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The Gram-negative opportunistic pathogen, Pseudomonas
aeruginosa, has multiple multidrug efflux pumps. MexT,
a LysR-type transcriptional regulator, functions as a
transcriptional activator of the MexEF-OprN efflux system.
MexT consists of an N-terminal DNA-binding domain and a
C-terminal regulatory domain (RD). Little is known regarding
MexT ligands and its mechanism of activation. We elucidated
the crystal structure of the MexT RD at 2.0 A resolution.
The structure comprised two protomer chains in a dimeric
arrangement. MexT possessed an arginine-rich region and a
hydrophobic patch lined by a variable loop, both of which are
putative ligand-binding sites. The three-dimensional structure
of MexT provided clues to the interacting ligand structure.
A DNase | footprinting assay of full-length MexT identified
two MexT-binding sequence in the mexEF-oprN promoter.
Our findings enhance the understanding of the regulation of
MexT-dependent activation of efflux pumps.
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INTRODUCTION

The opportunistic human pathogen Pseudomonas aerugino-
sa is clinically important due to its resistance to multiple an-
tibiotics, which can be intrinsic or acquired (Piddock, 2006).
In addition to its poor outer membrane permeability, chro-
mosome-encoded efflux pumps are the major determinants
of antibiotic resistance in P. aeruginosa (Sobel et al., 2005).
The resistance-nodulation-cell division (RND) family efflux
pumps are key contributors to the multidrug resistance of P.
aeruginosa and are the most common efflux pumps found in
Gram-negative bacteria (Piddock, 2006; Poole and Srikumar,
2001). To date, four RND types of efflux pumps have been
identified and characterized in P. aeruginosa—MexAB-OprM,
MexXY-OprM, MexCD-OprJ, and MexEF-OprN (Hinchliffe et
al., 2013; Piddock, 2006). Studies of MexAB-OprM pumps
and associated molecular mechanisms have demonstrated
their importance for multidrug resistance (Jeong et al., 2016;
Kim et al., 2015; Lister et al., 2009; Xu et al., 2012). For ex-
ample, MexEF-OprN exports several types of antimicrobial
compounds such as chloramphenicol, fluoroguinolones, and
trimethoprim (Galie et al., 2018). In several laboratory strains
and clinical isolates, MexEF-OprN affects the expression of
MexAB-OrpM, indicating the existence of regulatory interplay
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between the two efflux pumps (Horna et al., 2018).

The expression level of MexEF-OprN in wild-type strains
under laboratory conditions is typically negligible. However,
treatment with the fluoroguinolone antibiotic norfloxacin
leads to generate certain types of spontaneous mutant
strains, such as nfxC-type mutants. And these showed con-
stitutive expression of mexT transcriptionally (Fargier et al.,
2012; Hirai et al., 1987). Activation of MexT induces over-
expression of MexEF, leading to increased resistance to an-
tibiotics (Kohler et al., 1997). In the P. aeruginosa genome,
mexT is located in the upstream of mexEF-oprN operon.
MexT reportedly promotes the transcription of the operon
(Kohler et al., 1997; 1999). Additionally, the broad regulatory
scope including multiple target genes of MexT in P. aerugino-
sa is being revealed adding weight on its potential as a global
regulator (Tian et al., 2009). Indeed, MexT is linked to several
genes associated with pathogenesis and the host-pathogen
interaction (Fargier et al., 2012; Fetar et al., 2011; Jin et al,,
2011; Juarez et al., 2018).

We conducted the experiments to evaluate the molecu-
lar mechanism of MexT by understanding its structure. We
investigated the mechanism by which MexT regulates the
expression of MexEF-OprN by producing the full-length (FL)
recombinant protein in Escherichia coli. We analyzed the
crystal structure of the MexT regulatory domain (RD), which
encompasses putative ligand-binding sites.

MATERIALS AND METHODS

Protein expression and purification
The native MexT RD (residues 95-304) and FL MexT (resi-
dues 1-304) were expressed as described previously (Kim
et al., 2018). For the selenomethionyl (SeMet)-labeled
MexT RD, the host E. coli B834(DE3) was cultured in M9
medium supplemented with L-(+)-selenomethionine, 100
ug/ml ampicillin, and other cofactors. To induce produc-
tion of SeMet-labeled MexT RD, 0.5 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG) was added, followed by incuba-
tion at 16°C for 14 h with shaking. The cells were harvested
by centrifugation at 1,380g for 10 min and resuspended in
50 ml of lysis buffer (20 mM Tris-hydrochloride [HCI; pH 8.5],
300 mM sodium chloride [NaCl], 5% [v/v] glycerol, and 2
mM 2-mercaptoethanol). The cells were disrupted using a
continuous French press (Beijer, Sweden) at a pressure of
23 kpsi and the lysate was clarified using centrifugation at
10,0009 for 30 min. MexT was subsequently purified using
TALON affinity chromatography and the RD protein was puri-
fied using anion-exchange chromatography with a HiTrap Q
column (GE Healthcare, USA). We removed the hexahistidine
tag using TEV protease, and further purified the proteins us-
ing HiTrap Q anion-exchange chromatography. Additionally,
we carried out size-exclusion chromatography. The proteins
were concentrated using Vivaspin (30 kDa molecular-weight
cutoff; Millipore, USA) in buffer containing 20 mM Tris-HCI
(pH 8.5), 300 mM NaCl, 5% (v/v) glycerol, and 2 mM 2-mer-
captoethanol. The final protein concentration was 12 mg/ml.
After TALON affinity chromatography, FL MexT was direct-
ly loaded onto a size-exclusion chromatography column (Hi-
Load Superdex 16/60 200; GE Healthcare) equilibrated with
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20 mM Tris-HCI (pH 8.5), 500 mM NaCl, 10% (v/v) glycerol,
and 2 mM 2-mercaptoethanol. The purified proteins were
aliguoted and stored frozen at—173°C.

Crystallization and data collection

MexT RD was crystallized using the hanging-drop vapor-dif-
fusion method at 14°C as described previously (Kim et al.,
2018). The precipitation solution comprised 0.5 M ammoni-
um sulfate, 1.0 M sodium citrate tribasic dehydrate (pH 5.6),
0.1 M lithium sulfate, and 2 mM ethylenediaminetetraacetic
acid (EDTA). Glycerol (30% [v/v], cryoprotectant) was added
to the precipitation solution. The X-ray diffraction data were
collected in a flash-cooled liquid nitrogen stream at —173°C.
SeMet-MexT RD was crystallized under the same crystalliza-
tion conditions as for native MexT RD. The single-wavelength
anomalous diffraction (SAD) dataset was collected from
beamline 5C at the Pohang Accelerator Laboratory (Korea)
and processed using HKL2000 software (Otwinowski and
Minor, 1997).

Structural analysis of MexT RD

The 2.0 A resolution dataset of the native crystal belongs to
space group P2,2,2, with unit-cell dimensions of a = 65.7
A, b=108.7 A, and ¢ =109.2 A. The initial model was built
based on phase information from the SAD dataset for Se-
Met-substituted protein at 2.3 A resolution using AutoSol
software (Terwilliger et al., 2009). The structure was refined
against the 2.0-A-resolution native dataset using COOT and
Phenix.refine softwares (Adams et al., 2010; Emsley et al.,
2010).

Size-exclusion chromatography with multi-angle light
scattering (SEC-MALS)

The sizes of FL MexT and MexT RD were assayed using SEC-
MALS. A high-performance liquid chromatography pump
(Agilent, USA) was connected to a Superdex-200 10/300 GL
gel filtration column (GE Healthcare) and a MALS instrument
(Wyatt Dawn Heleos, USA). The size-exclusion chromatog-
raphy column was pre-equilibrated with buffer comprising
20 mM Tris-HCI (pH 8.5), 500 mM NaCl, and 2 mM 2-mer-
captoethanol for FL MexT; and 20 mM Tris-HCI (pH 8.5),
300 mM NaCl, and 2 mM 2-mercaptoethanol for MexT RD.
Bovine serum albumin (2 mg/ml) was used as the standard.
MexT RD and FL MexT samples (2 mg/ml) were injected
onto the column and eluted at a flow rate of 0.2 ml/min. The
datasets were evaluated using the Debye model for fitting
static light-scattering data, and refractive index peaks were
presented in EASI graphs created using Astra V software
(Wyatt Dawn Heleos).

DNase | footprinting assay
A DNA fragment of 630 bp (the mexT-mexT intergenic re-
gion [230 bp] + 200 bp upstream + 200 bp downstream)
was amplified using polymerase chain reaction (PCR) from P.
aeruginosa chromosomal DNA. For this, we used the follow-
ing primers: 5-6-fluorescein amidite-GGCGCCCGACATCATC-
GCCACCGTGC-3’ and 5-GGCGCAGCTCCACCGACTCCGG-
GGCC3-3.

The PCR product was purified from agarose gel electro-
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phoresis. We mixed 400 ng of DNA and 200 ng of purified
FL MexT for 30 min at room temperature. Next, 0.04 units of
DNase | (Fermentas) was added, and the reaction mixture (10
mM Tris [pH 8.0], 50 mM KCI, 8 mM MgCl,, 50 ng/ul BSA,
5% glycerol) was incubated for 2 min at room temperature.
The reactions were terminated by adding an equal volume
of stopping buffer (200 mM NaCl, 1% sodium dodecyl sul-
fate, 30 mM EDTA), and DNase | was inactivated by heating
at 75°C for 10 min. The DNA fragments were recovered via
phenol extraction and alcohol precipitation and fragment-se-
guences were analyzed using an ABI3730xI DNA Analyzer
(Applied Biosystems, USA). The size distribution was scanned
using Peak Scanner software (ver. 1.0; Applied Biosystems).

RESULTS AND DISCUSSION

Overall structure of the MexT regulatory domain

The FL MexT (residues 1-304) and its RD (residues 95-304)
were produced in E. coli and purified until homogeneity was
attained. FL MexT and MexT RD were homotetrameric and
homodimeric in solution, respectively, as determined using
SEC-MALS (Fig. 1).

To obtain phase information, we acquired the diffraction
dataset using the crystal of the SeMet-labeled protein, which
was crystallized in the presence of a high concentration of
ammonium sulfate. The structure was determined via the
SAD method using the anomalous signals from SeMet, which
was refined to the 2.0-A-resolution native dataset with an R
factor of 0.21 and R;... of 0.25 (Table 1). The obtained crys-
tals belonged to the spacegroup P2,2,2,, and the asymmetric
unit contained four protomers or two homodimers (Fig. 2).
Its overall structure shows the features, typical of the RDs of
LysR-type transcriptional regulators (LTTRs). The extensive di-
meric interaction in the crystal structure is consistent with the
results of SEC-MALS (Fig. 1).

Structure of RD protomers

MexT RD protomers are composed of 10 p-strands and 7
a-helices, as in the typical LTTR RD (Jo et al., 2015). Each
protomer can be divided into two subdomains—RD-I (resi-
dues 95-172, 274-304) and RD-Il (residues 173-273). The
folding pattern of the two subdomains was similar to Ross-
man-fold topology; i.e., a central p-sheet bound by helices
and loops. The RD-l subdomain comprised three o helices
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(a1, a2, and a7) and five p-strands (B1, p2, p3, p4, and p10),
whereas the RD-Il subdomain comprised four o helices (a3,
a4, a5, and a6) and five g-strands (85, p6, p7, 8, and p9).
The RD-l and RD-ll subdomains were connected by two loops
—one connects p4 of RD-I to p5 of RD-Il, and the other con-
nects p9 of RD-Il to p10 of RD-I (Fig. 2).

Table 1. Statistics for X-ray data collection and refinement
Native MexT RD Se-Met MexT RD

Data collection

Beamline PAL 5C PAL 5C
Wavelength (A) 0.97960 0.97940
Space group P2,2,2 P2,2,2

Cell dimensions

a, b, c(h) 65.7,108.7, 109.2 65.9, 108.7, 109.3
a, B,y () 90, 90, 90 90, 90, 90
Resolution (A) 50-2.00 (2.03-2.00)* 50-2.30 (2.34-2.30)°
Ruerge” 0.042 (0.50) 0.10(0.83)
I/l 23.76 (2.91) 13.07 (2.08)
Completeness (%) 97 1(93.6) 98 8(94.4)
Redundancy 6(3.7) 9(3.5)
Refinement (PDB code : 6L33)
Resolution (A) 31.8-2.0
No. of reflections 50,630
Ruord Riee” 0.21/0.25
No. of total atoms 6,365
Wilson B-factor (A) 22.18
RMSD
Bond lengths (A) 0.003
Bond angles (°) 0.67
Ramachandran plot
Favored (%) 97.0
Allowed (%) 3.0
Qutliers (%) 0.0
PDB ID 6L33

RMSD, root mean square deviation.

*Values in parentheses are for the highest-resolution shell.

"Rinerce = ZnaZilli(hkl) - [I(hkDII/Z X i(hk), where L(hkl) is the in-
tensity of the ith observation of reflection hk/ and [I(hkl)] is the
average intensity of the i observations.

Ry Calculated for a random set of 10% of reflections not used
in the refinement.
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Fig. 1. Molecular size of the purified proteins. (A) FL MexT. (B) MexT RD. Primary y-axis, molar mass determined using multi-angle light
scattering (MALS; black line); secondary y-axis, concentration. Protein concentration was assessed by measuring the absorbance at 280
nm (red), light scattering (LS; green), and the refractive index (RI; purple). X-axis, elution time from size exclusion chromatography.
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RD-Il RD-1l

RD-I RD-I

RD-I RD-1

RD-1I RD-II

Fig. 2. Structure of MexT RD dimer. Chains A-D of the MexT RD dimers are colored purple, green, cyan, and yellow, respectively, with
secondary structures labeled accordingly. RD-l comprises three a-helices (a1, a2, and «7), and five p-strands (81, p2, p3, p4, and p10).
RD-Il comprises four a-helices (a3, a4, a5, and a6), and five p-strands (5, g6, p7, B8, and p9). Red line, RD-I; blue line, RD-II.

MexT RD MexT RD

Fig. 3. Dimeric arrangement of MexT RD. (A) Sulfates in the A:B chain dimer. A sulfate ion (Sul1) is bound to Arg220 and Arg269 of
chain B. The other sulfate ion (Sul2) interacts with Arg134 of chain A (purple) and Arg135 of chain B (green; bottom panel). (B) Sulfates
in the C:D chain dimer. Two sulfate ions (Sul3 and Sul4) are bound. Red squares, sulfates bound to arginine residues; the main residues
involved are marked. Purple ovals, two fold enlargements of detail. (C) Oxidized (active) OxyR RD from E. coli (PDB code, 116A; blue)
superimposed on the MexT RD (green). (D) Reduced (inactive) OxyR RD from E. coli (PDB code, 1A69; orange) superimposed on the
MexT RD (green).

Dimeric arrangement of MexT RD those of other LTTRs. Within crisscrossing protomer dimer,
The four protomers (chains A-D) in the asymmetric unit are RD-l of one protomer directly interacted with RD-Il of the oth-
arranged as two of dimers (chains A:B and C:D; Fig. 2). The er protomer. The major interactions of two protomers were
overall arrangement of the MexT RD dimer was similar to intermolecular hydrogen bonds between residues in the RD-1
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B2 backbone and the RD-Il B7 backbone at the dimeric inter-
face. Hydrophobic interactions were found at the dimeric in-
terface of RD-1 o1 and RD-Il .5, and likely stabilize the dimer
(Supplementary Fig. S1).

The asymmetric unit contained five sulfate ions, which
may originate from the crystallization solution (Fig. 3 and
Supplementary Fig. S2). Of the five sulfate ions, three were
found at the dimeric interfaces; the sulfate ions interacted
with Arg134 and Arg135 near the molecular pseudo-2-fold
axis—one in the A:B chain dimer and two in the C:D chain
dimer (Fig. 3). The fourth sulfate ion is found in the putative
ligand-binding site (Fig. 4A). The fifth sulfate ion is located
outside of the A:B chain dimer, interacting with Arg120 and
Arg121 of chain A (Supplementary Fig. S2).

The dimeric arrangements of the two dimers were similar
(Supplementary Fig. S3), but the relative position of subdo-
main RD-Il within the overall frame showed ~5.0 A deviation.
The orientation of the protomers in the dimer can be used to
distinguish active from inactive LTTRs (Choi et al., 2001; Jo
et al.,, 2015). To examine the conformation of the RD dimer,
the obtained MexT RD dimer (chains A:B) was superimposed
onto the E. coli OxyR RD dimer in the reduced (inactive; PDB
code, 1A69) and oxidized (active; PDB code, 1I16A) forms as
a prototype LTTR (Choi et al., 2001). The conformation of
the MexT RD dimer fit better to that of the oxidized OxyR RD
(Fig. 3C and 3D). However, further studies are required to
confirm this idea.

Putative ligand-binding site

Compared to a typical LTTR E. coli OxyR, MexT exhibits
substantial variation in the conformation of the putative
ligand-binding sites at the inter-subdomain junction. These
structural variations of MexT appears to be beyond the sub-
tle superficial conformational changes resulting from crystal
packing contacts. We noted a loop connecting f6 and a4 in
RD-II (residues 199-208), which we named the variable (V)-
loop (Fig. 4A). A V-loop with two different conformations
lines the putative ligand-binding sites, which are not involved
in the crystal packing contacts between the symmetry-re-
lated molecules (Supplementary Fig. S4). In chains A and B,
Leu205 of the V-loop forms a hydrophobic bond with Val222
of RD-Il, and with Val130 and Val132 of RD-l of the other
protomer, leading to the formation of a cavity at the puta-
tive ligand-binding site (Fig. 4A; chains A and B). In chain C,
Leu205 in the loop forms hydrophobic bonds with Tyr156
and Tyr138 of RD-I but has no inter-protomer interaction
(Fig. 4A; chain C). The electron density of the V-loop of chain
D is low and disordered (residues 204-217). However, the
conformation of the V-loop of chain D was similar to that of
chain C (Fig. 4A; chain D). Thus, our findings suggest that the
V-loop regulates the putative ligand-binding sites.

As mentioned above, one sulfate ion is located at the puta-
tive ligand-binding site (Fig. 3A). Arg220 and Arg269 ionical-
ly interact with the sulfate ion at the putative ligand-binding
site of chain B (Fig. 3A). In particular, guanidine group of
Arg269 in chain B can make two configurations by flipping.
And it is the site where one sulfate ion can bind. Pocket-for-
mation by the flipping guanidine group makes space for
holding small molecules. The sulfate-binding region extends

854 Mol. Cells 2019; 42(12): 850-857

to the hydrophobic surface region decorated by Tyr138,
Phe201, Phe208, and Phe229 (Fig. 4B and Supplementary
Fig. S5). Highlighting the space of adjacent sulfate-binding
region and hydrophobic patches in the ligand-binding site,
our structure suggests that candidate ligands should have a
negatively charged (or polar) moiety linked to a hydrophobic
moiety.

Cinnamaldehyde upregulated the expression of Mex-
EF-OprN. Indeed, cinnamaldehyde has a polar aldehyde
moiety and a hydrophobic phenyl ring (Juarez et al., 2017).
The polar aldehyde moiety likely interacts with the positively
charged pocket, which is composed of Arg220 and Arg269,
and the hydrophobic phenyl ring probably participates in the
interaction. A molecular model showed that cinnamaldehyde
fitted the pocket well (Dallakyan and Olson, 2015) (Supple-
mentary Fig. S6). Molecules with such characteristics may
activate MexT and alter its association with DNA.

chain A

M/

he201
" Phe229

Fig. 4. Putative ligand binding sites and variable (V)-loops.
(A) Conformation of the V-loop in each monomer. Red lines
represent V-loops; a red dotted line represents a disordered
region of chain D. A stick model was generated to show positively
charged and hydrophobic residues with chain B. (B) The pocket
at the putative ligand-binding site. The pocket at the putative
ligand binding site in chain B is shown with a sulfate ion on the
surface. A stick model was generated to show positively charged
and hydrophobic residues. The hydrophobic patch is lined.
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Fig. 5. MexT binding sequences identified by DNase | footprinting. (A) A 630-bp DNA fragment containing the mexT-mexE intergenic
region was labeled with 6-fluorescein amidite and then used as a DNA probe. The fluorescence-labeled DNA probe (400 ng) was
incubated without or with 200 ng of purified FL MexT. The regions protected by MexT are indicated by red squares (MexT binding site |
and II). Nucleotide numbers shown are the relative positions when the transcription start site mexE is designated as +1. (B) Comparison
of the MexT-binding sequences. The two putative MexT-binding sequences in the mexEF-oprN regulatory region are shown at the top.
The MexT-binding sequences from other promoters of MexT regulons are aligned below. Nucleotides in bold and underlined represent a
partially conserved palindromic sequence, suggesting the potential consensus MexT-binding sequence, ATCA(N),CGAT.

Binding of MexT to the promoter region of mexEF-oprN
To elucidate the interaction between MexT with the promoter
of mexEF-oprN, a DNase | footprinting assay was performed
focusing on the region between mexT and mexE, which
spans the promoter region of the mexEF-oprN operon. Ac-
cording to the short fragment DNA size analysis data, MexT
binding protected two parts of the DNA sequence (MexT
binding sites | and 1) that are 17 bp apart. MexT binding site |
is located between —112 bp and -89 bp, and the MexT bind-
ing site Il is between —72 and 58 bp from the transcriptional
initiation site of the mexEF-oprN operon, which is located 30
bp upstream of the mexE start codon (Maseda et al., 2010)
(Fig. 5).

Next, the two MexT-binding site sequences identified
by DNase | footprinting were aligned with the promoter
sequences of other genes in the MexT regulon (PA1744,
PA1970, PA2486, and PA2759). The MexT regulon was
identified with microarray-based transcriptome profiling (Tian
et al.,, 2009), and was further experimentally confirmed by
electromobility shift assays and p-galactosidase assays using
transcriptional fusion reporters (Maseda et al., 2010; Tian et
al., 2009). The sequence alignment showed a palindromic
consensus pattern of ATCA(N,)CGAT at each MexT-binding
site. Notably, there was partial overlap between the front re-
gion ATCA(Ns)GTCGAT(N,)ACYAT and the nod box sequence
ATC(Ng)GAT, indicating a region of degeneracy (marked as
Ng) in the binding motif bracketed by ATC and GAT. While

the sequence ATCA(N,)CGAT is the binding motif of the
DNA-binding domain (DBD) dimer of LTTR, our findings show
that the DBD dimer of MexT facilitates close contact between
the above two regions. Therefore, it is not surprising that the
tetrameric conformation of MexT brings the DNA region (55
bp) spanning the two MexT-binding sites into close associa-
tion.

The MexT-binding sequence has been predicted in pre-
vious studies (Goethals et al., 1992; Kohler et al., 1997;
1999; Maseda et al., 2010; Tian et al., 2009). We identified
MexT-binding sequence with the upstream region of the
mexEF-oprN operon, which partially agrees with the predict-
ed palindromic consensus sequence (Goethals et al., 1992;
Kohler et al., 1997; 1999; Maseda et al., 2010; Tian et al.,
2009). Because these were in close proximity, MexT multim-
ers likely directly interact with the sequence spanning the two
binding sites, similar to other LTTRs (Maddocks and Oyston,
2008; Muraoka et al., 2003a; 2003b).

Since recombinant MexT was not tested with candidate
ligands, its binding to MexT binding sites | and Il likely rep-
resents its inactive status as a mexEF-oprN promoter. The
effect of cognate ligand binding on protein—-DNA binding is
unclear. Importantly, the two MexT consensus sequence po-
sitions form an interrupted palindromic sequence compared
to those seen in other LTTRs. MexT binding site Il was predict-
ed to have high similarity with the nod box (Maseda et al.,
2010). However, MexT binding site | was only discovered in
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this study.

In conclusion, MexT is a LTTR (Kohler et al., 1997; 1999).
The typical tetrameric arrangement of OxyR (Jo et al., 2015)
and the atypical tetrameric arrangement of VV2_1132 and
HypT have been characterized previously (Jang et al., 2018; Jo
et al., 2019). Recognition of ligand binding or stimuli by the
RD induces structural changes in transcriptional regulators,
which alters their DNA binding (Jo et al., 2015). We elucidat-
ed the crystal structure of the RD of MexT of P. aeruginosa.
Since the RD should contain the region required for sensing
the signals in response to the environmental cues to turn on
the efflux pumps, our study is important in understanding
the molecular nature of the gene expression regulation re-
quired for the efflux pump-mediated antibacterial resistance
of P. aeruginosa. Furthermore, our findings will facilitate the
development of drugs with activity against P. aeruginosa by
promoting the expression of multidrug efflux pumps.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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