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ABSTRACT: The multidrug transporter AcrB actively exports a wide variety of noxious compounds using proton-motive force
as an energy source in Gram-negative bacteria. AcrB adopts an asymmetric structure comprising three protomers with different
conformations that are sequentially converted during drug export; these cyclic conformational changes during drug export are
referred to as functional rotation. To investigate functional rotation driven by proton-motive force, all-atom molecular dynamics
simulations were performed. Using different protonation states for the titratable residues in the middle of the transmembrane
domain, our simulations revealed the correlation between the specific protonation states and the side-chain configurations.
Changing the protonation state for Asp408 induced a spontaneous structural transition, which suggests that the proton
translocation stoichiometry may be one proton per functional rotation cycle. Furthermore, our simulations demonstrate that
alternating the protonation states in the transmembrane domain induces functional rotation in the porter domain, which is
primarily responsible for drug transport.

Bacterial multidrug resistance is an increasing threat to
treating infectious diseases. A key basis for bacteria

multidrug resistance is the expression of multidrug efflux
transporters, which export drugs out of cells.1 Acriflavine
resistance protein B (AcrB) and its homologues are resistance,
nodulation, and cell division (RND) transporters, which are the
major multidrug efflux transporters for Gram-negative bacteria
and confer intrinsic drug tolerance and multidrug resistance
when they are overproduced.2−5 AcrB cooperates with an
outer-membrane channel, TolC, and a membrane fusion
protein, AcrA.6−9 This tripartite complex exports many
antibiotics, antiseptics, anticancer chemotherapeutics, and
toxic compounds, including anionic, cationic, zwitterionic, and
neutral compounds, directly out of the cells through proton-
motive force.10,11

Although the full structure for the AcrA-AcrB-TolC complex
has not been solved, the individual component structures have
been determined.12−14 Among such components, AcrB is a key
component that determines substrate specificity and actively

exports substrates.15 Its first crystal structure was solved in
2002.16 Notably, AcrB was the first secondary-active transporter
structure solved at high resolution.17 The structure revealed
that AcrB is a homotrimer with a triangular-prism shape, and
each protomer comprises three domains: the transmembrane
(TM), porter, and TolC docking domains (Figure 1).18 The
TM domain transfers protons across the inner membrane and
collects the driving energy. The translocation pathway for drugs
is in the porter domain, which comprises four subdomains:
PN1, PN2, PC1, and PC2. Subsequent X-ray studies in 2006
and 2007 showed that the AcrB structure is asymmetric among
the three protomers;19−21 each protomer has a different
conformation that represents one of the three functional states
in the substrate transport cycle: access (A), binding (B), and
extrusion (E) (loose, tight, and open in other studies,
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respectively).20,21 In protomer A, substrates can access the
vestibule proximal to the aromatic-binding-pocket entrance in
the porter domain; in protomer B, a substrate is bound inside
the binding pocket. In protomer E, the vestibule is closed, and
the pocket exit to the outside of the cell through TolC is open.
This asymmetric structure indicates that drugs are exported
through a three-step functionally rotating mechanism, wherein
protomers undergo sequential conformational changes from
state A to B then to E and back to A.19−21

The alternating access mechanism was originally proposed in
1966, wherein the accessible gates change for the porter-
domain binding pocket in the asymmetric structure (i.e., the
protomers A and B open vestibules and the protomer E opens
exit).22 This process has been investigated through structural
and functional studies on multiple transporters over the past
decade as a key mechanism for active transport across
membranes.23−25 In contrast to most other transporters,
wherein the TM domain is the site for alternating substrate
access, the porter domain in the periplasmic space facilitates
such alternating access for the RND transporter.26 Therefore,
the substrate translocation pathway is spatially separate from
the sites that transduce energy from proton-motive force in the
TM domain. Substrate translocation and energy transduction
are also spatially separated in ABC transporters. In these
transporters, machinery that transmits energy between the two
distant sites is required for active transport. Successive
conformational changes from the TM domain to the porter
domain are likely involved in the RND transporter machinery.
Thus, the TM domain conformational changes induced by
proton translocation are a crucial initial step for drug efflux in
the RND transporters.
The middle of the TM domain includes three titratable

residues, Asp407, Asp408, and Lys940, which are functionally
essential based on site-directed mutagenesis studies using MexB

and AcrB.27,28 When these residues are replaced with any other
amino-acid residues, the mutants entirely lose drug resist-
ance.27,28 These residues are important to the proton
translocation pathway across membranes.29,30 In crystal
structures, these residues are in the middle of α-helices TM4
and TM10 (Asp407 and Asp408 in TM4; Lys940 in TM10),
and in the asymmetric structure, the relative side-chain
arrangements differ among the three protomers; Lys940 is
located between Asp407 and Asp408 in protomers A and B and
between Asp408 and Thr978 in protomer E (Figure 2). The

conformation difference is likely due to the titratable-group
protonation states in these residues. However, the correlation
between the specific protonation state and side-chain
configurations remains unclear, even though such conforma-
tional changes are critical to harnessing proton-motive force.
Observing protons experimentally remains a challenging task

for protein X-ray crystallography, especially for macro-
molecules, even where the resolution is better than 1.0 Å.
Although the best resolution for the available AcrB crystal
structures is ∼1.9 Å,31 it is difficult to observe hydrogen atoms
through X-ray crystallography. Therefore, computational
approaches, such as molecular dynamics (MD) simulations,
are complementary.
Previous computational studies for AcrB have focused on

conformational cycling and drug transport using all-atom
targeted molecular dynamics simulations,32−34 water pathways
in the TM domain,30 porter-domain motions,35,36 drug binding
in the porter domain,37,38 structural transitions for the isolated
porter domains using coarse-grained simulations,39 and overall
flexibility through normal-mode analysis with elastic-network
models.40 Here, we report using unbiased all-atom AcrB
molecular dynamics simulations with explicit membranes and
solvents to investigate the initial functional rotation process in
AcrB driven by proton-motive force. Multiple MD simulations
with different protonation states for Asp407 and Asp408 relates
the specific protonation states and side-chain configurations.
On the basis of the simulation results, we discuss proton
translocation stoichiometry per the AcrB functional rotation
cycle. Furthermore, conformational changes in the porter
domain induced by modifying the TM-domain protonation
states were analyzed.

■ METHODS
The crystal structure of the asymmetric AcrB trimer without
drug molecules (PDB ID: 2DHH)19 was used as the initial
structure for the MD simulations herein. We modeled the
missing portion of the crystal structure (residue number 499−
512) using another crystal structure (PDB ID: 2J8S).21 The
AcrB trimer structure was embedded in an equilibrated lipid
bilayer membrane with POPE (1-palmitoyl-2-oleoyl-sn-glycero-

Figure 1. Snapshot of the simulation system. AcrB protomers A, B,
and E are green, cyan and magenta, respectively. The lipid bilayer
membrane is blue, and the water molecules are gray spheres.

Figure 2. Side-chain configurations for three titratable residues in the
transmembrane domain for protomers A (access), B (binding), and E
(extrusion).
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3-phosphoethanolamine) using the following procedure. First,
an initial pure POPE membrane was generated from a fully
equilibrated POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine) membrane41 and then equilibrated for 10-ns MD
simulations. The TM region was estimated using the program
TMHMM42 and overlaid on the equilibrated POPE membrane,
and we removed the lipid molecules for which the closest
atomic distance from the protein was less than 1.5 Å. During
this process, several threshold distances were used to remove
lipid molecules. The threshold distance of 1.5 Å generated the
smallest gap with no severe overlap between the protein and
lipid molecules. A large hole with a diameter of ∼30 Å in the
TM center must be filled with phospholipids to avoid proton
leakage across the membrane.16 Twelve POPE molecules were
manually packed into the hole (six for the upper leaflet and six
for the lower leaflet). Next, the simulation box was filled with
water molecules, and sodium ions were added as counterions.
The system comprised ∼470,000 atoms.
The simulations were performed with the MD program

MARBLE43 using CHARMM22/CMAP for the proteins,44

CHARMM27 for the lipid molecules,45 and TIP3P for water46

as force-field parameters. Electrostatic interactions were
calculated using the particle-mesh Ewald method.47 The
Lennard−Jones potential was smoothly switched to zero over
the range of 8−10 Å. The symplectic integrator for rigid bodies
was used to constrain the bond lengths and angles involving
hydrogen atoms.43 The time step was 2.0 fs. During the
equilibration phase, the systems were gradually heated to 300 K
for 1 ns with gradually lower position-harmonic restraints for
the proteins; the systems were then equilibrated without
restraints for 2 ns. The simulations were performed for the
NPT ensemble through the extended-system method,43,48

wherein the z axis corresponded to the membrane normal
and was independently controlled, and the additional x and y
axes were isotropically scaled.
Herein, we performed a series of MD simulations for the

AcrB model, wherein we comprehensively changed the Asp407
and Asp408 protonation states in protomer E (Table 1). For
the other titratable residues, we assumed the standard
protonation states. The molecular figures were generated
using PyMOL.49

Conformational changes in the porter domain were
examined using principal component analysis (PCA). Snap-
shots of protomer E in the MD trajectories were aligned using a
best fit for the TM domain (TM1:10−28, TM2:337−356,
TM3:366−385, TM4:392−413, TM5:439−457, TM6:466−
490, TM7:539−555, TM8:872−888, TM9:899−918,

TM10:925−943, TM11:973−992, and TM12:999−1018).
Next, the variance−covariance matrix was calculated for the
porter-domain Cα atoms of protomer E. The variance−
covariance matrix was diagonalized to generate the principal
component modes as eigenvectors. To avoid the effects from
local motions in loops, only residues with a root-mean-square
fluctuation in each subdomain less than 2.0 Å were used for this
analysis. Therefore, in this PCA, we expected that the global
motions of the porter domain relative to the TM domain were
extracted. To quantitatively compare the PCA mode vectors
and structural differences between the crystal structures, we
employed the correlation coefficient, which is defined as
follows:

= Δ ·Δ
|Δ ||Δ |

C
a b
a b

where Δa and Δb are the 3N-dimensional atomic displacement
vectors, and N is the number of atoms.
To complement the MD simulations, the pKa values for

Asp407, Asp408, and Lys940 in the crystal structure 2DHH
were estimated using the programs PROPKA (versions 2.0 and
3.0)50 and multi-conformation continuum electrostatics
(MCCE).51 PROPKA employs an empirical potential function
that considers desolvation effects and intramolecular inter-
actions. MCCE is based on the Poisson−Boltzmann equation
combined with Monte Carlo sampling for the side-chain
conformations and protonation states. Two different values for
the protein dielectric constants were used (4.0 and 8.0) in
MCCE.

■ RESULTS
We performed seven MD simulations for the AcrB trimer
model, wherein the Asp407 and Asp408 protonation states in
the TM domain were changed (Table 1). The root-mean-
square deviations (RMSD) from the initial structures plateaued
after ∼30 ns for the individual domains and the full protein
(Figure S1, Supporting Information). The TM domains were
particularly stable, whereas the porter domains showed
somewhat larger RMSD values, which support the porter-
domain conformational changes described below. The number
of contacts between the lipid molecules and TM domains
rapidly plateaued during the equilibration phase at 3 ns (Figure
S2, Supporting Information).
First, we examined a 100-ns MD simulation for the AcrB

trimer model, wherein both Asp407 and Asp408 in the three
protomers were deprotonated. This simulation is referred to as
“simulation 1” (Table 1). Three distances from Lys940 Nζ to
Asp407 Oδ, Asp408 Oδ, and Thr978 Oγ were used to indicate
the side-chain arrangements for the four residues Lys940,
Asp407, Asp408, and Thr978 (Figure 2).
For protomers A and B, throughout simulation 1, Lys940

formed stable salt bridges with both Asp407 and Asp408, and
the distance between Lys940 and Thr978 was ∼7 Å (Figures 3a
and b), which shows that the side-chain configurations in the
simulation are similar to the crystal structure (Figures 3a and
b). This result indicates that both Asp407 and Asp408 are
deprotonated in the A and B states. Therefore, for the MD
simulations herein, both Asp407 and Asp408 were deproto-
nated in protomers A and B.
In contrast to protomers A and B, the Lys940 side-chain

configurations in protomer E exhibited dynamic behavior
during simulation 1 (Figure 3c). During the first ∼50 ns,
Lys940 was located between Asp407 and Thr978, similar to

Table 1. MD Simulations Summary

no. Asp407a Asp408a initial structure simulation time

1 − − X-ray 100 ns
2 − H X-ray 200 ns
3 H − X-ray 100 ns
4 H H X-ray 100 ns
5 − − 2 at 100 ns 100 ns
6 − − 2 at 50 ns 100 ns
7 − − X-ray 100 ns

aThe protonation states of Asp407 and Asp408 in protomer E were
changed. Asp407 and Asp408 in protomers A and B were
deprotonated in each simulation. The aspartate deprotonated and
protonated states are identified as “−” and “H”, respectively.
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that in the crystal structure. However, at ∼50 ns, the Lys940
side chain moved from Thr978 to Asp408, which is indicated
with an arrow in Figure 3c. Though the Asp407 side chains
rotated with the Lys940 shift, the interaction between Lys940
and Asp407 was retained throughout the simulation. When the
Lys940 side chain moved, TM10 rotated relative to TM4 and
TM11 (Figure 3c). For the final ∼50 ns, Lys940 was located
between Asp407 and Asp408, as shown in protomers A and B;
however, the Lys940 and Asp408 salt bridge did not form
completely. Consequently, deprotonation for both Asp407 and
Asp408 destabilized the E-state side-chain configurations
observed in the crystal structure. Thus, we next address the
protonation state that stabilizes the E-state side-chain
configurations.
We performed multiple MD simulations that comprehen-

sively changed the Asp407 and Asp408 protonation states for
protomer E. The simulation with Asp407 deprotonated and
Asp408 protonated is referred to as “simulation 2” (Table 1).
Likewise, the two simulations with only Asp408 deprotonated
and both Asp407 and Asp408 protonated are referred to as
“simulations 3 and 4”, respectively (Table 1). Notably, Asp407
and Asp408 were deprotonated in each simulation for
protomers A and B.

Throughout simulation 2 (D407−D408H indicates the
Asp407 and Asp408 protonation states of protomer E for the
readers’ convenience), as shown in Figure 3d, Lys940 was
closer to Thr978 than Asp408 for 200 ns. This side-chain
configuration resembles the protomer-E configuration in the
crystal structure, which indicates that Asp408 protonation
stabilizes the E-state side-chain configuration. The slight
increase in distance for Lys940-Thr978 (with a slight decrease
in the Lys940-Asp408 distance) was observed at ∼90 ns and
was due to the interaction partner switching for the Lys940
amide group from one of the two Asp407 Oδ that directly
interacts with Thr978 to the remaining Asp407 Oδ. Prior to
switching, Lys940 formed hydrogen bonds either directly with
Thr978 or via water mediation. At ∼90 ns, another water
molecule intercalated between the two residues, and Lys940
and Thr978 then interacted through one or two mediating
water molecules.
In contrast to simulation 2 (D407−D408H), simulation 3

(D407HD408−) showed that Lys940 immediately moved from
Thr978 to Asp408 during the equilibration phase before the
product run, which is indicated with an arrow in Figure 3e.
Subsequently, Lys940 stably interacted with Asp407 and
Asp408 for ∼50 ns. However, the interaction between
Lys940 and Asp407 was unstable for the final ∼50 ns, but

Figure 3. Asp407, Asp408, Lys940, and Thr978 side-chain configurations in the transmembrane domain. The time-dependent interatomic distances
from Lys940 Nζ to Asp407 Oδ (red), Asp408 Oδ (green), and Thr978 Oγ (blue) are plotted. The side chain trajectories are shown for the initial
(red) to final (blue) structures. Panels a, b, and c show the results for protomers A, B, and E in simulation 1 (D407−D408−), respectively. Panels d
through h show the protomer E results from simulations 2 (D407−D408H), 3 (D407HD408−), 4 (D407HD408H), 5 (D407−D408−), and 6
(D407−D408−), respectively.
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Lys940 stably interacted with Asp408 throughout the
simulation because the interaction between Lys940 and
Asp407 was weaker due to the neutral, protonated Asp407.
Therefore, Asp407 protonation and Asp408 deprotonation are
incompatible with the E-state configuration.
In simulation 4 (D407HD408H), the Lys940 side chain

exhibited dynamic behavior (Figure 3f). For the first ∼60 ns,
Lys940 was closer to Thr978 than Asp408, and Lys940 formed
a direct hydrogen bond with Thr978 from ∼20 to ∼40 ns.
However, Lys940 moved from Thr978 to Asp408 at ∼60 ns
then back to Thr978 at ∼90 ns. The interaction between
Lys940 and Asp407 was somewhat unstable after ∼40 ns.
Therefore, protonation of both Asp407 and Asp408 destabilizes
the E-state configuration.
Summarizing the above simulation results, the combination

with deprotonated Asp407 and protonated Asp408 is most
compatible with the E-state side-chain configuration in the
crystal structure.
To confirm the results, we performed two additional 100-ns

MD simulations, wherein both Asp407 and Asp408 were
deprotonated (“simulations 5 and 6”) (Table 1). In simulation
5, a snapshot of simulation 2 (D407−D408H) at 100 ns was
used as the initial structure, and simulation 6 began with a
snapshot of simulation 2 (D407−D408H) at 50 ns. For these
two snapshot structures, we changed the protonated Asp408 in
protomer E to the deprotonated state, and each of the two
snapshot structures was then simulated for an additional 100 ns.
In simulation 5 (D407−D408−), Lys940 immediately shifted
from Thr978 to Asp408 during the equilibration process and
was between Asp407 and Asp408 for 100 ns (Figure 3g). In
simulation 6 (D407−D408−), Lys940 similarly changed its
position from Thr978 to Asp408 at ∼25 ns. Subsequently,
Lys940 formed salt bridges with both Asp407 and Asp408
(Figure 3h). Therefore, both simulations 5 and 6 confirmed
that Asp408 deprotonation generated Lys940 movement from
Thr978 to Asp408.
To complement the MD simulations, we also estimated pKa

values for Asp407, Asp408, and Lys940 using the programs
PROPKA and MCCE (Table 2). Both methods indicated that
Asp407 and Asp408 in protomers A and B are deprotonated at
pH 7. In protomer E, only Asp408 is protonated at pH 7. These
results are consistent with our MD simulations.

Next, we examined structural changes in the porter domain
during the simulations. We expected that changing the TM-
domain protonation state induces structural changes in the
porter domain. Despite the short time scale for the all-atom
MD simulations, the initial structural change processes for the
porter domain were shown in our simulations. Because Asp408
in protomer E was deprotonated in simulation 1, we expected
that protomer E in simulation 1 would undergo a structural
transition from state E to A. Therefore, global motions for the
porter domain in protomer E relative to the TM domain in
simulation 1 were examined using PCA. The first and second
PCA modes accounted for 90% and 4% of the total motions,
respectively, which indicates that the first mode dominates the
porter-domain motions. The average projection for the final 1-
ns structures in protomer E onto a plane with modes 1 and 2
was similar to protomer A of the crystal structure, suggesting
that the porter domain of protomer E underwent a structural
transition from state E to A (Figure 4a). Mode 1 was a
rotational motion around PC1 (Figures 4c to f), and the
correlation coefficient between the mode-1 vector and
structural difference in the crystal structure for the E and A
protomers was 0.74. In contrast, mode 2 was a breathing
motion outward and inward along a line connecting PN1 and
PC1 (Figure 4b). Here, we used the starting structure as the
reference structure for PCA because we aimed to examine
structural transitions during MD simulations from the starting
structure. The PCA results do not strongly depend on the
reference structure. Conventionally for PCA, the average
structure is used as the reference structure. For comparison,
conventional PCA was also performed using the average
structures for both the TM and porter domains as the reference
structures. The resulting twisting motions between the TM and
porter domains were observed as mode-1 motions (Figure S3,
Supporting Information), which is consistent with the above
PCA results, wherein the TM domain crystal structure was used
as the reference structure. Because the structural transition
from the crystal structure and the relative TM and porter
domain motions are important herein, only the TM domain
was used for fitting, and PCA was performed for the porter
domain.
Motions of the drug exit and entrance related to alternating

access of drugs during simulation 1 were examined. In
protomer E, the drug exit is between PN1 and PN2. In
protomer E of the crystal structure, the α-helix Nα2, which was
in the trimer center, is inclined, blocks the protomer-B drug exit
and opens the protomer-E drug exit. In contrast, for protomers
A and B, α-helix Nα2 stands approximately perpendicular to
the membrane. Therefore, the inclined α-helix Nα2 is a special
feature of the protomer E of the crystal structure. During
simulation 1, the α-helix Nα2 tilt in protomer E was reduced, as
shown in mode 1 (Figure 4c), which is consistent with the
structural changes from the E to A state. The correlation
coefficient between PN1 mode-1 vector and the PN1 structural
differences in the crystal structure for protomers E and A was
0.89. The structural changes in the porter domain during
simulation 1 appear as a step in the AcrB functional rotation.
The drug entrance is between PC2 and TM. The crystal

structure shows structural changes in the region that connects
PC2 and TM8 for protomers E and A (Figure 4e). In protomer
E, α-helix TM8 is extended to the periplasmic side, and the
drug entrance is closed. In contrast, the periplasmic extension
of α-helix TM8 for protomers A and B is unwound, and the
drug entrance is in the vicinity of the unwound loop.

Table 2. pKa Simulations Summary

PROPKA MCCE

residuesa v2.0 v3.0 εp = 4b εp = 8b

Asp407 (A) 4.52 3.88 <0 <0
(B) 5.24 4.07 <0 <0
(E) 4.91 6.57 0.76 ± 0.07 1.20 ± 0.05
Asp408 (A) 3.32 5.41 6.95 ± 0.18 4.89 ± 0.12
(B) 3.28 5.89 6.32 ± 0.32 5.01 ± 0.07
(E) 7.10 8.77 9.88 ± 0.12 7.06 ± 0.07
Lys940 (A) 11.44 12.20 >14 >14
(B) 11.26 11.95 >14 >14
(E) 8.51 8.89 >14 >14

a(A), (B) and (E) are protomers A, B, and E in the AcrB trimer,
respectively. bIn MCCE, two different protein dielectric constants
were used. For each dielectric constant, the pKa value averages and
standard errors were estimated through ten independent calculations
with different random numbers.

Biochemistry Article

dx.doi.org/10.1021/bi400119v | Biochemistry 2013, 52, 7648−76587652



Simulation 1 showed that the TM8 periplasmic extension was
unwound in protomer E; however, the residual α-helix location
differed somewhat from the crystal structure position (Figure
4e). Because of the different residual α-helix locations, the drug
entrance for the final structure in simulation 1 is smaller than
that for the crystal structure. The cleft between PC1 and PC2
has been proposed as another drug entrance.21 The cleft is
open in the protomers A and B of the crystal structure, while it
is closed in protomer E. However, the cleft is regarded as an
AcrA binding site, and structural changes in the porter domain
may be transmitted to TolC through the cleft and AcrA. In
simulation 1, the cleft in protomer E was not open, but PC2
moved upward and maintained contact with PC1 (Figure 4f).
The discrepancy in PC2 movement is likely due to insufficient
sampling and/or the absence of AcrA in the simulation. In
contrast to PN1, PN2, and PC2, the PC1 structural transition
was small during simulation 1, which is consistent with the
crystal structure (Figure 4d).
Summarizing the above results of simulation 1, the porter

domain showed a clear trend of structural transitions from the
E to A state, consistent with the side-chain configuration
change in the TM domain.

In simulation 2, we expected that the porter domain retained
its initial conformation in protomer E because the side-chain
configurations in the corresponding TM domain remained
similar to those of the crystal structure due to Asp408
protonation. Mode 1 in simulation 2 (D407−D408H) is a
translational motion outward from PC1 and PC2 (Figure 5a)
and resembles the mode 2 outward motions in simulation 1
(Figure 4b). As described above, AcrA may bind at the cleft
between PC1 and PC2. The translational motions outward
from PC1 and PC2 are likely due to the absence of AcrA in our
simulations. In contrast to simulation 1, the tilt was retained for
α-helix Nα2, which is near the protomer-E drug exit. At the
drug entrance, the α-helix TM8 periplasmic extension was also
retained. The correlation coefficient between the mode-1 vector
for simulation 2 and the E-A crystal structure difference is only
−0.20, which indicates that the porter-domain motion in
simulation 2 clearly differs from the E-A structural change in
the crystal structure.
Considering the different porter domain behaviors in

simulations 1 and 2, Asp408 deprotonation for the
simulation-2 snapshots may induce the conformational changes
as observed in simulation 1. Therefore, we examined the
additional simulations 5 and 6 for both the deprotonated

Figure 4. PCA results for the porter domain of protomer E from simulation 1 (D407−D408−). Panel a shows snapshot projections onto modes 1
and 2, as well as the crystal-structure (protomers A, B, and E) projections. The average projection of the last 1-ns structures is similar to protomer A.
In panel b, the second mode directions (black arrows) are shown in the protomer-E porter domain (cyan) from the crystal structure. In panels c−f,
the first mode directions are shown using black arrows. For comparison, the protomers E (cyan) and A (magenta) of the crystal structure and final
simulation 1 structure (blue) are also shown. The structures were aligned using least-squares fits of the TM domain. In the central panel, the top
view of the porter domain is shown. Side views for the subdomain pairs PN1-PN2, PN1-PC2, PC1-PN2, and PC1-PC2 are shown in panels c, d, e,
and f, respectively. The direction of the α-helix Nα2 conformational changes during the simulation is indicated with a red arrow (c). The drug exit is
between PN1 and PN2 (c, blue circle). The drug entrance is near the upper portion of TM8 (e, red oval). The upper portion of TM8 in the final
structure from simulation 1 (D407−D408−) is also shown (e and f, blue cylinder).
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Asp407 and Asp408, which began with snapshots from
simulation 2. Simulations 5 and 6 showed different behaviors
from each other. In simulation 5, the structures remained
similar to the initial structure, which suggests that the structure
could not escape the free-energy basin of the starting structure,
which was the 100-ns snapshot in simulation 2 (Figure 4a). In
contrast, simulation 6 that began with the snapshot at 50 ns
showed the trend for the structural transition from states E to A
(Figure 4a), though the porter domain did not fully reach the
A-state structure. Mode 1 of simulation 6 is a rotational motion
around PC1, which also resembles the structural transition
from state E to A (Figure 5b).
Additionally, to improve our statistics, we performed another

100-ns MD simulation under the same conditions as simulation
1, except for the initial velocities (simulation 7, Figure S4,
Supporting Information). Mode 1 of simulation 7 also showed
the rotational motion around PC1 that was observed in
simulations 1 and 6 (Figures S4, Supporting Information). The
mode-1 correlation coefficient between simulations 1 and 7 was
0.70. These results indicate that Asp408 deprotonation induced
the porter-domain conformational changes from the E to A
states, though the conformational changes are likely transmitted
stochastically.
In addition to conformational changes in protomer E, the

asymmetric coupling between the trimer protomers was also
examined. The Nα2 helices in the timer center are the
asymmetric features of AcrB (Figure S5, Supporting Informa-
tion). The Nα2 helices from different protomers are proximal
to one another, and only the protomer-E Nα2 helix is
considerably inclined. The distances between Gln112 Cα
atoms for the different protomers are good indicators for the
Nα2 helix asymmetric arrangements (Figure S5, Supporting
Information). Interestingly, the three distances between
protomers E-A, E-B, and A-B in simulation 1 converged into
a single value (Figure S6, Supporting Information), which
suggests that the trimer transitioned to an approximately
symmetric structure during simulation 1. In contrast,
asymmetric protonation states were applied in simulation 2,
and the asymmetric features of the Nα2 helices were retained
(Figure S6, Supporting Information). The PCA for protomer B
in simulation 1 also indicated a trend wherein the structure

transitioned from the B to A state, whereas protomer A
retained its A-state conformation (Figure S7, Supporting
Information). Therefore, the simulation-1 timer transitions to
the symmetric “AAA” state. The first crystal structure solved in
200216 shows a symmetric trimer, and the protomer
conformation in the first crystal structure resembles the A
state in its asymmetric structure (i.e., the first crystal structure is
in the “AAA” state). The trend wherein the structure transitions
to a symmetric structure is reasonable because the protonation
states are the same for the three protomers in simulation 1. The
“AAA” symmetric conformation is one possible conformation
for AcrB, which likely corresponds to a resting state.

■ DISCUSSION
Herein, we performed multiple MD simulations involving the
asymmetrical AcrB trimer model, wherein the Asp407 and
Asp408 protonation states in protomer E were changed. The
results indicate that the Asp408 protonation state is critically
important for retaining the side-chain configurations in the TM
domain. Experiments using dicyclohexylcarbodiimide (DCCD),
which reacts to amino acids with a protonated carboxylic acid,
suggested that Asp408 was protonated.29 The experiments
showed that the apparent pKa for Asp408 was 7.4, which would
facilitate proton binding and release under physiological
conditions. The results from our MD simulations are consistent
with the experimental results. A recent MD-simulation study by
Fischer and Kandt30 also supports our result; they used
protonated Asp408 for protomer A, which differs from the
conditions herein. Their simulation showed Lys940 movement
in protomer A to a configuration that resembled protomer E.
However, the structural transition was opposite to the AcrB
functional rotation proposed previously.19−21 Nevertheless,
both their simulation and the MD simulation herein suggest
that Asp408 protonation is key for side-chain configuration
changes from the A or B to E state.
The Asp407 protonation state also affects the Lys940 side-

chain dynamics. In simulations 3 and 4 with protonated
Asp407, the Lys940 side-chain configurations were unstable
because the neutral, protonated Asp407 weakened the
interaction between Lys940 and Asp407. The asymmetric
AcrB trimer crystal structure showed a direct interaction
between Lys940 and Asp407 for the A, B, and E protomers
(Figure 2). Experimental studies have suggested that this
interaction is important. The D407A, D407N, or D407E
mutation substantially decreased function.27−29 The D407A
and D407N mutations indicated that a carboxylic group in
Asp407 is indispensable for function. Despite the retention of a
carboxylic group in the D407E mutation, the AcrB activity
substantially decreased upon mutation likely due to the
different side-chain lengths between the aspartate and
glutamate. The glutamate side chain is longer than aspartate
by one carbon atom. Therefore, the D407E mutant of the
Lys940 and Glu407 side chains did not fit between TM4 and
TM10. Although our simulation suggests that Asp407
protonation is incompatible with the A-, B-, and E-state
configurations, the possibility of transient protonation of
Asp407 during proton translocation cannot be ruled out. In
contrast to Asp407, the D408E mutation retains substantial
activity, whereas the D408A and D408N mutants completely
lose function,27 which suggests that a carboxylic group in
residue 408 is indispensable to AcrB function.
Lys940 may also be deprotonated during proton trans-

location. Considering the direct interaction between Lys940

Figure 5. PCA results for the porter domain of protomer E from
simulations 2 (D407−D408H) and 6 (D407−D408−). Panel a shows
the directions for the first mode in simulation 2 (black arrows), the
porter-domain structures at 50 ns (yellow) and 100 ns (red) from
simulation 2, and the protomer-E crystal structure (cyan). The 50-ns
and 100-ns structures from simulation 2 were the initial structures of
simulations 5 and 6, respectively. In panel b, the first mode directions
in simulation 6 are shown with black arrows. For comparison, the
crystal-structure of protomer A (magenta) and the simulation 6 initial
structure (yellow) are also shown. The structures were aligned using
least-squares fits for the TM domain.
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and Asp407 in each protomer (A, B, and E) when Lys940 is
deprotonated, Asp407 might become protonated. However, the
pKa calculations suggest that Lys940 is not deprotonated at pH
7 (Table 2). The possibility of the transient deprotonation of
Lys940 during proton translocation also cannot be excluded.29

The T978A mutation was reported to decrease AcrB activity
to 8%.28 However, the T978S mutation retained 77% of the
wild-type activity. In our simulations with protonated Asp408,
the Thr978 and Lys940 side chains in protomer E either
directly interacted with or formed a water-mediated hydrogen
bond. This result suggests that Thr978 side-chain hydrogen
bonding is critical for E-state configuration stability, which is
consistent with the mutation experiment.
The proton translocation stoichiometry is important for

elucidating the AcrB drug export mechanism. Considering the
direct interaction between Asp407 and Lys940 in each
protomer, Asp407 and Lys940 are likely always charged. Even
if Asp407 is protonated, Lys940 is deprotonated in this case.
Our simulations indicate that deprotonation of only Asp408
induces a structural transition for Lys940 from the E to A state.
Thus, these results suggest that proton translocation
stoichiometry may be one proton per complete cycle of one
AcrB protomer (Figure 6a). In the trimer, the proton
translocation stoichiometry may be one proton per step

(120° rotation), when a cyclic transition is assumed (i.e.,
“ABE”, “BEA” to “EAB”).
Despite the short time scale for all-atom MD simulations, the

simulation with both Asp407 and Asp408 deprotonated showed
that the porter domain structure transitioned from a protomer-
E to protomer-A-like structure. Here, we discuss the trans-
mission pathway for structural changes from the TM to the
porter domain. When Asp408 was deprotonated, TM4, which
includes Asp407 and Asp408, undergoes a twisting motion
relative to TM10. On the periplasmic side of the TM domain, a
long loop connects TM1 and PN1 and mediates interactions
between loop TM3-TM4 and PN2. The TM4 twisting may
influence the PN1 and PN2 movements through these loops. In
a pseudo 2-fold symmetrical manner, a long loop connects
TM7 and PC1, which is located between loop TM9-TM10 and
PC2 and is adjacent to the upper portion of TM8. The TM10
twisting motion may affect unwinding in the upper portion of
TM8 through these loops. In addition, a water entrance
connected to the TM domain center is located between TM9
and TM10.30 The water accessibility may affect unwinding of
the upper portion of TM8.
It is also interesting that proton binding and dissociation in

each protomer are coupled to this reaction in the remaining
protomers. Because contacts between different protomer TM

Figure 6. AcrB protonation cycle and conformational changes followed by proton dissociation. Panel a shows the proposed AcrB protonation cycle.
In the A and B states, both Asp407 and Asp408 are deprotonated, whereas only Asp408 is protonated in the E state. From the B to E state, the
proton binds, and from the E to A state, the proton dissociates from Asp408. Panel b summarizes conformational changes in the porter domain
during our simulations. Following proton dissociation from the TM domain in protomer E, the porter domain rotates (red arrows), which closes the
drug exit and opens the drug entrance. The central Nα2 helices undergo transitions from the asymmetric to symmetric arrangement, and the final
structure resembles the symmetric “AAA” structure, which likely corresponds to the resting state. The drug movement directions are indicated with
orange arrows. For clarity, the TolC docking domains are not shown in panel b.
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domains are few, proton binding and dissociation may not be
directly coupled with the other protomers through the TM
domains. The many porter domain contacts between different
protomers suggest that it may be the site for coupling.
Moreover, previous coarse-grained simulations39 have shown
that conformational changes in the porter domain of one
protomer influences other protomers; the simulations suggest
that drug dissociation from protomer B in an asymmetric BEA
structure likely generates the symmetric AAA structure. In our
simulations, without drug molecules bound, when the TM-
domain protonation states were not uniform, the asymmetric
structure was retained. In contrast, when the TM-domain
protonation states were uniform, the asymmetric structure
showed a trend wherein it transitions to the symmetric AAA
structure (i.e., a potential resting state), which indicates that the
asymmetric structure is generated by the TM-domain
protonation states and drug binding (Figure 6b).
Because the time scale for the MD simulations herein is

limited to ∼100 ns, the long-distance coupling mechanism for
the conformational changes may be hypothetical. For
conclusive results, more extensive MD simulations and/or
free-energy simulations are necessary.

■ CONCLUSIONS
We have performed unbiased all-atom MD simulations for the
asymmetric AcrB with explicit membranes and water to
investigate the aspartate protonation states in the TM domain,
which likely play a crucial role in proton translocation. In
protomers A and B, both Asp407 and Asp408 are deprotonated
and form stable salt bridges with Lys940 throughout our
simulations. We performed MD simulations, wherein we
comprehensively changed the Asp407 and Asp408 protonation
states for protomer E. Deprotonated Asp407 and protonated
Asp408 were most compatible with the E-state side-chain
configuration. For the two additional MD simulations with
deprotonated Asp408, we began with two snapshots from the
simulation with protonated Asp408 and observed spontaneous
structural shifts for Lys940 in protomer E. These results suggest
that the proton translocation stoichiometry may be one proton
per complete cycle of one AcrB protomer. In the trimer, the
proton translocation stoichiometry may be one proton per step
(120° rotation) when we assume cyclic transitions (i.e., “ABE”,
“BEA” to “EAB”). Our simulations suggest that Asp408
protonation is important, which is consistent with additional
experimental and simulation results.
The next question is whether the protonation-state changes

in the transmembrane domain induce large conformational
changes in the porter domain, which are primarily responsible
for drug export. Despite the limited time scale for conventional
MD simulations, we observed conformational change processes
in the porter domain through our simulations. Two functional
AcrB rotations (the conformational changes in the TM and
porter domains) appear coupled in the simulation. However, to
observe the full transition between such states and to elucidate
the molecular mechanism underlying drug export, more
extensive simulations and/or free-energy experiments, such as
umbrella sampling, are necessary. We are currently undertaking
such studies.
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