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The integral inner membrane resistance-nodulation-division (RND) components of three-component RND-
membrane fusion protein-outer membrane factor multidrug efflux systems define the substrate selectivity of
these efflux systems. To gain a better understanding of what regions of these proteins are important for
substrate recognition, a plasmid-borne mexB gene encoding the RND component of the MexAB-OprM multi-
drug efflux system of Pseudomonas aeruginosa was mutagenized in vitro by using hydroxylamine and mutations
compromising the MexB contribution to antibiotic resistance identified in a AmexB strain. Of 100 mutants that
expressed wild-type levels of MexB and showed increased susceptibility to one or more of carbenicillin,
chloramphenicol, nalidixic acid, and novobiocin, the mexB genes of a representative 46 were sequenced, and 19
unique single mutations were identified. While the majority of mutations occurred within the large periplasmic
loops between transmembrane segment 1 (TMS-1) and TMS-2 and between TMS-7 and TMS-8 of MexB,
mutations were seen in the TMSs and in other periplasmic as well as cytoplasmic loops. By threading the MexB
amino acid sequence through the crystal structure of the homologous RND transporter from Escherichia coli,
AcrB, a three-dimensional model of a MexB trimer was obtained and the mutations were mapped to it.
Unexpectedly, most mutations mapped to regions of MexB predicted to be involved in trimerization or
interaction with MexA rather than to regions expected to contribute to substrate recognition. Intragenic
second-site suppressor mutations that restored the activity of the G220S mutant version of MexB, which was
compromised for resistance to all tested MexAB-OprM antimicrobial substrates, were recovered and mapped
to the apparently distal portion of MexB that is implicated in OprM interaction. As the G220S mutation likely
impacted trimerization, it appears that either proper assembly of the MexB trimer is necessary for OprM
interaction or OprM association with an unstable MexB trimer might stabilize it, thereby restoring activity.

Bacterial antimicrobial resistance is attributable in part to
the activity of antimicrobial efflux transporters, which are
grouped into five families based primarily upon amino acid
sequence homology: the ATP-binding cassette (ABC) family,
the major facilitator (MF) family, the small multidrug resis-
tance family, the multidrug and toxic compound extrusion fam-
ily, and the resistance-nodulation-division (RND) family (43,
44, 51). Despite structural differences, multidrug efflux pumps
have in common the ability to accommodate and expel from
the bacterial cell a wide variety of structurally unrelated anti-
microbial compounds. RND family efflux systems, in particu-
lar, play an important role in the export of and resistance to
clinically significant antimicrobials (43).

In Pseudomonas aeruginosa, an opportunistic human patho-
gen whose innate resistance to antimicrobials has long compli-
cated antipseudomonal chemotherapy, RND-type multidrug
efflux systems contribute significantly to intrinsic, as well as
acquired, resistance (42, 48). To date, seven RND multidrug
efflux systems have been characterized in P. aeruginosa, includ-
ing MexAB-OprM (14, 27, 46, 47), MexCD-Opt] (45), MexEF-
OprN (24), MexXY-OprM (2, 36, 63), MexJK-OprM (4), and,
most recently, MexHI-OpmD (1, 56) and MexVW-OprM (31).
The major system contributing to intrinsic multidrug resistance
is encoded by the mexAB-oprM operon, which is also hyperex-
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pressed in so-called nalB-type multidrug-resistant mutants (18,
19, 23, 33, 34, 41, 49, 52, 68). These mutants carry mutations in
the mexR gene (19, 49, 53, 60, 68), which encodes a repressor
of mexAB-oprM (60). MexAB-OprM accommodates a broad
range of structurally diverse antimicrobials, including dyes and
detergents (26, 59, 61), organic solvents (28, 30), disinfectants
(55), and a number of clinically relevant antibiotics (5, 23, 29,
35, 59). This efflux system is also implicated in the export of
homoserine lactones involved in quorum sensing (11, 40) and
may export virulence factors (17).

RND transporters such as MexB, an inner membrane-span-
ning drug-H™" antiporter, function in association with accessory
proteins that include a channel-forming outer membrane fac-
tor (OMF) (e.g., OprM) and a periplasmic membrane fusion
protein (MFP) (e.g., MexA); the latter is believed to facilitate
association of the RND and OMF components during efflux
(51, 66, 67). Together, these proteins form a tripartite efflux
system that is responsible for the transport of substrates from
the periplasm and/or cytoplasm of P. aeruginosa to the external
environment in a single step. MexB, like other RND family
multidrug efflux transporters, consists of 12 transmembrane
segments (TMSs) with extensive periplasmic loops between
TMS-1 and -2 and between TMS-7 and -8, with both termini
residing on the cytoplasmic side of the inner membrane (15).
Three charged amino acids (D407 and D408 of TMS-4 and
K939 of TMS-10) have been identified by site-directed mu-
tagenesis as essential for MexB pump function, possibly par-
ticipating in proton translocation or energy coupling (16).

The RND components of tripartite RND-MFP-OMF mul-
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tidrug efflux systems (e.g., MexB) are known to determine
substrate specificity (39), but until recently, the regions in-
volved in substrate recognition had not been identified. Con-
struction and characterization of AcrB-MexB (62) and AcrB-
AcrD (10) chimeric RND transporters from Escherichia coli
and P. aeruginosa recently confirmed that the extensive peri-
plasmic loops in RND transporters determine substrate selec-
tivity. In agreement with this, mutant studies confirmed the
importance of specific amino acid residues within the large
periplasmic loops (LPLs) of the P. aeruginosa RND transport-
er MexD in substrate selectivity (32). Eda et al. (9) also dem-
onstrated that both the N- and C-terminal halves of MexB are
required for efflux of its antibiotic substrates, implying that
both LPLs are essential for transporter activity.

Little is known, however, about the nature and number of
substrate-binding sites in RND-type multidrug transporters or
the identity of residues involved in substrate selectivity, al-
though substrate recognition by other families of multidrug
transporters has been examined in some detail. Mutations dif-
ferentially impacting the substrate profile of Bmr, an MF fam-
ily multidrug transporter from Bacillus subtilis, for example,
were identified by a random mutagenesis approach, and the
existence of multiple substrate-binding sites was postulated
(22). Additional studies support the occurrence of multiple
substrate-binding sites in MF family multidrug efflux transport-
ers in E. coli (MdfA) (25), Lactococcus lactis (LmrP) (50), and
Staphylococcus aureus (QacA) (37) and in human ABC multi-
drug transporter P-glycoprotein (6, 13). Crystal structures of
multidrug-binding regulators of multidrug efflux systems (e.g.,
the QacR regulator of gacA gene expression [54a]) reveal
a large generalized binding “site” with different residues in-
volved in binding different substrates. Still, it is unclear wheth-
er multidrug efflux systems themselves use a similar strategy. In
this study, we used chemical mutagenesis to identify random
mutations in MexB that do not alter protein production but
compromise resistance to one or more antimicrobial substrates
of MexAB-OprM, in hopes of identifying residues important
for individual substrate recognition.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are described in Table 1. P. aeruginosa K1589 was
constructed by introduction of in-frame mexR (60) and mexB (17) deletions into
strain K870 as described previously. Elimination of the chromosomal mexB gene
was necessary to permit screening of mutated plasmid-borne mexB genes for
changes impacting substrate selectivity (see below), while elimination of mexR
served to ensure high-level expression of the chromosomally encoded MexA and
OprM components. Together with the high-level expression of the plasmid-
encoded MexB (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 muta-
tions in mexB. E. coli and P. aeruginosa were routinely cultured in Luria-Bertani
(LB) broth (15.5 g of Miller’s Luria broth base [Difco] and 2 g of NaCl per liter
of H,0) at 37°C with shaking (180 rpm), except during growth of the conjugation
recipient strains (42°C without shaking) and during incubation of organic solvent
susceptibility testing plates (30°C). Strains carrying pRSP35, pJKM14, and their
derivatives were cultured in the presence of tetracycline (10 pg/ml).

Plasmid protocols. Electrocompetent E. coli DH5a and S17-1 cells were pre-
pared as described by Dower et al. (7). Electroporation of plasmids pRSP35,
pJKM14, and their derivatives into 100 wl of electrocompetent E. coli was
performed with the ECM399 electroporator (BTX, Holliston, Mass.) at 2,500 V
for 5 ms. Plasmid DNA used for nucleotide sequencing was isolated from E. coli
hosts by using plasmid midikits (Qiagen Inc., Mississauga, Ontario, Canada)

MexB MUTATIONS AND SUBSTRATE SELECTIVITY 1259

TABLE 1. Bacterial strains and plasmids

Strain or Description” Source or
plasmid ) reference
Strains
E. coli
DHS5a endA hsdR17 supE44 thi-1 recAI gyrA 3
relAl A(lacZYA-argF)UI169 deoR
[&80 dlacA(lacZ)M15]
S17-1 thi pro hsdR recA Tra* 57
P. aeruginosa
K767 PAO1 wild type 33
K870 Str" derivative of K767 49
K1589 K870 AmexR AmexB 17
Plasmids
pRK415 Broad-host-range cloning vector; plac 21
MCS, Tet"
pAK1900 E. coli-P. aeruginosa shuttle cloning A. Kropinski,
vector; Ap" Car” Queen’s Uni-
versity
pPVo pAK1900::mexAB; mexAB in opposite 46
orientation to plac
pRSP19 pRK415::mexAB; mexAB in same 58
orientation as plac
pRSP35 pRK415::mexB; mexB in same 59
orientation as plac
pJKM1 pRK415::mexB* (T60I) This study
pJKM2 pRK415::mexB* (S183L) This study
pJKM3 pRK415::mexB* (M395I) This study
pJKM4 pRK415::mexB* (A618T) This study
pJKMS pRK415::mexB* (R716H) This study
pJKM6 pRK415::mexB* (S450L) This study
pJKM7 pRK415::mexB* (E946K) This study
pJKMS pRK415::mexB* (C966Y) This study
pJKM9 pRK415::mexB* (G51D) This study
pJKM10 pRK415::mexB* (G754D) This study
pJKM11 pRK415::mexB* (S977F) This study
pJKM12 pRK415::mexB* (S462F) This study
pJKM13 pRK415::mexB* (V928M) This study
pJKM14 pRK415::mexB* (G220S) This study
pJKM15 pRK415::mexB* (T5781) This study
pJKM16 pRK415::mexB* (E864K) This study
pJKM17 pRK415::mexB* (G1002D) This study
pJKM18 pRK415::mexB* (D407N) This study
pJKM19 pRK415::mexB* (D408N) This study
pJKM20 pRK415::mexB* (G220S E796K)” This study
pJKM21 pRK415::mexB* (G220S V203M This study
G581D)”
pJKM22 pRK415::mexB* (G220S A737V)? This study
pJKM23 pRK415::mexB* (G220S L738F)° This study
pJKM24 pRK415::mexB* (G220S D793N)? This study

“ Mutated plasmid-borne mexB genes are indicated by asterisks, and the na-
ture of the mutation(s) is given in parentheses. Str’, streptomycin resistant; Tet",
tetracycline resistant; Ap", ampicillin resistant; Car", carbenicillin resistant.

b Derivative of pJKM14 obtained following a second round of mutagenesis.

according to a protocol provided by the company for isolation of low-copy-
number plasmids.

Hydroxylamine hydrochloride mutagenesis. Chemical mutagenesis with hy-
droxylamine hydrochloride was adapted from the method of Garinot-Schneider
et al. (12). Briefly, plasmid pRSP35 (10 wg) carrying the mexB gene was incu-
bated at 70°C for 1.5 h in 500 pl of potassium phosphate buffer (pH 6.0; 44 mM)
containing EDTA (5 mM) and hydroxylamine hydrochloride (0.46 M). A 20-pl
sample was removed at 1.5 h, and hydroxylamine hydrochloride was inactivated
by addition of Tris-HCI (pH 8.0; 90 mM final concentration) and EDTA (9 mM
final concentration). Plasmid DNA was precipitated by using a standard protocol
(54), washed in 70% (vol/vol) ethanol, and resuspended in 20 pl of H,O. E. coli
S17-1 was electroporated with 1 to 3 pl of hydroxylamine hydrochloride-treated
pRSP35 and, following addition of 1 ml of LB broth, 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 broth containing tetracycline
(10 pg/ml) and cultured overnight at 37°C with shaking.
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Mutagenized pRSP35 was mobilized into P. aeruginosa from E. coli S17-1 via
conjugation as described previously (47), 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 K1589 and pelleted in a microcentrifuge
tube. Following resuspension in 150 wl of LB broth 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 broth, and appropriate dilutions were plated on
LB plates containing tetracycline (10 pg/ml) and streptomycin (250 pg/ml), the
latter to counterselect the donor E. coli S17-1. Colonies of P. aeruginosa K1589
with plasmid-borne mutated mexB were recovered from LB plates containing
tetracycline and streptomycin and screened for loss of MexB function by picking
isolated colonies onto master plates of the same formulation and replica plating
onto each of four LB plates containing chloramphenicol (64 pg/ml), carbenicillin
(64 pg/ml), nalidixic acid (128 pg/ml), or novobiocin (128 pg/ml). Antibiotics
were chosen to be at the highest concentration at which P. aeruginosa K1589
(pRSP35) containing wild-type mexB could grow. pRSP35-carrying P. aeruginosa
K1589 organisms that were unable to grow on one or more of the antibiotic
plates were recovered and stored at —70°C.

Hydroxylamine mutagenesis of plasmid pJKM14 expressing MexBgas0s Was
performed as described above, with modifications. Plasmid pJKM14 DNA (7.5
pg) was incubated at 70°C for 1 h in 150 pl of potassium phosphate buffer (pH
6; 75 mM) containing EDTA (0.75 mM) and hydroxylamine hydrochloride (0.4
M). DNA was then precipitated without addition of Tris-EDTA and resus-
pended in 20 pl of H,O as described above. Following electroporation into
E. coli S17-1, plasmid pJKM14 and its derivatives were then mobilized into
P. aeruginosa K1589 as described above, although imipenem (0.5 pg/ml) served
as counterselection in this instance. P. aeruginosa K1589 containing pJKM14 with
compensatory mutations which partially or completely restored wild-type MexB
function was selected on LB broth with tetracycline (10 pg/ml) and carbenicillin
(8 or 16 pg/ml) and stored at —70°C.

Antibiotic susceptibility testing. The susceptibility of P. aeruginosa K1589
carrying pRSP35, pJKM14, and their derivatives was assessed by using the two-
fold serial microtiter broth dilution method described previously (20), with an
inoculum of 5 X 10° cells per ml. MICs were recorded as the lowest concentra-
tion of antibiotic inhibiting visible growth after an 18-h incubation at 37°C.

Organic solvent susceptibility testing. The ability of P. aeruginosa K1589
carrying mutated mexB plasmids to grow in the presence of the organic solvent
n-hexane was assessed by the efficiency-of-plating approach outlined previously
(28). Briefly, 100 pl of a suspension of approximately 107 cells/ml was spread to
cover the surface of a glass plate containing LB agar and overlaid with 1 ml of
100% n-hexane. The plates were sealed and incubated for 20 h at 30°C, at which
point the presence or absence of growth was recorded.

SDS-PAGE and Western immunoblotting. Whole-cell extracts of P. aeruginosa
K1589 harboring pRSP35, pJKM14, and their derivatives were prepared by
harvesting 1 ml of overnight LB cultures (18 h, 37°C) and resuspending the cells
in 300 wl of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer (SDS [4% wt/vol], glycerol [20% vol/vol], Tris-HCI [pH
6.8; 0.25 M]) containing 2-mercaptoethanol (10%, vol/vol). Samples were heated
at 95°C for 5 min, sonicated 20 s at 50% power with a Vibra Cell sonicator
(Sonics and Materials, Inc., Danbury, Conn.), and centrifuged at 12,000 X g for
2 min to remove debris. Protein samples were analyzed by SDS-10% (vol/vol)
PAGE and subsequently electroblotted and screened with MexB-specific anti-
bodies as described previously (58), with the exception that proteins were trans-
ferred onto Immobilon-P transfer membranes (Millipore, Bedford, Mass.) by
using a Trans-Blot SD semidry electrophoretic transfer cell (Bio-Rad Laborato-
ries, Hercules, Calif.) at a 25-mA constant current for 1 h at room temperature.
Blots were developed by using Western Lightning chemiluminescence reagents
(Perkin-Elmer Life Sciences, Boston, Mass.), according to the manufacturer’s
instructions.

Nucleotide sequencing. The mexB genes of pRSP35, pJKM14, and their de-
rivatives were sequenced by Cortec DNA Service Laboratories, Inc., Kingston,
Ontario, Canada, by using custom primers mexB forward2 (5'-GAAGAATGT
CGCGTCCGC-3"), mexB forward3 (5'-CAACGCGCAGTTCAACGG-3'), mexB
forward4 (5'-CAGGCGCAGAACGTGCAG-3"), mexB reverse (5'-GGGGATCA
GCGAGCAGC-3"), mexB reverse2 (5'-GCGTCACCGGAACTCAGG-3'), and
mexB reverse3 (5'-GTACGCCCTGGTCCTCGTC-3"), which were synthesized
by the company. Mutations in mexB were identified following sequence align-
ment with the wild-type gene by using DNAMAN version 4.11 software.

Protein modeling. The three-dimensional structure of MexB was modeled (by
M. Kuiper of the Department of Biochemistry, Queen’s University, Kingston,
Ontario, Canada) with SYBYL version 6.5 molecular modeling software (Tripos
Associates, St. Louis, Mo.) by threading the MexB protein sequence onto the
crystal structure of the homologous RND transporter, AcrB, of E. coli (38) and
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refining the structure by minimization and dynamics. Locations of mutations
within MexB were pinpointed within the larger three-dimensional structure of
MexB and hydrogen bonds were predicted, using both DeepView/Swiss-Pdb-
Viewer version 3.7 and POV-RAY for Windows.

RESULTS

Isolation of MexB mutants exhibiting reduced antibiotic
resistance. To identify mutations in mexB that compromised
MexB activity, ca. 4,000 colonies of a AmexB derivative of
PAOL1 (strain K1589) harboring hydroxylamine-mutated, plas-
mid-borne mexB were screened for increased susceptibility to
one or more of four antibiotics chosen as representative MexB
antimicrobial substrates. Initially, 249 colonies showed in-
creased susceptibility to one or more of chloramphenicol, car-
benicillin, nalidixic acid, or novobiocin on plates. Following
susceptibility testing in broth cultures, these were grouped into
six families based upon common patterns of susceptibility or
resistance to these four agents (Table 2). Western immuno-
blotting subsequently confirmed that in ca. 100 instances (stud-
ied from this point forth), wild-type levels of MexB were being
produced (representative examples are shown in Fig. 1) de-
spite the increased susceptibility of the mutant MexB-produc-
ing P. aeruginosa K1589. Some defects in MexB impacted re-
sistance to a single (family A, chloramphenicol; family C,
carbenicillin; and family D, nalidixic acid); or only two antibi-
otics used in the original screen (family B, chloramphenicol
and carbenicillin), while others impacted three of four (family
E, all but novobiocin) or all four (family F) antibiotics, with a
subgroup of F being totally compromised for resistance (family
F,) (Table 2). As we were interested in the possibility of sep-
arate binding sites for periplasmically acting B-lactams from
those for antimicrobials with cytoplasmic targets, the lone rep-
resentative of family C (encoded by pJKM9 [Table 2]) exhib-
iting increased susceptibility to carbenicillin alone was tested in
broth culture for susceptibility to three other B-lactams, i.e.,
piperacillin, meropenem, and aztreonam. Although it exhib-
ited increased susceptibility to meropenem and aztreonam
compared to that provided by wild-type MexB, its resistance to
the B-lactam piperacillin was not impacted (Table 2). Thus,
MexB produced by pJKM9 was not generally compromised for
B-lactam resistance.

To assess the impact of MexB defects on resistance to non-
antibiotic antimicrobials, we tested susceptibility to an organic
solvent by measuring the presence or absence of growth on
plates overlaid with n-hexane. In general, only hydroxylamine
hydrochloride-induced mutations in mexB that impacted resis-
tance to all or almost all antibiotics (Table 2, families E and F)
also compromised solvent tolerance.

Identification of MexB mutations impacting antimicrobial
resistance. To identify the mutations in the mexB gene that are
responsible for the compromised resistance seen in families A
to F (Table 2), plasmid-borne mexB was recovered from rep-
resentatives of each family and sequenced. Of 46 sequenced
mutants, 28 had a single MexB mutation, of which 19 were
unique. While the majority of mutations occurred within the
LPLs between TMS-1 and -2 (LPL-1) and between TMS-7 and
-8 (LPL-2), mutations in the TMSs as well as other periplasmic
and cytoplasmic loops were also seen (Table 2). With the
exception of family B, mutations occurring in TMSs and
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TABLE 2. Antimicrobial and organic solvent susceptibilities of P. aeruginosa K1589 expressing MexB mutant proteins”
Fami Plasmid MexB Location of MIC (pg/ml) Growth®
amily” ST ) P -
designation mutation mutation CAM CAR NAL NOV PIP MER AzT  With HEX

— pRSP35 Wild type 256 256 1,024 1,024 16 1 32 +
pRK415 No MexB 4 2 16 32 0.5 0.125 0.5 -

A pJKM1 T601 LPL-1 64 128 512 512 ND" ND ND +
pJKM2 S183L LPL-1 64 128 512 1,024 ND ND ND +
pJKM3 M3951 TMS-4 64 128 1,024 1,024  ND ND ND +
pJKM4 A618T LPL-2 64 128 512 1,024  ND ND ND +
pIKMS R716H LPL-2 64 128 512 1,024 ND ND ND +

B pJKM6 S450L TMS-5 32-64 64 512 1,024 ND ND ND +
pJKM7 E946K CL between TMS-10 and -11 ~ 32-64 64 512 1,024  ND ND ND +
pJKMS8 Co66Y CL between TMS-10 and -11  32-64 64 512 1,024 ND ND ND +

C pJKM9 G51D LPL-1 128 32-64 512 1,024 8 0.25 4 +

D pLKM10 G754D LPL-2 128 128 128-256 1,024 ND ND ND +
pLKM11 S977F TMS-11 128 128 128-256 512 ND ND ND +

E pJKM12 S462F PL between TMS-5 and -6 32-64 64 256 1,024 ND ND ND -
pJKM13 V928M TMS-10 32-64 32 256 512 ND ND ND +

F, pJKM14 G220S LPL-1 16-32 32 64 256 24 0.125-025 12 +
pJKM15 T5781 LPL-2 32-64  32-64 32 256 1-2 0.125 1-2 +
pIKM16 E864K LPL-2 8 32 128 256 4 0.25 2-4 -
pJKM17 G1002D TMS-12 64 64 256 256 4 0.25 4 -

F, pJKM18 D407N TMS-4 4 2 16 32 1 0.125 0.5 -
pJKM19 D408N TMS-4 8 2 16 32 0.5-1 0.125 0.5 -

“ Following mutagenesis of pRSP35-carried mexB and subsequent introduction of mutated pRSP35 into the AmexB strain K1589, selection was made for increased
susceptibility to one or more of chloramphenicol (CAM), carbenicillin (CAR), nalidixic acid (NAL), or novobiocin (NOV) in K1589 harboring the mutant mexB
plasmids and expressing wild-type levels of MexB protein.

> Mutations in MexB that yielded the same pattern of antimicrobial susceptibility in the initial screen of K1589 harboring mutant mexB plasmids were grouped into
families, arbitrarily designated A to F; the following antibiotics were those for which resistance was compromised in each family: A, CAM; B, CAM and CAR; C, CAR;
D, NAL; E, CAM, CAR, and NAL; and F, CAM, CAR, NAL, NOV. F, and F, represent MexB mutations which partially and completely compromised resistance,
respectively, to all substrates tested. Agents not included in the initial screen were piperacillin (PIP), meropenem (MER), aztreonam (AZT), and n-hexane (HEX).
MexB™ [ie., K1589(pRSP35)] and MexB™ [i.e., K1589(pRK415)] control strains (—) are included for comparison.

¢ Plasmid designations refer to descriptions in Table 1.

4 Point mutations within each MexB mutant are as identified.

¢ Locations of MexB mutations with respect to MexB topology are as indicated. LPL-1, LPL between TMS-1 and -2; LPL-2, LPL between TMS-7 and -8; CL,
cytoplasmic loop; PL, periplasmic loop.

/MICs are representative of those determined a minimum of two trials performed on different days for each mutant within a given family. MexB mutations were
classified as causing susceptibility to a particular antimicrobial agent or solvent (and MICs are in boldface) if a =4-fold reduction in MIC from that for the MexB™

control strain K1589(pRSP35) was demonstrated in K1589 expressing the mutant MexB protein.

& 4, growth; —, no growth.
"'ND, not determined.

smaller loops were found mostly in families E and F, which
impacted larger numbers of substrates. Of interest is that our
hydroxylamine mutagenesis approach identified two mutations
within TMS-4, D407N and D408N (Table 2, family F,), that
were previously identified as essential for MexB function and
predicted to participate in proton translocation or energy cou-
pling (16). Both mutants exhibited susceptibility to all tested
antimicrobials at levels equivalent to that of the MexB-defi-
cient strain.

Mapping of MexB mutations to a three-dimensional model
of MexB. To gain a more complete understanding of the effects
of these mutations on MexB function, we first modeled the
MexB three-dimensional structure upon the X-ray crystal
structure of AcrB, the homologous (70% amino acid identity)
RND transporter from E. coli (38). Like AcrB, MexB appears
to be a trimer formed by the interlocking of a protruding
thumb region of one monomer with a hole in the upper peri-
plasmic region of the neighboring monomer (Fig. 2A). The
trimer is embedded in the inner membrane but forms a central

123 4 5 67 8 9

FIG. 1. Production of mutant MexB proteins representative of
families A to F (Table 2) in P. aeruginosa K1589. Whole-cell extracts
of AmexB P. aeruginosa strain K1589 carrying the plasmids indicated
below (the mutation present in the MexB protein produced by each
plasmid and the family designation is indicated in parentheses) were
prepared, electrophoretically separated by SDS-PAGE, electroblotted,
and developed with antibodies directed against MexB. Lane 1, pRSP35
(wild-type MexB); lane 2, pRK415 (no MexB; vector control); lane 3,
pJKM1 (T60I, A); lane 4, pJKM6 (S450L, B); lane 5, pJKM9 (G51D,
C); lane 6, pJKM10 (G754D, D); lane 7, pJKM12 (S462F, E); lane 8,
pJKM14 (G220S, F,); lane 9, pJKM18 (D407N, F,). The molecular
mass marker is indicated (in kilodaltons).
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FIG. 2. Three-dimensional model of MexB created by threading
the MexB protein sequence onto the crystal structure of AcrB from
E. coli (38). (A) MexB monomer. The presumed inner membrane (IM)
and periplasmic (PP) domains of the protein are indicated, as are a
thumb (T) and hole (H) region implicated in trimerization (see text).
(B) MexB trimer with rear monomer removed for ease of viewing. A
vestibule leading to a central cavity formed by the periplasmic domains
of the MexB trimer is indicated (X), as is a presumed OprM docking
domain (OMF-DD).

cavity in the periplasmic domain which is fed by openings or
vestibules that occur between adjacent monomers at the plane
of the membrane and are contiguous with the periplasm (Fig.
2B). The vestibules are predicted to function as portals for
substrates entering the AcrB-MexB central cavity from the
periplasm and/or outer leaflet of the inner membrane. A pore
at the distal end of the MexB trimer likely connects with the
OMF component of the efflux system (i.e., OprM) (Fig. 2B) to
permit passage of substrates captured by MexB across the
outer membrane and into the extracellular milieu. With the
exception of family B, mutations impacting one or a few anti-
microbials (Table 2, families A, C, and D) tended to map
towards the top of the MexB structure (periplasmic domain),
while mutations impacting the majority of antimicrobials (Ta-
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ble 2, families E and F) tended to map to the TMSs or loop
regions near the inner membrane plane (Fig. 3). Two excep-
tions were mutations G220S and T578I in MexB mutants of
family F,, which mapped to the periplasmic domain (Fig. 3F,).

(i) Family A. Of the mutants with increased susceptibility to
chloramphenicol alone, two (T60I and S183L) had mutations
in the vicinity of the periplasmic hole (Fig. 3A) into which the
thumb of a neighboring monomer is predicted to insert (see
Fig. 2A). T60 bordered the hole itself and was oriented to-
wards the center of the trimer, below the point of thumb
insertion. While it is not entirely clear how mutation of this
residue might have impacted MexB function, T60 may have
formed hydrogen bonds with T56 (2.8 A away) and V57 (3.2 A
away) in the wild-type protein, and a mutation to the hydro-
phobic isoleucine would have prevented this. As a result, a
disruption of the MexB tertiary structure immediately below
the thumb may have occurred, possibly interfering with thumb
insertion. Indeed, T60 of one monomer is predicted to be
within close proximity of residues on the thumb of a neighbor-
ing monomer (e.g., R239, 3.7A away), and any changes in T60
may adversely affect thumb insertion. In contrast to T60, S183
occurred somewhat to the right of the hole region shown in
Fig. 2A and towards the outer surface of MexB (Fig. 3A).
Perhaps mutation to the hydrophobic leucine indirectly (i.e., at
a distance) impacted MexB structure in the vicinity of the hole.

Two mutations in members of family A (A618T and R716H)
occurred on an outward-facing portion of the MexB trimer,
within a groove that extends from the hole where the thumb
inserts to the inner membrane plane (Fig. 3A) and was previ-
ously predicted to be involved in MexA binding (38). Thus,
these mutations may have adversely affected MexA binding to
MexB. The final member of family A carried a M3951 mutation
within TMS-4, potentially altering the local conformation of
MexB in the inner membrane (Fig. 3A). It is not clear how this
might have impacted function, although given the apparent
importance of TMS-4 and TMS-10 in proton translocation
(16), it may have adversely affected this essential process in the
operation of the MexB drug-H" antiporter.

(ii) Family B. In contrast to members of families A, C, and
D (descriptions of families C and D are below), which showed
susceptibility to one antimicrobial and carried MexB mutations
that tended to map to the upper periplasmic region of the
protein, MexB mutants belonging to family B (which also
showed susceptibility to only a few agents) carried mutations
that mapped to TMS-5 (S450L) and the cytoplasmic loops
between TMS-10 and -11 (E946K and C966Y) (Fig. 3B). How
these mutations might have impacted MexB function, particu-
larly with respect to efflux of or resistance to these two sub-
strates only, is unclear.

(iii) Family C. Similar to the T60I mutation of family A, the
G51D family C mutation that resulted in increased suscepti-
bility to carbenicillin was located within the hole into which the
thumb of the neighboring monomer was predicted to insert
(Fig. 3C). G51 was, however, even closer (within 1.5 A of $216)
to the inserting thumb than T60. The change from a small and
flexible residue (glycine) to one that is larger and negatively
charged (aspartic acid) likely had a negative impact on thumb
insertion and thus trimer formation.

(iv) Family D. The G754D mutation of family D that caused
increased susceptibility to nalidixic acid also occurred within
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FIG. 3. Location in the MexB monomer of mutations that compromise drug resistance. Mutations are grouped according to family (Table 2).
The inner membrane region is defined by dashed lines.
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FIG. 4. Mutations (circled) in the vestibule region (X) of the MexB
trimer (the front monomer has been removed for ease of viewing) that
compromise drug resistance. (A) S462F mutation of family E; (B)
E864K mutation of family F,. Inner membrane leaflets are indicated
by dashed lines.

the thumb insertion hole region (Fig. 3D). Again, too, the mu-
tated residue is much closer to the inserting thumb of the
neighboring monomer than is the wild type (e.g., G754 is with-
in 3.3 A of G217 of the thumb, while D754 is within less than
1 A of G217). This family D mutation appears, therefore, also
to negatively impact thumb insertion and thus trimerization. In
contrast, a second family D mutation, S977F, occurs in TMS-11
and may have had an impact on local packing of TMSs, since
following the mutation, potential hydrogen bonds with two
residues in the carboxy-terminal tail (M1009 and T1003) would
be lost. How this would impact function is at present unclear.

(v) Family E. Mutants susceptible to all antimicrobials used
in the initial screen except novobiocin (family E) possessed
mutations within TMS-10 (V928) or the vestibule region
(S462F) (Fig. 4A). While the nature of the defect caused by the
VI928M change is uncertain, the substitution of a bulky, hydro-
phobic residue (F) for a small, polar one (S) at position 462 in
the vestibule region may have disrupted tertiary structure in
such a way as to limit substrate recognition or entry, possibly
through steric hindrance or loss of hydrogen bonds with the
substrate itself. With all or most substrates predicted to enter
the MexB exporter via the vestibules, it might not be surprising
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to find that some changes here impact a large number of
substrates.

(vi) Family F,. The G220S mutation that compromised re-
sistance to all tested antimicrobials occurred on the protruding
thumb region of MexB (Fig. 3F,), which is predicted to insert
into the periplasmic hole of the neighboring monomer during
trimer formation. As G220 is within approximately 3.6 to 4.2 A
of Q622, R779, and M780 of the periplasmic hole region of the
neighboring monomer, changes in thumb secondary structure
as a result of the G220S change may, for steric reasons, have
hindered thumb insertion and thus decreased efficiency of tri-
mer formation. Similar to A618T and R716H of family A, the
family F, TS78I mutation occurred within the vicinity of the
outward-facing periplasmic groove of MexB, with which MexA
could potentially interact (Fig. 3F,). This mutation might thus
adversely impact MexA binding to the MexB trimer. The re-
maining two members of family F, possessed mutations within
TMS-12 (G1002D) or immediately above the membrane plane
(E864K) (Fig. 3F,) in the vestibule region that occurs between
neighboring monomers (Fig. 4B) and serves as a predicted
entry point for substrates from the periplasm to a central
collection cavity (38). The introduction of a large, negatively
charged residue (D1002) into the largely hydrophobic TMS-12
may have interfered with the packing of the neighboring heli-
ces, thus having an indirect negative effect on proton translo-
cation. Similarly, a mutation from negative (E864) to positive
(K864) charge in the vestibule region between neighboring
monomers may have disrupted the local tertiary structure.
Again, if the vestibules are the portals of entry for most if not
all substrates accommodated by MexB, changes here are ex-
pected to impact many or most substrates.

(vii) Family F,. Each F, mutant with completely compro-
mised resistance to all tested antimicrobials contained a mu-
tation in TMS-4 (D407N or D408N) (Fig. 3F,), which was
previously identified as being essential for pump function (16).
These residues are proposed to interact with K939 on TMS-10
and to participate in proton pumping by this drug-H" anti-
porter, by a mechanism that has thus far not been character-
ized.

Identification of compensatory MexB mutations restoring
antimicrobial resistance in a MexB,;,,s-expressing strain. To
identify second-site suppressor mutations in mexB that restore
antimicrobial resistance to P. aeruginosa strain K1589 express-
ing the G220S family F, mutant MexB protein (characterized
by increased susceptibility to all tested antimicrobials), plasmid
pJKM14, encoding MexBg,,0s, Was subjected to a second
round of hydroxylamine mutagenesis. Plasmid pJKM14-carry-
ing K1589 that expressed MexB with restored function was
then selected on plates with carbenicillin at levels where the
G220S mutant could not survive unless a compensatory mexB
mutation had occurred. In order to confirm a wild-type phe-
notype in the compensatory mutants, 24 compensatory mu-
tants from the initial screen were subjected to susceptibility
testing in broth culture with representative MexB antimicro-
bial substrates. Plasmid-borne mexB from 14 of these mutants
that exhibited wild-type or near-wild-type levels of resistance
to a number of the tested antimicrobials (Table 3) was recov-
ered and subjected to nucleotide sequencing.

Nine of 10 mutants in which resistance to all tested antimi-
crobials was restored to wild-type levels contained the same
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TABLE 3. Antimicrobial susceptibilities of P. aeruginosa K1589 expressing MexB ;,,0s With compensatory mutations®

MIC (pg/ml)

M . A Plasmid Location of
exB mutation(s) S e ; a

designation mutation(s) CAM CAR NAL NOV PIP MER  AZT
Wild type pRSP35 256 256 1,024 1,024 16 1 32
No MexB pRK415 4 1 16 32 0.5 0.125 0.5
G220S pJKM14 LPL-1 16-32 32 32-64 256 2-4 0.25 2
G220S, E796K pIKM20 LPL-1, LPL-2 256 256 1,024 1,024 16 1 32
G220S, V203M, G581D pJKM21 LPL-1, LPL-1, LPL-2 128 128 512 1,024 8 1 16
G220S, A737V pIJKM22 LPL-1, LPL-2 256 128 256 1,024 8 0.25 8
G220S, L738F pJKM23 LPL-1, LPL-2 128 128 512 512 8 0.5 8
G220S, D793N pJKM24 LPL-1, LPL-2 128 128 256 1,024 8 0.25 8

“ Following mutagenesis of pJKM14, encoding the G220S MexB derivative, and screening for full or partial restoration of MexB-dependent antimicrobial resistance
in K1589, plasmid DNA was recovered and mexB was sequenced to identify the compensatory mutations.
b Point mutations within each MexB mutant protein are as identified. Compensatory mutations are indicated in boldface.

¢ Plasmid designations refer to descriptions in Table 1.

@ Locations of MexB mutations with respect to MexB topology are as indicated. LPL-1, LPL between TMS-1 and -2; LPL-2, LPL between TMS-7 and -8. The location

of the compensatory mutations is in boldface.

¢ Mutant MexB proteins were considered to provide wild-type levels of antimicrobial resistance to a particular antimicrobial agent (indicated by boldface) if the MIC
for K1589 expressing the particular MexB derivative was within twofold of that seen for the same strain expressing wild-type MexB from pRSP35. Abbreviations are

as defined in footnotes a and b Table 2.

compensatory mutation, E796K, which occurred within LPL-2.
As Table 3 indicates, the remaining mutant that exhibited
wild-type levels of resistance to all tested antimicrobials har-
bored two mutations, V203M and G581D, in LPL-1 and -2, re-
spectively, although it was not clear if one or both were need-
ed. Four additional compensatory mutants contained a single
mutation in LPL-2, of which three were unique (A737V,
L738F, and D793N) and showed only partially restored MexB
function (i.e., resistance, although increased for most anti-

microbials, was not restored to wild-type levels for all [Ta-
ble 3]).

Mapping of compensatory MexB mutations to a three-di-
mensional model of MexB. All single MexB mutations (Table
3) restoring antibiotic resistance of a G220S MexB mutant to
wild-type levels for some or all of the tested antimicrobial
substrates mapped to the upper periplasmic portion of MexB
in the region predicted to interact with the OMF OprM (Fig.
5). The original G220S mutant may form altered trimers with

FIG. 5. Locations of single compensatory mutations within the MexB trimer (the front monomer has been removed for simplicity) that restore
function of MexB,,,s. Compensatory mutations are circled on one monomer only.
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TABLE 4. Conservation in RND multidrug transporters of amino acid residues whose mutation in MexB compromises drug resistance”

Mutated residue

Corresponding residue in®:

Family” in MexB¢

MexD MexF MexY MexK

AcrB AcrF YhiV MtrD AdeB AmeB CeoB

A T60
S183
M395
A618
R716

o

B S450
E946
C966

C G51

G754
S977

E 5462
V928

- Q aFEQ mZcrwvn-

F, G220
T578
E864

F, G1002
D407
D408

IO OrQ <vn »wd Q pHrn Zwupwn
TOUQ HOQ <> »wh O pm< Z<Zr»

oo» Orm & >4 Q@ HU» zZor

oo ora@

TnZ»w

- HQ Q aAUU< gOHdcrpwn
—n »nh Q pEP ZunZpn
—H O Q wvE< TmZER=

SO OrQ <vn v Q <own "EpTp-
SoQ OrQ <wn »wh QO <=mHwn "EPIp=
ToQ O0=Q <vn »wp Q pHAH Fefpow

ooQ <»>m
ooQ =HEQ <> . Q >

cSoa ora
cCoaQ oOora@

“ Amino acid sequences of the listed RND-type multidrug transporters were aligned with MexB by using DNAMAN version 4.11 software, and residues of these
transporters aligning MexB residues whose mutation in this study was shown to compromise drug resistance were identified.

> Families are as defined in footnote b of Table 2.

¢ The original MexB amino acid residue whose mutation in this study compromised drug resistance. See Table 2 for a description of the mutations and the

corresponding drug resistance phenotypes.

@ Corresponding amino acid residues in other RND multidrug transporters from P. aeruginosa (MexD [accession number AAB41957], MexF [CAA67864], MexY
[BAA34300], and MexK [also called PA3676] [A83186]), E. coli, (AcrB [P31224], AcrF [P24181], and YhiV [P37637]), Neisseria gonorrhoeae (MtrD [AAC45560]),
Acinetobacter baumannii (AdeB [AAL14440]), Agrobacterium tumefaciens (AmeB [AAG09746)), and Burkholderia cepacia (CeoB [AAB5816]). Residues that are

conserved in MexB are indicated in boldface type.

which OprM docks with reduced efficiency, and compensatory
mutations may enhance OprM docking with mutant trimers,
restoring antimicrobial efflux. Alternatively, compensatory mu-
tations may enhance OprM docking, facilitating more efficient
MexB trimer formation in the face of the destabilizing G220S
mutation, also restoring efflux.

Conservation in other RND transporters of residues whose
mutation in MexB compromises function. In order to deter-
mine whether MexB residues whose mutation in this study
compromised antimicrobial resistance were conserved in other
RND transporters from P. aeruginosa as well representatives
from other bacteria (and thus were of broad functional signif-
icance), we performed alignments of the protein sequences of
these transporters. As we predict that many of the mutations
identified in this study affect trimer formation and proton
pumping, which should be conserved functions within RND
transporters, it was expected that amino acid residues involved
in these functions would be highly conserved. With the excep-
tion of T60 and S183 (which were conserved in only 4 and 1
of the 11 RND transporters examined, respectively), residues
predicted to be involved in MexB trimer formation (G51,
G754, and G220) were highly conserved (in 8 to 11 of the RND
transporters to which they were compared) (Table 4). Indeed,
when the analysis was extended to seven additional RND
pumps found in Pseudomonas putida, Burkholderia pseudomal-
lei, Campylobacter jejuni, Porphyromonas gingivalis, and Steno-
trophomonas maltophilia, residues corresponding to G51, G220,

and G754 in MexB were also very highly conserved (not shown).
Similarly, MexB residues predicted to impact efficiency of pro-
ton pumping were generally well conserved, occurring in 6 to
11 of the RND transporters (M395, V928, E946, S977, G1002,
D407, and D408) (Table 4). This was also true when the anal-
ysis was extended to the additional RND transporters de-
scribed above, with residues corresponding to D407, D408,
E9%46, G220, S977, and G1002 in particular being very well
conserved. S450 and C966 were clearly exceptions, however,
with serine and cysteine being very poorly represented at the
corresponding positions of the RND transporters listed in Ta-
ble 4. Interestingly, all of the exceptions mentioned above
occurred at residues that, when mutated, decreased resistance
only to the antimicrobials chloramphenicol and/or carbenicil-
lin, which are predicted to be poorer substrates of MexB. Thus,
although these residues are predicted to participate in con-
served functions (e.g., trimer formation and proton pumping),
they may play comparatively minor roles.

Mutations predicted to impact the interaction of MexB with
the MFP MexA (T578, A618, and R716) occurred at residues
that were poorly conserved in the 11 RND transporters in
Table 4, and this held true for T5781 and A618 when the
analysis was extended to the above-mentioned 7 additional
transporters (arginines corresponding to R716 were present in
5 of these transporters, making this residue somewhat better
conserved in the RND transporters). This is not entirely un-
expected, since subunit swapping studies have indicated that
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MFP association with its cognate RND transporter is very
specific and that MFPs cannot generally be exchanged and
efflux function still retained (64). Thus, it is probable that each
RND transporter has unique amino acid residues in those
regions with which the MFP interacts. Similar to the situation
with mutations potentially impacting association of MexB with
MexA, the two MexB mutations (S462F and E864K) within
predicted substrate-binding sites in the vestibule regions oc-
curred at amino acid residues that were less well conserved
(E864; conserved in 2 of 11) and somewhat less well conserved
(S462; conserved in 5 of 11) in the other RND transporters to
which they were compared (Table 4). This observation was
again supported by comparisons with the seven additional
RND transporters and may reflect an expected variability in
the vestibule regions of different RND transporters that allows
different pumps to accommodate different antimicrobial sub-
strates. In any case, the two MexB mutations (listed above)
affected susceptibilities to almost all tested antimicrobials (Ta-
ble 2, families E and F,), which is evidence that although these
residues are not highly conserved, they are important for sub-
strate accommodation by MexB.

DISCUSSION

Although RND transporters have the ability to accommo-
date a surprisingly vast array of substrates, little is known about
the basis of their broad substrate specificity. The two substan-
tial periplasmic loops in RND transporters MexB, MexD,
AcrB, and AcrD have been implicated in substrate selectivity
by others (8, 10, 32, 62). Our hydroxylamine hydrochloride
mutagenesis approach also identified a range of mutations
within the two LPLs of MexB that negatively impacted the
MexB contribution to resistance, consistent with their having a
role in substrate selectivity. In contrast to the conclusions of
the aforementioned studies, however, we contend that most of
our mutations in the major periplasmic loop regions did not
directly impact substrate binding. Instead, these mutations ap-
peared to affect pump assembly and/or activity, although how
is not entirely clear. That such mutations were, nonetheless,
somewhat substrate specific might be explained by any reduc-
tion in pump assembly or activity having a greater impact on
those substrates that are not as efficiently accommodated by
the MexB transporter. Thus, chloramphenicol is the only sub-
strate affected by the family A mutations (T60I and S183L)
that are predicted to impact trimerization, possibly because it
is a poorer substrate for MexAB-OprM and a reduction in
efficiency of trimer formation affects its export to a greater
extent. Similarly, the family B mutations that apparently im-
pact the transmembrane region of MexB, the lone family C
mutation that possibly impacts trimer formation, and the fam-
ily D mutations that impact trimerization or proton pumping
are all fairly substrate selective, despite the apparent impact on
MexB assembly and/or function and not substrate recognition
per se. Again, the fact that mutations impacting assembly and/
or activity of MexB do not affect all substrates suggests that
that they must have only a modest impact on MexB assembly
or function, with the compromised MexB able to accommodate
some substrates better than others. Still, other mutations pre-
dicted to impact trimerization (e.g., G220S) do compromise
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resistance for all substrates, presumably because trimerization
and thus pump assembly are impacted to a greater extent.

Beyond their contribution to substrate selectivity, the two
large loops comprising the periplasmic domain of an RND
transporter are presumably also involved in interaction with
the cognate MFP. Using AcrB-MexB chimeric RND transport-
ers, Tikhonova et al. demonstrated that the N-terminal half of
AcrB is likely involved in determining the specificity of inter-
action with the MFP AcrA, with residues 590 to 612 apparently
of particular importance (62). When these residues are mapped
to our model of MexB, they occur on the outward-facing sur-
face of each monomer, to the right of a large groove that
extends from the mid-periplasmic domain to the inner mem-
brane and was previously postulated to be involved in binding
(in the case of AcrB) to its cognate MFP, AcrA (38). Interest-
ingly, two of our mutations that are predicted to impact inter-
action of MexA with MexB (i.e., T5781 and A618T) occur in a
region of MexB that, in general, corresponds to the MFP-
binding region of AcrB (62). A third mutation in MexB that is
also predicted to impact MexA association (R716H) occurs
outside this. It is, however, in close proximity to T578 and A618
in the three-dimensional structure of MexB and, as such, may
also play a role in determining MexA binding. Still, unlike
T578 and A618, which are poorly conserved in other RND
transporters (consistent with a role in determining the speci-
ficity of MexA binding by MexB), R716 is modestly conserved
and may not, in fact, determine the specificity of MexA inter-
action with MexB. Nonetheless, it may be important for MexA
binding.

Yu et al. (65) have very recently crystallized AcrB in the
presence of several antimicrobial substrates and demonstrated
that different substrates bind to different amino acid residues
in AcrB, all of which, however, occur within the vestibule-
central cavity region, at or immediately above the plane of the
inner membrane. Only two of the mutations characterized here
for MexB occurred in the vestibule region (and none occurred
in the central cavity), although these did result in increased
susceptibility to all (E864K) or most (S462F) tested substrates.
In all cases, however, antimicrobial resistance was decreased
from wild-type levels but not completely abolished. As muta-
tion of a residue within a specific substrate-binding site of
MexB would generally be expected to completely abolish re-
sistance to the substrate(s) it accommodates, it seems likely
that MexB, like AcrB, has a large and flexible binding pocket
with which any given substrate has multiple points of interac-
tion. A single mutation in the binding region, then, is unlikely
to eliminate binding or export and thus will have only a modest
effect on resistance.

As in our study, mutations in a second RND transporter of
P. aeruginosa, MexD of MexCD-OprlJ, have also been reported
to impact transport of numerous substrates. Indeed, MexD
mutations affecting susceptibility to a broad range of B-lactams
as well as several cytoplasmically acting antimicrobials were
identified and shown to occur within the two LPL regions of
this RND transporter (32). Upon mapping of these MexD
mutations to our model of MexB (corresponding to Q34K,
E89K, A292V, and P328L in MexB), it is evident that they
occur at the beginning or end of LPL-1 and line the vestibule
or central cavity region. These residues in MexD are thus likely
involved in substrate recognition. Interestingly, these MexD



1268 MIDDLEMISS AND POOLE

mutations affected periplasmically and cytoplasmically acting
antimicrobials. Similarly, we noted here that MexB mutations
near the vestibules (S462F and E864K) also negatively impact
resistance to both periplasmically (carbenicillin, meropenem,
and aztreonam) and cytoplasmically (chloramphenicol and na-
lidixic acid) acting antimicrobials. Thus, it does not appear that
there are separate substrate-binding sites for antimicrobials
with periplasmic versus cytoplasmic targets.

Unexpectedly, we found that a possible decreased efficiency
of MexB trimer formation in the G220S mutant may also have
had an indirect negative effect on the ability of MexB to form
a functional association with the trimeric OprM component of
the MexAB-OprM multidrug efflux system. Since the majority
of mutations compensating for the original G220S mutation on
the thumb region occurred in the upper docking domain of
MexB, it seems plausible that a reduction in efficiency of trimer
formation (caused by the G220S mutation) reduces the ratio of
functional to nonfunctional couplings of MexB with OprM, its
outer membrane counterpart. Potentially, trimer formation in
wild-type MexB induces a conformational change in MexB that
permits OprM recruitment and subsequent export of antimi-
crobials across the outer membrane.
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