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ABSTRACT

In mammals, the apical sodium-dependent bile acid transporter (ASBT) is responsible for the reuptake of bile acid from the

intestine, thus recycling bile acid that is secreted from the gallbladder, for the purpose of digestion. As bile acid is synthesized

from cholesterol, ASBT inhibition could have important implications in regulation of cholesterol levels in the blood. We report

on a simulation study of the recently resolved structures of the inward-facing ASBT from Neisseria meningitidis and from

Yersinia frederiksenii, as well as of an ASBT variant from Yersinia frederiksenii suggested to be in the outward-facing confor-

mation. Classical and steered atomistic simulations and comprehensive potential of mean force analyses of ASBT, both in the

absence and presence of ions and substrate, allow us to characterize and gain structural insights into the Na1 binding sites

and propose a mechanistic model for the transport cycle. In particular, we investigate structural features of the ion transloca-

tion pathway, and suggest a third putative Na1 binding site. Our study sheds light on the structure–function relationship of

bacterial ASBT and may promote a deeper understanding of transport mechanism altogether.
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INTRODUCTION

Bile acids are synthesized from cholesterol in the liver,

secreted into the bile, and stored in the gallbladder. Dur-

ing the digestion process, the gallbladder contracts, and,

consequently, bile acids are squeezed into the small intes-

tine, where they facilitate absorption of fatty acids, cho-

lesterol, and water-insoluble vitamins. More than 90% of

the bile acids are reabsorbed from the intestine and

transported back to the liver via the portal-venous circu-

lation.1 In humans, this recycling process is mediated by

two Na1-dependent bile acid transporters, one of which

is the apical sodium-dependent bile acid transporter

(ASBT, a.k.a. SLC10A2).2 The SLC10A gene family con-

sists of seven Na1-dependent bile acid transporter mem-

bers that play important roles not only in enterohepatic

circulation of bile acids but also in transporting other

solutes, including drugs and viruses (for comprehensive

recent reviews see Refs. 3 and 4).

From a pharmaceutical perspective, ASBT is a poten-

tial pharmacological target for hypercholesterolemia

because �50% of cholesterol is eliminated from the body

by its conversion into bile acids. Accordingly, specific

inhibitors of ASBT were found to lower plasma choles-

terol levels in animal models.5,6 ASBT is up-regulated in

diabetic mice, and its inhibition by a potent inhibitor

lowered glucose levels in an animal model of Type 2 dia-

betes. This inhibitor is currently tested at clinical trials in

patients with Type 2 diabetes.7 ASBT may also be a

medicinal target for some types of inflammatory bowel

disease, in particular in Crohn’s disease and ulcerative

colitis where it was shown to be down-regulated.8

However, although the potential medical implications

of ASBT inhibitors are promising, usage of ASBT inhibi-

tors is associated with an increased risk for gallstone
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disease,9 bile acid-induced diarrhea,10 and cancer.11,12

Molecular computational models for FDA-approved

ASBT inhibitors were constructed,13 whereas the diverse

roles taken by bile acids in colon and gastrointestinal

cancers were recently detailed in Ref. 14. Therefore,

although the importance of ASBT as a therapeutic target

is high, the adverse physiological applications of its inhi-

bition should be carefully monitored and evaluated.

ASBT is a symporter, exploiting the Na1 gradient to

translocate bile acids across the membrane, with a stoi-

chiometry of two Na1 ions for one bile acid molecule.15

Biochemical characterization of the human ASBT

included extensive mutation screening analyses, which

revealed disruption of the protein’s stability,16 interfer-

ence of the protein’s substrate translocation,17 and trig-

gering of primary bile acid malabsorption, leading to an

idiopathic diarrhea.18 Analysis of the SLC10A2 gene

identified a variety of sequence variants, including cod-

ing region single nucleotide polymorphisms that influ-

ence bile acid intestinal function and homeostasis.19

Recently, the crystal structure of a bacterial homologue

of ASBT from Neisseria meningitidis (NmASBT) was

determined in an inward-facing conformation, and at the

presence of the substrate taurocholate (TCH) and two

Na1 ions (PDB: 3ZUY).20 Subsequently, two additional

crystal structures of ASBT, from Yersinia frederiksenii

(YfASBT), were solved in an inward-facing conformation

(PDB: 4N7W), and as an E254A mutant that was sug-

gested to be in an outward-facing conformation (PDB:

4N7X).21 The three ASBT structures, presented in Figure

1, exhibit similar topology; the protein has cytoplasmic

amino and carboxy termini, contains 10 transmembrane

(TM) helices, and possesses two additional helices that

are relatively parallel to the cytoplasmic side of the mem-

brane. The TM helices form two inverted repeat units,

each made of a V-shaped motif (TM1 and TM2; TM6

and TM7) and a core motif (TM3–TM5; TM8–TM10).

TM1–TM5 and TM6–TM10 are structurally homologous

but oppositely orientated, thus producing an internal

twofold pseudosymmetry. TM4 and TM9 are discontinu-

ous and crossover at a conserved region, and a wide crev-

ice, to which a substrate is bound, is found at the

intracellular side of the protein. Discontinuous TM helices

can be found at numerous secondary active transporters,

including the Na1/H1 antiporter NhaA, the leucine trans-

porter LeuT, and the H1/Cl– exchanger ClC.22 The over-

all general fold architecture of both NmASBT and YfASBT

is highly similar to that of NhaA, although they do not

share discernible sequence homology.23

Two models were suggested, so far, for the transport

mechanism of ASBT: a simplified transport mechanism

comprising only the inward-facing structure of NmASBT

and a model structure of its outward-facing conforma-

tion20; and an elaborate transport model, based upon the

NmASBT, both YfASBT structures, and three hypothetical

conformations.21 According to the elaborated model, a

large rigid-body rotation of the substrate binding domain

of the protein, which is located where TM4 and TM9 trans-

verse, accounts for the alternating accessibility mechanism.

However, the suggested structural changes of the protein

were only hypothetical because they were inferred from

two solved inward-facing conformations, one presumably

outward-facing conformation, and speculative intermediate

conformations. This hampers the ability to track conforma-

tional dynamic changes of the protein and to follow the

movement of the Na1 ions along the transport mechanism

stages, and calls for an in-depth study that can expand the

structural information with computational methods.

Figure 1
The solved structures of ASBT, shown in a ribbon representation.20,21 Sodium ions appear as blue spheres. The taurocholate molecule appears in

a licorice representation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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By performing classical molecular dynamics (MD)

simulations, steered MD (SMD) simulations, and poten-

tial of mean force (PMF) calculations and analyses, we

present dynamic mechanistic structural insights into the

transport mechanism of ASBT. Besides expanding the

structural information and proposing intermediate states

that were not accessible by the X-ray structures, we

uncover a third ion binding site that is proposed to be

occluded at specific states of the transport cycle. Finally,

based on the X-ray structures and our computational

results, we suggest a model for the transport cycle that

takes into account the conformational dynamics of the

protein and the third ion binding site.

METHODS

Systems setup

In each system, summarized in Table I, a monomeric pro-

tein with its crystallographic water molecules was inserted

into a pre-equilibrated 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE) bilayer.24 The systems’ total

charge was neutralized by adding Na1 and Cl– ions to a final

concentration of 137 mM. The systems were subjected to

energy minimization using the steepest descent algorithm

with a tolerance of 1000 kJ mol21 nm21, followed by a step

using the conjugated gradient algorithm with a tolerance of

100 kJ mol21 nm21. Three equilibration steps of 100 ps

each, under positional restraints using harmonic force con-

stants of k 5 1000, 500, and 0 kJ mol21 nm22 respectively,

were conducted. The equilibrated systems were subjected to

100 ns of unbiased MD production runs.

MD details

All simulations were done using version 4.5.5 of the

GROMACS package,25,26 employing an extended ver-

sion of the GROMOS53a6 force field27; using the LINCS

algorithm,28 allowing a time step of 2 fs; using the

Nos�e–Hoover temperature coupling at 310 K; employing

a semi-isotropic Parrinello–Rahman pressure coupling at

1 bar, differentiating the z-axis (the membrane normal);

using a cutoff of 1.2 nm for van der Waals interactions;

and computing long-range electrostatic interactions with

the PME algorithm.29

Parameters for the TCH molecule were obtained using

the Automated Topology Builder version 2.0,30 with

slight modifications based on similarity to known mole-

cules already existing in the GROMACS database. The

TCH molecule was then submitted to an MD simulation

in water for equilibration and parameters validation. The

position of the TCH in the YfASBT structures were based

on docking performed using PatchDock.31

Positions for the sodium ions and TCH in the YfASBT

inward-facing structure were based on the NmASBT

crystal structure.20 In the outward-facing structure,

sodium ions were placed in Sites II and III based on the

NmASBT simulations (see Results section), and the TCH

orientation was selected based on the arguments pre-

sented by Zhou et al.21

His-tags were removed in silico from the structures,

and charged termini were used. Furthermore, in the

outward-facing structure, the mutated E254A was

reverted in silico to Glu.

Steered MD

Prior to conduction of the umbrella sampling calcu-

lations, SMD simulations were performed to generate

a series of consecutive configurations along the chosen

reaction coordinate,32 the z-axis which represents the

membrane normal. Some of these configurations

served as the starting configurations for the PMF cal-

culations, which were run in independent umbrella

sampling window simulations. For that end, we per-

formed two SMD simulations, with and without TCH,

where a sodium ion was placed in Site II and pulled

along the z-axis, in each direction, using a moving

harmonic force applied to the sodium ion at 500

kJ mol21 nm22, moving at 0.02 pm ps21 (or at 0.025

pm ps21), having the protein’s center-of-mass as the

reference group. Further description for our choice of

these force and speed conditions is provided in the

Supporting Information.

To ensure that we use enough configurations along

the reaction coordinate, in order to obtain reasonable

spacing of the umbrella sampling windows, in terms of

distance between the ion and the center-of-mass of the

protein, we initially chose �27 z-positions (windows),

Table I
Summary of the simulations performed for the NmASBT and YfASBT

Type TCH NaI NaII NaIII Note

MD 2 2 2 2 Only NmASBT
MD 2 1 2 2 NmASBT and IF-YfASBT
MD 2 1 1 2 NmASBT and IF-YfASBT
MD 2 2 1 2 All structures
MD 2 2 1 1 Only OF-YfASBT
MD 2 2 2 1 Only OF-YfASBT
MD 1 2 2 2 All structures
MD 1 1 2 2 NmASBT and IF-YfASBT
MD 1 1 1 2 NmASBT and IF-YfASBT
MD 1 2 1 2 All structures
MD 1 2 1 1 Only OF-YfASBT
MD 1 2 2 1 Only OF-YfASBT

SMD 2 All structures, force on Na1

SMD 1 All structures, force on Na1

PMF 2 All structures, Na1 sampled
PMF 1 All structures, Na1 sampled
PMF 2 2 2 Only NmASBT, TCH sampled
PMF 1 2 2 Only NmASBT, TCH sampled
PMF 2 1 2 Only NmASBT, TCH sampled
PMF 2 2 1 Only NmASBT, TCH sampled

Each MD simulation was 100 ns long. Total simulation time was � 4 ls.

IF, inward-facing conformation; OF, outward-facing conformation.
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separated by Dz � 0.1 nm. These windows cover the

studied range of the membrane width, and the bulk

water on both sides of the bilayer. Upon completion, we

looked at the corresponding histograms (see Supporting

Information Fig. S1) and submitted several additional

conformations. This process was repeated until the corre-

sponding histogram curves expressed sampling that was

complete and thorough, meaning no unsampled regions

along the z-axis were detected. The iterative process

resulted in different numbers of configurations for each

condition (for example, the numbers of windows on

Supporting Information Fig. S1 are 56 and 33 for the

ion and the TCH, respectively).

Potential of mean force

PMF curves were produced using the umbrella sam-

pling method,33 with sufficient frames for complete sam-

pling of the reaction coordinate and convergence of the

PMF. For each starting configuration for the calculation

of the PMF, which was obtained from a snapshot of the

SMD simulations, the system was independently sub-

jected to an energy minimization to allow the ion to

move laterally in the x-y plane. The minimization was

performed for each window using the steepest descent

algorithm and a tolerance of 1000 kJ mol21 nm21, fol-

lowed by a minimization using the conjugated gradient

algorithm with a sequential decreasing convergence from

100 to 10 kJ mol21 nm21. Subsequently, a 10 ns produc-

tion run was performed for each window to collect sam-

pling data. Unbiasing and integration were performed

with 200 bins and a tolerance of 106 using the weighted

histogram analysis method (WHAM).34 Additional tech-

nical methodological information, including histograms of

the vertical distribution within the umbrella sampling

and error bars, is given in the Supporting Information

(Supporting Information Figs. S1 and S2, respectively).

Visualization and analysis

The simulations were visualized with the visual MD

(VMD) program.35 The analyses were conducted using

in-house VMD Tcl or perl scripts, and the GROMACS

analysis package tools.

Sequence alignment

Sequence alignment for the inverted topology analysis

was performed using AlignME,36 a program designed for

pair-wise alignment of membrane protein sequences.

RESULTS

In this study, we performed extensive MD simulations

and free energy calculations on three protein structures

from two bacterial ASBT homologs. NmASBT was used

as the prototype for substrate binding, as its X-ray struc-

ture contains two bound Na1 and one bound TCH, and

YfASBT was used as the prototype for the transport

mechanism because its structures are suggested to consist

of both outward-facing and inward-facing conformations

(see Fig. 1).20,21

MD simulations of the three systems with and without

bound Na1 (up to two ions) and at the presence or

absence of TCH were conducted for 100 ns each. In all

the simulations, the transporter was stable (backbone

atoms’ RMSD of up to �0.4 nm; see Supporting

Information Fig. S3). The dynamics of the TCH mole-

cule reveals stable binding, as it remained mostly bound

throughout all the simulations to the same binding resi-

dues, suggesting that, kinetically, this duration is too

short for TCH unbinding. Observing the behavior of

the sodium ions revealed more insight, as described

later.

Na1 binding in NmASBT

To understand the transport cycle of ASBT, NmASBT

was simulated with and without sodium ions bound to

the binding sites revealed in the crystal structure. In the

simulations where no Na1 was initially present, no spon-

taneous Na1 binding from the bulk occurred, probably

because the simulation duration is not long enough for

proper sampling that would result in binding. However,

when Na1 was present in the different sites, interesting

observations were made. The Na1 at Site I (see Fig. 1)

was released to the intracellular bulk after �20 ns as

shown in Figure 2 left panel. In the simulation where

TCH and both ions were bound, the Na1 at Site I was

released after 100 ns. Because this occurred near the end

of the simulation, this particular simulation was

extended by an additional 20 ns to ensure that the ion

does not quickly rebind. Considering these two simula-

tions, Site I binds Na1 in a looser manner than Site II

binds. To support this hypothesis, and refute the attribu-

tion of this to sporadic events, we computed free energy

difference curves for Na1 ions along the transporter.

PMF for NmASBT

Free energy difference curves for Na1 binding along

the transporter were calculated using umbrella sampling.

As can be seen in Figure 3, Site I does not show an

expected energy well characteristic of a binding site, with

no observable trough. In contrast, an unexpected

“cryptic” energy trough is seen along the coordinate,

closer to the extracellular side. In the structure, this posi-

tion corresponds to a zone adjacent to Site II, sharing

residue Q264 (Q258 in YfASBT) that sterically could

serve as a binding site (see Fig. 4 left panel). We

hypothesize that this position, termed Site III, plays a

key role in the transport cycle, serving as a putative third

binding site that takes part in the translocation of the

R. Alhadeff et al
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sodium ions, probably playing a more important part in

conformations that have not yet been determined by

structural means.

Site III consists of residues V105, G106, C108, and

Q264 in the NmASBT sequence (corresponding to resi-

dues V99, G100, V102, and Q258 in the YfASBT

sequence, respectively, see Fig. 4), positions that are

highly conserved (data not shown). The interaction with

the sodium ion is mediated by the backbone carbonyls

of residues V105, G106, and C108, similarly to residues

S128, E260, A261, and M263 in Sites I and II, and by the

side chain of Q264.

Notably, in our SMD simulations, under the given

applied conditions of force and speed, when the Na1

was pulled in the direction of the extracellular side, its

forced movement was substantially detained by interac-

tions with nearby residues upon reaching the position of

Site III. This is in line with the PMF curves, where we

observe an energy trough, and supports the notion that

an ion could structurally bind in that position. Further-

more, the energy barrier separating Site II from Site III

is low enough to permit spontaneous translocation, pre-

sumably mediated by rotation of the side chain of Q264,

which is shared by both Sites II and III.

Figure 3
Free energy difference curves for Na1 binding. The approximate position of Sites I, II, and III is marked with red, blue, and green arrows, respec-

tively. The horizontal axis represents the z-coordinate in the simulation box, having negative values at the cytoplasmic side. At each panel, the red
and black curves represent free energy calculations with and without TCH, respectively. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2
The position of the sodium ions along the z-axis is given as a function of time. The initial state of each simulation is indicated in colored text. NaI
and NaII refer to Na1 Site I and Site II binding, respectively; 2Na signifies that both ions were bound at the start of the simulation; w/ means

“with.” Binding site boundaries are marked with a dashed box. For visual clarity, in the NmASBT simulation in blue, the simulation time shown is

20–120 ns rather than 0–100 ns, respectively, as explained in the Results section. Only selected simulations are shown. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Free energy difference curves for the TCH molecule,

moving from the cytoplasm to slightly above the binding

site, were produced for the NmASBT as well. Four sets of

simulations were run, to calculate the energetics of TCH

binding in the absence of Na1 and when ions were

bound to Site I, II, or III (see Table I). The PMF curves

for TCH revealed energetically favorable binding, as

observed in the nonbiased simulations. The different

curves were moderately similar, suggesting that Na1

binding has little effect on the TCH binding (Fig. 5).

Na1 binding in YfASBT

The structure of the YfASBT has been determined in

two conformations, inward-facing (IF) and a hypothe-

sized outward-facing (OF) E254A mutant. The criteria

supporting that the latter structure is indeed outward-

facing are discussed in Ref. 21, and under the reasonable

assumption that the wild-type transporter would assume

the same conformation as the E254A mutant, we simu-

lated the YfASBT in the two conformations.

In the simulations of the IF-YfASBT structure, we

observed stability of the Na1 bound to Site I (with or

without bound TCH; data not shown), and when both

sodium ions were bound; however, when the ion was

bound to Site II, it moved to Site I (see Fig. 2 middle

panel), which energetically seems to be less favorable (see

Fig. 3).

In the OF-YfASBT simulations, we observe high stabil-

ity of the Na1 in the single ion simulations (data not

shown); however, when two ions were bound to Sites II

and III, the ion in Site II moved to Site I, probably due

to electrostatic repulsion between the two bound Na1

(see Fig. 2 right panel), a phenomenon observed at K+

channels as well.37,38 This is an interesting observation,

because one might expect the ion at Site III to move

toward the extracellular bulk, similar to the ion at Site

I for the NmASBT simulations. This is further discussed

later. Similarly to NmASBT, Site III interactions are

mediated by the carbonyl oxygen atoms of V99, G100,

and V102, as well as the side chain of Q258.

Finally, the bile acid molecule is stable in all the simula-

tions of YfASBT. This suggests that the TCH molecule’s

Figure 4
Atomic resolution visualization of binding Site III. (a) NmASBT in a ribbon representation; the residues of Site III are shown in a licorice represen-

tation. An eye shows the angle from which the snapshots in (b) are shown. (b) For each system, the X-ray structure (top) and a snapshot from a
representative simulation (bottom) are shown. Na1 is depicted in blue. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 5
Free energy difference curves for TCH binding at the absence or pres-
ence of a bound Na1 ion, as indicated. The horizontal axis represents

the z-coordinate in the simulation box, having negative values at the
cytoplasmic side. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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koff is too low to obtain unbinding during the simulation.

Additionally, this supports the assumed binding site of the

TCH in the OF conformation, suggested by Zhou et al.21

PMF for YfASBT

The PMF curves for the IF-YfASBT are qualitatively

similar to the curves of the NmASBT structure; however,

the energy magnitudes are higher in the YfASBT. In par-

ticular, the energy troughs for the IF-YfASBT at the pres-

ence of bile acid are very deep, and could be a

consequence of sampling problems, compared with all

other curves in Figure 3. Regardless, in both curves of

the IF-YfASBT, the energy in Site I is higher than that in

Site II and that in the hypothesized Site III.

The free energy difference curves of the OF-YfASBT, in

contrast, seem to be somewhat of a mirror image of all

other curves, where the energy for Site III is the highest.

Based on the difference in the PMF curves, we simulated

the structure of the OF-YfASBT with Na1 bound at Sites

II and/or III (see Table I). The reasoning behind this

placement is in the core-domain’s twofold pseudosym-

metry39; the pair of occupied sites out of the three pos-

sible binding sites in the IF and OF conformations is

expected to be different, as the energies are.

Residue orientation

An interesting observation was made while monitoring

the orientation of certain residues, namely, residues Q77,

N115, E260, and Q264 of NmASBT (corresponding to

residues H71, N109, E254, and Q258, respectively, in the

YfASBT sequence), all located in the vicinity of the bind-

ing sites. Throughout the simulations, when Na1 ions

were bound to the transporter, the polar side chain of

the adjacent residue, from the list above, was constitu-

tively facing the Na1 ion (illustrated by the perfect syn-

chronicity of a representative simulation shown in Fig.

6). Furthermore, when an ion was moving from one

binding site to another, or unbinding a particular site,

the adjacent residue rotated with the ion, “escorting” it

along its trajectory.

Alignment

We performed sequence alignment of the two elements

from the inverted repeat of NmASBT. The two inverted

repeats were aligned to one another and are shown in

Figure 7. The binding residues of Site II correspond to

the binding residues of the hypothesized Site III (similar

results were obtained for the YfASBT; data not shown).

DISCUSSION

Secondary active transporters couple the free energy

stored in the electrochemical potential of one solute to

the movement of another against its electrochemical

potential. The mechanism of action of many secondary

transporters follows the alternating access model, postu-

lated by Jardetzky40 and Mitchell.41 According to the

model, the transporter alternates between at least two

conformational states in which the substrate- and the

ion-binding sites are alternately exposed to the two

sides of the membrane. From this structural mechanistic

perspective, the crystal structures of ASBT were classi-

fied as inward-facing NmASBT,20 inward-facing

YfASBT,21 and suggested as outward-facing structure

YfASBT E254A mutant.21 These structural data led to

putative proposals of transport mechanisms of

NmASBT and YfASBT.20,21 Yet, the conformational

states of NmASBT and YfASBT along the transport cycle

are still obscure, and hence, we chose to address and

track conformational dynamic features of ASBT trans-

port by computational means.

Convergence of the free energy profiles

Free energy profiles are an instrumental part of this

study, and hence, assessing their convergence is of high

importance. To that end, at all the PMF simulations, we

verified convergence by using a subsampling of the entire

production run, and re-performed the calculations using

only the first half of each production run (Supporting

Information Fig. S4). The subsampling free energy curves

are quantitatively very similar to the curves with the

entire length duration production run, demonstrating

that the curves shown on Figures 3 and 5 have

adequately converged (see Supporting Information).

Notably, convergence of free energy profiles of PMF cal-

culations was addressed and evaluated by other

Figure 6
Residue orientation, OF-YfASBT with 2 Na1 and TCH is shown as a

representative simulation. (a) For each residue, the vertical distance
between the side chain and the backbone atoms is shown in black. In

shaded blue, at the background, are the sodium positions taken from
Figure 2 right panel, blue. (b) Corresponding snapshots of Q258 from

the simulation are shown for clarification of the distances presented.

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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methodological approaches as well. For example, solving

the WHAM equations by maximizing a target likelihood

function by developing optimization algorithms with a

faster convergence rate than the common procedure,42

using two different sets of starting structures, one from

unbiased and the other from biased MD simulations,43

increasing the sampling time for each window,44,45 and

generating multiple sets of simulations from different

starting conformations.45

A putative binding site for Na1

We conducted extensive simulations and free energy

calculations on the three available published structures.

Our free energy difference curves suggest the existence of

a third sodium ion binding site that is not occupied in

any of the X-ray structures. This is based on the appear-

ance of a distinct energy well in each of the free energy

difference curves (Fig. 3), as well as in SMD simulations

where pulling of the ion through the position termed

Site III resulted in trapping of the ion. The existence of

Site III is also hinted in the sequence, where the binding

residues of Site III correspond to the binding site of the

assumed inverted topology of ASBT (Fig. 7).

In the determined crystallographic structure of

YfASBT, there was no obvious electron density for Na1

at Site I and a very weak density at Site II. Consequently,

the determined positions of the Na1 ions at the crystal

structure are only an estimation.21 Thus, because elec-

tron density was not seen at the putative location of Site

III, its existence was not proposed or even checked

experimentally. We suggest that Site III has a functional

role as a binding site in several conformations, providing

energetically favorable access for the Na1 to the outside

of the cell. Altogether, the binding sites are separated by

relatively low energy barriers, enabling movement of the

Na1 ion from site to site with relative ease, according to

the current conformational state.

Although the existence of the third binding site is

speculative, and no experimental evidence has confirmed

it to date, the presence of unseen binding sites in crystal-

lographic structures was previously suggested by other

independent studies, and such binding sites have been

revealed in various different systems. For example, a

third Na1 binding site in GltPh,46,47 a fourth one for

the Na1,K1-ATPase,48 a third one for BetP,49 an addi-

tional secondary binding site in LeuT,50–52 and an addi-

tional binding site for K1 in KcsA.53 Thus, in a

membrane transport protein, the presence of an addi-

tional binding site for an ion that is not observed in the

crystal structure (probably due to unclear or absence of

electron density) may be plausible and even advanta-

geous because it can contribute to binding and stepwise

shuttling of the ions.

Chemically speaking, it should be mentioned that

the ideal coordination number for sodium ions is six,

as observed in the crystal structure for ions bound to

Sites I and II of the NmASBT.20 According to our

results, the coordination number for the sodium ion in

Site III is four, in most of the simulation time, namely

the carbonyl oxygens of V105, G106, and C108 as well

as the side chain group of Q264 (corresponding to

V99, G100, V102, and Q258, respectively; see Fig. 4).

These findings do not contradict our hypothesis

because it was found that the bacterial melibiose per-

mease (MelB) is characterized by coordination of

four54,55 crystal structures of the bacterial homologue

of LeuT56 and the sodium/galactose symprorter

(vSGLT)57 show coordination number of five at the

Na1 binding site, and the Na1 binding sites at BetP

show different coordination numbers that varies at the

conformational states of the protein.49

Figure 7
Sequence alignment of the two inverted repeats of NmASBT. Residues of Sites I, II, and III are marked in red, blue, and green, respectively. Resi-
dues shared by two binding sites are highlighted in the two respective colors. The alignment was performed following Ref. 36; however, a gap that

was suggested by the program has been omitted to account for helix alignment on the solved structure. TM helices are marked by an underline.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The orientation of several residues in the
core domain

We propose that the flexibility and dynamics of several

key residues in the core domain is functionally signifi-

cant; namely, residues Q77, N115, E260, and Q264 of

NmASBT (corresponding to residues H71, N109, E254,

and Q258 in the YfASBT sequence). All these residues are

highly conserved (data not shown), and mutations of Q77

and E260 in NmASBT and of E254 and Q258 in YfASBT

markedly affect activity.20,21 These residues are located at

the interfaces of the bulk and the binding sites, and care-

ful examination of their rotamer orientation in the simu-

lations reveals that they are facing toward the bound

sodium ions (see Fig. 6). We hypothesize that these resi-

dues serve as molecular arms, mediating the movement of

sodium ions from one site to the other (e.g., Q264; see

shared residues in Fig. 7), or from Site I to the intracellu-

lar bulk (N115). Residues with a similar role have been

reported for other transporters, such as NorM.58

Mechanism of action

To gain more understanding on the ASBT structural

features, it is advised to put the above conclusions into

mechanistic perspective. Hence, we integrate and incor-

porate our results into a putative transport cycle that

obeys to the alternative access mechanism. Studies using

patch clamped transfected cells demonstrated that

human ASBT can mediate bidirectional bile acid trans-

port, and the directionality was determined by the

sodium gradient and membrane potential.15 It is reason-

able to assume that the same holds true for the bacterial

ASBT, and therefore, the transport cycle should be bidir-

ectional as well. Using the information obtained from

the simulations, it seems more intuitive to suggest a

reversible cycle of transport where the TCH molecule

and sodium ions are being pumped from the inside to

the outside of the cell.

Based on the PMF curves, it would seem that the sta-

bility of the ion in Site I is particularly low in the

absence of the bile acid molecule (Fig. 3). Therefore, we

suggest that the first element to bind would be the bile

acid molecule [Fig. 8(a)]. Another possibility is simulta-

neous binding, as recently reported for the H1/Cl–

exchanger.59 Next, a sodium ion should bind, probably

at binding Site I, which is accessible to the bulk [Fig.

8(b)]. Subsequently, as a second ion nears the binding

site, the ions would slide into positions I and II in a con-

certed and coordinated manner, for the second and first

ions, respectively [Fig. 8(c)]. This “knock-on” mecha-

nism has been observed and suggested to be a hallmark

of Na1 binding sites in transporters,60 where the pres-

ence of a second ion at its own binding site induces the

movement of the first ion from its binding site.

Figure 8
Transport cycle illustration for the bacterial ASBT as detailed in the Discussion section. The cytoplasm is below each membrane bilayer, depicted as

a pale yellow strip. Sodium ions are depicted in yellow, having orange coloring describing a repulsive force. The TCH molecule is depicted in cyan

and red spheres. Conformational changes are marked as line triplets. The positions of empty binding sites are depicted for clarity as dashed circles
in several steps, however present in all conformations. The binding site numbers are shown in steps (d) and (e) and apply for all conformations.

The process is fully reversible, but unidirectional arrows are used for visual clarity.
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These two steps depict the reverse of the process that

occurred in the simulations shown in Figure 2 for the

NmASBT and the IF-YfASBT, in line with the bidirec-

tional nature of the transport cycle. At this point, the

transporter exists in the state that appears in the crystal

structure of the NmASBT [Fig. 8(d)]. The PMF curves

suggest that the next step is movement of the sodium

ions from Sites I and II to Sites II and III, which may set

up a series of events that lead to a conformational transi-

tion from the inward- to the outward-facing conforma-

tion. This structural change [the transition to Fig. 8(e)]

has been discussed extensively by Zhou et al.21 In the

outward-facing state, the simulations suggest that Sites II

and III cannot be occupied simultaneously (see Fig. 2);

yet, it seems unlikely that ions would move from Sites I

or II directly to the extracellular bulk, as no water is

accessible to these sites from the extracellular side. We

suggest that the ions are released from Site III, and that

the outward-facing state of the YfASBT structure repre-

sents an intermediate conformation. In this intermediate

conformation, our simulations suggest that the ions are

bound to Sites I and III [Figs. 2 and 8(f)]. Hence, we

propose another conformational state, similar to the

outward-facing conformation presented, in which Site I

is completely occluded and cannot bind, forcing the ions

to bind to Sites II and III, noting that occluded states are

a common feature of transport cycles. This in turn, will

produce an electrostatic repulsion that would result in

the ion bound to Site III to leave into the bulk [Fig.

8(g)]. The next steps would be release of the second

sodium ion and of the bile acid; the order cannot be

inferred from the data we have; however, symmetry con-

siderations would favor unbinding of the sodium prior

to the unbinding of the bile acid molecule. The last step

is a conformational change of the outward-facing apo

ASBT back to the inward-facing conformation, to reset

and proceed to the next transport cycle [Fig. 8(h)]. The

complete suggested cycle is shown in Figure 8.

Concluding remarks

To summarize, we propose, based on computational

simulations and calculations, the existence of a third

binding site that is involved in the transport cycle of

ASBT. We suggest a detailed mechanism of action for

ASBT, involving eight distinct sequential states, in three

conformations [represented by Fig. 8(a,e,g)]; two of

them are based on the existing crystal structures. We

emphasize that this proposed transport mechanism may

be provisional and incomplete, and future experiments

are required for its verification, and most probably for

specific modifications. Yet, we believe that it postulates

the crucial conformational states of ASBT that are pres-

ent along the transport cycle. Thus, although speculative,

we hope that our work will encourage experimental stud-

ies to confirm our hypothesis as well as promote under-

standing on the transport cycle of ASBT and transport

mechanism altogether.
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59. Picollo A, Xu Y, Johner N, Bernèche S, Accardi A. Synergistic sub-

strate binding determines the stoichiometry of transport of a pro-

karyotic H1/Cl– exchanger. Nat Struct Mol Biol 2012;19:

5252531, S1.

60. Zdravkovic I, Zhao C, Lev B, Cuervo JE, Noskov SY. Atomistic

models of ion and solute transport by the sodium-dependent sec-

ondary active transporters. Biochim Biophys Acta 2012;1818:

337–347.

Mechanistic Studies of ASBT

PROTEINS 11


