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ABSTRACT Multidrug efflux pumps play an important role in antibiotic resistance in
bacteria. In Pseudomonas aeruginosa, the MexXY pump provides intrinsic resistance
to many antimicrobials, including aminoglycosides. The expression of the mexXY
operon is negatively regulated by the MexZ repressor. This repression is alleviated in
response to antibiotic-induced ribosome stress, which results in increased synthesis
of the antirepressor ArmZ, interacting with MexZ. The molecular mechanism of
MexZ inactivation by ArmZ is not known. Here, we show that the N-terminal part of
MexZ, encompassing the DNA-binding domain, is required for the interaction with
ArmZ. Using bacterial two-hybrid system-based mutant screening and pulldown
analyses, we identified substitutions in MexZ that diminished (R3S, K6E, and R13H)
or completely impaired (K53E) the interaction with ArmZ without blocking MexZ ac-
tivity as a transcriptional repressor. The introduction of the corresponding mexZ mis-
sense mutations into the P. aeruginosa PAO1161 chromosome impaired (mexZge
and mexZg,5,) or blocked (mexZ.sse) tetracycline-mediated induction of mexY ex-
pression. Concomitantly, the PAO1161 mexZys5e strain was more susceptible to ami-
noglycosides. The identified residues are highly conserved in MexZ-like transcrip-
tional regulators found in bacterial genomes encoding both MexX/MexY/MexZ and
ArmZ/PA5470 orthologs, suggesting that a similar mechanism may contribute to the
induction of efflux-mediated resistance in other bacterial species. Overall, our data
shed light on the molecular mechanism of ArmZ-mediated induction of intrinsic an-
timicrobial resistance in P. aeruginosa.

KEYWORDS multidrug efflux pump, gene expression regulation, antirepressor,
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seudomonas aeruginosa, a versatile Gram-negative bacterium, is the most detri-

mental infectious agent for cystic fibrosis (CF) patients (1, 2). Almost 80% of CF
patients develop chronic pulmonary tract infections (3), which result in a progressive
loss of lung function and are the primary cause of mortality (2, 4). Treatment of both
initial and recurrent chronic infections involves the use of aminoglycosides (e.g.,
tobramycin and amikacin), fluoroquinolones (e.g., ciprofloxacin), or broad-spectrum
B-lactams (e.g., imipenem) (5, 6). Remarkably, P. aeruginosa possesses intrinsic resis-
tance to many antimicrobials due to low outer membrane permeability and the presence
of multidrug efflux transporters (7, 8). The multidrug efflux pumps of the resistance-
nodulation-division (RND) family are major determinants of efflux-based antimicrobial
resistance in P. aeruginosa (7, 9). Twelve RND efflux systems with different substrate
specificities have been characterized so far in P. aeruginosa (10). Of these, the inducible
MexXY system was extensively studied due to its frequent overproduction in clinical
isolates of P. aeruginosa from CF and non-CF patients and its implication in resistance
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to a broad spectrum of antimicrobials, especially the highly hydrophilic aminoglyco-
sides (11-22).

This system is composed of a membrane fusion protein, MexX; a proton motive
force-driven antiporter, MexY; and one of the outer membrane proteins, OprM (23),
OprA in strain PA7 (24), or OpmB (25). The MexXY system accommodates aminogly-
cosides (e.g., tobramycin), fluoroquinolones (e.g., ciprofloxacin), macrolides (e.g., eryth-
romycin), tetracyclines, and cephalosporins (15, 26). The expression of the MexXY-
encoding operon is negatively controlled by MexZ, a TetR family transcriptional
regulator encoded by a gene oriented divergently from mexXY (9). MexZ acts as a dimer
binding to a 20-bp palindromic sequence in the mexXY-mexZ intergenic region (27, 28).
The crystal structure of MexZ shows that it represents a classical TetR fold with nine «
helices, with the N-terminal a1-a3 helices forming the DNA-binding domain (DBD) and
a8-a9 helices forming the dimer interface (29). MexZ-mediated repression is alleviated
in response to ribosome dysfunction following exposure to aminoglycosides, macro-
lides, and tetracyclines (30-33); oxidative stress (34); or decreased synthesis of ribo-
somal proteins (35). However, the antimicrobials inducing mexXY expression do not
form a complex with MexZ to modulate its DNA-binding activity (27, 28). The increase
in mexXY expression was shown to depend on the product of the armZ (PA5471) gene,
encoding a large, 41-kDa protein with similarities to the RtcB family of RNA-splicing
ligases (28, 36). This gene is expressed in an operon with PA5470, encoding a peptide-
releasing factor (36, 37). The expression of the armZ-PA5470 operon is increased in
response to subinhibitory concentrations of ribosome-targeting drugs (36). Induction
involves a transcription attenuation mechanism (38, 39). Under drug-free conditions,
only PA5471.1, preceding the armZ coding region and encoding a short leader peptide,
is transcribed and translated. Drug-induced ribosome stalling on PA5471.1 leads to
alternate mRNA folding, which allows transcription progression and consequently
ArmZ translation (38). A direct ArmZ-MexZ interaction was previously shown using
yeast two-hybrid and LexA-based bacterial two-hybrid systems (28, 40). A recent study
showed that amino acid residues P68, G76, R216, R221, G231, and G252 of ArmZ are
involved in the interaction with MexZ (40). ArmZ binding to MexZ is thought to
modulate its repressor activity; however, the exact mechanism is not known (28, 40).

Here, using a series of MexZ truncations and a double-screening method to identify
mexZ mutations which diminished MexZ-ArmZ interactions but had no major effect on
MexZ repressor activity, we identified a putative ArmZ-binding region in MexZ. The
data indicate that several positively charged amino acids in the N-terminal domain of
MexZ are critical for the interaction with ArmZ and for drug-induced mexXY expression
in P. aeruginosa. Moreover, our bioinformatics analyses suggested that similarly regu-
lated efflux pumps may be present in other bacterial species.

RESULTS

Interactions of ArmZ with truncated forms of MexZ. The part of MexZ involved
in the interaction with ArmZ was defined by the use of a bacterial two-hybrid system,
based on the reconstitution of Bordetella pertussis adenylate cyclase (CyaA) (BACTH)
(41). Escherichia coli BTH101 (Acya) cells were transformed with pairs of complementary
BACTH vectors containing cyaT18 and cyaT25 fragments fused with mexZ or armZ.
Transformants were selected on MacConkey plates with 1% maltose. Red color of
colonies of transformants and high B-galactosidase activity in the corresponding cell
extracts, indicating CyaA reconstitution, were observed only for transformants contain-
ing plasmids with cyaT18-mexZ plus cyaT25-mexZ, cyaT18-armZ plus cyaT25-mexZ, and
cyaT18-mexZ plus cyaT25-armZ but not for remaining combinations, confirming that
MexZ can self-interact and that MexZ and ArmZ interact with each other (Fig. 1A). These
data indicated that the BACTH system could be used to study molecular details of the
MexZ-ArmZ interaction.

To identify the part of MexZ involved in interactions with ArmZ, we designed a series
of truncated MexZ variants (Fig. 1B), based on the crystal structure of MexZ (29). mexZ
alleles coding for truncated proteins deprived of short unstructured regions or adjacent
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FIG 1 The N terminus of MexZ is involved in interactions with ArmZ. (A) MexZ-ArmZ interactions analyzed by using the BACTH system
(41). E. coli BTH101 Acya transformants carrying vectors expressing cyaT18 and cyaT25 fusions and grown on MacConkey agar were
restreaked onto the same medium, photographed after 24 h, and used to inoculate cultures to perform B-galactosidase activity assays.
(B) Schematic overview of the MexZ alpha-helical structure (29) and truncation alleles used in this study. (C and D) BACTH analysis of the
interactions between truncated MexZ forms and ArmZ. Restreaked transformants were photographed after 1 day (d1) or 2 days (d2) (C)
and used for B-galactosidase activity measurements (D). (E and F) Ability of truncated MexZ derivatives to interact with full-length MexZ,
analyzed as described above for panels C and D. (G) CyaT18-fused protein levels in transformants from panel C analyzed by Western
blotting (W-Blot) using extracts from exponentially growing cultures and anti-CyaT18 antibodies. A Ponceau S-stained membrane is shown
as a loading control. The arrow indicates CyaT18-MexZ. MW, molecular weight. (H) Repression of mexXYp-xylE transcriptional fusion by
CyaT18-MexZ and its truncated derivatives. XylE activity was assayed in extracts from E. coli DH5« cells containing pPTO1 (promoterless
xylE) or pKAB10.1 (mexXYp-xylE) and the pLKB4 vector or its derivatives with the indicated MexZ variants. Data represent mean values from
at least three cultures = standard deviations (SD). *, P < 0.05 (as determined by two-sided Student’s t test) relative to the control
(indicated with “c”).

alpha helices, from either the N terminus or the C terminus, were PCR amplified and
cloned into BACTH vectors. Since MexZ-ArmZ interactions were observed only when
the Cya fragment was linked to the N terminus of MexZ (data not shown), all shortened
mexZ alleles were cloned into pLKB4, facilitating N-terminal translational fusion with
CyaT18, and the constructed plasmids were introduced into E. coli BTH101 carrying
pKAB25.2 (cyaT25-armZ) or pKAB25.1 (cyaT25-mexZ). Analysis of transformants grown
on MacConkey plates and B-galactosidase activity measurements showed that the lack
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of the N-terminal 8 amino acids (aa) diminished the interaction with ArmZ, whereas the
lack of the N-terminal 26 amino acids completely abrogated the MexZ-ArmZ interaction
(Fig. 1C and D). Importantly, MexZ AN26 showed an interaction with full-length MexZ,
proving that the hybrid protein was at least partially functional in the BACTH system
(Fig. 1E and F). Concomitantly, the lack of C-terminal alpha helices (AC9, AC31, and even
AC61) comprising the MexZ dimerization domain did not block MexZ-ArmZ het-
erodimerization completely (Fig. 1C and D), while it significantly reduced the self-
association properties of MexZ (Fig. 1E and F). All truncated CyaT18-MexZ variants were
expressed in the corresponding E. coli BTH101(pKAB25.2) cells, although a decreased
level relative to that of full-length CyaT18-MexZ was observed for some of them (Fig.
1G). Remarkably, the reduced protein level not only might be caused by a deleterious
effect of the truncation on protein stability but also might be a consequence of the
impaired interaction with ArmZ, as we observed that the presence of CyaA reconsti-
tution in E. coli BTH101 triggered by the interaction between MexZ and ArmZ stabilized
CyaT18-containing fusion proteins (see Fig. S1 in the supplemental material). To check
if the truncations affected the ability of MexZ to repress transcription from the mexXY
promoter (mexXYp), we expressed the CyaT18-MexZ proteins in E. coli containing
promoter-probe plasmid pKAB10.1 with the mexX-mexZ intergenic region cloned up-
stream of a promoterless xylE cassette (mexXYp-xylE). Measurement of XylE activity in
extracts of cells producing full-length CyaT18-MexZ showed a strong repression of
mexXYp-xylE (Fig. 1H). No XylE activity decrease was observed when CyaT18 fusions
with truncated MexZ variants were expressed (Fig. 1H), indicating the significance of
residues at both the N terminus (DBD) and the C terminus (dimerization domain) for the
repressor activity of MexZ.

Identification of MexZ residues important for MexZ-ArmZ interaction. The
truncation analysis pointed out that the N-terminal MexZ region involved in interac-
tions with ArmZ was also crucial for MexZ DNA-binding activity. To search for amino
acid substitutions in MexZ that abolish MexZ-ArmZ interactions without interfering
with MexZ DNA-binding activity, we developed a BACTH-based screening procedure
(Fig. 2A). E. coli BTH101 cells carrying pKAB10.1 (mexXYp-xylE) and pKAB25C.2 (cyaT25-
armZ) were transformed with a mexZ mutant library in pKAB18.1 (cyaT18-mexZ*). The
library was obtained by in vitro hydroxylamine mutagenesis of the PCR-amplified mexZ
gene, followed by high-efficiency cloning of mutated mexZ into the BACTH vector
pLKB4. Transformants were plated onto MacConkey medium with 1% maltose and
grown for 1 to 2 days, and white colonies (comprising ~0.4% of all colonies) were
restreaked onto MacConkey and L agar plates (Fig. 2A). The white color of streaked
bacteria on indicator plates could be caused by an effect of the mexZ mutation on the
interaction of the corresponding protein product with ArmZ, but it could also be
caused by the lack of a mexZ insert, the presence of a premature stop codon, or a
mutation that drastically destabilizes the protein. Hence, the ability of CyaT18-MexZ* to
repress mexXYp was tested by spraying the streaks onto L agar plates with a catechol
solution to assess XylE activity. The white streaks on both media, MacConkey and L agar
plates sprayed with catechol, indicated the production of a MexZ variant that has
repressor activity but is defective in the interaction with ArmZ.

Overall, 28 such clones were isolated. Sequencing of mexZ in these plasmids showed
nucleotide changes introducing the R3S (2 clones), K6E (2 clones), R13H (2 clones), K53E
(8 clones), K53M (4 clones), K53N (8 clones), K53Q (1 clone), and K53T (1 clone) amino
acid substitutions into MexZ. The mutations impaired the MexZ interaction with ArmZ;
however, only the K53E mutation completely abrogated the interaction (Fig. 2B and C).
Concomitantly, all mutants retained the ability to repress mexXYp, as assessed by a
plate assay (Fig. 2D) and measurements of XylE activity in extracts from exponentially
growing cultures (Fig. 2E). The level of repression varied significantly between MexZ
variants despite similar levels of expression of fusion proteins (Fig. 2F). The strongest
repression, comparable to that of wild-type (WT) MexZ, was observed for MexZ,sq.
Altogether, BACTH screening led to the identification of MexZ amino acids important
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FIG 2 Positively charged amino acids in the N-terminal part of MexZ are engaged in interaction with ArmZ. (A) Overview of the strategy
used for identification of MexZ mutants with disturbed interactions with ArmZ but that retained the ability to repress mexXYp. (B) BACTH
analysis of the interactions between MexZ single-substitution variants and ArmZ. Transformants carrying pKAB10.1, pKAB25C.2, and
plasmids expressing cyaT78 -mexZ (WT or the indicated mutants) were restreaked onto selective MacConkey plates and grown for 1 day

(d1) or 2 days (d2).

C) B-galactosidase activity in cultures of transformants from panel B. (D) Ability of MexZ mutants to repress

mexXYp-xylE. Transformants (as in panels B and C) were grown on L agar, sprayed with 10 mM catechol, and photographed after 1 and
5 min. White color indicates repression of mexXYp-xylE by MexZ. (E) XylE activity assayed in extracts from exponentially growing strains
as described above for panel B. 3-Galactosidase and XylE activity data represent mean values from at least three assays = SD. *, P < 0.05
(as determined by two-sided Student’s t test) relative to controls (indicated with “c”). (F) Assessment of CyaT18-MexZ levels by Western
blotting in cultures used for XylE activity assays. Anti-CyaT18 antibodies were used, and a Ponceau S-stained membrane is shown as a
loading control. (G) Pulldown analysis of WT and mutant MexZ interactions with FLAG-ArmZ. A total of 150 ug of purified MexZ-Hisg (WT
or mutants) and 1 mg of proteins from an extract of E. coli cells overproducing FLAG-ArmZ were applied to Ni-NTA columns, followed by
washing and elution using an imidazole gradient. Proteins were separated by SDS-PAGE, followed by Coomassie staining or Western blot
analysis using anti-FLAG antibodies. For clarity, the images were cropped and the contrast was enhanced (original images are included
in Fig. S2 in the supplemental material). (H) Amino acids participating in the MexZ-ArmZ interaction visualized on the refined MexZ
structural model based on data reported previously (29). At the bottom is an alignment of the N-terminal part of MexZ and S. Typhimurium
AcrR (42). Residues identified in this study as being involved in interactions with ArmZ are indicated in red. Alpha helices detected in

crystal structures are underlined.
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for the interaction with its antirepressor, pointing out the significance of K53. Since only
the K53E mutation completely abrogated the MexZ-ArmZ interaction, this variant was
chosen for further analysis from the set of substitutions at this position.

To check the impact of R3S, K6E, R13H, and K53E substitutions in MexZ on the
interaction with ArmZ in vitro, MexZ-His, (WT and mutants) was purified and used as
the bait in a pulldown assay. Equal amounts of MexZ-His, (WT and mutants) were
mixed with extracts from E. coli cells overproducing FLAG-ArmZ and loaded onto
Ni-nitrilotriacetic acid (NTA) columns, followed by washing and elution of bound
proteins with increasing concentrations of imidazole. Eluates were separated on poly-
acrylamide gels, which were stained with Coomassie brilliant blue or used for Western
blot analysis. MexZ-Hisg eluted at imidazole concentrations of 0.15 M and 0.3 M (Fig.
S2A). Concomitantly, these fractions contained large amounts of FLAG-ArmZ in the case
of WT MexZ-His, observed even after Coomassie staining (Fig. S2A) or in Western blot
analysis with anti-FLAG antibodies (Fig. 2G and Fig. S2B), whereas no FLAG-ArmZ was
bound to a control column containing the purified Hisg tag (Fig. 2G and Fig. S2). The
use of R3S, K6E, and R13H variants of MexZ-Hisg resulted in a significantly reduced
amount of FLAG-ArmZ bound, whereas in the case of MexZys,¢-Hiss, FLAG-ArmZ was
hardly detectable (Fig. 2G). Overall, these results are consistent with data from BACTH
analyses and indicate that R3S, K6E, and R13H substitutions in MexZ disturb the
interactions with ArmZ, whereas the K53E amino acid change completely abolishes
them.

The N-terminal 8 residues encompassing R3 and K6, important for MexZ-ArmZ
interactions, were missing in the solved structure of MexZ (29). Inspection of the
structure of the N-terminal part of AcrR from Salmonella enterica serovar Typhimurium
(42), the sequence of which is highly similar to that of the N-terminal part of MexZ (Fig.
2H, bottom), showed that the amino acids form two alpha helices with the N terminus
bent toward other helices forming the DNA-binding domain (42). To visualize residues
on a structural model of MexZ, we used |-TASSER (43) to refine the structure of the
N-terminal part of MexZ. Prediction showed that the N terminus of MexZ forms a long
alpha helix (Fig. 2H). In this model, R3, K6, R13, and K53 residues were localized in
proximity to each other (Fig. 2H). This suggests that the identified amino acids may
form an interface for interaction with ArmzZ.

Impact of ArmZ on DNA binding by WT MexZ and its R3S, K6E, R13H, and K53E
variants. The impact of ArmZ on MexZ binding to DNA in vitro was analyzed using an
electrophoretic mobility shift assay (EMSA) with purified MexZ-Hisg and the mexXY-
mexZ intergenic region (mexXYp) as a probe, with or without His,-ArmZ. MexZ-His
bound to mexXYp DNA but not to a similar-length control fragment (Fig. 3A). mexXYp
was not bound by Hisg-ArmZ. Strikingly, the addition of His,-ArmZ to MexZ-Hisg prior
to mixing it with mexXYp only partly interfered with MexZ-DNA binding under the
conditions tested (Fig. 3A). Concomitantly, to test the impact of ArmZ on MexZ-
mediated repression of mexXYp in vivo, we first used the E. coli DH5a(pKAB10.1
[mexXYp-xylE]/pKAB801 [araBADp-mexZ]) strain and determined that induction with
0.005% arabinose resulted in an amount of MexZ that was not capable of full mexXYp
repression (Fig. 3B). However, even such moderate MexZ repression of mexXYp was not
relieved by the overproduction of ArmZ. Similarly, the overproduction of ArmZ to-
gether with PA5470, a putative peptide-releasing factor (36, 37) encoded in the same
operon, had no effect on MexZ-mediated repression (Fig. 3C). This strongly suggested
that other factors present in P. aeruginosa, but not in the E. coli strain used, might
participate in the control of the influence of ArmZ on MexZ binding to DNA.

To analyze the impact of R3S, K6E, R13H, and K53E amino acid substitutions in MexZ
on the ArmZ-mediated increase of mexXY expression in P. aeruginosa, we constructed
a series of PAO1161 mutants containing the corresponding missense mutations in mexZ
as well as control strains with inactivated mexZ (AmexZ) or armZ (AarmZ) and the
AmexZ AarmZ double-deletion strain. WT and mutant strains were grown in medium
with or without a subinhibitory concentration of tetracycline, known to induce mexXY
expression (33), and mexY as well as armZ transcript levels were analyzed using reverse
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FIG 3 Impact of ArmZ on MexZ binding to mexXYp in vitro and in vivo in the heterologous host E. coli. (A) EMSA
of MexZ-Hisq and Hisg-ArmZ binding to a 184-bp mexXYp DNA fragment. DNA at a concentration of 0.1 uM was
incubated with the indicated concentrations of MexZ-His,, His,-ArmZ, or both proteins; separated on a 1.5%
agarose gel; stained with ethidium bromide; and photographed. A 204-bp pUC19 fragment (amplified using
primers 46 and 7) was used to verify the specificity of MexZ binding. (B) MexZ repression of mexXYp in a
heterologous host. XylE activity measurements were performed with cell extracts from cultures of E. coli DH5«
strains containing the indicated plasmids grown in medium with different concentrations of arabinose, to
overproduce MexZ (pKAB801 araBADp-mexZ). Data are presented on a semilogarithmic plot. (C) Effect of ArmZ or
ArmZ/PA5470 overproduction on MexZ repression of mexXYp in E. coli DH5a. XylIE activity was assayed in extracts
of E. coli DH5« transformants grown in the presence of two inducers, IPTG and arabinose. Data represent mean
activities from at least three cultures = SD.

transcription-quantitative PCR (RT-qPCR) (Fig. 4A and B). The addition of tetracycline
resulted in increased armZ mRNA production in the WT and all mexZ missense mutants,
with a slightly higher level of armZ expression observed in strains producing MexZ, ¢
and MexZysse than in the WT strain (Fig. 4B). As expected, tetracycline induced mexY
expression in WT PAO1161, whereas only a minor increase was observed in the AarmZ
mutant, suggesting that the bulk of the induction was ArmZ dependent (Fig. 4A). The
lack of MexZ (AmexZ) or the production of MexZgs led to high mexY expression levels
independently of the presence of tetracycline (Fig. 4A). In the absence of an inducer, a
significant increase in the mexY transcript level was observed in strains expressing
MexZyee and MexZg, 5, but not to the extent observed in AmexZ or mexZz5s strains,
suggesting ongoing partial repression of the mexXY promoter in these two mutants
(Fig. 4A). However, these variants were impaired in the ArmZ-dependent response to
tetracycline, since the observed increase of the mexY mRNA level was significantly
lower than that in the WT strain. The strongest repression of mexXYp in the absence and
presence of the inducer was observed in cells expressing MexZ,s5g, confirming a minor
effect of this amino acid substitution on the DNA-binding ability of MexZ but a very
strong effect on the interaction with ArmZ under native conditions. Altogether, these
data indicate that mutations that block the MexZ-ArmZ interaction may hamper both
MexZ repression and tetracycline-mediated induction of mexY expression.

To check if excess ArmZ restores the defect in the MexZ response, the empty
araC-araBADp expression cassette or the araC-araBADp-armZ cassette, allowing
arabinose-induced overexpression of armZ, was introduced into the genomes of
PAO1161 and its derivatives carrying mutant alleles of mexZ. Strains were grown in
arabinose-containing medium, and RNA was isolated for RT-gqPCR analysis (Fig. 4C and
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FIG 4 Disturbing the MexZ interaction with ArmZ decreases the extent of ArmZ-mediated induction of mexXY
expression in P. aeruginosa. (A and B) RT-qPCR analysis of the expression of mexY (A) and armZ (B) by the indicated
PAO1161 strains grown in L broth with or without 4 ug ml~" tetracycline. (C and D) RT-qPCR analysis of the
expression of mexY (C) and armZ (D) in the WT PAO1161 and mexZ mutant strains containing either araBADp
(control) or an araBADp-armZ cassette inserted at a neutral site. Cells were grown in L broth containing 0.15%
arabinose to induce expression from the araBADp promoter. Data in panel D are presented on a logarithmic scale.
All RT-qPCR data represent means = SD from at least three biological replicates. Expression levels were normalized
to the value for the nadB gene and are presented relative to value for the PAO1161 WT strain not exposed to
tetracycline (A and B) or the PAO1161 araBADp strain (C and D). *, P < 0.05 (as determined by two-sided Student’s
t test assuming equal variance); NS, not significant (P value of >0.05). ND, not detected.

D). The extents of armZ overexpression were similar in all tested strains (Fig. 4D). The
abundance of ArmZ triggered an increase in the mexY level in cells producing WT MexZ,
to the level observed for the control AmexZ mutant strain (Fig. 4C). In agreement with
the observed partial inhibition of the MexZ-ArmZ interaction by the K6E or R13H
substitution in MexZ (Fig. 2), mexY expression was responsive to armZ overexpression
in strains producing MexZ,e or MexZg,5y (Fig. 4C). Strikingly, this was not observed in
cells expressing MexZs5e (Fig. 4C), and akin to the AarmZ strain, the mutant producing
MexZ, ;¢ was more susceptible to aminoglycosides and tetracycline than WT strain
PAO1161 (Table 1), confirming the critical role of K53 for MexZ interactions with ArmZ.
Overall, these data indicate that the mutations that disturb the MexZ-ArmZ interaction
negatively affect ArmZ-mediated upregulation of genes encoding the MexXY multidrug

TABLE 1 Impact of mexZ and armZ mutations on antimicrobial resistance of P. aeruginosa
PAO11614

MIC (pg/ml)
Modified allele(s) of strain PAO1161 Rif" Amikacin Gentamicin Tobramycin Tetracycline
None (WT) 4 2 1 64
AmexZ 8 4 1 64
ANarmZ 1 0.5 0.25 16
AmexZ AarmZ 8 4 1 64
mexZgpss 8 4 1 64
mexZyee 4 2 0.5 64
mexZgy3n 8 4 1 64
mexZysse 2 1 0.25 32

aData represent MICs of the indicated antibiotics assayed with a microdilution method in cation-adjusted
Mueller-Hinton medium. MIC analysis was performed twice, with identical results.

December 2019 Volume 63 Issue 12 e01199-19

Antimicrobial Agents and Chemotherapy

aac.asm.org 8


https://aac.asm.org

MexZ Interaction with Its Antirepressor ArmZ

A B

Antimicrobial Agents and Chemotherapy

——oB. ubonensis (AJX13909)

A. xylosoxidans (CKH02195) é\éﬁég?gg MA
P. aeruginosa PAO1 (AAG05408)( _ AAG05408 MA
B. cepacia (ALK18596) |~ Tt ALK18596 MA
B. ubonensis (AJX16992) AJX16992 MAR
P. protegens (AGL83159) ;\\gbgg;gg g
C. serinivorans (ARU0O3706)]  ........ ABX33148 LAR
D. acidovorans (ABX33148) }------ AlJ44552 MAR
C. testosteroni (AlJ44552) CAD13540 M
R. solanacearum (CAD1354) | -+ | AJX15925 M
B. ubonensis (AJX15925)  [----eeuit ﬁbé}%gg H
B. cepacia (ALK16488) EKT54195 MA
Iongata (AJE17632) AFH92876 MAR
P. sneebia (EKT54 95) CBJ80742 MAR
P. stuartii (AFH92876) Agxrlétllloa_“%(?) : R
X. bovienii (CBJ80742) 15
X. hominickii (AOM41130) ool
_|—_mlrabllls (CAR40437) AKG70207 MA
M. morganii (AGG32267) | 77T ACT12120 MA
P. fontium (AKJ41702) ézé(ﬁg?g :
S. fonticola (AKG70207) : R
P, carotovorum (ACT12120) |- ey |
K. cowanii (APZ05603) ADR25868 MAR
E. coli UMN026 (CAR11718) AAN42064 MAR
o Betaproteobacteria E. coli O157:H7 (BAB33940) AAC73566 MA
e Gammaproteobacteria  |E. coli O104:H4 (AFS75705) ABB60663 HE
E. coli O83:H1 (ADR25868)
Enterobacteriales S floxrrert (AANA2064) with ArmZIPAS470 I
0.5 E. coli K-12 (AAC73566)
— S. dysenteriae (ABB60663) orthologs (30) #4r

no ArmZ/PA5470| I
orthologs (123)

ARILDAASRLFREEGYGGSGIGPLTKAAGVTNGAFYGHH
DRILDAAEHVFLSKGGASTTMSDIADFAGVSRGAVY GH
DGILDAAERVFLEKGVGTTAMADLADAAGVSRGAVY GH
IKHRILDAAELVLLEKGVAQTAMADLAEAAGMSRGAVYGHYR
IKHRILDAAELVLLEKGVAQTAMADLAEAAGMSRGAVYGH
RISQILEAAEKAFYERGVARTTLADIAALAGVTRGAIYWHH
RITKLLDAAEHLFLKQGVSGTSLAQIAQAAGTTRGAIYWHH
RINSLLDAAEQVFYEQGVARASLNEIAQRAGATRGAVYWHH
RITKLLDAAEEVFFEKGVSRTSLGDIAQRAGATRGAVYWHH
RINRILDAAEEVFYVRGVARTSLSDIAQAAGVTRGAIYWHH
RINGILDAAEHVFFEKGVSHTSLADIAHHAGVTRGAIYWHHA
RINRILDAAEHVFFEKGVSHTSLADIAQHAGVTRGAIYWHHA
REEQLLQSALDTFYRQGVAKNPLQAIARNAGVTRGALYWHH
RQEILDAAIKTFSERGVSATSLADIAKAAGVTRGAIYWHH
ILDAAIKTFSERGVSATSLADIAKSAGVTRGAIYWHH
ITEAAIKVFSERGVSATSLSDIAIAASVTRGAIYWHH
RQQIIEAAIKTFSERGVSATSLADIAIAAGVTRGAIYWHH
RIRQIIDAALRLFTVQGVSATSLSDIATEAGVTRGAIYWHH
RIRQIIDAALTAFSEQGVSATSLVDIAKQAGVTRGAIYWHH
RQQILDAAMQEFARRGVSSTSLNDIALAAGVTRGAIYWHH
RIQQILDAAVREFSERGVSATSLTDIATAAGVTRGAIYWHH
RQQILDTALRVFSEHGVSATSLSDIATAAGVTRGAIYWHH
RQHILDVAMRLFSRQGVSSTSLAEIAQAAGVTRGAIYWHH
ILDVALRLFSQQGVSSTSLGEIAKAAGVTRGAIYWHH
ILDVALRLFSQQGVSSTSLGEIAKAAGVTRGAIYWHH
RIQHILDVALRLFSQQGVSSTSLGEIAKAAGVTRGAIYWHH
RQHILDVALRLFSQQGVSSTSLGEIAKAAGVTRGAIYWHH
RQHILDVALRLFSQQGVSSTSLGEIAKAAGVTRGAIYWHH
RQHILDVALRLFSQQGVSSTSLGEIAKAAGVTRGAIYWHH
RQHILDVALRLFSQQGVSSTSLGEIAKAAGVTRGAIYWHH

o [[]1 e A TR

RQ-ILDAA---F-E-GVS-TSL-DIA-AAGVTRGAIYWHH

Wl lstsal it

--=-F---GV--TSL-DIA-AAGVTRGAIYWHF

FIG 5 Residues involved in the interaction with the ArmZ-like antirepressor are conserved in MexZ orthologs from various bacteria. Genes encoding clustered
orthologs of MexZ/MexX/MexY or ArmZ/PA5470 were identified in bacterial genomes using MultiGeneBlast (44). Only 27 genomes containing two sets of
MexZ/MexX/MexY and ArmZ/PA5470 orthologs were selected for the analysis (see Data Set S3 in the supplemental material). (A) Phylogenetic tree of the
identified MexZ orthologs constructed using COBALT (67) by the use of the neighbor-joining method. C. serinivorans, Comamonas serinivorans; D. acidovorans,
Delftia acidovorans; C. testosteroni, Comamonas testosteroni; R. solanacearum, Ralstonia solanacearum; N. elongata, Neisseria elongata; P. sneebia, Providencia
sneebia; P. stuartii, Providencia stuartii; X. bovienii, Xenorhabdus bovienii; X. hominickii, Xenorhabdus hominickii; M. morganii, Morganella morganii; P. fontium,
Pragia fontium; S. fonticola, Serratia fonticola; P. carotovorum, Pectobacterium carotovorum; K. cowanii, Kosakonia cowanii; S. flexneri, Shigella flexneri; S.
dysenteriae, Shigella dysenteriae. (B) Sequence alignment of the N-terminal parts of MexZ orthologs (corresponding to amino acids 1 to 56 of P. aeruginosa MexZ).
Sequences are ordered as in the tree, amino acids identical to those in P. aeruginosa MexZ are highlighted in gray, and residues corresponding to P. aeruginosa
MexZ residues participating in the interaction with its antirepressor are indicated in red. The consensus sequence (amino acids occurring in more than 60%
of proteins) and bars representing conservation are presented for MexZ orthologs identified in genomes with and without identified ArmZ/PA5470 orthologs.

Full alignments are included in Fig. S3 and S4, respectively.

efflux system, thus increasing the susceptibility of the cells to antimicrobials extruded
by this pump.

Identification of MexX/MexY/MexZ orthologs possibly regulated by ArmZ-like
proteins. To identify other bacterial multidrug efflux systems with expression poten-
tially regulated by large ArmZ-like antirepressors alleviating the downregulation ex-
erted by local TetR family transcription factors, we used MultiGeneBlast (44) to search
for clusters of genes encoding proteins with similarity to P. aeruginosa MexX/MexY/
MexZ in 1,748 representative and reference bacterial genomes included in the RefSeq
database (release 91) (45). Genes encoding all three components in proximity to each
other were identified in 141 strains (Data Set S1). Since ArmZ shows sequence similarity
to RtcB family ligases, ubiquitous in prokaryotic genomes, the identification of ArmZ
orthologs was based on the fact that in P. aeruginosa, armZ is transcriptionally coupled
with PA5470 (36), a gene encoding a peptide chain release factor (37). A MultiGeneBlast
search using P. aeruginosa ArmZ/PA5470 showed 61 genomes with operons containing
putative orthologs (Data Set S2). Concomitantly, genomes of 27 strains contained
genes encoding MexX/MexY/MexZ and ArmZ/PA5471 orthologs (Data Set S3). These
were classified mostly as Enterobacteriales; however, one other Pseudomonas species (P.
protegens CHAO) and seven Betaproteobacteria species were also identified (Fig. 5A and
Data Set S3). Among these, Burkholderia ubonensis MSMB22 and Burkholderia cepacia
ATCC 25416 contained multiple clusters encoding MexXYZ orthologs (Data Set S3).
Phylogenetic analysis of MexZ orthologs showed that P. aeruginosa MexZ grouped with
proteins identified in B. cepacia, B. ubonensis, or Achromobacter xylosoxidans (Fig. 5A).
The alignment of amino acid sequences of MexZ orthologs showed a very high level of
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conservation of residues forming the N-terminal DNA-binding domain, including those
corresponding to R3, K6, and R13 of P. aeruginosa MexZ, likely forming the MexZ-ArmZ
interaction surface (Fig. 5B). Concomitantly, K53, critical for the MexZ-ArmZ interaction
in P. aeruginosa, was replaced with serine only in the case of the MexZ ortholog from
P. protegens and with alanine in the case of B. cepacia and B. ubonensis in one of the
MexZ orthologs encoded by their genomes but not in the others (Fig. 5B). A substitu-
tion of arginine, which was unlikely to affect the interaction, was observed in the case
of the B. cepacia protein under GenBank accession no. ALK16488.1 (Fig. 5B). A similar
comparison of amino acid sequences of MexZ-like regulators from strains lacking
ArmZ/PA5470 orthologs also demonstrated a high level of conservation of amino acid
residues corresponding to R3, K6, and R13, whereas a lower level of conservation was
observed for K53 (Fig. 5B and Fig. S4). These data show that a lysine is preferentially
found at the position corresponding to K53 of P. aeruginosa MexZ in MexZ-like
regulators in strains whose genomes also encode ArmZ/PA5470 orthologs. Taken
together, our results suggest a widespread role of ArmZ-like proteins in the regulation
of multidrug efflux pump expression in various bacterial species, including clinically
important pathogens.

DISCUSSION

The expression of genes encoding the P. aeruginosa MexXY multidrug efflux system
is negatively controlled by MexZ binding to the palindromic sequence in mexXYp (27,
28). The MexZ-mediated repression is alleviated by antirepressor ArmZ, interacting with
MexZ (28, 36, 40). The inhibitory effect of ArmZ on DNA binding by MexZ was
previously demonstrated using an EMSA with an oligonucleotide corresponding to the
MexZ-binding site, cell extracts from tetracycline-treated PAO1 cells, or recombinant
ArmZ (28). The EMSA performed here with MexZ-His, showed only a minor disruption
of MexZ-Hisg binding to DNA by His,-ArmZ (Fig. 3A). The discrepancy between the
results of in vitro experiments may be caused by the ratio of MexZ to ArmZ used;
nevertheless, the minor effect observed in our study compromised the EMSA as a
method for in vitro analysis of the MexZ-ArmZ interplay. Interestingly, the overproduc-
tion of ArmZ in E. coli expressing MexZ had no effect on its ability to repress
mexXYp-xylE, whereas excess ArmZ readily increased the level of the mexY transcript in
P. aeruginosa (Fig. 4C). These data suggest that another factor present in P. aeruginosa,
but not in the E. coli strains used, may be responsible for the fine-tuning of ArmzZ
activity, but as we have shown, it is not a product of PA5470, the other cistron in the
armZ-PA5470 operon (Fig. 3C). ArmZ shows amino acid similarity with RtcB RNA-splicing
ligases involved in tRNA repair (46), suggesting that ArmZ may potentially bind small
RNAs; however, the significance of this observation, if any, is unknown.

The mechanism by which ArmZ interferes with MexZ binding to DNA has been
highly speculative (29, 40, 47). The truncation analysis indicated that the removal of the
C-terminal a8 and a9 helices of MexZ, involved in dimerization, does not block its
interaction with ArmZ, suggesting that MexZ self-association is not necessary for the
interaction with ArmZ. While TetR repressors are thought to bind to DNA as dimers (48)
and analytical gel filtration showed that MexZ forms dimers in solution (29), we cannot
rule out that a MexZ monomer-dimer equilibrium exists in the cells and that binding of
ArmZ to MexZ disrupts MexZ dimer formation.

Analysis of short N-terminal-deletion derivatives of MexZ demonstrated an impair-
ment of both functions, DNA binding and interactions with the antirepressor (Fig. 1C,
D, and H). To dissect these two activities, a search for mutations that did not abolish
repressor function but that impaired MexZ-ArmZ interactions was undertaken (Fig. 2A).
The double-screening procedure led to the identification of four positively charged
amino acids in the N terminus of MexZ, R3, K6, R13, and K53 (Fig. 2B to E). Notably, K53
was crucial for the interaction with ArmZ, since several substitution mutants at this
position were isolated. Interestingly, various amino acids at this position modulated
DNA binding and interactions with ArmZ to different extents, with the K53E substitu-
tion showing a minor impact on repressor activity while eliminating sensitivity to the
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antirepressor. Residues R3, K6, and R13 are located in the putative a1 helix of the MexZ
DBD (Fig. 2H), whereas K53 is located in the loop between the DNA recognition helix
a3 and the &4 helix. Since in the crystal structure, a4 extensively interacts with a1-a3
(29), our data indicate that the ArmZ-binding domain overlaps the DNA-binding
domain. Mutations in R3, K6, R13, and K53 participated to various extents not only in
interactions with ArmZ but also in DNA binding; therefore, we speculate that ArmZ
interferes with MexZ by blocking its DNA-binding domain.

The only other described P. aeruginosa antirepressor, ArmR (53 aa), inactivates the
MarR family transcriptional regulator MexR by inducing a conformational change
incompatible with DNA binding (49). Recently, several examples of proteins that mimic
the DNA substrates of various proteins to block their DNA binding have been described
(50, 51), including the CarS (111 aa) antirepressor from Myxococcus xanthus (52, 53), the
antirepressor AbbA (68 aa) of Bacillus subtilis (54), and DMP19 (166 aa) of Neisseria
meningitidis (55). The interaction between DMP19 and NHTF, a xenobiotic response
element (XRE) family transcription factor, has been suggested to be driven by specific
charge-charge interactions (55). Previously, two positively charged residues, R216 and
R221, of ArmZ were also indicated to be part of the ArmZ-MexZ interaction domain,
and substitution of these amino acids in ArmZ had the strongest negative effect on the
spectinomycin-induced increase of mexXY expression (40). However, since positively
charged residues were also identified in our study, together, these mutational analyses
do not directly suggest that there are any residues in MexZ and ArmZ that could form
charge-charge interactions. The examples listed above indicate proteins relatively
smaller than ArmZ (41 kDa). Nevertheless, larger antirepressors may employ the same
mechanisms as the ones indicated above, e.g., the antiactivator RapF (380 aa) from B.
subtilis (56). Overall, these data suggest that inactivation of MexZ by ArmZ may involve
changes in the DBD of MexZ; however, the exact mechanism requires further studies.

The search for efflux systems in other species whose expression could be regulated
through an interaction between a TetR family transcriptional regulator and a large
ArmZ-like antirepressor showed several candidates (see Data Set S3 in the supplemen-
tal material). These include efflux systems in pathogenic A. xylosoxidans (57, 58),
members of the B. cepacia complex (59), and several enterobacteria, e.g., Proteus
mirabilis (60). We are aware that the search is by no means exhaustive; however, it
clearly shows that regulation of genes that control the expression of multidrug efflux
pumps by large ArmZ-like antirepressors could be a common way of inducing efflux-
mediated resistance to antimicrobials in bacteria.

Conclusions. ArmZ interacts with MexZ to control the expression of genes encoding
the MexXY efflux pump, which confers multidrug resistance to P. aeruginosa. The
positively charged residues responsible for MexZ-ArmZ interactions are located at the
N terminus of MexZ, suggesting an overlap between DNA- and ArmZ-binding domains.
Similar cross talk may contribute to the induction of efflux-mediated antimicrobial
resistance in other bacterial species. Further structural studies should shed light on the
exact molecular mechanism of MexZ inactivation by ArmZ.

MATERIALS AND METHODS

Strains, growth conditions, and genetic manipulations. Strains used and constructed in this work
are listed in Table 2. All P. aeruginosa strains used in this study are derivatives of PAO1161 [leu(r— m~)]
(restriction-modification defective, leucine-auxotrophic strain; provided by B. M. Holloway, Monash
University, Clayton, Victoria, Australia). Escherichia coli strain DH5a was used for plasmid manipulations.
Plasmids used and constructed in this study are listed in Tables S1 and S2, respectively, in the
supplemental material. Oligonucleotides used in this work are listed in Table S3. All new plasmid
constructs were verified by sequencing (Laboratory of DNA Sequencing and Oligonucleotide Synthesis,
Institute of Biochemistry and Biophysics, Polish Academy of Sciences [IBB PAS]). Standard DNA manip-
ulations were performed as described previously (61). Gibson assembly reactions were performed by the
use of OverLap assembly mix (A&A Biotechnology, Poland).

Mutated alleles to be introduced into the PAO1161 genome by homologous recombination were
cloned into suicide vector pAKE600 (62). The E. coli S17-1 strain was transformed with pAKE600
derivatives, and transformants were used as donors for conjugation with PAO1161 Rif". The allele
exchange method was performed as described previously (63). The presence of the mexZ or armZ
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deletions as well as insertions in the PA5412-PA5413 intergenic region was verified by PCR, whereas the
presence of mexZ missense mutations was verified by restriction analysis of PCR products (Table S2).

Bacteria were grown in L broth or on L agar (L broth with 1.5% [wt/vol] agar) at 37°C or 28°C.
MacConkey agar (BD Difco) supplemented with 1% maltose was used in bacterial adenylate cyclase
two-hybrid (BACTH) assays. Cation-adjusted Mueller-Hinton Il broth (BBL) was used in antimicrobial
susceptibility assays. Plasmids in E. coli strains were maintained by the addition of 150 ug ml—’
benzylpenicillin sodium salt in liquid medium (300 wg mlI=" for solid medium), 50 ug ml—" kanamycin, or
10 ug ml=" chloramphenicol. P. aeruginosa transconjugants were selected by the addition of 300 ug
ml~" carbenicillin and 300 ug ml~" rifampin.

Analysis of protein-protein interactions using a two-hybrid system. Protein-protein interactions
were analyzed using the BACTH system (41). CyaT18 and CyaT25 fragments were fused to the N termini
of the proteins of interest. Pairs of plasmids encoding the hybrid genes cyaT18-X and cyaT25-Y were
transformed into E. coli BTH101 Acya. The interaction between the proteins leading to the reconstitution
of CyaA activity, triggering cAMP synthesis and the transcription of genes involved in the catabolism of
carbohydrates (lactose or maltose), was identified as red color of colonies on MacConkey agar and by an
increase of the B-galactosidase activity in the cell extracts. Bacteria were plated onto MacConkey medium
with 1% maltose supplemented with appropriate antibiotics and grown for 1 day at 28°C. Three random
clones for each type of transformant were streaked onto fresh MacConkey plates, incubated for 24 h or
48 h at 28°C, and photographed. The colonies were used to inoculate cultures in liquid L broth (grown
for 20 h at 28°C) for B-galactosidase activity measurements as described previously (64).

Screening of mexZ mutants in the BACTH system. To obtain the library of mexZ alleles in the
pLKB4 vector (AcyaT18), the PCR-amplified open reading frame (ORF) was mutagenized in vitro and
cloned into pLKB4. This strategy prevented the accumulation of random mutations in the plasmid
backbone, including lacp-cyaT18. The PCR product encompassing mexZ, amplified from pKAB18.1 by the
use of primers 44 and 45, was gel purified, and 2 ug of DNA in 1 ml of a solution containing 0.1 M
potassium phosphate buffer (pH 6.0) and 1 mM EDTA was mixed with 0.8 ml of a solution containing 2
M hydroxylamine and 0.4 M NaOH and incubated for 90 min at 70°C, followed by purification with a
Clean-up kit (A&A Biotechnology, Poland). The mutagenized PCR product, digested with EcoRl and Sacl,
was ligated with pLKB4 digested with same enzymes and treated with FastAP thermosensitive alkaline
phosphatase (Thermo). The ligation mixtures were digested with BamHI to remove traces of the empty
vector and used for the transformation of electrocompetent E. coli DH5« cells. Approximately 100,000
clones, with more than 99% containing the insert, were pooled, and the plasmid DNA was isolated to
form the pKAB18.1 (cyaT18-mexZ*) library.

A search for MexZ variants impaired in interactions with ArmZ but capable of mexXYp repression was
performed by transformation of the pKAB18.1 library into E. coli BTH101 Acya cells carrying pKAB10.1
(mexXYp-xylE) and pKAB25C.2 (cyaT25-armZ) (Fig. 2A). Transformants were selected on MacConkey agar
with 1% maltose supplemented with penicillin, kanamycin, and chloramphenicol at 28°C for 24 to 48 h.
White colonies were streaked onto a fresh MacConkey agar plate and onto an L agar plate. After
overnight growth, the L agar plate was sprayed with 10 mM catechol to assess the ability of the MexZ
mutant to repress mexXYp-xylE. Overall, 120,000 transformants were screened, resulting in 28 clones
producing proteins with a disturbed interaction with ArmZ but with the ability to repress mexXYp-xylE.
Sequencing of mexZ in these clones showed point mutations resulting in 8 single-amino-acid substitu-
tions (plasmids pKAB18.8 to pKAB18.15) (Table S2).

Protein purification. £. coli BL21(DE3) cells with pET28 derivatives encoding MexZ-His, (WT and
mutants) or His,-ArmZ were grown to an optical density at 600 nm (ODy,) of 0.6, induced with 0.5 mM
isopropyl-B-p-thiogalactopyranoside (IPTG), and grown with shaking at 37°C for an additional 3 h. The
cells were harvested by centrifugation and sonicated in lysis, elution, wash (LEW) buffer (50 mM NaPi
[pH 8.0], 300 mM NaCl). His,-tagged proteins were captured using affinity chromatography on Macherey-
Nagel Protino Ni-TED 1000 columns, followed by washing (10 ml of LEW buffer) and elution using LEW
buffer with 300 mM imidazole. The fractions were dialyzed overnight against LEW buffer with 10%
glycerol, and proteins were stored at —80°C. Protein yield and purity were estimated by SDS-PAGE using
the Pharmacia Phast gel system.

Pulldown assay. Purified MexZ-His, (150 pg) was mixed with 1 mg of proteins from a cell extract
obtained by sonication of E. coli BL21(pKAB28.6) cells overproducing FLAG-ArmZ in LEW buffer with 10%
glycerol. The mixtures were incubated at 22°C for 10 min and applied to Protino Ni-TED 150 columns
(Macherey-Nagel) equilibrated with LEW buffer. The columns were washed with 5 ml of LEW buffer, and
protein complexes were eluted by applying LEW buffer with increasing concentrations of imidazole.
Samples of E. coli BL21 cells with the empty vector pKAB28.7, treated as described above for the protein
purification protocol, were used as a negative control. Eluates were separated on 10% polyacrylamide
gels and stained with Coomassie brilliant blue or analyzed by Western blotting by the use of mouse
monoclonal anti-FLAG antibodies (catalog no. MA1-91878; Thermo).

Electrophoretic mobility shift assay. Binding of MexZ-His, and His,-ArmZ to DNA was analyzed by
an electrophoretic mobility shift assay (EMSA). Probes were prepared by gel purification of PCR products
obtained using pKAB10.1 as a template and primers 1 and 2 (mexXYp, 184 bp) or using pUC19 as a
template and primers 46 and 7 (control, 204 bp). The recombinant protein(s) at the indicated concen-
trations was added to 0.1 uM probe in 20 ul of binding buffer (10 mM Tris-HCI [pH 8.5], 10 mM MgCl,,
100 mM KCl, 0.1 mg ml~" bovine serum albumin [BSA]) and incubated at 22°C for 15 min, and the
mixtures were separated by electrophoresis on a 1.5% agarose gel in 0.5X TBE buffer (45 mM Tris-HC|
[pH 8.0], 45 mM boric acid, T mM EDTA) at 4°C. Gels were placed in 1 ug ml~" ethidium bromide in water
for 10 min, followed by destaining in water (10 min or as long as required) before visualization of the
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bands using UV light. In competition experiments, MexZ-His, and His,-ArmZ were mixed and equili-
brated for 15 min in binding buffer before the addition of the probe.
RT-qPCR analysis. RNA isolation was performed with the Total RNA minikit (A&A Biotechnology, Poland)
using cells from 2 ml of cultures at an ODy,, of 0.5. RT-qPCR was performed essentially as described previously
(65). Briefly, cDNA was synthesized with a TranScriba cDNA synthesis kit (A&A Biotechnology, Poland) using
random-hexamer primers. qPCRs with Hot FIREPol EvaGreen qPCR mix plus (Solis Biodyne) were run in a
Roche LightCycler 480 apparatus and analyzed by the relative expression method using Roche LightCycler
480 software (v1.5.1.62). Three technical replicates were used for each gene-primer combination. Oligonu-
cleotides are listed in Table S3. nadB (PA0761) was used as a reference gene.
Bioinformatics analyses. The MexZ structure, including the N-terminal part missing from the
previously solved structure (PDB accession no. 2WUI) (29), was modeled using I-TASSER (43). Swiss PDB
Viewer v4.1 (http://www.expasy.org/spdbv/) was used for application of symmetry and visualization of
the residues on the model (66). Identification of genes encoding clustered orthologs of MexZ/MexX/
MexY or ArmZ/PA5470 was performed using MultiGeneBlast (44). The database used for searches
encompassed 1,748 representative and reference bacterial genomes included in RefSeq release 91 (45).
The minimal sequence coverage of BLAST hits was set to 25%, and the minimal percent identity was set
to 30%. The maximum distance between genes was limited to 20 kb. Protein sequence alignment and
phylogenetic tree construction by the use of the neighbor-joining method were conducted using
COBALT (https://www.ncbi.nlm.nih.gov/tools/cobalt/) (67). The alignment was visualized using SnapGene
viewer (SnapGene software; GSL Biotech).

Other assays. The activity of catechol 2,3-dioxygenase (XylE) in cell extracts was determined

spectrophotometrically as described previously (68) and normalized to the protein content in cell
extracts determined by using the Bradford assay (69). One mU is defined as the activity of enzyme
resulting in the formation of 1 nmol of 2-hydroxymuconic semialdehyde per min. Western blot analysis
of CyaT18-fused proteins was performed by the use of mouse anti-CyaA antibodies (3D1, catalog no.
SC-13582; Santa Cruz Biotechnology). For Western blot analysis, cell pellets were resuspended in loading
buffer (50 mM Tris-HCl [pH 8.0], 0.1 M dithiothreitol [DTT], 2% SDS, 0.1% bromophenol blue, 10%
glycerol) and boiled for 10 min. MICs were evaluated by using a microdilution method in microtiter plates
with cation-adjusted Mueller-Hinton broth (70). MICs for the control strain ATCC 27853 were 2 ug ml—’
for amikacin, 1 ug ml—" for gentamicin, 0.5 ug ml~" for tobramycin, and 16 ug ml~" for tetracycline and
were in the ranges indicated for this reference strain by the CLSI.
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