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Structural Asymmetry of AcrB
Trimer Suggests a Peristaltic

Pump Mechanism
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The AcrA/AcrB/TolC complex spans the inner and outer membranes of Escherichia coli and serves
as its major drug-resistance pump. Driven by the proton motive force, it mediates the efflux of
bile salts, detergents, organic solvents, and many structurally unrelated antibiotics. Here, we
report a crystallographic structure of trimeric AcrB determined at 2.9 and 3.0 angstrom resolution
in space groups that allow asymmetry of the monomers. This structure reveals three different
monomer conformations representing consecutive states in a transport cycle. The structural data
imply an alternating access mechanism and a novel peristaltic mode of drug transport by this type

of transporter.

rug resistance during infection or can-
Dcer treatment is often caused by the

overproduction of efflux transporters,
leading to decreased levels of antibiotics or che-
motherapeutics inside the cells (/, 2). Drug-
efflux transporters can be of the ABC type that
use the free energy of adenosine triphosphate
(ATP) hydrolysis, or they can be secondary trans-
porters that use the proton motive force to ener-
gize the extrusion of drugs. ABC-type transporters

Fig. 1. Main structural
differences of the AcrB
monomers. (A) The three
AcrB monomers shown
in top view as cylinder
presentation in blue (L),
yellow (1), and red (0)
are superimposed onto
the symmetric AcB tri-
mer model depicted in
transparent gray. In the T
monomer (yellow), a hy-
drophobic pocket is de-
fined by phenylalanines
136, 178, 610, 615,
617, and 628; valines
139 and 612; isoleucines
277 and 626; and tyro-
sine 327 at the PN2/PC1
interface. (B) Structural
changes in the putative
proton translocation site.
Conserved residues D407,
D408 (TM4), and K940
(TM10) in the three mono-
mers (L, blue; T, yellow;
0, red) are depicted with
2Fo-Fc electron density

are predominantly found in eukaryotes, whereas
in prokaryotes the main drug-efflux systems func-
tion as H*/drug exchangers. In Gram-positive
bacteria, drug resistance is often conferred by
members of the major facilitator superfamily (3).
In Gram-negative bacteria, however, resistance-
nodulation-cell division (RND) type efflux
pumps play a dominant role (I, 4). Structures
of the primary membrane transport proteins
bacteriorhodopsin (5-7) and the Ca?>*-ATPase
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plasm. In the L and T
monomers, the same con-

(8) in different conformations allowed to es-
tablish hypotheses about a solute transport path-
way. Transport of solutes by secondary carriers
of the major facilitator superfamily [LacY (9)
and GlpT (10)] and the glutamate transporter
homolog Glt,, (/1-13) is likewise expected to
depend on major structural conversions (/4).
The first structure of the RND pump AcrB
was obtained at 3.5 A resolution from crystals
grown in a trigonal space group assigned as
R32 (15-18). An AcrB monomer contains 12
transmembrane o helices (TM1 to TM12) (fig.
S1). TM4 and TMI10 are surrounded by the
other transmembrane helices of the monomer
and harbor the residues D407, D408 (TM4),
and K940 (TM10), which appear to play an es-
sential role in proton translocation (16, 19). The
periplasmic part of AcrB consists of the TolC
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formation is observed, whereas in the O monomer, K940 forms a salt bridge with D407. This interaction seems to be stabilized by hydrogen bonding of T978
(TM11). To restore the geometry as it appears in the L monomer, proton uptake is anticipated.
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docking domain (DN and DC subdomains),
which is located farthest from the membrane
plane, and the pore domain, composed of sub-
domains PN1, PN2, PC1, and PC2. The TolC
docking domain, on which TolC has been shown
to dock coaxially (20), exhibits a funnel-like
structure narrowing to a central pore located in
the pore domain. The central pore structure
consists of three a helices (designated pore heli-
ces) donated by the PN1 subdomains of each
AcrB monomer. Near the membrane plane, the
central pore leads to a central cavity, and fur-
ther to a 35 A wide transmembrane hole de-
fined by the ringlike arrangement of the TM
helices of the trimer, which was proposed to be
filled with phospholipids (/6). Three vestibules
at the monomer interfaces located just above
the membrane plane lead toward the central
cavity. The current hypothesis about the mech-
anism of transport envisions the diffusion of
substrates via the transmembrane domains and
vestibules into the central cavity and the open-
ing of the central pore to allow the transport of
the substrates through AcrB toward TolC (27)
and export to the external medium (16, 22).
Large changes were postulated to be associated
with this transport function, which was tenta-
tively termed “elevator mechanism” (77), but
remained elusive because of a lack of structural
information.

Fig. 2. Visualization of
tunnels in the pore do- A
main of the AcrB peri-
staltic drug efflux pump.
Each monomer shows a
tunnel penetrating the
periplasmic part in a
distinct manner. The
tunnels are highlighted
as green surfaces in a
ribbon model of the
AcrB trimer. The upper
panels shows the side
view and the lower
panels the top view of
the AcrB trimer. (A) In
the L monomer (blue),
the tunnel starts at the
lateral cleft (PC1/PC2
interface) ~15 A above
the membrane plane ex-
tending halfway toward
the center (pore) of the
trimer. (B) In the T mono-
mer (yellow), the tun-
nel extends diagonally
upward through the pore
domain (PN1/PN2 inter-
face) toward the pore in
the center of the trimer.
(€) With the conversion
from T to O, the PC1/PC2

cleft closes because of the conformational change of the PC2 subdomain and
leads to complete closure of the tunnel laterally. Moreover, tilting of the PN1
subdomain in the O monomer creates an exit pathway toward the funnel and TolC.

Here, we define the structural changes that
constitute the basis of solute transport by AcrB.
To gain structural insight into the mechanism of
transport by AcrB, crystals belonging to mono-
clinic (C2, 2.9 A resolution) and triclinic (P1,
3.0 A resolution) space groups were grown, and
complete data sets with good statistics were
measured (table S1). Previous functional inter-
pretations (/6—18, 23) were based on the trig-
onal crystal form, which harbors a trimer with
exact three-fold symmetry. In this crystal form,
models with good geometry and low crystallo-
graphic R factor have not been reported so far.
Our subsequent analysis revealed that those
crystals that appeared to be R32 suffered from
merohedral twinning and were in fact twinned
R3 crystals with noncrystallographic sym-
metry (table S1). A high twinning fraction
results in a blurred electron density, which
cannot be computationally deconvoluted, and
explains the difficulties encountered with the
trigonal crystal form. We therefore analyzed
the data from the untwinned C2 and P1 crystal
forms containing three and six monomers
corresponding to one and two nonsymmetric
trimers, respectively.

The structures of these three independently
obtained asymmetric trimers are very similar
(table S2); distances given below refer to the
asymmetric trimer from the well-diffracting C2

crystal form. Its atomic model (Fig. 1) was re-
fined to R factors of R = 22.6 % (R, 26.7 %)
(table S1). It is substantially more complete
than the model based on the trigonal crystal
form and contains one consecutive chain of
amino acids 2 to 1033 in two monomers and of
amino acids 2 to 1045 in the third monomer.
The C-terminal amino acids 1034 to 1057 (1046
to 1057) are unassigned as a result of missing
electron density.

At root mean square deviations (RMSD)
between 2.1 and 3.1 A (table S2), the mono-
mers of a trimer structurally deviate from each
other much more than can be expected from
monomers obeying noncrystallographic sym-
metry (Fig. 1 and fig. S2). One monomer ap-
pears not to be constrained by interaction with
its neighbors, and its conformation is therefore
termed loose (L). Another exhibits an opening
from the inside of the pore domain toward the
funnel of the AcrB trimer, and its conformation
is designated as open (O). In this monomer, the
PNI subdomain is tilted toward and tightly
interacts with the neighboring monomer’s PN1
and PN2 subdomains. This interaction imposes a
constraint on the conformation of the neighboring
monomer, which we label tight (T). The confor-
mation of the L monomer is closest (RMSD of
0.9 A) (table S2) to that of the symmetric ActB
monomer model, whereas the T and O monomers

The location of the hydrophobic binding pocket in the T monomer (yellow) is
indicated in each conformation by a black circle. Only in the T monomer is this
binding pocket accessible for substrates.



differ significantly from it (RMSD of 1.8 and
3.0 A, respectively) (table S2).

The largest structural changes are located in
the pore domain of the trimer, whereas in the
TolC docking domain, including the inter-
monomer connecting loops, no major structural
differences are detected (fig. S2). A prominent
feature of the AcrB trimer is the periplasmic
central “pore,” composed of PN1 subdomain o
helices (Fig. 1A). Compared with the orienta-
tion of the other PN1 subdomains, the PN1
subdomain of the O monomer is considerably
tilted (~12°) toward the PN1 and PN2 sub-
domains of the T monomer (Fig. 1A). A syn-
chronous reorientation of the PC2 subdomain
mediated through an antiparallel B-sheet (NB2-
CB13) interaction (fig. S1) in the O monomer
reduces the distance between the PC2 subdo-
main and the membrane plane by more than
6.5 A (figs. S2 and S3). A coil-to-helix tran-
sition and bending of the helical N-terminal part
of TMS appears to be associated with this large
conformational change. This part of TM8 adopts
a coil conformation in the L monomer and forms
an intermediate conformation in the T monomer
and a kinked helix in the O monomer (fig. S3B).
In the T monomer, the PC2 subdomain does not
change in comparison to the L-monomer confor-
mation, most probably because the PN1 sub-
domain (and therefore the PC2 subdomain) is
locked because of interaction with the O mono-
mer’s PNI subdomain (Fig. 1A). A contraction
of the T monomer is observed as a result of the
movement of its TM helices (except TM2) of
up to 3 A toward its periplasmic part (fig. S2)
and appears to be induced by the upshift of
the PN1 subdomain of the T monomer be-
cause of interaction with the PN1 subdomain
of the O monomer (Fig. 1). From the PNI
subdomain, the upshift is transduced to TM3
and TM4 by two parallel B sheets, NB1" and
NB16 (fig. S1).

The structural changes in the T monomer
create a hydrophobic pocket in the PN2/PC1
subdomain interface (Fig. 1A), which is not
present in the L and O monomers. We suggest
that the hydrophobic pocket located on the T
monomer may supply a substrate binding pock-
et inside the pore domain (Fig. 1A).

Visualization of cavities within the protein
revealed large tunnels in the pore domain of all
three monomers (Fig. 2). The width of these tun-
nels would be sufficient to accommodate solute
molecules transported by AcrB. In the L and T
monomers, a large, laterally accessible pathway
is present about 15 A above the membrane
plane. In vivo, AcrA (24) is expected to protect
the lateral exit against direct contact with the
periplasm (16, 25, 26). In the T monomer, the
tunnel leads to residues of the O monomer
PNI1 subdomain, which operates as a plug for
the tunnel exit. In the O conformation, the
tilting of the PN1 subdomain opens an exit
pathway from the binding pocket toward the
funnel of AcrB. Because of the simultaneous

structural change of the PN1 and PC2 sub-
domains, the lateral entrance of the tunnel
observed in the L and T monomer is com-
pletely closed in the O monomer and determines
the direction of substrate transport toward the
funnel (Fig. 2C).

The asymmetric structure of AcrB suggests
that the three monomer conformations represent
consecutive states of a transport cycle. A pos-
sible drug-transport mechanism can be pro-
posed if a cycling of each monomer through the
conformations L, T, O, and back to L is as-
sumed. The PN1 subdomains, including the
pore helices, might play the role of a ratchet pin
that enforces the order of the conformational
changes. The PN1 conformational change from
O to the L monomer causes the loss of strong
interaction with the PN1 and PN2 subdomains
of the T monomer and enables the conversion
of the PN1/PC2 subdomains from T to the O
monomer conformation. Consequently, bound
substrate in the T monomer would be squeezed

out of the hydrophobic pocket located at the
interface of the PN2/PC1 subdomains during
the transition to the O monomer conformation.
The conversion of the PN1 subdomain of the T
monomer into the tilted conformation of the O
monomer also reestablishes strong interaction
with the PN2 subdomain of the L monomer and
induces conformational changes leading to for-
mation of the binding pocket at the PN2/PC1
interface (Fig. 1) and the change from the L to
the T monomer conformation.

This sequence of events creates a pathway
for the efflux of drugs through the tunnels with
a transport mechanism that is analogous to that
of a peristaltic pump and is schematically dis-
played in Fig. 3. Diffusion of substrate within
the tunnel is limited by an occlusion site whose
position migrates toward the funnel, effectively
guiding the substrate toward TolC. The unspe-
cific nature of transport implied by such a mech-
anism could account for the observed broad
substrate specificity of the AcrA/AcrB/TolC

Fig. 3. Schematic representation of the AcrB alternating site functional rotation transport mechanism. The
conformational states loose (L), tight (T), and open (O) are colored blue, yellow and red, respectively. (A)
Side-view schematic representation of two of the three monomers of the AcrB trimer. AcrA and TolC are
indicated in light green and light purple colors, respectively. The proposed proton translocation site (D407,
D408, and K940) is indicated in the membrane part of each monomer. (B) The lateral grooves in the L
and T monomer indicate the substrate binding sites. The different geometric forms reflect low (triangle),
high (rectangle), or no (circle) binding affinity for the transported substrates. The PN1 subdomains
(including the pore helices) located in the middle of the model are highlighted and form the corners of an
asymmetric triangle (white) to indicate the communication between the monomers. In the first state of the
cycle, a monomer binds a substrate (acridine) in its transmembrane domain (L conformation),
subsequently transports the substrate from the transmembrane domain to the hydrophobic binding
pocket (conversion to T conformation) and finally releases the substrate in the funnel toward TolC (O
conformation). The conversion from the O-monomer to the L-monomer conformation is suggested to be
the major energy-requiring (proton motive force—dependent) step in this functional rotation cycle and
requires the binding of a proton to the proton translocation site (D407, D408, and K940) from the
periplasm. The conversion from the T monomer to the O monomer is accompanied by the release of a
proton from the proton translocation site to the cytoplasm. AcrA can be expected to participate in the
transduction of the conformational changes from AcrB to TolC, which results in the opening of the TolC
channel and the facilitation of drug extrusion to the outside of the cell.
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pump as well as for the transport of small mol-
ecules such as hexane (27, 28). It is therefore
proposed that besides the specific binding in the
hydrophobic pocket of the T monomer, unspe-
cific diffusion of small substrates through the
observed tunnels occurs. Substrate transport
from the membrane domain to the periplasmic
tunnel might be via a lateral pathway, including
the TM8/TM9 groove and the AcrA/AcrB
interface. Recent reports (25, 26) substantiate
the close interaction between AcrA and AcrB
(or of the homolog proteins MexA and MexB)
in the tripartite complex, and we therefore
anticipate conformational changes of AcrA
coupled to those of AcrB. On the other hand,
our structure does not support substrate trans-
port through the central pore, as implied by
the elevator mechanism (74, 17), because ac-
cess of substrates from the central cavity to the
funnel is prohibited by the small diameter of
the pore.

As AcrB is energized by the proton-motive
force, transient protonation of titratable groups
within the transmembrane domain of the pro-
tein can be expected to be the mechanism that
delivers the energy required for the conforma-
tional changes described above. Indeed, we
observe a prominent K940 (TM10) side-chain
reorientation away from D408 and toward
D407 (both on TM4) in the O conformation
(Fig. 1B) and a bulging of TMS toward TM4
and TMI10, strengthening the hypothesis that
this part of the transmembrane domain is cen-
tral to proton binding and release (16, 19). As
thoroughly investigated in the case of bacterio-
rhodopsin (5—7, 29), side-chain rearrangements
(Fig. 1B) can leverage global conformational
changes of the magnitude we observed for TM8
(fig. S3), involving reversible tilts of helices
and the transient change of kinks and bulges in
the main chain. We speculate that, in the case

of AcrB, subtle changes in the transmembrane
part (TM4 and TMI10) produce the large
conformational changes in the pore domain
ultimately resulting in drug efflux. Different
from what has been suggested for LacY (30)
and EmrE (37), the proton and substrate
translocation in AcrB appear to be spatially
separated.

We have proposed a possible transport mech-
anism that, based on a functional rotation of
the trimer, creates a peristaltic pump mechanism
in each monomer (Fig. 3). Our model merges
Jardetzky’s alternate access pump (32) with the
rotating site catalysis of F F-ATPase (33, 34)
and suggests a working hypothesis for the trans-
port mechanism of RND transporters.
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