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The MexABM efflux pump exports structurally diverse xenobiotics, utilizing the proton electrochemical
gradient to confer drug resistance on Pseudomonas aeruginosa. The MexB subunit traverses the inner mem-
brane 12 times and has two, two, and one charged residues in putative transmembrane segments 2 (TMS-2),
TMS-4, and TMS-10, respectively. All five residues were mutated, and MexB function was evaluated by
determining the MICs of antibiotics and fluorescent dye efflux. Replacement of Lys342 with Ala, Arg, or Glu
and Glu346 with Ala, Gln, or Asp in TMS-2 did not have a discernible effect. Ala, Asn, or Lys substitution for
Asp407 in TMS-4, which is well conserved, led to loss of activity. Moreover, a mutant with Glu in place of
Asp407 exhibited only marginal function, suggesting that the length of the side chain at this position is
important. The only replacements for Asp408 in TMS-4 or Lys939 in TMS-10 that exhibited significant
function were Glu and Arg, respectively, suggesting that the native charge at these positions is required. In
addition, double neutral mutants or mutants in which the charged residues Asp407 and Lys939 or Asp408 and
Lys939 were interchanged completely lost function. An Asp408—Glu/Lys939—Arg mutant retained significant
activity, while an Asp407—Glu/Lys939—Arg mutant exhibited only marginal function. An Asp407—Glu/
Asp408—Glu double mutant also lost activity, but significant function was restored by replacing Lys939 with
Arg (Asp407—Glu/Asp408—Glu/Lys939—Arg). Taken as a whole, the findings indicate that Asp407, Asp408,
and Lys939 are functionally important and raise the possibility that Asp407, Asp408, and Lys939 may form a
charge network between TMS-4 and TMS-10 that is important for proton translocation and/or energy coupling.

Emergence of infectious agents and neoplastic cells resistant
to chemically and functionally diverse chemotherapeutic
agents is increasingly problematic in human health. An impor-
tant factor contributing to this low specific drug resistance is
the xenobiotic or drug efflux pump, which exports incoming
chemotherapeutic agents across the membranes, thereby low-
ering the intracellular drug concentration. Xenobiotic efflux
pumps seem to be ubiquitous in most, if not all, living organ-
isms from bacteria to mammals, suggesting that the pumps
function as a fundamental cellular defense apparatus (19, 28).
When xenobiotic efflux pumps are expressed in bacteria, the
cells gain resistance to structurally and functionally diverse
compounds, including antibiotics and synthetic chemothera-
peutic agents (9, 14, 17, 31).

Pseudomonas aeruginosa is a hospital pathogen that often
infects immunocompromised patients and exhibits resistance
to a broad spectrum of antibiotics. This multiantibiotic resis-
tance is largely attributable to low outer membrane permeabil-
ity and the function of multidrug efflux pumps (14, 38). Four
operons encoding a multidrug transporter have been reported
in P. aeruginosa (8, 10, 12, 13, 21, 22). Among these, the
MexABM pump is the only one expressed in the wild-type
strain (13, 22, 37). Upon mutation of the regulatory gene nalB
or mexR, the MexABM pump was overexpressed and the bac-
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terium became more resistant than the wild-type strain to the
same spectrum of antibiotics (11, 23, 24, 30). Therefore, the
MexABM pump plays a central role in both basal and elevated
levels of intrinsic multidrug resistance in P. aeruginosa.

The MexABM pump consists of three subunit proteins.
MexB is located in the inner membrane and belongs to the
hydrophobe—amphiphile efflux 1 (HAE-1) pump family of the
resistance-nodulation-cell division (RND) superfamily (2, 19,
32). MexA is a periplasmic protein anchored to the inner
membrane via a fatty acid attached to an amino-terminal cys-
teine residue that belongs to the membrane fusion protein
family. We reported recently that delipidated MexA functions
properly without anchoring to the membrane (35). MexM
(MexM is a new designation for OprM) is an outer membrane-
associated protein which had been assumed to form the anti-
biotic diffusion path across the outer membrane (15, 16). How-
ever, we reported recently that MexM is a periplasmic
lipoprotein anchored to the outer membrane (15). Delipidated
MexM showed pump function indistinguishable from that of
the wild-type protein. Thus, it seems less likely that MexM
alone forms the transmembrane xenobiotic exit channel.

MexB consists of 12 transmembrane segments (TMS) with
an inside orientation of both amino and carboxyl termini and
has two large hydrophilic periplasmic domains between TMS-1
and -2, as well as TMS-7 and -8 (see Fig. 1) (5). Like many
other polytopic membrane proteins, this pump protein was
also found to have internal tandem repeats (1, 5, 19, 25, 29). Its
transmembrane domains contain five charged amino acid res-
idues, K342 and E346 (TMS-2), D407 and D408 (TMS-4), and
K939 (TMS-10) (see Fig. 1). D407, D408, and K939 may be
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FIG. 1. Schematic representation of the two-dimensional structure of MexB. The membrane topology and the extramembrane loops were
drawn on the basis of results reported previously (5). Two charged residues in TMS-2 are shown as white letters, and three charged residues in

TMS-4 and TMS-10 are circled.

located at about the same level in the membrane and in the
corresponding positions in the two repeats (see Fig. 1) (5).
Since charged amino acid residues in TMS were observed to
play important roles in proton translocation, substrate trans-
port and/or protein biogenesis in many transporters, including
multidrug transporters; it is likely that these charged residues
in MexB also play important functional roles (3, 4, 6, 20, 26, 27,
33, 34). To obtain insight into this issue, we employed site-
directed mutagenesis of all five charged residues and analyzed
the function of MexB mutants.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains used for site-directed mutagenesis
were BMH 71-18 [mutS thi supE A(lac-proAB) mutS::Tnl0 F' proA*B* lacl
ZAM15] and IM109 [e14™ (McrA™) endAl recAl gyrA96 thi hsdR17 (rx mg™")
relA1 supE44 N~ A(lac-proAB) F' traD36 proA™ B* lacl® ZAM15]. We tested the
function of MexB mutants in P. aeruginosa TNP071 lacking mexB, a derivative of
PAO4290 (37). Plasmid pBSK-mexB carrying wild-type mexB was used as the
template for site-directed mutagenesis. Low-copy-number shuttle vector
PMMB67EH and its derivative pMEXB1 with wild-type mexB were used to
subclone and express mexB-encoded mutant proteins in TNP071 (36).

Site-directed mutagenesis. Mutants were constructed in vitro with the Gene-
Editor site-directed mutagenesis system (Promega) using plasmid pBSK-mexB.
The sequences of the mutagenic primer used are available upon request. The
transformant selected by GeneEditor Antibiotic-Selection-Mix was purified and
confirmed to carry the expected mutation by restriction mapping and DNA
sequencing. For most of the mutants, an about 1.5-kb BsiwI-Mfel fragment was
sequenced to make sure that there was no additional mutation and replaced with
the BsiwI-Mfel fragment in pMEXBI1. All of mutant mexB in plasmid pMEX-
K939R, pMEX-K939A, pMEX-K939E, or pMEX-K939D was sequenced, and
the about 3.9-kb EcoRI-Xhol fragment containing all of mexB was subcloned into
PMMBG67EH treated with EcoRI and Sall.

Double mutants (pMEX-D407K/K939D, pMEX-D408K/K939D, pMEX-
D407E/K939R, pMEX-D408E/K939R, pMEX-D407A/K939A, and pMEX-
D408A/K939A) and a triple mutant (pMEX-D407E/D408E/K939R) were con-
structed by replacing the mutant Bsiwl-Mfel fragment with the wild-type
fragment as described above.

Determination of MICs of antibiotics. MICs of antibiotic were determined by
the agar double-dilution method in the presence of 2 mM isopropyl-p-p-thioga-
lactopyranoside (IPTG). Plates were incubated at 37°C for 18 h.

Fluorescent dye extrusion experiment. Quantitative determination of pump
function was carried out by the real-time fluorescent dye extrusion method as
described elsewhere (18). Briefly, cells were grown at 37°C for 2 h while rotating
at 200 rpm after 100-fold dilution of a fully grown preculture and incubated in
the presence of 2 mM IPTG for an additional 2 h. Cells were harvested by
centrifugation, washed once with 100 mM NaCl-50 mM sodium phosphate
buffer (pH 7.0), and suspended to an A, of 0.1 in the same solution containing
0.05% glycerol. Fluorescence intensity was measured with a JASCO FP-777
spectrofluorometer. The excitation and emission wavelengths for 2-(4-dimethyl-
aminostyryl)-1-ethylpyridinium (DMP) were set to 480 and 560 nm, respectively,
and those for ethidium-bromide (EtBr) were 520 and 590 nm, respectively. Slit
widths for excitation and emission for DMP were both 10 nm, and those for EtBr
were 5 and 10 nm, respectively.

Expression of mutant proteins. The inner membrane fraction was prepared as
described elsewhere (13). Sodium dodecyl sulfate-10% polyacrylamide gel elec-
trophoresis and Western blotting were carried out as described previously. The
antibody raised against MexB was used to probe mutant proteins (37).

DNA sequencing. Nucleotide sequence were determined using the ABI
PRISM Dye Terminator Cycle Sequencing Core Kit with ampliTaq DNA poly-
merase, FS.

RESULTS

MexB has five charged amino acid residues in a-helical
TMS. They are D407 and D408 in TMS-4, K939 in TMS-10,
and K342 and E346 in TMS-2 (Fig. 1). A total of 29 (19 single,
9 double, and 1 triple) mutant proteins were constructed.

Antibiotic susceptibility of cells carrying mutant MexB. To
evaluate the function of mutant MexB, we determined the
MICs of the negatively charged antibiotics aztreonam, novo-
biocin, and nalidixic acid and the neutral antibiotic chloram-
phenicol. For mutants lacking the MexB subunit, the MICs of
the antibiotics were 4 to 16 times lower than those for the
wild-type strain, confirming previous results (36). Introduction
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TABLE 1. MICs of antibiotics for cells carrying mutant MexB

MIC (mg/liter)*

Strain
Aztreonam Novobiocin Nalidixic acid Chloramphenicol

Wild-type PAO4290 6.25 >1,600 100 50
PAO4290AB 0.39 100 25 12.5
PAO4290AB/pMMB67EH 0.39 100 25 12.5
PAO4290AB/pMEXB1 6.25 >1,600 100 100
PAO4290AB/pMEX-D407N 0.39 100 25 12.5
PAO4290AB/pMEX-D407A 0.39 100 25 12.5
PAO4290AB/pMEX-D407K 0.39 100 25 12.5
PAO4290AB/pMEX-D407E 0.78 200 25 12.5~25
PAO4290AB/pMEX-D408N 0.39 100 25 12.5
PAO4290AB/pMEX-D408A 0.39 100 25 12.5
PAO4290AB/pMEX-D408K 0.39 100 25 12.5
PAO4290AB/pMEX-D408E 3.12 400 50 25~50
PAO4290AB/pMEX-K939A 0.39 100 12.5 12.5
PAO4290AB/pMEX-K939E 0.39 100 12.5 12.5
PAO4290AB/pMEX-K939D 0.39 50 12.5 12.5
PAO4290AB/pMEX-K939R 6.25 1,600 100 50
PAO4290AB/pMEX-D407E/D408E 0.39 100 25 12.5
PAO4290AB/pMEX-D407E/D408E/K939R 0.78 100~200 25 12.5~25
PAO4290AB/pMEX-D407E/K939R 0.78 200 25 25
PAO4290AB/pMEX-D407K/K939D 0.39 100 25 12.5
PAO4290AB/pMEX-D407A/K939A 0.39 100 25 12.5
PAO4290AB/pMEX-D40SE/K939R 3.12 400 50~100 25~50
PAO4290AB/pMEX-D408K/K939D 0.39 100 125 12.5
PAO4290AB/pMEX-D408A/K939A 0.39 100 12.5 12.5
PAO4290AB/pMEX-D407R/D408R 0.39 100 25 12.5
PAO4290AB/pMEX-K342A 6.25 1,600 100 50
PAO4290AB/pMEX-K342R 6.25 1,600 100 100
PAO4290AB/pMEX-K342E 6.25 1,600 100 100
PAO4290AB/pMEX-E346Q 6.25 1,600 100 50
PAO4290AB/pMEX-E346A 6.25 1,600 100 100
PAO4290AB/pMEX-E346D 6.25 1,600 100 100
PAO4290AB/pMEX-E346K 1.56 400 50 25
PAO4290AB/pMEX-E346K/K342E 3.12 400~800 50~100 25~50

“ MICs of antibiotics were determined by the agar dilution method, in which the plate was incubated for 18 h at 37°C. The MICs shown are representative results

of several repeated experiments.

of the wild-type mexB gene in plasmid pMEXB1 into the strain
lacking chromosomal mexB restored antibiotic resistance to
the level of the wild-type strain (Table 1). However, higher
antibiotic resistances were not attained as more MexB was
expressed from the plasmid. This probably is due to limiting of
other pump subunits, such as MexA and/or MexM. Overpro-
duction of a full set of MexABM from the chromosome of a
nalB mutant or from a plasmid resulted in MICs of antibiotics
severalfold higher than those for the wild-type strain (10, 30).

D407 or D408 (TMS-4) mutants and K939 (TMS-10) mu-
tants. For all of the mutants harboring plasmids encoding the
mutations D407N, D407A, D407K, D408N, D408A, and
D408K, the MICs of the antibiotics were indistinguishable
from those for the mutant lacking the MexB subunit (Table 1).
The mutant with mutation D407E also exhibited dramatically
decreased antibiotic resistance, and the MICs of aztreonam
and novobiocin were only twice that resulting from the mexB
deletion. However, replacement of D408 with Glu resulted in
MIC:s of antibiotics two to eight times higher than those for the
mexB mutant. Substitution of Ala, Glu, or Asp for K939 caused
total loss of antibiotic resistance. The mutant with the muta-
tion K939R conserved the resistance indistinguishably from
the wild-type strain.

Double and triple mutations. When D407 and D408 were
replaced with Glu simultaneously, pump function was totally
abolished. Furthermore, we replaced K939 with Arg in the
D407E/D408SE background. Interestingly, the triple mutation
D407E/D408E/K939R restored the MIC of aztreonam to that
for the D407E or D407E/K939R mutant. This result was con-
firmed repeatedly with three independent constructions. The
D407A/K939A and D408A/K939A double mutants completely
lost antibiotic resistance. Again, for the D407K/K939D and
D408K/K939D mutants the MICs of the antibiotics were sim-
ilar to those for the strain lacking MexB. The D407E/K939R
mutant also exhibited dramatically decreased antibiotic resis-
tance, similar to the D407E single mutant. However, for the
D408E/K939R mutant, the MICs of the antibiotics were two to
eight times as high as those for the mexB mutant, similar to the
D408E single mutant.

K342 or E346 (TMS-2) mutants. We replaced K342 with
Arg, Ala, or Glu and E346 with Gln, Ala, or Asp. The MICs of
the antibiotics for each of these mutants were comparable to
those for the wild-type strain, suggested that K342 and E346
are replaceable. However, the E346K mutant exhibited antibi-
otic resistances two to four times lower than those of the
wild-type strain. A positive charge in this position was some-



VoL. 183, 2001

a pPMMB67EH
58

K939A
D408A

/ paarn
E436K

K342A, E346A
D408E

K9398

pMEHB1
wild-type

-
[~~]

W
~~]

Fluorescence Intensity

20 | | | ]
2 4 6 8
Time, min

INTRAMEMBRANE CHARGED RESIDUES OF MexB 1737
- PMMB67EH
D407E/D488E
58 D487E/K939R

D407E/D408E/K9359R
D487E
D407R/K939A
D488R/K939A

=)

et

7]

=

-4}

2z

<40

o D408E/K939R

o pMEHB1

c

Y]

(&)

(7]

[«1]

[

o

=30

[ ¥

20 | | | ]
2 4 6 8
Time, min

FIG. 2. Fluorescent dye extrusion experiments with cells carrying mutant MexB. Protein was expressed in the presence of 2 mM IPTG for 2 h,
harvested, washed, and suspended in buffer solution at an A, of 0.1. One milliliter of this suspension was mixed with 75 puM DMP, and the
fluorescence intensity was recorded immediately. pMEXB1 and pMMB67EH represent experiments using cells expressing wild-type MexB from

a plasmid and those carrying the plasmid only, respectively.

what unfavorable to pump function. The MICs for the K342E/
E346K double mutant were between those of the wild-type
strain and the E346K mutant, but the presence of two Glu
residues at both positions did not affect the antibiotic suscep-
tibilities. One possibility is that K342 and E346 are located in
the hydrophilic surface.

Quantitative determination of fluorescent dye accumula-
tion. In order to determine the substrate-exporting activity of
cells carrying mutant MexB, we quantified the intracellular
accumulation of the hydrophobic fluorescent dye DMP and the
hydrophilic dye EtBr. The mutant lacking MexB rapidly accu-
mulated the fluorescent dye, indicating that the pump was
unable to extrude the dye (18) (Fig. 2a). Both the wild-type
strain and the strain carrying pMEXB1 showed lower accumu-
lation curves. Mutants with D407A, D408A, and K939A accu-
mulated the dye in a manner similar to that of the mexB
mutant, suggesting that transport activity was abolished in
these mutants (Fig. 2a). The mutant with K939R accumulated
DMP slowly, in a manner similar to that of the wild-type strain
(Fig. 2a). This result confirmed that the uphill efflux activity
was preserved in the mutant with K939R and, therefore, the
resistance of this mutant to antibiotics is attributable to a
functional efflux pump.

The D408E or D408E/K939R mutant showed pump activity
close to that of the wild-type strain (Fig. 2a and b). The D407E,
D407E/K939R and D407E/D408E/K939R mutants showed
DMP accumulation curves similar to that of the D407E/D40SE
mutant (Fig. 2b), although the MICs of the antibiotics for these
mutants showed a little difference. There was no significant

difference in extrusion capability between hydrophilic EtBr
and hydrophobic DMP in the functional and partially func-
tional mutants (data not shown). In addition, these mutants
showed no change in the pattern of resistance to the antibiotics
tested.

The K342A, K342R, K342E, E346A, E346Q, and E346D
mutants all showed DMP accumulation curves similar to that
of the wild-type strain (Fig. 2a), consistent with the MIC re-
sults.

Expression of the mutant protein. All of the mutant proteins
appeared in the inner membrane in amounts comparable to
that of the wild-type MexB (Fig. 3). Most of the mutants with
a single amino acid substitution exhibited a distinct protein
band regardless of pump function (Fig. 3). Besides the major
band in K939 mutants, a small amount of breakdown products
was detectable regardless of whether the mutants were func-
tional (Fig. 3, lane 15) or dysfunctional (Fig. 3, lanes §, 10, and
19 to 22), suggesting that a small fraction of these mutant
proteins was unstable upon proteolysis. However, this is prob-
ably not a major cause of pump dysfunction. In addition, a
D407R/D408R mutant had a little lower mobility relative to
the others, suggesting that substitution of Arg for both Asp
residues may cause a conformational change (Fig. 3, lane 18).

DISCUSSION

The MexB subunit of the MexABM efflux pump exports an
extremely broad range of substrates, including stereochemi-
cally and electrically unrelated xenobiotics. The only proper-
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FIG. 3. Western blotting analysis of mutant MexB. Sodium dodecyl
sulfate—10% polyacrylamide gel electrophoresis was run with 10 pg of
inner membrane protein prepared by solubilizing the crude membrane
fraction with 0.8% lauryl sarcosine. The total envelope fraction of the
D407E/D408E/K939R mutant (10 wg) was applied. Protein was blot-
ted onto a polyvinylidene difluoride membrane and visualized with an
antibody raised against MexB.

ties shared by the substrate compounds are hydrophobicity and
amphiphilicity (16, 17). Phylogenic analysis showed that most
RND transporters have a transmembrane topology similar to
that of MexB and extrude the substrate utilizing the proton
motive force (5, 19, 29, 32). Recent in vitro reconstitution
studies of two members of this family have confirmed that
RND transporters are proton-substrate antiporters (4, 38).
However, the mechanism by which the pump couples cellular
energy, substrate selection, and transport remained elusive.

We ran a multiple alignment of the full-length amino acid
sequences of 39 proteins that belong to the heavy metal
efflux and HAE-1 subsets of the RND superfamily.
G403XXXD407XXXXXXE414 in TMS-4 of MexB is strictly
conserved in all of the sequences aligned. These residues are
predicted to line up on the same face of the a-helical TMS, and
their strict conservation suggests that they play an important
role(s) in a proton translocation that is shared by the family of
proteins (Fig. 1). D408 in TMS-4 and K939 in TMS-10 in the
MexB protein are only conserved in the HAE-1 family.

Ala replacement at position 407, 408, or 939 inactivated the
pump function without decreasing the expression of mutant
proteins, indicating that these conserved charges located in the
central region of TMS play important roles in pump function.
Highly conserved residue E414 is two turns away from D407
and may be located at the boundary of the cytoplasmic side of
TMS-4. This residue might also play an important role and
should be further investigated. Substitutions of Asn or Lys for
D407 and D408 lead to complete loss of extrusion activity.
Replacement of K939 with Glu or Asp also inactivated pump
function. D407 could not be replaced with Glu, in which the
carboxyl-containing side chain is one methylene longer, sug-
gesting that side-chain length at position 407 is important.
Pump function was preserved when D408 was replaced with
Glu or K939 was replaced with Arg, suggesting that positions
408 and 939 required a negative and a positive charge, respec-
tively. The volume of the side chain may not be essential. The
fact that these two positions could tolerate larger side chains
also suggested that TMS-4 and TMS-10 are flexible. It was
reported that D408 of Ralstonia eutropha CzcA, a member of
the RND family, corresponding to D407 of MexB, is essential
for proton translocation (4). The role of D407 in MexB might
be similar to that of D408 in CzcA of R. eutropha. Thus, it is
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likely that conserved D407, D408, and K939 in MexB are
involved in proton translocation and/or energy coupling.

The D408E/K939R double mutant, where the charge pair
was conserved, showed significant pump function, while the
D407E/K939R mutant exhibited only marginal function, simi-
lar to that of the D407E single mutant. The D407E/D40SE
double mutant totally lost pump function, but significant activ-
ity was restored by replacing K939 with Arg. The D407A/
K939A and D408A/K939A double neutral mutants and mu-
tants in which charged residues D407 and K939 or D408 and
K939 were interchanged also totally lost pump function. All of
these data support the idea that D407, D408, and K939 play an
important role(s) in pump function.

Amphiphilic TMS-4 and TMS-10 contained important
charged residues, two negative charges in TMS-4, and one
positive charge plus one polar residue (N940) in TMS-10. It is
possible that these important charges form ionic interactions to
stay in the hydrophobic membrane environment. There is no
functional restoration upon charge reversal substitution or
double neutral mutation. Given that three charges form a
charge network, all of the experimental data are not against
this assumption. The use of approaches such as site-directed
cysteine cross-linking or engineered divalent metal binding
sites in conjunction with electron paramagnetic resonance
would be a way to study the geometrical relationship between
these sites and the interaction of TMS-4 and TMS-10 (7).
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