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ABSTRACT When overproduced, the multidrug efflux system MexEF-OprN increases
the resistance of Pseudomonas aeruginosa to fluoroquinolones, chloramphenicol, and
trimethoprim. In this work, we demonstrate that gain-of-function mutations in the
regulatory gene mexT result in oligomerization of the LysR regulator MexT, constitu-
tive upregulation of the efflux pump, and increased resistance in clinical isolates.
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seudomonas aeruginosa, an opportunistic pathogen of major clinical importance, is
responsible for acute and chronic infections in vulnerable patients. Its intrinsic
and/or acquired resistance to a wide range of antibiotics in part relies on constitutive
or inducible production of several efflux systems belonging to the resistance-
nodulation-cell division (RND) family of drug transporters (1). Among these systems,
MexEF-OprN is able to export a rather short list of antimicrobials, including ciprofloxa-
cin (CIP), chloramphenicol (CHL), and trimethoprim (TMP). This efflux pump, which is
quiescent in wild-type strains, is overproduced at high levels in nfxC mutants, making
them more resistant (from 2- to 32-fold) to the pump substrates (2). The nfxC mutants
also exhibit some additional phenotypic traits, such as a decreased susceptibility to
carbapenems and a hypersusceptibility to some other B-lactams, which are not related
to MexEF-OprN activity but are concomitant to the downregulation of the gene oprD
(3) and operon mexAB-oprM, respectively (4). MexEF-OprN production is regulated Received 29 November 2017 Returned for
by MexT, a LysR-type transcriptional regulator (LTTR), whose gene (mexT) is located modification 2 January 2018 Accepted 1
upstream of operon mexEF-oprN (3). All the mutations identified so far in clinical March 2018
MexEF-OprN-overproducing strains affect a gene, mexS, which encodes a presumed B Sl TR ki e el 12

March 2018
quinone oxidoreductase, MexS (5-7). The present study reports on the characterization Citation Juarez P, Broutin |, Bordi C, Plésiat P,

of five nonclonal clinical mutants harboring wild-type mexS genes (6-8). DNA sequenc- Llanes C. 2018. Constitutive activation of MexT
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quantitative PCR (RT-gqPCR) (7), was found to be higher (from 20- to 112-fold) in these P J
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iments (9) confirmed that all of the isolates were more resistant to CIP (from 0.5 to
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TABLE 1 Effects of amino acid substitutions in regulator MexT

MexT substitution UL e [l DS ) o b Reference
Strain (304 aa“?) mexE9 oprD mexB CIP CHL TMP IMP MEM ATM or source
Clinical strains
4177 RyecH 20 NDe 0.6 0.5 1,024 1,024 16 2 32 6
4088 G,s5,5 112 ND 0.4 1 2,048 >2,048 8 0,25 1 6
10-12 Gys/A 26 NRf 9.2 2 128 >2,048 16 ND 32 8
0810 G,sgD 32 ND ND 8 1,024 1,024 4 1 ND 7
1510 Y160 plus GoggD 21 ND ND 2 256 512 16 8 ND 7
Complemented PA14
derivatives
PA14 WT9 1 1 1 0.125 64 64 1 0.5 4 F. Ausubel
PA14AmexS WT 192 £+ 9.2 03 *0.1 04*02 2 2,048 >2,048 4 2 2 7
PA14AmexT —h 04 *=0.1 1.7 0.2 22*0.2 0.125 32 32 1 0.5 4 This study
PA14AMeEXTpp, wWT 22+07 1.1x01 14+02 0125 64 64 1 0.5 4 This study
PA14AmexT,,,, Rye6H 32+03  20+02 26+01 0125 64 64 1 05 4 This study
PA14AmexT 4ogq G,s5,S 189 +59 0401 09=*01 2 2,048 >2,048 2 1 2 This study
PA14AMexT o, Gy A 110+3.6 04=x01 09=01 1 1,024 1,024 2 1 2 This study
PA14AmexTyg,0 G,s5D 1.9+04 0.9+ 0.1 1.4+ 0.1 0125 64 64 1 0.5 4 This study
PA14AmMexT,sq0 Y,:sD plus GoigD 63202  09+01 14*01 025 64 64 1 0.5 4 This study

9aa, amino acids.

bMean gene expression values were calculated from two independent bacterial cultures, each of which was assayed in duplicates. They are expressed as a ratio to the
gene transcription level in wild-type reference strain PA14.

<CIP (ciprofloxacin), CHL (chloramphenicol), and TMP (trimethoprim) are substrates of MexEF-OprN. IMP (imipenem) and MEM (meropenem) are substrates of porin
OprD (corepressed with mexEF-oprN overexpression). ATM (aztreonam) is a substrate of MexAB-OprM.

dSignificant overexpression of mexE (threshold fixed at 20-fold) and increase in resistance to MexEF-OprN substrates is indicated in boldface type.

eND, not determined.

NR, not relevant because of a codon stop in the oprD gene.

IWT, wild type.

h—, deleted gene.

8 ug - ml—1), CHL (from 128 to 2,048 ng - ml—1), and TMP (from 512 to >2,048 ug -
ml~") than PA14 (0.125, 64, and 64 ug - ml~', respectively) (Table 1).

To investigate the relevance of the observed amino acid changes in MexT, we first
deleted gene mexT from PA14 as described previously (7). The mutated alleles from
clinical strains were then transferred by conjugation using MiniCTX1-derived recombi-
nant plasmids (10) and were inserted into the chromosome of the mutant strain
PA14AmexT. Complementation of this mutant with alleles from strains 4177, 0810, and
1510 had no impact on mexE transcription and MIC values (Table 1). In contrast, MexT
variants from strains 4088 and 10-12 triggered mexE expression that was 189- and
110-fold, respectively, above the baseline level. As expected, this was associated with
an increased resistance of strains PA14AmexT ,og and PA14AmexT,,_;, to CIP (16X and
8X, respectively), CHL (32X and 16X, respectively), and TMP (=32X and 16X, respec-
tively) compared to that of PA14AmexTy,,, (Table 1). These results suggested that
these two latter MexT variants are under a constitutively active conformation, able to
upregulate the MexEF-OprN pump. They also pointed to the importance of residue
G257 in MexT activation, as both variants harbor single-amino acid substitutions at
this position (G,s,S and G,s,A). Moreover, confirming that when activated, MexT is
able to downregulate oprD (3) and mexAB-oprM (4), the mRNA levels of these two
loci turned out to be 2.7-fold (oprD) and 1.6-fold (mexB) lower in PAT14AmexT ,oqq
and PA14AmexT,q.,,, respectively, than in PA14AmexT,,,,. These results were
consistent with a 4-fold-increased resistance to imipenem and meropenem, two
antibiotics that selectively diffuse through porin OprD, and a 2-fold higher suscep-
tibility to the MexAB-OprM pump substrate aztreonam (Table 1).

It is known that under oxidative conditions, MexT forms an active oligomer, while
reducing conditions result in inactive monomers (11). This is in accordance with the
usual mode of action of LTTRs, whereby an active tetramer is formed once a cognate
coinducer has bound the inactive monomers (12). To determine whether MexT variants
from strains 4088 and 10-12 spontaneously form oligomers (i.e., in the absence of
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TABLE 2 MexT oligomerization assayed by bacterial two-hybrid experiments

Encoded MexT by Amino acid  B-Gal Activity?

- d
BACTH plasmids 2 substitution (Miller Units) MHX-Gal® MCMaltose

None - 15 (¢x1.91) I:l I:l

|

MexTra14 None 19 (+1.66) |:|
MexT40ss G257S 296 (+14.31) IE|
MexT10-12 Gas7A 119 (£5.36) \E|

aPlasmids pUT18 (ampicillin®) and pKNT25 (kanamycin®), for which the tags are at the C termini of the
recombinant proteins, were used in this experiment. Full-length alleles of mexT (915 bp) were cloned using
primers TH-MexT Fw (CCATGAACCGAAACGACCTGCG) and TH-MexT Rv (AGAGACTGTCCGGATCGCCGA).

bAverage values were calculated from five independent bacterial cultures, each assayed in triplicates.

°MH, Mueller-Hinton plates containing 40 ug - ml~' X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside;
revealing cAMP production in blue), 50 ug - ml=" kanamycin, and 100 ug - ml—" ampicillin.

9IMC, MacConkey plates containing 1% maltose (revealing cAMP production in red), 50 ug - ml—"' kanamycin,
and 100 pg - ml=! ampicillin.

ligand), a bacterial two-hybrid (BACTH) assay (13) was performed in strain DHM1 (cya
mutant) of Escherichia coli, with plasmids pUT18 and pKNT25 that code for T18 and T25
subunits, respectively, of CyaA adenylate cyclase. This assay, which has been set up to
study protein-protein interactions (13), is based on the reconstitution of adenylate
cyclase activity and cAMP synthesis in E. coli. BACTH experiments confirmed that in
the absence of a cognate ligand, MexT,,, Occurs as a monomer, as no signal of
oligomerization was observed either by using reporter plates or by measuring the
B-galactosidase (B-Gal) activity (17 = 1.66 Miller units) (Table 2). As expected, MexT 4455
and MexT, ., yielded positive results (Table 2), supporting the notion that they can
spontaneously form oligomers and activate the expression of mexEF-oprN. To check
if other MexT variants are also able to self-oligomerize, three of them (MexTyg;q,
MexT, 5,0, and MexT,,,,) were subjected to the BACTH assay. The results obtained with
MexTog:0 and MexT,5,, Were very similar to that of the wild-type control MexTpa;4
(24 = 9.04 and 32 = 18.6 Miller units versus 19 = 1.66, respectively). However, for
unclear reasons, a B-Gal activity of 110 £ 20.8 Miller units was recorded with MexT,,-,
indicating that this variant would also form oligomers, though without impacting
mexEF-oprN expression. Whether MexT,, - is able to regulate other target genes of the
MexT regulon remains to be investigated (14).

To get insight into what effects the substitutions G,s,S and G,5,A may have on
MexT oligomerization, we mapped these mutations on a three-dimensional dimeric
LTTR model. As the crystal structure of MexT has not been determined yet, we used the
dimeric structure of DntR from Burkholderia spp., another LTTR that shares 66%
sequence similarity with MexT, according to Clustal () results (15). In DntR, position 257
is occupied by a phenylalanine residue within the coinducer binding domain. Interest-
ingly, Phe-257 residues of DntR monomers face each other at the interphase of the
dimer (Fig. 1), suggesting that they could play a role in dimer stabilization. Neverthe-
less, the structural changes caused by amino acid substitutions at position 257 on MexT
oligomerization will have to be confirmed once the crystal structure of this regulator is
available.

Gain-of-function mutations in LTTRs had already been reported for Salmonella
enterica serovar Typhimurium (16, 17) and Acinetobacter baylyi (18). In S. enterica, gene
cysB encodes an LTTR controlling the expression of the cysteine regulon. It was found
that spontaneous mutants harboring substitutions T,,,M and T,,4P in CysB overex-
pressed genes cysK and cysP and operon cysJIH in the absence of coinducer N-acetyl-
L-serine (16, 17). In A. baylyi, the LTTRs CatM and BenM regulate aromatic compound
degradation. The ability of these regulators to become constitutively active was
studied by site-directed mutagenesis. As a result, substitutions R;scH in CatM and
Ris6H plus T,5,S in BenM yielded mutants that did not require inducers such as
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FIG 1 Crystal structure of DntR dimer from Burkholderia spp. (PDB 5AE5) (first reported in reference
15). One monomer is colored to indicate the functions of its constituting domains (green for the
coinducer binding domain, blue for the DNA binding domain, and orange for the loop linking the
two domains). The second monomer is in yellow. Phenylalanine-257 residues of the two monomers
are highlighted in red.

benzoate and cis,cis-muconate to activate the catabolic pathway (18). The present
study is the first to report on MexT-dependent mutational activation of efflux pump
MexEF-OprN in antibiotic-resistant clinical isolates of P. aeruginosa. This observation
comes in complement with another study showing that some multidrug-resistant
strains of P. aeruginosa upregulate the intrinsic B-lactamase AmpC through a
gain-of-function mutation (G,,R) in the related LTTR AmpR (19). Altogether, these
data highlight the role that LTTRs may play in the emergence of multidrug
resistance in this highly adaptive pathogen.
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