was along the membrane normal, i.e., along the putative

transport pathway. To prevent net translation of the system that might arise as

a result of the pulling force acting on the substrate, lipid phosphorus atoms as

well as Ca atoms of residues Phe-51, Ile-204, and Phe-496 were constrained

with a harmonic potential during the pulling simulations. In total, 14 pulling

simulations were conducted to study substrate unbinding from LeuT. All

performed simulations are summarized in Table 1. In setups 5–10 Leu was

pulled out of the binding site at four different velocities, whereas in setups

11–18 both the substrate Leu and Na-1 were pulled simultaneously. As in-

dicated in Table 1 several of the SMD simulations were repeated to improve

the statistics at given velocities. In general, faster SMD simulations were

initially used to explore the process and to identify events that might be of

interest. This was then followed by increasingly slower simulations (as much

as computational resources allowed) to verify the reproducibility of major

events at slower pulling speeds.

Data analysis

Analysis of the computed trajectories was performed with VMD 1.8.6 (57)

and the included Tcl-scripting facility. All molecular images were rendered

by VMD. The root mean-square deviation (RMSD) of protein Ca atoms in

each simulation was calculated with respect to the initial minimized struc-

ture. Interaction energies were calculated via the NAMDEnergy plugin of

VMD (57).

RESULTS AND DISCUSSION

Setups 1–4 were first made to study equilibrium dynamics of

LeuT in the presence and absence of the Leu substrate and the

two bound sodium ions. In addition to providing dynamic

information about the structural stability of LeuT, these

simulations might also shed light on the question of the se-

quence of binding of substrate and sodium ions to the trans-

porter. From these four setups the specific binding of the

substrate and the two sodium ions is studied and electrostatic

interactions and the importance of the unwound helices are

investigated. The binding of Leu to LeuT, a key step in the

transport mechanism, is then studied by pulling simulations

in setups 5–18 of the reverse unbinding event. Different pull-

ing velocities are applied to either the COM of the substrate

(setups 5–10) or to the COM of Leu and Na-1 together (setups

11–18), inducing substrate unbinding toward the extracellular

lumen (see Table 1). Two different classes of setups, namely

equilibrium MD simulations in 1–4 and pulling simulations in

setups 5–18, are included to examine if unbinding of Leu is

dependent on a simultaneous transport of Na-1 or if the two are

independent of each other. Although the pulling speed in SMD

simulations does not allow for the principle of microscopic

reversibility to exactly apply, we expect to capture major steps

and molecular events involved in initial association and

binding of the substrate from the periplasm by simulating the

reverse process, i.e., unbinding of the substrate from the

binding pocket. In the following, specific atoms of individual

amino acids are referred to as, e.g., Ala-22(O), Gly-26(N), and

Ser-256(OH), respectively, for backbone amide O and N

atoms and a side-chain hydroxyl group.

Protein stability and dynamics of the
binding pocket

No major conformational changes of the protein backbone

were observed throughout the performed MD and SMD

simulations. RMSD values for LeuT Ca atoms were found to

be between 1.5 Å and 2.2 Å for all modeled systems, and the

overall structure of the transporter is conserved throughout

(see Supplementary Material for average RMSD values for

all simulations). Of particular interest are the unwound heli-

ces, which, despite their apparent structural flexibility,

maintain their initial conformation and exhibit thermal fluc-

tuations comparable to other parts of the protein and to the

experimentally found B-factors in the x-ray diffraction ex-

periment (15). Although no global protein conformational

change is evident, we do observe a partial opening of the

binding site in some of the MD simulations. This opening is

furnished merely by rotation of the side chain (specifically

x1 and x2 dihedral angles) of Tyr-108 and Phe-253, the two

residues that form the aromatic lid of the binding site (see

Figs. 3 and 4). Interestingly, there seems to be a correlation

between this opening and the occupancy of the binding

pocket; when Leu is present in the binding site (setup 1),

these dihedral angles do not exhibit large fluctuations. Re-

moval of either the substrate or the sodium ions, however,

results in an increased flexibility of these side chains and, as a

result, a partial opening of the binding site. In the SMD

simulations we furthermore observe that release of Leu from

TABLE 1 Simulation setups reported in this study

Setup v/Å/ns* t/nsy Leu Na-1 Na-2 Pulled group

1 N/A 10.0 1 1 1 N/A

2 N/A 10.0 – – – N/A

3 N/A 10.0 – 1 1 N/A

4 N/A 5.0 1 – – N/A

5 1.0 10.0 1 1 1 Leu

6 2.5 5.0 1 1 1 Leu

7 4.0 4.0 1 1 1 Leu

8 4.0 3.7 1 1 1 Leu

9 10.0 2.0 1 1 1 Leu

10 10.0 2.0 1 1 1 Leu

11 1.0 13.4 1 1 1 Leu / Na-1

12 2.5 6.0 1 1 1 Leu / Na-1

13 4.0 4.0 1 1 1 Leu / Na-1

14 4.0 4.5 1 1 1 Leu / Na-1

15 6.0 3.0 1 1 1 Leu / Na-1

16 8.0 3.0 1 1 1 Leu / Na-1

17 10.0 5.0 1 1 1 Leu / Na-1

18 10.0 3.0 1 1 1 Leu / Na-1

In the analysis the nomenclature 1A will refer to monomer A in setup 1.

Note that some of the simulation setups are repeated under the same

conditions to improve sampling.

*Pulling velocity in SMD simulations.
ySimulation time.
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the binding site only requires the aromatic lid to open, sug-

gesting, along with the results of the MD simulations in

setups 1 and 2, that no major conformational changes of the

protein backbone are necessary for the initial binding of leu-

cine in LeuT and formation of the occluded state. Because only

side-chain movement is necessary for opening of the binding

site, a close similarity between the outward open and occluded

states is expected, a conclusion that is in line with what has

been also hypothesized for the serotonin transporter (35).

In setup 1 Leu is tightly bound to the LeuT binding site

with five possible hydrogen bonds (not all present at the same

time) to its ammonium group (Asn-21(O), Ala-22(O), Phe-

253(O), Thr-254(O), and Ser-256(OH)) and two to its car-

boxylate group (Gly-26(N) and Tyr-108(OH)) as well as a

salt bridge between its carboxylate group and Na-1 (Fig. 1).

We also observe interactions between the Leu carboxylate

group and backbone amide groups of residues Gly-24 and

Leu-25 in the unwound part of H1. These interactions do not

adopt a geometry that can be classified as hydrogen bonds,

the amide N-H to Leu O angles are far from linear, but they do

show highly favorable electrostatic interactions. The residues

involved in hydrogen bonds to Leu via polar backbone

groups are all found in the termini of the broken helices, H1

and H6, located near the center of the TM segment of LeuT,

suggesting significance of these in substrate binding. Tyr-108

and Ser-256, which interact with the substrate through their

polar side chains, are positioned in the middle of H3 and H6b,

respectively. Average distances for direct interactions be-

tween Leu and the protein calculated from the 10-ns simu-

lation of setup 1 are listed in Table 2. The observed binding of

Leu in LeuT is similar to that observed for dopamine in an

MD simulation of dopamine binding in a homology model of

the dopamine transporter based on the structure of LeuT (23).

Interaction energies between the substrate and various

parts of the protein and the bound sodium ions are presented

in Table 3. The interaction energy between the substrate

and LeuT is primarily electrostatic in nature with EElect �
�100 kcal/mol, of which ;75% is from interactions to H1

and H6. Helix H3 also has a large contribution, whereas a

small unfavorable interaction energy is calculated between

H8 and Leu. An additional EElect � �40 kcal/mol can be

found for interactions between Leu and Na-1. The computed

high electrostatic energy between Leu and the protein is in

accord with the experimentally measured very low rate of

transport of leucine through LeuT (16). Furthermore, it can

be speculated that the electrostatic repulsion between H8 and

Leu can trigger major conformational changes needed for

transitioning between the outward-facing and inward-facing

states of LeuT. A similar reasoning was recently presented

for the serotonin and dopamine transporters, where H8 is

speculated to initiate the formation of the inward-facing form

through interaction with the dopamine and serotonin sub-

strates, respectively (71).

Unwound helices present an interesting structural feature

in LeuT. It can be expected that a bound substrate in a binding

site composed of unwound helices can be, at least partly,

stabilized by the helical macrodipoles. Furthermore, the

backbone peptide groups of the unwound segments can di-

rectly participate in hydrogen bonding to the substrate. To

investigate the contribution of these effects in stabilization of

the substrate in the binding pocket, we decomposed the com-

puted electrostatic interaction energies between Leu and LeuT

into contributions from individual residues. Very high elec-

trostatic interaction energies are detected, showing the sig-

nificance of direct interactions between the charged groups of

the substrate and the exposed polar backbone groups of the

TABLE 2 Direct interactions between Leu and the binding site

of LeuT

Interaction Monomer A Monomer B Crystal

Leu(OT1)–Na-1 2.25 6 0.11 2.24 6 0.10 2.5

Leu(OT1)–Gly-24(N) 3.37 6 0.23 3.82 6 0.21 3.8

Leu(OT1)–Leu-25(N) 4.49 6 0.22 4.55 6 0.21 4.6

Leu(OT1)–Gly-26(N) 3.55 6 0.20 3.60 6 0.19 3.3

Leu(OT2)–Gly-24(N) 3.93 6 0.21 3.96 6 0.22 3.8

Leu(OT2)–Leu-25(N) 3.07 6 0.16 3.08 6 0.15 3.1

Leu(OT2)–Gly-26(N) 2.85 6 0.12 2.83 6 0.12 2.7

Leu(OT2)–Tyr-108(OH) 2.70 6 0.12 2.69 6 0.12 2.7

Leu(N)–Asn-21(O) 3.58 6 0.24 3.44 6 0.21 3.6

Leu(N)–Ala-22(O) 3.21 6 0.25 3.29 6 0.26 2.9

Leu(N)–Phe-253(O) 2.81 6 0.13 2.80 6 0.12 2.9

Leu(N)–Thr-254(O) 2.95 6 0.16 2.96 6 0.17 3.1

Leu(N)–Ser-256(OH) 2.81 6 0.10 2.81 6 0.10 2.8

Average distances and standard deviations from the equilibrium simulation

of setup 1 are given in Å. Distances observed in the crystal structure are

included for comparison.

TABLE 3 Average electrostatic interaction energies and

standard deviations between the substrate and various parts

of LeuT are calculated and compared for the 10 ns simulation

of setup 1

Leu to: Monomer A, kcal/mol Monomer B, kcal/mol

Full monomer �99.6 6 7.9 �98.4 6 8.0

H1 �55.8 6 5.9 �53.8 6 5.8

H3 �13.6 6 2.6 �14.1 6 2.7

H6 �42.6 6 4.3 �42.5 6 4.4

H8 5.4 6 1.6 5.1 6 1.4

Na-1 �36.9 6 5.8 �38.1 6 5.7

Na-2 �2.4 6 2.3 �1.8 6 2.3

Asn-21 (H1) �10.5 6 1.6 �10.6 6 1.7

Ala-22 (H1) 1.8 6 2.5 2.6 6 2.3

Val-23 (H1) �4.1 6 0.6 �4.0 6 0.6

Gly-24 (H1) �8.5 6 1.2 �8.3 6 1.2

Leu-25 (H1) �4.2 6 1.6 �3.8 6 1.4

Gly-26 (H1) �15.0 6 1.5 �15.1 6 1.5

Arg-30 (H1) �7.6 6 1.1 �7.2 6 1.0

Tyr-108 (H3) �13.2 6 2.6 �13.5 6 2.6

Phe-253 (H6) �18.1 6 2.0 �18.2 6 2.0

Thr-254 (H6) �4.7 6 2.5 �4.7 6 2.4

Leu-255(H6) 0.0 6 0.6 0.0 6 0.6

Ser-256 (H6) �14.1 6 1.9 �14.1 6 1.9

Ala-22 and Thr-254 are also coordinated to Na-1 and have smaller or

unfavorable contributions to the binding of Leu.
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unwound helices in the binding site. Further analysis of the

results, however, also shows that the total electrostatic inter-

action energy between each helix and Leu is slightly higher

than the sum of interaction energies of residues directly in-

teracting with Leu, indicating participation of other elements

of the unwound helices in stabilization of the substrate in the

occluded binding site (see Table 3). Therefore, we conclude

that, although the binding energy seems to be primarily caused

by the numerous direct hydrogen bonds to charged groups of

Leu, the macrodipole of the unwound helices may also play a

role in stabilizing the bound substrate.

Coordination of the two structural sodium ions during MD

simulations likewise presents a picture of tight binding. For

both ions average coordination distances are within 0.1 Å of

those observed in the crystal structure (average distances and

standard deviations for sodium coordination in setups 1 and 3

are tabulated in the Supplementary Material). The presence

(setup 1) or absence (setup 3) of the substrate does not affect

the Na-1 coordination significantly; indeed, in setup 3 (in

which Leu is removed), the missing substrate coordination is

taken up by a water molecule entering from the bulk, thereby

maintaining the octahedral coordination. Before water pen-

etrates into the binding site, the five interactions to LeuT

remain in a square pyramidal coordination, similar to the one

found in setup 1, leaving the sixth coordination site unoc-

cupied. This observation, along with the strong binding of

the Na1 ion in the Na-1 binding site as found in our pulling

simulations, might suggest that the binding of Na-1 to the

transporter precedes substrate association. This Na1 ion most

likely enters an empty binding pocket (substrate-free) with a

few water molecules comprising its first hydration shell,

though some of these water molecules will be gradually re-

placed by protein side chains as the ion settles in its binding

site. A complete dehydration would occur when the substrate

binds in the binding pocket. Although our results can be in-

terpreted consistently with a model in which Na-1 binding

precedes that of the substrate, we note that the possibility of

simultaneous binding of the sodium ion and the substrate

should also be kept in mind.

No significant electrostatic interaction, either direct or long

range, can be identified between the substrate and Na-2. It

might be inferred that the binding of Leu is independent of

Na-2, at least during the initial association of the substrate to

the transporter, and that Na-2 might not be involved in the

transport mechanism but merely have a structural role. It

should be kept in mind, however, that subsequent steps in the

transport mechanism might involve major protein confor-

mational changes and substrate translocation that would

bring the substrate and Na-2 close to each other; such effects,

however, can only be speculated at this time.

After removal of the two sodium ions (setup 4), water from

the solvation box penetrates into the Na-1 binding site and

coordinates the Leu ammonium group. At the same time the

aromatic lid opens slightly with a rotation of the two aromatic

rings, allowing additional water molecules to interact with

the Leu carboxylate group. In the absence of sodium ions, the

substrate binding site shows larger thermal fluctuations than

when sodium ions are present. For example, in setup 4A,
where these fluctuations are particularly large, hydrogen

bonds between the Leu ammonium group and Asn-21(O) and

Ser-256(OH) are broken, and the ammonium group is posi-

tioned closer to the water molecule located in the Na-1 site.

Meanwhile, a new interaction is established between Ser-

355(OH), located in H8, and the Leu carboxylate group.

Together, these events result in a rotation of the substrate side

chain from a configuration approximately parallel to the

membrane plane to an almost perpendicular one, with the

charged carboxylate group pointing toward the extracellular

vestibule and the side chain toward the cytoplasm. This new

conformation is observed for more than 2 ns and may indicate

a destabilization of substrate binding in the absence of

Na-1, providing further support for the key role of Na-1 in

Leu binding.

Pathway for substrate unbinding in LeuT

A total of 69 ns of pulling simulations in 14 setups (setups

5–18) were conducted to investigate the unbinding of sub-

strate from the binding pocket (see Table 1). That gives a total

of 28 unbinding trajectories because of the dimeric structure

of the system.

The majority, 18, of the trajectories resulted in a pathway

that appears physiologically relevant and is consistent with

data from unbiased simulations of setups 1–4. This pathway

is reproducible in simulations with pulling velocities ranging

from 1 to 10 Å/ns, strongly suggesting that the observed

pathway and the mechanism represent highly relevant fea-

tures of the natural unbinding process. During the unbinding

process interactions to the binding site residues are broken

one by one as Leu passes the aromatic lid, but new interac-

tions are formed along the extracellular vestibule, leading to a

specific path where Leu is passed along from one set of

specific interactions to another. Throughout this identified

translocation mechanism Na-1 stays in its original binding

pocket. It should be noted that the large degree of repro-

ducibility is remarkable for the pulling simulations, thereby

indicating that the collected trajectories are of biological

relevance. Because the sampled pathway was observed to be

largely independent of the pulling velocity applied on either

Leu or Leu/Na-1, it is very likely that even slower pulling will

result in a similar trajectory.

In another five of the SMD trajectories, where either a

higher pulling velocity is employed or when both Leu and

Na-1 are pulled, Na-1 shows a different behavior, namely, it

moves along with the substrate. However, this does not affect

the sampled pathway or the translocation steps involved in

Leu unbinding; the only difference is that Na-1 travels tightly

coordinated to Leu along the same pathway. This gives a total

of 23 of 28 trajectories sampling the same unbinding path-

way for Leu. We note that in several trajectories, although
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Na-1 was being pulled along with Leu, Na-1 did not leave its

binding site despite the applied force, indicating a strong

tendency of Na-1 to stay bound to the protein even after Leu

has left the binding site.

A rare event, which was observed only in the last five fast-

pulling trajectories, was translocation of Na-1 and Leu on

opposite sides of helices H1 and H6. This pathway exposes

Na-1 to a highly hydrophobic environment and is concluded

to be an artifact of the fast-pulling protocols employed in

these few simulations.

As in the equilibrium MD simulations, Na-2 is highly

stable in all SMD simulations, further demonstrating that,

most likely, there is no connection between the bound Na-2

and the initial translocation of Leu in the extracellular lumen

of LeuT (average distances and standard deviations for Na-2

coordination during the SMD simulations are tabulated in the

Supplementary Material). This observation is consistent with

the notion that the nature of Na-2 is mostly structural, and

Na-1 is the only sodium ion directly involved in initial asso-

ciation of Leu to LeuT.

Transfer pathway for substrate unbinding

Under the assumptions that binding and unbinding are reverse

processes and, as discussed above, that the nonequilibrium

pulling simulations very closely sample the equilibrium

pathway, a binding pathway for Leu to LeuT can be extracted

from the reverse unbinding pathway found in SMD simula-

tions. The unbinding pathway of Leu from LeuT, as observed

in our SMD simulations, is illustrated with a cartoon in Fig. 3.

(A movie of the unbinding mechanism is provided in the

Supplementary Material. The reader is strongly encouraged to

examine the movie because it is a powerful visual aid in de-

picting the rather complex series of molecular events described

in the following section.) Beginning with Leu in its binding

site (Fig. 3 A), step 1 of unbinding involves the release of

hydrogen bonds between the Leu ammonium group and free

carbonyl groups in H1 (Asn-21(O) and Ala-22(O)). This

allows the Leu side chain to penetrate halfway through the

aromatic lid and to be sandwiched between hydrophobic res-

idues Tyr-108 and Phe-253 (Fig. 3 B). The particularly weak

electrostatic interaction between Leu and Ala-22 as found in

equilibrium simulations (setups 1–4) is in line with the ease of

disrupting this interaction during the first step of unbinding.

Step 2 in the relay of events involves breaking of hydrogen

bonds between the Leu ammonium group and H6 in the

lower part of the binding site (Thr-254(O) and Ser-256(OH);

see Fig. 3, C and D). The remaining interactions between Leu

and residues in the binding pocket at this point are to residues

located in the upper part of the binding site. This partial re-

lease allows the substrate to travel farther out between the

two aromatic residues and to establish a new interaction,

highly resembling a cation–p interaction, between the Leu

ammonium group and the aromatic ring of Phe-253 (Fig. 3

D). Concurrently a water-mediated interaction is formed

between the Leu ammonium group and Asp-404 (H10)

located in the extracellular vestibule. Complete release of

the Leu ammonium group from hydrogen bonding to

Phe-253(O) takes place in step 3. This results in a flip in the

backbone conformation of Phe-253 moving the carbonyl

group back down into the binding site, thereby closing the

aromatic lid by an accompanying side-chain rotation of

FIGURE 3 The mechanism and steps involved in substrate (un-)binding. (A) Leu bound in the closed binding site. (B) Hydrogen bonds to Asn-21 and Ala-

22 are released, and the binding site starts to open. (C) Hydrogen bonds to Ser-256 and Thr-254 are released, and the Leu side chain protrudes from the aromatic

lid. (D) The ionic interaction to Na-1 is broken. (E) The hydrogen bond to Phe-253 is released. (F) Hydrogen bonds to Gly-26 and Tyr-108 are released, and the

substrate is free of the binding site. Instead, interactions are found to the extracellular salt bridge. (G) Leu is turning around in the vestibule as a result of ionic

interactions. (H) Leu is outside LeuT and solvated.
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Phe-235 (Fig. 3 E). Simultaneously a direct salt bridge is

formed between Leu(N) and Asp-404.

Na-1 is affected by the translocation of the substrate from

the binding pocket. During the initial phase of the induced

unbinding of the substrate, Na-1 is partially, but only tran-

siently, displaced from its binding site (Fig. 3 C). The dis-

placement seems to coincide with the formation of a strong

double interaction with both carboxylate oxygen atoms of the

substrate, which transiently forms along the dislocation of the

substrate in the binding pocket. However, because of an even

stronger interaction of Na-1 with its binding site, it soon falls

back into its original binding site (EElect � �160 kcal/mol to

LeuT, Fig. 3 D where the sodium ion is located behind the

unwound part of H1). In some of the simulations the inter-

action between Na-1 and the substrate is broken during step

2, in others at a later time, mostly just before or during step 3.

The disruption of this interaction coincides with a large drop

in the applied force; for setup 7 this appears after 1.5 ns, when

the COM of Leu has moved ,5 Å (see figures in the Sup-

plementary Material), indicating that Na-1 contributes a

major interaction energy to the binding of the substrate. A

possible scenario could be that the binding of Na-1 precedes

that of Leu. In this case, a bound Na-1 will contribute to

electrostatic attraction of the substrate toward the binding

pocket during its translocation from the vestibule into the

binding pocket, and in particular during its final orientation in

the binding pocket.

After step 3 only one of the Leu carboxylate oxygen atoms

remains coordinated to the binding site through hydrogen

bonds to Gly-26(N) and Tyr-108(OH) in the aromatic lid (Fig.

3 E). These bonds are subsequently broken in step 4, allowing

Leu to slide between the two salt-bridge-forming residues in

the extracellular vestibule, Arg-30 and Asp-404 (Fig. 3 F).

During the initial stages of unbinding, the Leu side chain

moves ahead of the charged backbone. This is primarily

because of the strong electrostatic interaction between the

residues in the binding pocket and the Leu backbone, which

makes it the last part to leave the binding site. Later along the

permeation pathway, the Leu side chain is caught by aliphatic

and aromatic residues, Val-29, Leu-33, Ala-319, and Phe-

320, in the extracellular vestibule. Additional water-mediated

interactions to Asp-401 pull the substrate out of the extra-

cellular vestibule in an orientation where the charged back-

bone of Leu is first (Fig. 3, C–H). After the release of the side

chain (step 5), the substrate is almost fully solvated in the

entrance of the extracellular lumen of LeuT (Fig. 3 H).

The maximum buildup force during the SMD simulations

is ;1500 pN with a single peak developed during the first

three steps. The force decreases slightly after step 2 but does

not drop significantly until after the interaction between the

substrate and Na-1 is broken. A second force peak (of ;800

pN) is found around step 4, although no force is needed to

relinquish the interactions to the salt-bridge residues. Graphs

of a representative force profile are available in the Supple-

mentary Material.

After release of the substrate, up to three water molecules

enter the binding site to replace the interactions of the sub-

strate head groups with the protein and Na-1. This is similar

to what is observed in the equilibrium simulation of the apo

system (setup 3). This observation is a further indicative of

the fact that the SMD simulations are highly relevant, as they

converge toward molecular assemblies that are highly similar

to those seen in the equilibrium simulations.

Formation of the occluded state

The crystal structure of LeuT is suggested to represent the

occluded state of the transporter, in which the aromatic lid

separates the substrate from the extracellular vestibule lead-

ing to the extracellular lumen (15). During the simulation of

setup 1 this lid remains tightly closed (average distances

between closest carbon atoms of ;4.3 Å in both monomers).

This is also found in one of the monomers in setup 2 (2B),

whereas monomer 2A and setups 3 and 4 show an average

distance of ;5–7 Å, thus showing a partially opened lid. The

opening is facilitated by rotation of the two aromatic side

chains of the lid. In setup 1 the dihedral angles of these side

chains are stable at either ;90� (both residues, x2) or ;200�
(both residues, x1). In setups 2, 3, and 4, a higher degree of

flexibility is observed, and either one of the residues changes

conformation into a different rotamer state to stabilize the lid

in its new, partly opened, conformation. The partly open

binding site is also observed in the SMD simulations after

release of the Leu(N)–Phe-253(O) interaction, resulting in a

partially open lid, similar to the one found in setup 3, also

with a binding site with both Na1 ions, but no Leu present.

Arg-30, Asp-401, and Asp-404 are the only charged resi-

dues found in the extracellular vestibule of LeuT and must

therefore be responsible for the electrostatic properties of the

presumed binding pathway. Arg-30 and Asp-404 have been

shown to be vital for transport in NSSs (15,30,31). The ob-

served water-mediated contact of these residues in the crystal

structure of LeuT is preserved during our equilibrium sim-

ulation (setup 1). These two residues were proposed to

constitute a second gate, which would be closed through

water-mediated interactions once the substrate is bound to the

binding site (15). The water-mediated interactions are also

found in the beginning of the SMD simulations, i.e., while the

substrate is still in the binding pocket, and even in setup 4,

where the sodium ions are excluded from the simulation.

Removal of the substrate from the binding site, both in setup

3 and during later stages of the SMD simulations (when the

substrate has left the binding site), induces the formation of a

direct, bifurcated, salt bridge between Arg-30 and Asp-404

similar to the one found in structures of LeuT with bound

TCA (16,17), the two situations are depicted in Fig. 4, A and

B. Apart from the directly bound and water-bridged con-

figurations, SMD simulations revealed a third mode of in-

teraction between Arg-30 and Asp-404 arising during the

substrate translocation, in which Leu is positioned
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between the two residues while forming salt bridges to both

(Fig. 3 F).

Because of the strong interaction between Na-1 and the

substrate in its bound form, as observed in our equilibrium

and SMD simulations (above), Na-1 is most likely needed to

mediate the displacement of Leu from the salt bridge site

(between Arg-30 and Asp-404) into the binding site. Com-

bined with the results from MD simulations of setup 4, we

propose that both Leu and Na-1 need to be present in the

binding site for formation and stabilization of the occluded

state. Furthermore, in addition to playing a gating role, we

propose that Arg-30 and Asp-404 facilitate the substrate

binding by coordinating the substrate in the extracellular

vestibule of LeuT, then positioning and orienting it properly

for interactions to Na-1 and residues located in the binding

site. It has to be noted that, despite the computational effort of

this study, the limited time scale of MD and SMD simulations

in general does not allow one to exclude the possibility of

large protein conformational changes being involved in the

formation of the occluded state. However, the consistency

found between the results of our simulations and the con-

clusions reached in various studies of the serotonin trans-

porter (35) provides a strong support for the significance of

the observed phenomena in this study.

Implications for binding and transport of leucine
in LeuT

Based on the crystal structures of LeuT and GltPh, Gouaux and

co-workers (15,25,26) suggested a transport mechanism in-

cluding a minimum of three states: outward open, outward

occluded, and inward open states. Our simulations of the apo

system with and without sodium ions (setups 2 and 3) indicate

that LeuT does not necessarily undergo large conformational

changes to open toward the extracellular cavity; instead, a few

water molecules might penetrate into the binding site to

occupy available coordination sites in the transporter while

the hydrophobic part of the binding pocket remains empty.

Residues Arg-30 and Asp-404 have been suggested to be part

of a gating mechanism in the NSS family (30,31). In the

crystal structure of the outward occluded conformation they

interact through two water molecules, whereas in the simu-

lation of setup 3 (sodium ions present) they become directly

connected, a configuration also found after substrate release in

our pulling simulations. Together with the observed interac-

tion with Asp-401, this suggests these three charged residues

play a role in attracting the substrate, via electrostatic inter-

actions, into the extracellular vestibule, where it is then guided

into the binding site. Asp-401 is located close to the surface of

the transporter. Once an interaction between Leu and Asp-401

is established, the substrate can readily form an additional

hydrogen bond to Asp-404. From this point, the substrate can

then establish an interaction to Arg-30.

After insertion between Arg-30 and Asp-404, the substrate

can be guided into the binding site by establishing stepwise

interactions with various parts of the binding pathway, as

observed in the reverse from the SMD simulations. Electro-

static attraction between Leu and Na-1 (�40 kcal/mol to�60

kcal/mol) are more favorable than those to Arg-30 (;�25

kcal/mol) and would initially draw the carboxylate group

toward the binding site, where interactions to Gly-26(N) and

Tyr-108(OH) could be formed on the way. As a result, the

interaction from Leu(N) to Asp-404 would be reduced and

formation of a hydrogen bond to Phe-253(O) be more favor-

able, ensuring a rotation of its aromatic ring and thus opening

of the ‘‘lid’’ to allow for full binding of the substrate in a

highly orchestrated mechanism.

FIGURE 4 Water-mediated (A) and

direct (B) interaction in the salt bridge

between Arg-30 and Asp-404 in the

extracellular vestibule. The aromatic lid

on the extracellular side of the binding

site can be either closed (C) or open

(D), depending on the presence/absence

of Leu. The open lid can also be seen

during SMD simulation (E).
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The initial stabilizing interactions between Leu and the

extracellular vestibule are also important in desolvation of the

highly charged substrate and likely in orienting the substrate

for an optimal insertion into the binding pocket. These two

factors may explain the experimentally observed require-

ments for the three charged residues for transport (15,30,31).

The binding of the substrate and the two sodium ions re-

veals a clear role for the unwound helices, that is, to provide

free carbonyl groups for binding of the transported entities.

An additional role can be found for H6. The large loop in the

middle of H6 interacts with the hydrophobic side chain of the

substrate. Furthermore, the interaction between Leu(N) and

Phe-253 is relevant for the opening and closing of the aro-

matic lid.

The proposed pathway for substrate binding is similar to

the recently suggested pathway for dopamine binding in the

dopamine transporter (23). Furthermore, the observation that

no major conformational changes take place during occlusion

is consistent with experimental observations made on the

serotonin transporter (35). Because of the rather scarce in-

formation on LeuT in the literature, it is difficult, at this time,

to provide additional experimental evidence supporting the

binding pathway suggested for Leu. One possible way to

validate our results would be solid-state NMR measurements

with labeled Leu and selectively labeled LeuT, which would

enable one to identify long-lived interaction sites during the

transport. Another possibility is to perform single-point

mutagenesis on LeuT and study binding and transport in the

mutants. Some mutagenesis studies have appeared in the

literature showing that residues corresponding to Arg-30 and

Asp-404 in other NSSs are essential for activity (30,31).

Other interesting residues to study would be the hydro-

phobic residues interacting with the Leu side chain during

the transport process, namely Leu-29, Val-33, Ala-319, and

Phe-320. The first two of these residues are located in the

C-terminal part of H1 and become close to Leu during the

unbinding; they might be the ones holding the side chain

during the rotation of the molecule. The two other residues

are located in the EL4 loop (the position of Phe-320 is de-

picted in Fig. 1 B) and pointing down into the extracellular

vestibule. As observed for the structure of LeuT with bound

TCA (16,17), the EL4 loop is flexible, and Ala-319 and

Phe-320 are in close contact with Leu during the end of the

unbinding pathway.

The next step in the transport mechanism will be to pro-

ceed from the outward-occluded state to an inward-facing

conformation. Based on the present structures of LeuT, this

will require considerable conformational changes of the pro-

tein, which present a much more challenging problem to sim-

ulation methodologies and beyond the scope of this study.

CONCLUSION

Reuptake of neurotransmitters is a physiologically important

process, but, until recently, the lack of structural knowledge

had hampered structural studies including atomic details of

the transport mechanism. In this study, using a structure of a

bacterial homolog, the LeuT, we report extensive simulations

in which several relevant aspects of the transport mechanism

have been investigated. By simulating the process of sub-

strate unbinding toward the extracellular vestibule, we pro-

vide a detailed view of a possible binding pathway along with

the steps involved in the process, thus proposing a mecha-

nism for initial substrate association to LeuT. The binding

process involves a salt bridge in the extracellular lumen of

LeuT (Arg-30 and Asp-404) to which an incoming zwitter-

ionic substrate initially binds. Sliding through the opened

space between these two residues, the substrate establishes

multiple interactions with other residues along the pathway,

thus penetrating deeper into the center of LeuT. Investigation

of the pH dependence of Leu association and the effect of

mutation of either of the salt bridge residues would provide

a strong test for examining the recruiting and/or gating role

of this residue pair. Access of the substrate to the binding

pocket is possible only through an opening of the aromatic

lid on top of the binding site. The substrate then moves into

the binding site and participates in several interactions, pri-

marily to one of the bound sodium ions (Na-1) and to residues

in the unwound parts of H1 and H6. Side-chain conforma-

tional changes, namely the opening and closing of the aro-

matic lid, seem to be one of the main steps involved in the

transition of LeuT between the outward open and occluded

states. This proposal could be tested by site-directed muta-

genesis introducing a tryptophan residue instead of Phe-253

in the aromatic lid. If there is no major functional effect of

LeuT on this mutation, FRET studies aimed at probing

movements in the aromatic lid should be able to provide

information in this regard. One of the structurally bound

sodium ions in the LeuT binding site (Na-1) is found to play a

major role in substrate binding, whereas the other sodium ion

(Na-2) interacts with the substrate in neither the outward

open nor the occluded state. Therefore, we propose that

during the transport cycle, the binding of Na-1 precedes that

of the substrate or accompanies substrate binding. This can

be measured experimentally by studying the association rates

of Leu as a function of Na1 concentration. A strong depen-

dence of the association rate of Leu is expected if binding

requires either initial or simultaneous sodium ion binding.

Experiments along these lines are in progress in our collab-

orators’ laboratory.
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