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AcrB Multidrug Efflux Pump of Escherichia coli: Composite
Substrate-Binding Cavity of Exceptional Flexibility Generates
Its Extremely Wide Substrate Specificity
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Gram-negative bacteria have, in general, much higher intrin-
sic levels of resistance to various antibiotics, antiseptics, dyes,
and detergents than do gram-positive bacteria. This is, in part,
due to the effectiveness of the outer membrane as a barrier.
The porin channels exclude large compounds (for example,
vancomycin) and drastically slow down the influx of most an-
tibiotics, which are usually much larger than common nutri-
ents. Most antibiotics and chemotherapeutic agents that act on
targets in the cytosol must cross the inner, cytoplasmic mem-
brane, usually by spontaneous diffusion, and this necessitates
their being at least moderately lipophilic. These compounds
can in principle diffuse across the lipid bi-layer domain of the
outer membrane. Transmembrane diffusion rates across this
domain, however, are about two orders of magnitude slower
than through the conventional phospholipid bi-layers (29), be-
cause the outer leaflet, composed exclusively of lipopolysac-
charides (11), acts as an effective barrier.

The outer membrane barrier alone, however, only slows
down the influx of most of the noxious agents, and the gram-
negative bacteria need the additional contribution of multi-
drug efflux pumps in order to achieve their characteristic levels
of intrinsic resistance (24). The pumps belonging to the resis-
tance-nodulation-division (RND) family are especially effec-
tive in generating resistance, as they form a tripartite complex
together with the periplasmic proteins belonging to the mem-
brane-fusion-protein (MFP) family and the outer membrane
channels (Fig. 1), so that drugs are pumped out directly into
the external medium. The RND pumps often have a very wide
substrate specificity (23). An extreme case is the AcrB pump of
Escherichia coli, which by forming a complex with an MFP,
AcrA, and an outer membrane channel TolC pumps out tet-
racycline, chloramphenicol, B-lactams, novobiocin, fusidic
acid, nalidixic acid, and fluoroquinolones among antibiotics
and chemotherapeutic agents, SDS, Triton X-100, and bile
salts among detergents, various cationic dyes and disinfectants,
and even solvents (23, 40, 42). Examination of the structures of
these substrates and the finding that carbenicillin and ceftriax-
one, which cannot penetrate into the cytoplasm, were good
substrates for an AcrB homolog, MexB (15), suggested in 1994
that a major pathway for the capture of substrates consists of
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the partial partitioning of the substrates into the outer leaflet
of the plasma membrane, followed by the lateral entry of
substrates from the lipid bi-layer into AcrB and its homologs
(15). This model, shown in Fig. 1, has since been supported by
several additional pieces of evidence. For example, Zgurskaya
and Nikaido (46) showed that purified and reconstituted AcrB
catalyzed the export of fluorescence-labeled phospholipids
from within the bi-layer. Nikaido et al. (25) showed that among
B-lactams only those with lipophilic side chains were efficiently
pumped out by AcrB. On the other hand, the efflux of amino-
glycosides, which are completely hydrophilic molecules, by
RND transporters MexY (1) and AcrD (32) could not easily be
explained by this model.

STRUCTURES OF THE COMPONENTS OF THE
TRIPARTITE EFFLUX COMPLEX

Among the components of the AcrAB-TolC complex, the
crystallographic structure of TolC was elucidated by Koronakis
et al. in 2000 (13). This trimeric protein not only spans the
thickness of the outer membrane but also forms a 100-A-long
tunnel that covers at least half the depth of the periplasmic
space. The periplasmic linker protein, AcrA, has been shown
to be an elongated protein of 100 to 200 A in length (45), and
its elongated shape was confirmed by electron crystallography
(2). However, its high resolution structure is not yet available.
Last year, Murakami et al. (20) reported the crystallographic
structure of AcrB. This was the first report of the crystallo-
graphic structure of a pump driven by the proton-motive force.
The elucidation of the structure of this gigantic trimeric pro-
tein, each subunit of which contains more than 1,000 amino
acid residues, was a remarkable achievement. Pumps of the
RND superfamily, including AcrB, contain 12 transmembrane
helices (per monomer) and characteristically have two large
periplasmic loops (each with more than 300 amino acid resi-
dues) between transmembrane helices 1 and 2 and between 7
and 8 (39). The crystal structure immediately gave us several
clues to the function of the efflux complex (Fig. 2). First, the
periplasmic domain is huge, as was predicted earlier from the
transmembrane topology data just mentioned. Second, the top
of the trimeric periplasmic domain forms a funnel, and the
edge of the funnel has dimensions that would fit with the tip of
the periplasmic helical barrel of TolC, suggesting that the top
of the AcrB periplasmic domain would directly contact TolC.
Third, the funnel is connected to the very large central cavity
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FIG. 1. Lateral capture model of RND family pump function. This
model is slightly modified from that of the original publication (15) and
shows specific components of the AcrAB-TolC complex of E. coli.
Abbreviations: OM, outer membrane; IM, inner membrane. The sub-
strates, which are usually amphiphilic (the lipophilic portions of the
substrates are drawn as black rectangles), are thought to partition
spontaneously into the outer leaflet of IM and then are hypothesized
to be captured laterally by the AcrB pump. The outer leaflet of OM is
composed of lipopolysaccharides (LPS), which produce a strong dif-
fusion barrier, presumably because of their less fluid interior.

between the transmembrane domains of the three protomers,
a cavity with a diameter of 35 A. In contrast, the connection, or
pore, is very narrow, or essentially closed. Fourth, just outside
the external surface of the membrane bi-layer there is a con-
spicuous opening between protomers, and this opening, called
a vestibule, leads to the central cavity. Murakami et al. (20)
pointed out that these vestibules are likely to be utilized for the
capture of substrates from the outer leaflet of the lipid bi-layer,
a finding consistent with the earlier model mentioned above.
The central cavity was so large that it was assumed to be filled
with lipid bi-layers. However, it was not possible to locate the
substrates within the AcrB structure.

BINDING OF SUBSTRATES TO THE CENTRAL CAVITY

We have crystallized the native AcrB (without the addition
of any tags) in the presence of various ligands and solved their
structures by X-ray crystallography (44). All the ligands were
used at a concentration of 50 wM, which is not excessive when
we consider that half-inhibition of the pumping activity of
reconstituted AcrB requires about 100 wM of conventional
antibiotics (46). As far as we are aware, these are the first
known liganded structures of any active transporter, if we ex-
clude those of the outer membrane channels, such as FecA (7),
FhuA (17), and LamB (34). All four ligands examined—rho-
damine 6G, ethidium, dequalinium, and ciprofloxacin—bound
to the periphery of the central cavity. In every case, the trimeric
AcrB bound three drug molecules. One surprising feature of
the binding was that both rhodamine 6G and ethidium, in spite
of their cationic charge, did not bind to the ceiling of the cavity,
where six negatively charged amino acid residues (Asp99 and
Aspl101 from each subunit) are located, but became bound at
a location far away (by about 20 A) from the ceiling. With
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FIG. 2. 3-D Structure of the trimeric AcrB and the binding of three
substrates, ethidium, dequalinium, and ciprofloxacin. (A) A side view.
Two of the three protomers are in front, and the remaining protomer
is in the back. Part of the central cavity is visible through the vestibule
(shown as an ellipse) that exists between the two protomers in front.
Other features of the transporter, such as the central cavity, funnel,
and pore, are described in the text. In the real complex, three drug
molecules of the same structure were found in the AcrB trimer. In
order to save space, a composite figure was generated from the struc-
tures bound with ethidium (gray), dequalinium (pink), and ciprofloxa-
cin (yellow) (Protein Data Bank [PDB] files 10Y9, 10YD, and
10YF). We do not mean to imply that the binding cavity binds three
different drug molecules at once (although this could occur). (B) A
bottom view. The bound drug molecules can be seen within the central
cavity. The positions of the vestibules are indicated. This figure was
drawn with the program PyMOL (W. L. Delano, The PyMOL Molec-
ular Graphics System; Delano Scientific, San Carlos, Calif.; www

.pymol.org).

dequalinium, which contains two cationic quinolinium moieties
linked together with a decane chain, the top quinolinium
bound to the ceiling but the bottom one was far away from any
negatively charged residue (Fig. 3). These points will be dis-
cussed below.

DETAILS OF BINDING INTERACTIONS

When amino acid residues, any atoms of which are within a
6-A distance from any atoms of the ligand, were identified, we
found mostly amino acids with lipophilic side chains (Fig. 3).
Beside rhodamine 6G, Phe386, Val382, and Leu25 were found
in this range. In addition, Lys29 pointed its €-amino group
toward the ester oxygen atom of the ligand (44) (Fig. 3A).
Ethidium bound nearby, and in this case Phe386 was essen-
tially the only residue whose side chain seemed to interact with
the ligand; although some atoms of the neighboring residues,
Ala385 and Gly387, were within the 6-A distance, the C, and
C, atoms were facing away from the ligand (Fig. 4B). With
dequalinium, the top quinolinium moiety was close to Asp99
and Aspl01, indicating electrostatic interactions, but the bot-
tom quinolinium moiety was close to only Phe386 (Fig. 3B).
Finally, for ciprofloxacin, Phe458 and Phe459 appeared to
sandwich the cyclopropyl moiety of the drug (Fig. 3C) and
Lys29 and Leu25 were fairly close to the drug, but no acidic
residues were found nearby.
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FIG. 3. Details of the substrate-binding interactions in AcrB. The
ligand is shown as a yellow stick model, and the interacting amino acid
side chains (within 6 A of the ligand molecule) are shown as green stick
models. The loop between transmembrane helices 3 and 4 (residues
380 to 401) is shown as a green line, and the loop between transmem-
brane helices 5 and 6 (residues 452 to 475) is shown as a blue line.
(A) Binding of rhodamine 6G (from PDB file 10Y8). The ligand
interacts mainly with Phe386, Val382, and Ala385. The additional
participation of Leu25 and Lys29 in the loop between the transmem-
brane helix 1 and the periplasmic domain (residues 24 to 31) (shown as
an orange line) is also seen. (B) Binding of dequalinium (PDB file
10YD). The quinolinium moiety at the top interacts with Asp99 and
Aspl01 from the periplasmic domain. There are no amino acid resi-
dues within the 6-A radius of the lower quinolinium moiety. Phe386,
which is 6.3 A away, is shown. (C) Binding of ciprofloxacin (PDB file
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COMPARISON WITH THE BINDING SITES OF
REGULATORY PROTEINS

Earlier, the binding sites of the regulatory proteins for mul-
tidrug efflux systems were investigated because these proteins
also bind diverse ligands and because, being soluble proteins,
they are easier to crystallize. The first study on the ligand-
binding domain of the regulator BmrR of Bacillus subtilis
showed that the binding of tetraphenylphosphonium occurred
mainly via hydrophobic interactions, together with a crucial
electrostatic interaction from a glutamate residue (47). This
study also showed the flexibility of the binding pocket. Indeed,
the ligand binding could not occur unless a helix-to-coil tran-
sition pushed a segment of the protein away to widen the
binding site. Although the protein could not be crystallized
with another ligand, it was possible to see how rhodamine 6G
could also be accommodated at this site. The second study, by
using the QacR repressor of Staphylococcus aureus (36), elu-
cidated the X-ray crystallographic structure of the protein
bound to six different ligands, rhodamine 6G, ethidium, de-
qualinium, crystal violet, malachite green, and berberine. This
study definitely showed that different ligands bound to differ-
ent parts of a rather large binding pocket. Again, the binding
site was expanded by the expulsion of tyrosine side chains, and
the binding was mediated mostly by hydrophobic interactions,
with key electrostatic contributions from three glutamic acid
residues (Fig. 4A). The principles involved in these binding
interactions have been reviewed (22, 35). Neyfakh (22) argues
that the tight binding of water-soluble substrates to the binding
sites of enzymes is necessitated by the energetic burden of
removing these substrates from the extensively hydrogen-
bonded environment in aqueous solutions. For lipophilic li-
gands, which are the inducers and substrates of multidrug
efflux pumps, there is little of this burden, and therefore they
can bind to the proteins through mostly loose, hydrophobic
interactions. One example cited by Neyfakh (22) is remark-
able; the same aromatic ligand binds to the binding pocket of
porcine-odorant-binding protein in more than one orientation
(41), showing the looseness and flexibility of the binding inter-
action. Additional, similar examples exist. The binding of li-
pophilic substrates to the naphthalene 1,2-dioxygenase in-
volves a large (6 X 8 X 10-A) binding cavity that can
accommodate a few hundred different substrates, including
both planar (e.g., naphthalene) and nonplanar (e.g., biphenyl,
whose phenyl rings are on perpendicular planes) substrates (3).
A large, loose-binding pocket presumably also explains the
observation that an enzyme catalyzing a similar reaction, tol-
uene 2-monooxygenase, acts not only on aromatic compounds
but also on small, chlorinated aliphatic compounds such as
trichloroethylene (21).

Our results are consistent with these principles discovered
for soluble proteins. Thus, the binding cavity is large, and the
interaction between the ligands and the protein appears to be
mostly hydrophobic (Fig. 3) (44). However, the details are

10YF). The ligand interacts mainly with Phe458 and Phe459, as
shown. For simplicity, Leu25, Lys29, and Ala385, which are also nearby
(44), are not shown here. This figure was drawn with the program
PyMOL.
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FIG. 4. Details of the binding of ethidium to the QacR regulatory
protein (A) and AcrB (B). Residues within a 6-A distance from the
bound ethidium are shown, based on PDB file 1JTY for QacR and
PDB file 10Y9 for AcrB. This figure was drawn with the program
PyMOL.

strikingly different. (i) The ligand-binding sites of the regula-
tors, such as QacR, have been called large in comparison with
the tight-fitting substrate-binding sites of enzymes. However,
they are small and narrow in comparison with the vast central
cavity of the AcrB trimer, which has a diameter of 35 A and
whose upper portion alone has a volume of 5,000 A>. With the
regulators, expansion of the pocket was necessary in order to
create enough space to accommodate the ligands (36). No such
expansion is necessary with AcrB. (ii) In the regulators, the
ligand interacts with many residues of the protein, although the
interaction seems loose in comparison with the usual substrate-
binding interactions that often involve dozens of hydrogen
bonds. Thus, QacR, for example, contains more than a dozen
amino acid residues within 6 A of the bound ethidium mole-
cule (Fig. 4A). In contrast, with AcrB, the only residues of
which any atom comes within 6 A of any atom of the bound
ethidium are Ala385, Phe386, and Gly387 (Fig. 4B). The other
sides of the ethidium molecule are completely open. Never-
theless, Phe386 appears to play a crucial role in the export (and
presumably the binding) of ethidium, rhodamine 6G, and de-
qualinium, because conversion of this residue to alanine by
site-directed mutagenesis nearly totally abolishes resistance to
these compounds (J. R. Aires and H. Nikaido, unpublished
data). (iii) Most importantly, with QacR there are three acidic
residues, Glu90, Glu120, and Glu165, which undoubtedly in-
teract electrostatically with the cationic dye ethidium (Fig. 4A).
In striking contrast, there is no acidic residue within 6 A (Fig.
4B), or even within 10 A, of ethidium bound to AcrB trimer.
Farther away, the closest carboxylate moiety is that of Asp99,
which is about 12 A away. The situation is similar with rhoda-
mine 6G and ciprofloxacin (44). Although one of the two
cationic, quinolinium moieties of dequalinium is close to the
ceiling of the cavity where Asp99 and Asp101 are located (the
distances of the carboxylate oxygens from dequalinium are 3.5
and 5.3 A, respectively), the other quinolinium moiety is very
far away from any acidic residue (Fig. 3B). How can we explain
these unexpected observations?

PROPOSAL FOR A COMPOSITE BINDING SITE

One possible explanation for the long distance between the
negatively charged ceiling of the cavity and the positively
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charged ligands is that, because three ligand molecules bind to
the AcrB trimer simultaneously, the ligand molecules are al-
ready in contact with each other at the positions shown in Fig.
2 and their closer approach to the ceiling of the cavity is
prevented because the cavity becomes narrower at the top.
However, this idea can be ruled out when we examine the
binding of ciprofloxacin, where each drug molecule is far away
from other bound drug molecules (Fig. 3C). The carboxylic
oxygens, the carboxylic carbon, C-3 and C-4 of the quinolone
ring, and the carbonyl oxygen at position 4 are all in a single
perfect plane. This is against the idea that the carboxylic acid
is deprotonated, because if so, the repulsion between the car-
bonyl oxygen at C-4 and these resonating, negatively charged
oxygens would result in rotation around the C-3—carboxyl C
bond. The planarity of the structure is convincing evidence that
the carboxylic acid moiety of fluoroquinolones is an exception-
ally weak acid, thanks to the stabilization of the protonated
form via the formation of a six-membered, hydrogen-bonded
ring system (Fig. 5) (reviewed in reference 26). In contrast, the
4-amino group of the piperazine ring is a fairly strong base and
is expected to be largely protonated. Thus, ciprofloxacin should
carry a positive charge, yet again it binds very far away from the
ceiling of the cavity (Fig. 2). As pointed out above, there is no
drug-to-drug contact and there should be no steric hindrance
for the molecules to reach the negatively charged ceiling.

These considerations suggest that there are likely to be other
sources of negative charges that interact with these cationic
ligands. When Fig. 2 is examined, it is striking that the ligands
bind at the level where the head groups of the outer leaflet of
phospholipid bi-layers are expected to be present. Murakami
et al. (20) already suggested that the cavity is so wide that it
must be filled with the lipid bi-layer. Indeed, at least the outer
leaflet of this hypothetical bi-layer within the cavity seems
contiguous with that of the bulk bi-layer outside, because the
openings of the vestibules extend downward (Fig. 6A). It is
thus most likely that the ligand binding observed in AcrB
involves not only the AcrB protein but also the phospholipids
within the central cavity. We propose that the ligand-binding
site in AcrB is in this sense composite, containing both protein
and lipid components. One of the most important implications
of this concept is that it will help explain the extraordinarily
wide substrate range of AcrB (and similar) pumps. They can
thus bind cationic ligands easily by utilizing the head groups of
acidic phospholipids. The presence of these anionic phospho-
lipids will not hinder the binding of acidic ligands (such as
penicillins) because of the lateral mobility of the lipids within
the bi-layer. The system is thus extremely flexible, largely due
to the participation of mobile and flexible lipids, and can thus
accommodate a very wide range of substrates. It must be
stated, however, that the presence of phospholipids within the
cavity, although expected, has not yet been demonstrated ex-
perimentally. Furthermore, even if lipids are proven to be
present in the cavity, it is an open question whether they
remain associated with the AcrB protein during its purification
in detergents.

IMPLICATIONS OF THE MODEL

In addition to explaining the substrate specificity of AcrB,
our proposed model is consistent with many other properties
of AcrB and its homologs. (i) This model is consistent with the
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FIG. 5. Hypothetical path of substrate capture by AcrB and related pumps. The crystal structure of AcrB trimer bound to cationic dyes (44)
suggests strongly that such dyes, bound to the acidic surface of the bi-layer, travel through the vestibule and bind to the wall of the central cavity
without much change in its location or orientation in relation to the bi-layer surface. A similar mechanism is likely to apply for ciprofloxacin, which
may partially partition into the outer leaflet of the bi-layer before diffusing through the vestibule and binding to the cavity. For the other substrates
shown in the brackets, the crystal structure of the liganded AcrB is not yet available. However, it seems likely that the polycationic aminoglycosides
become adsorbed to the polyanionic surface of the bi-layer and are captured by some RND pumps. Similarly, amphiphilic molecules with dipolar
lipophilic domains, such as chloramphenicol, may partition partially into the outer leaflet of the bi-layer and be captured by lateral diffusion

through vestibules. PL, phospholipids.

substrate specificity of the AcrB system. Thus, cationic dyes
become concentrated in the head group area of the phospho-
lipid bi-layer owing to the attraction by the head group of the
anionic phospholipids and to their difficulty in entering the
interior of the bi-layer due to the presence of an interior-
positive dipole potential, which has a large value, about 200 to
300 mV (8). These molecules will reach the central cavity via
lateral diffusion through the vestibule (as predicted by Mu-
rakami et al. [20]) and will become bound to the protein wall
(Fig. 5). Fluoroquinolones, which behave as amphiphilic cat-
ions, as mentioned above, will partition partly into the outer
leaflet of the plasma membrane by inserting their carboxyl
ends into the membrane. Again, lateral diffusion will bring
them to the central cavity, where binding will occur without
altering the orientation of the molecule in relation to the
membrane (Fig. 5). Perhaps the presence of membrane dipole
potential explains why chloramphenicol is a good substrate for
many multidrug efflux pumps. The p-nitrophenyl group in
chloramphenicol has an exceptionally large dipole moment
(4.9 Debye unit), and this feature will guide the insertion of
this part of the molecule into the external edge of the bi-layer,
with the hydrophilic portion sticking out into the aqueous
phase. This will facilitate the lateral diffusion and binding of
the drug in the central cavity (Fig. 5). One of us has shown
earlier that among B-lactams only those compounds with li-
pophilic side chains are good substrates of AcrB (25). Such
compounds are expected to partition partly into the bi-layer
with their carboxylate groups exposed in the aqueous phase,
and diffusion and binding may occur in a similar manner. We
predict that anionic detergents, such as SDS or bile salts, will
be captured in the same manner.

(if) Our model also explains the behavior of some homologs

of AcrB. Thus, AcrD, which was initially reported as an efflux
pump of very hydrophilic compounds, aminoglycosides (32),
was later shown to also pump out amphiphilic compounds such
as SDS, bile salts, and novobiocin (27). This substrate range
appeared puzzling. However, if we consider that polycationic
aminoglycosides are likely to be adsorbed to the polyanionic
surface of the lipid bi-layer, which in E. coli is about one-third
acidic phospholipids, then both aminoglycosides and conven-
tional, amphiphilic substrates may be thought to reach the
central cavity in the same manner (Fig. 5). Similarly, cationic
peptides, which are known to be extruded by at least one RND
pump (37), may become associated with the outer surface of
the plasma membrane and may be captured in the same man-
ner. Even the divalent metal efflux pumps, such as CzcA (9),
might utilize the same mechanism if such metal ions become
bound to the acidic head groups of phospholipids on the outer
surface of the cytoplasmic membrane.

Many RND pumps extrude solvents (12, 19, 31, 40). An
especially interesting observation came from the study of
Ramos et al. (31), who examined the inhibition of an RND-
type solvent efflux pump, TtgB, by various compounds. Tolu-
ene and m-xylene, which have modest dipole moments, inhib-
ited the efflux reaction, presumably because they competed as
substrates, but benzene, which has no dipole moment, showed
no inhibition. Thus, even with solvents, effective removal by
RND pumps may be aided by the presence of dipole moments
and their possible preferential partition into the boundary re-
gion of the bi-layer. However, AcrB was reported to pump out
simple aliphatic solvents such as hexane and heptane (40).
Unfortunately, these solvents were not compared with solvents
with some dipole moments.
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FIG. 6. Vestibules of AcrB, AcrD, and MexB. (A) The trimeric
AcrB pump is viewed from the outside, so that the two protomers are
seen in front and the third protomer is mostly hidden in the back. The
vestibule, at the interface of the two protomers, is indicated by the
rectangle in the center. Acidic residues are colored red, and the basic
residues are in blue. (B) The central region of the view shown in panel
A, containing the area surrounding the vestibule, is shown in a larger
magnification. Charged amino acid residues on the surface are iden-
tified by letters. For AcrB, Lys322 (a), Glu314 (b), Lys312 (c), Asp101
(d), Asp99 (e), Asp301 (f), Lys334 (g), Lys29 (h), Glu705 (i), Lys850
(), Asp99 (k) (from the protomer on the right), Glu95 (1), Glu842 (m),
and Glu839 (n) are indicated. For AcrD, Glu322 (a), Glu312 (b),
Asp311 (c), Asp99 (d), Glu304 (e), Lys334 (f), Glu338 (g), Glu856 (h),
Lys847 (i), Lys95 (j), Glu843 (k), and Asp840 (1) are shown. For MexB,
Lys322 (a), Glu314 (b), Lys170 (c), Lys304 (d), Lys848 (e), Glu845 (f),
Glu95 (g), and Asp838 (h) are indicated. The hypothetical structures
of AcrD and MexB were generated by the SWISS-MODEL program
(http://www.expasy.ch) by using the crystal structure of AcrB as the
template. The drawing was made with the program DS Viewer Pro 5.0
(Accelrys, San Diego, Calif.).

BINDING SITE RESIDUES IN AcrB HOMOLOGS AND
SUBSTRATE SPECIFICITY

When we examine the multidrug efflux pumps that are ho-
mologs of AcrB, we find that the residues at the binding site
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are well conserved (Table 1). This is not surprising, because the
binding region, as we have seen, is constructed in a way that
allows the binding of ligands of vastly different structures. One
metal-pumping homolog, CusA of E. coli (10), included for
comparison, showed a wider divergence from the drug efflux
transporters (Table 1), an observation that reinforces our con-
clusion that these residues are important in the binding (and
subsequent transport) of the drug substrates.

If the substrate specificity is not determined entirely by
the binding-site residues, which other residues contribute to
the specificity? One obvious possibility is that the substrates
are selected as they pass through the vestibule on their way
to the binding region in the central cavity. In fact, compar-
ison of the entrances of the vestibules in AcrD (which trans-
ports aminoglycosides) and AcrB (which does not) (Fig. 6B)
shows that this area in AcrD is lined with many more acidic
residues that may attract the polycationic substrates. Com-
parison between Pseudomonas aeruginosa MexB and AcrB
(Fig. 6B) shows that an acidic residue, Asp301 (Fig. 6B, top
panel, f) in AcrB is replaced by a couple of basic residues,
Lys304 and Lys170 (Fig. 6B, bottom panel, d and c) in
MexB. The substrate specificities of AcrAB-TolC and
MexAB-OprM are not easy to compare in intact cells, where
efflux competes with spontaneous influx through the outer
membrane, which occurs at different rates in E. coli and P.
aeruginosa. However, when MexAB-OprM is expressed in
AcrAB-deficient E. coli, such comparisons can be made. In
this system, MexAB-OprM is less efficient in pumping out
cationic dyes (e.g., ethidium) and cationic antibiotics (ole-
andomycin, erythromycin, and puromycin) than AcrAB-
TolC and is more efficient in extruding weakly acidic quin-
olones such as cinoxacin and nalidixic acid, which lack the
positively charged piperazine substituent of modern fluoro-
quinolones (38). These results are exactly as predicted from
the more basic interior of the MexB vestibule. We are cur-
rently examining the role of charged residues at the vestibule
entrance in substrate selection through site-directed mutagenesis.

ROLES OF OTHER RESIDUES KNOWN TO AFFECT
SUBSTRATE SPECIFICITY

Several recent studies showed that the periplasmic domain
plays an important role in determining the specificity of the
pump. Elkins and Nikaido (6) showed, by exchanging domains
between AcrB and AcrD, that the characteristically wide sub-

TABLE 1. Conservation of binding-site residues among RND multidrug efflux pumps

Residue
Pump
Phe386 Phe388 Phe4s8 Phe459 Leu25 Lys29 Asp99 Aspl101
AcrB Phe Phe Phe Phe Leu Lys Asp Asp
AcrF Phe Tyr Phe Phe Leu Gln Asp Asp
AcrD Phe Tyr Phe Phe Leu Ser Asp Asp
YhiV Val Phe Phe Met Leu Asn Ser Asp
MexB Phe Phe Phe Phe Leu Ser Asp Asp
MexD Leu Phe Phe Phe Leu Lys Asp Asp
MexF Leu Phe Phe Phe Ile Gln Asp Asp
MexY Leu Phe Phe Ile Leu Phe Asn Asp
CusA“ Gln Leu Thr Leu Trp Asn Asp Tyr

“The CusA (YdbE) protein, an E. coli RND transporter that is involved in copper ion efflux (10), was included for comparison.
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strate specificity of AcrB that forms a contrast to a more
limited substrate range of AcrD is determined largely by the
periplasmic domains of these pumps. This is not surprising in
view of the hypothesis presented above that passage through
the vestibule has a large effect on substrate selection, as most
hydrophilic residues lining the wall of the vestibule come from
the periplasmic domain. Tikhonova et al. (38) constructed chi-
meras of AcrB and its P. aeruginosa homolog, MexB, which
produces a somewhat different spectrum of resistance, as men-
tioned above. When the hybrid containing 849 N-terminal res-
idues of AcrB was compared with that containing 612 N-ter-
minal residues, the former was more like AcrB in showing
somewhat higher resistance to cationic agents. (However, the
situation was more complicated, because the former showed a
more MexB-like, higher resistance to the weakly acidic quin-
olones cinoxacin and nalidixic acid.) The role of the region
between residues 612 and 849 of AcrB in the selection of
substrates is consistent with the fact that residues 830 to 849
form the right wall of the vestibule entrance. As seen in Fig.
6B, this wall is significantly different between AcrB and MexB.
However, the left wall of the vestibule of chimeric proteins still
retains the more basic residues characteristic of MexB (see
above), and this may explain the complex pattern of the alter-
ation of substrate specificity found in this study. The study with
the highest resolution was carried out by Mao et al. (18). They
used the knowledge that the MexCD-Opr]J system of P. aerugi-
nosa cannot pump out most B-lactams and selected for point
mutants of mexD that allowed the efflux of carbenicillin.
Among the mutants obtained, Q34K is on the left side of the
vestibule entrance, and a positive charge there is likely to
enhance the entry of acidic B-lactams. The other mutations,
however, are not in the immediate vicinity of the vestibule.
Interestingly, some of the mutations obtained, E89K and
N673K, occur in residues lining the deep external depression in
the periplasmic domain, which Murakami et al. (20) postulated
might accommodate the AcrA molecule. Since we now know
that AcrA is essential for the pumping function of AcrB (Aires
and Nikaido, unpublished), this finding suggests an intriguing
possibility that the range of substrates might be altered
through the interaction between the pump and the MFP.

MECHANISMS FOR OTHER EFFLUX PUMPS

It seems likely that other RND pumps of bacteria, especially
those catalyzing the efflux of amphiphilic and lipophilic ligands,
would use a similar mechanism of substrate capture. The RND
transporter superfamily is now known to include animal and
human proteins, including the Niemann-Pick type C disease
protein (39). The Niemann-Pick C1 protein was suspected to
be involved in the intracellular movement of cholesterol (28)
and was indeed shown to transport such lipophilic ligands as
fatty acids upon its expression in E. coli (5). Since cholesterol
is unlikely to exist in the aqueous phase, the C1 protein most
likely captures this compound from within the lipid bi-layer. It
is not known if there is a preference between the outer and the
inner leaflets.

A similar mechanism of ligand binding involving a very large
cavity, and possibly phospholipids as well, may be operating in
efflux pumps of lipophilic substrates outside the RND super-
family. Low-resolution images of human MDR pump or P-
glycoprotein, an ABC family multidrug pump catalyzing the
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efflux of amphiphilic and lipophilic agents, show a very large
cavity (33). It is interesting that among the two bacterial ABC
transporters whose X-ray structures have been elucidated,
MsbA, which transports lipid A, has a large opening of about
25-A diameter in the transmembrane region (4), whereas no
such opening is found for a vitamin B, transporter, BtuCD
(16).

There are kinetic data that suggest simultaneous binding of
more than one ligand molecule and thus may explain the large
size of the binding pocket. For example, chloramphenicol and
tetraphenylphosphonium appear to bind to an E. coli major
facilitator family pump, Cmr (also called MdfA) (14).

QUESTIONS FOR FUTURE RESEARCH

Even with elucidation of the liganded structure of the pump,
we still have many unanswered questions. The binding of the
substrates to the central cavity obviously corresponds to the
first step of the transport process. This is clear from the ob-
servation that ligand binding caused only a very small change in
the conformation of AcrB; there appeared to be an outward
tilting of the periplasmic domain, but the extent of this tilting
was small, about 1° (44). This may not be so unexpected,
because the ligands do not appear to bind tightly to AcrB (46).
However, ligands of outer membrane gated channels, which
bind very tightly, also produce only small conformational
changes (7, 17), and this characteristic may be a general fea-
ture of most transporters. Furthermore, the central pore,
which is the most likely path of travel for the substrates, is
nearly completely closed in both the unliganded and liganded
structures of AcrB. In order for the pore to open up for the
passage of ligand(s), an extensive conformational change,
which is probably caused by proton flux, must occur. The pre-
cise nature of this and the subsequent steps is unclear at the
moment. Another outstanding question concerns the mecha-
nism of ligand capture from the cytosol. Reconstitution exper-
iments with CzcA (9) and AcrD (Aires and Nikaido, unpub-
lished) suggest that such a capture mechanism does occur with
these RND transporters. How the ligands can reach the top
portion of the central cavity under these conditions is not
known at present.

CONCLUSIONS

The recent elucidation of the structure of the liganded AcrB
transporter suggests that the ligands first bind close to the
outer surface of the phospholipid bilayer by processes influ-
enced by the lipophilicity and charge and probably by the
dipole moment of the ligands. They may then diffuse laterally
through the vestibules that exist between the AcrB protomers,
reach the central cavity, and finally become bound to the wall
of the cavity, presumably before becoming pumped out by the
energy supplied by proton influx. In this preferred mode of
operation of the AcrB pump, the ligands always stay outside
the plasma membrane barrier, a mechanism that explains why
AcrB can pump out substrates of diverse ionic characters (23,
24). The E. coli Lol system is another example of a transport
system whose substrate, in this case lipoprotein, is always kept
in the periplasm (43). The “membrane vacuum cleaner” mech-
anism also seems to operate in multidrug efflux pumps of
gram-positive bacteria (30). However, in this case the substrate
capture occurs from the inner leaflet of the membrane, pre-
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sumably because in the absence of the outer membrane barrier
the slow spontaneous flipping of the substrate from the outer
to the inner leaflet acts as a barrier that would limit the number
of substrate molecules reaching the pump and prevent over-
whelming of the pump function.
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