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Dual-function regulator MexL as a target to
control phenazines production and
pathogenesis of Pseudomonas aeruginosa

Zhaoxiao Yu1,2, Zhikun Wu3,4, Dejian Liu1,2, Haoyu Liu 5, Yu Zhang1,
Yaqian Zheng 1,2, Yanhong Huang5, Shumin Liao5, Yu Wei4, Wei Huang 3,4,6,
Zhenyu Zhang1,2, Xi Liu1, Haiying Yu1, Di Wang1, Liang Li 5, Feng Long 3,4 &
Luyan Z. Ma 1,2

Antibiotic resistance or tolerance of pathogens has become one of the global
public crises. Finding newdrug targetsmay open up away of infection control.
Phenazine pyocyanin (PYO) is an important virulence factor produced by the
pathogen Pseudomonas aeruginosa. Here we show that a multidrug efflux
pump repressor, MexL, acts as a transcriptional activator to enhance phena-
zines production via bindingwith a conservedDNAmotifwithin thepromoters
of phenazines biosynthesis genes. Moreover, PYO functions as a self-
regulating ligand of MexL for restricting its own production and the mexL
knockout attenuates the virulence and antibiotics tolerance of P. aeruginosa.
Based on the structure ofMexLwe resolve, we find two antimicrobials that can
interact with MexL to reduce the PYO production and virulence of P. aerugi-
nosa. Our in vivo studies suggest that the antimicrobials combination by using
MexL-antagonists to reduce bacterial virulence and enhance the efficacy of
common antibiotics can be an effective way to combat P. aeruginosa infection.

Antibiotic resistance or tolerance of pathogens is one of the most
serious global public health threats1. Targeting virulence has been
proposed to be a paradigm for antimicrobial therapy2. Pseudomonas
aeruginosa is an opportunistic pathogen that can cause life-
threatening infections in immune-compromised individuals and
patients with cystic fibrosis3. P. aeruginosa infections are notor-
iously difficult to be eradicated due to the ability of this bacterium
to tolerate antibiotic treatment at the individual-cell level or
through the formation of biofilms4,5. This opportunistic pathogen
has been listed by the World Health Organization in the group of
high priority pathogens that are required for research and devel-
opment of new antibiotics6. Pyocyanin (PYO), one of the well-

studied phenazines, is a secreted colorful redox-active pigment
produced by P. aeruginosa7,8. This blue-green pigment, is an
important virulent factor of P. aeruginosa that mediates tissue
damage and necrosis during lung infection9. PYO has been reported
to have a broad-spectrum antibiotic activity against othermicrobes,
which enhances the survival of P. aeruginosa in a multiple-microbe
environment10–13. Studies have reported various physiological roles
of PYO, such as facilitating biofilm development, influencing iron
acquisition, and serving as a signaling compound, etc14–16. A recent
report has revealed that antibiotic tolerance can be induced by the
antibiotic-triggered accumulation of PYO in P. aeruginosa culture17.
Costa et al. have shown that P. aeruginosa biofilms can be inhibited
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by degrading PYO18. These studies suggest that decreasing PYO
production might be a potential way to control P. aeruginosa
infections. However, it lacks an effective therapeutic target that can
be utilized to reduce PYO production.

P. aeruginosa mainly produce four phenazines, including
phenazine-1-carboxylic acid (PCA), phenazine-1-carboxamide (PCN),
1-hydroxyphenazine (1-OH-PHZ) and PYO. There are two gene clusters,

phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2 (referred as “phz1” and
“phz2” in this study) responsible for the PCA biosynthesis. The con-
version of PCA to PYO requires the enzymes encoded by phzM and
phzS. PCA can also be catalyzed to PCN and 1-OH-PHZ via PhzH and
PhzS, respectively (Fig. 1a)19. Many reports have indicated that phe-
nazines biosynthesis is mainly controlled by the quorum sen-
sing (QS) signaling system.
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Active efflux has critical contributions to the intrinsic resistanceof
P. aeruginosa20. The RND (Resistance-Nodulation-Cell Division) efflux
system is the main efflux system in P. aeruginosa and at least 12 RND
efflux pumps have been identified21,22. Growing evidence suggests the
interplay between the efflux system and phenazines. PYO can
protect P. aeruginosa from being killed by ciprofloxacin via
transcriptional activation of two RND efflux pumps, MexGHI-OpmD
and MexEF-OprN8. The MexGHI-OpmD was found to transport 5-
methylphenazine-1-carboxylate (5-Me-PCA), a type of phenazines and
the precursor for PYO synthesis23. The redox-sensing transcription
factor SoxR indirectly activates the expression of MexGHI–OpmD
efflux system in response to PYO8,15. However, the mechanisms by
which the efflux systems affect phenazines remain largely unclear.

A typical RND efflux pump is a tripartite protein complex, con-
sisting of an inner membrane protein, a membrane fusion protein and
an outer membrane protein channel24. The MexJK-OprM efflux pump
consists of the inner membrane protein MexK, the membrane fusion
protein MexJ, and the outer membrane protein OprM, which is shared
with several other efflux systems, including MexAB, MexMN, MexVW,
and MexXY25. The MexJK-OprM efflux pump has a relatively narrow
substrate spectrum, by which two antibiotics, tetracycline (TET) and
erythromycin (ERY) have been identified for effluxion25. In addition,
MexJK can also extrude triclosan (TCS) by associating with the outer
membrane protein OpmH26. Recent research has proposed that the
MexJK efflux couldmodulate QS response27. The expression of MexJK-
OprM efflux pump is upregulated in an ex vivo pigmodel of the cystic
fibrosis lung, suggesting that this efflux pump may play a role in
chronic infection caused by P. aeruginosa28. The expression of mexJK
was repressed by a transcriptional regulatorMexL, whichwas encoded
bymexL located upstreamofmexJK operon in the opposite direction29.

In this work, we show that MexL, the repressor of mexJK, directly
activates the phenazine biosynthesis in P. aeruginosa, and PYO can
autoregulate its own production by affecting the activity of MexL. The
mexL knockout mutant has significant reduction in virulence and
pathogenesis, suggesting its potential as a therapeutic target. Further
investigations have suggested a role of several antimicrobials in
reducing the virulence of P. aeruginosa by interfering with MexL. We
have also provided antibiotic combinations to combat P. aeruginosa
infections in a murine acute pneumonia animal model. Our findings
prove the concept that targeting virulence can be an effective way of
antimicrobial therapy.

Results
The multidrug efflux pump repressor MexL directly activates
the biosynthesis of phenazines
In an investigation on whether the MexJK-OprM efflux pump is
involved in phenazines secretion, we constructed two in-frame dele-
tion mutants in P. aeruginosa PAO1 strain, ΔmexJK and ΔmexL. In
agreement with the previous publication depicting MexL as a tran-
scriptional repressor27, the transcription of mexJK in the ΔmexL back-
ground was higher than that of PAO1 (Figure S1a and S1b), while

deletion of mexJK or mexL did not affect bacterial growth or biofilm
formation (Figure S1c and S1d). Unexpectedly, phenazines production
of ΔmexL and ΔmexJK had remarkable differences. The ΔmexJK strain
produced similar amount of PYO and PCA as that of PAO1 (Fig. 1b and
Figure S1e), suggesting that the MexJK efflux is unlikely involved in
phenazines secretion. In contrast, the phenazines production of
ΔmexL was as low as the phenazine biosynthesis-abolished mutant
Δphz (in which the two key gene clusters phz1 and phz2 were deleted)
(Fig. 1b and Figure S1e). This result is consistent with the report of
Amieva et al. 27, in which the PYO reductionwas proposed to be a result
of QS defect. The expression of MexL in the ΔmexL mutant restored
phenazine biosynthesis to the wild-type level (Fig. 1c), confirming that
MexL did affect phenazine production.

To understand howMexL affects phenazine biosynthesis, we first
detected the transcriptional level of genes involved in phenazine bio-
synthesis (Fig. 1a), namely phz1, phz2, phzH, phzM, and phzS, in ΔmexL
and wild type strain PAO1 respectively by using the promoter-gfp
fusion reporter plasmids. Compared to PAO1, ΔmexL significantly
decreased the transcription of phz1, phz2 and phzM (Fig. 1d), while
showing no effect on phzH and phzS expression (Figure S1f). The
reduced transcription of phzA1, phzA2, and phzM in ΔmexLwas further
confirmed by RT-qPCR analysis, and the transcriptional reduction of
these genes can be restored by complementation with the mexL in
trans (Fig. 1e). These results indicated that the MexL affected phena-
zine production by activating the transcription of phzM and the gene
clusters of phz1 and phz2.

To further determine whether MexL can directly bind the pro-
moters of phz1, phz2, and phzM to regulate phenazine biosynthesis, we
conducted the electrophoretic mobility shift assay (EMSA). In this
assay, the promoters ofmexL andmexJwere used as positive controls,
and the promoter of rpsL (encoding 30S ribosomalprotein)was served
as a negative control. EMSA results showed that MexL was efficiently
bound to the promoter regions of phz1, phzM and phz2 respectively in
a dose-dependent manner (Fig. 1f). Taken together, our data showed
that the efflux pump repressor MexL could function as a transcrip-
tional activator to enhance the expression of several phenazine bio-
synthesis genes and thus increase the phenazine production.

Identification of the conservedMexL-binding DNAmotif reveals
the mechanism for how MexL functions as a repressor and an
activator
To determine the MexL-binding motif in the promoters of mexJ, phz1,
phzM, and phz2, a series of truncations was designed on the corre-
sponding promoter region and their MexL-binding capabilities were
tested by EMSA. As shown in Fig. 2a, the shortest MexL-binding regions
were nailedwithin 122 bpupstreamof theATG start codonofmexJ (-122
bp), from -250 bp to -135 bp in the phz1 promoter, -256 bp to -203 bp in
the phzM promoter, and in a 104bp region from -296 bp to -193 bp in
the phz2 promoter respectively (Fig. 2a). Based on these binding
regions, we utilized MEME online tool to analyze the possible con-
served DNA motifs that MexL may bind to. It revealed a consensus

Fig. 1 | MexL was required for phenazine biosynthesis. a Phenazine biosynthesis
pathway in P. aeruginosa PAO1. PCA, phenazine-1-carboxylic acid; PCN, phenazine-
1-carboxamide; 5-Me-PCA, 5-methylphenazine-1-carboxylic acid; 1-OH-PHZ, 1-
hydroxyphenazine; PYO, pyocyanin. PhzA1-G1 and PhzA2-G2, a series of proteins
encoded by the phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2 operons, respec-
tively, plays role in the synthesis of PCA from chorismate; PhzH, PhzM and PhzS
represent the key proteins during the synthesis of other phenazines by PCA,
respectively. b PYO production of the PAO1, ΔmexJK, ΔmexL and Δphz were
determined after growth in LB medium for 16 h. (n = 3 independent experiments).
c LC-MS/MS analysis of PCA and PYO production in PAO1, ΔmexL mutant, and the
complemented strain in LB medium at 24h post inoculation. (n = 3 independent
experiments). d The promoter activity of phz1, phz2 and phzM in PAO1 and ΔmexL
reporter strains respectively post 24h of growth. (n = 3 independent experiments).

e RT-qPCR determination of the expression levels of phzA1, phzA2 and phzM genes
in PAO1, ΔmexL mutant, and the complemented strain. (n = 3 independent experi-
ments). f Electrophoretic mobility shift assay (EMSA) revealed that MexL bound to
the promoter phz1, phz2 and phzM. The promoter regions of mexL and mexJ were
used as the positive control, and the promoter region of 30S ribosomal S12 protein
encoding gene rpsL was the negative control. Representative images were from
three independent experiments. P values were determined using two-tailed Stu-
dent’s t test. Significancewas indicatedby aP value. ns, non-significant, ***P <0.001,
**P <0.01. b P =0.000334 (PAO1 vs ΔmexL) and P =0.000112 (PAO1 vs Δphz).
c P =0.000243 (PCA) and P =0.000206 (PYO).d P =0.000335 (phz1), P =0.002031
(phz2) and P =0.000171 (phzM). e P =0.000238 (phzA1), P =0.000384 (phzM) and
P =0.000794 (phzA2).
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motif of 5’-TGTAATTT-3’ or its complementary 5’-AAATTACA-3’
(Fig. 2b). TheTetR family transcriptional regulators usually bind toDNA
as a homodimer and recognize a palindromic sequence. The palin-
dromic sequences containing the consensus MexL-binding motif were
found in the promoters of the above four MexL-regulated genes
(Fig. 2c). To further confirm, we synthesized these four corresponding
DNA regions, namely BS-mexJ, BS-phz1, BS-phzM, and BS-phz2, respec-
tively, each of which includes the conserved MexL-binding DNAmotifs
and the corresponding palindromic sequences (Fig. 2c). EMSA analysis
showed that all the fourDNA regions could interactwithMexL (Fig. 2d).
Interestingly, the consensusMexL-bindingmotif is locatedon theTATA
box in the promoter of mexJ (Fig. 2c), in which MexL functions as a
repressor. However, as for phz1, phzM, and phz2, in which MexL serves
as an activator, the MexL-binding motif is upstream of the TATA box
(Fig. 2c). These results suggest thatMexL functioning as an activator or
repressor is mainly depended on its binding location within the pro-
moters. We then further quantified the binding affinities of MexL for
thepromoters of above four genesusingMSTanalysis. Thedissociation

constants (KD) ofMexLwith the promoters of phz1, phzM, and phz2was
proximately 1.5-fold higher than that formexJ (KD is 26 μM), suggesting
a stronger binding affinity of MexL to the promoter ofmexJ, which was
consistentwith the EMSA results (Fig. 2d). To further confirm theMexL-
binding site of phzA1 and phzM respectively, we constructed the cor-
responding ΔBS-phz1::gfp and ΔBS-phzM::gfp reporter plasmids (where
ΔBS indicates the deletion of the binding site) (Fig.2e, left panel). As
shown in Fig.2e, removal of the corresponding MexL-binding site from
the tested promoter regions significantly reduced the expression of
phz1 and phzM in PAO1, but had little effect on the transcription of
either phz1 or phzM in ΔmexLmutant. These results further confirmed
that the effect of MexL on the transcription of phz1 and phzM required
in the presence of both MexL and its corresponding binding sites.

Crystal structure of MexL and the key amino acids for DNA-
binding
The apo-form crystal structure of MexL15-212 was determined in the
space group P3221 at a resolution of ~3.0 Å. Only one dimeric model of

Fig. 2 | Identification of the conserved MexL-binding motif within promoters.
a Determination of binding ability of MexL with truncated mexJ, phz1, phz2 and
phzM promoter region by EMSA, respectively. Representative images from three
independent experiments. b The predicted MexL-binding consensus motif (5’-
TGTAATTT-3’) obtained by MEME online tools. c Sequence of themexJ, phz1, phz2
and phzM promoter regions carrying potential MexL binding site. The predicted
MexL binding site were shown in red letter, and the location of palindromes in each
promoter region was marked by inverted arrows. d Four binding site (BS-mexJ, BS-
phz1, BS-phzM and BS-phz2) were tested by EMSAs. Microscale thermophoresis
(MST) analysis the binding affinities of MexL to BS-mexJ, BS-phz1, BS-phz2 and BS-
phzM promoter, respectively, and the corresponding KD (dissociation constant)

value was shown under the image. Representative images were from three inde-
pendent experiments. e Confirming the MexL-binding sites in phz1 and phzM
promoters. The left panel is the schematicdiagramsof thephz1 andphzMpromoter
regions and corresponding promoter::gfp fusion reporter plasmids. ΔBS-phz1::gfp
indicates the phz1::gfp reporterwithout the BS-phz1 site.ΔBS-phzM::gfp isphzM::gfp
reporter without the BS-phzM site. The column at the right is the fluorescence
intensity of corresponding promoter::gfp fusion reporter plasmid in PAO1 and
ΔmexL strains post 24h of growth. (n = 3 independent experiments). P values were
determinedusing two-tailed Student’s t test. Significancewas indicatedby aP value.
ns, non-significant, ***P <0.001, **P <0.01. e P =0.001528 (PAO1/phz1::gfp vs PAO1/
ΔBS-phz1::gfp), P =0.000198 (PAO1/phzM::gfp vs PAO1/ΔBS-phzM::gfp).

Article https://doi.org/10.1038/s41467-025-57294-8

Nature Communications |         (2025) 16:2000 4

www.nature.com/naturecommunications


MexL15-212 was successfully built into the electron density within an
asymmetric unit (Table 1). The overall architecture of MexL15-212 is
consistent with the structures of other TetR family transcriptional
regulators (Fig. 3a). The two subunits of MexL15-212 are very similar in
structure with a root mean square deviation (RMSD) around 0.946 Å
(between Cα atoms). MexL15-212 is composed of a DNA-binding domain
at the N-terminus (NTD, helices α1 to α3) and a ligand-binding domain
at the C-terminus (CTD, helices α4 to α10), which are linked by a hinge
region. The helices α2 and α3 of NTD form a typical helix-turn-helix
(HTH)motif accounting for recognition and binding of the target DNA.
The helices 6, 8, 9 and 10 of CTD comprise the dimerization inter-
face (∼1545 Å²).

To dissect regulationmechanismofMexL, theMexL structurewas
examined and compared to its TetR homologs with highest structural
similarities. The top three TetR-family transcriptional regulators with
similar structures toMexL15-212 were identified using the DALI server30,
which including FrrA (PDB: 6G87, RMSD ~ 3.33Å) from Bradyrhizobium
diazoefficiens31, FadR (PDB: 5GPA, RMSD ~ 3.52Å) from Bacillus
halodurans32 and QacR (PDB: 2HQ5, RMSD ~ 5.06 Å) from Staphylo-
coccus aureus33. These structures diverge most within the ligand
binding domains, and the ligand binding modes of FrrA, FadR and
QacR are quite different. Both MexL15-212 and FrrA contain seven α
helices in the C-terminal ligand-binding domain, in contrast to only six
α helices in CTD of most other TetR family regulators.

The MexL DNA-binding domain was superposed onto the FadR-
DNA (PDB:5GPC)32 and QacR-DNA (PDB: 1JT0)34 complex structures to
investigate the possible DNA recognition mode of MexL (Figure S2).
These proteins bind to DNAmainly by inserting the helix α3 of NTD in
the major groove. The conserved residues likely involved in DNA
interactions were identified (labeled with asterisk in Figure S2).

Multiple amino acid sequence alignment of the DNA-binding domains
of MexL and other TetR family proteins was further performed, indi-
cating that the 47th alanine (47 A), the 48th glycine (48G) and 55th tyr-
osine (55Y) residues within the HTH DNA-binding domain were highly
conserved within the TetR family (Fig. 3b). Previous data have shown
that the A47D mutation prevents the binding of MexL from the mexJ
promoter29. By generating a structuremodel of theMexL A47Dmutant
using the AlphaFold235, we found that D47 could form hydrogen bond
with R29 of helix 1, the interaction of which doesn’t exist in the
structure of the wild typeMexL (Fig. 3c). This D47-R29 interactionmay
greatly restrict the movement of helices 2 and 3 that is required for
accommodating DNA binding. In fact, it was proven that the A47D
mutation in MexL did result in loss of its binding ability to the pro-
moter regions of mexJ, phz1, phz2, and phzM in vitro (Fig. 3d). Com-
plementing the mexL deletion strain with MexL(A47D) also failed to
restore the pyocyanin production and the transcription levels of
phzA1, phzA2 and phzM genes (Fig. 3e and f), suggesting that MexL
interacts with all these promoters in a similar mode and the residue
A47 plays an important role in the MexL-DNA interaction.

Feedback regulation of pyocyanin on its own production
through MexL
Antibiotics often act as a ligand of their regulators, thus we further
investigated whether PYO could function as a ligand of MexL. We first
performed a molecular docking analysis by using the C-terminal
ligand-binding domain of a protomer of MexL15-212, which resulted in a
docking score of -6.8 kcal/mol (Fig. 4a). This score falls within the
range of known antibiotic ligands (the docking scores are from −6.7 to
−9.0 kcal/mol)36, suggesting that PYO canbe a ligand ofMexL.We then
examined the PYO-MexL interaction in vitro. The thermal stability of
MexL with/without PYO or PCA was measured by using a method
based on the label-free nanoDSF. In the presence of 250 µMPYO,MexL
showed a detectable decrease in melting temperature (Tm) from 61.8
to 57.7 °C, whereas PCA had no significant effect on MexL (Fig. 4b, left
panel). In addition, the Tm of MexL gradually decreased as the con-
centration of PYO increased (Fig. 4b, middle panel). The binding affi-
nity constant (KD) between PYO and MexL was determined by the
BioLayer interferometry (BLI) with a KD value of 84.2 ± 1.8 µM, (Fig. 4b,
right panel). To investigate the effect of PYO or PCA on theMexL-DNA
interaction, we added different concentrations of PYO or PCA in the
EMSA reactions. PYO dissociated MexL from the promoter of phz1,
phz2,phzMormexJ in a dose dependentmanner (Fig. 4c).However, the
addition of PCA did not show any effect on the MexL-promoter
interaction (Fig. 4c). TheMST analysis showed that the addition of PYO
doubled the KD value of theMexL-DNA interaction (Fig. 4d), indicating
a decrease in the DNA-binding affinity of MexL in the presence of PYO.
These data show that PYO can interact withMexL in vitro and the PYO-
MexL interaction interferes the DNA binding activity of MexL.

We then examined the effect of supplementing PYO in the culture
of either PAO1 or ΔmexL mutant. In consistent with the in vitro data,
addition of 500 µM PYO in PAO1 culture decreased the expression of
phz1, phzM, and phz2 by 50%, and the transcription ofmexJ in PAO1was
increased at a PYO dose dependent manner. In contrast, addition of
PYO had no effect on the expression of these genes in ΔmexL mutant
(Fig. 4e and f). These results indicate that the effect of PYO on the
transcription of these genes is MexL-dependent. In addition, based on
the docking result, wemutated two key amino acid residues (F169 and
K173) in the predicted PYO binding pocket of MexL. Both of the MexL
variants, MexL(F169A) and MexL(K173A), lost DNA binding ability and
were unable to recover the PYO production in ΔmexL background
(Figure S2c), which confirmed the PYO binding pocket in MexL and
suggested how PYO might affect the DNA-binding of MexL.

Taken together, our data suggest that PYOacts as a ligandofMexL
to trigger a conformational rearrangement of this regulator that con-
sequently affects its DNA binding capability, leading to changes in the

Table 1 | Data collectionand refinement statistics ofMexL15-212

MexL15-212 (PDB: 8WRF)

Date collection*

Space group Unit-cell P3221

a,b,c (Å) 103.09, 103.09, 146.64

α/β/γ (°) 90, 90, 120

Resolution (Å) 30.65-3.0 (3.11-3.0)

Unique reflections 18558 (1815)

Redundancy 19.3 (20.7)

Completeness (%) 99.84 (100.00)

I/σ(I) 43.86 (12.49)

Rmerge 0.057 (0.289)

CC1/2 1 (0.992)

Refinement

Rwork/Rfree 0.210/0.243

No. atoms

Protein 3074

Ligands /

B-factor (Å2)

Protein 77.51

Ligands /

R.m.s deviations

Bond length (Å) 0.010

Bond angles (°) 1.18

Ramachandran Plot

Favored (%) 94.67

Allowed (%) 4.57

Outliers (%) 0.76
*Values in parentheses refer to the highest resolution shell.
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Fig. 3 | Crystal structure ofMexL15-212 and thekeyamino acids forDNA-binding.
a Ribbon diagram of theMexL15-212 dimer. Subunit A was shown in green; subunit B
was shown in cyans. LBD, ligand-binding domain in C-terminus, consist of seven α

helices, α4 to α10. DBD, the N-terminal DNA-binding domain is composed of three
helices, α1 to α3. b The alanine (A) of 47, glycine (G) of 48 and tyrosine (Y) of 55 in
MexL was highly conserved in TetR family regulator. Shown was the multiple
sequence alignment of the HTH DNA-binding domain of MexL and other TetR
family regulator, including FadR from Bacillus halodurans, MexZ of P. aeruginosa,
MtrR of Neisseria gonorrhoeae, AcrR of Escherichia coli, AmrR of Burkholderia
pseudomallei and SmeT of Stenotrophomonas maltophilia. c Structure alignment
between MexL and MexL(A47D). MexL and MexL(A47D) are shown in green and
magenta, respectively. The hydrogen bond interaction between D47 and R29 is
shown as black dashed lines. d Electrophoretic mobility shift assay (EMSA) detec-
tion of binding of MexL and MexL(A47D) to the mexJ, phz1, phz2 and phzM

promoter, respectively. Representative images from three independent experi-
ments. e PYOproduction of the PAO1/pUCP20,ΔmexL/pUCP20,ΔmexL/pMexL and
ΔmexL/pMexL (A47D) were measured after culture in LB medium for 16 h. (n = 3
independent experiments). f RT-qPCR determination of the expression levels of
phzA1, phzA2 and phzM genes in the PAO1/pUCP20,ΔmexL/pUCP20,ΔmexL/pMexL
and ΔmexL/pMexL (A47D). (n = 3 independent experiments). P values were deter-
mined using two-tailed Student’s t test. Significance was indicated by a P value. ns,
non-significant, ***P <0.001. e P =0.000945 (PAO1/pUCP20 vs ΔmexL/pUCP20),
P =0.000792 (PAO1/pUCP20 vs ΔmexL/pMexL(A47D)). f P =0.000161(PAO1/
pUCP20 vs ΔmexL/pUCP20 (phzA1)), P =0.00015 (ΔmexL/pMexL vs ΔmexL/pMex-
L(A47D) (phzA1)), P =0.000328 (PAO1/pUCP20 vs ΔmexL/pUCP20 (phzM)),
P =0.00063 (ΔmexL/pMexL vs ΔmexL/pMexL(A47D) (phzM)), P =0.000349 (PAO1/
pUCP20 vs ΔmexL/pUCP20 (phzA2)) and P =0.000981 (ΔmexL/pMexL vs ΔmexL/
pMexL(A47D) (phzA2)).
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Fig. 4 | Feedback regulationofpyocyaninon itsownproduction throughMexL.
aDocking of PYO to the structure ofMexL15-212. Left, hydrophobic surface of subunit A
of MexL15-212, blue represents hydrophilic surface, orange represents hydrophobic
surface.Middle, ribbondiagramof subunit A ofMexL15-212. The ligand substrate tunnel
shown in gray. Right, the interaction between MexL15-212 and PYO. b Detection of the
interaction between MexL and PYO in vitro. Left panel, thermal-shift analyzes the
purified MexL bound to PYO and PCA. The MexL sample were incubated with DMSO
(no phenazines), 250μM PYO (red trace), 250μM PCA (blue trace), respectively.
Middle panel, the corresponding Tm of MexL in the presence of different con-
centrations of PYO and PCA, respectively. Right panel, Octet Red 96 determine the
binding affinity (KD) between MexL and PYO. The KD value was 84.2 ± 1.8 µM. (n= 3
independent experiments). c EMSA analysis the interaction between MexL and pro-
moter in the presence of PYOandPCA, respectively. Representative imageswere from

three independent experiments. d Microscale thermophoresis (MST) analysis the
binding affinities of MexL tomexJ, phz1, phz2 and phzM promoter in the presence or
absence of 1mM PYO, respectively. KD was the dissociation constant. (n= 3 inde-
pendent experiments). eAnalysis of promoter activity of phz1, phz2 and phzM in PAO1
and ΔmexL by corresponding promoter::gfp reporter plasmids in the presence of
500μM PYO. (n= 3 independent experiments). f RT-qPCR determine the transcrip-
tional level ofmexJ in the presence of PYO. (n=3 independent experiments). P values
were determined using two-tailed Student’s t test. Significance was indicated by a P
value. ns, non-significant, ***P<0.001, **P<0.01. b P=0.00071 (0μM vs 50μM),
0.000152 (0μM vs 250μM), 0.000168 (0μM vs 500μM), 0.000732 (50μM vs
250μM) and 0.000659 (50μM vs 500μM). e P=0.000464 (phz1), 0.000326 (phzM)
and0.000625 (phz2). f P=0.009945 (0μMvs 250μM) and0.0023 (0μMvs 500μM).
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expression of the MexL-regulated genes. These results also indicate
that PYO serves as a terminal signal to regulate its own synthesis
through a negative feedback loop (Fig. 5).

The antimicrobials interfering with the function of MexL can
reduce PYO production and the virulence of P. aeruginosa
As PYO is an important virulent factor of P. aeruginosa and mexL
knockout remarkably decreases PYO production as shown above, we
propose that MexL can be utilized as a therapeutic target to reduce
PYO production and virulence. In support of this, ΔmexL mutant did
show less virulence than PAO1 on human alveolar epithelial cells A549
and less toxicity to Staphylococcus aureus (Figure S3). We then sear-
ched for other possible ligands ofMexLby selecting compoundswith a
chemical structure similar to PYO, and that can be extruded out by the
MexJK efflux pump. This led to two antimicrobials, tetracycline (TET)
and triclosan (TCS). The docking analysis suggested that PYO, TET and
TCS, all were fit in the same pocket within the C-terminal ligand-
binding domain of MexL (Fig. 6a). Similar to the observed effect of
PYO, bothTET andTCS also significantly reduce theTmvalues ofMexL
(Fig. 6b), indicating their interaction with MexL. In addition, these two
antimicrobials both can interfere with the DNA-binding activity of

MexL in EMSA, while Tobramycin (TOB) did not show such an effect
(Figure S4a). This result was in agreement with their effect on the
expression of mexJ. As shown in Figure S4b, TET and TCS both
increased the expression of mexJ, yet TOB showed no effect on the
mexJ’s expression. These data suggest that PYO, TET and TCS compete
in binding withMexL. We then checked the effect of TET or TCS at the
sub-inhibitory concentration on the PYO production. With no sig-
nificant effect on bacterial growth, TET and TCS both decreased the
expression of phenazine synthesis genes and dramatically inhibited
thePYOproduction in PAO1 (Fig. 6c andd).Wenext examinedwhether
TET or TCS treatment can reduce the virulence of P. aeruginosa. The
PAO1 strain was treated with TET or TCS at sub-inhibitory concentra-
tions for overnight, and thenwasused to infectA549 cells respectively.
The cells infected by either the ΔmexLmutant, TET or TCS-pretreated
PAO1, or Δphz mutant, all exhibited higher cell viability compared to
those infectedwith PAO1without pre-treatment, indicating thatTETor
TCS pre-treated PAO1 was less virulent (Fig. 6e). We also tested the
cytotoxicity of TET or TCS-pretreated ΔmexL strains. The A549 cell
viability had no significant difference when infected by ΔmexL with or
without TET or TCS pretreatment, suggesting that TET or TCS might
reduce the virulence of PAO1 by acting on MexL (Fig. 6e). To rule out

Fig. 5 | Themechanism of interplay between theMexJK-OprM efflux pump and
the phenazine synthesis. A schematic diagram to show a MexL-mediated cross
regulation between the MexJK-OprM efflux pump and the phenazine synthesis.
MexL represses the MexJK-OprM efflux pump and its own expression and binds to
the promoter regions of phz1, phz2 and phzM to activate phenazine synthesis. Low
level PYO allows MexL to activate phenazine synthesis and meanwhile to repress
the expression of MexJK.When PYO reach a higher level (> 50μM), it interferes the
DNA-binding activity of MexL, thus reduces phenazine synthesis and meanwhile
allow the expression of MexJK. TET and TCS, both compete with PYO to interact

with MexL, thus inactivate MexL and decrease PYO production. As previous
reported26 that the overexpression of MexJK can inhibit quorum sensing (QS) sig-
naling, thereby reducing PYO production. OM: outer membrane; IM: inner mem-
brane. Solid black line with arrow: activation, solid black line with bar: repression,
solid red line with bar: PYO negatively feedback regulates its own synthesis by
interfering withMexL binding to the promoters. BS: the binding site ofMexLon the
mexJ, phz1, phz2 and phzM promoter, which contains consensus motif (5’-
TGTAATTT-3’) or the complementary sequence (5’-AAATTACA-3’).
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the possibility that the TET or TCS-pretreatment might decrease the
total protein level of PAO1, wemeasured the amount of total proteinof
PAO1 undergoing post-overnight treatment with TET or TCS, mean-
while detecting the protein level of MexL with the anti-MexL antibody.

Compared to PAO1 without treatment, the TET or TCS treatment at
sub-inhibitory concentration did not alter the total protein level and
the amount of MexL in PAO1 (Figure S5a). This was consistent with the
fact that little effect was found for TET or TCS treatment on PAO1 and

Fig. 6 | The effect of TET or TCS on the activity of MexL and the virulence of
P. aeruginosa. a Docking of PYO, TET and TCS to the structure of MexL15-212,
respectively. The docking substrates located in the tunnel shown in stickmodel are
PYO (slate), TET (orange) and TCS (magenta). b Thermal-shift analyzes MexL
interactions with TET and TCS, respectively. (n = 3 independent experiments).
c Sub-inhibitory concentrations of TET or TCS can reduce PYO production of PAO1
to a level close to ΔmexL. (n = 3 independent experiments). d Heat map showing
differential expression patterns of phzA1 and phzA2 genes in the presence of sub-
inhibitory concentrations of TET and TCS.DatawereobtainedbyRT-qPCR analysis,
and expression level of phzA1 and phzA2 in PAO1 was regarded as 1. (n = 3 inde-
pendent experiments). e The cell viability of A549 lung epithelial cell detected by
the CCK-8 assay post P. aeruginosa infection. Shown in red is the CFU of these
strains that were used to infect A549 cells. (n = 8 independent experiments). f The

effect of TET and TCS on the antibiotic tolerance of PAO1. The survival rate was
measured post 4 h treatment of ciprofloxacin (CIP, 1μg/mL) or tobramycin (TOB,
4μg/mL). (n = 3 independent experiments). P values were determined using two-
tailed Student’s t test. Significance was indicated by a P value. ns, non-significant,
****P <0.0001, ***P <0.001, **P <0.01. c P =0.000197 (0 vs 20μM TET), 0.000102
(0vs 30μMTET), 0.000122 (0vs 40 μMTET), 0.000178 (0 vs 110μMTCS), 0.00015
(0 vs 220μM TCS) and 0.000138 (0 vs 330μM TCS). e P =0.000151 (PAO1 vs TET
pretreated PAO1), 4.2E-07 (PAO1 vs TCS pretreated PAO1), 3.57E-10 (PAO1 vs
ΔmexL), 1.37E-08 (PAO1 vs TET pretreated ΔmexL), 1.25E-09 (PAO1 vs TCS pre-
treated ΔmexL) and 3.07E-05 (PAO1 vs Δphz). f P =0.001031 (PAO1 vs TET pre-
treated PAO1, CIP), 0.001491 (PAO1 vs TCS pretreated PAO1, CIP), 0.001328 (PAO1
vs ΔmexL, CIP), 0.001494 (PAO1 vs Δphz, CIP), 0.00107 (PAO1 vs TCS pretreated
PAO1, TOB) and 0.000123 (PAO1 vs ΔmexL, TOB).
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the ΔmexL strain, regarding to growth and swarming motility (Fig-
ure S5b and c).

We further assessed the pathogenicity of PAO1, the ΔmexL
mutant, and PAO1 pretreated with TET at sub-inhibitory concentration
in a murine acute pneumonia model by intranasal infection on mice.
Infections with all strains were sublethal with an intranasal challenge
inoculum of 2 × 106 CFU (colony-forming units). Infections with PAO1
resulted in the most severe weight loss in mice at 1 dpi (day post-
infection) although bacterial loads in the lungs of three infected
groupswere similar (~103 CFU) (Figure S6). Histological examination of
the lung lobes showed intense inflammatory infiltration in the PAO1-
infected group from 1 to 6 dpi. Notably, little inflammatory infiltration
was found for the ΔmexL mutant or TET-pretreated PAO1 infection
groups (Figure S6). These results have suggested that the ΔmexL
mutant and TET-pretreated PAO1 trigger less inflammatory responses
and thus reduce the damage in lung tissue compared to untreated
PAO1 strain. Taken together, our data suggest that TET and TCS can be
used for reducing the virulence of P. aeruginosa.

TET or TCS-pretreatment can attenuate the antibiotics toler-
ance of P. aeruginosa
Given that PYO exposure has been reported to induce the antibiotics
tolerance of P. aeruginosa, especially on fluoroquinolones37, we thus
tested the effect of TET or TCS-pretreatment on the antibiotic toler-
ance of PAO1. The ΔmexL and Δphz mutants were used as control
strains due to their low PYO production. Unexpectedly, the ΔmexL
mutant exhibited less tolerance to both Tobramycin (TOB) and
Ciprofloxacin (CIP) (Fig. 6f), while the Δphz is less tolerant to CIP, but
not to TOB, which is consistent with the previous report37. Strikingly,
the TCS-pretreatment at sub-inhibitory concentrations significantly
increased the sensitivity of PAO1 to both CIP and TOB, reaching a level
similar to that of ΔmexL (Fig. 6f). TET-pretreatment also reduced the
tolerance of PAO1 to CIP, but not to TOB (Fig. 6f). These data suggest
that TET and TCS can also be used to enhance sensitivity of PAO1 to
antibiotics, such as CIP and TOB.

The combination of TET or TCS with clinical antibiotics enhan-
ces the survival rate of mouse in an intratracheal
infection model
We next tested whether an administration of TET or TCS combined
with CIP or TOB could efficiently cure P. aeruginosa infections.We first
examined the combined efficacy of antibiotics against PAO1 using a
chequerboard assay. No synergy or antagonismwasobserved between
TET with CIP (FICi = 2.0) or TOB (FICi = 1.5), TCS with CIP (FICi = 0.53)
or TOB (FICi = 1.25) (Figure S7), while TCS combined with CIP showed
additiveeffects. This indicated that all these combinations canbeused.

We then examined the antimicrobials combinations in a murine
intratracheal infectionmodel to treat P. aeruginosa infections (Fig. 7a).
Different antibiotics treatments were performed in the PAO1-infected
mice at 1 dpi. TET and TCS were used at a half amount of regular
concentration (marked as TET1/2 and TCS1/2) for a purpose of reducing
the virulence of P. aeruginosa. TET1/2 and CIP combination showed the
best survival rate among all antibiotics treatments (50% at 5 dpi,
Fig. 7b), followed by the TET1/2 and TOB combination (40% at 5 dpi,
Fig. 7b), which was consistent with the result of antibiotic tolerance
assay (Fig. 6f). The ΔmexL mutant-infected mice without antibiotics
treatment had 20% survival rate at 5 dpi (Fig. 7b) even if the ΔmexL-
infected mice had higher bacterial burdens in the lung than the PAO1-
infected mice at 1 dpi (Fig. 7c). The PAO1-infected mice without anti-
biotics treatment were all dead at 3 dpi, while TET1/2, TCS1/2, TOB, or
CIP treatment groupswere all dead at 4 dpi. (Fig. 7b). The in vitro assay
indicated that the TCSwith CIPwas the best combination (Fig. 6b), yet
in this infection model, TCS1/2 with CIP only gave 13% survival rate at 5
dpi (Fig. 7b). This was likely due to the limited solubility of TCS in
water. As shown in Figure S4, TOB did not interfere with the DNA-

binding of MexL, thus we also set up the treatment of TOB1/2 and CIP
combination, which showed 0% survival rate at 5 dpi (Fig. 7b) although
the in vitro assay indicated no antagonism for this antibiotic combi-
nation (Fig. 6b). These results suggest that only the antibiotics inter-
fering withMexL can increase the survival rate when they were used in
combination with another clinical antibiotic against P. aeruginosa
infection. The survival rates were well correlated with bacterial load,
expression level of pro-inflammatory cytokines in the murine lungs,
and histological examinations of the lung lobes (Figs. 7c–e and Fig-
ure S8). In addition, the results also further confirmed that the ΔmexL
strain was less virulent than the wild type strain PAO1. Taken together,
our data reveal that the MexL-targeted compounds can reduce the
pathogenesis of P. aeruginosa and the animal survival rate is sig-
nificantly enhanced by the treatments that combining an antimicrobial
targeting MexL with the antibiotics that are often used to combat
P. aeruginosa infection. The homolog of MexL was found in all Pseu-
domonas species with genomic sequences (Figure S9). Moreover,
MexL was highly conserved among 65 P. aeruginosa strains isolated
from either clinic or environment (Figure S9), suggesting that anti-
biotics combinations we have shown above could be a common
strategy to combat P. aeruginosa infections.

Discussion
P. aeruginosa is one of the most common pathogens that cause
nosocomial infections. It is in high priority to develop new antibiotics
for this pathogen, especially for the carbapenem-resistant
P. aeruginosa38. Discovery of new drug targets would be a great help
for the development of new strategies or antibiotics to control
P. aeruginosa infections. Phenazine PYO is an important virulence
factor of P. aeruginosa that can enhance the survival of this pathogen
during infections. This pigment is alsoanantimicrobial compound that
can inhibit the growth of many microorganisms, which enables
P. aeruginosa, the phenazine producer, to outcompete other micro-
organisms in a multiple microbial environment39. PYO can also pro-
mote biofilm formation and mediate antibiotic tolerance in
P. aeruginosa37,40. Therefore, reducing PYO production could be a way
to controlP. aeruginosa infections. In this study,we report a novel drug
target,MexL that can control PYOproduction of P. aeruginosa and find
antimicrobials that can interfere with MexL to reduce the virulence of
this pathogen.

Efflux pumps are the major strategies for bacteria to protect
themselves from toxic compounds and meanwhile confer increased
resistance to antibiotics. Some efflux pumps have been reported to be
involved in transport of phenazines, secondary metabolites produced
by P. aeruginosa23. Previous publications have showed that the pro-
duction of phenazine PYO ismainly regulatedbyQS regulation system.
Up to date, efflux pump regulator has not been shown to directly
control PYO biosynthesis. In this report, we have provided a novel
regulatory mechanism of P. aeruginosa to control phenazines’ bio-
synthesis. We have shown that MexL, the transcriptional repressor of
the multidrug efflux pump MexJK, can directly bind the promoter of
several phenazine biosynthesis genes to activate the PYO production.
Furthermore, PYO functions as a terminal signal that negatively auto-
regulates its own expression via MexL, especially under the condition
with high concentration of PYO. This negative feedback regulatory
mechanism may protect P. aeruginosa from the overproduction of
phenazine and antibiotics that may interfere with MexL.

Furthermore, our results reveal that MexL is a potential drug
target becauseMexL knockout strain is less virulent than the wild type
strain. This is indicated by the ability of the ΔmexL mutant on the
killing of other bacteria, human epithelial cells, or mice in an acute
pneumonia animalmodel. More importantly, theΔmexL strain induces
less antibiotic tolerance than its parental strain. Crystal structure
analysis reveals that MexL is a typical TetR family regulator containing
a DNA binding domain and a ligand binding domain. PYO can directly
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interact with MexL likely at the ligand binding domain. PYO-MexL
interaction might cause a change in 3D structure, leading to a loss of
DNA binding function ofMexL and a decrease of PYO production. This
explains the molecular basis for PYO as a feedback signal. Meanwhile
these results have guided us to find two antimicrobials, TET and TCS,
which might also interact with the ligand binding domain of MexL at
the similar position as PYO. Strikingly, these two drugs at sub-

inhibitory concentrations can not only reduce the PYOproduction, but
also attenuate the virulence and antibiotic tolerance of P. aeruginosa.
These results further lead to a strategy for combating P. aeruginosa
infection,which is by using drugs or antimicrobials that interferedwith
the function of MexL (such as TET or TCS) to reduce the virulence of
P. aeruginosa and host inflammatory reposes, resulting in the
improvement of P. aeruginosa clearance by clinical antibiotics. A very

Fig. 7 | Mouse acute pneumonia model to determine the antibiotic combina-
tions against P. aeruginosa infection. a Experimental design for P. aeruginosa
infection and antibiotics treatment. b The survival rate of the intratracheal infected
mice (n = 8/group). One day post-infection, the PAO1-infected mice were treated
with TET1/2, TOB, TET1/2 + TOB, TCS1/2, CIP, TCS1/2 + TOB, TET1/2 + CIP, TOB1/2 + CIP
for 3 days, respectively. The PAO1 and ΔmexL infected groups without antibiotic
treatment serves as the control. Themice weremonitored once daily for morbidity
and mortality for 5 days. TET1/2, TCS1/2, and TOB1/2 represent half of the normal
dosage of corresponding antibiotics. c Bacterial burden was evaluated in lungs of
the intratracheal infected mice at 1day post-infection (1 dpi) and 3 days post-
infection (3 dpi). (n = 3 independent experiments). d Expression levels of pro-
inflammatory cytokines in the murine lungs of the intratracheal infected mice at 1
dpi and 5 dpi respectively. (n = 3 independent experiments). e Histological

examinationof lung tissue sections from the intratracheal infectedmice at 1 dpi and
3 dpi. The representative sections were shown. The images in left panel were the
representative section of lung tissue from each treatment group. The other images
were selected to show the detail of pathogenicity. The black arrows represent the
loss of airway epithelial integrity. The blue arrows represent the lung parenchyma
damage with bleeding. The green arrows represent inflammatory infiltration. Scale
bar, 2mm in the left panel; 50 μm in the other panels. P values were determined
using two-tailed Student’s t test. Significance was indicated by a P value. ns, non-
significant, **P <0.01, *P <0.05. c P =0.015 (PAO1 vsΔmexL).dP =0.00345 (TNF-α, 1
dpi), 0.003 (IL-1β, 1 dpi), 0.0021 (IL-6, 1 dpi), 0.00196 (ΔmexL vs PAO1 +TET1/

2 + TOB, IL-1β, 5 dpi), 0.00122 (ΔmexL vs PAO1 + TET1/2 + CIP, IL-1β, 5 dpi), 0.0033
(ΔmexL vs PAO1 + TCS1/2 + CIP, IL-1β, 5 dpi), 0.0184 (ΔmexL vs PAO1 + TET1/2 + TOB,
IL-6, 5 dpi) and 0.0107 (ΔmexL vs PAO1 + TET1/2 + CIP, IL-6, 5 dpi).
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recent report haspromoted that the overexpression of effluxpumps in
P. aeruginosa can decrease pathogenesis41. TET treatment can induce
the overexpression of the efflux pumpMexJK (10 times higher than no
treatment control, Figure S4b), which could be another reason for why
TET treatment has given the best result in decreasing P. aeruginosa
pathogenesis.

Our data notonlydemonstrate a novel regulatorymechanism,but
also provide a drug target, MexL in P. aeruginosa. We have also
revealed a new role for old antimicrobials (TET andTCS), which canact
as the virulence reducer for P. aeruginosa. Furthermore, our results
also provide antibiotics combinations to treat P. aeruginosa related
infections. Amino acids sequence alignment has revealed MexL
homologs in several pathogens (Figure S10), including Escherichia coli,
Acinetobacter baumannii, Klebsiella pneumoniae, and Salmonella
enterica, etc. It would be worth investigating in the future whether
these MexL homologs can be used as the targets for combating
infections caused by corresponding pathogens.

Methods
Ethics statement
All animal studies were carried out under the Guide Protocol of
Laboratory Animals (SIAT-IACUC-20211201-YYS-DXS22X-LL-A2056-01)
and approved by the Ethics Committee of the Shenzhen Institute of
Advanced Technology Chinese Academy of Sciences.Mice used in this
study were female BALB/cmice aged 6–8 weeks or C57BL/6mice aged
8weeks old.Micewerehoused in cageswith ad libitum food andwater.
The room was maintained at a temperature of 21 °C, with 45-65%
humidity on a 12-hour light-dark cycle.

Strains and growth conditions
The Supplementary Data 1 provided the information of the strains,
plasmids, primers, chemicals and antibiotics used in this study. Unless
otherwise indicated, P. aeruginosa and E. coli were grown in Luria-
Bertani (LB) medium at 37 °C with shaking. When required, selective
antibiotics were added into the medium. Antibiotics were used at the
following final concentrations: for E. coli with pET28a, kanamycin at
50 µg/mL; for E. coliwith pROBE-AT’ and pUCP20, ampicillin at 100 µg/
mL; for E. coliwith pEX18Gm, gentamicin at 10 µg/mL; for P. aeruginosa
with pROBE-AT’ or pUCP20, carbenicillin at 300 µg/mL. For the effect
of sub-inhibitory concentration of antibiotic on P. aeruginosa, tetra-
cycline (TET) was used at a final concentration of 10 µg/mL (20μM),
15 µg/mL (30μM), or 20 µg/mL (40μM), respectively; triclosan (TCS)
was used at the final concentration of 32 µg/mL (110μM), 64 µg/mL
(220μM), or 128 µg/mL (440μM), respectively.

Construction of P. aeruginosa mutants and complementation
strains
The in-frame deletion mutant strains in P. aeruginosa PAO1 were con-
structed by two-step allelic exchange as described previously with
minor modifications42. Briefly, upstream and downstream DNA region
of the targeted genewere amplifiedby PCRand fusedwithoverlapping
PCR. Then the PCR products were cloned into the vector pEX18Gm to
generate the recombinant plasmid pEX18Gm-mexL. The E. coli S17-1
λpir contained the recombinant vectors served as delivery strain for
the chromosome integration of PAO1. The deletion mutants were
confirmed by PCR and DNA sequencing. For construction of the
complementation strains, the mexL gene was amplified by PCR, and
then cloned into the shuttle plasmid pUCP20, yielding the recombi-
nant plasmid pMexL, which was sequenced and transformed into the
mexL deletion mutants.

Antibiotic susceptibility analysis
The determination of minimum inhibitory concentrations (MIC) for
triclosan (TCS) and tetracycline (TET) against PAO1, ΔmexL and
ΔmexJK were performed as previously described with minor

modifications43. Briefly, the strains were cultured in LB medium at
37 °C until the OD600 reached 0.6, then diluted 100-fold into fresh LB
medium. 100 µL aliquots of which were transferred into the 96-well
plate. A serial of two-fold dilutions of the antibiotics were added into
columns with bacterial cultured in LB medium. Culture without any
antibiotics was applied as the negative control. The plates were incu-
bated on the micro-plate shaker at 37 °C for 16 h. The MIC values of
each antibiotic were determined as to indicated drug concentration
that inhibited at least 99% of bacteria growth.

Measurement of pyocyanin production
Pyocyanin was extracted from culture supernatant and measured
according to the previously reported methods44,45. Briefly, P. aerugi-
nosa strains were grown in LB medium for 16 h. 5mL of culture
supernatant was added into a 15mL tube containing 3mL of chloro-
form, and mixed with vortex for 10min, The chloroform layer in the
bottomwas transferred to a new 5mL tube, and 1mL of 0.2M HCl was
then added into the chloroformandmixwell by vortex. Theupper pink
layer of liquid was collected and subjected tomeasurement at 520 nm.

Biofilm assay
Microtiter biofilm assay was performed as previously described with
modifications46. Briefly, overnight culture was diluted with 1:100 in
Jensen’s medium (unless other specific medium is required), and
grown in a polyvinylchloride plate (Costar) at 25 °C (unless other
specific temperature is required) for 24 h. Surface-attached bacteria
were stained with 0.1% crystal violet at room temperature for 15min,
and washed twice by dipping into standing water bath. The adherent
stain was solubilized in 40% acetic acid and quantified bymeasuring its
optical density at 560 nm.

RNA isolation and quantitative RT-qPCR analysis
For RNA isolation, the wild type PAO1, mexL deletion and com-
plementary strains were cultured in LB medium at 37 °C until the
OD600 reached 2.5-3.0 (early stationary phase). 0.5mL of bacteria
cultures of each strain were harvested, and total RNA was exacted
using the total bacteriaRNA Extract Kit (Tiangen, Beijing, China). cDNA
was synthesized using the high-capacity reverse transcription kit
(Tiangen, Beijing, China). Quantitative real-time PCR was performed
using the Light Cycler 480 (Roche). The 30S ribosomal protein gene
rpsL was used as a control gene for normalization. The effect of PYO,
TET, TCS and TOB on the mexJ transcription level was determined as
previously reported with minor adjustments15,37,39. Briefly, PAO1 or
ΔmexL was allowed to grow to exponential phase (OD600 = 0.5) in LB
medium at 37 °C, then corresponding concentration of PYO (250 µM,
500 µM), TET (300 µM, 5 ×MIC), TCS (3000 µM, > 5 ×MIC) and TOB
(10 µM, 5 ×MIC) were added into the culture and treated for 3 h
respectively. PAO1 or ΔmexL cultured without treatment was used as
the control. The bacteria were collected, and total RNA was extracted
for RT-qPCR.

LC-MS/MS analysis of phenazines
The extraction of PCA and PYO and their quantification by LC-MS/MS
were performed as previously described23. Briefly, the cultures were
grown in LB medium to the late stationary phase (OD600 = 4.5), cen-
trifuged at 11,000 g for 5min, and the supernatantwas filtered through
0.22 µm PES membrane. The supernatant was diluted 100 times in
acetonitrile and analyzed by LC-MS/MS. A 10μL of aliquot was loaded
onmass spectrometer (QTRAP 6500 System, AB SCIEX). The standard
PCA (Macklin, China) and PYO (Cayman,USA)werediluted into a linear
dynamic range of concentrations (0.1 µg/mL,1 µg/mL, 5 µg/mL, 10 µg/
mL, 50 µg/mL and 100 µg/mL), and the standard curve was obtained
between peak area and the concentration of PCA or PYO standard.
The contents of PCA or PYO were calculated through the
standard curve.
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Protein expression and purification
ThemexL was amplified from PAO1 genomic DNA by PCR, cloned into
the plasmid pET28a between the BamHI and HindIII sites, and con-
firmed by DNA sequencing. The pET28a-mexL was transformed into
E. coli BL21 (DE3) for protein expression. The overnight cultures were
transferred into 500mL freshLBmediumsupplementedwith 50μg/mL
kanamycin and incubated with shaking (200 rpm) at 37 °C until OD600

reached ∼0.6. The strains were induced with 0.1mM isopropyl-β-D-
thiogalactoside (IPTG) for 16 h at 25 °C. Bacterial cells were harvested
and resuspended in 50mL of lysis buffer (10mM PBS, 100mM NaCl)
and disrupted by sonication for 30min. The cell debris were removed
by centrifugation at 9500× g for 30min at 4 °C, and the supernatant
was filtered through Ni-NTA column (Bio-Rad). The column was pre-
washed with 10mL of lysis buffer, then with the washing buffer (10mM
PBS, 100mM NaCl, and 60mM imidazole, pH 8.0) prior to the sample
loading. The target protein was eluted with elution buffer (10mM PBS,
100mM NaCl, and 250mM imidazole, pH 8.0). The purified proteins
were examined by SDS-PAGE, and desalted with 10mM PBS to remove
the imidazole at 4 °C. The protein samples were supplemented with 5%
glycerol (final concentration), and stored at -80 °C for further use. The
concentrations of protein were measured by BCA method.

Protein crystallization, data collection and structure
determination
Because the full-length MexL protein failed to form good crystals, the
N-terminal first 14 residues of MexL were truncated, and the expres-
sion product was named MexL15-212 and used for crystallization. The
purification of MexL15–212 was carried out as described above (see
Protein expression and purification) with minor adjustments. The
eluted protein was dialyzed against dialysis buffer (20mMTris-HCl pH
8.0, 150mMNaCl) and then incubated with thrombin for 2 h at 4 °C to
remove the His tag. The digestion mixture was reloaded into the Ni-
NTA affinity column. The tag-free protein was eluted from the resin
in dialysis buffer supplemented with 20mM imidazole. The protein
was further purified by passing through a HiLoad 16/600 Superdex
200 prep-grade column (GE healthcare) in GF buffer (20mM Tris-HCl
pH 8.0, 100mM NaCl). Peak fractions containing MexL15-212 were
concentrated to ~15mg/mL using an Amicon Ultra−10 K (Millipore),
flash-frozen in the liquid nitrogen, and kept at −80 °C for future uses.
Initial crystallization screening was performed using the commercial
crystallization screening kits using sittingdrop vapordiffusionmethod
at 18 °C. Each drop was prepared by mixing 1μL of protein solution
with 1μL of reservoir solution and sealed in a well containing 70μL of
reservoir solution. Romboid crystals were obtained in condition con-
taining 0.14MK2HPO4, 1.26MNaH2PO4 within 7 days and were further
optimized by seeding. Crystals were transferred into a cryoprotectant
solution consisting of 25% (v/v) glycerol in the reservoir solution and
flash frozen in liquid nitrogen for diffraction data collection. The
crystallographic data sets were collected on the beamlines 19U1 at the
Shanghai Synchrotron Radiation Facility (SSRF)47. The diffraction
images were processed using XDS48. The structure of MexL15-212 was
solved by molecular replacement using a structure predicted by
AlphaFold235 as the model. The initial model of MexL15-212 was built
using AutoBuild49 and manually adjusted using Coot50. The iterative
refinement and structure validationweredoneusing Phenix51. The data
collection and refinement statisticsofMexL15-212were shown in Table 1.
A portion of the electron density map of the solved MexL15-212 crystal
structure was shown in Figure S11.

Site-directed mutagenesis
The recombinant plasmid pET28a-mexL and pMexL were used as the
PCR template, and PCR reaction was performed with supplement of
specific primers for the desiredmutation. PCR products were digested
with DpnI (NEB) to remove the parental supercoiled dsDNA, and then
transformed into E. coli DH5α to generate recombinant plasmids with

mutation. Identification of the mutations was validated by DNA
sequencing.

Electrophoretic mobility shift assays (EMSA)
The promoter DNA fragments of target genes (~500bp upstream
regions from the start codon) were amplified by PCR. The purified
MexL or MexL mutant proteins were incubated with promoter DNA
(20 nM) in a binding reaction buffer (10mM Tris-HCl, PH 7.5, 50mM
KCl, 1mMDTT, 100ng/µL Poly-DI DC) for 30min at room temperature
with thefinal volumeof 20 µL, respectively. The sampleswere analyzed
by 6% native polyacrylamide gels electrophoresis in 0.5 × TBE buffer at
100V for 1 h. Then, the gels were stained with nucleic acid dye for
5min, and visualized using the gel imaging system (Bio Rad, USA).
Promoter ofmexJ and mexL was used as the positive control, and 30S
ribosomal protein gene rpsL promoter was used as the negative con-
trol. To study the effect of PCA, PYO, TCS, TET and TOB on the binding
capacity of MexL and promoter, corresponding concentrations of
PYO, PCA, TCS, TET andTOBwere added to the EMSA reaction system,
respectively.

The shortestMexL-binding regions (about 50 bp, named BS-mexJ,
BS-phz1, BS-phz2, andBS-phzM, respectively) used in the EMSA system,
were obtained by 5’-FAM (carboxyfluorescein) labeled-forward primer
and non-labeled reverse primer annealing. 20 nM FAM-labeled DNA
and 40μM MexL protein were added into the EMSA reaction buffer
(10mM Tris-HCl, PH 7.5, 50mMKCl, 1mMDTT, 100 ng/µL Poly-DI DC)
for 30min at room temperature. Then sample were subjected to 6%
native polyacrylamide gels in 0.5 × TBE buffer at 100 V for 1 h. The gels
were visualized by Typhoon 9500 FLA scanner (GE Healthcare).

Microscale thermophoresis measurement
MST experiments were conducted based on the previously report
method with minor modifications52. Briefly, the 5’-FAM (carboxy-
fluorescein) labeled DNA fragments containing the promoter regions
ofmexJ, phz1, phz2 and phzMwere amplified fromPAO1 genomicDNA,
respectively. A serial 2-fold dilution of MexL (460 µM to 0.014 µM)
were used for the assay. The purified DNA fragments at 10 µL were
mixed with 10 µL of different concentration of MexL, respectively, and
the 4 µL of such mixtures were loaded on standard treated silicon
capillaries (NanoTemper, MO-K002), the measurements were carried
out using Monolith NT.115 instrument (NanoTemper Technologies
GmbH, Germany). The dissociation constants (KD) were calculated
using the Nanotemper Analysis software.

Nano differential scanning fluorimetry (nanoDSF)
The thermal stability of MexL in the presence of PCA and PYO was
determined using nano-differential scanning fluorimetry (nanoDSF),
which bases on the intrinsic fluorescence of aromatic amino acids
tryptophan and tyrosine in protein53. Samples were measured by Pro-
metheus NT.48 (NanoTemper Technologies GmbH, Germany). Briefly,
10 µM purified MexL was mixed with PCA or PYO at final concentra-
tions of 50, 250, and 500 µM, respectively. The sample MexL mixed
with water was used as control. After being incubated at room tem-
perature for 10min. Then each sample was filled into Prometheus
NT.48 standard capillary, and placed into the sample holder. The
temperature range was set from 25 °C to 95 °C at a ramp rate of 1 °C/
min. The emission intensities at 330 nm and 350 nm were recorded,
which reflect the shift of intrinsic fluorescence of proteins upon
temperature-induced unfolding. The thermal unfolding curves were
obtained, and melting temperature (Tm) values of the MexL were
generated from the first derivative of the ratio at Em350/Em330.

Biolayer interferometry assays
The binding affinity between MexL and PYO were determined by Bio-
layer interferometry (BLI) experiments, and performed in an Octet
Red 96 instrument (ForteBio). The 10 µM of MexL was labeled by
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NHS-PEG12-Biotin (Sigma) in the PBST reaction buffer (1 × PBS, 0.02%
tween 20) at 4 °C for 1 h. After reaction, free biotin was removed by
using a 10K spin desalt column. BiotinylatedMexLwas immobilized on
streptavidin biosensors and incubated with PYO in PBST buffer. The
PYO was two-fold-serial diluted for 6 dilutions (500, 250, 125, 62.5,
31.25 and 15.63 µM). Data were analyzed with Octet Data Analysis
Software (ForteBio). The response of the sensor from three indepen-
dent measurements at each PYO concentration was plotted and
binding affinity KD was determined.

A549 lung epithelial cells infection model
The lung epithelial cell A549 was purchased from the Beijing Solarbio
Technology Co., LTD (Cat: SCC-110411, China), and cultured in DMEM
medium (Gibco; C11965500BT) containing 10% fetal bovine serum
(FBS, VivaCell; C04001) in cell culture supplied with 5% CO2 at 37 °C as
the instruction provided by the company. A549 cells were plated 12 h
before infection in 24 -well plates at 2.5 × 105 cells per well. P. aerugi-
nosa were grown in LB medium at 37 °C until the OD600 reaches 0.6.
A549 cells were washed once with DMEM-FBS and resuspended in
DMEM-FBS medium. P. aeruginosa infection was performed at a mul-
tiplicity of infection (MOI) of 50. After 5 h post-infection, cells were
harvested using 0.025% Trypsin/EDTA, washed once with PBS, and
resuspended in PBS for subsequent manipulation. Cells were stained
according to protocols of the FITC Annexin V Apoptosis Detection Kit
with 7-AAD (Biolegend). The samples were analyzed by flow cytometry
(BD influx system, BD Bioscience).

The A549 cell viability detection was performed according to the
cell counting kit-8 (CCK8, Dojindo, Japan), which detects cellular
dehydrogenase activity in living cells. The PAO1 and ΔmexL were
grown in LB medium containing tetracycline (TET, 30μM) or triclosan
(TCS, 220μM) for 16 h at 37 °C. PAO1, ΔmexL and Δphz without any
antibiotic were grown at same conditions as controls. All the strains
werewashed three timeswith PBS and resuspended inPBS to anOD600

of 1.0. The bacteria and A549 cells were incubated at 37 °C for 24 h,
followed by the CCK-8 assay to determine the living cells viability. The
A549 cells without P. aeruginosa infected served as the control. Cell
viability was calculated according to the following formula: Cell via-
bility (%) = [A test / A control] ×100%.

Molecular docking
The program AutoDock 4.2 was used to predict the binding modes of
three substrates, PYO, TCS and TET, in the MexL protein. The MexL15-
212 dimer structure was used for docking. The protein was set as a rigid
structure, whereas the conformation of each substrate molecule was
optimized via all modeling and docking procedures.

Animal infection models
For examination of P. aeruginosa pathogenicity on mice, infection of
mice was performed as described previously54. BALB/c Mice (SPF
BiotechnologyCO., LTD., Beijing, China) aged6–8weekswere selected
for 3–5 days of adaptive feeding. After randomgrouping, theweight of
the mice was measured. Prior to infection, the mice were anesthetized
by tribromoethanol (1.25%) (Beijing Laboratory Animal Research Cen-
ter, Beijing, China) via intraperitoneal injection at a dose of 0.2mL/10 g
body weight. The overnight culture of P. aeruginosa was diluted with
PBS to 108 colony-forming units (CFU)/mL. The 20μL of bacterial
suspension was intranasally inoculated into each mouse (10μL for
each nostrils). Survival and weight of the mice was monitored and
recorded every 24 h for 6 days. One day 1 post-infection, three mice
were sacrificed and their lungs were dissected for the enumeration of
bacterial CFU and the H&E staining (hematoxylin and eosin). After six
days’ post-infection, all mice were sacrificed. Lungs were dissected for
the enumeration of bacterial CFU and the H&E staining.

The murine intratracheal infection model was performed as
described previously withmodifications55. C57BL/6Mice aged 8 weeks

were selected for adaptive feeding for 3-5 days. Before infection, mice
were anesthetized using ketamine (80mg/kg body weight) and xyla-
zine (10mg/kg body weight). The mice were infected intratracheally
with the P. aeruginosa suspensionwith 2 × 107 CFU in 60μL of PBS. One
day post-infection, PAO1-infected mice were treated by 0.9% saline
(control group, 200μL per mouse), tetracycline (TET, 10mg/kg),
tobramycin (TOB, 30mg/kg), tetracycline (TET, 10mg/kg) and
tobramycin (TOB, 30mg/kg), tetracycline (TET, 10mg/kg) and cipro-
floxacin (CIP, 10mg/kg), triclosan (TCS, 50mg/kg), ciprofloxacin
(CIP, 10mg/kg,), triclosan (TCS, 50mg/kg) and ciprofloxacin (CIP,
10mg/kg), tobramycin (TOB, 15mg/kg) and ciprofloxacin (CIP,
10mg/kg) respectively once per day for 3 days through intraperitoneal
injection. Survival of mice was monitored and recorded every 24 h for
5 days. Three mice from each group (uninfected, PAO1-infected, and
ΔmexLmutant-infected) at 1 dpi and all survivalmice at 3 or 5 dpi were
sacrificed and their lungs were dissected for the enumeration of bac-
terial CFU, the H&E staining (hematoxylin and eosin), and total RNA
extraction.

Chequerboard broth microdilution assays
Chequerboard analyzes were conducted using the 96-well-plates
method as described with slight modifications56. Briefly, the over-
night bacterial cultureofP. aeruginosaPAO1wasdiluted to anOD600of
0.1, then 1% inoculated into fresh LB containing 2-fold dilutions of each
antibiotic in a 5 × 5 dose-point matrix. The plates were incubated at
37 °C overnight, and the absorbance of OD600 was measured. At least
three biological replicates were completed for each combination. Heat
mapsweregenerated according toOD600, and the FIC indices (FICi) for
the two compounds (A and B)were calculated. FICi = [MIC of antibiotic
A in combinationwith antibiotic B/MICof antibiotic A alone] + [MICof
antibiotic B in combination with antibiotic A/ MIC of antibiotic B
alone]. The interactions were interpreted based on the calculation of
FICi, in which: FICi ≤ 0.5, synergistic; 0.5≤ FICi ≤ 1, additive; 1≤ FICi ≤ 2,
neutral; and FICi > 2, antagonistic, respectively.

Antibiotic tolerance assay
The antibiotic tolerance assay of PAO1 against CIP and TOB was con-
ducted following the protocol described with minor modifications37,
ΔmexL and Δphz were used as negative controls. Briefly, each over-
night bacterial culture was grown in M9 minimal medium sup-
plied with 20mM glucose. Next, the bacterial cells were pelleted,
washed, and resuspended inM9medium containing 10mMglucose to
reach OD600 of 0.05. Five corresponding treatments were prepared:
PAO1, PAO1 culturedwith 30μMTET, PAO1 culturedwith 220μMTCS,
ΔmexL and Δphz, then incubated at 37 °C for 20 h. Each individual
culture was then split into a negative control (no antibiotic) or anti-
biotic treatment (1μg/mLCIP or 4μg/mL TOB), and incubated at 37 °C
for 4 h. Then, surviving cellswere serially diluted andplated on LB agar
plate to determine the viable CFUs. The bacterial survival rate (%) =
[number of colonies with antibiotic treatment / number of colonies
without antibiotic treatment] × 100%.

S. aureus plate killing assay
The bactericidal activity of P. aeruginosa against S. aureus was per-
formed as described previously with slight modification57. The PAO1,
mexL mutants and complementary strains were cultured overnight at
37 °C in LB and 10mL of supernatants were collected by centrifuga-
tion. The secondary metabolites were extracted from supernatants
with 5mLof chloroform,died, and resuspended in 500 µLofmethanol.
An overnight culture of S. aureus strain NCTC 8325 was grown in LB,
then diluted to fresh liquid medium to OD600 = 0.1, evenly spread on
the surface of LB agar. 20 µL of P. aeruginosa extractwas spotted on 5.5
mm-diameter Whatman filter paper placed on the S. aureus plate, and
incubated for 24 h at 37 °C, and the diameter of the inhibition zonewas
measured.
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Swarming motility
The strains PAO1, PAO1 cultured with 30μM TET or 220μM TCS,
ΔmexL, ΔmexL cultured with 30μMTET or 220μMTCS were grown in
LB medium at 37 °C for 16 h. Swarming motility was performed in
Nutrient Broth with 0.5% glucose and 0.5% Difco Bacto agar as pre-
viously reported58. The plates were placed in an incubator at 37 °C
overnight until swarming zones were formed. Then, the plates were
imaged and the swarming zone (cm2) was analyzed by Image J
software.

Western blot
Western blot was performed according to previous reports with slight
modification59. Briefly, overnight culture of PAO1/pBAD-MexL was
diluted 1:100 in LB medium, then divided into three parts, namely no
antibiotic treatment, 30μM TET treatment, and 220μM TCS treat-
ment. The bacteria were allowed to grow for 2 h, then arabinose (1%
final concentration) was added and was continued to grow for 16 h.
The bacteria were collected, washed with PBS, resuspended in
1mL of PBS, and disrupted by sonication. Samples were centrifuged at
9500× g for 10min, and the supernatant was transferred into a new
sample tube,mixedwith 5 × SDS-PAGE sample buffer, boiled for 10min
and centrifuged at 9500 × g for 10min. Proteins were separated by a
12% SDS-PAGE gel and transferred to a PVDF membrane. RNA poly-
merase (RNAp) was detected by anti-RNAp antibody (Abcam, Inc.,
ab191598) and served as an internal control. TheMexLwasdetected by
anti-MexL antibody (made by Abmart Inc., Shangai, China). The PVDF
membrane were photographed with a gel imaging system and for
further analysis.

Fluorescence-based promoter activity assay
The promoter-gfp transcriptional fusions reporter plasmid pROBE-
AT’ was used to detect the activity of target genes’ promoter60. The
-35 and -10 box sites in the promoter region of phz1 and phzM were
identified by the previous studies61,62. The -10 and -30 regions of
phzA2 promoter were predicted by online software BPROM (http://
www.softberry.com). The promoter region of target gene was
amplified by PCR, and cloned into pROBE-AT’. Recombinant plasmids
were transformed into PAO1 and its-derived mutant strains, respec-
tively. For promoter activity assay, overnight cultures of the reporter
strains were diluted 100-fold into fresh LB medium containing
300 µg/mL carbenicillin at optical density at 600 nm of 0.1 and cul-
tured at 37 °Cwith shaking. Thefluorescence intensity (Excitation and
Emission wavelength at 488 nm and 520 nm, respectively) and bac-
terial growth (OD600) were captured with Synergy H4 hybrid reader
(BioTek, USA).

Protein alignment and phylogenetic tree analysis
TheMexLhomology amino acid sequencesweredownloaded from the
National Center for Biotechnology Information (NCBI, http://www.
ncbi.nlm.nih.gov/). Multiple sequence alignment was performed using
T-Coffee (https://tcoffee.crg.eu/apps/tcoffee/) combined with ESPript
3.0 software (https://espript.ibcp.fr/ESPript/ESPript/).

Statistical analysis and Reproducibility
All the data were analyzed by using GraphPad Prism 8. P values were
determined using two-tailed Student’s t test. Significance was indi-
cated by a P value. ns, non-significant, ***P < 0.001, **P < 0.01,
*P < 0.05. Error bars shown in the pictures represent ± SD (standard
deviation) from at least three biological replicates. Representative
images in figures were selected from at least three independent
experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support thefindings of this study are providedwithin the
manuscript and its associated Supplementary Information/Source
Data file. The atomic coordinate and structure factors of MexL15-212
generated in this study have been deposited in the Worldwide Protein
Data Bank (wwPDB) under the accession code 8WRF. The strains,
plasmids used in this study are available upon request. Source data are
provided with this paper.
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