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Abstract

AcrB is the inner-membrane transporter of E. coli AcrAB-TolC tripartite efflux complex, which 

plays a major role in the intrinsic resistance to clinically important antibiotics. AcrB pumps a wide 

range of toxic substrates by utilizing the proton gradient between periplasm and cytoplasm. 

Crystal structures of AcrB revealed three distinct conformational states of the transport cycle, 

substrate access, binding and extrusion, or loose (L), tight (T) and open (O) states. However, the 

specific residue(s) responsible for proton binding/release and the mechanism of proton-coupled 

conformational cycling remain controversial. Here we use the newly developed membrane 

hybridsolvent continuous constant pH molecular dynamics technique to explore the protonation 

states and conformational dynamics of the transmembrane domain of AcrB. Simulations show that 

both Asp407 and Asp408 are deprotonated in the L/T states, while only Asp408 is protonated in 

the O state. Remarkably, release of a proton from Asp408 in the O state results in large 

conformational changes, such as the lateral and vertical movement of transmembrane helices as 

well as the salt-bridge formation between Asp408 and Lys940 and other sidechain rearrangements 

among essential residues. Consistent with the crystallographic differences between the O and L 

protomers, simulations offer dynamic details of how proton release drives the O-to-L transition in 

AcrB and address the controversy regarding the proton/drug stoichiometry. This work offers a 

significant step towards characterizing the complete cycle of proton-coupled drug transport in 

AcrB and further validates the membrane hybrid-solvent CpHMD technique for studies of proton-

coupled transmembrane proteins which are currently poorly understood.
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1 Introduction

Multidrug resistance among Gram-negative pathogens is a rising threat to human health. 

AcrAB-TolC, a tripartite efflux complex from E. coli, plays a major role in the intrinsic 

resistance of Gram-negative bacteria1,2 by extruding a wide range of toxic substrates and 

small-molecule compounds from the periplasm or inner membrane to the extracellular 

space.3 Within this efflux complex,4 AcrB is an inner membrane, proton-motive-force 

dependent pump responsible for substrate binding and initial step in extrusion.5–8 TolC is an 

outer membrane channel9 involved in the final step of substrate extrusion, and AcrA is a 

periplasmic adaptor protein indispensable for the assembly and function of the complex.10

The first high-resolution X-ray crystal structure of AcrB revealed a jellyfish-like 

homotrimer, comprising TolC-docking (or funnel), porter (or pore) and transmembrane 

domains. 5 Subsequently, asymmetric crystal structures of AcrB with and without substrates 

have been solved in the resolution range of 2.5–3.3 Å, revealing protomers in three distinct 

conformational states of the transport cycle: access, binding and extrusion, according to the 

state of the substrate-binding pocket.6–8 These three states are also known as L (loose), T 

(tight) and O (open) states by drawing analogy to ATP synthase.11 Consequently, a 

functional rotation or conformational cycling mechanism was proposed,6,7 in which 

substrate recognition and binding occur respectively in the L and T states, followed by a 

transition to the O state, where substrate extrusion takes place as AcrB cycles back to the L 

state.6,7,12 It is believed that the T-to-O transition is energized by proton uptake from 

periplasm, while the O-to-L transition is triggered by proton release to cytoplasm.13,14 More 

recently, X-ray crystallography provided more details of the substrate recognition and 

binding pathways in the porter domain. Dependent on the molecular mass, drugs can bind 

first to the access pocket in the L state or directly to the distal pocket in the T state.15–18

An important feature of AcrB is the spatial separation between substrate binding and proton 

translocation – the former takes place in the periplasmic porter domain and the latter in the 

transmembrane domain.14,19 The latter contains 12 transmembrane helices (TM), forming 

two parallel repeats, R1 (TM1, TM3–TM6) and R2 (TM7, TM9–TM12)19 (Fig. 1a). The 

flanking helices, TM2 and TM8, connect R1 and R2 to the PN2 and PC2 repeats in the 

porter domain, respectively,19 transduce the energy due to proton motive force to the 

conformational change in the substrate binding pocket. TM4 and TM10 contain Asp407/

Asp408 and Lys940, respectively, which form the putative proton binding site,13,14,20 as they 
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are the only ionizable residues in the core of the TM domain and their sidechains show 

significant rearrangements going from the L/T to the O state. In the L and T states, which 

are similar in the TM domain, both Asp407 and Asp408 form a tight salt bridge with Lys940 

(Fig. 1b and Table S4). Asp407 is further stabilized by hydrogen bonding with Thr978 

(TM11) and electrostatic interaction with Arg971 (TM11) from a distance of ~7 Å (Fig. 1b 

and Table S4). By contrast, in the O state, the salt bridge between Asp408 and Lys940 is 

disrupted (crystallographic distance of ~8.5 Å, see Fig. 1c and Table S4). However, Asp407 

maintains a salt bridge with Lys940 (crystallographic distance of ~3.6 Å) but no longer 

forms a hydrogen bond with Thr978 or interacts with Arg971 (Fig. 1c and Table S4).

Consistent with crystal structure analyses, mutagenesis and functional assay studies suggest 

that Asp407, Asp408, Lys940 and Arg971 are essential residues for proton transport.19,21–24 

An additional conserved residue Thr978 has also been proposed to play a crucial role.23,24 

Notwithstanding, it remains unclear which specific residue(s) is(are) responsible for proton 

binding/release. Further, although models have been proposed,19,25 the detailed mechanism 

by which proton translocation is coupled to the conformational conversion from T to O and 

O to L states remains unclear. The objective of this work is to address these two important 

questions using the state-of-the-art continuous constant pH molecular dynamics (CpHMD) 

simulations.

Recently, Poisson-Boltzmann (PB) and free energy based methods were used in combination 

with conventional MD to determine the protonation states of essential residues.19 This study 

ruled out the possibility of deprotonation of Lys940 and Arg971, and suggested a two proton 

model, in which Asp407 and Asp408 are deprotonated in the L/T states and protonated in 

the O state.19 Deprotonation of Asp407/Asp408 in the L/T states is congruent with the salt 

bridges with Lys940 present in the crystal structures (Fig. 1a and Table S4), and protonation 

of Asp407 in the O state is supported by a hydrogen bond between the carboxyl oxygen and 

the backbone carbonyl oxygen of Gly403 in the highest resolution crystal structures (Table 

S5), although Asp407 is also within a salt-bridge distance from Lys940 (Table S4). The two 

proton model however contradicts another recent MD study which showed that protonation 

of both Asp407 and Asp408 destabilizes the O state.25 By testing a combination of 

protonation states of Asp407/Asp408 for the O protomer, the latter study supported a one 

proton model, in which protonation and deprotonation of Asp408 alone drives the 

conformational cycling of AcrB.25

Intrigued by the above controversy and the outstanding question regarding the mechanism of 

conformational cycling, we set out to investigate the proton-coupled conformational 

dynamics of the TM domain of AcrB using the continous constant pH MD (CpHMD).26,27 

Conventional MD, which has been used in all previous MD studies of AcrB,18,19,25,28 

assumes fixed protonation states. By contrast, CpHMD allows ionizable residues to titrate 

during dynamics in response to changes in the conformational environment and solution pH. 

Thus, CpHMD affords a more realistic description of pH-dependent dynamics and more 

accurate pKa calculations.29 The calculated macroscopic pKa’s naturally incorporate the 

effect of dielectric relaxation without the need for an effective dielectric constant as in 

traditional PB electrostatic calculations.30–32 For pKa calculations, CpHMD also holds 

advantage over the traditional free energy methods such as free energy perturbation and 
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thermodynamic integration, as CpHMD gives all pKa’s in one simulation while the latter can 

give only one pKa, while fixing the protonation states of all other titratable sites.

Due to the direct coupling between protonation-state changes and conformational dynamics 

in CpHMD, an enhanced sampling method, such as the temperature33 or pH replica-

exchange (REX) protocol27 needs to be employed to ensure pKa convergence on a 

nanosecond time scale.27 As other Hamiltonian replica-exchange methods, the pH-REX 

protocol uses random walks on different potential energy surfaces to accelerate crossing of 

local energy barriers.27 Previous work by us27 and others34,35 demonstrated a significant 

reduction in random errors and rapid pKa convergence, which would not be possible with 

independent trajectories at single pH conditions.

The present work employs the most recently developed membrane-enabled hybridsolvent 

CpHMD method with pH-REX,27,36 which propagates the conformational dynamics of the 

transmembrane protein in explicitly solvated lipid bilayer and titration dynamics using a 

membrane generalized Born implicit-solvent model.37 This technique opened a door to new 

mechanistic insights for transmembrane channels38 and transporters.36 Here, CpHMD 

simulations of the O protomer reveal pH-dependent conformational changes towards the L 

state, which can be attributed to the deprotonation of Asp408. Thus, our work lends support 

to the one-proton model and offers an intimate view of how proton release induces the 

conformational cycling event of AcrB.

2 Results and Discussion

CpHMD simulations were performed on the TM domains (where proton translocation takes 

place) of the separate L, T and O protomers in AcrB, with initial coordinates taken from the 

1.9-Å-resolution crystal structure (pdb id: 4DX516). Truncation of the system ensures 

adequate sampling of the region of interest such that large conformational dynamics can be 

observed. The trimer interface in the transmembrane region is minimal5 and currently no 

evidence suggests it affects proton binding/release. The porter domain was removed, as drug 

transport is spatially separated from proton translocation. We note that the system truncation 

will not affect the pKa’s discussed. The caveats of the system size reduction will be 

discussed in Concluding Discussion.

Simulations made use of the pH-REX protocol,27 which contained 24 pH replicas in the pH 

range between 1 and 8.5. A pH swap was attempted every 500 MD steps. Each replica was 

subject to constant NPT molecular dynamics for 35–40 ns, resulting in the aggregate 

sampling time of 840–960 ns. Based on convergence analysis, data from the first 20 ns of 

each replica were discarded. Owing to the coupling of titration and conformational dynamics 

in CpHMD, the pH-REX protocol accelerates the sampling of not only protonation but also 

conformational states.27 Our recent pH-REX simulations of a transmembrane protein 

showed that the conformational changes produced by 20 ns per replica sampling (400 ns 

aggregate time) are similar to those from the conventional fixed-protonation-state 

trajectories of 1 μs.36 This is however not surprising, given that temperature REX 

simulations have been demonstrated to offer a ten-fold acceleration in protein folding 

simulations.39 Thus, we expect the current simulations to produce conformational changes 
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comparable to single pH (or fixed-protonation-state) trajectories with at least a ten-fold 

increase in length, i.e., 350–450 ns.

O protomer undergoes a pH-dependent backbone conformational change

A backbone conformational change involving a relative motion between R1 and R2 repeats 

was evident at high pH conditions in the O protomer simulations (Fig. S1). To examine the 

pH dependence, we aligned R1 and calculated the probability distribution (histogram) of the 

R2 backbone root-mean-square deviation (rmsd) from the starting structure for different pH 

conditions. The distribution is centered around 2.2 Å at and below pH 4, while a second 

peak appears round 3.8 Å at pH 4.5 and 5. At and above pH 6, the first peak disappears, 

while the second peak remains in the same location (Fig. 2a). This plot indicates that the O 

protomer maintains the native conformation at low pH but samples a new state (denoted O*) 

at increased pH. We calculated the occupancy of O* state as a function of pH using an rmsd 

cutoff of 4 Å (the upper boundary of the O-state distribution). Interestingly, a sigmoidal 

curve with a transition midpoint around pH 4.5 was revealed (Fig. 2b). The occupancy is 

low, as the system requires much longer time (compared to the simulation length) to 

complete the conformational change. In contrast to the O protomer, no significant backbone 

conformational change was observed in the simulations of the L and T protomers (see 

Concluding Remarks). Thus, in the remainder of the work, we will focus the discussion on 

the O-protomer simulations.

Lateral R2/R1 rotation at high pH resembles the O-to-L transition

To visualize the conformational change, we overlaid the trajectory snapshots with the lowest 

and highest rmsd. With R1 aligned to the starting structure, we noticed an anti-clockwise 

lateral rotation of R2 (Fig. 2c), similar to the shear motion of R2/R1 in the O-to-L transition 

described by Eicher et al. based on the crystal structures.19 The resemblance is supported by 

a principal component analysis, in which the trajectories at different pH were projected onto 

the first principal component of the O-to-L transition based on 16 crystal structures (Fig. 

S2). To further examine the collective movement of R2, we projected the centers of mass of 

TM helices onto the membrane plane following the alignment of R1. Consistent with the 

visual evidence (Fig. 2c), anti-clockwise lateral displacements are apparent for all R2 helices 

(Fig. 2d).

TM4, TM5, TM8 and TM10 show significant pH-dependent backbone conformational 
change

To examine the backbone conformational change of individual TM helices, we calculated 

their rmsd distributions from the starting structure while aligning all TM helices to the 

starting structure. For comparison, rmsd between the L and O protomers in the crystal 

structures were obtained using the same protocol. Interestingly, the distributions revealed 

significant pH-dependent rmsd increase for TM5, TM10, TM4 and TM8 (in the descending 

order, see Fig. 3a–d and Fig. S3). TM4 and TM10 are two helices that carry the essential 

residues Asp407/Asp408 and Lys940, while TM5 and TM8 are two helices that form 

extensive hydrophobic contacts with TM10 (Fig. 2c). Remarkably, these helices, in 

particular TM5 and TM8, also show significant rmsd between the O and L protomers in the 

crystal structures (Fig. 3e and Table S3). Thus, at the individual helix level, the pH-induced 
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backbone conformational changes in the O protomer are largely in agreement with the O-to-

L transition based on the crystallographic data.

Essential-residue interactions at high pH resembles the L state

To further test if the pH-induced conformational changes in O protomer represent the 

transition to L state, we examined the characteristic sidechain-to-sidechain distances 

involving essential residues Asp407, Asp408, Lys940, Thr978 and Arg971. Distribution of 

the Asp408–Lys940 distance shows a peak at ~9 Å at low pH (Fig. 4a), consistent with the 

crystal structures of the O protomer (Table S4). Above pH 4, the major peak is centered at 3 

Å, indicating the formation of a salt bridge (Fig. 4a), which agrees with the crystal structures 

of L protomer (Table S4).

High pH also strengthens the salt-bridge interaction between Asp407 and Lys940, as evident 

from the increased intensity of the peak i.e., more frequent sampling (Fig. 4b), consistent 

with a 0.5-Å decrease comparing the average crystallographic distances in the O and L 

protomers (Table S4). It is worth commenting on the salt bridge between Asp407 and 

Lys940 in the O state, as in some crystal structures, e.g., pdb id 4DX5, Asp407 forms a 

hydrogen bond with Gly403 (absent in other crystal structures, Table S5), while its distance 

to Lys940 is slightly larger (4.1 vs. an average of 3.6 Å for all crystal structures, Table S4). 

In our simulations, the Asp407–Gly403 hydrogen bond was unstable and a closer average 

distance was sampled between Asp407 and Lys940 (Fig. 4b). These differences can be 

readily understood, as a crystal structure represents a local energy minimum under a certain 

crystalline environment, while MD samples an ensemble of configurations. Next we 

examined the distance between Asp407 and Asp408. As pH increases, the peak is moved 

from 6.5 to 4.5 Å (Fig. 4c), in accord with the difference between the O and L protomers in 

the crystal structures (Table S4).

Another characteristic of the O-to-L transition is the breakage of the hydrogen bond between 

Lys940 and Thr978, which is often present in the crystal structures of O protomer (Table 

S4). Our simulations showed frequent sampling of the hydrogen bond at low pH, while as 

pH increases above pH 4, the Lys940–Thr978 distance increases beyond 6 Å, consistent with 

the changes in the crystal structures (Table S4) as well as the simulations by Yamane et al. 
using deprotonated Asp407 and Asp408.25

Additionally, we examined how high pH induces an attraction between Asp407 and Arg971 

(Fig. S4). As pH is increased from 3 to 6, the peak moves from ~12.5 Å to 6–9 Å, consistent 

with the changes in the crystal structure distances Table S4). Taken together, the data show 

that the sidechain interactions among essential residues at pH above 4 where O* state is 

favored (Fig. 4e) are very similar to those in the crystal structure of L protomer (Fig. 1b).

Since Asp408 deprotonates in the O-to-L transition (see later discussion), we hypothesized 

that its attraction to Lys940 drives the aforementioned sidechain rearrangements. To test it, 

the instantaneous distance between Asp408 and Lys940 is plotted against the distance 

between Asp407 and Asp408 and between Lys940 and Thr978. As Asp408 and Lys940 

move closer, the Asp407–Asp408 distance decreases, while the Lys940– Thr978 distance 

increases (Fig. 4f). The apparent correlation and anti-correlation seen here are consistent 
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with the salt-bridge formation being a driving force for the changes in the essential-residue 

interactions.

Asp407 and Asp408 are deprotonated in the L and T states

The calculated microscopic pKa’s of Asp407/Asp408 are similarly depressed, 2.2/3.0 in the 

L and 2.6/2.8 in the T state (Table 1), consistent with the presence of salt bridges between 

Lys940 and Asp407/Asp408 in the crystal structures (Table S4). Note, Lys940 was charged 

in the entire simulation pH range (1–8.5), consistent with the previous PB calculation.19 

Thus, our simulations confirm the crystal-structure-based consensus that Asp407/Asp408 are 

deprotonated in L and T states,13,14,20 in agreement with the previous computational 

studies. 18,19

Due to the similar pKa’s and close proximity (< 5 Å, Fig. 4c), protonation/deprotonation of 

Asp407 and Asp408 in the L and T states is strongly coupled. As such Asp407/Asp408 

should be considered together as a dyad and its titration can be described by a stepwise 

model which yields two macroscopic pKa’s. Accordingly, starting from the doubly 

deprotonated state, the first/second protonation events have the pKa’s of 3.4/1.9 for the L 

state, and 3.4/1.8 for the T state (Table 1 and Fig. 5a). Notice that the two protonation steps 

are separated by more than 1.5 pH units, which indicates that in the transition from T to O 

state binding of one proton is much more likely than the binding of two protons.

Asp408 takes up a proton in the T-to-O transition

Upon transition from the T to the O state, the pKa of Asp408 increases by 2.2 units to 5, 

while the pKa of Asp407 increases by 0.8 units to 3.4 (Table 1). Thus, having a large pKa 

shift and a higher pKa value in the O state, Asp408 is more likely to become protonated at 

periplasmic pH ~640 compared to Asp407. This also means that Asp408 is the only proton 

donor in the O state, consistent with the drastically different crystallographic distances in the 

O protomer, e.g., 3.6±0.6 Å for Asp407–Lys940 and 8.5±0.5 Å for Asp408–Lys940 (Table 

S4). We note that the pKa of Asp408 is 0.4 and 0.2 units higher than Asp407 in the L and T 

states, respectively. Although these differences are small (block standard error of 0.1 units, 

see Table 1), they are in agreement with Asp408 having a high affinity for protons.

We note that our calculated pKa’s are systematically underestimated by perhaps two units 

due to the use of the generalized Born (GB) implicit-solvent model for driving the 

protonation dynamics.27,36,41 However, this limitation does not impact the pKa differences 

between the two residues and the pKa changes between the different states.36,41

Proton release from Asp408 drives the O-to-L transition

If Asp408 was indeed the proton binding residue, its deprotonation would induce the O-to-L 

transition and its pKa would drop to the L-state value after the transition. To test this, we 

compared the pH profiles of Asp408 titration and the O*-state occupancy. The deprotonation 

of Asp408 occurs in the same pH range (3 to 6) as the increase of the O*-state occupancy 

(Fig. 5c and Fig. 5d, brown). Importantly, Asp407 remains largely deprotonated above pH 3. 

The pH profile of Asp408 deprotonation also matches that of the salt-bridge formation 
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between Asp408 and Lys940 (Fig. 5d, black), which correlates with other sidechain 

movements towards the L configuration (Fig. 4f).

Now we examine the pKa change accompanying the conformational change from O to O* 

state. The microscopic pKa of Asp408 decreases from 5.0 to 3.1. The latter is similar to the 

pKa of 2.8 in the L state (Table 1). We note, the remaining difference of 0.3 units is likely 

the result of incomplete conformational conversion due to the significantly short simulation 

time. Thus, both conformational and pKa data suggest that deprotonation of Asp408 induces 

the O-to-L transition.

Disruption of hydrophobic contacts facilitates water access to the core

Considering deprotonation of Asp408 requires water entrance from the cytoplasm, we 

examined water dynamics in the simulation. Consistent with the finding by Eicher et al.,19 

the periplasmic side of the TM domain of O protomer is completely sealed, while water can 

access from the cytoplasmic side (Fig. 6a). We calculated the number of water along the 

membrane normal as a function of pH. At low pH, there is at most one water near Asp407/

Asp408/Lys940, while above pH 4, additional water molecules are found (Fig. 6a). Thus, 

high pH induces hydration of the proton binding site.

Three and four amino acids below Asp408 and Lys940 on TM4 and TM10, respectively, are 

two hydrophobic residues Val411 and Leu944 that make contact in the crystal structure, 

blocking water entrance from cytoplasm. Since the region around this hydrophobic 

constriction becomes hydrated above pH 4 (Fig. 6a), we speculated that the Val411–Leu944 

contact breaks at high pH. To test this, the distribution of the Val411– Leu944 minimum 

sidechain distance was plotted as a function of pH. Below pH 4, the distribution is broad 

with the maximum spanning 4.5–7 Å (Fig. 6b), indicating that the hydrophobic contact 

opens from time to time, which explains the presence of a single water in the core at low pH. 

However, above pH 4, the distribution exhibits two peaks, a minor one at 4 Å and a major 

one at 7 Å (Fig. 6b). This indicates that most of the time the hydrophobic contact is broken, 

which explains the increased core hydration at high pH.

In addition to the interaction with Val411, Leu944 on TM10 is also engaged in a strong 

hydrophobic contact with Ile445 on TM5, which becomes disrupted from time to time as pH 

is raised above 4 (Fig. 6c). Furthermore, the hydrophobic interaction between Val448 on 

TM5 and Ile943 on TM10 is also weakened at high pH (Fig. S5). The weakened 

hydrophobic association between TM5 and TM10 leads to a significantly increased number 

of water near Ile445 and Leu944 (Fig. S6), and is another facilitator for the increased core 

hydration at high pH. We suggest the above pH-dependent dynamical behavior may also 

contribute to the unexpectedly high rmsd of TM5, as observed in our simulations and crystal 

structures (Fig. 3b and e).

Since the disruption of the hydrophobic contacts occurs in the same pH-dependent manner 

as the formation of the Asp408–Lys940 salt bridge, we asked whether the two events occur 

concomitantly. Plotting the instantaneous distance of Asp408 to Lys940 vs. that of Val411 to 

Leu944 confirms the correlation, e.g., when a tight salt bridge is formed between Asp408 

and Lys940, the hydrophobic contact between Val411 and Leu944 is broken (Fig. S7). The 
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correlation is also evident from the simulation snapshots. At pH 4, protonated Asp408 and 

Lys940 point away from each other, while Val411 and Leu944 form a hydrophobic 

constriction and few water molecules are seen (Fig. 6d). At pH 6, deprotonated Asp408 

forms a salt bridge with Lys940, while the hydrophobic contacts are broken and many water 

molecules enter the site (Fig. 6e).

TM8 may transmit the pH-induced conformational changes to the porter domain

One important question concerns how the proton-motive force driven conformational 

changes in the TM domain is propagated to the periplasmic porter domain to enable 

substrate extrusion. In the absence of the porter domain, we explored the question by 

examining the center-of-mass (COM) movement of TM2 and TM8 which connect the two 

domains. TM8, which shows a more significant pH-induced backbone conformational 

change than TM2 (Fig. 3c), moves towards cytoplasm by nearly 1 Å as pH is increased from 

3 to 6 (Fig. 7a), consistent with the difference between the O and L protomers in the crystal 

structures (Table S6). By contrast, the vertical movement of TM2 is negligible in the 

simulation, although it is equally noticeable in the crystal structures (Table S6).

We suspected that the vertical movement of TM8 is related to that of TM10, as the two 

helices are associated via several strong hydrophobic contacts (e.g., Tyr877–Leu931, 

Leu881–Ile935 and Leu888–Ile943), and TM10 also moves down with increasing pH (by 

about 0.5 Å at pH 6, see Fig. 7a). Indeed, plotting the z positions of TM8 and TM10 reveals 

a strong correlation (Fig. 7b). We further examined the movement of TM8 in the membrane 

plane. In contrast to TM10, which does not display a significant pH-dependent change, TM8 

moves by about 0.6 and 0.3 Å in the x and y directions, respectively. The x-direction 

movement agrees with the O-to-L transition in the crystal structures; however, the y-

direction is much smaller in magnitude and has an opposite sign (Table S6). Nonetheless, 

from the periplasmic view, TM8 appears to move away from the R1–R2 interface at 

increasing pH (Fig. 2d), which agrees with the description by Eicher et al.19 We note that 

although the above data are interesting, they should be taken with a grain of salt due to the 

lack of porter domain, which may affect the TM motion, and the pronounced fluctuation of 

the TM positions (about 1 Å, see Fig. S15).

Concluding Discussion

CpHMD simulations initiated from the O crystal structure of AcrB revealed large backbone 

and sidechain conformational changes due to the deprotonation of Asp408 while Asp407 

remains in the charged state. R2 helices collectively rotate about R1 in the anti-clockwise 

direction on the membrane plane (Fig. 8a), resembling the O-to-L transition revealed by the 

crystal structures and discussed by Eicher et al.19 Such backbone movements were not 

reported by the previous all-atom simulations;19,25 however, similar motion has been 

observed in the most recent hybrid coarse-grained simulations.42 Along with the backbone 

changes, the sidechains of essential residues, Asp407, Asp408, Lys940, Thr978 and Arg941 

rearrange, which leads to, among others, the movement of Lys940 from Thr978 to Asp408. 

The latter in agreement with the simulation by Yamane et al. using deprotonated Asp407/

Asp408 for the O protomer.25 Concomitant with these pH-induced conformational changes, 
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hydrophobic interactions between the R1 and R2 helices are disrupted or weakened, 

allowing cytoplasmic water to access the core, facilitating proton release (Fig. 8b). Further, 

our simulations showed that TM8 moves vertically towards cytoplasm and laterally away 

from the R1–R2 interface at increasing pH, largely consistent with the crystal structures 

(Fig. 7). Since TM8 is connected to the more rigid PC2/PN1 repeat in the porter domain,19 

these movements may be a major contributor to the large conformational changes which 

ultimately leads to substrate extrusion.14

The resemblance between the aforementioned pH-induced conformational changes and the 

O-to-L transition from the crystal structure data lends support to the one proton model 

emerged from our simulation, i.e., in the O state Asp407 is deprotonated and proton release 

from Asp408 at cytoplasmic pH drives the transition to the L state. Further, our data ruled 

out the two proton model, as the 1.5-unit splitting in the stepwise pKa’s of the T state 

suggests that only one proton is taken up in the T-to-O transition. Additionally, the pKa of 

Asp408 increases by two units going from T to O state suggests Asp408 is the residue that 

takes up the proton. The pKa decrease of two units in the O-to-O* transition suggests 

Asp408 is the residue that releases the proton. Our data is also consistent with the MD study 

by Yamane et al., which demonstrated that the O state becomes unstable when both Asp407 

and Asp408 are protonated.25

Based on the PB and free energy calculations using static structures, Eicher et al. obtained 

pKa’s of ~8.2/10.8 for Asp407/Asp408, supporting a two-proton model, i.e., both 20 Asp407 

and Asp408 are protonated in the O state and their deprotonation leads to the transition to 

the L state.19 Note, the order of pKa’s indicates that Asp408 has a higher proton affinity, in 

agreement with the present work; however, the pKa’s are signficantly upshifted. We suggest 

that the PB-derived pKa’s are overestimated, similarly as other PB calculations for deeply 

buried residues due to the neglect of ionization-induced conformational relaxation.31,36 Had 

this overestimation been accounted for, the two computational studies would have suggested 

the same proton model. We note, since both studies used charged Asp407 and Asp408 for 

the L state, the hydration pathways are in general agreement.

Turning to the hybrid-solvent CpHMD employed in the present study, we note that it 

systematically underestimates the pKa shifts of buried residues, such as Asp407 and Asp408, 

although we believe the relative order of pKa’s is robust based on the previous validation 

studies.27,36,41 Another limitation of CpHMD is the neglect of quantum effects, which can 

be significant for highly coupled residues in close proximity such as Asp407 and Asp408 in 

the L/T state. Quantum effects may be required to capture the fine difference between 

Asp407 and Asp408 in the T state such that Asp408 captures the first proton thereby 

inducing the T-to-O transition, which was not observed in the current study (more see 

below).

In addition to the aforementioned methodological limitations, a major caveat of the present 

study is the time scale of the CpHMD simulations (close to 1 μs aggregate time), which is 

several orders of magnitude below that of the real biological events. This may be a major 

contributor to the discrepancy between the O* state and the L state in the crystal structures. 

Other caveats are related to the truncation of the porter domain and separation of the trimer 
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to three protomers, which ensures adequate sampling of the region of interest such that large 

conformational changes can be observed within the limited simulation time. Although 

truncation of the porter domain is justified by the spatial separation between drug binding 

and proton translocation, the lack of porter domain may affect the dynamics of TM2 and 

TM8 and contribute to the deviation between the O* state and the L state in the crystal 

structures. It may also be another factor for the absence of conversion from T to O state in 

our current simulations, since substrate binding may be required for the conformational 

change.14 Without the porter domain, separation of the trimer into single monomers is a 

reasonable approximation, as the trimer interface in the membrane is minimum.5 Note, 

however, the interface between the porter domain monomers is extensive and cysteine 

linking experiments showed concerted dynamics.43

AcrB is a prototype for RND superfamily of multidrug transporters. Exploiting recent 

crystal structures of AcrB, the present study offered a novel, dynamic view of how proton 

release drives the O-to-L conformational transition, and addressed the controversy regarding 

stoichiometry. While further validation by computational studies and experiments are 

needed, the new insights will facilitate the understanding of other RND transporters, such as 

MexB, MtrD, CusA and ZneA, which share high structural similarity with AcrB.44 Future 

work will include the implementation of GPU-accelerated CpHMD simulations to 

significantly extend the trajectory length and system size. The speed up would also allow the 

application of all-atom CpHMD with particle mesh Ewald electrostatics, which is more 

accurate but requires ten times longer simulation to reach protonation-state convergence. 45 

Thus, the present work paves the way for exciting future studies aimed at detailed 

elucidation of the drug-proton antiport in the complete conformational cycle of AcrB.

Materials and Methods

Three simulation systems were prepared, corresponding to the transmembrane domains 

(residues 1–29, 334–558, 873–1033) of the L, T and O protomers in the asymmetric crystal 

structure of AcrB (pdb id: 4DX5, resolution 1.6 Å).16 The TM domains of L, T and O 

protomers were inserted in an explicit bilayer of POPE (1-palmitoyl-2-oleoyl-snglycero-3-

phosphoethanolamine) lipids. A 15-Å water layer was added to the top and bottom of the 

bilayer. Na+ and Cl− ions were added to the bulk water to achieve a charge neutral condition 

in the restrained equilibration. More ions were added to arrive at an ion concentration of 150 

mM.

Unless otherwise stated, simulations employed the CHARMM package (version c37a2).46 

The protein, lipids and water were represented by CHARMM22/CMAP,47,48 

CHARMM3649 and CHARMM modified TIP3P model,46 respectively. Simulations were 

conducted in four stages. In the first stage, an initial 500-ps restrained equilibration with 

fixed protonation states was carried out to relax the system following the CHARMM-GUI 

protocol.50,51 In the second stage, the lipid bilayer was equilibrated for about 100 ns with 

fixed protonation states using the GROMACS MD package (version 5.0).52 In the third 

stage, the entire system was equilibrated at a single pH (crystallization pH 6.5) using the 

membraneenabled36 hybrid-solvent27 CpHMD method26,33 (PHMD module in CHARMM). 
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In the final stage, production simulations were performed using the above CpHMD method 

with the pH replica exchange (pH-REX) protocol27 (module REPDSTR).

Based on the idea of λ dynamics,53 CpHMD makes use of a set of continuous titration 

coordinates to enable protonation/deprotonation of an arbitrary number of ionizable sites at a 

specified solution pH in the course of molecular dynamics simulation.26,54 In the membrane-

enabled hybrid-solvent scheme,27,36 conformational dynamics of the protein is calculated 

using an explicit bilayer, while the titration coordinates are updated using the GBSW 

implicit-solvent model55 with an implicit membrane.37 The implicit membrane was 

excluded from the λ dynamics calculation for the protein interior residues by placing a 

cylinder with a radius of 25 Å centered in the protein, following our previous work.36

In the CpHMD simulations, all Asp, Glu, His and Lys sidechains were allowed to titrate. 

The pH REX protocol employed 24 replicas assigned with starting pH conditions of pH 1 to 

5 with a spacing of 0.25 unit and pH 5 to 8.5 with a spacing of 0.5 unit. The pH range 1– 8.5 

covers the peri- and cytoplasmic pH and allows complete protonation/deprotonation of 

Asp407 and Asp408 which is the key interest of the study. The low and high pH condition 

were included to facilitate barrier crossing. A smaller pH interval (i.e. more pH replicas) was 

used for pH 1–5 in order to increase the exchange acceptance ratio, which would be 

otherwise low due to the titration of a large number of acidic residues.56 This is similar to 

temperature REX simulations, where the number of replicas in a given temperature range 

increases with the square root of the degrees of freedom.57,58 Each replica underwent 

constant NPT MD at 310 K and 1 atm pressure for 35 and 40 ns for L/T and O protomers, 

respectively, resulting in the aggregate sampling time of 840 ns and 960 ns, respectively. A 

pH exchange was attempted every 500 MD steps (1 ps), with an acceptance rate of at least 

40%. More detailed simulation protocols and additional analyses are given in Supplementary 

Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TM domain structure of AcrB and essential residues for proton translocation
a) Sideview of the simulated system. Helices in the N- and C-terminal structural repeats, R1 

and R2, are shown in blue and red, respectively. The flanking helices TM2 and TM8 are 

shown in cyan and brown, respectively. The Cα positions of essential residues Asp407, 

Asp408, Lys940, Arg971 and Thr978 are highlighted as magenta (Asp), green (Lys/Arg) and 

silver (Thr) spheres. Water and ions are shown as dots and spheres, respectively. b) 

Periplasmic view of the essential residues in the L/T protomer. Essential residues are 

labeled. Note, L and T protomers are nearly identical in the TM domain of AcrB. c) 

Periplasmic view of the essential residues in the O protomer. Relevant helices are labeled. 

Coordinates are taken from the crystal structure with pdb id 4DX5.16
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Figure 2. High pH induces a lateral rotation of R2
a) Distribution of the R2 rmsd from the starting structure at different pH. All snapshots were 

aligned using rms fitting of R1 to the starting structure. R1 includes TM1 and TM3–TM6, 

while R2 includes TM7 and TM9–TM12. b) Occupancy of O* state (defined using an rmsd 

cutoff of 4 Å) at simulated pH conditions. c) Periplasmic view of the overlaid representative 

snapshots of O (lighter colors) and O* state (darker colors). For the latter, R1 and R2 helices 

are colored blue and red, respectively. Flanking helices TM2 and TM8 are colored cyan and 

brown, respectively. Helices discussed in the main text are labeled. d) Centers of mass of 

TM helices projected on the membrane plane following the alignment of R1. Data at pH 4 

and 6 are shown in cyan and magenta, respectively. A red curve separates the R1 and R2 

repeats.
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Figure 3. High pH induces backbone conformational changes in TM4, TM5, TM8 and TM10
a–d) Distribution of the backbone rmsd of TM4, TM5, TM8 and TM10 at different pH. All 

TM helices were aligned to the starting structure. e) Backbone rmsd between the L and O 

protomers for individual TM helices in the crystal structures (see Table S3 for more details).
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Figure 4. High pH induces sidechain rearrangements of essential residues
a–d) Distribution of the minimum sidechain distance between Asp408 and Lys940, Asp407 

and Lys940, Asp407 and Asp408 as well as between Lys940 and Thr978. The minimum 

sidechain distance was measured using carboxylate oxygen (Asp), amine nitrogen (Lys) and 

hydroxyl oxygen (Thr). Trajectories at pH 3, 4, 5 and 6 are shown in blue, cyan, orange and 

magenta, respectively. e) Zoomed-in view of sidechain interactions in O (colored blue and 

pink) and O* (colored based on atom types) states. f) Instantaneous minimum sidechain 

distance of Asp408 to Lys940 vs. that of Asp407 to Asp408 (black) and that of Lys940 to 

Thr978 (turquoise). Data taken from the pH 4.5 trajectory.

Yue et al. Page 19

J Chem Theory Comput. Author manuscript; available in PMC 2017 December 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Titration of Asp407/Asp408
a) Stepwise protonation of the Asp407/Asp408 dyad in the T state. P0, P1 and P2 represent 

the probability of having 0 (magenta), 1 (cyan) and 2 (blue) protons. Curves are the best fits 

to the stepwise titration model. The stepwise pKa’s are the cross points of the curves. b) 

Stepwise protonation of the Asp407/Asp408 dyad in the O state. c) Fraction of deprotonated 

Asp408 in the O state as a function of pH. Curve is the best fit to the Hill equation. d) 

Probability of the salt bridge formation between Asp408 and Lys940 as a function of pH 

(black). Occupancy of the O* state as a function of pH (orange). A salt bridge was defined 

using a minimum sidechain distance cutoff of 4 Å.
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Figure 6. Disruption of hydrophobic contacts allows water to access the proton binding site
a) Number of water along the membrane normal (z) at different pH. The number of water 

oxygen atoms was counted in 1- Å slices within a radius of 10 Å centered the z axis. The z 

positions of residues discussed in the main text are indicated in grey. b) Distribution of the 

minimum sidechain heavy atom distance between Val411 and Leu944 at different pH. c) 

Distribution of the minimum sidechain heavy atom distance between Ile445 and Leu944 at 

different pH. d,e) Snapshots taken from trajectories at pH 4 and pH 6. Sidechains of Asp408, 

Val411, Ile445, Lys940 and Leu944 are shown in stick model. Water within 4.5 Å are shown 

as green spheres.
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Figure 7. TM8 appears to move towards cytoplasm at increasing pH
a) pH-dependent change of the center-of-mass (COM) z position of TM2, TM8 and TM10 in 

reference to pH 3. b) Instantaneous COM z position of TM8 vs. that of TM10. c) pH-

dependent change of the COM x position of TM8 and TM10 in reference to pH 3. d) pH-

dependent change of the COM y position of TM8 and TM10 in reference to pH 3. For 

clarity, only the average positions are displayed in a, c, and d; the root-mean-square 

fluctuations are given in Fig. S15.
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Figure 8. Cartoon representation of the pH-induced conformational changes revealed by the 
simulations of the O protomer
a) Top (periplasmic) view of the TM domain. Circles represent the TM helices, red for R1 

and blue for R2 repeat. TM2 and TM8 are colored cyan and orange, respectively. Important 

helices are labeled. The lateral rotation of R2 about R1 as well as the movement of TM8 in x 

and y directions are indicated by arrows. Asp408, Lys940 as well as hydrophobic 

interactions are indicated. b) Side view of the TM helices showing major conformational 

changes in the simulation. Asp408 and Lys940 are colored red and blue, respectively. Open 

circle indicates the deprotonated state. Hydrophobic contacts are represented by orange 

sticks. Water molecules are shown as green spheres (the one carrying a proton is indicated 

with a plus sign). Vertical movement of TM8 is indicated by an arrow.
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Table 1

Calculated pKa’s of Asp407/Asp408 in the L, T, O and O* states

L T O O*

D407/D408a 2.2/3.0 2.6/2.8 3.4/5.0 2.6/3.1

First/secondb 3.4/1.9 3.4/2.1 5.0/3.2 3.0/2.6

a
Microscopic pKa’s of Asp407 and Asp408. The block standard errors (BSE) for the microscopic pKa’s in the L/T, O, and O* states are 0.1, 0.15 

and 0.3, respectively.

b
Macroscopic pKa’s of the first/second protonation events of the aspartic dyad. The O and O* states were defined as those snapshots with an R2 

rmsd below 2 and above 4 A, respectively.
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