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Abstract

Neurotransmitter:sodium symporters (NSS) terminate neurotransmission through Na+-driven 
reuptake of cognate neurotransmitters. Crystallographically, whereas both substrates and inhibitors 
have been found to bind in the central binding (S1) site of NSS, inhibitors were found to bind to a 
second binding (S2) site in the extracellular vestibule (EV) of transporters for leucine (LeuT) and 
serotonin. Based on computational and experimental studies, we proposed that substrates bind to 
the S2 site of LeuT as well, and that substrate binding to the S2 site is essential for Na+-coupled 
symport. Recent binding experiments show that substrate (L-Trp) binding in the S2 site of MhsT, 
another bacterial NSS, is also central to the allosteric transport mechanism. Here, we used 
extensive molecular dynamics simulations combined with Markov state model analysis to 
investigate the interaction of L-Trp with the EV of MhsT, and identified potential binding poses of 
L-Trp as well as induced conformational changes in the EV. Our computational findings were 
validated by experimental mutagenesis studies, and shed light on the ligand binding characteristics 
of the EV of NSS, which may facilitate development of allosteric ligands targeting NSS.
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INTRODUCTION

Neurotransmitter:sodium symporters (NSS) play an essential role in neurotransmission and 
include transporters for serotonin and dopamine (SERT and DAT), which are targets for 
antidepressants and abused psychostimulants. In a process that involves traversing between 
outward-facing and inward-facing conformational states, these transporters terminate 
neurotransmission through Na+-driven reuptake of their cognate neurotransmitters.1

The transport process can be modulated by both competitive and allosteric inhibitors. The 
crystal structures of NSS revealed a central binding (S1) site (Figure 1A) that binds both 
substrates and competitive inhibitors.2–5 For example, cocaine and benztropines bind in the 
S1 site of DAT, and has been found to competitively inhibit DAT.2, 6, 7 For the SERT 
inhibitor citalopram, in addition to the high-affinity binding in the S1 site of SERT, a low-
affinity allosteric binding site has been known to exist, and occupation of this site slows the 
dissociation rate of the ligand from the S1 site.8, 9 A recent crystal structure of SERT (PDB 
ID: 5I73) demonstrated that the likely location of this allosteric site for S-citalopram is in the 
extracellular vestibule (EV) (Figure S1A).4 Interestingly, the EV also accommodates the 
binding pockets for several LeuT inhibitors as well (Figure S1B).5, 10–12

The substrate serotonin was shown to slow the dissociation of imipramine from SERT, 
suggesting the existence of an allosteric substrate binding site for serotonin in the 
dissociation pathway of the S1-bound imipramine.13 Computational and experimental 
studies in LeuT, a bacterial NSS homolog, have shown that the binding of substrate in a 
subpocket of the EV (termed the S2 site) triggers conformational transition towards an 
inward-facing state, facilitating substrate release from the S1 site.14, 15

The recent crystal structures of MhsT (PDB IDs: 4US3 and 4US4),16 another bacterial NSS, 
were solved in an inward-occluded conformation,17 with a substrate (L-Trp)-occupied S1 
site and a collapsed EV. Saturation binding studies in n-dodecyl-β-D-maltopyranoside 
(DDM), the detergent used for the crystallization of MhsT, supported a molar binding 
stoichiometry of 1. However, binding studies performed with MhsT purified in n-decyl-β-D-
maltopyranoside (DM), or with MhsT reconstituted into nanodiscs showed that this NSS 
member features a 2:1 substrate binding stoichiometry under equilibrium conditions. 
Mutational analyses and site-directed thiol-labeling studies reveal that the EV in MhsT 
indeed accommodates an S2 site that is essential for transport, just like LeuT.18 These recent 
findings prompted us to investigate substrate binding in the EV and the resulting 
conformational changes using extensive molecular dynamics (MD) simulations combined 
with Markov state model (MSM) analysis.
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RESULTS and DISCUSSION

Based on a previously equilibrated MhsT model,17 after initial docking of a L-Trp into the 
EV (S2:Trp) in the presence of a L-Trp in the S1 site (S1:Trp), we carried out five rounds of 
MD simulations that were guided by MSM analysis after each round (see Methods). In the 
MSM analysis, the interacting residues of S2:Trp were identified for each frame of the MD 
simulations, and the identities of these residues were used as input features to build the 
MSM (see Methods and Figures S4 and S5). In our final MSM analysis of more than 56 μs 
of accumulated MD data, we identified twelve S2:Trp-bound metastable states (MSs) 
(Figure 1). The six MSs with the largest equilibrium probabilities account for 84% of total 
equilibrium probability, and are the focus of our following analysis (Figure 1B-H and Table 
1).

Among the six largest MSs, the S2:Trp poses in the red and orange MSs (red and orange 
poses) occupy more extracellular positions in the EV further away from the S1:Trp, 
compared to the brown, cyan, blue, and green poses (Figure S2A). Specifically, the orange 
pose occupies a sub-pocket between the extracellular portions of transmembrane segments 
(TMs) 1 and 6 (TM1e and TM6e respectively, see Figure S3 for our subsegment divisions of 
MhsT), whereas the red pose is in close proximity to extracellular loop 4 (EL4) (Figure 1E, 
H). The brown pose appears to occupy the region between EL4 and TM10e (Figure 1G), 
representing a transition pose between the more extracellular poses (orange and red) and the 
poses closer to the S1 site (cyan, blue, green). In both the cyan and blue poses, the indole 
ring of S2:Trp is perpendicular to the plane of membrane and its amine and carboxylic 
groups form salt bridge interactions with Asp385 and Arg34, respectively (Figure 1D, F). 
The green pose, which has the largest equilibrium probability, is distinct in that the indole 
ring of S2:Trp is relatively parallel to the plane of the membrane and is positioned closer to 
TM10e and EL5 (Figure 1C).

Interestingly, we observed that the presence of S2:Trp gradually induced significant 
conformational changes in the EV of MhsT. In a representative trajectory shown in movie S1 
in Supporting Information, the S2:Trp transitioned from the brown to the blue pose, and was 
then stabilized in the green pose (Figure S2B). This transition was accompanied by 
coordinated movements in the EV, especially near the TM10e subsegment.

To quantify such changes, we calculated structural differences at both subsegment and 
residue levels between the most dominant green MS and the S2:apo condition (the data of 
which were extracted from ref 17) using pairwise interaction analyzer for MhsT (PIA-MhsT, 
see Methods). At the subsegment level, the results of our analysis indicate that the most 
prominent changes are the rearrangement of EL5 and TM10e on the extracellular side 
(Figure 2A). Indeed, when we further calculated the distance between TM10e and TM1e in 
various conditions, the large differences and fluctuations of this distance demonstrate 
significant flexibility of TM10e, which showed substantial conformational changes upon 
S2:Trp binding (Figure 3).

Specifically, at the residue level, we observed significantly larger distances from Phe381 of 
TM10e to other S2:Trp-interacting residues in the green MS, while Phe366 of EL5 moves 
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closer to other residues, suggesting coordinated rearrangement between these two regions 
upon S2:Trp binding (Figure 2B). A further analysis of the dihedral angles of these residues 
showed that they are highly dynamic (movie S1). In particular, in the presence of the bound 
S2:Trp, the sidechain of Phe381 makes a counter-clock wise rotation in the green MS from 
the S2:apo condition (Figure 4A, D). In the two-fold pseudosymmetry of the LeuT structural 
fold, TM10e is at a peripheral position from the center of the transmembrane domain and is 
expected to have substantial flexibility – indeed the subsegment below TM10e, TM10m, is 
in a bulge conformation that may allow such flexibility.19 Interestingly, TM5i and TM5m, 
which are pseudosymmetrical to TM10e and TM10m, undergo drastic rearrangement from 
an unwound to a structured configuration during conformational transitions in MhsT.16, 17 In 
addition, significant conformational changes of TM10 have been observed 
crystallographically in other transporters with the LeuT-like structure fold, such as Mhp1.20

How is the observed rotation of TM10e coupled to the S1 site? Compared to the S2:apo 
condition, we found that the changes in TM10e propagate downwards towards the S1 site 
through the rotamer changes of Asp385 of TM10e and Ser389 of TM10m, which are 
associated with the rearrangement of an S1:Trp interacting Met236 of TM8m (Figure 4E-G).

Residues such as Phe381 that play a significant role in conformational transitions are 
expected to be critical for S2:Trp binding. Indeed, the F381C mutation in MhsT completely 
eliminated S2 binding and substrate transport,18 as did the mutation of the aligned residue in 
LeuT, Leu400.14

The complete elimination of S2 substrate binding by the F381C mutation is likely due both 
to its disruption of S2-ligand binding as well as impaired conformational transition. To 
further characterize the S2 substrate binding site per se, we chose Tyr37 and Phe366 for 
mutagenesis. These two residues interact with the S2:Trp in the highly populated MSs 
(Table 1) but appear not to be critical in conformational transitions (Figure 4A): specifically 
in the green MS, Phe366 stacks with the indole ring of S2:Trp (Figure 4A, C), while the 
carbonyl group of S2:Trp hydrogen bonds with Tyr37 (Figure 4A).

Interestingly, the Y37C and F366C mutations resulted in biphasic binding curves (Figure 5). 
This observation is in stark contrast to the binding isotherm of MhsT-WT (Figure 5A), 
which was well fit to a rectangular hyperbola reaching a molar Trp:MhsT binding ratio of 
2.18 Rectangular hyperbolic isotherms have been described for LeuT-fold proteins where 
both substrate binding sites exhibit similar affinities, whereas more complex (i.e., biphasic) 
binding isotherms have been observed when the affinities in both sites differ by a factor of 
about 1014, 21–23 (Figure 5B, C), suggesting that in the Y37C and F366C mutants, the S2 
site has a lower affinity than that in the WT. Such disrupted S2 binding results in 
substantially reduced 3H-Trp transport as reflected in lowered initial rates and Vmax values 
of 3H-Trp transport as well (Figure 6).

Trp33 is a highly conserved residue among the NSS members in the EV, and was suggested 
to replace the role of the movable substrate in the S2 site.16 However, recent results18 

indicate that, whereas Trp33 is not essential for Na+-coupled symport, a conformational 
arrangement that repositions its side chain may enable a Trp substrate molecule to bind in 
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the S2 site, a critical step in the allosteric mechanism of transport. Interestingly, among the 
six MSs with the largest equilibrium probability, Trp33 in the green MS does not directly 
interact with S2:Trp, and we observed a significant change of the rotamer of Trp33 in this 
MS compared to the S2:apo condition and the crystal structure (Figure 4A, B). With all the 
experimental results considered, including both from our previous study18 and the Y37C and 
F366C results herein, we infer that the green pose is most consistent with all the 
experimental findings in representing the S2 binding pose. Thus, the opening of TM10e 
upon substrate binding appears to be an important conformational rearrangement required 
for the formation of the S2 binding site. As MhsT is an 11-TM transporter, its TM10e and 
TM10m are directly exposed to lipids. The lack of intramolecular restraints on TM10e in the 
transmembrane domain of 11-TM MhsT, such as those between TM10e and TM12 in the 
12-TM NSS, might allow us to observe the changes in the microsecond-scale MD 
simulations. Nevertheless, this does not imply that this potentially functionally important 
rearrangement of TM10 does not happen in the 12-TM NSS.

CONCLUSIONS

Taken together, by combining extensive MD simulations and MSM analysis of the substrate 
Trp binding to the EV of MhsT, we have identified several potential binding poses of S2:Trp. 
In particular, the green pose best explains all our experimental findings. However, given the 
complexity of the transport cycle in which MhsT has to traverse several conformational 
states, further investigation is required to fully reveal mechanistic consequences of S2:Trp 
binding.

Targeting the S2 site of NSS is a promising strategy for designing allosteric modulators of 
transport. Our findings can be used to inform the design of new S2 compounds, as well as 
our understanding of the subsequent events in the transport mechanism.

METHODS

MD simulations.

The starting MhsT model for our MD simulations was based on the S1:Trp-bound crystal 
structure of MhsT (PDB ID: 4US4). A second Trp molecule was docked in the S2 site using 
the induced-fit docking (IFD) protocol24 implemented in the Schrodinger suite (release 
2014–4).

Visual Molecular Dynamics (VMD) program25 was used to prepare the simulation systems: 
the selected MhsT model from IFD was immersed in explicit POPC membrane bilayer and 
water solvent environment; Na+ and Cl- ions corresponding to 0.15 M concentration were 
added in the water phase.

The energy minimization and MD simulations were carried out using NAMD26 with the 
CHARMM36 force field.27, 28 A cutoff of 12 Å was used for the nonbonded interactions, 
and long-range electrostatic effects were evaluated by the particle mesh Ewald method. The 
system was initially minimized for 6000 steps. In the following MD simulations, the hybrid 
Nose-Hoover Langevin piston method29 was used to maintain constant pressure at 1 atm on 
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an anisotropic flexible periodic cell, for which a constant-ratio constraint was applied in the 
X-Y plane. Constant temperature at 310 K was maintained with Langevin dynamics in the 
isothermal-isobaric (NPT) ensemble. For the first 200 ps of the first round of MD 
simulations (see below), a time step of 1 fs was used, which was then increased to 2 fs for 
the rest of the simulations.

MSM analysis.

We used the pyEMMA program (version 2.3.2)32 to perform the MSM analysis30, 31 as 
described previously,33–35 and used the binary features that describe the contacts between 
S2:Trp and MhsT as the input features. Specifically, if the shortest heavy-atom distance 
between S2:Trp and any given residue of the protein was within 5Å, the contact to that 
residue was set to 1, otherwise 0. Thus for MhsT that has 453 residues, each MD frame was 
represented by a 453-dimentional binary feature vector.

The time-lagged independent component analysis (TICA)36, 37 was used to estimate the 
slow linear subspace of the input features. A dimension reduction was achieved by 
projecting the feature vectors on the 25 slowest TICA components (representing 80% of the 
cumulative kinetic variance38). k-means clustering was then used to partition the subspace 
into 25, 50, 100, 200, or 1000 microstates. The 50-state MSM had the highest score in terms 
of the variational principle,39, 40 as determined by using a previously described cross-
validation protocol (Table S1).35 For this MSM, the implied timescales (ITSs)41 for the 
transitions among microstates as a function of various lag times are shown in Figure S4. At 
each lag time, we employed the Bayesian sampling to compute statistical uncertainties of 
500 transition matrix samples. Convergences of ITSs were achieved at a lag time of 120 ns, 
which was then consistently used for further analyses. We used the PCCA++ method42 to 
coarse-grain the microstates into MSs. The kinetic analysis was performed on those 
microstates having >60% of probability to belong to a particular MS. The final MSM was 
shown to be converged using Chapman-Kolmogorov test (Figure S5).31

MSM-guided iterative MD sampling.

To adequately sample the S2:Trp binding modes and the conformations exhibited by MhsT 
in various binding modes, we used an iterative MD sampling protocol, and carried out 
totally 5 rounds of MD simulations based on the MSM analysis. Specifically, in the first 
round of MD simulations, we initiated three trajectories starting with different random seeds. 
By taking advantage of the MSM analysis after each round, we analyzed the population of 
microstates and restarted four rounds of simulations from those microstates having the 
smallest populations, with reducing lengths of simulations.33, 35, 43 The minimum length of 
trajectories was 300 ns. Overall, we collected 44 MD trajectories with an aggregated 
simulation time of 56.7 μs.

Conformational analysis.

The data sets for the conformational analysis were assembled as following: for each of the 
S2:Trp-bound MSs, we randomly extracted 1000 MD frames from the microstates that have 
>60% probability to belong to a given MS; for the equilibrated S2:apo condition, we 
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randomly extracted 1000 frames from our previous simulation trajectories of MhsT without 
S2:Trp.44

We used MDTraj (version 1.7.2)45 in combination with in-house Python scripts to calculate 
distances and dihedral angles.

We developed the pairwise interaction analyzer for MhsT (PIA-MhsT), based on our 
previously developed PIA-GPCR46 and PIA-DAT.35 For the analysis of coarse-grained 
interaction network of MhsT at subsegment level, we used the following structural elements 
as previously defined:17 NT (N terminus, residues 1–13), TM1i (the intracellular section (i) 
of TM1, 14–23), TM1m (the middle section (m) of TM1, 24–31), TM1e (the extracellular 
section (e) of TM1, 32–41), EL1 (42–44), TM2e (45–50), TM2m (51–60), TM2i (61–74), 
IL1 (the intracellular loop 1, 75–87), TM3i (88–103), TM3m (104–108), TM3e (109–124), 
EL2 (125–146), TM4e (147–155), TM4i (156–164), IL2 (165–171), TM5i (172–175), 
TM5m (176–181), TM5e (182–194), EL3 (195–217), TM6e (218–226), TM6m (227–238), 
TM6i (239–245), IL3 (246–252), TM7i (253–262), TM7m (263–269), TM7e (270–282), 
EL4a (283–288), EL4b (289–305), TM8e (306–319), TM8m (320–328), TM8i (329–338), 
IL4 (339–343), TM9i (344–353), TM9e (354–364), EL5 (365–379), TM10e (380–387), 
TM10m (388–392), TM10i (393–405), IL5 (406–426), and TM11 (427–448).

In a MD frame, if the shortest heavy-atom distance between S2:Trp and any given residue of 
the protein was within 5Å, we defined that S2:Trp forms an interaction with this residue. 
The S2:Trp interacting residues for a given MS were defined to be those having frequencies 
of interaction with S2:Trp that are above 50% (Table 1).

Site-directed mutagenesis, gene expression, protein purification.

PCR-based site-directed mutagenesis was used to replace Tyr37 or Phe366 in the mhsT gene 
in plasmid pQO6-TEV.16 Verified mutated genes were transferred to a pNZ8048 derivative 
and expressed in Lactococcus lactis NZ9000 and purified to apparent homogeneity (see Fig. 
5D) in 50 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris)/2-(N-morpholino)-
ethanesulfonic acid (Mes), pH 7.5/20% glycerol/150 mM NaCl/1 mM Tris(2-carboxyethyl) 
phosphine (TCEP)/0.1 % (w/v) n-decyl-β-D-maltopyranoside (DM) as previously described.
18, 47 Protein concentration was measured with the amidoblack protein assay.48

Transport assay.

L-[3H]tryptophan (American Radiolabeled Chemicals, Inc) transport was measured in intact 
E. coli MQ614 harboring pQE60 (serving as control) or pQE60 derivatives containing the 
mhsT-WT, -Y37C, or -F366C in buffer composed of 10 mM Tris/Mes, pH 8.5/50 mM 
NaCl16. Western blotting (using a monoclonal antibody against the N-terminal His tag 
present in all MhsT constructs) was used to determine the relative amounts of the respective 
MhsT variants in the membrane of MQ614 and showed that the mutations do not 
significantly alter the expression or insertion of the protein in the E. coli plasma membrane 
(Fig. 6C). Membrane vesicles were produced from MQ614 cells expressing the given mhsT 
variants or those transformed with pQE60 (no mhsT). 10 μg of total membrane protein were 
subjected to SDS-PAGE followed by immunoblot analysis using His probe (Santa Cruz 
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Biotechnology, Inc.) and horseradish peroxidase-based chemiluminescence detection 
(SuperSignal® West Pico kit, Thermo Scientific).

Scintillation proximity assay (SPA)-based binding studies.

SPA-based L-[3H]tryptophan binding to purified MhsT was performed in 50 mM Tris/Mes, 
pH 7.5/20% glycerol/150 mM NaCl/1 mM TCEP/0.1% DM or DDM. 50 ng protein were 
bound to Cu2+-coated yttrium silicate (YSi) SPA beads (2.5 mg/mL) in 100 μL in the dark 
for 16 h at 4 ºC with vigorous shaking. The binding activity was determined with a Wallac 
1450 MicroBeta™ plate PMT counter in the SPA mode.

The non-proximity background signal was determined in the presence of 800 mM imidazole 
to prevent the interaction of the His-tagged protein with the Cu2+-coated SPA beads. Thus, 
specific binding was determined by subtracting the nonspecific binding from the total 
binding. Nonlinear regression fitting of the data (mean ± S.E.M. of triplicate determinations) 
of a representative experiment (n≥2) was performed in Prism 7 to obtain the EC50 and molar 
ratios of ligand-to-MhsT binding by plotting specific binding as function of free Trp. The 
binding isotherm for MhsT-WT was determined by fitting the data to a one-site binding 
model, whereas data fits of the two phases observed for MhsT-Y37C and -F366C were 
performed independently with one-site models.

Data analysis.

All experiments were performed at least in duplicate with replicas of ≥ 3 and data are 
expressed as mean ± S.E.M.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MSM analysis of the MD simulations identified potential S2:Trp binding sites. (A) Side 
view of the MhsT structure (PDB ID: 4US3) showing the relative positions of the central S1 

site and the EV. (B) Equilibrium probabilities of the MSs. The six MSs with largest 

equilibrium probabilities are colored, whereas the other MSs are in gray. (C-H) The S2:Trp 
binding poses in each of the six largest MSs, with the Cα atoms of S2:Trp interacting 
residues shown in spheres (colors correspond to those in panel B), the sizes of which are 
proportional to their interaction frequency with S2:Trp in each MS (see Table 1).
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Figure 2. 
The most dominant S2-bound MS (green) is characterized by outward movements of 
TM10e. (A) The pairwise distances among TM subsegments in the green MS are compared 
to those in the S2:apo condition.17 The analysis highlights the conformational changes of 

TM10e and the neighboring EL5 in the green MS. (B) The pairwise Cα atom distances of 
the S2:Trp-interacting residues identified in the green MS (Table 1) are compared to those in 
the S2:apo condition. The results indicate significant changes of residues Phe366 (EL5) and 
Phe381 (TM10e) (see text).
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Figure 3. 
Conformational dynamics of TM10e in the S2-bound MSs. (A) A zoom-in view of the 

TM10e dynamics. (B) Distribution of the TM10e-TM1e distances. In both panels, the six 
MSs with largest equilibrium probabilities are colored in their respective colors as in Figure 
1, the S2:apo condition is in black, and the crystal structure (PDB ID: 4US3) is in gray.
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Figure 4. 
Binding of S2:Trp in the green MS is associated with conformational changes that 
propagate towards the S1 site. (A) Compared to the S2:apo condition (upper panel), 
S2:Trp binding pose in the green MS (lower panel) is associated with different orientations 

of residues that propagate toward the S1 site. (B-D) The changes near the S2 site are 
demonstrated by different distributions of sidechain rotamers of Trp33, Phe366, and Phe381 

in the green MS compared to those in the S2:apo condition (in black). (E-G) The 
propagation of the changes from the S2 to S1 site is demonstrated by different distributions 
of sidechain rotamers of Asp385, Ser389, and Met236 in the green MS compared to those in 
the S2:apo condition (in black). The values in the crystal structure (PDB ID: 4US3) are 
shown in gray dotted lines.
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Figure 5. 
Saturation equilibrium binding. 50 ng of purified protein was used with increasing 

concentrations (0.05–50 μM) of 3H-Trp in the presence or 150 mM NaCl. A) Fitting the data 

for MhsT-WT to a rectangular hyperbola model revealed an EC50 of 7.5±1.0 μM. B, C) Data 
fitting for Y37C and F366C was performed in two steps22: fitting of the data between 0 and 
10 μM 3H-Trp to the Hill equation yielded an EC50 of 3.9±0.5 μM and 6.5±2.1 μM, with 
Hill coefficients of 1.7±0.3 and 1.3±0.2 (indicative of allosteric interactions involving more 
than one binding site) for Y37C and F366C, respectively, whereas fitting the data between 
10 and 50 μM 3H-Trp to a rectangular hyperbola model yielded an EC50 of 19.7±2.5 μM and 
20.9±4.7 μM for Y37C and F366C, respectively. The molar binding ratio of Trp:MhsT-WT 

was 2.1±0.1, while it was 2.2±0.3 and 2.3±0.4 for Y37C and F366C, respectively. D) 
Purified MhsT variants (1 μg protein per lane) used for the equilibrium binding experiments 
were subjected to 11% SDS-PAGE followed by silver staining of the gel. The approximate 
molecular weight of the protein standard is indicated.
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Figure 6. 
3H-Trp uptake. (A) Time course of Trp uptake. Uptake of 0.1 μM 3H-Trp was measured in 
E. coli MQ614 expressing MhsT-WT (■), -Y37C (●), or -F366C (∇). MQ614 transformed 
with plasmid pQE60 (○) served as control. Data (mean ± S.E.M. of triplicate 
determinations) of a representative experiment (n ≥ 3) are shown. (B) Kinetics of the initial 
rates of 3H-Trp transport (0.1 – 50 μM). Uptake was measured for periods of 10 s (WT) or 
30 s (mutants). Data (mean ± S.E.M. of triplicate determinations) of a representative 
experiment (n=3) were fitted with the Michaelis-Menten nonlinear regression model. (C) 
Relative expression of MhsT variants. A monoclonal antibody against the N-terminal His tag 
in the MhsT variants was used to detect relative amounts of MhsT-WT, -Y37C, or -F366C in 
membrane vesicles of E. coli MQ614 cells in this representative Western blot. MQ614 
transformed with pQE60 served as control (co).
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Table 1.

S2:Trp-interacting residues in the six MSs with the largest equilibrium probabilities. In a MD frame, if the 
shortest heavy-atom distance between S2:Trp and any given residue of the protein was within 5Å, we defined 
that S2:Trp forms an interaction with this residue. The frequencies of interaction that are above 50% for each 
of the six MSs with the largest equilibrium probabilities are shaded in the corresponding MS colors. The 
equilibrium probability values for each MS are shown in the parenthesis.

green
(22.4%)

blue
(16.6%)

orange
(13.7%)

cyan
(12.1%)

brown
(10.4%)

red
(8.3%)

TM1

TRP33 0.4 99.5 0.0 99.7 89.9 98.6

ARG34 21.8 99.7 3.2 100.0 89.4 99.9

TYR37 51.5 99.5 86.2 98.9 93.0 99.7

VAL38 0.0 0.1 57.7 0.4 0.0 17.9

EL1 ASN42 0.0 0.0 84.1 0.0 0.0 0.0

TM3

PHE107 99.9 99.4 0.1 98.6 62.5 4.3

VAL110 99.4 0.1 0.0 100.0 5.5 0.5

ILE111 91.3 85.1 0.0 99.6 52.4 75.2

TRP114 95.3 1.5 0.0 91.4 6.8 97.6

EL2 PHE139 0.0 0.1 6.7 0.0 0.8 99.9

EL3 ASP217 0.0 0.0 72.9 0.0 0.0 0.0

TM6

PR0218 0.0 0.0 59.6 0.0 0.0 0.0

GLY219 0.0 0.0 84.1 0.0 0.0 0.0

VAL220 0.0 0.0 53.0 0.0 0.0 0.0

ALA223 0.0 0.0 87.2 0.0 0.0 0.0

PHE230 0.0 69.6 0.0 85.6 1.6 0.0

EL4

GLY288 15.8 73.9 10.6 5.2 51.9 89.6

PRO289 51.2 95.7 0.5 46.0 93.5 88.2

GLY290 0.0 72.0 10.0 0.1 4.9 16.5

TM9 SER362 97.1 1.0 0.0 3.4 3.2 0.0

EL5
SER365 56.8 28.5 0.0 0.4 83.6 0.0

PHE366 99.9 98.8 0.7 94.1 96.3 95.2

TM10

PHE381 97.4 1.3 1.0 0.4 97.5 14.4

ASP382 99.9 1.5 13.3 0.7 97.1 7.8

ASP385 86.5 99.7 4.0 100.0 93.3 76.7

SER389 0.0 96.5 1.6 96.7 0.0 0.0
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