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Abstract

Active transport of materials across the cellular membrane is one the most fundamental processes 

in biology. In order to accomplish this task, membrane transporters rely on a wide range of 

conformational changes spanning multiple time and size scales. These molecular events govern 

key functional aspects in membrane transporters, namely, coordinated gating motions underlying 

the alternating access mode of operation, and coupling of uphill transport of substrate to various 

sources of energy, e.g., transmembrane electrochemical gradients and ATP binding and 

hydrolysis. Computational techniques such as molecular dynamics simulations and free energy 

calculations have equipped us with a powerful repertoire of biophysical tools offering unparalleled 

spatial and temporal resolutions that can effectively complement experimental methodologies, and 

therefore help fill the gap of knowledge in understanding the molecular basis of function in 

membrane transporters.
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Introduction

Exchange of molecules across the cellular membrane is one of the most essential biological 

processes in all living organisms. This fundamental task is carried out by a structurally and 

mechanistically diverse class of membrane proteins known as membrane transporters, which 

provide highly efficient transport machinery for a wide range of molecular species. They 

couple the translocation of their (transport) substrates, which often takes place against the 
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electrochemical gradient across the membrane, to various source of chemical energy in the 

cell. Despite diversity in structure and mechanistic details, active membrane transporters all 

operate via the alternating access model (1, 2), during which substrate accessibility is 

switched between the two sides of the membrane. This process relies on a highly 

coordinated set of complex structural transitions (at different scales and involving various 

structural elements in the transporter protein) that give rise to interconversion between two 

major functional states, referred to as the inward-facing (IF) and outward-facing (OF) states 

respectively, through transition pathways visiting multiple intermediate states involving at 

least one occluded state which prevents free diffusion of the substrate along the gradient. 

The involvement of such complex conformational changes in the mechanism and how they 

are fueled by a particular energy-providing mechanism and at the same time coupled to 

vectorial translocation of the transported species, highlight the indispensable role of protein 

dynamics in transporter function. Given technical challenges in describing the dynamics of 

membrane transporters, in spite of the rapid pace of their structural studies, critical 

mechanistic aspects remain largely unknown.

High spatial and temporal resolutions offered by molecular dynamics (MD) simulations can 

be exploited to trace motions of both the transported species, and the entire membrane 

transporter, thus elucidating the transport mechanism at an atomic level. The rapid growth of 

powerful computational resources and the development of more efficient computational 

sampling algorithms in the past decade have significantly expanded the scope of MD 

simulations in biophysical studies of membrane transporters. Here we provide a brief survey 

of recent simulation studies performed on membrane transporters where detailed molecular 

events relevant to function have been successfully described.

The transport cycles of membrane transporters involve highly diverse events of structural 

changes, ranging from local rearrangements at the binding sites and their gating elements, to 

global conformational transitions furnishing the shift of their accessibility between the two 

sides of membrane. Depending on the caliber and/or timescale of these events, it may be 

covered with conventional MD simulations or requires different methods of model 

simplification or sampling enhancement.

This review is structured based on the nature and magnitude of such molecular events. We 

will first describe more localized events, e.g., gating motions or binding and unbinding of 

the substrate and cotransported ions, as well as the molecular events arising from close 

coupling of the transporter with its environment of water and lipids. Then in the final section 

we focus on most recent studies aiming at describing large-scale structural transitions in 

transporters and novel methodological approaches required.

Dissecting Functionally Relevant Chemical Details

MD simulations have been widely employed to study localized molecular events involved in 

the transport cycle, providing atomic-level dynamical description of the membrane protein, 

transported ligands, and parts of the environment essential to the transport function. 

Combined with free energy calculations and enhanced sampling methods such as 

metadynamics, umbrella sampling (US), replica exchange (RE), thermodynamic integration 
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(TI), and free energy perturbation (FEP), MD simulations can describe some critical events, 

on timescales ranging from picoseconds to tens of microseconds, in detail with sufficient 

statistics.

Molecular driving forces fueling the transport

The coupling between the driving force and driven species is at the heart of active transport, 

thus characterizing chemical details of interactions between protein and species providing 

driving forces, e.g., ions or ATP, is key to our understanding of the transport mechanism. 

MD simulations have been successfully employed to identify ion-binding sites, the binding 

sequence of different ions, and the structural effects coupled to ions in secondary active 

transporters. Similarly, the method has been employed to model the impact of ATP binding 

and hydrolysis in ATP-driven transporters such as ABC transporters.

As the most prominent ion to provide the driving force in secondary transporters, Na+ 

binding and ensuing conformational response of transporters have been extensively studied 

in several Na+-coupled transporter families (3–16). A novel putative Na+-binding site was 

predicted by MD simulations and structural symmetry analysis of betaine transporter (BetP). 

The predicted site was validated by experimentally observed changes in apparent Km, Kd, 

and Na+ transient current, in response to side chain mutations (4). In Na+/Ca2+ exchangers 

(NCXs), a combined MD and FEP study identified optimal occupancy and specificity for 

four putative ion binding sites (3). The processes of Na+ binding and unbinding and 

associated energetics have been characterized by extended equilibrium simulations 

complemented by metadynamics or US in a number of transporters (5, 8–12, 14–16). Some 

of these studies also reported on Na+-induced protein conformational changes, e.g., in BetP 

(5), leucine transporter (LeuT) (8, 9), glutamate transporter homologue (GltPh) (12), and a 

multidrug transporter (NorM) (14). Interestingly, the involvement of intermediate (quasi-

stable) Na+-binding sites has been inferred for several LeuT-fold transporters (a superfamily 

sharing structural architecture of LeuT) (8–11). In a recent concerted experimental and 

computational study, restrained ensemble simulations guided by EPR measurements were 

used to probe the effect of Na+ binding on different conformational states of LeuT-fold 

transporters (6, 7).

H+ is another important ion in secondary active transporters. In order to probe the effect of 

H+ binding (protonation) on protein dynamics, conventional MD simulations can be 

performed on and compared between protonated and unprotonated states. Several studies 

exploiting this strategy have demonstrated H+-induced conformational changes for H+- 

coupled symporters from the major facilitator superfamily (MFS), namely, lactose permease 

(LacY) (17), oligopeptide transporter (POT) (18), and xylose permease (XylE) (19), as well 

as in two H+-coupled antiporters, i.e., LeuT (20) and Na+/H+ antiporter NhaA (16). With the 

goal of more quantitatively describe the protonation state of titratable residues in H+-

coupled transporters, an integrated approach based on FEP and TI has been employed to 

identify H+-binding sites, and the binding order of ions and substrate in an excitatory amino 

acid transporter (EAAT3) (21).

Active transport in ABC transporters is powered by their ATPase domains, which are 

considered almost always nucleotide-bound due to their low Km. Given an apo ABC 
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transporter structure, the enzymatic substrate MgATP can be accurately modeled in its 

binding site computationally by using high resolution structures of nucleotide-bound 

ATPase domains as a template (22). The free energy of ATPase dimerization (induced by 

ATP binding) has been computed and decomposed into enthalpic and entropic terms, 

showing that water entropy might play an important role in driving the process (23). The 

chemical reaction of ATP hydrolysis within the ATPase domains has been examined with 

QM/MM simulations supporting a general acid catalysis mechanism (24). The 

conformational changes of the ATPase domains after the hydrolysis have been simulated 

using an isolated ATPase dimer bound to the hydrolysis products (ADP and Pi), showing 

that the homodimeric ATPase domains consistently exhibit asymmetric conformations (25).

Substrate binding, unbinding, and translocation

Substrate transport consists of three major components, including (using an example of an 

importer) binding to the OF state, translocation, and release (unbinding) from the IF state. 

These components have been best studied computationally for the superfamily of LeuT-fold 

transporters, with numerous studies providing critical mechanistic details (5, 26–32). 

Combining MD simulations with crystallography and other experimental measurements, 

substrate-induced progressive reshaping and dehydration of the central binding site (5), and 

the mechanism by which specific hydrogen bonds guide the motion of the substrate during 

its binding (26) are demonstrated for two LeuT-fold transporters. The process of substrate 

release has been also captured computationally, either in microsecond-long equilibrium 

simulations as performed for carnitine/gamma-butyrobetaine antiporter (CaiT) (29), or using 

steered MD (27) or metadynamics (28) in a bacterial Na+-coupled glucose transporter (vS-

GLT). The dynamical perspective offered by these simulation studies allows a more 

informed assessment of the functional state of a particular conformation. For example, the 

above studies (27, 29) suggest an open (IF) state for the crystallographically captured 

structure of the transporter. Substrate translocation in LeuT has been also described by 

combining the results of a comprehensive set of equilibrium, accelerated, and targeted MD 

simulations (30, 31). In a recent computational study, a new information theory-based 

analysis method was employed to characterize functionally important coupling between 

substrate binding and the intracellular gate in LeuT (32).

For glutamate transporter homolog GltPh, metadynamics simulations were used to study 

substrate uptake, release, and its coupling to cotransported Na+ ions (12). Free energy 

profiles were calculated at various stages, proposing a sequence of events for extracellular 

uptake and cytoplasmic release of the substrate and Na+ ions, and elucidating their coupling 

to gate opening and closure events. A subsequent study also investigating the process of 

ligand release in GltPh, supplemented an important element missing in the previous study, 

i.e., the Na+ ion in the Na3 site (13). Another study taking advantage of multiple 

simulations, each on the order of several microseconds, provides a detailed view on gating 

elements and their coupling in GltPh, concluding that helical hairpin 2 (HP2) acts as the 

main cytoplasmic gate in this transporter (33).

Drug binding to multidrug exporter Pgp, which can be viewed as the most biomedically 

relevant ABC transporter, likely represents the most computationally studied binding 
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process in primary transporters. Most studies, however, have employed a conventional 

docking approach based on single structures obtained crystallographically for this 

transporter. Since Pgp exhibits a high degree of structural flexibility (22), a more meaningful 

docking would take advantage of conformation ensembles generated by MD simulations 

(34, 35). A more rigorous approach has been utilized to model the bound substrate in a 

different ABC transporter, where the protein-substrate interactions were exhaustively 

sampled using replica-exchange simulations (36).

Active participation of water and lipids in transporter function

Membrane transporters perform their function while intimately interacting with lipid 

molecules and water. Explicit representation of these molecular species in all-atom MD 

simulations enables us to closely probe many possible mechanisms by which they can affect 

transporter function.

Monitoring the dynamics of water molecules has brought novel insights into the critical 

aspects of transport mechanism. Direct involvement of water molecules in coordinating 

bound ions has been observed in MD simulations, e.g., in BetP (4). More interestingly, 

simulation studies have established a strong correlation between the level of hydration and 

binding/unbinding events, both for ions and the substrate, in diverse secondary transporters 

(5, 9, 14, 27, 28, 31).

Water molecules are commonly present in H-bonded networks within biomolecules. Owing 

to their ability of both accepting and donating H-bonds, water can act as an effective H+ 

transfer mediator. In the H+/Cl− exchangers of the Cl− channel (CLC) family, MD 

simulations and free energy calculations demonstrated a coupling between Cl− binding and 

luminal hydration (37, 38). Repeated formation of transient water wires within a 15-Å 

hydrophobic region connecting the two known H+ binding sites (Fig. 2) was found to 

depend on the presence of Cl−, thereby providing a novel mechanism of coupling between 

Cl− and H+ transport in CLC antiporters (37).

A large set of extended equilibrium MD simulations performed on several membrane 

transporters representing different classes and distinct functional states characterized 

spontaneous formation of transient water-conducting (channel-like) states (Fig. 2) as a 

general phenomenon in transporters (39). The results led to a revised structural framework 

for the alternating access mechanism in transporters that does not require a tight sealing of 

gating elements during the transport cycle, thereby allowing for conduction of small 

molecules such as water (39). Extensive sampling provided by nearly 10 µs of MD 

simulations was used to characterize structural elements responsible for differential water 

permeability in bacterial and mammalian SGLT homologs (40).

Lipid molecules can influence the activity of membrane transporters through various 

mechanisms. Although this role has not been extensively investigated computationally, a 

number of recent simulation studies have probed strong lipid dependence of transporter 

structure and dynamics. Examples include the demonstration of differential dynamics of 

LacY in bilayers with different lipid compositions (17), and quantification of energetic cost 

associated with hydrophobic mismatch of LeuT in mixed lipid bilayers (41). A special case 
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of functionally relevant lipid-protein interaction captured in MD simulations is the 

protrusion of an annular lipid into the lumen of Pgp, in line with the known flippase activity 

of the transporter (Fig. 3) (22).

The majority of membrane protein structures are derived from detergent-solubilized 

samples, raising the concern about artefactual effect of detergents on the structure and its 

physiological relevance. Indeed, several computational studies have demonstrated the 

substantial changes in structural and functional properties of transporters due to detergent 

(42–44). For instance, combining activity measurements and molecular simulations it was 

demonstrated that the structure and function of the mitochondrial anion carrier UCP2 can be 

severely altered by a zwitterionic detergent (42). The illustration that the secondary 

substrate-binding site of LeuT (45, 46) can be occupied by a neutral detergent, as captured in 

MD simulations (43) represents a remarkable example of direct functional impact of 

detergents. Similarly, simulating Pgp under its crystallization conditions has also shown that 

anionic detergent molecules not only aggregate around the transmembrane domains, they 

also nonspecifically bind to the soluble regions (44), suggesting that the effect of detergents 

on the protein may be more extensive than expected.

Probing Large-Scale Structural Transitions

Most membrane transporters rely on complex, large-scale conformational changes for their 

function. however, we have a limited understanding of structural dynamics and 

conformational transitions between the major functional states of these proteins. From a 

computational perspective, the most daunting challenge is to overcome the sampling 

limitations. Global conformational changes in transporters, e.g., the transitions between OF 

and IF states, usually occur on timescales ranging from tens of milliseconds to seconds, 

which are still far beyond the reach of the conventional equilibrium MD simulations. Recent 

significant technological advances have already extended all-atom MD simulations for 

membrane proteins to hundreds of microseconds, as reported, e.g., for a voltage-gated K+ 

channel (47), and for a G protein-coupled receptor (48). These massive simulations, 

however, require specific computational resources accessible only to limited research 

groups. Currently the MD simulations for membrane transporters may reach up to tens of 

microseconds (33, 40). Due to the sampling limitations, the scope of full-atomic simulation 

studies is often limited to the local conformational changes. The global conformational 

change between the IF and OF states, on the other hand, is often studied either using 

qualitative techniques or simplified representations. State-of-the-art supercomputing and 

novel enhanced sampling techniques, however, have begun to open new opportunities for 

the quantitative study of large-scale conformational changes at atomic resolutions as 

discussed below.

Accelerating the dynamics by reduced representation

A common strategy to overcome the sampling problem and describe large-scale 

conformational changes of transporters is to employ simplified representations of the protein 

and/or environment. For instance, implicit membrane simulations (49) and coarse-grained 

models such as mixed elastic network models (mENM) (50), two-state anisotropic network 

models (51) and GŌ-like models (52) have been used to probe the OF-IF transition of 
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transporters, often accompanied with the use of an enhanced sampling method such as 

dynamic importance sampling (DIMS) (53, 54), weighted ensemble (WE) path-sampling 

(52), and self-guided Langevin dynamics (SGLD) (49). The predicted transition pathways 

obtained from simplified models are sometimes converted into full-atomic representations 

and analyzed using all-atom unbiased MD simulations launched from the intermediates (50, 

51, 53).

DIMS simulations of hydantoin transporter (Mhp1) suggest that IF–OF transition is 

primarily achieved by a rigid body movement of four transmembrane helices relative to the 

rest of the protein (54). Using WE path-sampling and a coarse-grained representation, two 

transport modes for Mhp1 have been suggested: one consistent with a strict alternating 

access model, and another decoupling the inner and outer gates (52). The IF–OF transition 

of LacY has been probed by SGLD and implicit/explicit membrane simulations, in which 

protonation of a glutamate residue and sugar binding are found to trigger the transition 

toward the OF state, and sugar undergoes an orientational change during the transition (49). 

Employing DIMS and implicit solvent models, simulations suggest an intricate coupling 

between two flexible gates during the transition, rather than a simple rigid-body motion for 

LacY (53). The two-state anisotropic network model has been employed to construct the 

transition pathway of GltPh (51). Only using a few low frequency normal modes, this study 

was able to describe the entire transition as a rigid-body motion of the transport domain 

relative to the trimerization domain, followed by intra-domain rearrangements (51). Another 

study combining motion planning and mENM concluded that the transition of GltPh mainly 

involves movement of the transport and trimerization domains in opposite directions along 

the membrane normal (50).

Towards complete description of the transport cycle

OF-IF conformational transition is beyond the time scales allowed by conventional all-atom 

MD; however, extended conventional equilibrium simulations may sample the 

conformational ensemble within the same state which could also involve large-scale 

conformational fluctuations. Such studies have been especially prominent in the case of the 

IF state of ABC exporters. MD simulations of bacterial and mammalian ABC exporters have 

revealed their distinct flexibility in the IF state (22, 55, 56), the finding strongly supported 

by experimental approaches such as hydrogen/deuterium exchange (55) and EPR-based 

measurements (22, 56).

Qualitative study of global OF-IF transition without compromising the atomic representation 

is often accomplished by using targeted MD (TMD), a conventional method to speed up the 

transition towards a final “target” structure in a nonequilibrium setting. This approach has 

been widely used to describe structural transitions (19, 30, 31), to explore unknown 

functional states (34, 35, 51, 57), and to generate an initial pathway connecting two end 

states (11) in membrane transporters. However conventional TMD may not always be 

suitable for OF-IF transition in transporters. For instance, it is shown that TMD simulations 

of MsbA results in a pore-like structure of the transmembrane domains permeable for 

substrate to both sides of the membrane (58, 59), clearly indicating the functional 

irrelevance of the emerging pathway. In order to overcome such problems, a novel approach 
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has been developed which makes use of nonequilibrium simulations in a more systematic 

way by taking advantage of an extensive initial search for system-specific reaction 

coordinates combined with nonequilibrium work relations (58, 59). TMD simulations can be 

also relaxed using methods such as accelerated MD along with unbiased simulations, as was 

used in the study of LeuT to reconstruct the transport cycle (31). Along with the already 

known conformations, two substrate-bound and substrate-free intermediates were 

characterized which were both minimally hydrated and appeared during the OF→IF and 

IF→OF transitions, respectively (31).

Several attempts have been made recently (11, 58, 59) to use state-of-the-art 

supercomputing and enhanced sampling techniques to quantitatively characterize large-scale 

conformational changes in fully atomistic simulations using free energy calculation 

methods. It is known that conventional US based on simple reaction coordinates such as 

RMSD may not be suitable for OF-IF transition, with a similar problem for TMD as 

mentioned above. One approach to relax the TMD generated pathways before performing 

US is using path-finding algorithms such as string method with swarms of trajectories (11). 

Using system-specific reaction coordinates mentioned above can also improve the US 

results by making the sampled regions of the conformational space more relevant to the 

transition of interest (58, 59). Once a reliable initial pathway is achieved one may calculate 

free energies using conventional US or its parallel version, i.e., bias-exchange US (BEUS) 

(58, 59). Unlike TMD-based pathways, a careful system-specific biasing protocol was 

shown to be able to generate a transition pathway for MsbA which is in line with alternating 

access mechanism (Fig. 4). In addition, it was shown the relative orientation of the ATPase 

domains in the cytoplasmic side is coupled to the conformation of the transmembrane 

domains on both cytoplasmic and periplasmic sides, suggesting a novel hypothesis for the 

conformational dynamics of ABC exporters termed the “doorknob” mechanism (58).

Conclusions and Outlook

Molecular modeling and simulation technologies have contributed considerably to our 

understanding of the underlying molecular mechanism of membrane transporters. These 

computational techniques are highly complementary to experimental biophysical methods, 

owing to their advantageous spatial and temporal resolutions that enable them to provide the 

most detailed perspective on complex molecular processes involved in the transport cycle. A 

wide range of functionally relevant molecular events can be successfully described by 

equilibrium MD simulations, which can nowadays be performed rather routinely on the 

order of µs for an average-sized, atomistically represented membrane transporter within the 

natural environment of a fully solvated membrane. Complemented by enhanced sampling 

techniques, equilibrium simulations provide adequate data to achieve both a mechanistic 

picture and a quantitative description for localized events such as hydration/dehydration, 

substrate/ion binding and translocation, and gating motions at the level of side chains and 

small structural elements.

Taking advantage of specialized hardware, it has been possible to further extend the scope of 

equilibrium simulations and sampling to several hundreds of µs for membrane proteins, 

although such resources have been so far rather limited not allowing their widespread use. 
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Coarse-grained simulations appear to offer another alternative to help fill the timescale gap 

of atomistic simulations. However, given the extremely high relevance of chemical details 

(e.g., gating motions of side chains, coupled translocation of substrate and ions, hydration, 

etc) in the mechanism of membrane transporters, the application of such reduced models to 

study mechanistic details has been rather limited. An effective approach might be to 

leverage the low-resolution results obtained from coarse-grained methods, e.g., on global 

structural changes of a membrane transporter, and use them to inform and guide detailed 

atomistic simulations.

Based on the large number of structures characterized experimentally, particularly over the 

recent years, the alternating access mechanism in membrane transporter for the large part 

hinges on large-scale (global) protein structural transitions. In order to describe these slow 

motions, which are refractory to equilibrium simulations, non-equilibrium methods such as 

targeted or steered MD offer effective alternative strategies, and have been employed to 

several membrane transporters, especially those for which multiple functional states have 

been structurally solved. However, for complex structural transitions in membrane 

transporters, careful design of an optimal pathway appears to be the most critical aspect for 

non-equilibrium simulations. Optimizing the pathway by selecting specific reaction 

coordinates (instead of generic coordinates such as RMSD), combining collective 

coordinates, and a more comprehensive search of the space during the initial phase of non-

equilibrium simulations, have proven to be essential for obtaining meaningful transitions for 

membrane transporters.

Computational techniques have already become an indispensable component of structural 

biological and biophysical studies of complex molecular systems. Empowered by larger 

supercomputing resources, more effective computational algorithms, and more efficient 

enhanced sampling techniques, only a deeper integration of computational techniques into 

mechanistic studies of membrane transporters can be expected in years to come. 

Computational studies will soon be able to provide free energy descriptions of various steps 

and transitions involved, together with structural characterization of the system at an atomic 

level, for the entire transport cycle of membrane transporters. Such an unprecedented level 

of integrated thermodynamic and structural characterizations of the system allows for 

detailed description of elusive intermediate states, which is the ultimate goal of structural 

biological studies of these molecular machines. Availability of more intermediates would 

markedly expand the scope of structure-based drug design efforts in membrane transporters, 

which constitute one of the leading targets in pharmacological intervention of CNS and 

metabolic disorders.

In the future, we should witness an even closer interaction between experiment and 

computation. Although such concerted efforts have already been reported in recent years, 

with several examples highlighted in this review, we have just begun to exploit the potential 

of this combined approach.
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Highlights

Membrane transporters rely on diverse conformational transitions for their function

Advanced computational techniques successfully describe membrane transporter 

dynamics

Major molecular events and processes described by simulation studies are discussed

Energetics of various steps involved in transport can be described computationally
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Figure 1. 
Representative membrane transporters and functional events studied recently. Proteins are 

shown in cartoon representation, with the lipid bilayer in the background. Each transporter 

respectively represents a well-documented superfamily/family of membrane transporters in 

recent computational studies. Four close-up views of local conformations relevant with 

several critical functional events, i.e., Na+-binding (left), H+-binding (middle left), ATP 

binding (middle right), and substrate binding (right).
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Figure 2. 
Monitoring water dynamics within proteins brings novel insights into transport mechanism. 

(Left) The continuous water wire spanning the ClCec1 lumen depend on the presence of Cl− 

(green sphere), as the H+ transport pathway. See (37) for further details. (B) Transient water-

conducting state observed in vSGLT, which is permeable to water but occluded to the 

substrate (orange van der Waals). See (39) for further details.

Li et al. Page 16

Curr Opin Struct Biol. Author manuscript; available in PMC 2016 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Example of protein-lipid interactions captured in MD simulations. (A) The protrusion of an 

annular lipid into the substrate binding site of Pgp, which is a known lipid flippase. (B) 

Close-up view of the protrusion site along the crevice opening. See (22) for further details.
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Figure 4. 
Investigating the OF→IF transition in MsbA transporter using system-specific reaction 

coordinates α, β, and γ, describing protein global conformation (58). (A) Multiple 

nonequilibrium MD trajectories generated using different biasing protocols and projected 

onto the reduced space of (α, β, γ). (B) Nonequilibrium work required to induce the OF→IF 

transition associated with trajectories shown in (A). (C) Snapshots of MsbA structure along 
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the optimum pathway shown in (B). (D) The water density along the pore measured for the 

optimum pathway shown in (C). These results are in line with alternating access mechanism.
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