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The membrane fusion protein (MFP) component, MexA, of the MexAB-OprM multidrug efflux system of P.
aeruginosa is proposed to link the inner (MexB) and outer (OprM) membrane components of this pump as a
probable oligomer. A cross-linking approach confirmed the in vivo interaction of MexA and MexB, while a
LexA-based assay for assessing protein-protein interaction similarly confirmed MexA multimerization. Mu-
tations compromising the MexA contribution to antibiotic resistance but yielding wild-type levels of MexA were
recovered and shown to map to two distinct regions within the N- and C-terminal halves of the protein. Most
of the N-terminal mutations occurred at residues that are highly conserved in the MFP family (P68, G72, L91,
A108, L110, and V129), consistent with these playing roles in a common feature of these proteins (e.g.,
oligomerization). In contrast, the majority of the C-terminal mutations occurred at residues poorly conserved
in the MFP family (V264, N270, H279, V286, and G297), with many mapping to a region of MexA that
corresponds to a region in the related MFP of Escherichia coli, AcrA, that is implicated in binding to its RND
component, AcrB (C. A. Elkins and H. Nikaido, J. Bacteriol. 185:5349-5356, 2003). Given the noted specificity
of MFP-RND interaction in this family of pumps, residues unique to MexA may well be important for and
define the MexA interaction with its RND component, MexB. Still, all but one of the MexA mutations studied
compromised MexA-MexB association, suggesting that native structure and/or proper assembly of the protein

may be necessary for this.

Pseudomonas aeruginosa is an opportunistic human patho-
gen characterized by an innate resistance to multiple antimi-
crobials (21). The resistance has historically been attributed to
the presence in this organism of an outer membrane (OM) of
low permeability (55), but it is increasingly clear that resistance
owes much to the operation of broadly specific, so-called mul-
tidrug efflux systems (58-60, 64) that work synergistically with
limited OM permeability (18, 40, 60). Several multidrug efflux
systems in P. aeruginosa have been described to date (61),
although the major system contributing to intrinsic multidrug
resistance is encoded by the mexAB-oprM operon (38). Hyper-
expression of this system also occurs in so-called nalB (27, 28,
75, 88)- and nalC (75, 88)-type multidrug-resistant mutants.
MexAB-OprM accommodates a broad range of structurally
diverse antimicrobials, including dyes, detergents, inhibitors of
fatty acid biosynthesis, organic solvents, disinfectants, and clin-
ically relevant antibiotics (10, 34, 37, 39, 41, 42, 48, 70, 74, 74,
76), and is implicated in the export of homoserine lactones
involved in quorum sensing (17, 57) and, possibly, virulence
factors (22).

The MexAB-OprM efflux system, like the other tripartite
Mex efflux systems in P. aeruginosa, consists of an inner mem-
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brane (IM) drug-proton antiporter of the resistance-nodula-
tion-cell division (RND) family (MexB), an OM channel-form-
ing component (OprM; also called OM factor [OMF]), and a
periplasmic membrane fusion protein (MFP) (MexA) (58, 86).
Crystal structures have not yet been reported for any of the
efflux components of P. aeruginosa, although structures are
available for the homologous OM (TolC [35]) and RND (AcrB
[52]) components of the Mex-like AcrAB-TolC multidrug ef-
flux system of Escherichia coli. The TolC channel is a trimer
and spans both the OM (as a B-barrel) and periplasm (as a
a-helical barrel) (35). Measuring 140 A in length, the channel
is open at the distal (extracellular) end and tapers almost to a
close at the proximal (periplasmic) end, which likely interacts
with the RND component, AcrB (35). Modeling studies sug-
gest that OprM adopts a similar structure (43, 80). The AcrB
RND component also exists as a trimer, composed of a 50-A-
thick transmembrane region and a 70-A headpiece that pro-
trudes into the periplasm (52). This headpiece has a funnel-
like opening at the top that is connected to a central cavity at
the bottom, which, in turn, opens to the periplasm via three
vestibules that likely play a role in substrate recognition by
and/or access to the pump (52). Indeed, several studies high-
light the role played by the periplasmic portion of the RND
transporters of E. coli and P. aeruginosa in substrate (i.e., drug)
recognition (14, 15, 45, 53, 79, 83). A high-resolution crystal
structure for an MFP efflux component is not yet available,
although preliminary studies indicate that, e.g., AcrA is also
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likely trimeric (85) and that monomer AcrA is a highly asym-
metric, elongated molecule of sufficient length to span the
periplasm (4, 84).

MFPs appear to be oligomeric (possibly trimeric) and are
typically anchored to the IM via a single transmembrane helix
or via an N-terminal lipid tail, with the bulk of the protein in
the periplasm (30, 81). Components of multidrug efflux sys-
tems, they also function as part of protein export systems (e.g.,
the HlyD family) (12). Current models suggest that MFPs
interact with one or both of the IM-OM export components,
and, indeed, an in vivo interaction of AcrA and AcrB has been
confirmed (31, 85). Still, a TolC association with either of these
proteins has yet to be demonstrated. Similarly, MexA appears
to interact with MexB (79), although no association with OprM
has been seen. Studies with the HlyBD-TolC hemolysin ex-
porter have, however, also failed to show TolC association with
the HlyBD components unless hemolysin was present and
available for export (77). Apparently, the OM TolC compo-
nent associates transiently with the other export components
when substrate is actively being exported, suggesting that TolC
or OprM recruitment by, e.g., AcrAB or MexAB may be sim-
ilarly transient and dependent upon substrate (i.e., drug) entry
into the export pathway. Intriguingly, the MFP component of
the hemolysin transporter (HlyD), which has also been shown
to bind its cognate IM component (HlyB), was also implicated
in TolC binding or recruitment (77). Possibly, then, MFPs bind
both IM and OM components of tripartite drug-protein export
systems and, e.g., promote their assembly into a functional
trans-cell envelope export systems. Consistent with this, the
MFP component, CvaA, of the tripartite CvaAB-TolC colicin
V exporter has been shown to interact with both CvaB and
TolC (25).

The present study was undertaken both to assess MexA
oligomerization and association with its cognate IM and OM
efflux components and to identify regions or residues of MexA
that are important for this. Here we report both MexA-MexA
and MexA-MexB interactions and identify several residues in
MexA whose mutation compromises function, in many in-
stances as a result of interference with one or both of these
processes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains and plasmids
used in this study are listed in Table 1. Bacteria cells were cultivated at 37°C in
Luria broth (LB) (Miller’s LB base [Difco] and 2 g of NaCl per liter of H,O)
solidified with agar (LB containing 1.5% [wt/vol] agar) as needed. Plasmid pDN3
was constructed by excising the mex4 gene of pRSP48 (itself constructed by
cloning a mexA-containing 2-kb HindIII-BamHI fragment from pPV6 into
pAK1900) on a HindIII-BamHI fragment and cloning it into HindIII-BamHI-
restricted pRK415. To construct pDN25, sequences encoding a cleavable hexa-
histidine tag were first engineered (by PCR) onto the 3’ end of the gene cloned
into expression vector pBAD18 (20). Briefly, the bulk of the mexB gene (all but
the last 133 bp) was first cloned into pBAD18 on a EcoRI-Kpnl fragment excised
from pPV6 as described previously (73). The 3’ end of mexB was then amplified
by using the previously described primer TK-1 (73) and primer RE2 (5'-AAGC
TTAAGCTTtcaGTGGTGGTGGTGGTGGTGGGAGCCGCGCGGCACCAGT
TGCCCCTTTTCGACGGACG-3' [tandem HindIII sites are underlined, and
sequences encoding a thrombin cleavage site [italic], hexahistidine [boldface],
and a stop codon [lowercase] are also indicated]). PCR formulation and condi-
tions were as described previously (72) except for an annealing temperature of
58°C. Following digestion with Kpnl (present naturally in the mexB sequence
being amplified with TK-1 [73]) and HindIII, the PCR product was cloned into
pAK1900 and sequenced to ensure that no unwanted mutations had been intro-
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duced during PCR. The now-His-tagged 3’ end of the mexB gene was subse-
quently recovered from pAK1900 and cloned into KpnlI-HindIII-restricted
pBAD18 carrying the 5'end of mexB, to yield pRE35. The mexB-his gene was
finally excised from pRE35 on an EcoRI-HindIII fragment and cloned first into
pVLT31 (to produce pRE38) and then into pMMB206 (to produce pDN25). E.
coli and P. aeruginosa strains containing pMMB206 or pDN25 were grown in the
presence of 10 pg of chloramphenicol per ml. When pRK415, pMS604, or their
derivatives were used, E. coli and P. aeruginosa strains were grown in the pres-
ence of 10 pg of tetracycline per ml. Plasmid pEX18Tc was maintained with
tetracycline at 10 wg/ml (E. coli) or 50 pg/ml (P. aeruginosa).

Construction of mex deletion strains. To construct a P. aeruginosa strain
lacking mexR and carrying an in-frame deletion of mexA, a mexA deletion strain
was first constructed and mexR was subsequently deleted by using the previously
described mexR deletion vector pRSP75 (75). Elimination of the chromosomal
mexA gene was necessary to permit screening of mutated plasmid-borne mexA4
genes for changes affecting substrate selectivity (see below), while elimination of
mexR served to ensure high-level expression of the chromosomally encoded
MexB and OprM components. Together with the high-level expression of the
plasmid-encoded MexA (under plac control [see below]), this served to ensure
maximal production of a MexAB-OprM efflux system and thus ready assessment
of its activity (by using MIC assays) and any changes in activity resulting from
mutations in mexA. The mexA deletion was constructed in gene replacement
vector pEX18Tc following amplification (via PCR) of ca. 1-kb portions upstream
and downstream of the mexA4 sequences being deleted. The upstream region was
amplified off plasmid pPV2 by using primers JT-2 (5'-GTCGACGTCGACGA
TTTCCTCAACGTCAGCAAG-3' [the Sall site is underlined]) and JT-3 (5'-T
CGGGGTACCTTGCATAGCGTTGTCCTCATG3' [the Kpnl site is under-
lined]) and cloned into Sall-KpnlI-restricted pEX18Tc. The downstream region
was amplified off pPV2 by using primers JT-4 (5'-TCGGGGTACCGCGAAAA
CCGACAGCAAGGGC3' [the Kpnl site is underlined]) and JT-5 (5'-ACCGG
AATTCAGGTACATCACCAGGAACACG3’ the EcoRI is site underlined)
and cloned into pEX18Tc carrying the upstream region and restricted with Kpnl
and EcoRlI, to yield pDNI1. Conditions for PCR were as described previously
(72), except that dimethyl sulfoxide was omitted from the reaction mixture and
annealing was carried out at 60°C. The AmexA construct was sequenced to ensure
that no mutations had been introduced during PCR and subsequently mobilized
into P. aeruginosa strain K870 via conjugation with pDN1-carrying E. coli S17-1
as described previously (75). Transconjugants were selected on LB agar contain-
ing tetracycline (50 pg/ml) and streptomycin (250 wg/ml) (to counterselect donor
E. coli), and those harboring a chromosomal deletion of mexA4 were subsequently
recovered on sucrose plates (LB agar containing 10% [vol/vol] sucrose) and
screened for loss of MexA following immunoblotting of whole-cell extracts. Loss
of MexA was also confirmed by using drug susceptibility assays, with mexA4
deletion strains demonstrating enhanced susceptibility to representative MexAB-
OprM antimicrobial substrates (e.g., carbenicillin, chloramphenicol, and novo-
biocin). Successful complementation by the cloned mex4 gene (on plasmid
pDN3) also confirmed that no other gene had been affected. The mexR gene was
then deleted from a representative AmexA strain, K2278, by using pRSP35 as
described previously (75) to yield the AmexR AmexA strain K2274.

In constructing a strain lacking mexR and carrying an in-frame deletion of
mexAB, it was necessary to retain the promoter region of mexA4B-oprM to ensure
continued expression of the downstream oprM once the mexR-mexAB deletion
was engineered into the chromosome of P. aeruginosa. Initially, a ca. 1-kb region
upstream of the deletion endpoint in mexA (6 bp into the coding region) was
amplified from the chromosome of the AmexR strain K1491 by using primers DN1
(5"-AAGCTTAAGCTTGGCCACCTCGCGCTGTACGGGCTG-3" [HindIII sites
are underlined]) and DN2 (5'-GAGCTCGAGCTCTTGCATAGCGTTGTCCTC
ATG-3' [Sacl sites are underlined]), producing a fragment that carried a mexR
deletion as well as the mex4B-oprM promoter. Following digestion with HindIII and
Sacl, this fragment was cloned into HindIII-Sacl-restricted pEX18Tc. A ca. 1-kb
fragment encompassing the region downstream of the deletion endpoint in mexB
(300 bp upstream of the mexB stop codon) was then amplified from plasmid pRSP17
by using primers DN3 (5'-GAGCTCGAGCTCTCCAACGACGTGTTCTTCCAG
GTG-3' [SacI sites are underlined]) and DN4 (5'-GAATTCGAATTCCGCCGAC
GTCGTAGCTGCGC-3" [BamHI sites are underlined]), and the Sacl-BamHI-re-
stricted product was cloned into pEX18Tc carrying the upstream fragment. The
resultant AmexR-AmexAB construct, pDN2, was verified by nucleotide sequencing
and mobilized into K767 as described above. Transconjugants were selected on
tetracycline (50 pg/ml) and chloramphenicol (5 wg/ml) (to counterselect the E. coli
donor), and strains carrying the mexR-mexAB deletion were selected on sucrose and
screened for loss of MexA and MexB but overproduction of OprM by immunoblot-
ting.
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TABLE 1. Bacterial strains and plasmids

Strain or

plasmid Properties or genotype® Source or reference
P. aeruginosa
K767 PAO1, wild type 47
K1491 K767 AmexR 75
K1119 K767 AmexAB-oprM 41
K870 Sm" derivative of K767 65
K2278 K870 AmexA This study
K2274 K870 AmexRA This study
K2275 K767 AmexRAB This study
E. coli
DH5a endA hsdR17 supE44 thi-1 recAl gyrA relAl A(lacZYA-argF)U169 3
deoR [$80 dlacA(lacZ)M15)]
S17-1 thi pro hsdR recA Tra™ 71
SU101 lexA71::Tn5 (Def)sulA211 sulA::lacZ 13
A(lacIPOZYA)169/F" lacl® lacZAM15::Tn9
Plasmids
PAK1900 E. coli-P. aeruginosa shuttle cloning vector; MCS; Cb'/Ap" A. Kropinski, Queens University
pPV2 PAK1900 carrying mexR-mexAB-oprM and flanking DNA on a 62
9-kb Xhol fragment
pPVo6 PAK1900 carrying mexR-mexAB-oprM and flanking DNA on a 62
5.5-kb Xhol-HindIII fragment
pRSP48 pAK1900::mexA This study
pEX18Tc Gene-replacement vector; sacB Tc" 23
pDN1 pEX18Tc:: AmexRA This study
pDN2 pEX18Tc:: AmexRAB This study
pRK415 Broad-host-range cloning vector; Tc" 32
pRSP17 pRK415::mexAB-oprM 73
pDN3 pRK415::mexA (WT) This study
pDN4 pRK415::mexA+ (P68S) This study
pDN5 pRKA415::mexA= (G72S) This study
pDN6 pRK415::mexA* (A108T) This study
pDN7 pRK415::mexA* (V129M) This study
pDN8 pRK415::mexA+ (T2561) This study
pDN9 pRK415::mexA* (V264E) This study
pDN10 pRK415::mexA+ (N270S) This study
pDN11 pRK415::mexA+ (H279Y) This study
pDN12 pRK415::mexA+ (V286A) This study
pDN13 pRK415::mexA+ (G297D) This study
pDN26 pRK415::mexA* (L91P) This study
pDN27 pRK415::mexA+ (L110P) This study
pDN28 pRK415::mexA+ (N270S, S251P) This study
pDN29 pRK415::mexA* (G297D, L155P) This study
pMS604 pUC-like vector carrying a LexA,_g; WT-Fos zipper fusion and 66
a ColE1 replicon; Tc"
pDN14 pMS604::mexA (WT) This study
pDN15 pMS604::mexA= (P68S) This study
pDN16 pMS604::mexA= (G72S) This study
pDN17 pMS604::mexA= (A108T) This study
pDN18 pMS604::mexA+ (V129M) This study
pDN19 pMS604::mexA= (T2561) This study
pDN20 pMS604::mexA+ (V264E) This study
pDN21 pMS604::mexA= (N270S) This study
pDN22 pMS604::mexA= (H279Y) This study
pDN23 pMS604::mexA= (V286A) This study
pDN24 pMS604::mexAx (G297D) This study
pDN28 pMS604::mexA+ (L91P) This study
pDN29 pMS604::mexAx (L110P) This study
pVLT31 Broad-host-range, low-copy-number cloning vector lacI? Tc" 11
pRE38 pVLT31::mexB-6his This study
pMMB206 Broad-host-range, low-copy-number cloning vector; lacl9 Cm" 51
pDN25 pMMB206::mexB-6his This study
pET21d(+) His tag vector used to generate His, C-terminal fusions to Novogen
products of cloned genes; Ap”
pXZL05 pET21d(+)::mexA This study

“ Sm’", streptomycin resistance; Cb', carbenicillin resistance; Tc, tetracycline resistance; Ap", ampicillin resistance; Cm"; chlorampheicol resistance; mexB-6his, a mexB
gene engineered to produce a MexB protein with six C-terminal histidine residues; MCS, multiple cloning site. Mutations in the MexA proteins encoded by the plasmids
are shown in parentheses WT, wild-type MexA.
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DNA manipulations. Standard protocols were used for restriction endonucle-
ase digestions, ligations, transformation, plasmid isolation, and agarose gel elec-
trophoresis, as described by Sambrook and Russell (68). Genomic DNA of P.
aeruginosa was extracted according to the protocol of Barcak et al. (5). E. coli
cells were made competent by using the CaCl, method (68) or the method of
Inoue et al. (26). DNA sequencing was performed by Cortec DNA Services
Laboratories (Kingston, Ontario, Canada) with universal and custom oligonu-
cleotide primers.

In vitro mutagenesis of mexA. Plasmid pDN3 carrying the mexA gene under
control of the constitutive (in P. aeruginosa) plac was mutagenized by a 1-h
treatment with hydroxylamine according to a previously published protocol
(17a). Mutagenized plasmid DNA was then precipitated by using a standard
protocol (68), washed in 70% (vol/vol) ethanol, and resuspended in 20 .l of H,O.
E. coli S17-1 was electroporated with 1 to 3 .l of hydroxylamine hydrochloride-
treated pDN3 and, following addition of 1 ml of LB, was permitted to recover at
37°C with shaking for 1 h in the absence of antibiotic selective agents. Electro-
porated cells (1 ml) were then added to 9 ml of LB containing tetracycline (10
pg/ml) and cultured overnight at 37°C with shaking. Mutagenized pDN3 was
mobilized into the AmexA P. aeruginosa strain K2274 from E. coli S17-1 via
conjugation as described previously (63) with modifications. Briefly, a 1.0-ml
overnight culture of plasmid-containing E. coli S17-1 was mixed with 0.3 ml of an
overnight LB culture of P. aeruginosa K2274 and pelleted in a microcentrifuge
tube. Following resuspension in 150 pl of LB and spotting onto the center of an
LB agar plate, cells were incubated for 4 h at 37°C. Bacterial growth was then
resuspended in 1 ml of LB, and appropriate dilutions were plated on LB plates
containing tetracycline (10 wg/ml) and streptomycin (250 wg/ml) (to counter-
select the donor E. coli S17-1). Transconjugants carrying plasmids with inacti-
vating mutations in mexA were then identified by their inability to complement
the antibiotic resistance defect of the AmexA strain K2274. Initially, these were
identified by their lack of growth on LB agar containing 30 g of carbenicillin per
ml (K2274 producing wild-type MexA from pDN3 grows readily on this concen-
tration of carbenicillin). Subsequent susceptibility testing with additional repre-
sentative MexAB-OprM antimicrobial substrates (e.g., novobiocin and chloram-
phenicol) confirmed the inability of these mutant mexA plasmids to restore
antibiotic resistance to K2274. To confirm that the defect actually resided with
the plasmid-borne mexA genes and was not attributable to spontaneous muta-
tions in K2274, plasmids carrying prospective mutant mexA4 genes were isolated,
reintroduced into K2274, and shown not to complement the multidrug-hyper-
susceptible phenotype of this strain.

Mutagenesis of mexA4 was also carried out by PCR with Tag DNA polymerase
(Qiagen Inc., Mississauga, Ontario, Canada) as per the manufacturer’s instruc-
tions. In this case, 100 ng of pDN3 DNA was amplified at 59°C for 25 cycles with
primers JT-28 (5'-AAGCTTAAGCTTTGAATGTAAGTATTTTGCCTGC-3'
[tandem HindIII sites are underlined]) and JT-27 (5'-GAGCTCGAGCTCGAT
CACCCACGCGAAAATGG-3' [tandem Sacl sites are underlined]), and the
resultant mexA-containing PCR products were digested with HindIIT and Sacl
and cloned into HindIII-Sacl-restricted pRK415. Following the ligation reaction,
though, DNA was dialyzed against water, electroporated into E. coli S17-1,
mobilized into P. aeruginosa K2274, and screened for mutations exactly as de-
scribed above. In some instances site-directed mutagenesis with Pful polymerase
(Stratagene) and a protocol supplied with the enzyme was used to recreate
mutations obtained by using one of the procedures described above.

MexA homodimerization assay. To assess MexA-MexA interaction and the
possible negative impact of mutations in mexA on this, wild-type and mutated
(isolated as described above) mexA genes were individually engineered into the
LexA fusion vector pMS604. This required amplification of the mex4 genes
(exclusive of sequences encoding the signal peptide and the cysteine residue that
is normally acylated in the wild-type protein) from their respective pRK415
derivatives by using primers MexA-Agel-for (5'-CGACCGGTACCGGTAGGA
AAAAGCGAGGCG-3' [tandem Agel sites are underlined]) and MexA-604-rev
(5'-GGCTCGAGCTCGAGTCAGCCCTTGCTGTC-3' [tandem Xhol sites are
underlined]) and the reaction conditions outlined above for construction of a
mexA deletion. Following digestion with Agel and Xhol, the mexA-containing
PCR products were cloned into Agel-Xhol-restricted pMS604 and sequenced, to
confirm that no additional mutations were introduced during PCR. The resultant
pMS604 derivatives encoding fusions of wild-type and mutant MexA to the
DNA-binding domain of LexA were introduced into E. coli SU101, and produc-
tion of MexA-LexA fusion proteins was confirmed by immunoblotting with
MexA antibodies. Plasmid-bearing SU101 was then cultivated overnight in LB
containing chloramphenicol (10 pg/ml), diluted 1:49 into the same medium, and
grown to mid-log phase before being assayed for pB-galactosidase activity as
described previously (49). SU101 carries a lacZ gene under the control of an
operator to which dimeric LexA can bind, and as such, dimerization of the
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LexA-binding domains promoted by, e.g., interaction of the MexA proteins fused
to them leads to repression of lacZ. Loss of or reduction in B-galactosidase
activity is thus a measure of MexA-MexA interaction.

MexA-MexB interaction assay. To demonstrate the in vivo interaction of
MexA and MexB, a plasmid-encoded histidine-tagged MexB was engineered into
P. aeruginosa and copurification of MexA with MexB-His on Ni-nitrilotriacetic
acid (Ni-NTA) agarose (Qiagen) was assessed. In the initial assay, which is based
upon a protocol developed by Thanabalu et al. (77), P. aeruginosa K1119
(AmexAB-oprM) harboring pDN3 (pRK415::mexA) and pDN25 (pMMB206::
mexB-6his) was cultured overnight in LB (50 ml) containing tetracycline (10
pg/ml), chloramphenicol (10 wg/ml), and IPTG (isopropyl-[beta]-p-thiogalacto-
pyranoside) (1 mM) (to induce MexB-His). Cells, which typically produced levels
of both proteins that were similar to that seen in nalB mutants (74), were
harvested, resuspended in 1 ml of 50 mM Na,HPO, (pH 8.0)-0.3 M NaCl (buffer
A) containing 0 to 7 mM concentrations of the cross-linking agent dithiobis(suc-
cinimidylpropionate) (DSP) (Pierce), and incubated for 30 min at 37°C. Follow-
ing quenching of DSP with Tris as described previously (77), cell envelopes were
prepared (73) and solubilized in buffer A with 1% Triton X-100 (buffer B) for 20
min on ice. Soluble membrane fractions containing MexB-His were incubated for
20 min at room temperature in a microcentrifuge tube containing 0.5 ml of
Ni-NTA agarose (Qiagen) equilibrated in buffer B. The Ni-NTA was centrifuged
and, after the supernatant was discarded, washed twice with 10 ml of buffer B
containing 30 mM imidazole. Bound MexB-His was then eluted with 0.5 ml of
buffer B containing 1 M imidazole and 0.25 M Na-EDTA. Following treatment
with dithiothreitol (DTT) (50 mM, 30 min, 37°C) to break cross-links (when cells
were treated with DSP), samples (10 wl) were electrophoresed on sodium do-
decyl sulfate (SDS)-polyacrylamide gels and immunoblotted with antibodies to
MexB (to confirm recovery of MexB-His) and MexA (to assess corecovery of
MexA). Control experiments were run with P. aeruginosa K1119 carrying pDN3
but lacking pDN25 (in which case pMMB206 was substituted) to ensure that any
retention of MexA was MexB-His dependent (i.e., due to MexA binding to
MexB-His) and not due to nonspecific binding to Ni-NTA. In later studies, P.
aeruginosa strain K2275 was used and treatment with DSP was omitted, since
MexA association with MexB-His was observed in this strain without treatment
with this cross-linker. To examine the impact of mex4 mutations on MexA
association with MexB, the experiment described above was carried out with
K2275 harboring pDN25 and pRK415 derivatives expressing the mutant MexA
proteins

Susceptibility testing. The antimicrobial susceptibilities of P. aeruginosa K2278
and K2274 carrying pRK415 and derivatives encoding wild-type and mutant
MexA were assessed by using the twofold serial microtiter broth dilution method
described previously (29) with an inoculum of 5 X 10° cells per ml. MICs were
recorded as the lowest concentration of antibiotic inhibiting visible growth after
an 18-h incubation at 37°C.

Purification of MexA and generation of MexA-specific polyclonal antiserum.
To facilitate purification of MexA for the purpose of raising antibodies to the
protein, the mexA gene was cloned into the His tag expression vector pET21d(+)
(Novogen). The mexA gene was amplified from plasmid pPV6 via PCR with
primers mexalxz (5'-TATAGGATCCGCATCGGCCGCTTTCGCT-C-3' [the
BamHI is site underlined]) and mexa2xz (5'-ATTACTCGAGGCCCTTGCTG
TCGGTTTTC-3' [the Xhol site is underlined]) and reaction conditions de-
scribed previously for amplification and cloning of oprM into pET21d(+) (87).
Following digestion with BamHI and Xhol, the mexA4-containing PCR product
was cloned into BamHI-Xhol-restricted pET21d(+), and the resultant vector,
pXZLO05, was subsequently introduced into E. coli DE21/DE3 harboring the
pLysS vector. Expression of the MexA-His, fusion encoded by pXZL05 and its
subsequent purification was achieved as described previously (87), except that
MexA-His, was solublized from cell envelopes in 20 mM Tris-HCI (pH 8.0)-1%
(vol/vol) Triton X-100 and Triton X-100 (0.1%[vol/vol]) replaced sarcosyl in the
TALON (Clontech) metal affinity column buffers. Antibodies to purified MexA-
His, were subsequently raised in New Zealand White rabbits (Lucy Mutharia,
Department of Microbiology, University of Guelph).

To remove background reactivity seen in immunoblots with the anti-MexA
antiserum, it was adsorbed against whole-cell extracts of E. coli strain DE21/
DE3(pLysS) and P. aeruginosa strain K1119. Briefly, overnight cultures (100 ml)
grown in LB were harvested by centrifugation, washed twice with phosphate-
buffered saline (PBS) (1.7 mM NaH,PO,, 8.1 mM Na,HPO,, 145 mM NaCl),
and resuspended in 25 ml PBS. Cells were disrupted with a French pressure cell
(two passages) following addition of RNase, DNase, and lysozyme as described
previously (20a), and SDS was added to a final concentration of 0.4% (wt/vol).
Following a 1-h incubation at 60°C and centrifugation to remove insoluble
material, the resultant cell extracts were diluted 1:2 in PBS and 15-ml aliquots
were incubated on individual nitrocellulose disks (6-cm diameter; Bio-Rad) for
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FIG. 1. Western immunoblot of whole-cell extracts of P. aeruginosa
K2274 (A) and E. coli SU101 (B), demonstrating expression of wild-
type and mutant MexA proteins from mexA genes cloned onto pRK415
(A) and pMS604 (B). Lane 1, wild-type MexA; lane 2, vector control;
lane 3, MexApgss; lane 4, MexAgq,g; lane 5, MexAp o1 lane 6,
MexA, ., s 1ane7, MexAq,sep; lane 8, MexAvyasp; 1ane9, MexAya7os;
lane 10, MexAp,70vy; lane 11, MexAy,gen; lane 12, MexAg,o7p; lane
13, MexA| o,p; lane 14, MexA, |,op. See Table 1 for designations of the
pMS604 and pRK415 derivatives carrying the indicated wild-type and
mutant mexA genes.

3 h at 37°C. The nitrocellulose disks were washed three times in 10 ml of PBS
containing 0.05% Tween 20 (10 min each) and subsequently incubated in PBS
containing 3% (wt/vol) skim milk powder for 1 h at 37°C. After the disks were
again washed three times with PBS, the anti-MexA polyclonal antiserum (10 ml)
was incubated sequentially on three each of the E. coli and P. aeruginosa disks for
1 h at 37°C to produce the adsorbed, MexA-specific antiserum.

SDS-polyacrylamide gel electrophoresis and immunoblotting. The protocols
for SDS-polyacrylamide gel electrophoresis and Western immunoblotting have
been described previously (73). The preparation of antibodies used to detect
MexB (73) and OprM (87) have also already been described. To confirm expres-
sion of wild-type and mutant MexA in P. aeruginosa strain K2274 and of wild-
type and mutant MexA-LexA fusions in E. coli strain SU101, immunoblotting
with anti-MexA antiserum was carried out on whole-cell extracts prepared from
overnight LB cultures as described previously (67).

RESULTS

Isolation of MexA mutants compromised for antibiotic re-
sistance. To identify residues of MexA that are important for
function, >5,000 colonies of a AmexA derivative of PAO1
(strain K2274) harboring hydroxylamine-mutated, plasmid-
borne mexA were screened for increased susceptibility to rep-
resentative MexAB-OprM antimicrobial substrates (carbeni-
cillin, chloramphenicol, and novobiocin). While the wild-type
mexA gene (on pDN3) enhanced resistance of K2274 to all
three antibiotics (MIC of carbenicillin, 128 wg/ml; MIC of
chloramphenicol, 64 pg/ml; and MIC of novobiocin, 512 pg/
ml), several dozen colonies carrying mutated pDN3 exhibited
susceptibility characteristic of K2274 lacking a mexA gene
(MIC of carbenicillin, 2 pg/ml; MIC of chloramphenicol, 8
pg/ml; and MIC of novobiocin, 16 wg/ml). Of these, 12 pro-
duced wild-type levels of MexA protein (Fig. 1A and data not
shown). Subsequent nucleotide sequencing confirmed single
mutations in the mexA4 genes of 10 colonies (Table 1, plasmids
pDN4 to -10, -12, -26, and -27) and double mutations in 2
others (Table 1, pDN28 and -29). When the S251P and N270S
mutations of pDN28 were individually engineered into mexA,
only the latter (on plasmid pDN11 [Table 1]) compromised
MexA-dependent antibiotic resistance (MICs of carbenicillin,
chloramphenicol, and novobiocin were the same as those for
K2274 without mexA), although a MexA product was not vis-
ible in immunoblots (Fig. 1A, lane 9). Similarly, only the
G297D mutation of pDN29 (engineered to produce pDN12)
fully compromised MexA-dependent antibiotic resistance, and
it too failed to produce detectable MexA (Fig. 1A, lane 12).
These 12 inactivating mutations clustered in two regions of
MexA, one in the N-terminal portion of this 383-amino-acid
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FIG. 2. Western immunoblot demonstrating in vivo cross-linking of
MexA to MexB-Hisg P. aeruginosa strain K2275 carrying plasmids
pDN3 (pRK415::mexA) and pDN25 (pMMB206::mexB-6his) was
treated with 0 (A), 1 (B), or 4 (C) mM DSP, and Triton X-100-soluble
extracts of cell envelope preparations were incubated with Ni-NTA.
Triton X-100-soluble cell envelope extracts (1 pl) (lane 1), wash frac-
tions from Ni-NTA (10 wl) (lane 2), and elution fractions from Ni-
NTA (10 pl) (lane 3) were immunoblotted and developed with anti-
bodies to MexA (top panels) and MexB (bottom panels). Note that
treatment of elution fractions with DTT (to break cross-links) and
subsequent heating prior to electrophoresis and immunoblotting per-
mitted visualization of monomeric MexA and MexB-His only.

protein between residues P68 and V129 and the second in the
C terminus between residues T256 and G297, identifying, per-
haps, two distinct functional domains in this protein.

In vivo interaction of MexA with MexB. Although prelimi-
nary cross-linking studies suggested that MexA and MexB in-
teract in vivo, the results were not unequivocal (79). To better
assess this interaction, then, a AmexAB-oprM strain (K1119)
carrying plasmids encoding wild-type MexA (pDN3) and a
wild-type but hexahistidine-tagged MexB (pDN25) was treated
with a cross-linking agent (DSP) and MexB-His was subse-
quently recovered on Ni-NTA, with copurification of MexA
used as an indication of in vivo MexA-MexB association. As
seen in Fig. 2A (top panel, lane 3), very little MexA was bound
to and eluted from the Ni-NTA when cells were not previously
treated with DSP, although MexA levels recovered from Ni-
NTA increased markedly following DSP treatment (Fig. 2B
and C, top panels, lanes 3). Indeed, the amount of MexA
bound to and eluted from Ni-NTA increased with increasing
DSP concentration (compare lanes 3 [top panel] of Fig. 2C and
B) despite there being no significant change in the amount of
MexB-His recovered from Ni-NTA at the different DSP con-
centrations (Fig. 2B and C, bottom panels, lanes 3). As ex-
pected, too, the amounts of MexA and MexB-His present in
K1119 harboring pDN3 and pDN25 were not influenced by
DSP treatment (Fig. 2, lanes 1). Thus, increased recovery of
MexA from Ni-NTA in the presence of increasing DSP is best
explained by increased stabilization of existing MexA-MexB
complexes by DSP in vivo. To confirm that the recovery of
MexA from Ni-NTA following DSP treatment was, in fact, due
to association of MexA with MexB-His, attempts were made to
show that such recovery was MexB-His dependent. To this end,
K1119 expressing MexA with and without MexB-His was
treated with DSP, cell extracts were incubated with Ni-NTA,
and recovery of MexA on the Ni-NTA was assessed. As seen in
Fig. 3, while substantial levels of MexA were recovered from
the Ni-NTA when extracts from DSP-treated K1119 expressing
both MexA and MexB-His were applied to the Ni-NTA (Fig.
3A, lane 2), almost undetectable levels of the protein were
bound to and eluted from Ni-NTA when extracts were from
K1119 expressing only MexA (Fig. 3A, lane 4). These differ-
ences were not attributable to, e.g., more MexA being pro-
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FIG. 3. Western immunoblot demonstrating MexB-His-dependent
recovery of MexA on Ni-NTA. P. aeruginosa strain K2275 carrying
plasmid pDN3 (pRK415::mexA) and either pDN25 (pMMB206::
mexB-6his) (lanes 1 and 2) or pMMB206 (lanes 3 and 4) was treated
with 4 mM DSP, and Triton X-100-soluble extracts of a cell envelope
preparation were incubated with Ni-NTA. Triton X-100-soluble cell
envelope extracts (1 wl) applied to Ni-NTA (lanes 1 and 3) and DTT-
treated elution fractions (10 wl) recovered from Ni-NTA (lanes 3 and

4) were immunoblotted and developed with antibodies to MexA
(A) and MexB (B).

duced by K1119 harboring pDN3 alone (Fig. 3A, lane 3) versus
both pDN3 and pDN25 (Fig. 3A, lane 1), and they clearly
confirm that MexA recovery from Ni-NTA requires MexB-His
and thus represents a specific in vivo interaction between
MexA and MexB.

Mutations in MexA compromising MexA-MexB association.
To assess which if any of the above-described MexA mutations
interfered with in vivo MexA association with MexB, DSP-
mediated cross-linking of MexB-His with the various mutant
MexA proteins expressed in K1119 and their subsequent re-
covery on Ni-NTA were assessed. Somewhat surprisingly, all
mutant MexA proteins examined could be cross-linked to
MexB-His and thus could be recovered on Ni-NTA (data not
shown). Still, mutations that compromised a productive or
functional interaction between MexA and MexB might none-
theless permit a sufficiently close association such that cross-
linking could stabilize an otherwise weak interaction with
MexB and provide for recovery of the mutant MexA proteins
with MexB-His on Ni-NTA. Unfortunately, while demonstra-
tion of a MexA-MexB-His interaction without the use of a
cross-linking agent would certainly be a better indication of
their in vivo association, such an interaction was generally not
measurable in strain K1119 in the absence of DSP (Fig. 2A,
upper panel, lane 3). (The limited recovery of MexA with
MexB-His on Ni-NTA in this instance was comparable to the
background level of MexA recovered on Ni-NTA in the ab-
sence of MexB-His [Fig. 3A, lane 4] and as such is not indic-
ative of any MexA-MexB association.) When these studies
were carried out with an OprM-producing strain (e.g., K2275),
however, pDN3-encoded wild-type MexA was readily recov-
ered from Ni-NTA in the absence of prior cross-linking with
DSP but only when MexB-His was also expressed (Fig. 4A lane
2, wild type [c.f. lane 4]). This MexB-His-dependent recovery
of MexA from Ni-NTA in the absence of prior cross-linking
thus provided a cross-linker-free measure of in vivo MexA-
MexB association. When extracts from K2275 expressing
MexB-His and the various mutant MexA proteins (Fig. 4, lanes
1) were then applied to Ni-NTA, only one mutant MexA pro-
tein (G72S) showed evidence of MexB-His association (Fig.
4A, G728, lane 2). Thus, the bulk of inactivating mutations in
MexA compromised, to some extent at least, MexB association
in vivo.
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FIG. 4. Western immunoblot assessing in vivo binding of wild-type
(WT) and mutant MexA proteins to MexB-His,. Cell envelopes of P.
aeruginosa strain K2275 carrying plasmid pDN25 (pMMB206:: mexB-
6his) (lanes 1 and 2) or pMMB206 (lanes 3 and 4) and pRK415
derivatives expressing the indicated MexA proteins were extracted
with Triton X-100 and applied to Ni-NTA. Triton X-100-soluble cell
envelope extracts (1 pl) applied to Ni-NTA (lanes 1 and 3) and DTT-
treated elution fractions (10 wl) recovered from Ni-NTA (lanes 2 and
4) were immunoblotted and developed with antibodies to MexA
(A) and MexB (B). See Table 1 for designations of the pRK415
derivatives expressing the indicated MexA proteins.

A108T P68S

Mutations in MexA compromising MexA-MexA interaction.
Previous studies with MFPs in other organisms indicate that
these proteins are oligomeric (7, 77, 85), and, indeed, a pre-
liminary cross-linking study suggested that MexA forms mul-
timers (79). To confirm a MexA-MexA interaction and subse-
quently assess the impact of the above-described MexA
mutations on such self-association, the mexA4 genes were fused
in frame to coding sequences for the DNA-binding domain of
LexA on pMS604, and repression of a chromosomal lacZ gene
under the control of a LexA operator (i.e., sul4) was assessed
in E. coli SU101. LexA binding to sul4 and subsequent repres-
sion of lacZ in SU101 requires prior dimerization of the LexA-
binding domains encoded by pMS604, necessitating interaction
of the MexA sequences fused to the LexA DNA-binding do-
mains. Thus, any reduction of B-galactosidase activity pro-
duced by SU101 carrying pMS604::mexA relative to a plasmid
without an insert provides a measure of MexA-MexA interac-
tion in vivo. The observation, then, that SU101 expressing a
fusion of wild-type MexA and LexA (from pMS604 derivative
pDNI14 [Fig. 1B, lane 1]) produced sevenfold less B-galactosi-
dase activity than the same strain carrying pMS604 (Table 2)
clearly confirms a MexA-MexA interaction and indicates that
MexA is multimeric (at least dimeric) in vivo. When the mu-
tant mexA genes were subsequently cloned into pMS604, all
but the MexA, ¢,p-LexA (Fig. 1B, lane 13) and MexA, ;;¢p-
LexA (Fig. 1B, lane 14) fusion proteins were detectable in
SU101 (Fig. 1B) and could thus be assessed for MexA-MexA
interaction. Interestingly, both of the previously unstable (in P.
aeruginosa [Fig. 1A, lanes 9 and 12]) MexAn,701 and MexAGoo7n
mutant proteins produced stable fusions with LexA (Fig. 1B,
lanes 9 and 12) and so could also be examined for an impact on
MexA-MexA interaction. Of the four mutations at the N ter-
minus whose impact on MexA-MexA interaction could be ex-
amined in this assay, two had a negative impact (G72S and
V129M) (Table 2). Interestingly, four of six C-terminal muta-
tions that compromised MexA function did not affect the
MexA-MexA interaction (only the T2561 and G297D muta-
tions did). Intriguingly, the pDNI18-encoded MexAy 1,00
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TABLE 2. Influence of MexA mutations on
MexA-MexA interaction®

B-Galactosidase

Plasmid MexA mutation activity” (Miller
units)
pMS604 3869
pDN14 Wild type 56 =4
pDN15 P6SS 21+3
pDN16 G728 247 £ 8
pDN17 A108T 64 +6
pDN18 V129M 919 = 40
pDN19 T2561 253 £20
pDN20 V264E 61
pDN21 N270S 8§+ 1
pDN22 H279Y 64 =27
pDN23 V286A 7+6
pDN24 G297D 206 =23

¢ E. coli SU101 carrying the indicated pMS604 plasmid derivatives expressing
LexA fusions to wild-type or mutant MexA was grown to late log phase and
assayed for B-galactosidase activity as described in Materials and Methods.
Boldface indicates that MexA-MexA interaction is compromised.

® Results are the means = standard deviations from two or three independent
experiments carried out in triplicate.

yielded PB-galactosidase activity that was almost threefold
higher than that of the negative control pMS604 lacking a
mexA insert. Whether this reflects some ability of the pMS604-
encoded LexA sequences to self-associate and this is fully
disrupted in the mexA (V129M) construct is unclear.
Conservation in other MFP components of residues whose
mutation in MexA compromises function. To determine if
MexA residues shown here to be of functional significance
were conserved in other MFPs and thus were of general func-
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tional importance for this family of proteins, MexA was aligned
with the MFPs of several organisms, including MFPs that func-
tion in drug efflux and protein export (Table 3). Intriguingly,
the N-terminal residues of MexA whose mutation compro-
mised function were all highly conserved, although P68 could
be replaced with other turn-promoting residues (e.g., alanine)
and V129 was often replaced with another branched hydro-
phobic residue (e.g., isoleucine). In contrast, of the C-terminal
residues whose mutation compromised MexA function, only
T256 was highly conserved, with V264, N270, H279, and V286
not conserved at all and G297 only weakly conserved (although
a small residue appeared to predominate at this position in
most MFPs). The conservation of functionally significant res-
idues in the N terminus and the lack of this in the C terminus
tends to reflect a generally greater degree of amino acid se-
quence homology within the N terminus of the MFP family
than in the C terminus (e.g., in Fig. 5, 26 of 35 absolutely
conserved residues in the three MFPs shown occur in the first
half of the mature proteins).

DISCUSSION

Mutations that completely inactivate MexA in regard to its
contribution to MexAB-OprM-mediated multidrug resistance
in P. aeruginosa mapped to two very distinct regions of the
protein. While this implies, perhaps, the existence of only two
major functional domains in this MFP, our selection requires
production of wild-type levels of mutant MexA protein, and
should mutations in other functionally important domains also
compromise protein stability, these would, of course, be ex-
cluded from our “screen.” Nonetheless, we have identified two

TABLE 3. Conservation in MFP components of multidrug and protein exporters of amino acid residues whose mutation in MexA
compromises drug resistance”

Corresponding residue in“:

Mutated

residuc in COG0S64 HlyD COG1566
MexA MexC MexE MexX MexJ] MexH MexV AcrA MtrC AdeA AmeA CeoA TtgA SmeD AmrA CmeA (AcrA)  family (EmrA)
P68 A P A F A A P A P P P P P A P A P P
G72 G G G G G G G G G G G G G G G G G G
L91 L L L L L L L L L L L L L L L L L L
A108 G A G A A A G A A A A A A A A A A A
L110 L L L A% L L L L L A% L L A H F L L L
V129 \Y 1 I \Y A 1 I I I A I \Y \Y \Y I A I \Y
T256 T T T S S T T T T T A T T T S T L —
V264 K \Y L A L A 1 A E L R L K L \Y E \Y —
N270 G G R T G G H N R D R H G R S G A —
H279 R R Q R N N R R R R A H R R T E L —
V286 1 K \' E A G L A S — R L K L \' D G —
G297 A A L A A A G A A A A E G G A G A —

“ Amino acid sequences of the listed MFP components were aligned with MexA by using ClustalW (http://www.ebi.ac.uk/clustalw/) (78), and residues of these MFPs
that aligned with MexA residues whose mutation in this study was shown to compromise drug resistance were identified.
? Original MexA amino acid residue whose mutation in this study compromised drug resistance. See Table 1 for a description of the mutations.

¢ Corresponding amino acid residue in the MFP components of multidrug transporters from P. aeruginosa (MexC [accession number AAB41956], MexE [T30829],
MexX [also called PA2019; see Pseudomonas genome project at http://www.pseudomonas.com], MexJ [also called PA3677] [CAA67864], MexH [also called PA4206]
[C83120], MexV [also called PA4374] [D83099]), E. coli (AcrA [P31223]), Neisseria gonorrhoeae (MtrC [AAA80193]), Acinetobacter baumannii (AdeA [AAL14439]),
Agrobacterium tumefaciens (AmeA [AAG09745)), Burkholderia cepacia (CeoA [T43023]), Pseudomonas putida (TtgA [AAD39553]), Stenotrophomonas maltophilia
(SmeD [CAC14594]), Burkholderia pseudomallei (AmrA [AAC27753]), and Campylobacter jejuni (CmeA [AAL74244]). In identifying corresponding residues in
members of COG0845 and COG1566 (http://www.ncbi.nlm.nih.gov/COG/), the consensus sequences of these two groups of AcrA-like (COGO0845; http://www.ncbi
.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=COG0845&version=) and EmrA-like (COG1566; http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=COG1566
&version=) MFP components were used in the alignment. Similarly, the consensus sequence of the HlyD family (pfam00529; http://www.ncbi.nlm.nih.gov/Structure
/edd/cddsrv.cgi?uid=pfam00529&version=v1.63) was aligned with MexA in identifying corresponding residues in this group of proteins. Aligned residues that are
conserved in MexA are indicated in boldface.

@ a Blast search identified conserved domains in the N-terminal portion only of the EmrA group (COG1566) and MexA, and thus only this portion was aligned
with MexA by the program.
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FIG. 5. Multiple alignment of MFPs. The MexA, AcrA, and HlyD (accession number AAA23977) proteins were aligned on-line by using
ClustalW (http://www.ebi.ac.uk/clustalw/) (78). Residues in MexA whose mutation in this study compromised MexA function are indicated in
lowercase, and the impact of the mutation on MexA-MexA interaction is indicated above the residue (D, dimerization deficient; D, dimerization
proficient; D?, dimerization could not be assessed because the mutant protein was not expressed in the E. coli SU101 strain used to assess MexA
dimerization). Regions of MexA predicted to form a-helices (overlined) were identified by using programs available on-line from the JPred server
(http://www.compbio.dundee.ac.uk/~www-jpred/) (9), and two of these (shown in italics) were predicted by Johnson and Church (30) to form
coiled-coil structures. The N-terminal region of HlyD implicated in promoting an interaction of HlyD with the OMF TolC (69) is indicated in italics. The
C-terminal region of AcrA predicted to be involved in the interaction of this MFP with its cognate RND component, AcrB (16), is also indicated in italics.

regions of functional importance in MexA, one in a highly
conserved region of the protein (N terminus) and one within a
poorly conserved region (C terminus). The bulk of the inacti-
vating mutations within the N-terminal half of MexA occur

within or immediately preceding a possible interrupted coiled-
coil/helix structure (Fig. 5) proposed to form an antiparallel
coiled coil or “helical hairpin” (30). Interestingly, two of the
more destabilizing mutations (L91P and L110P, which fail to
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yield a hybrid MexA-LexA fusion protein) introduce a classical
helix breaker into or very near the proposed helical hairpin
structure and would be expected to have a large impact on its
structure (and thus on its function and, possibly, stability).

The possible presence of a coiled-coil/helical hairpin region
in MexA (and, indeed, the corresponding regions of all MFPs
[30]) could provide for, in this instance, MexA-MexA interac-
tion and thus the expected multimerization of the protein.
Indeed, the results presented here confirm the multimeric na-
ture of MexA, and the multimeric nature of many other MFPs
(e.g., AcrA [multidrug efflux] [85], HlyD [hemolysin export]
[77], and EmrA [multidrug efflux] [7]) has similarly been con-
firmed, with many of these apparently forming trimers (77, 85).
The conserved nature of the N termini of MFPs in general and,
more specifically, of residues whose mutation in MexA com-
promises function is certainly consistent with these playing a
role in a shared function such as MFP multimerization. Cer-
tainly, some mutations in this region interfere with MexA-
MexA interaction, indicating that multimerization is necessary
for activity and that this region contributes to multimerization.
Still, mutations in the C-terminal half of the protein also com-
promise MexA-MexA interaction, and so it is not entirely pos-
sible to rule out a contribution from this part of the protein as
well. Also, while the C terminus is, in general, poorly conserved
in the MFP family, as are residues whose mutation inactivates
MexA (which is inconsistent with these being involved in MFP
multimerization, should MFPs use a shared mechanism for
multimerization), the only C-terminal mutations that compro-
mise MexA-MexA interaction occur either at residues that are
very well conserved (T256) or at residues whose size is well
conserved (G297 [G or A predominates at this position in most
MFPs]). Whether these might represent a second domain for
MexA-MexA interaction (i.e., separate N- and C-terminal do-
mains associate to form multimeric MexA) or whether these
are in close apposition in the three-dimensional structure and
thus contribute to a single multimerization domain is unclear.
If, however, the N terminus of MexA interacts with OprM and
the C terminus interacts with MexB (see below), the latter
possibility is unlikely. Attempts to address this directly by as-
sessing the ability of the MexA N-terminal region alone to
promote MexA-MexA association (using the LexA fusion sys-
tem described above) were unsuccessful owing to a failure to
obtain a stable MexA-LexA fusion protein.

Intriguingly, the helical hairpin implicated above in MexA/
MFP multimerization also corresponds to a region of the HlyD
MFP component of hemolysin export that may promote an
association with its cognate OMF component, TolC (69).
There is, in fact, compelling genetic evidence in favor of MFP-
OMF association in vivo (2, 6, 36, 69), and binding of the CvaA
(25) and HlyD (77) MFPs to the OMF components of the
CvaAB-TolC colicin V and HlyBD-TolC hemolysin exporters,
respectively, has been demonstrated. The fact that two N-
terminal mutations (P68S and A108T) that inactivate MexA do
not affect MexA-MexA interaction might be explained by their
having a negative impact on MexA-OprM binding. Consistent
with this, one of these mutations (A108T) maps to a region of
MexA that corresponds to the proposed OMF (i.e., TolC)-
binding domain of HlyD, while the second (P68S) occurs just
upstream of this sequence (Fig. 5). Whether the N-terminal
regions of MFPs play a dual role in multimerization and OMF
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binding remains to be seen, although given the conservation of
functional residues in this region of the protein, this would
suggest a conserved approach to both multimerization and
OMF binding. In this vein, it is worth noting that pumps of the
RND-MFP-OMF type show considerable flexibility in regard
to the OMF component that can be used in assembling a
functional tripartite efflux system. Studies of artificially created
hybrid multidrug efflux systems in P. aeruginosa have con-
firmed, for example, that OprM can replace the OprJ (19, 74)
and OprN (46) OMF components of the MexCD-OprJ and
MexEF-OprN efflux systems, respectively. Similarly, OprJ can
replace the OprM component of MexAB-OprM (74), and the
E. coli OMF TolC can replace OprtJ (73). In addition, at least
two OMFs, the aforementioned OprM and TolC, function
naturally as the OMF components of several multidrug efflux
systems in P. aeruginosa (MexXY-OprM [1, 50], MexJK-OprM
[8], and MexVW-OprM [44]) and E. coli (MdtABC-TolC [54],
YhiUV-TolC [56], AcrAD-TolC [24], and AcrEF-TolC [33]).
This general, though not absolute, lack of specificity in regard
to OMF recruitment by RND-MFP pairs would be consistent
with the presence of conserved sequences in the OMF-binding
regions of MFPs, with these proteins thus employing a com-
mon strategy for promoting OMF binding.

Whether or not N-terminal regions of MFPs such as MexA
play a role in multimerization and/or OMF recruitment, clearly
the bulk of N-terminal mutations that inactivate MexA have a
negative impact on MexB association, and this itself would
likely be sufficient to compromise activity. Still, in light of
information implicating a C-terminal domains(s) in MFP bind-
ing to their cognate IM export components and, apparently,
determining the specificity of this interaction (16), it seems
unlikely that the N terminus of MexA plays a specific role in
MexB binding. More likely, proper assembly of the MexA
multimer, perhaps aided by OprM, is needed to promote a
functional association with MexB, and mutations affecting
these processes may indirectly interfere with MexA binding to
MexB. Still, in at least one, as yet unexplained, instance, a
mutation that compromises MexA-MexA association (G72S)
does not impede MexB binding.

Genetic (2, 6, 36, 69) and cross-linking (25, 77, 85; this
report) studies confirm an interaction between MFPs and their
cognate IM efflux-export components, with studies of HlyD
(69) and AcrA (16) indicating that C-terminal regions of these
proteins are responsible for this binding. Intriguingly, the bulk
of C-terminal mutations that inactivate MexA occur within or
very near a region of MexA that corresponds to the AcrB-
binding domain of AcrA (Fig. 5). It is tempting to speculate,
then, that these residues contribute to a MexB-binding domain
of MexA. Certainly, the fact that most of these mutations (e.g.,
V264, N270, H279, and V286 [Fig. 5]) do not impede MexA
multimerization but do block MexA binding to MexB is con-
sistent with this. It is also noteworthy that none of these four
residues is conserved in the MFP family, suggesting that they
play a specific role in promoting MexA binding to MexB.
Indeed, the observation that MFPs tend to show a preference
for their cognate IM efflux components (16, 53, 82) (with AcrA
being a noted exception [16]) would be consistent with a gen-
eral lack of sequence similarity within the proposed C-terminal
binding domain for the IM counterparts. Interestingly, the only
C-terminal MexA-inactivating mutations that are conserved
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(T256, which is highly conserved, and G297, whose small size is
conserved throughout the MFP family) are also unique in their
disruption of MexA multimerization. While these may play a
role in, e.g., MexA-MexA association at the C terminus (see
above), they may also contribute to MexB binding, possibly by
maintaining the actual binding/specificity domain in a confor-
mation that is compatible with MexB association. In any case,
the observation that mutation of the G297-equivalent residue
in the MFP CvaA (G313) also yields an unstable and inactive
protein (24) highlights the probable functional significance of
this residue in other MFPs.
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