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In LeuT, a prokaryotic homolog of neurotransmitter trans-
porters, Na* stabilizes outward-open conformational states.
We examined how each of the two LeuT Na™ binding sites con-
tributes to Na*-dependent closure of the cytoplasmic pathway
using biochemical and biophysical assays of conformation.
Mutating either of two residues that contribute to the Na2 site
completely prevented cytoplasmic closure in response to Na™,
suggesting that Na2 is essential for this conformational change,
whereas Nal mutants retained Na* responsiveness. However,
mutation of Nal residues also influenced the Na*-dependent
conformational change in ways that varied depending on the
position mutated. Computational analyses suggest those
mutants influence the ability of Nal binding to hydrate the
substrate pathway and perturb an interaction network lead-
ing to the extracellular gate. Overall, the results demonstrate
that occupation of Na2 stabilizes outward-facing conforma-
tions presumably through a direct interaction between Na*
and transmembrane helices 1 and 8, whereas Na* binding at
Nal influences conformational change through a network of
intermediary interactions. The results also provide evidence
that N-terminal release and helix motions represent distinct
steps in cytoplasmic pathway opening.

Ion-coupled transporters utilize the energy stored in trans-
membrane ion gradients for the energetically uphill transport
of solutes. The transporters appear to obey rules that govern
when conformational changes are permitted to occur. Cou-
pling between ion and substrate flux depends on the intercon-
version of inward- and outward-open transporter conforma-
tions preferentially when particular binding sites are occupied.
For example, when ions and substrate are transported in the
same direction (symport), coupling is maximized by only allow-
ing these conformational changes to occur either when the
transporter is empty or when it is loaded with both ions and
substrate. If partially loaded transporter complexes were to
undergo this conformational change, the resulting independent
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movement of ions or substrate would lead to a loss of coupling.
Thus, occupation of ion and substrate sites is expected to influ-
ence the dynamics of conformational change in coupled
transporters.

Experimental evidence for the influence of binding events on
transporter conformational change is sparse. However, in the
neurotransmitter:sodium symporter (NSS)* family, several
studies have shown that the Na*-coupled amino acid trans-
porters Tytl and LeuT respond conformationally to the bind-
ing of Na™ and amino acids (1-5). LeuT and Tyt are prokary-
otic homologs of metazoan neurotransmitter transporters in
the NSS family. LeuT has proven to be a valuable structural
model for understanding structure and function of NSS trans-
porters for neurotransmitters such as glycine, y-aminobutyric
acid (GABA), serotonin, norepinephrine, and dopamine. Crys-
tal structures of LeuT show substrate and two Na™ ions bound
at sites near the center of the protein (6, 7), with aqueous path-
ways connecting these sites to the extracellular medium and the
cytoplasm in outward- and inward-open conformations,
respectively (8). X-ray structures of LeuT have been obtained in
outward-open, outward-occluded, and inward-open confor-
mations (6, 7, 9).

Several studies suggest that the openings of extracellular and
cytoplasmic permeation pathways are coupled. First, addition
of Na™ to LeuT closed the cytoplasmic pathway as measured
using FRET (2) and EPR (5); EPR data also indicate that Na™
opened the extracellular pathway (3, 5). Second, an inward-
open x-ray structure of LeuT was obtained by mutating the Na™
binding sites and a cytoplasmic gate residue and by binding a
Fab fragment to the cytoplasmic surface (9). These changes to
the cytoplasmic side of the protein led to closure of the extra-
cellular pathway even though neither the mutations nor the Fab
fragment directly affected that pathway. Third, in the human
serotonin transporter (SERT), the noncompetitive inhibitor
ibogaine increased the accessibility of the cytoplasmic pathway
and decreased it in the extracellular pathway (10). Indeed, the
expectation is that simultaneous opening of both pathways
would lead to a transmembrane leak pathway that would be
counter-productive for coupled transport; nevertheless, inter-

2The abbreviations used are: NSS, neurotransmitter:sodium symporter;
smFRET, single molecule FRET; SERT, serotonin transporter; MD, molecular
dynamics; DDM, dodecyl maltoside; MTSEA, 2-aminoethyl methanethio-
sulfonate hydrobromide; SPA, scintillation proximity assay; TM, transmem-
brane helix; r.m.s.d., root-mean squared deviation; PDB, Protein Data Bank;
Ni-NTA, nickel-nitrilotriacetic acid; BisTris, 2-[bis(2-hydroxyethyl)amino]-
2-(hydroxymethyl)propane-1,3-diol.
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mediates in which both pathways are at least partially closed, as in
the occluded structures of LeuT (6) and MhsT (11), may facilitate
coupling. In other words, although closure of one pathway does
not necessarily result in opening of the other pathway, the
reverse appears to be true, i.e. the opening of one pathway cor-
relates with closure of the other pathway.

In the absence of Na™ and amino acid substrate, NSS trans-
porters equilibrate between inward- and outward-open confor-
mations (2, 5). Na™, in the absence of substrate amino acids,
shifts the distribution between these states in favor of outward-
facing (inward-closed) forms, an effect first observed with Tyt1
(1) and subsequently with LeuT (2, 3), GABA transporter (12),
and SERT (13). Addition of leucine, a poor substrate for LeuT,
stabilizes an intermediate conformation likely resembling crys-
tal structures with substrate bound in an outward-occluded
conformation (3, 5), whereas a good substrate, such as alanine
in LeuT or tyrosine in Tytl, overcomes the conformational re-
striction imposed by Na™, dramatically increasing the preva-
lence of inward-open conformations (1, 4). Evidence suggests
that in Tytl, the transitions that occur in the apo-state require
protonation of an acidic residue that functionally corresponds
to Glu-290 in LeuT (14).

The Na'-substrate stoichiometry for LeuT is presently
unknown, although there is strong evidence for electrogenic
substrate-Na* symport (6, 15). The Na™ ions found occupying
two sites, Nal and Na2, in outward-open and outward-oc-
cluded structures of LeuT (6, 7, 9) may play different functional
roles (16), for example in cation selectivity (17-19) and perme-
ability (20). However, it has not been experimentally estab-
lished whether the roles of the two sites in LeuT in conforma-
tional change differ. Na™ is coordinated by the substrate
carboxyl group in Nal (Fig. 1A4), and this interaction likely con-
tributes to the strong Na* dependence of substrate binding in
LeuT (6). Na2 is formed by transmembrane helices 1 and 8
(TM1 and TMS8), which are close enough to form a coordina-
tion shell for Na™ in outward-facing (occluded and open) LeuT
structures (6, 7, 9) but not in the inward-open structure where
the two helices have separated to open the cytoplasmic perme-
ation pathway (Fig. 1B) (9, 21, 22). This observation suggests
that Na™ binding to Na2 may foster interaction between TMs 1
and 8 that stabilizes LeuT in outward-open conformations (9,
16). In contrast, Na™ binding to the Nal site has been proposed,
based on molecular dynamics (MD) simulations, to modulate
the transition between occluded and outward-open states
(23-25).

Recent EPR studies with the structurally homologous Mhp1,
however, were taken as evidence against the role of Na2 in con-
formational change (26). Although a Na™ site corresponding to
the Na2 site of LeuT was found in Mhp1, Na™ had little effect on
the conformational equilibrium of this transporter, suggesting
that Na2 in Mhpl, and by extension in LeuT, was not respon-
sible for Na*-dependent conformational change. In neither
transporter have the individual Na™ sites been directly tested
for their involvement in conformational changes.

To explore the roles of the two Na™ binding sites in the con-
formational dynamics of LeuT, we have monitored the confor-
mation of LeuT Nal and Na2 mutants in the absence of amino
acid substrate. We measured accessibility of a cysteine inserted
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in the cytoplasmic pathway at the position corresponding to
one of the endogenous cysteines of Tytl (1) and used single
molecule FRET (smFRET) to measure the position of the N
terminus. In addition, we carried out MD simulations of wild
type and mutant LeuT in outward-open conformations, also in
the absence of substrate. Our results show that both the Na™
sites identified in LeuT crystal structures mediate the effect of
Na™ on conformation, although the two sites have different
modes of action.

Experimental Procedures
Mutagenesis

Site-directed mutagenesis of LeuT was performed using the
Stratagene QuikChange protocol. LeuT Na™* site mutants were
constructed in the background of the native LeuT, Y265C, and
H7C-R86C sequences carrying an Hisg tag at the C terminus
(6). All mutations were confirmed by DNA sequencing.

Expression of LeuT Mutants in Escherichia coli and Membrane
Preparation

LeuT WT and mutants were expressed in C41 (DE3) E. coli
cells as described previously (6, 7). Induction of protein expres-
sion was initiated at A4y, = 0.4 with 0.1 mM isopropyl 1-thio-
B-p-galactopyranoside and continued overnight at 18°C.
Membranes were prepared as described using an Emulsiflex
C-3 homogenizer (Avestin, Ottawa, Ontario, Canada) (6, 7) and
stored at —80 °C until further use.

Binding Assays

All binding experiments involving LeuT mutants were per-
formed using the scintillation proximity assay described by
Quick et al. (27). Membranes prepared from cells expressing
LeuT mutants were thawed on ice, resuspended in solubiliza-
tion buffer (200 mm NaCl containing 20 mm Tris, pH 7.4, and
20% glycerol, with 3 mg of #n-dodecyl B-p-maltoside (DDM) per
mg of membrane pellet, wet weight), and incubated for 1 h at
4 °C with rotation. The solubilized membranes were bound to
Cu?* His tag YSi SPA beads (PerkinElmer Life Sciences) via the
C-terminal Hisg tag of the protein for 3 h at 4 °C. For each
reaction, 400 ug of SPA beads were used per 40 ug of E. coli
membrane protein.

For leucine affinity measurements, the SPA beads were
washed three times with 5 volumes of assay buffer (200 mm
NaCl containing 20 mm Tris, pH 7.4, 20% glycerol, and 1 mm
DDM) to remove non-specifically bound proteins. Aliquots of
the bead suspension were transferred to the wells of an Isoplate-
96TC (PerkinElmer Life Sciences 6005078), and a range of cold
leucine concentrations was added. The reactions were initiated
byadding ~1 uCi of [*H]leucine to a final concentration of 1 nm
to 12 um. For measuring the Na™ dependence of leucine bind-
ing, the Cu®" YSi beads with bound protein were washed three
times with 5 volumes of assay buffer free of Na™ (200 mm KCl
containing 20 mm Tris, pH 7.4, 20% glycerol, and 1 mm DDM),
and the beads were resuspended in the same buffer. Binding of
leucine was assayed over a range of Na™ concentrations (0—400
mm), and the concentration of [*H]leucine used to initiate the
reactions was, for each mutant being studied, 1/10th the mea-
sured K, value for leucine (at 200 mm Na™).
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Prior to counting, each plate was incubated for 30 min to
allow the beads to settle. Radioactivity from each well was
counted using a Wallac Microbeta plate reader using the SPA
protocol. Nonspecific radioligand binding was assessed by par-
allel binding measurements in the presence of 400 mm
imidazole.

Cysteine Accessibility Measurements

Membranes from C41 (DE3) E. coli cells expressing LeuT
mutants (with Y265C) were suspended in Na* or K™ buffer
(200 mm NaCl or 200 mm KClI, respectively, containing 20 mm
Tris, pH 7.4) to a final concentration of 0.2 mg/ml. 40 ug of
membranes were loaded per well of a 96-well EMD Millipore
MultiScreen-HTS FB filter plate (MSFBN6B10) and washed 10
times with either Na™ or K* buffer. Membranes were incu-
bated with 0-1 mm 2-aminoethyl methanethiosulfonate
hydrobromide (MTSEA) on the filter in either Na™ or K"
buffer for 15 min at room temperature. The reaction was ter-
minated by washing the membranes with ice-cold buffer. These
membranes are functionally unsealed toward MTSEA, which is
permeant, and Na™. Rates of MTSEA reaction with Y265C in
membranes prepared in KCl and assayed in NaCl were
unchanged in the presence of 1 uM nigericin (data not shown).

After washing, each filter was transferred to 600 wl of 200 mm
NaCl containing 20 mm Tris-Cl, pH 7.0, 3 mm DDM, and 8 M
urea and shaken for 30 min at 20 °C to solubilize the mem-
branes and denature the proteins. The extract was added to
nickel affinity resin (Ni-NTA-agarose, Qiagen) and labeled for
3 h at 20 °C with Alexa Fluor 750 C5 maleimide (Molecular
probes, A30459) using a dye/protein molar ratio of about 20:1.
Labeled LeuT was purified batchwise by washing with 40 mm
imidazole and elution with 300 mm imidazole in the same
buffer. The proteins were separated by SDS-PAGE using a Bis-
Tris 4—12% gradient gel, and fluorescence was quantified using
an Odyssey CLx Fluorescence Reader (Li-Cor Biosciences, Lin-
coln, NE).

Preparation of LeuT Proteoliposomes

LeuT from 3 liters of culture was purified by solubilizing with
0.2 g of DDM per g (wet weight) of membrane pellet in 200 mm
NaCl containing 20 mm Tris-Cl, pH 8, and 1 mm DDM, to a final
DDM concentration of 40 mm. The supernatant fraction after
centrifugation at 140,000 X g for 40 min was incubated with 2
ml (settled volume) of nickel affinity resin, Ni-NTA-agarose
(Qiagen), in solubilization buffer overnight at 4 °C with gentle
agitation. The resin was washed in a column with solubilization
buffer containing 40 mm imidazole; LeuT was eluted with the
same buffer containing 300 mm imidazole, and imidazole was
removed by gel filtration.

Purified LeuT was reconstituted into proteoliposomes at a
protein/lipid ratio of 1:100 (w/w) as described previously (6, 15,
28). Reconstitution was carried out in the presence of 20 mm
HEPES/Tris, pH 7, 100 mMm KCI using Triton X-100-destabi-
lized liposomes that were prepared using E. coli polar lipid
extract and phosphatidylcholine (Avanti) at a 3:1 (w/w) ratio.
The concentration of protein incorporated in the liposomes
was determined by the Amido Black assay method (29). Proteo-
liposomes were flash-frozen in liquid N, and stored at —80 °C.
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Prior to assaying transport, the proteoliposome suspension was
thawed, diluted 25-fold into 200 mm KCl containing 20 mMm
HEPES/Tris, pH 7, frozen, and thawed twice and extruded 21
times using a Mini-Extruder (Avanti Polar Lipids) with a
400-nm polycarbonate filter.

Alanine Transport in Proteoliposomes

The time course of [*H]Ala accumulation was measured at
room temperature with proteoliposomes diluted into 200 mm
NaCl containing 20 mm HEPES/Tris, pH 7, and as a control,
Na™-free KCI buffer. Proteoliposomes were diluted in 66 vol-
umes of assay buffer containing 400 nm [®*H]alanine and incu-
bated at 20 °C for intervals of 0—25 min, and the reaction was
terminated by rapid dilution into 8 volumes of ice-cold 200 mm
KCl containing 20 mm HEPES/Tris, pH 7, followed by rapid
filtration through GSWP02500 0.22-um filters (Millipore) and
washing with an additional 8 volumes of buffer. Filters were
counted in 4 ml of Optifluor (PerkinElmer Life Sciences).

Single Molecule FRET Measurements

Membranes from cells expressing LeuT mutants (with H7C
and R86C) were solubilized with 40 mm DDM, and the protein
was incubated overnight at 4 °C in 200 mm NacCl containing 20
mM Tris, pH 7.4, 20% glycerol, 1 mm DDM, and 1 mw tris(2-
carboxyethyl)phosphine with Ni-NTA-agarose (Qiagen). The
resin was washed with the same buffer containing 40 mm imid-
azole and then with buffer without imidazole. LeuT was labeled
while bound to the resin using 4 um Alexa Fluor 594 C5-ma-
leimide and 1 um Alexa Fluor 488 C5-maleimide (acceptor/
donor molar ratio = 4:1). After incubation for 3 h at 4 °C with
rotation in the same buffer with 100 um tris(2-carboxyethyl)
phosphine, the resin was divided in two parts and loaded in two
separate columns. One column was washed with the same Na™-
containing buffer and the other with Na™-free buffer (NaCl
replaced by KCI). LeuT was eluted with Na™ or K™ buffer con-
taining 300 mMm imidazole. The elution fraction with the highest
protein concentration was selected for desalting by gel filtration
to remove imidazole, eluting with buffer containing either Na™
or K™

FRET measurements were made on a homebuilt system cen-
tered on an inverted IX-71 microscope (Olympus) as described
previously (30). A continuous emission 488-nm DPSS 50-mil-
liwatt laser (Spectra-Physics, Santa Clara, CA) was adjusted
with neutral density filters to 30 microwatts of power just prior
to entering the microscope. Fluorescence was collected
through the objective, and donor and acceptor photons were
separated using a HQ585LP dichroic mirror. Further selection
occurred using an ET525/50M filter on the donor channel and
an HQ60OLP filter on the acceptor channel (Chroma, Bellows
Falls, VT). For each channel, fluorescence was focused onto the
aperture of a 100-um optical fiber (OzOptics, Ottawa, Canada)
coupled to an avalanche photodiode (PerkinElmer Life Sci-
ences). Photon traces for the acceptor and donor channels were
collected in 1-ms time bins using a digital correlator
(Flex03LQ-12, correlator.com, Bridgewater, NJ). Measure-
ments were made in chambered cover glasses (Nunc, Roches-
ter, NY) that were passivated by polylysine-conjugated polyeth-
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ylene glycol treatment to minimize protein adsorption to the
chamber surface. All measurements were at 20.0 = 1.0 °C.

Protein events were selected from background noise using a
threshold determined by comparing photon traces of buffer in
the absence and presence of protein. The threshold was for a
sum of photons in the donor and acceptor channels and was
typically around 30 photons per time bin. Adjacent time bins
above the threshold were combined into a single event.

Energy transfer efficiency (ET,) values were calculated for
each event by Equation 1,

(la - B.Id)

Elet = U+ -1,

(Eq. 1)

where I, and I, indicate the fluorescence intensity of the accep-
tor and donor, respectively, 8 accounts for donor fluorescence
bleed through to the acceptor channel (0.06 for Alexa Fluor 488
on our instrument) and vy accounts for differences in the detec-
tion efficiency and quantum yield of the fluorophores (1.3 for
our system). For each mutant at least three independent photon
traces containing several thousand events each were measured.

For each measurement, the ET ., values were compiled into a
histogram. The histogram was fit to a sum of three Gaussian
peaks, representing the zero peak (resulting from imperfectly
labeled protein) and the high and low FRET state of the protein.
The positions and widths of the peaks were determined using a
global fit to multiple data sets. Areas for each peak were then
extracted to determine the population of protein in each
conformation.

Data Analysis

Datafrombinding, transport, accessibility,and smFRET mea-
surements were fit and plotted using Origin (OriginLab, North-
ampton, MA).

Computational Methods

Continuum Electrostatics Calculations—Electrostatics cal-
culations were carried out using MCCE version 2.9 (31) on crys-
tal structures of the open (9) (PDB entry 3TT1) and occluded
states (6) (PDB entry 2A65) in a membrane slab, which was
constructed by placing pseudo-atoms uniformly around the
protein using an in-house script. The protein and membrane
dielectric constant was set to 8.0 or 4.0 for the MCCE calcula-
tions, and the dielectric of the water region was set to 80. The
Dowser program (79) was used to place additional water mole-
cules in any hydrophilic voids within the protein structure, and
these were assigned the same dielectric value as the protein.

Simulation Systems—Molecular dynamics simulations of
LeuT were carried out starting with outward open (PDB codes
3TT1) and outward occluded (PDB codes 2A65) conforma-
tions. In silico mutations, namely T254A, N286S, and N27S,
were made to the outward-open conformation. The WT and
the mutant LeuT structures were simulated in the presence of
both sodium ions (at Nal and Na2) or of one ion at Na2. Pro-
tonation states were assigned according to calculations per-
formed on the x-ray structures using MCCE as above and in
agreement with previous assignments (32). Specifically, Glu-
112, Glu-287, and Glu-419 were protonated in all the systems,
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whereas Glu-290 was deprotonated, except in the outward-
open structures in the absence of Na™ at Nal, according to the
pK,, calculations. Control simulations of the outward-occluded
conformation were carried out with both Na™ ions bound, in
the presence or absence of substrate.

Simulations were carried out using NAMD (33) with
Charmm36 parameters (34-36) using the CMAP correction
(37) and TIP3P for waters (38). The dimyristoylphosphocholine
bilayer, water, and ions were represented explicitly, with 233 or
234 lipid molecules for the outward-open or occluded proteins,
respectively. Dimyristoylphosphocholine was chosen because
the hydrophobic matching to LeuT monomers is more optimal
than for other pure lipid bilayers (39). The hydrated lipid sys-
tem was optimized for the LeuT structures using GRIFFIN, as
described (40). The system was solvated with around 18,120
water molecules with Na* and Cl~ ions to maintain the system
at 100 mM salt concentration (the number of counter ions var-
ied with each system), which resulted in a box size of 94 X 94 X
100 A.

Simulation Setup—The simulations were performed with
constant area in the xy plane for the lipid bilayer. A constant
temperature of 310 K was maintained through Langevin
dynamics, and a constant pressure of 1 atm was achieved with
the Nosé-Hoover Langevin piston algorithm implemented in
NAMD (33). The non-bonded interactions were smoothly
switched off from 10 to 12 A, and particle mesh Ewald (PME)
summation was used to compute long range electrostatic inter-
actions (41, 42).

The hydrated protein-lipid system was energy-minimized
for 100 steps using the steepest descent algorithm (43), followed
by 200 steps using the Powell conjugate gradient minimization
protocol implemented in CHARMM version 36 (44). Minimi-
zation was performed in four stages where initial restraints on
all protein atoms were progressively removed from hydrogen
atoms, side-chain atoms, and finally all atoms. Initial molec-
ular dynamics equilibration of 8 ns was carried out with har-
monic position restraints on the protein atoms, excluding
hydrogen atoms; these constraints were gradually released dur-
ing the equilibration, as follows. For the first 4 ns, the backbone
and side-chain atoms were constrained with force constants of
6.58 and 1.64 kcal/mol-A, respectively. For the subsequent 2 ns,
the force constants were reduced to 1.64 and 0.41 kcal/mol-A,
respectively, and in the last 2 ns, they were reduced further to
0.41 and 0.10 kcal/mol-A, respectively. In the case of N286S,
the equilibration included a distance restraint of 50.0 kcal/
mol-A between the ion in Nal and the binding site oxygen
atoms, which increased the subsequent sampling of the Na™-
bound state for this mutant. Water, ions, and lipid molecules
were thereby allowed to relax around the protein during the
equilibration phase; subsequent sampling was considered
production.

Simulation Analysis—MD trajectories (n = 3, time scale
~350 ns per trajectory, or until sodium left the Nal site, total
simulation time ~1 us per system) were analyzed every 100 ps
with CHARMM c36b2, VMD (45), MDAnalysis (46), and in-
house tcl scripts. The extracellular vestibule was defined as con-
servatively as possible, within a 20 X 15 X 16 A box centered at
(0, —2.5, +2), where the origin of the simulation system was
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occluded)

FIGURE 1. Side chains contributing to Na™ sites in LeuT. A, Na1 site, viewed
from the extracellular surface of LeuT, is formed by side chains from Asn-27 in
TM1, Thr-254 in TM6, and Asn-286 in TM7. In addition, Na1 includes the sub-
strate carboxyl group and main chain carbonyls from Ala-22 and Thr-254 (6).
Proximal residues Glu-290 from TM7, GIn-250 from TM6, and Arg-30 from TM1
are also shown. B, Na2 site, viewed from within the membrane plane, is
formed by side chains from Thr-354 and Ser-355 in TM8. In addition, Na2
includes the main chain carbonyls of Gly-20 and Val-23 in TM1 and Ala-351 in
TM8 (6). TM1 is shown in two positions, the occluded state in red (6) and in an
inward-open conformation in transparent salmon (47). The separation
between TMs 1 and 8 found in the inward-open LeuT structure (PDB code
3TT3) (9) is even larger than shown here for an inward-open model, possibly
reflecting the detergent/lipid environment in the crystal (21).

positioned at the center of mass of the membrane phosphate
atoms (in the z direction) and the protein (in x and y). This box
contains helices TM1b, TM3, TM6a, TM8, and TM10 and was
bounded approximately by residues Pro-32, Trp-114, Ala-246,
Trp-344, and Ser-399 on the extracellular side, and by Na2 at
the bottom of the pathway. The number of waters was averaged
over the last 100 ns of all three simulations of each system.
Statistical significance was assessed with the unpaired Student’s
t test. Hydrogen bonds were computed using VMD and were
assumed to be formed between two atoms when the donor-
acceptor distance was <3.5 A, and the donor-hydrogen-accep-
tor angle was 180 * 30°.

Results

Functional Characterization of Na* Site Mutants—Nal is
formed by Asn-27, Thr-254, and Asn-286 side chains, main
chain carbonyls from Ala-22 and Thr-254, and by the substrate
carboxyl when present (Fig. 14) (6). Na2 is formed by Thr-354
and Ser-355 side chains and main chain carbonyls from Gly-20,
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TABLE 1

Transport and binding activity of backgrounds and mutants
[*H]Leucine binding and [*H]alanine transport by His-tagged LeuT WT and
sodium site mutants (single mutants in WT background) measured by SPA.
[PH]Leucine affinity was measured at 200 mm NaCl to determine the K, values. The
Na™ dependence of binding was then measured at [*H]leucine concentrations 10%
of the measured K, for each mutant. Influx was measured in proteoliposomes con-
taining purified LeuT mutants as described (6, 15).

Mutant Kp-Leu K, 5-Na 7N Influx
nm mm pmol/min
WT 11.8 1.0 59 =13 1.3*+0.1 530 = 160
Y265C 235+ 25 98+9 1.3*+0.1 70 = 25
T354A 974 + 18 >1300 1.7+ 0.1 50+ 5
S355A 982 *+ 382 >1800 1.3+0.1 6=+ 16
N27s 1600 *+ 280 31+3 0.7 0.1 5+4
T254A 1440 = 96 >1700 12*0.1 4=*6
N286S 462 * 23 2.6 £0.2 0.7 £0.3 -2+*8

Val-23, and Ala-351 (6). We generated LeuT mutants with Thr-
254, Thr-354, or Ser-355 replaced with alanine and with Asn-27
or Asn-286 replaced with serine in the background of WT
LeuT. The substitutions were intended to diminish the ability
of the binding site residues to coordinate Na* while retaining
their chemical characteristics, where possible. In the case of
Thr-254, Thr-354, and Ser-355, our only choice was mutation
to alanine, but with Asn-27 and Asn-286, we used serine as a
replacement to preserve the polar nature of these residues. Each
of these single mutants was solubilized, purified, and reconsti-
tuted into proteoliposomes and then tested for its ability to
transport [*H]alanine in response to an inwardly directed Na™
concentration gradient. All of the mutants were severely com-
promised in their ability to transport alanine compared with
WT LeuT, as shown in Table 1. None of the Na™ site mutants
transported alanine at a rate greater than ~8% of WT LeuT,
consistent with the central role of the Na™ sites in LeuT func-
tion. We also tested the Y265C mutation used for accessibility
measurements, which transported at a rate ~13% that of WT
LeuT. We have noticed that LeuT mutants with unpaired cys-
teine residues in transmembrane helices are often unstable in
detergent, and we suspect that the low activity of this mutant
was due to denaturation during the solubilization and recon-
stitution procedure. Thus, accessibility measurements with
mutants containing Y265C were made with protein expressed
in native membranes in the absence of detergent.

Despite the defect in transport activity, all of the mutants
retained some affinity for leucine, a poor LeuT substrate that
binds tightly to the WT transporter. [*H]Leucine binding was
measured by SPA using Cu®" -derivatized beads and His-tagged
LeuT WT and mutants solubilized in DDM (27). The K, value
for [*H]leucine binding was measured for each mutant in 200
mM NaCl. The Na* dependence of binding was then measured
at [®*H]leucine concentrations 10% of the K, value determined
for each mutant. All of the mutations altered both leucine affin-
ity and the Na™* dependence of leucine binding (Table 1). Least
disruptive was mutation of Asn-286 in Nal to serine, which
increased the leucine K, about 40-fold and decreased EC,, for
Na™* (~20-fold). Mutation of the Nal residue Asn-27 to serine
increased the K, for leucine over 100-fold and decreased the
EC,, for Na* (~2-fold). The other three mutations, T254A,
T354A, and S355A, all increased leucine K, at least 80-fold and
increased the EC,, for Na™ to above 1 M. The decrease in leu-
cine binding affinity following mutation of either Na™ site sug-
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SN
Outward-open (3TT1)

ST -
Inward-open (3TT3)

FIGURE 2. Location of key residues. A, view of the LeuT cytoplasmic surface
in the outward-open conformation (PDB code 3TT1) (top) (9) and in an
inward-open conformation (PDB code 3TT3) (bottom) (9). The sulfhydryl of
Cys-265 is labeled yellow and is accessible to the cytoplasm in the inward-
open but not in the occluded structure. TM1 is shown in salmon. B, structure
of occluded LeuT (PDB code 2A65) (6), viewed from within the plane of the
membrane. The position of Cys-265 in the cytoplasmic pathway is indicated
as spheres, below the bound substrate (yellow sticks) and Na™ (blue spheres)
and above the cytoplasmic face of LeuT. The position of His-7 and Arg-86 on
the N terminus and intracellular loop 1, respectively, are also shown as
spheres. The side chains of the intracellular network composed of Ser-267,
Tyr-268, Arg-5, and Asp-369 are shown as sticks and in detail in the inset. The
color code for transmembrane helices is as follows: TM1, red; TM2, firebrick;
TM3, orange; TM4, yellow; TM5, lime; TM6, green; TM7, turquoise; TM8, cyan;
TMO9, light blue; TM10, deep blue; TM11, purple; TM 12, violet.

gests that both Na™ ions are required for optimal binding. In
agreement with this finding, the Na™ dependence of leucine
binding to WT and several other mutants was noticeably sig-
moidal, and the Hill coefficients for fits to those plots were
significantly greater than 1 (Table 1). Notable exceptions were
the two mutants, N27S and N286S, with K, s for Na™ lower
than WT, which had Hill coefficients well below 1. These
results suggest negative cooperativity between the two Na™
sites in N27S and N286S, in contrast with the positive cooper-
ativity observed with WT and the other mutants.
Measurements of Na™ -dependent Conformational Change—
To measure the effect of Na* on LeuT conformation, and how
that effect is influenced by Na™ site mutation, we used a bio-
chemical assay based on conformation-dependent accessibility
of a cytoplasmic pathway residue (47). In parallel, we examined
most of the mutants using smFRET to determine the distribu-
tion between outward- and inward-open conformations (2).
The accessibility assay relies on modification of a cysteine
residue in the cytoplasmic permeation pathway that becomes
more or less accessible when LeuT is in an inward- or outward-
open conformation, respectively (Fig. 24) (47). WT LeuT con-
tains no cysteines. We inserted a single cysteine in TM6, replac-
ing the tyrosine at position 265. This position corresponds to
one of the two endogenous cysteines in the cytoplasmic path-
way of Tytl (Cys-238), which was shown to become less acces-
sible in the presence of Na™ (1). Reactivity toward MTSEA was
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FIGURE 3. Accessibility assay. A, accessibility assay, raw data. Pretreatment
of membranes from E. coli expressing LeuT Y265C with the indicated concen-
trations of MTSEA for 15 min decreased the extent of subsequent labeling
with Alexa Fluor 750 C5 maleimide as described under “Experimental Proce-
dures.” Inset, fluorescence results from gel scan on Li-Cor Odyssey imager.
Green circles, line, quantification of band intensities. B, decrease in Alexa Fluor
750 labeling of LeuT Y265C resulting from incubation with 25 um MTSEA for
the indicated times. This MTSEA concentration leads to inactivation of most
of the labeling capacity within 15 min. The data were fit as an exponential

decay plus a constant for background fluorescence.

measured using E. coli membranes from cells expressing each
mutant. This preparation of membranes retained binding activ-
ity for leucine, which could be measured in a filtration assay.
The Y265C mutant retained robust leucine binding activity
(Table 1) but, unlike WT LeuT, was sensitive to inactivation
upon modification of the inserted cysteine by methane thiosul-
fonate reagents (data not shown). We followed cysteine modi-
fication by fluorescent labeling of the remaining free cysteine
after incubating membranes with MTSEA as described under
“Experimental Procedures.” Unreacted cysteine was found to
decrease with increasing MTSEA concentrations (Fig. 34). In
separate experiments, we verified that the extent of modifica-
tion was time-dependent at the IC,, value for MTSEA (Fig. 3B)
and that the concentration of free MTSEA decreased less than
10% during the incubation as measured using 5-thio-2-nitro-
benzoate (48).
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FIGURE 4. Effect of Na* on conformation of LeuT WT and Na™ site mutants as measured by cytoplasmic pathway accessibility. Membranes from E. coli
cells expressing LeuT Na™ mutants were treated with a range of MTSEA concentrations in the presence (open circles) or absence (filled circles) of Na™. The
membranes were then solubilized, and denatured and unreacted cysteine residues were labeled with Alexa Fluor 750 C5 maleimide as described in detail
under “Experimental Procedures.” The cysteine accessibility results are expressed as percentage of maximal labeling with Alexa Fluor 750 C5 maleimide
(without MTSEA) for the Y265C background construct (A); Na2 mutant T354A (B); NaTl mutant T254A (C); and Na1 mutant N286S (D). These are representative

experiments that were repeated 5- 8 times with similar results.

smFRET has been used to demonstrate LeuT conformational
changes in response to Na™ and substrate (2, 4). Cysteine resi-
dues had been introduced at position 7 in the N terminus and
residue 86 at the cytoplasmic end of TM3 and labeled with
fluorescent dyes (2). Changes in the smFRET signal were ini-
tially interpreted as movement of TM1a (2), which is widely
believed to move away from TMs 3 and 8 in the process that
opens the cytoplasmic permeation pathway (2, 9, 47). However,
recent EPR studies of LeuT conformational dynamics show that
despite the large Na*-dependent movement of a probe
attached to position 7, Na* induced little or no change in posi-
tion for a probe placed at position 12, at the beginning of TM1
(5). Arg-5 in the N terminus forms an ion pair with Asp-369 in
TMB8 that is stabilized by interactions with Ser-267 and Tyr-268
from TM6 (Fig. 2B) (6, 49). Thus, distance changes between
residues 7 and 86 in LeuT may reflect a step in cytoplasmic
pathway opening that disrupts this ion pair, before any move-
ment of TM1 away from TM3.

To measure Na™ -dependent conformational change in LeuT
Nal and Na2 mutants with smFRET, we replaced residues in
the N-terminal region (His-7) and the cytoplasmic end of TM3
(Arg-86) with cysteine, as in the previous studies, and reacted
them with Alexa Fluor 488 (donor) and Alexa Fluor 594 (accep-
tor) maleimides. LeuT molecules labeled with both dyes show
low FRET efficiency between the fluorophores in inward-open
conformations when the N terminus is separated from TM3
and a high FRET efficiency in the outward-open state when the
cytoplasmic pathway is closed.
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Na2 Site Mutation Blocks the Influence of Na* on Con-
formation—Reactivity of Cys-265 in a construct with unaltered
Na™ sites is shown in Fig. 44, which displays results of a typical
experiment with the symbols representing individual measure-
ments (combined results from multiple experiments are shown
in Fig. 6A). The results show that addition of Na™ to apo-LeuT
increased the MTSEA concentration required for half-maximal
cysteine modification, consistent with decreased Cys-265
accessibility in Na™. This result agrees with previous observa-
tions that, in the absence of substrate, Na™ stabilizes the out-
ward-open conformation and closes the cytoplasmic pathway
(1-3).

To investigate whether Na2 was responsible for the ability of
Na™ to stabilize LeuT in an outward-open conformation, we
tested the mutants T354A and S355A in the Y265C back-
ground. Fig. 4B shows that Na™ failed to shift the conforma-
tional equilibrium in the Na2 mutant T354A, and similar
results were found with S355A (see Fig. 6A4). These results rep-
resent the first experimental evidence that Na™ binding in Na2
is responsible for closing the cytoplasmic pathway as required
for stabilizing LeuT in an outward-open conformation.

We also examined Na2 mutants using smFRET. The distri-
bution of energy transfer efficiency values for LeuT with
unmodified Na™ sites is shown in Fig. 54 in the absence (open
bars) and presence (filled bars) of Na*. The effect of Na™* was to
shift the distribution of LeuT (labeled at Cys-7 and Cys-86)
from the low efficiency peak representing an open cytoplasmic
pathway to the high efficiency peak associated with cytoplasmic

SASBMB

VOLUME 291-NUMBER 3-JANUARY 15,2016



Both Na™ Sites Control LeuT Conformational Changes

800-
140041} A i 7001
1000+ (WT)  Jp- \\ 500] 7\ (Na2)
8007 / i 4004/ || I
6001 3001
400+ 2001
2 2004 1004
3 8009.0 02 04 06 08 10 00 1.0
o C 20001}
7007 T254A /7\ 1800
600+ . ! <N 16001
5001 \ mNa1) / 14007
1 4;- 7 _\ -
1200
400} 1000
300 800
200 6001
400
100 200
%o 02 04 06 08 10 00 02 04 06 08 10
FRET efficiency

FIGURE 5. Effect of Na* on conformation of LeuT WT and Na™* site mutants as measured by a shift in distribution between low and high FRET efficiency
populations. Na1l and Na2 mutations were made in a LeuT background construct H7C-R86C and labeled with Alexa Fluor 488 and 594 maleimides. A,
H7C-R86C (WT), a histogram showing the distribution of FRET states in the presence (filled bars) and absence (empty bars) of Na*. The peak centered around 0.8
represents inward-closed conformations in which the fluorophore on Cys-7 is close to the one on Cys-86, and the peak near 0.4 represents inward-open
conformations in which the two fluorophores are separated. B, distribution of the Na2 mutant S355A between conformational states was not shifted by Na™.
Cand D, Na* induced a shift in distribution in the Na1 site mutants T254A and N286S that was smaller than the shift induced in WT LeuT. A larger proportion
of molecules was found in inward-open (low FRET efficiency) conformationsin S355A and T254A (B and C) relative to WT and N286S (A and D). The distributions
were fitted to three peaks at high, low, and zero efficiency (from imperfectly labeled protein) in the presence (dashed line) and absence (solid line) of Na*.

pathway closure. Note that even in the presence of Na™, there
remains a small population in which the cytoplasmic pathway is
open, suggesting transitions between the inward- and outward-
open proton-loaded forms. The Na2 mutant T354A proved
unstable in detergent when labeled with FRET fluorophores.
However, S355A was stable under these conditions and gave
distinct peaks for high and low efficiency populations, suggest-
ing that it could exist in outward- and inward-open conforma-
tions (Fig. 5B). Addition of Na™ had no detectable effect on this
mutant, in agreement with the accessibility results (Fig. 4); and
reaffirming that mutation of Na2 residues abrogated the Na*-
dependent conformational shift.

Nal Mutation Alters, but Does Not Abolish, the Conforma-
tional Response to Na™ —LeuT mutated at Nal retained confor-
mational responsiveness to Na™, as measured by Cys-265
accessibility (Figs. 4 and 6A). However, mutation of Nal altered
the extent of the response in a manner that varied depending on
the specific mutation. Fig. 4C shows that, relative to the Y265C
background mutant, Na™* had a decreased effect on T254A (also
Fig. 6A). Remarkably, when either Asn-27 or Asn-286 was
mutated to serine, LeuT responded to Na™ with an enhanced
conformational shift toward outward-open conformations,
revealed by a greater rightward shift of the Na™* curve (shown in
Fig. 4D for N286S and in Fig. 6A for both mutants). smFRET
measurements also demonstrated Na*-induced shifts in distri-
bution between conformational states for the LeuT Nal
mutants (Figs. 5, C and D, and 6B). However, each of these
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Na™-induced shifts was smaller than that seen in the LeuT con-
struct with intact Na™ sites.

Fig. 6 summarizes the effects of Na* on the conformational
equilibrium in LeuT WT and Nal and Na2 mutants. For Cys-
265 accessibility measurements (Fig. 6A4), we used the IC, val-
ues for MTSEA and the time of incubation to calculate a
pseudo-first order rate constant for the MTSEA reaction (see
Fig. 7A). For smFRET experiments (Fig. 6B), we used the equi-
librium constant (K,) between low and high efficiency FRET
populations (Fig. 7B). In Fig. 6, we express the effect of Na™ as
the ratio of the values in the presence and absence of Na™. We
found that the ratio of rate constants was more reproducible
between experiments than were the absolute values for those
rate constants (Fig. 7A). In LeuT constructs with unmodified
Na™ sites (Y265C and labeled H7C-R86C), Na ™ decreased the
fraction of inward-open conformations to less than half of the
fraction in K™ controls (dotted versus dashed lines in Fig. 6),and
this decrease was eliminated for Na2 mutants T354A and
S355A. For the Nal mutant T254A, Na™ suppressed the frac-
tion significantly, but not as much as in WT, using both Cys-
265 accessibility and smFRET to measure conformation. For
Nal mutants N27S and N286S, however, the two methods
diverged in their assessment of the conformational response to
Na™. Cys-265 accessibility indicated that Na* had a greater
effect on conformation in these mutants relative to the con-
struct with unmodified Na™ sites (Fig. 6A). In contrast,
smFRET measurements indicated that the same Nal mutations
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FIGURE 6. Summarized Na*-dependent conformational changes. A,
accessibility results. Cysteine accessibility measurements were used to calcu-
late pseudo-first order rate constants for the MTSEA reaction from the 1Cs,
values in Na™ and K* and the incubation time. The rate constantin Na* as a
fraction of the rate constant in K* was calculated for each experiment, and
the results presented are the means of 5- 8 experiments, with error bars show-
ing the standard errors. Values significantly different from WT (p < 0.05) are
indicated with asterisks. B, smFRET results. From equilibrium constants for the
distribution between low and high FRET efficiency states (representing open
and closed N-terminal position, respectively) in NaCl versus KCl, the ratio
(KoqNa/K,4K) was calculated for each of 3-5 experiments with each mutant. A
ratlo of 1 |nd|cates thatNa™ did not change the K., and aratio of <1 indicates
that Na* shifted the distribution toward the hlgh efficiency peak represent-
ing the closed N-terminal position. Each bar represents the mean = S.E. of
ratios from 3 to 5 experiments using at least two independent LeuT prepara-
tions, and the asterisks represent values that are significantly different from
WT (p < 0.05). For the difference between WT and N27S, the unpaired two-
sample t test indicated a p value of 0.083.

decreased the influence of Na™ on LeuT conformation, again
relative to the corresponding construct with intact Na™ sites
(Fig. 6B).

We note that, in addition to the Na™-dependent changes in
conformation for WT and the Nal mutants, these data also
show variations between mutants in the absence of Na ™. Using
Cys-265 accessibility, S355A, N27S, and T254A were more
reactive than WT, even in the absence of Na™, suggesting that
inward-open conformations were more prevalent in these
mutants (Fig. 7A). Fig. 5, B and C (and Fig. 7B), shows that the
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FIGURE 7. Rate constants and equilibrium constants (absolute values)
summarized over all experiments. A, rates of cytoplasmic pathway modifi-
cation for LeuT WT and sodium site mutants in Na™ and K*. We used the IC;,
value from cysteine accessibility data (as in Fig. 4) and the time of incubation
to calculate a pseudo-first order rate constant for the MTSEA reaction. For
LeuT mutants in which Na™ decreased accessibility, such as Y265C (WT), the
modificationratein Na™ (light gray bars) was less than the rate inK* (dark gray
bars). The data represent the mean of rate constants determined in 5-8 indi-
vidual experiments, with error bars representing the standard errors. Asterisks
indicate mutants for which the rate with Na™ was significantly lower than that
with K* (p > 0.05). The p value for T254A was 0.06. The variability in the
individual rates was greater than for the Na*/K* ratios (Fig. 6A) because of
variations between experiments that affected both rates. There was a high
degree of correlation between the Na™ and K™ rates in different experi-
ments as evidenced by Pearson product-moment correlation coefficients
of 0.80, 0.76,0.78,0.36,0.81, and 0.57 for WT, T354A, S355A, N27S, T254A,
and N286S, respectively. B, conformational equilibria determined from
smFRET measurements in LeuT WT and sodium site mutants in Na* and
K*. From the areas (A) under the fitted peaks for low and high FRET effi-
ciency as shown in Fig. 5, equilibrium constants were calculated as A,/
Anigh- The ability of Na™ to decrease the K, for LeuT WT (Y265C) was
completely blocked by mutation of the Na2 residue Ser-355 and
decreased by mutation of Na1 residues Asn-27, Thr-254, and Asn-286. The
data presented are means of equilibrium constants determined in 3-5
individual experiments with error bars showing the S.E. Asterisks indicate
mutants for which the K, with Na™ was 5|gn|f|cantly lower than that with
K* (p <0.001).Thep value for N27S was 0.128.Na™ site mutant K., values
in the absence of Na™ all differed significantly from WT (p < 0. 002)

" S355A  N27S

Na2

WT

equilibrium between open and closed conformational states
determined by smFRET contained a higher proportion of
inward-open states in S355A and T254A.
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FIGURE 8. Na™ coordination at WT and mutant Na1 sites in outward-open LeuT. Distances between Na* and coordinating oxygen atoms in Na1 were
computed from MD simulations of WT (A), N27S (B), T254A (C), and N286S (D) LeuT and are plotted as a normalized distribution. Distances were measured to
water oxygen (purple), the backbone oxygen atom of Ala-22 (black), or Thr-254 (green) and the side chain oxygen atom of Asn-27/Ser-27 (red) or Asn-286/Ser-
286 (cyan). For N286S, sections of the trajectories in which the ion was no longer bound (all oxygen-Na™ distances >3.2 A) were excluded from the analysis. The
distance to the Glu-290 side chain was determined using the minimum distance to either carboxyl O atom (orange). Insets show representative snapshots of the
side chains that contribute to Na1 in WT LeuT, as well as the network of interactions connecting Na1 to the Arg-30-Asp-404 salt bridge in the extracellular

pathway.

Effects of Nal Mutation on Ion Coordination and on the
Extracellular Gate—An interesting observation from the above
results is that in the Na2 mutants (when Nal is intact), Na™
binding has no effect on the conformational equilibrium of the
transporter, and yet, when Na2 is intact, mutations in Nal are
able to modulate that equilibrium, both in the presence and
absence of Na™. Previous simulation studies have suggested
that Nal binding to a pre-existing outward-facing conforma-
tion modulates the opening of the extracellular pathway in the
transition between outward-open and outward-occluded states
(23-25). To gain insight into whether the Nal mutations in
LeuT affect this transition, we carried out molecular dynamics
simulations initiated with the substrate-free Na*-bound out-
ward-open structure of LeuT (PDB ID 3TT1 (9)). The Tyr-108
residue that had been replaced by Phe in the crystallographic
construct was restored, and the protein was embedded in a
hydrated lipid bilayer. Multiple simulations were carried out for
WT and for the three Nal mutants, with a total of ~1 us sim-
ulation time for each construct.

As expected, in the simulations of WT LeuT, ion coordina-
tion at Nal maintained the interaction distances present in the
crystal structure of the outward-open state, with the exception
of a water molecule that supplements the coordination (Fig. 84)
in place of the substrate carboxyl group. Comparison of simu-
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lations of the outward-open WT protein in the presence and
absence of an ion at Nal (with Na2 occupied) revealed an
increase (~19%) in the number of water molecules in the path-
way in the presence of Na™ (Table 2), which is comparable with
earlier reports (23-25). This increased hydration occurs with
only small (~0.05 A) differences in conformation, as measured
by the root-mean-squared deviation (r.m.s.d.) of TM1b and
TMé6a relative to the crystal structures (Table 2). These results
are consistent with earlier work indicating that Nal mediates
hydration of the pathway, a process that may reduce the ability
of the pathway to close, and thereby aid in substrate binding to
the Na™-loaded transporter (23—25).

With the WT simulations for reference, we then made in
silico mutations of Nal mimicking the experimental substitu-
tions in the outward-open structure of LeuT. Simulations were
carried out with Na2 occupied and either with or without an ion
at Nal. On the timescale of these simulations (~350-ns-long
trajectories), the Na* ion remained coordinated to the WT and
to the T254A and N27S mutant binding sites (Fig. 8, A-C).
However, the binding site adapted in the two mutants, so that
the ion interacted directly with the carboxyl oxygen atoms of
Glu-290 in addition to the oxygen atoms of the other binding
site residues, apparently to compensate for the interactions lost
upon mutation. In simulations of the N286S mutant, the ion did
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TABLE 2

Properties of the extracellular pathway during MD simulations of outward-open LeuT

Properties were computed for the last 100 ns of simulations in the presence (+Nal) or absence (—Nal) of Na* at Nal. In the latter case, Glu-290 was protonated, and the
ion had been replaced by a water molecule by Dowser. The number of waters was counted in the extracellular vestibule, as defined under “Experimental Procedures.” The
r.m.s.d. (A) of the Ca atoms of helices TM1a (residues 24—39) and TM6Db (residues 241-256), after superposing the backbone atoms of helices TM3, -4, -8, and -10 from
the scaffold, with respect to those of the outward-open (“open”, PDB code 3TT1) or occluded (“occ,” PDB code 2A65) energy-minimized structures, was averaged over the
last 150 ns of three >300-ns-long trajectories. = indicates the standard deviation over the three trajectories. The occluded state with substrate and without aNa™ ion at Nal
was not simulated (NS).

Water count r.m.s.d. from occ r.m.s.d. from outward-open

—Nal +Nal —Nal +Nal —Nal +Nal
A A
WT occ NS 11.2 £ 0.02 NS 0.72 = 0.01 NS 2.80 = 0.01
WT open 22.2 = 0.1 27.4 = 0.02 2.60 = 0.01 2.79 £0.01 1.37 £ 0.01 1.32 £ 0.01
N27S 22.6 = 0.1 21.0 = 0.14 2.25 *+0.03 2.60 = 0.02 1.70 £ 0.02 1.53 £ 0.01
T254A 23.0 £ 0.1 25.7 = 0.02 2.69 = 0.02 2.79 = 0.01 1.43 £ 0.02 1.26 £ 0.01
N286S 23.8 £0.1 25.4 = 0.02 2.40 = 0.02 2.75 = 0.01 1.43 £ 0.02 1.35 £ 0.01

not interact significantly with Glu-290, despite the fact that the
ion lost coordination from the side chain at position 286 (Fig.
8D). Presumably because of this reduced number of interac-
tions in the N286S mutant, the Na™ ion escaped from the Nal
binding pocket within the first 60 ns in 6 out of 10 simulation
trajectories computed for this mutant, suggesting a signifi-
cantly weaker affinity than in the WT and the other Nal
mutants, at least for the outward-open state. Note that the
experimental K, .-Na values in Table 1 cannot be directly com-
pared with these simulation results because the binding exper-
iments were carried out in the presence of amino acid substrate.

Interestingly, in the simulations of LeuT Nal site mutants,
even with Na™ bound at Nal, there were fewer waters in the
extracellular pathway than in WT LeuT (Table 2; p < 10°). In
particular, the pathway in N27S contained a similar number of
waters to the WT protein in the absence of Na™ at Nal, reflect-
ing the fact that N27S tended to adopt a conformation that was
more occluded than WT under equivalent conditions; in the
presence of Na™, the r.m.s.d. of N278 to the occluded state was
similar to that of the WT protein without Na™ (2.6 A; Table 2),
whereas in the absence of Na™ N27S is even more similar to the
occluded state structure than the WT under the same condi-
tions (r.m.s.d. 2.3 A; Table 2). This tendency of the N27S
mutant to become more closed on the extracellular side might
be related to the high accessibility of its cytoplasmic pathway in
the absence of Na™ (Fig. 7A).

To understand in molecular detail how N27S and T254A
affect the extracellular pathway closure even though Na™
remains bound to Nal during the simulations (Fig. 8, Band C),
we analyzed a network of polar interactions that connects the
residues comprising Nal with a salt bridge between Arg-30 in
TM1b and Asp-404 in TM10 spanning the extracellular path-
way (Figs. 14, 2B, and 8A). The Arg-30—Asp-404 salt bridge is
observed in structures of the inward-open and outward-oc-
cluded states (where it constitutes part of the so-called “thin
gate” that prevents bound substrate from dissociating back to
the extracellular side (8)) but not when the extracellular path-
way is open (6, 7, 9). Consistent with this, and with published
simulation studies (50), the Arg-30—Asp-404 salt bridge
remained formed during simulations of the outward-occluded
WT protein in the presence of substrate (Fig. 94). In contrast,
in the outward-open conformation, in the absence of substrate
but with Na™ bound at both Nal and Na2, the Arg-30 —Asp-404
bridge was formed ~45% of the simulation time (Fig. 94) (25).
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Notably, mutations in Nal altered the propensity for this salt
bridge to form, even in the absence of substrate. The N27S
mutant, for example, formed the salt bridge more frequently
than WT LeuT (~60% of the simulation time), consistent with
its more occluded conformation (Table 2). In contrast, the
N286S mutant formed the salt bridge less frequently (<25% of
the simulation time). These observed changes in the extracel-
lular pathway behavior appear to be consistent with accessibil-
ity measurements showing more inward-closed conformations
in N286S (decreased rate constant) and more inward-open con-
formations for T254A and N27S (increased rate constant) com-
pared with WT (Y265C) in the presence of Na™ (Fig. 7A).

The connection between this salt bridge and Nal involved
GIn-250 in TM6 and Glu-290 in TM7 (Fig. 9, B and C), as
described previously (51). In simulations of WT outward-oc-
cluded LeuT, for example, GIn-250 formed negligible direct
interactions with Arg-30 (Fig. 9B) but instead interacted
directly with Glu-290 (Fig. 9C). Because Glu-290 interacted
with GIn-250, Arg-30 was free to form a salt bridge with Asp-
404, as described previously (Fig. 94). In contrast, in the sub-
strate-free outward-open state with Nal occupied, GIn-250
alternated between Glu-290 contacts (Fig. 9C) and interactions
with Arg-30 (Fig. 9B), consequently sequestering Arg-30 away
from Asp-404 (Fig. 94) (51).

Similar patterns of reciprocity could be seen for the Nal
mutants (Fig. 9). For example, N286S formed the salt bridge
directly less often than WT, and thus Arg-30 interacted with
GIn-250 more frequently, although the opposite was true for
N27S. A slightly different pattern could be seen in T254A, in
which water-mediated contacts became more prevalent
between Arg-30 and Asp-404, presumably because of the direct
interaction between Glu-290 and the ion in that mutant
(Fig. 8C).

Opverall, these mutations of Nal led to subtle changes in the
local interaction network that may affect the influence of Na™
on the extracellular pathway, and this in turn may impact the
propensity of the cytoplasmic pathway to open or close. Similar
disruptions in the extracellular pathway, as well as longer range
effects, were reported recently upon i silico mutation of cyto-
plasmic pathway gating residues, or when Li" was placed in the
Na2 and Nal binding sites (24).

We also considered the possibility that the mutation of Nal
affects the protonation state of Glu-290, which is essential for
the proton-dependent antiport step of the LeuT transport
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FIGURE 9. Changes in salt bridge and hydrogen bond propensity in the
extracellular pathway of LeuT WT and Na1 mutants. The prevalence of
specific side-chain interactions is shown as the percentage of the simulation
time that atoms are within a cutoff distance for the following: A, Arg-30-Asp-
404 salt bridge, defined as terminal side-chain C atoms <5.5 A (for direct
interactions) and the presence of a common water molecule that hydrogen-
bonds with both Arg-30 and Asp-404 simultaneously (for water-mediated
interactions). The dashed and dotted lines in A-C represent direct (non-water-
mediated) interactions for the WT-occluded and -open simulations, respec-
tively. B, Arg-30-GIn-250 hydrogen bonds, defined as the minimum amine
hydrogen to amide oxygen distance <2.8 A, and C, GIn-250-Glu-290 hydro-
gen bonds, defined as the minimum amide hydrogen to terminal oxygen
distance <3 A. The same definition of water-mediated contacts was used as
for Arg-30-Asp-404. For N286S, sections of the trajectories in which the ion
was no longer bound (all oxygen-Na™* distances >3.2 A), were excluded from
the analysis.

cycle. Calculations of the pK, value of Glu-290 using a contin-
uum electrostatic approach under the Poisson framework (31)
confirmed that in the outward-open WT LeuT, Glu-290 is
likely to be deprotonated when Na™ is bound to Nal (Table 2
and Fig. 14) (32), whereas when Nal is empty, the predicted
pK, was close to 7. In the Nal mutants, however, only small
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shifts were seen in the calculated pK, values of Glu-290 relative
to WT, particularly for N286S (Table 2), suggesting that Glu-
290 protonation is less likely than other factors, described
above, to mediate the effects of Nal mutation.

Discussion

Here, we provide the first experimental evidence that Na™
binding at Na2 stabilizes outward-facing conformations of
LeuT. Mutation of either of the two side chains (Thr-354 and
Ser-355) contributing to Na2 blocked the influence of Na™ on
the LeuT conformational equilibrium (Figs. 4 and 5). This result
demonstrates the importance of the close interaction between
TMs 1 and 8 at the point where the two helices cross, near the
substrate binding site, observed in outward-facing structures of
LeuT (Fig. 1B) (6, 9). Those regions of TMs 1 and 8 are sepa-
rated in an inward-open x-ray structure of LeuT (9), in a model
of LeuT in the inward-open state (47), and in inward-open crys-
tal structures of the related transporters Mhp1 (52), BetP (53),
and vSGLT (54), suggesting that Na™ binding in Na2 fosters
close interaction between TMs 1 and 8 and that this interaction
stabilizes outward-facing conformations in LeuT (9, 16). As a
corollary, Na2 should have a higher affinity for Na™ in the out-
ward-facing states than in the inward-facing states. That the
conformational response to Na™ requires an intact Na2 site
suggests that the outward-open conformation is also required
for high affinity leucine binding, accounting for low substrate
and ion affinity in Na2 mutants (Table 1).

Aside from the NSS family, several other transporter families
also adopt the five-transmembrane helix inverted-repeat,
LeuT-like fold (55). These include the APC (56), BCCT (57),
SSS (54), NCS1 (58), and Nramp (59) families. Crystal struc-
tures of the Na*-dependent members of these families support
a conserved Na™ site homologous to the Na2 site of LeuT (54,
57, 58), although the Nal site of LeuT is apparently not con-
served across families. Measurements of conformational
dynamics in the structurally similar Na*-dependent hydantoin
transporter Mhpl demonstrated no significant conformational
response to Na* despite the presence of a Na™ binding site
corresponding to Na2 in LeuT (26). This led to the proposal
that it was the non-conserved Nal site that was responsible for
the effect on LeuT conformation (26). Our results clearly show
the importance of Na2 for the response of LeuT to Na* and
highlight the limits to comparisons between families, even
those of the same structural fold.

Within the larger five TM-inverted repeat, LeuT-like fold
superfamily (55) containing NSS, there are transporters with
diverse coupling strategies, including amino acid exchangers
and transporters coupled by symport and antiport to diverse
ions, including Na™, H*, CI™> and K* (60— 64). Although the
common overall protein fold suggests a similar conformational
mechanism of transport for these proteins, the diversity of cou-
pling processes presages a corresponding variety in the way that
substrates and ions influence conformational change. Even
within the NSS family, there are some transporters coupled to
Cl™ and others not (32, 65— 67). However, the conformational
response to Na™ is conserved from Tyt1 to SERT (1, 13), and we
anticipate that the Na2 site will be found critical for this
response throughout the family. Mutations of the Nal and Na2
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sites in SERT have been shown to affect transport, ion selectiv-
ity, and reactivity of an endogenous cysteine residue (68 —70).
Nevertheless, we caution against extending our conclusions
beyond the NSS transporters.

Interestingly, we also observed that mutation of Ser-355 in
Na2 altered the conformational equilibrium even in the
absence of Na™ (Fig. 7). This effect may be explained in the light
of observations of a hydrogen bond between Ser-355 and
Val-23 during simulations of outward-facing LeuT in the
absence of Na™ at the Na2 site (71). The loss of this hydrogen
bond in S355A could therefore lead to a higher population
of inward-facing conformations even in the absence of Na™
(Fig. 7).

Although the possibility that Na2 might participate in con-
formational change had been noted previously (9, 16, 71), par-
ticipation of Nal in this process had not been experimentally
tested for LeuT. None of the Nal mutations studied here com-
pletely blocked the conformational effect of Na™, but two of the
mutations (N27S and N286S) actually enhanced the Na™-in-
duced cytoplasmic pathway closure. These effects are unlikely
to result from modulation of Na2 itself, because all the Nal
positions mutated are separated from Na2 by >7.7 A (distance
to Asn-27 Cvy atom in simulations of occluded state). Thus, it
appears that Nal is not required for the Na*-dependent con-
formational change but modulates the process by a mechanism
distinct from the Na2-mediated interaction between TMs
land 8.

By simulating the Nal site mutants in the absence of sub-
strate, we could clearly show changes in the Na™ binding site
configuration, with the protein adapting to the new coordina-
tion (Fig. 8). These modifications led to differences in propen-
sity for extracellular Arg-30—Asp-404 salt bridge formation in
the Nal mutants, as the network of interactions connecting
Nal and the salt bridge shifted (Fig. 9). Thus, the influence of
Nal on conformational change appears likely to reflect the abil-
ity of the ion to organize local interactions, rather than global
changes in helix-helix distance, as Na2 does. A recent simula-
tion study suggests that an allosteric interaction network
involving specific residues in TM1, TM6, and TM8 connect the
Nal and Na2 binding sites to the cytoplasmic gate (24),
although the relative contributions of Na2 and Nal sites to the
network were not delineated. Taken together, the results also
raise the possibility that Nal fosters interactions required for
extracellular pathway closure upon substrate binding, thereby
allowing the cytoplasmic pathway to open.

The results presented here provide insight into the mecha-
nisms that underlie the control of conformational change by
ligand binding. The effect of Na™ on LeuT conformation (Figs.
4 and 5) (2-5) and extracellular pathway hydration (Table 2)
(23, 25) and the Na™ requirement for substrate binding (Table
1) (72) together serve to limit the probability of uncoupled
transport. The strong decrease in the frequency of outward- to
inward-open conformational transitions that accompany Na™
binding (4) lowers the possibility that Na™ will be transported
alone. Furthermore, the Na™* requirement for substrate binding
reduces the chances of unaccompanied substrate flux.
Although these properties minimize uncoupled flux, efficient
coupled transport requires that substrate binding is able to
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overcome the conformational restriction imposed by Na™. This
phenomenon has been observed (1, 4), and although the molec-
ular determinants underlying the action of substrate have yet to
be identified, the participation of the substrate carboxyl in Nal
suggests that this site is critical for the outward- to inward-open
transition. Ongoing studies are addressing the role of Na™
binding sites in the substrate-mediated outward- to inward-
open conformational transition. We propose that these inter-
actions hold the key to understanding how LeuT achieves cou-
pling of substrate and ion fluxes.

The accessibility assay used here to measure LeuT conforma-
tional change is based on previous studies using mammalian
and prokaryotic transporters in the NSS family and others (1,
13, 47, 73-76). It has several advantages for measurements of
conformational change in these proteins. The assay measures
the ability of an aqueous reagent to penetrate into a pathway
that is closed in outward-open or occluded LeuT structures (6,
9). It depends on mutation of only one position in that pathway
to cysteine (a mutation that has minimal effect on binding
activity), and it measures the rate at which that cysteine reacts
with an aqueous cysteine reagent. The reactive Cys-265 is over
10 A from the cytoplasmic end of the pathway and over 11 A
from the binding sites. Its accessibility results from conforma-
tional changes that open the cytoplasmic pathway, and it is
unlikely to be influenced directly by ion or ligand binding (Fig.
2B). The accessibility assay avoids attachment of fluorescent or
spin-labeled probes that could obstruct or alter conformational
changes. Importantly, the cysteine reactivity assay can be per-
formed on native membrane fragments (or intact cells (1, 10)),
avoiding the use of detergents that might disrupt or modify
conformational responses (77, 78).

Our results identified some differences between the confor-
mational changes measured by cytoplasmic pathway accessibil-
ity and by N-terminal movement. For example, the enhanced
influence of Na* on conformational change observed in LeuT
mutants N27S and N286S was revealed by accessibility mea-
surements (Fig. 4) but not by measurements of N-terminal
opening, which indicated these mutants to be less responsive to
Na™ than WT (labeled H7C-R86C) LeuT (Fig. 5). Although we
cannot rule out the possibility that the presence of detergent or
the fluorescent probes attached to LeuT might have distorted
the conformational responses measured by smFRET, the gen-
eral broad agreement between the techniques suggests that
each technique reliably reports on a different aspect of confor-
mational change. These differences suggest that the conforma-
tional change that converts LeuT from outward- to inward-
open states consists of several steps that may not occur
synchronously. The divergent response to Na™ measured by
the two techniques could result if Na™ had a stronger effect on
closing the cytoplasmic pathway in these mutants relative to
WT LeuT but had a weaker effect on interactions between the
N terminus and TMs 6 and 8 in the mutants. This suggests the
existence of conformations with a closed cytoplasmic pathway
and an open N terminus, as in Refs. 5, 22.

Assuming that the differences between smFRET and acces-
sibility measurements result from different responses of the N
terminus and the cytoplasmic pathway rather than an artifact,
the results suggest that opening the cytoplasmic pathway
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involves several distinct processes. These include release of the
N terminus from its interactions with TMs 6 and 8, here
detected by smFRET and also consistent with predictions based
on molecular simulations (22), helix movements that allow
aqueous reagents to react with Cys-265 in the cytoplasmic
pathway, and possibly other motions (24), which may all be part
of the larger conformational change that closes the extracellu-
lar pathway and opens the cytoplasmic pathway. In the future, it
may be possible to take advantage of techniques, such as these,
that isolate the individual motions to understand how Na* and
substrate influence the individual steps in conformational
change.
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