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ABSTRACT: The MexA-MexB-OprM efflux pump exports structurally and functionally diverse xenobiotics
and confers multi-drug resistance onPseudomonas aeruginosacells. The MexB transporter traverses the
inner membrane twelve times, bears two large periplasmic domains and has two homologous tandem
repeats. To test whether two homologous halves of MexB function independently or interdependently,
the protein was divided medially into two halves, each consisting of six amino- and carboxyl-proximal
transmembrane segments. When two halves of MexB were coexpressed from independent open reading
frames, the cells lacking chromosomalmexBexhibited restored antibiotic resistance at a level close to
that in the cells producing a full-length MexB. In contrast, MexB protein containing either an amino- or
carboxyl-half fragment failed to transport antibiotics. To test whether the amino- and carboxyl-proximal
halves were present in a complex, we purified the histidine-tagged carboxyl-proximal half molecule using
nickel-chelate chromatography from the cells that coexpressed two halves. The results showed that the
nonhistidine-tagged amino-proximal half was co-purified with the carboxyl-proximal half, thereby indicating
that the amino-proximal half fragment was tightly associated with the carboxyl-proximal half molecule.
These findings suggest that the presence of both amino- and carboxyl-halves of MexB in a complex is
essential for transport activity.

An increasing body of reports on the presence of active
xenobiotic efflux transporters in bacteria shows that the efflux
system serves as a general mechanism to protect bacteria
from potential hazards including antibiotics, synthetic che-
motherapeutic agents, surfactants, and heavy metals (1, 2).
When chemotherapeutic agents were the substrate of the
transporter, the intracellular concentration of the drug de-
creased resulting in bacterial resistance to the agents (3-5).
This is a major problem in hospitals because a majority of
xenobiotic efflux pumps transport structurally and function-
ally dissimilar chemotherapeutic agents.

Pseudomonas aeruginosais an opportunistic pathogen that
infects patients suffering from low immune activity and
exhibits resistance to a broad spectrum of antibiotics. Multi-
antibiotic resistance in this organism is largely attributable
to low outer membrane permeability and expression of multi-
drug efflux pumps or transporters (4, 6). Although a number
of multidrug efflux pumps have been reported inP. aerugi-
nosato date (7-9), the MexA-MexB-OprM pump is con-
stitutively expressed in the wild-type strains, thus contrib-
uting to the intrinsic antibiotic resistance of this organism
(10-12). Upon mutation of themexRregulatory gene or
classically thenalBgene, the cells overexpress MexA-MexB-
OprM and gain a higher level of multiantibiotic resistance
than the wild-type strains (13-16).

The MexA-MexB-OprM efflux pump consists of tripatile
subunits including the polytopic drug-proton antiporter
MexB, the inner membrane anchored periplasmic lipoprotein
MexA, and the outer membrane-associated lipoprotein OprM
(11). The MexB subunit belonging to the resistance-nodu-
lation-division (RND)1 super-family consists of 1046 amino
acid residues and traverses the inner membrane 12 times (1,
17, 18). The protein has two large periplasmic domains in
the transmembrane segments, TMS-1/2 and TMS-7/8 (a loop
connecting the TMSs is expressed throughout this paper as
loop-1/2 for a loop connecting TMS-1 and -2), consisting
of 311 and 314 amino acid residues, respectively (17). All
these predicted structures have been confirmed by X-ray
crystallographic analysis of AcrB, anEscherichia coliana-
logue of MexB (19). MexA subunit and its family proteins,
designated as the membrane fusion proteins, were assumed
to bypass the periplasmic space bridging the inner and outer
membranes (3, 20, 21). The OprM subunit and its family
outer membrane proteins were assumed to form the xeno-
biotic exit-channel across the outer membrane (3, 6, 22, 23).
However, a mechanism has not yet been proposed to explain
how the fatty acid-modified OprM is able to form a
transmembrane channel.

Most RND super-family proteins in prokaryotes bear 12
TMSs and tandem repeats (18). In fact, the amino acid
sequence of the amino-proximal half of MexB showed a high
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image, which is a phenomenon that is probably attributable
to intragenic tandem duplication (1, 17, 18). Some of the
exceptional cases are as follows. The SecDF family proteins
in many bacteria (subfamily of RND super family) involved
in protein translocation are expressed as two distinct
polypeptide chains (18). SecD and SecF, each bearing six
TMSs, form a complex in the membrane (24-27). In
contrast, SecDF inBacillus subtiliswas produced as a large
single polypeptide chain containing 12 putative TMSs (28).
On one hand, the archaeal RND-family homologue protein,
ORF MJ1562, inMethanococcus jannaschiihas six TMSs
and does not show any internal duplication (18, 29). It was
postulated that this protein is likely to function by forming
a homodimer bearing 12 TMSs (18). Accordingly, it is likely
that the RND family proteins containing an internal duplica-
tion can function by means of a half molecule. More recently,
we have reported a possibility that the RND-transporters can
expel xenobiotics directly from periplasm without crossing
the cytoplasmic membrane (30).

Since the MexB protein has internal tandem repeats much
like other RND family proteins, it is conceivable that either
half-size MexB is functional. Alternatively, the protein
divided into two halves could be functional when the two
halves are coexpressed, as we proposed that TMS-4 and -10
in amino and carboxyl proximal halves, respectively, are in
close proximity (31, 32). Thus, we divided themexBgene
into two halves and expressed them either separately or in
combination. The cells that expressed both amino- and
carboxyl-proximal half fragments simultaneously showed
restored antibiotic resistance, and these polypeptides were
found in an aggregate. In contrast, cells that expressed only
the amino- or the carboxyl-proximal half appeared to be
dysfunctional. These results suggested that the formation of
a complex of the amino- and carboxyl-proximal halves of
MexB might be essential for transport activity.

MATERIALS AND METHODS

Bacterial Strains and Plasmids.Bacterial strains and
plasmids used in this study are listed in Table 1.

Construction of Plasmids.The MexB protein containing
six extra histidine residues at the carboxyl terminal end was
constructed in plasmid pMEXB1 by adding the codons for
six histidines. The 3′ region ofmexBwas amplified by PCR
using the primers P1-mexB (5′- CAAGCAATTGCCGAA-
AGGCG-3′) and 6xhis (5′-CGACGTCGACCGTTTCAT-

ATCAgtgatggtgatggtgatgTTGCCCCTTTTCGACGGACG-

CCTG-3′. (TheSalI site, the stop codon, and the six histidine
codons are indicated by an underline, a double underline,
and in lowercase, respectively.) Purified PCR product was
treated withMunI and SalI and ligated to theMunI- and
XhoI-treated pBSK-mexB. The resultant plasmid pBSK-B-
his was then digested withApaI. The linearized plasmid was
treated with T4 DNA polymerase and ligated withHindIII
linker (New England BioLabs) yielding pBSK-BhisH. A 0.9-
kb MunI-HindIII fragment containing the 3′ region of the
mexBgene with six histidine codons was replaced in the
parent plasmid pMEXB1.

To express both the amino- and the carboxyl-proximal
halves of MexB simultaneously, pMBS510 carrying the two
halves ofmexBwas constructed as follows. A DNA sequence
of 21 nucleotides (5′-TGATCAAGGGGATTCCATATG-3′)
containing a stop codon (underline), a Shine-Dalgarno
(italics), and an initiation codon (double underline) was
inserted between the 1530th and 1531st nucleotide sequences
of mexBby the overlapped extension PCR method (33).
Briefly, two pairs of primers (the first set: MBS-510U,
5′-CATATGGAATCCCCTTGATCAGCCCTTGT-
GCTCGCCATGGTCG-3′ and P15-mexB, 5′-ACCATCA-
TCGGCAAGACCC-3′, and the second set: MBS-510D,
5′-TGATCAAGGGGATTCCATATGGGCTTCTTCGG-
CTGGTTCAAC-3′ and P4-mexB, 5′-TTCGATGGCCGC-
CTCGACGATG-3′) were used. Two fragments of PCR
products were used for overlap extension PCR with a pair
of primers, P15-mexB and P4-mexB. The resulting product
corresponding to the 697th through 2892nd nucleotides of
mexBwith a 21-nucleotide insert at the middle was digested
with BsiWI andMunI and subsequently used to replace the
corresponding fragment within the parent plasmid pMMB-
B-his (Figure 1).

The plasmid pMCH511containing the 3′ half of mexB
was constructed by the overlap PCR method (33). In the
first PCR reaction, two pairs of primers (first set: RVM,
5′-GAGCGGATAACAATTTCACACAGG-3′ and CH2-
510U, 5′-GTTGAACCAGCCGAAGAAGCCCATTACG-
AATCCCCTTGATCA-3′ and the second set: CH2-510D,
5′ -TGATCAAGGGGATTCGTAATGGGCTTCT-
TCGGCTGGTTCAAC-3′ and R-pMMB67EH, 5′-CTCT-
CATCCGCCAAAACAGC-3′) were used with a pMEXB1
as a template. The second PCR reaction was carried out using
a pair of primers, RVM and R-pMMB67EH. The product

Table 1: Bacterial Strains and Plasmids Used

strains or plasmids description source or ref

P. aeruginosastrains
PAO4290 leu-10, argF10, aph-9004; FP- H. Matsumoto (12)
TNP071 ∆mexB; derivative of PAO4290 H. Yoneyama (12)
TNP073 ∆mexA∆mexB; derivative of PAO4290 H. Yoneyama (12)
TNP076 ∆mexA∆mexB∆oprM; derivative of PAO4290 H. Yoneyama (12)

Plasmids
pMMB67EH broad-host range vector; Ampr, IncQ J. P. Fu¨rste (46)
pMEXB1 pMMB67EH derivative carryingmexBgene H. Yoneyama (12)
pBSK-mexB pBluescript SK(-) carrying a 3.9-kbSalI fragment of pMEXB1 L. Guan (31)
pMMB-B-his pMMB67EH derivative carrying histidine-tagged-mexB this paper
pMBS510 pMMB-B-his derivative carrying the severedmexB(1-510 or 511-1046) this paper
pMNH pMBS510 derivative carrying the 5′ portion ofmexB this paper
pMCH511 pMMB-B-his derivative carrying the 3′ portion ofmexB this paper
pMCH-K939A pMCH511 derivative containing K939A mutation this paper
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of the second PCR reaction was digested withEcoRI and
MunI. This procedure deleted the amino-proximal half of
mexB, and the remaining carboxyl-proximal half of the
fragment was inserted in the parent plasmid, pMMB-B-his.

To express the carboxyl-proximal half of MexB containing
Ala as a substitute for Lys939, a site-directed mutation
was introduced into the 3′ half of mexBgene carried by
pMCH511. Mutagenesis was carried out using the QuikChange
site-directed mutagenesis kit (Stratagene) and primers K939A-s
(5′-CCATCGGCCTGTCGGCGGCGAACGCCAT-
TCTCATCG-3′) and K939A-a (5′-CGATGAGAATGGCGT-
TCGCCGCCGACAGGCCGATGG-3′).

The fragment encoding the amino-proximal half of MexB
was constructed as follows. The plasmid pMBS510 was
digested withNdeI andHindIII, and the largeNdeI-HindIII
fragment was treated with T4 DNA polymerase and then
self-ligated to yield pMNH. All the PCR reactions were
carried out with high-fidelityPfu TurboDNA polymerase
(Stratagene). The nucleotide sequence of all constructs was
confirmed.

Preparation of Polyclonal Antisera Specific to MexY.To
obtain antibody specific to MexY, oligopeptides with the

following sequence KIVESRLPESVRRDGIYVEK, RRVEG-
VGKVETWGAEYAMRI, QGEAPQIRLDIDRRKAETLG,
and QADRRKRLGIDDIGRLHVRN were synthesized. Rab-
bit antibody was raised against a mixture of these oligopep-
tides by SAWADY Technology Co., Ltd. (Tokyo, Japan).

Assessment of MexB Function by Determination of the
Minimum Growth Inhibitory Concentration (MIC) of Anti-
biotics. Since the transport assay in the mutant MexB was
technically difficult, we determined the MICs of antibiotics
to access the transporter activity by a 2-fold agar dilution
method using Mueller-Hinton II agar (Becton Dickinson
Microbiology Systems) in the presence of 2 mM isopropyl-
â-D-thiogalactopyranoside (IPTG). The plates were incubated
at 37°C for 18 h or 28°C for 22 h.

Isolation of Crude Membrane Fraction, Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
and Immunoblot Assay.Cells were grown in 20 mL of LB
medium containing 100µg/mL of sulbenicillin at 37°C to
A600 ) 0.6. Next, 2 mM IPTG was added, and the cells were
harvested by centrifugation after incubating for an additional
2 h. To express protein at a low temperature, the culture
temperature was reduced to 28°C immediately after adding

FIGURE 1: Schematic representation of the two-dimensional structure of MexB and construction of plasmids carrying the half-sizemexB.
(A) The membrane topology and the extramembrane loops were drawn on the basis of results reported previously (17). The protein was
divided at G510. (B) Schematic representation of construction of the plasmid coding for amino- or carboxyl-proximal halves ofmexB. For
details, see Materials and Methods.
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2 mM IPTG and was then incubated for an additional 5 h.
The total membrane fraction was prepared as described
elsewhere (34). SDS-PAGE was carried out as described
previously (35). The MexB protein was visualized by
immunoblot assay using rabbit polyclonal antisera against
MexB (a loop-1/2) (12) or by Penta-His Antibody (Qiagen).

Nickel-Chelate Chromatography.Cells were grown in 20
mL of LB medium supplemented with 100µg/mL of
sulbenicillin at 37°C until A600 reached 0.6. Incubation
temperature was shifted to 28°C immediately after adding
2 mM IPTG and incubated for an additional 5-h period. Cells
were harvested, and the total membrane fraction was prepared
as described above. Crude membrane fraction was suspended
in 400 µL of the binding buffer containing 50 mM sodium
phosphate, pH 7.5, 100 mM NaCl, 10 mM imidazole, and
2%n-octyl-â-D-glucopyranoside (OG), and the mixture was
incubated for 30 min on ice. The mixture was centrifuged
at 100,000g for 20 min, and supernatant was loaded onto a
nickel-nitrilotriacetic acid (Ni-NTA) spin column (Qiagen)
equilibrated with the binding buffer. The column was washed
five times with 400µL of the wash buffer containing 50
mM sodium phosphate, pH 7.5, 100 mM NaCl, 20 mM
imidazole, and 2% OG and was then eluted with 400µL of
the elution buffer containing 50 mM sodium phosphate, pH
7.5, 100 mM NaCl, 500 mM imidazole, and 2% OG.

RESULTS

Construction and Expression of the mexB Gene Encoding
a Half Molecule of MexB.The MexB molecules showed
internal tandem repeats at the amino- and the carboxyl-
proximal halves with an amino acid identity of about 30%
(Figure 1). To divide the MexB molecule into two halves, it
was essential to confirm that modification of cytoplasmic
loop-6/7 did not interfere with the pump function. We
confirmed that insertion of a linker containing 24 amino acid
residues derived from the tobacco-etch-virus (TEV) protease-

susceptible peptide (36) at His508 did not interfere with the
pump function (data not shown). Thus, the MexB peptide
was divided at Gly510 or Gly511 as described in Materials
and Methods.

To facilitate purification and subsequent protein analysis,
a hexa-histidine-tag was attached to the carboxyl-terminal
end of the carboxyl-proximal half of MexB, and the proteins
were expressed in cells lacking MexB. When both the amino-
and the carboxyl-proximal halves of the molecules were
coexpressed from the separate open reading frames, we found
both fragments with the expected molecular masses of 54
and 59 kDa, respectively. When proteins were visualized by
the anti-MexB (loop-1/2) antibody, the amount of protein
appeared comparable with that of the full-length MexB
(Figure 2A). As the same materials were stained with anti-
His antibody (carboxyl end), we observed a less amount of
protein than in the full-length MexB, thereby suggesting that
the carboxyl-proximal half was more labile than the amino-
proximal half (Figure 2B). The amino-proximal half molecule
expressed alone appeared faint at 37°C, although it was fully
expressed at 28°C (Figure 2A). The carboxyl-proximal half
molecules expressed without amino-proximal counterpart
appeared faint at 37°C even if a 5-fold greater quantity of
the protein was loaded, and expression was even fainter at
28 °C (Figure 2B).

Function of the MexB Protein DiVided into Two HalVes.
We have established a method to assess the function of the
xenotiotic transporter by monitoring real-time accumulation
of fluorescent dye, and the results obtained from this method
correlated well with the MIC values of antibiotics without
exception (31, 32, 37-39). Since cells expressing mutant
MexB tend to aggregate making it difficult to obtain a
homogeneous cell suspension, we monitored the MexB
function by determining the MICs of antibiotics in the cells
that expressed MexB. The cell-free or liposome transport
assay method is not available yet for the three-component

FIGURE 2: Expression of MexB divided into two-halves membrane fractions were prepared from TNP071 harboring the appropriate plasmid
and lacking MexB. The envelope fraction containing 10µg of protein was subjected to 10% SDS-PAGE except that 100µg of the C-half
was applied. (A) The amino proximal half of MexB was visualized with anti-MexB antibody. (B) The carboxyl-proximal half of MexB was
stained with anti-penta-his antibody. Abbreviations: control, vector (pMMB67EH); full-length, histidine-tagged full-length MexB (pMMB-
B-his); N+C-halves, both amino- and carboxyl-half (pMBS510); N-half, amino-proximal half (pMNH); C-half, carboxyl-proximal half
(pMCH511). Reference protein markers are indicated in kiloDaltons.
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RND-xenobiotic transporter.
The MICs of aztreonam, nalidixic acid, novobiocin, and

chloramphenicol in cells expressing both the amino and the
carboxyl halves of MexB were 3.13, 100, 200-400, and 12.5
µg/mL, respectively, which is comparable with the MICs in
the cells producing the full-length MexB at 37°C (Table
2). The same results were confirmed at 28°C. These results
established that the MexB protein divided at the middle
retained its pump function when both halves were expressed
together.

As the amino-proximal half of MexB only was expressed
at 37°C, the cells showed poor growth. On the other hand,
the same cells showed that the MIC of aztreonam was 0.2-
0.39 µg/mL at 28°C, which was nearly comparable with
that in cells lacking MexB. Cells producing the carboxyl-
proximal half of MexB showed only a 2-fold higher MIC of
aztreonam than that in cells lacking MexB, which was 8-fold
lower than in the cells producing the wild-type MexB. The
possibility cannot be ruled out, therefore, that the carboxyl-
proximal half of the protein has a low level of transport ac-
tivity. To clarify this ambiguity, we introduced the Lys939Ala
mutation into the carboxyl-proximal half of MexB, which
is known to knock out the pump function (31). Cells
expressing this mutant MexB showed an MIC of aztreonam
identical to that of cells expressing the carboxyl-proximal
half of MexB only (Table 2). Therefore, we concluded that
the half-size MexB alone failed to transport xenobiotics.

Interaction of the Amino- and Carboxyl-Proximal HalVes
of MexB.Since the two-half-size MexBs expressed together
appeared to be functional, it is conceivable that the functional
MexB requires the interaction of both amino- and carboxyl-
proximal fragments. To test this possibility, we expressed
both amino- and carboxyl-proximal halves of MexBs simul-
taneously. The extracts were subjected to nickel-chelate
column chromatography to trap the carboxyl-half fragment,

and the proteins were visualized with antibodies against a
loop-1/2 (for an amino-half) and penta-histidine (for a
carboxyl-half). If the amino- and carboxyl-halves of mol-
ecules form an aggregate, it would be expected that the
nonhistidine-tagged amino-half MexB molecules would be
coeluted in the fraction containing the histidine-tagged
carboxyl-half MexB. When the nickel-column eluates were
stained with the anti-His antibody, the materials purified from
the cells bearing both amino- and carboxyl-proximal-His
halves showed a prominent protein band corresponding to
the expected molecular mass (Figure 3A, right panel, second
row, lane E). On one hand, cells only producing the amino-
proximal MexB did not show a detectable protein band
because of lack of the histidine-tag (Figure 3A, right panel,
first row, lane E).

Interestingly, the nickel-column eluates from cells produc-
ing both the amino- and the carboxyl-proximal halves of
MexB showed a prominent protein band reactive with the
anti-amino-proximal half antibody and a size corresponding
to the amino-proximal MexB (Figure 3A, left panel, second
row, lane E), suggesting that this fragment formed a surfac-
tant-resistant aggregate with the carboxyl-proximal MexB.
This result was interpreted to mean that amino- and carboxyl-
proximal fragments were the subunits in the reconstituted
MexB.

One may argue that this result may have been a conse-
quence of subunit interaction via the surfactant micelle. To
answer this question, we constructed the amino-proximal
MexB tagged with T7-epitope or hexahistidine and coex-
pressed. Unfortunately, both of these proteins were not pro-
duced to a level that could be detected with antibody. Next,
we examined whether the MexY protein, which is a homo-
logue of MexB and is supposed to not interact with MexB
(7), could be copurified with carboxyl-proximal halves of
MexB. MexY was induced in the presence of subinhibitory

Table 2: Antimicrobial Susceptibility of Cells Expressing a Half-Size MexB

MIC (µg/mL) ofa

strain MexB derivative aztreonam nalidixic acid novobiocin chloramphenicol

37 °C
PAO4290 wild-type 3.13 200 1600 100
TNP071 ∆mexB 0.2 25 50 6.25∼ 12.5
TNP071/pMMB67EH 0.2 25 50 6.25∼ 12.5
TNP071/pMEXB1 wild-type 3.13 100 400∼ 800 25∼ 50
TNP071/pMMB-B-his histidine-tagged MexB 3.13 100 400∼ 800 25∼ 50
TNP071/pMBS510 N-half (1-510)+

C-half (511-1046)
3.13 100 200∼ 400 12.5

TNP071/pMNH N-half (1-510) NDb ND ND ND
TNP071/pMCH511 C-half (511-1046) 0.39 12.5 50 6.25
TNP071/pMCH-K939A C-half (511-1046),

K939A mutation
0.39 12.5 50 6.25

28 °C
PAO4290 wild-type 3.13 50 400 25
TNP071 ∆mexB 0.2 6.25 25∼ 50 3.13
TNP071/pMMB67EH 0.2 6.25 50 3.13
TNP071/pMEXB1 wild-type 3.13 25∼ 50 200 25
TNP071/pMMB-B-his histidine-tagged MexB 3.13 25∼ 50 200 25
TNP071/pMBS510 N-half (1-510)+

C-half (511-1046)
3.13 12.5 200 25

TNP071/pMNH N-half (1-510) 0.2∼ 0.39 6.25 12.5 3.13
TNP071/pMCH511 C-half (511-1046) 0.39 6.25 <12.5 3.13
TNP071/ pMCH-K939A C-half (511-1046),

K939A mutation
0.39 6.25 <12.5 3.13

a The MICs shown are representative of several repeated experiments.b ND, not determined.
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concentration of tetracycline (Figure 3B, right panel, lane
S). In contrast to the amino-proximal halves of MexB (Figure
3B, left panel, lane E), no detectable MexY was recovered
from a carboxyl-half-MexB column (Figure 3B, right panel,
lane E). Therefore, copurification of the amino-proximal
MexB with the carboxyl-proximal MexB was not a conse-
quence of cosolubilization of both halves in detergent
micelles.

Since the MexB protein requires the presence of MexA
and OprM for the pump function, it is conceivable that the
complex was formed with the mediation of MexA and OprM.
To test this possibility, amino- and carboxyl-halves of
MexB were expressed in cells lackingmexA/mexBor mexA/
mexB/oprM. The results depicted in Figure 3A (left panel,
rows 3 and 4, lane E) showed that the amino-proximal half
of MexB was clearly recovered from the cells lacking either
MexA or OprM. These results indicated that the amino-half
fragment directly interacts with the carboxyl-half frag-
ment independently of the presence or absence of MexA and
OprM.

One may also argue that MexA and OprM were not asso-
ciated with MexB. This view is unlikely to be valid at least
for MexA since MexA could be copurified with MexB (data
not shown). However, there is no firm evidence available at
present that the OprM subunit forms a tight complex with
MexB or the MexA-MexB complex.

DISCUSSION

We have reported in this paper that expression of the
amino- or carboxyl-proximal half of MexB produced a half-
size MexB. However, these truncated proteins were totally
inactive as xenobiotic transporters. Although substrate-
binding site(s) of an RND-type multidrug transporter has not
been identified, Mao et al. have reported that the mutations
that altered substrate specificity of MexD, a MexB homo-
logue, were distributed in both halves (40). More recently,
we showed that the RND-type transporters ofP. aeruginosa
select substrates by the two large periplasmic domains as
demonstrated by the experiment that the mosaic protein
bearing two large periplasmic domains of MexB and the rest
from MexY selected the substrates for MexB but not for
MexY (30). Furthermore, the hybrid proteins bearing only
one large periplasmic domain of MexB and the rest from
MexY recognized neither MexB nor MexY substrate. Thus,
it is less likely that the RND transporters select substrates
by only one-half of the protein. Since the bacterial RND
transporters function in collaboration with the periplasmic
and outer membrane components, another possible explana-
tion could be that one-half molecules of MexB alone failed
to interact with these subunits.

This paper reported that expression of the amino- and
carboxyl-proximal halves of MexB from the independent
open reading frames yielded a functional MexB protein

FIGURE 3: Immunoblot analysis of half-molecules of MexB isolated by nickel-chelate chromatography. (A) Co-purification of amino-
proximal half of MexB with carboxyl-proximal half of MexB. The crude membrane fraction was prepared fromP. aeruginosacells harboring
the respective plasmid, solubilized with 2% of OG and subjected to nickel-chelate chromatography as described under Materials and Methods.
Equivalent volumes of samples were subjected to SDS-PAGE. Amino- and carboxyl-proximal half of MexB were visualized with anti-
MexB antibody and anti-penta-his antibody, respectively. Abbreviations: N-half, amino-proximal half; N+C-halves, both amino- and carboxyl-
proximal halves; M, molecular weight marker; S, crude envelope fraction; W, column wash with 20 mM imidazole buffer; E, column
eluate with 500 mM imidazole buffer. Strains TNP071, TNP073, and TNP076 lackmexB, mexA, andmexBandmexA, mexB, andoprM,
respectively. The plasmid is shown in parentheses. (B) Experiments to test possible interaction of MexY with carboxyl-proximal half of
MexB. The crude membrane fraction was prepared fromP. aeruginosaTNP071 carrying pMBS510 as described above except that the cells
were cultured in the presence of 100µg/mL tetracycline. MexY was visualized with anti-MexY antibody.
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consisting of two different polypeptides. In fact, we have
demonstrated that the amino-proximal half could be copu-
rified with the carboxyl-proximal half suggesting that both
of these two divided molecules were part of the functional
assembly. Our recent report supported this conclusion that
TMS-4 and -10 are in close contact via a salt bridge, which
is likely to form the proton pathway necessary to energize
the transporter (31, 32). This assumption was also strongly
supported by the fact that the crystallographic structure of
AcrB showed both inter- and intramolecular interactions, the
long arm of the MexB periplasmic domain extended pro-
foundly into the neighboring subunit of the AcrB trimer (19),
and both periplasmic loops and TMSs of the same polypep-
tide closely interacted. To the best of our knowledge, this is
the first demonstration in prokaryote xenobiotic transporters
of the restoration of transporter activity from two separate
amino- and carboxyl-halves of fragments.

One may argue that MexB protein reconstituted from two
half fragments might be less active than the chromosomally
encoded full-length MexB because the cells producing a large
amount of the reconstituted proteins showed comparable
MICs to that of the wild-type cells. However, this view seems
less likely since the MICs of antibiotics in cells producing
plasmid-borne full-length MexB appeared comparable to that
in the wild-type cells (Table 2). A likely possibility would
be that cells expressing the plasmid borne MexB might not
have the full amount of the MexA and OprM subunits. In
fact, the mexR mutant expressing derepressed levels of
MexA, MexB, and OprM exhibits severalfold higher MICs
of antibiotics than cells expressing plasmid-borne MexB (16,
41).

Eukaryotic transporters with internal tandem repeats, such
as P-glycoprotein (MDR1), multi-drug resistance-related
protein (MRP), and yeasta-factor transporter (STE6), were
reported to form a functional protein unit when the amino-
and carboxyl-halves of the proteins were coexpressed (42-
45). These transporters expressing either the amino- or the
carboxyl-proximal half molecule failed to show transporter
activity. These observations were consistent with the data
presented in this paper.
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