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Summary

Neurotransmitter:Na+ symporters (NSS) remove neurotransmitters from the synapse in a reuptake 

process driven by the Na+ gradient. Drugs that interfere with this reuptake mechanism, such as 

cocaine and antidepressants, profoundly influence behavior and mood. In order to probe the nature 

of conformational changes associated with substrate binding and transport, we have developed a 

single-molecule fluorescence imaging assay, in combination with functional and computational 

studies, using the prokaryotic NSS homolog LeuT. Here we show molecular details of the 

modulation of intracellular gating of LeuT by substrates and inhibitors, as well as by mutations 

that alter binding and/or transport. Our direct observations of single-molecule transitions, 

reflecting structural dynamics of the intracellular region of the transporter that may be masked by 
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ensemble averaging or suppressed under crystallographic conditions, are interpreted in the context 

of an allosteric mechanism coupling ion and substrate binding to transport.

The neurotransmitter:Na+ symporter (NSS) family terminates cellular signaling by 

recapturing released neurotransmitter1–3. These secondary active transporters enable the 

thermodynamically uphill transport of their respective substrates across the plasma 

membrane of the presynaptic neuron in a co-transport (symport) mechanism driven by the 

Na+ electrochemical gradient4–6. The transporters for the biogenic amines, dopamine, 

norepinephrine, and serotonin, are of particular interest because they are targeted by 

numerous drugs, including the widely abused psychostimulants cocaine and amphetamine1, 

as well as antidepressants7. Genes encoding more than 200 putative NSS homologs have 

been identified in prokaryotic genomes8. The crystal structure of LeuT9, a prokaryotic NSS 

homolog from the thermophile Aquifex aeolicus comprised of 12 transmembrane helices, 

revealed an occluded state in which one leucine (Leu) and two Na+ ions are bound deep 

within the protein (Fig. 1). When reconstituted into proteoliposomes, LeuT mediates Na+-

dependent transport of Leu and Ala at rates of ~0.1–0.4/min10. Computational and 

experimental studies identified a key mechanistic role for a second substrate binding site in 

the extracellular vestibule, comprised of many of the same residues shown to interact with 

antidepressants11–13. The two binding sites can be occupied simultaneously, and substrate 

in the second site (S2) allosterically triggers intracellular release of Na+ and substrate from 

the primary site (S1)10. In contrast, tricyclic antidepressants (TCAs), which also bind in the 

S2 site (Fig. 1), do not promote substrate release from the S1 site. Instead, TCAs 

competitively block substrate binding to the S2 site and inhibit transport. Thus, the allosteric 

changes in LeuT induced by substrate binding to the S2 site must differ from those, if any, 

produced by TCAs.

Notably, the crystal structures of LeuT with and without TCA bound are almost identical. 

Moreover, all LeuT structures to date have been solved in the detergent n-octyl-β-D-

glucopyranoside (OG)9,11,12,14, whereas functional studies of LeuT have been carried out 

with protein purified in the detergent n-dodecyl-β-D-maltopyranoside (DDM)9–12,14. Like 

TCAs, OG competes with substrate binding to the S2 site and disrupts the Na+-coupled 

symport mechanism15. Thus, all available LeuT structures are likely to represent 

functionally blocked states in which allosteric changes related to function may be difficult or 

impossible to discern.

To probe the nature of the conformational changes associated with substrate binding and 

transport, we have undertaken an integrated approach including functional, computational 

and single-molecule fluorescence imaging assays. Time-dependent changes in LeuT 

structure, potentially masked by ensemble averaging in bulk measurements or suppressed 

through crystallographic conditions, were observed experimentally and quantified16 using 

single-molecule fluorescence resonance energy transfer (smFRET) methods17–28. The 

mechanistic context of the observed conformational changes in LeuT was assessed 

computationally using molecular dynamics simulations related to the functional 

assays10,15,29–33. Here, we focused on understanding conformational events on the 
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intracellular side of LeuT, as major conformational changes in this region have not been 

revealed through crystallographic means but are required for inward substrate release.

Single-molecule experiments were performed on single and double cysteine (Cys) LeuT 

mutants, linked to fluorophores through maleimide chemistry. Cys residues were introduced 

into LeuT, which lacks native Cys, at non-conserved positions that were shown to be distal 

to the established ligand binding sites and solvent accessible based on crystal structures and 

MD simulations. LeuT mutants chosen for investigation were also selected based on 

efficient fluorophore coupling (>80–90%) and low nonspecific labeling (< 4%) 

(Supplementary Fig. 1), low anisotropy parameters (Supplementary Table 1) and wild-type-

like proteoliposome-reconstituted transport activity (Supplementary Table 2). Six Cys pairs 

on the intracellular side of the transporter were shown to be suitable for imaging 

experiments based on these criteria. These included combinations of Cys substitutions for 

His7 in the N-terminus, Arg86 in IL1, Arg185 in IL2, Lys271 in IL3, and Thr515 at the 

cytoplasmic end of TM12. To obtain comparative measures of motion, one Cys pair 

(positions Lys239 in EL3 and His480 in EL6) was also selected on the extracellular surface 

of LeuT (Fig. 1).

smFRET experiments were initially performed on N-terminally His-tagged, Cy3/Cy5-

labeled LeuT in 0.03% DDM, surface immobilized through a biotin-NTA interaction within 

passivated, streptavidin-coated microfluidic chambers34,35 (Fig. 2, Supplementary Fig. 2). 

By controlling the density of surface immobilization through dilution and using a prism-

based, wide-field configuration, low-density arrays of specifically-tethered, individual LeuT 

molecules could be imaged simultaneously. As described elsewhere36, oxygen scavenging 

and triplet state quenching conditions for optimal fluorophore performance (low 

photophysical noise and reduced photobleaching) were achieved through screening 

(Supplemental Methods). Initial measurements of H7C/R86C- and H7C/T515C-labeled 

LeuT molecules, performed at 40 ms time resolution and high signal-to-noise ratio (~18:1 

on average), showed that both systems, in the presence of 200 mM K+ and the nominal 

absence of Na+, displayed two readily distinguished FRET states (~0.51 and ~0.75; ~0.43 

and ~0.73, respectively) (Fig. 2b, c, d, Supplementary Fig.3). Such observations suggested 

the existence of two distinct LeuT conformations in the population differing by ~13 Å in the 

distance between each fluorophore pair (Supplemental Table 3). (Note that the short-lived, 

zero-FRET state sampling events correspond to transient excursions of the Cy5 fluorophore 

to non-fluorescent dark states.)

Consistent with the EC50 of Na+ for stimulating binding and transport (~10 mM)10, and a 

ligand-dependent transition between these states, the relative populations of low- and high-

FRET LeuT conformations were dependent on Na+ concentration. Addition of saturating 

Na+ concentrations (200 mM) stabilized higher-FRET states in both systems (~0.77 and 

~0.73, for H7C/R86C and H7C/T515C, respectively) (Fig. 2, Supplementary Table 3, 

Supplementary Fig. 3), consistent with substrate-bound LeuT crystal structures, where the 

intracellular end of the transporter is observed to be compact9,14. High-FRET state 

occupancy was saturated at 200 mM Na+. Under such conditions, further changes in FRET 

were not observed upon addition of 20 µM Leu (Fig. 2, Supplementary Table 3). However, 

at 5 mM Na+, where both low- and high-FRET states remain populated, Leu binding 
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redistributed the two populations in a concentration-dependent fashion in favor of higher-

FRET configurations (Fig. 2e, f). The same results were obtained whether LeuT molecules 

were immobilized via the N- or the C-terminus.

These findings are consistent with spontaneous, ligand-modulated rearrangements in 

specific elements of LeuT near the intracellular gating region. In the absence of ligands a 

low-FRET state would be achieved by either an outward and/or downward movement of 

position 7 (at the N-terminus of TM1) with respect to positions 86 (IL1) and 515 

(cytoplasmic end of TM12). Correspondingly, a high-FRET state may be achieved 

spontaneously or upon ligand binding by a reciprocal motion of TM1 with respect to IL1/

TM12, leading to an inward-closed LeuT conformation. In contrast, substrate-dependent 

changes were not observed for any of the other constructs labeled on the intracellular face of 

the protein (Supplementary Fig. 4), suggesting that these positions do not move substantially 

during intracellular gating.

The site of labeling at position 7 is adjacent to the highly conserved Trp8 residue, which is 

involved in a conserved interaction network among a residue triad including Ile187 (IL2) 

and Tyr268 (IL3) at the intracellular face (Supplementary Fig. 5)32. Tyr268 also forms 

cation-π and ionic interactions with residues Arg5 (NT) and Asp369 (TM8), thus serving to 

bring together NT, IL2, and IL3 and closing the transport pathway at the intracellular 

surface of LeuT (Fig. 1). Mutation of the homologous interaction network in the 

structurally-related dopamine transporter and GABA transporter has been inferred to 

promote inward-open conformations32,37.

To interpret the distance changes identified with smFRET with respect to changes occurring 

in the intracellular interaction network during the transition from an outward-open to an 

inward-open conformation, and to investigate how they may pertain to the transport 

mechanism, molecular dynamics (MD) simulations were performed. Inward-open 

conformations of LeuT previously generated by computationally “pulling” the S1 site-bound 

substrate intracellularly in the presence of S2 and absence of Na210, were subjected to 

prolonged MD simulations (two parallel runs of 150 ns each), designed to examine the 

structural equilibration of LeuT following the simulated substrate transport event. During 

the extended equilibration period, we observed dissociation of the Trp8-Ile187-Tyr268 

interaction network. This resulted in a relative downward and outward movement of TM1 

and the region containing the residue at position 7, and a corresponding increase in the 

distance between positions 7 and 86 (Fig. 3, Supplementary Movie I, II) and position 7 and 

the intracellular end of TM12 (Supplementary Fig. 6). This rearrangement was associated 

with significant conformational changes in the IL2-TM5 region (including Ile187), 

facilitated by changes in bend angle of the highly-conserved proline-kink in TM5. In 

contrast, the distance between residues 86 and 185 was largely unchanged throughout the 

simulation (Fig. 3) as the bottom of TM4 maintained a relatively stable position.

Thus, the conformational rearrangements in LeuT observed during the simulated transport 

event leading to the inward-open conformation were found to be in good agreement with the 

estimated changes in distance deduced from the smFRET data. A recent analysis of crystal 

structures sharing a LeuT-like fold prompted Gouaux and colleagues to propose that 
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coordinated rearrangements of TM1a and TM1b are associated with conformational 

transitions in the protein38. Both our simulation and smFRET data are in line with a 

movement of TM1a as shown in Fig. 3 (see also Supplementary Movie I, II) and illuminate 

the function-related dynamic elements in these putative rearrangements. Importantly, as can 

be seen in Fig. 3 and Supplemental Movie 1, an outward movement of TM1a is essential to 

create space for Leu to be released to the cytoplasm.

To examine further how the interaction network at the intracellular end of LeuT contributes 

to the inward-open conformation, smFRET experiments were performed on H7C/R86C-

labeled LeuT constructs in the background of the disruptive mutations, R5A or Y268A32. 

As anticipated, lower-FRET states were observed for both mutant constructs in the absence 

of Na+ (Fig. 4). In both cases, the absolute values of the low-FRET states (~0.43 and ~0.44, 

respectively) were significantly lower than observed for the wild-type background (~0.51) 

(Supplementary Table 3). These observations suggest that the low-FRET state visited in the 

wild-type background in the absence of Na+ may represent a time-averaged population of 

low-FRET configurations that change in the context of the R5A and Y268A mutations.

Both mutations also affected the FRET distributions observed for extracellularly-labeled 

LeuT (K239C/H480C), suggesting that the “inward opening” effects of these mutations are 

coordinated with “outside closing.” Allosteric effects were also observed in response to the 

mutation of Arg30, which lines the S2 site10 and participates in the formation of cation-π 

interactions within a proposed extracellular “gating region”9. In the R30A mutant, H7C/

R86C-labeled LeuT was observed to adopt a high-FRET configuration in the absence of Na+ 

(~0.70), whereas the distance between extracellular pairs (K239C/H480C) was unchanged 

(Fig. 4, Supplementary Table 3). These data, corroborated by evidence from the H7C/T515C 

construct (Supplementary Fig. 3), show that mutations in putative intracellular and 

extracellular gate regions lead to long-range effects on the conformation of LeuT. However, 

that the R30A mutation affected the conformation of the intracellular network, while leaving 

the extracellular probes largely unchanged, suggests that the transmission of signal 

throughout the molecule involves a cascade of flexible interactions and local conformations 

rather than a single rigid body rearrangement10,32,39.

Also consistent with an allosterically-mediated modulation of the interaction network in the 

intracellular side, the TCA inhibitor, clomipramine (CMI), was observed to stabilize a high-

FRET state (~0.69) in wild-type H7C/R86C-labeled LeuT (Fig. 4). This FRET value, 

distinct from that observed in the absence of CMI (~0.75), was unchanged in the presence of 

Na+ (Supplementary Table 3), a result that agrees with the MD simulations of LeuT (>100 

ns trajectory) performed with either CMI or OG present in the S2 site (and Leu in the S1 

site)15. These experiments showed that the intracellular network adopted similar and 

slightly more open configurations when CMI or OG was present in the S2 site, 

approximately 30 Å away from residue 7 at the intracellular end of TM1 (Supplementary 

Fig. 7). On the extracellular side, experiments showed that CMI increased FRET between 

K239C/H480C-labels (from ~0.49 to ~0.53) (Fig. 4), consistent with a modest compaction 

of this region of LeuT when inhibitor was bound.
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To examine directly whether the conformational changes associated with intracellular gating 

could be tracked in individual LeuT molecules, smFRET experiments were performed under 

conditions supporting extended imaging time scales. First, the laser illumination intensity 

was reduced to minimize the photobleaching that had previously limited the observation 

window (~3 s). Second, the exposure time was increased 4-fold to 160 ms to maintain 

signal-to-noise ratios adequate to detect FRET changes at reduced laser intensity. Finally, to 

eliminate the spontaneous dissociation of LeuT from the image plane that resulted from the 

relatively low-affinity His-NTA interaction (koff >0.25 min−1), a 15 amino acid, C-terminal 

biotinylation domain40 was introduced into the LeuT (H7C/R86C) construct to allow 

immobilization via a biotin-streptavidin linkage much less prone to dissociation (koff < 0.25 

h−1) (data not shown).

Given the benefit of an extended observation period, individual LeuT-H7C/R86C molecules 

could be shown to exhibit multiple transitions between the high- and low-FRET 

configurations in the absence of Na+ (Fig. 5a), consistent with the direct detection of 

isomerization of the intracellular network. With the reduced illumination intensity, the low-

FRET state exhibited short-lived photophysical “blinking” events that were likely masked 

under intense illumination due to rapid, Cy3-mediated photoresurrection36 (see 

Supplementary Discussion). Taking this into consideration, the average dwell time in high (τ 

~18 s) and low (τ ~25 s) FRET states could be estimated, suggesting that a full opening-

closing cycle required ~60 s. As anticipated from the results obtained in shorter time scale 

experiments, the high FRET state was highly stabilized in the presence of high Na+ 

concentrations (> 76 sec, limited by photobleaching) (Fig. 5b, c).

The unique behaviors of R5A and Y268A LeuT mutants could also be assessed in greater 

detail under long time-scale imaging conditions. LeuT-Y268A predominantly exhibited a 

single, broadened low-FRET state in the absence of Na+ (Fig. 5e). Transitions to higher-

FRET states were very rare, both in the absence and presence of substrates. However, 

consistent with Na+ binding and partial/incomplete gate closure, the lower-FRET state value 

increased in the presence of saturating Na+ and Leu (Fig. 5f, g). In light of the dramatically 

impaired transport activity of LeuT-Y268A (Supplementary Fig. 8), these data suggest a 

potential correlation between the ability to achieve a properly closed intracellular interaction 

network and the efficiency of transport. They are also in agreement with our previous 

suggestion that the Y335A dopamine transporter (homologous to LeuT Y268A), has low 

transport activity because it adopts an inward-open conformation32. Interestingly in this 

mutant, zinc, which is thought to help the transporter reach an outward-facing conformation, 

dramatically enhances transport32, presumably by facilitating inward closure.

LeuT-R5A showed transient, Leu-dependent isomerization to high-FRET configurations for 

the 7/86 pair (~0.77), consistent with an inward closed conformation (compare Fig. 5i, k) 

and with its much less impaired transport activity compared to Y268A (Supplementary Fig. 

8). As for LeuT-Y268A, Na+ alone served only to shift the low-FRET state value slightly 

higher. With both substrates present, the lower-FRET state dwell time was similar to that of 

the wild-type background (τ ~ 28 s), whereas the lifetime of the high-FRET state was 

substantially reduced compared to the wild-type background (τ ~8 s vs. ~18 s, respectively).
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In summary, our MD and smFRET data indicate that a movement of TM1a is associated 

with intracellular gating in LeuT. This movement is regulated by substrate and inhibitor 

binding, by mutations of the intracellular network that stabilizes an inward-closed state, and 

by mutations of the S2 site, reflecting the allosteric nature of the transport mechanism. 

While FRET-based single-molecule studies using a confocal imaging approach have 

previously identified distinct conformational states in the H+-coupled sugar transporter 

lactose permease41,42, the minutes-long time scale FRET trajectories obtained here, directly 

revealing relatively slow conformational switching events in LeuT, would be difficult or 

impossible to observe using other methods. The extension of imaging times beyond the limit 

of freely-diffusing molecules using the TIR approach, in combination with the surface-

immobilization and triplet state quenching strategies employed, provide a powerful new 

means to explore the structural and kinetic features of Na+:substrate symport by LeuT. 

Extension of these single-molecule imaging approaches to other membrane proteins, as well 

as to LeuT reconstituted into proteoliposomes in which we can control the Na+ gradient, will 

provide further mechanistic details on how the energy stored in ion gradients can be used to 

drive uphill substrate accumulation by secondary active transporters.

Methods Summary

LeuT mutants were expressed in E. coli, purified, and labeled on targeted engineered 

cysteines with Cy3 and Cy5 maleimide. The functional properties of the labeled constructs 

were determined by measuring Leu binding by scintillation proximity assay, and Ala 

transport was measured after reconstitution of the protein into proteoliposomes. The 

fluorescence properties of labeled proteins were studied to establish specific and efficient 

labeling and to establish that the observed FRET changes likely arise from inter-dye distance 

rather than photophysical phenomena. Various constructs were created, each with two 

cysteine residues strategically placed for labeling. Purified, labeled protein was immobilized 

onto a passivated-glass surface via a streptavidin-biotin linkage. Fluorescence data were 

acquired using a prism-based total internal reflection (TIR) microscope. Fluorescence 

resonance energy transfer (FRET) efficiency was calculated and analysis of fluorescence 

and FRET traces was achieved using automated analysis software developed for this 

application. The single molecule traces were analyzed for LeuT in the presence and absence 

of the substrates sodium and Leu, upon addition of the transport inhibitors clomipramine and 

octylglucoside, and in response to mutations of the extracellular vestibule as well as the 

network of intracellular residues proposed to stabilize the inward closed state. Molecular 

dynamics simulations of the protein immersed in an explicit membrane, solvated with water 

molecules, ions and ligands, were carried out and long equilibrations (totaling >500 ns) were 

run to assess conformational changes.

Methods

Protein expression and purification

Wild-type and mutant LeuT were produced in E. coli C41(DE3) harboring pQO18 or 

pET16b and purified by immobilized metal (Ni2+) affinity chromatography using a Ni2+ 

Sepharose 6 FastFlow column (GE Healthcare). The preparation of membrane vesicles and 

the subsequent purification of LeuT variants were performed as described43. For Cy3 or 
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Cy5 labeled protein, after the protein was immobilized on the Ni2+ Sepharose 6 FastFlow 

resin, the resin was washed with 5 column volumes of Buffer A: 50mM Tris/Mes (pH 7.5), 

150 mM NaCl, 1mM TCEP, 20% Glycerol, 0.05 % [wt/vol] (1 mM) n-dodecyl-β-d-

maltopyranoside (DDM), and 50 mM imidazole. The resin was then washed with 5 column 

volumes of labeling buffer: 50 mM Mes (pH 6.0), 400 mM NaCl, 200 uM lysine, 50 µM 

TCEP, 1 mM DDM. After resuspending the resin in labeling buffer, 200 µM Cy3 and 200 

µM Cy5 maleimide (GE healthcare) were added to the solution and reacted for 1 hour at 4°C 

while rotating the column. To remove free Cy3 and Cy5, the resin was reloaded into the 

column and washed with 5 column volume of buffer A. The protein was eluted in Buffer A 

with 300 mM imidazole and purified with HPLC-mediated size-exclusion chromatography 

(Shodex Protein-KW803 column) in Buffer B: 50 mM Tris/Mes (pH 7.5), 150 mM NaCl, 1 

mM TCEP, 1 mM DDM.

The extent of the labeling was estimated from absorption spectra of labeled protein by 

measuring peak maxima at 552 nm and 650 nm for Cy3 and Cy5, respectively, using a 

Hitachi model 24 UV-VIS scanning spectrophotometer (Hitachi, Japan). Protein 

concentration was determined by the amido black method44. Under the same conditions, 

control labeling experiments of wild-type LeuT, which is devoid of cysteine, resulted in no 

significant incorporation of Cy3 or Cy5 dyes. Final samples were flash frozen and stored at 

−80°C prior to use.

Site-directed replacement of single residues by cysteine was performed using the Stratagene 

(La Jolla, CA) Quikchange™ mutagenesis kit. The fidelity of all plasmids was confirmed by 

DNA sequencing (Agencourt Bioscience Corporation).

Creation of biotin acceptor peptide tagged PET16b

An existing BamHI restriction site was removed from the PET16b plasmid through silent 

modification (ACG to ACA) at position 135. The stop codon (TGA) was mutated to GGA 

using the Stratagene (La Jolla, CA) Quikchange™ mutagenesis kit. The biotin Acceptor 

Peptide (AP) sequence GLNDIFEAQKIEWHE40 and a stop codon (TGA) was then 

introduced using XhoI and BamHI restriction sites using primers AP-F 

(TCGAGGGGCTTAATGATATCTTTGAAGCTCAGAAAATTGAATGGCATGAGTGA

G) and AP-R (GATCCTCACTCATGCCATTCAATTTTCTGAGCTTCAAAGATAT 

CATTAAGCCCC).

Biotinylated protein expression

pBirAcm (AVIDITY LLC) and AP tagged PET16b were co-transformed into E. coli C41 

(DE3). At OD600=0.5, 10 mM D-biotin was added, expression was induced with 0.3mM 

IPTG, and cells were grown overnight at 20°C.

Scintillation Proximity-Based Binding Studies

Binding of 3H-leucine (140 Ci/mmol; Moravek) to purified LeuT-variants was performed by 

means of the scintillation proximity assay (SPA) as described10,43 with 25 ng of purified 

protein per assay in buffer composed of 50 mM Tris, Mes (pH 8.0), 100 mM NaCl, 1 mM 

TCEP, 20% glycerol, and 1 mM DDM .
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Transport and Binding in Proteoliposomes

Liposomes were prepared using E. coli polar lipid extract and phosphatidylcholine (Avanti) 

at a 3:1 (w/w) ratio as described10. Purified LeuT variants were reconstituted at a 1:150 

(w/w) ratio in preformed, Triton X-100 destabilized liposomes. The accumulation of 3H-Ala 

was measured at 23 °C in assay buffer composed of 50 mM Tris/Mes (pH 8.5), 50 mM 

NaCl. Binding of 3H-Ala to LeuT proteoliposomes was assayed by dissipating the 

electrochemical NaCl gradient with 25 µg/mL gramicidin for 5 min prior to the start of the 

reaction. Uptake reactions were stopped by quenching the samples with ice cold assay buffer 

followed by rapid filtration through GF/F filters (Advantec MFS, Inc).

Steady-state fluorescence anisotropy measurements

Steady-state anisotropy measurements of Cy3-labeled LeuT (10 nM) were performed using 

a PTl spectrofluorometer using excitation and emission wavelengths of 532 nm and 560 nm, 

respectively.

Calculation of Distances from FRET Efficiencies

Distances between Cy3 and Cy5 in specific FRET states were estimated using the following 

equation:

where R0 is the distance at which 50% energy transfer is observed. The experimentally-

determined R0 of 58.4 Å was estimated according to the equation45:

where refractive index of the experimental solution (η) was estimated to be 1.4 and the 

orientation factor, κ2, was assumed to be 2/3 given isotropic rotation on the millisecond 

timescale . The spectral overlap integral J(λ)=8.5×10−13 M−1 cm3 was calculated using the 

normalized fluorescence emission spectrum of Cy3-7C-LeuT and the absorption spectrum of 

Cy5-7C-LeuT collected using bulk fluorescence instrumentation (Photon Technologies). 

Cy3 and Cy5 extinction coefficients used in calculation46 were: ε550(Cy3)=150,000 M−1cm1 

and ε650(Cy5)=250,000 M−1cm−1.

The donor quantum yield of Cy3-7C-LeuT (ΦCy3=0.23) was estimated using the 

comparative method47 using Rhodamine 101 in ethanol as a standard (ΦR101≈1.0)48. 

Fluorescence emission spectra of both dyes were collected with excitation at 520 nm using 

constant illumination intensity and slit widths. Cy3 quantum yield was calculated as follows:
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where FCy3 and FR101 are the integrated fluorescence emission spectra; ACy3 and AR101 are 

the absorbances; and ηCy3=1.4 and ηR101=1.36 are the refractive indexes of the solutions 

used for Cy3-LeuT (the buffer used for single-molecule experiments) and Rhodamine 101 

(ethanol), respectively.

Single-molecule FRET experiments

Fluorescence data were acquired using a prism-based total internal reflection (TIR) 

microscope as previously described34. All experiments were performed in buffer containing 

50 mM Tris/MES (pH 7.5), 10% glycerol, 0.02% [wt/vol] DDM, 5 mM 2-mercaptoethanol, 

and 200 mM salt (KCl or NaCl, as specified). An oxygen scavenging environment (1 unit/µl 

glucose oxidase, 8 units/µl catalase, 0.1% v/v glucose) containing 1 mM cyclooctatetraene 

was employed in all experiments to minimize photobleaching36.

Microfluidic imaging chambers passivated with a mixture of PEG and biotin-PEG49 were 

incubated with 0.8 µM streptavidin (Invitrogen), followed by 20 nM biotin-NTA (Biotium) 

charged with NiCl2. Cy3/Cy5-labeled His10-LeuT molecules (2nM) were surface 

immobilized to surface-bound Ni2+. No significant surface immobilization, measured as 

described below, was observed in the absence of biotin-NTA (Supplementary Fig. 2).

Cy3 fluorophores were excited by the evanescent wave generated by total internal reflection 

of a single frequency light source (Ventus 532nm, Laser Quanta). Photons emitted from Cy3 

and Cy5 were collected using a 1.2 NA 60X water-immersion objective (Nikon), where 

optical treatments were used to spatially separate Cy3 and Cy5 frequencies onto a cooled, 

back-thinned CCD (Cascade 128, Photometrics). Fluorescence data were acquired using 

MetaMorph software (Universal Imaging Corporation). Spectral bleed-through of Cy3 

intensity on the acceptor channel was corrected by subtracting 7.5% of donor signal from the 

acceptor. FRET traces were calculated as: FRET=ICy5/(ICy3+ICy5), where ICy3 and ICy5 are 

the instantaneous Cy3 and Cy5 fluorescence intensities, respectively. Using established an 

procedure35, the ratio of donor and acceptor quantum yields and detection efficiencies (γ) 

was estimated to be close 1; therefore no correction was applied.

Analysis of smFRET traces

Analysis of fluorescence and FRET traces was achieved using automated analysis software 

(D.S. Terry, M.B. Feldman, R.B. Altman, S.C. Blanchard, manuscript in preparation), where 

traces were selected using algorithms implemented in MATLAB (MathWorks). Properties 

were calculated for each trace, and selected for further analysis if the following specific 

criteria were met: a single photobleaching event, at least 8:1 signal-to-background noise 

ratio (SNR), less than 4 donor fluorophore blinking events, a donor-to-acceptor Pearson’s 

correlation coefficient < 0.5, and a lifetime of at least 15 frames showing FRET ≥ 0.15. 

Photobleaching events were detected in each trace as a significant (≥3 standard deviations of 

background noise) drop in the median-filtered (window size of 9 frames) total fluorescence 

intensity (ITotal=ICy3+ICy5) without a return to the previous average level. Events where 

fluorescence intensity did return were marked as blinking events. Signal-to-noise ratios are 

calculated as total intensity relative to the standard deviation of background noise: ITotal/
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stdev(ICy3)+stdev(ICy5). Data points corresponding to donor fluorophore dark states were 

excluded from calculation of the correlation coefficient.

To simplify the presentation of FRET histograms, zero-FRET states were removed 

following idealization of the data to a two-state model (E=0.1±0.1 and E=0.4±0.1) using 

segmental k-means algorithm50. Error bars in FRET histograms represent the standard 

deviation of 100 bootstrap samples of each set of FRET traces examined.

Kinetic parameters for biotinylated H7C-R86C-LeuT samples were estimated by manually 

selecting traces showing at least one transition between clearly distinct states with anti-

correlated changes in donor and acceptor fluorescence intensity in each transition. The data 

were then idealized using a three state model (E=0±0.1, E=0.49±0.09, and E=0.75±0.07) 

with FRET parameters estimated by fitting smFRET histograms obtained in the absence of 

Na+ to Gaussian functions. Initial rates were set to 0.05 sec−1, as estimated from visual 

inspection of FRET traces. Average dwell times in each FRET state were estimated using a 

maximum likelihood algorithm51.

Molecular Dynamics

Simulations were performed on the system prepared as described10. Briefly, it consisted of 

over 77,000 atoms, including the explicit membrane model, solvating water molecules, and 

the various ions and ligands. Each of the simulations was started from the end of the 

previously described SMD trajectory in which the ligand in the S1 site was pulled towards 

the intracellular side and had reached 8–10 Å below the S1 binding site 10. The MD 

simulations were carried out with the NAMD program under constant temperature (310 K) 

and constant pressure (1 atm) (NPT) conditions. The equilibrations were long (150 ns), to 

achieve a suitable relaxation of the system. Two independent runs were carried out for the 

system, for consistency and convergence check. The results of one run are compared in Fig. 

3 with those of a control run10 starting from the crystal structure (PDB:2A65, in an inward-

closed state), to illustrate the level of stability and fluctuation of the system under the 

simulation conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structural landmarks and the disposition of the engineered Cys pairs in the crystal 
structure of LeuT
(a) Side view of the LeuT crystal structure equilibrated in a POPC lipid bilayer, showing 

Leu in S1, CMI in S2, sodium ions identified as yellow spheres, and the surrounding lipid 

molecules shown in thin stick rendering. The intracellular surface is at the bottom of the 

figure. Residues involved in conserved ionic:cation-π interactions in both the putative 

extracellular and intracellular gates are shown in volume rendering. Panels (b) and (c) 

indicate the Cys pairs used in this study to monitor rearrangements at the extracellular (b) 

and intracellular (c) ends of the transporter, under designated conditions.
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Figure 2. Single-molecule imaging of LeuT
(a) His-tagged, dye-labeled LeuT- H7C/R86C was immobilized by biotin-NTA-Ni2+ to the 

streptavidin-treated surface. (b) Representative fluorescence (Cy3 donor in green, Cy5 

acceptor in red) and FRET (blue) time traces from experiments in 200 mM KCl. (c) FRET 

traces were summed into histograms in 200 mM KCl (left), 200 mM NaCl (center), and 200 

mM NaCl with 20 µM leucine (right). Each two-dimensional histogram was summed over 

time (gray bars, on side), filtered to remove fluorophore dark states (see Supplementary 

Methods), and fit to the sum (red) of two Gaussian distributions (blue) to estimate the mean 

value and relative occupancies of each FRET state. (d) Histograms are shown for 

experiments performed in 5 mM NaCl with: no substrate (left), 200 nM Leu (center), and 20 

µM Leu (right). Scale shown at right indicates the relative population.
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Figure 3. The structural context of the observed dynamic changes
(a) Evolution of Cβ-Cβ distances for specific residues observed in MD simulations in the 

absence (dotted lines) and presence (solid lines) of simulated transport. (b) Superposition of 

the snapshots from the MD equilibrations of the crystal structure of LeuT (gray) and the 

inward-open structure (orange) indicating the conformational rearrangements predicted from 

the MD simulations in the transport mechanism (see Supplemental Movie). In this MD 

frame, the descending Leu substrate is shown near the site of intracellular opening, where 

the proposed TM1a rearrangement is indicated by arrows. The left and right panels show 

views parallel to the membrane and from the intracellular side, respectively. The dotted lines 

comprising the intracellular ends of the same TMs that surround the exiting substrate in the 
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open-inward structure obtained through simulation (orange) yield larger circumference than 

in the crystal structure (gray).
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Figure 4. Effects of mutation and CMI on FRET histograms of LeuT-H7C/R86C and 
LeuT-239C/480C
FRET histograms from single-molecule traces obtained in the presence of 200 mM KCl for 

LeuT-H7C/R86C (left) and LeuT-239C/H480C (right) are shown in the context of the 

mutations R5A, Y268A, R30A or the presence of 0.5 mM CMI. For clarity, fluorophore 

dark states have been computationally removed from all histograms (Supplementary 

Methods).
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Figure 5. Long single-molecule trajectories reveal FRET transitions
Representative single-molecule traces from 160 ms images are shown for LeuT-H7C/R86C 

(left), LeuT-H7C/R86C/Y268A (center), and LeuT-H7C/R86C/R5A (right) in 200 mM KCl 

(a, e, i), 200 mM NaCl (b, f, j) or 200 mM NaCl and 20 µM Leu (c, g, k). Cy3 (donor) and 

cy5 (acceptor) fluorescence are shown in green and red respectively. FRET efficiency is 

shown in blue. One-dimensional histograms (d, h, l) represent the population data obtained 
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in the presence of 200 mM KCl (gray bars), 200 mM NaCl (blue line), or 200 mM NaCl and 

20 µM Leu (red line).
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