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MtrR represses expression of the Neisseria gonorrhoeae mtrCDE multidrug efflux transporter genes. MtrR
displays salt-dependent DNA binding, a stoichiometry of two dimers per DNA site, and, for a protein that was
expected to be essentially all helical, a high percentage of random coil and possibly �-sheet structure.

In order to colonize human mucosal membranes, Neisseria
gonorrhoeae must overcome host defense mechanisms that in-
clude exposure to potentially lethal levels of antimicrobial hy-
drophobic agents. Early studies implicated the multiple trans-
ferable resistance (mtr) locus as a key determinant in
resistance that initially was thought to play a role in the mod-
ification of the gonococcal cell envelope (11). Later studies
demonstrated that this locus encoded a three-gene operon,
designated mtrCDE, which forms an energy-dependent efflux
system that expels multiple hydrophobic agents (3, 13). The
MtrD protein is a multidrug efflux transporter that belongs to
the resistance/nodulation/division transporter family (12). The
MtrC protein belongs to the membrane fusion protein family
that links MtrD with MtrE, an outer membrane protein, which
serves as a channel for export of antimicrobials to the extra-
cellular environment (3).

Due to the broad substrate specificity of multidrug efflux
transporters, which could result in the accidental efflux of
needed metabolic intermediates, the expression of their genes
is regulated tightly (10). Transcription of the mtrCDE operon
is controlled by both cis- and trans-acting factors under the
influence of the mtrR gene (14). The presence of missense or
deletion mutations of the mtrR gene in clinical isolates leads to
increased transcription of mtrCDE and a consequential in-
crease in antimicrobial resistance, thus confirming the repres-
sion of MtrCDE efflux pump transcription by MtrR (24). The
mtrR gene is located �250 bp upstream of the mtrCDE genes
and is transcribed divergently from that operon. The mtrR gene
encodes the 210-amino-acid-residue, �23-kDa protein, MtrR.
MtrR contains a putative N-terminal helix-turn-helix motif and
amino acid sequence similarity to several members of the
TetR/CamR family, e.g., 53% identity and 78% homology to
AcrR (2, 17, 20, 23). Footprinting and DNase I protection
experiments established that MtrR protects a 22- to 27-base-
pair region upstream of mtrC (17). Although a DNA binding
site was identified and the DNA binding domain bears strong
homology to those of other TetR family members, the stoichi-
ometry of MtrR binding to DNA is unknown. TetR family

members have shown variability in their DNA binding oli-
gomerization states (5, 9, 15, 21).

In order to understand better the DNA binding properties of
MtrR and its role in Neisseria gonorrhoeae resistance against
hydrophobic agents and other antibiotics, we carried out a
biophysical and biochemical characterization of this multidrug
efflux pump gene repressor. These studies included the deter-
mination of the length of cognate DNA required for optimal
MtrR binding, the effect of NaCl concentration on DNA bind-
ing affinity, the stoichiometry of binding, and the secondary
structure of MtrR in the presence or absence of cognate DNA.
Unanticipated differences between MtrR and the TetR family
member QacR, the Staphylococcus aureus multidrug binding
transcription repressor (8), were observed.

Cloning, expression, and purification of MtrR. The 633-
base-pair mtrR gene from N. gonorrhoeae strain FA19 was PCR
amplified from chromosomal DNA by using primers that con-
tained engineered restriction sites NdeI and BamHI. After
digestion with NdeI and BamHI, the fragment was cloned into
a pET-15b ampicillin-resistant vector containing an N-terminal
hexahistidine affinity tag followed by a thrombin cleavage site.
The vector was sequenced to ensure fidelity and transformed
into Rosetta-gami B(DE3)pLysS cells resistant to chloram-
phenicol. One-liter cultures were grown in Luria-Bertani broth
containing 100 �g/ml ampicillin and 50 �g/ml chloramphenicol
at 37°C to an optical density at 600 nm of 0.6 AU (absorbance
unit), at which time cells were induced with 1 mM IPTG
(isopropyl-�-D-thiogalactopyranoside) for 3 h. Cells were then
centrifuged and resuspended in 20 mM Tris, pH 7.6, 500 mM
NaCl, 10% glycerol, and 1 mM Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) as a reducing agent. The cells were
lysed by French press, after which the lysate was centrifuged
and the supernatant loaded onto a Ni2�-nitrilotriacetic acid
column. Pure hexahistidine-tagged MtrR was eluted with
buffer A (100 mM Na�/K� phosphate buffer, pH 8.5, 300 mM
NaCl, 5% glycerol, 1 mM TCEP) containing 500 mM imida-
zole (data not shown). Fractions were analyzed by quantitative
time of flight mass spectrometry and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis before dialyzing overnight
into 200 mM Na�/K� phosphate, pH 7.5, containing 10%
glycerol, and 1 mM TCEP (phosphate storage buffer [PSB]).
Specific and complete cleavage of the hexahistidine tag was
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attained. However, the stability of MtrR was compromised,
and therefore, only purified His-tagged MtrR was used in our
studies.

DNA binding affinity and binding stoichiometry. A fluores-
cence polarization-based assay was used to determine the
DNA binding affinity of MtrR for a pair of oligodeoxynucle-
otides from the mtrCDE promoter. These oligodeoxynucleo-
tides were purchased from Oligos Etc. (Wilsonville, OR) and
were 27 and 22 base pairs long with fluorescein covalently
attached to their 5� end by a hexamethylene linker. Each oli-
godeoxynucleotide encompassed the direct repeat that in pre-
vious footprinting studies was protected to different extents by
MtrR. The sequences of one strand of the 27-mer and one
strand of the 22-mer are 5�-TTTTTATCCGTGCAATCGTG
TATGTAT and 5�-ATCCGTGCAATCGTGTATGTAT, re-
spectively, with the pseudo direct repeats underlined (17). The
standard DNA binding solution used in these studies was 20
mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.1 nM fluoresceinated
DNA (or a higher concentration, provided the Kd was �10
times the DNA concentration), and 1 �g of poly(dI-dC), as
nonspecific DNA. MtrR in PSB was titrated into the binding
mixture until the millipolarization (mP) no longer rose. All
experiments were carried out at 25°C. The excitation wave-
length was 490 nm, and units of fluorescence polarization (mil-
lipolarization) were read at 530 nm. The data were plotted and
analyzed by using the following equation: P � {(Pbound �
Pfree)[protein])/Kd � [protein]} � Pfree, where P is the polar-
ization measured at a given total protein concentration, Pfree is
the initial polarization of free fluorescein-labeled DNA, Pbound

is the maximum polarization of specifically bound DNA, and
[protein] is the protein concentration. The free and total pro-
tein concentrations are assumed to be equal because the con-
centration of fluorescein-labeled DNA is 10-fold lower than
the Kd. The generated hyperbolic curves are fit by nonlinear
least-squares regression analysis, assuming a bimolecular
model such that the Kd values represent the protein concen-
trations at half-maximal ligand binding and plotted by using
the graphing program Kaleidograph (17). The longer oligode-

oxynucleotide (Kd � 0.9 nM) bound �9-fold better than the
shorter oligodeoxynucleotide (Kd � 7.8 nM) (Fig. 1A). In-
creasing the oligodeoxynucleotide length to 31 base pairs did
not result in higher affinity (data not shown). Consequently,
the remaining DNA binding experiments used the 27-mer.

The length of the higher-affinity DNA binding site of MtrR
is nearly identical to the high-affinity DNA binding site (IR1)
of QacR. Two dimers of QacR bind the 28-base-pair IR1,
which is located in the promoter region of the qacA multidrug
efflux pump gene, and although pseudopalindromic, IR1 con-
tains four pseudo direct repeats that interact with QacR (9,
21). To determine whether MtrR employs the same stoichiom-
etry or a different stoichiometry of binding to the mtrCDE
promoter, a fluorescence polarization assay was utilized. The
binding buffer and conditions were identical to those used in
the binding affinity determination experiments except that the
concentration of the 27-mer was increased to 20 nM, i.e.,
�20-fold higher than the Kd, thereby ensuring stoichiometric
binding. MtrR was titrated into the binding solution until the
total protein concentration (in monomers) reached 200 nM.
The graph of the resulting data shows a linear increase in the
observed millipolarization until saturation of the high affinity
DNA sites, after which low-affinity DNA binding takes place
(Fig. 2). The inflection point occurs at an MtrR monomer
concentration of 80 nM, which, when divided by the concen-
tration of cognate DNA (20 nM), indicates a stoichiometry of
four protomers, presumably two dimers per DNA site.

In a parallel approach to determine the oligomerization
state of DNA-bound and unbound MtrR, a series of dynamic
light scattering (DLS) experiments were done. DLS measures
the inherent light scattering of a macromolecule, which fluc-
tuates due to the Brownian motion of the macromolecule, as a
function of time. From these measurements, the translational
diffusion coefficient (DT) of the macromolecule can be calcu-
lated, which in turn allows the determination of the hydrody-
namic radius of the average scattering particle (RH) via the
following equation: DT � kT/6	
RH, where k is the Boltzmann
constant, T is the temperature in kelvin units, and 
 is the

FIG. 1. Binding isotherms of MtrR and QacR. (A) MtrR binding to its 22-mer (red curve) and 27-mer (black curve) cognate oligodeoxynucle-
otides. (B) MtrR binding to the 27-mer cognate oligodeoxynucleotide in the presence of 100 mM NaCl (black curve) and 200 mM NaCl (blue
curve). (C) QacR binding to its 28-base-pair high-affinity DNA binding site (IR1) in the presence of 100 NaCl (orange curve) and 200 mM NaCl
(violet curve). The sequence of the one of the IR1 strands is 5�-CTTATAGACCGATCGCACGGTCTATAAG-3�. The binding data displayed in
each panel have been normalized to the calculated binding maximum millipolarization of each curve.
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solvent viscosity (7). RH can be used to estimate the molecular
mass. DLS experiments were carried out at 24°C on MtrR (50
�l of a 0.4 mM dimer solution in PSB) and revealed a molec-
ular mass (mean � standard deviation) of 40 kDa � 15 kDa,
which is consistent with an MtrR dimer. DLS studies on the
DNA-bound form of MtrR (50 �l of a solution containing 0.1
mM dimer MtrR and duplex 27-mer) revealed a species with a
molecular mass of 110 kDa � 10 kDa, which can be explained

by the binding of four MtrR protomers (4 protomers � 24 kDa/
protomer � 96 kDa) to one 27-bp oligodeoxynucleotide (27 bp
� 660 Da/bp � 18 kDa), i.e., 96 kDa plus 18 kDa equals 114
kDa. The DNA binding data, combined with the results from
the DLS experiments, indicate that two MtrR dimers bind the
mtrCDE promoter. This DNA binding stoichiometry is the
same as that utilized by TetR family member QacR but con-
trasts with those of family members TetR and EthR, which
bind one and four dimers, respectively, to their operators (5,
15).

To characterize the DNA binding mechanism of MtrR fur-
ther, the effect of salt concentration on affinity was examined.
DNA binding was affected significantly by increasing the NaCl
concentration with the Kd increasing over 100-fold (from 0.9
nM to 99.0 nM) by simply doubling the NaCl concentration
from 100 mM, the more physiologically relevant concentration,
to 200 mM (Fig. 1B). By contrast, when the same experiment
was carried out with QacR binding to IR1, only a fourfold
effect was observed, whereby the Kd in 100 mM NaCl was 5.7
nM and that in 200 mM NaCl was 22.5 nM (Fig. 1C). In an
attempt to provide a molecular understanding for the different
salt effects of MtrR and QacR, both of which bind two dimers
to their cognate DNA, the sequences of the MtrR and QacR
DNA binding domains were aligned and an analysis of poten-
tial protein-DNA ionic interactions was done by homology
modeling (data not shown). QacR engages in only three side
chain-phosphate backbone ionic interactions per subunit,
thereby providing a reasonable chemical rationale for the mod-
est effect of higher salt concentrations on binding affinity. If
MtrR were to bind its cognate DNA site in a manner similar to
QacR, only those interactions made by QacR would again be
made by MtrR, as the sequence alignment and homology mod-
eling do not reveal any potential additional ionic interactions
within the established QacR DNA binding domain. However,

FIG. 2. Determination of the stoichiometry of MtrR-DNA binding.
Note the inflection point at an MtrR monomer concentration of 80 nM
(black arrow), indicating the shift from high- to low-affinity binding
(indicated with black lines).

FIG. 3. Circular dichroism spectra of MtrR and QacR. (A) MtrR in its apo (black spectra) and DNA-bound (red spectra) forms. (B) QacR in
its apo (orange spectra) and IR1-bound (violet spectra) forms.
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while the DNA binding domain of QacR begins with its most
N-terminal residue, MtrR has eight additional residues (1-
MRKTKTEA-8) that are N-terminal to the beginning of the
consensus TetR family DNA binding domain. Moreover, MtrR
residue 10 is a lysine, and the corresponding residue in QacR
is an asparagine. Thus, 5 of the first 10 residues of MtrR are
basic and not present in QacR, and their presence suggests that
1 or more of these basic residues engages in electrostatic in-
teraction with the mtrCDE DNA.

Secondary structure determination. As a member of the
TetR family, MtrR is expected to be predominantly � helical.
To quantify the secondary-structure content of MtrR, circular
dichroism (CD) studies were done on MtrR and, for further
comparison, on QacR. Because the crystal structures of apo
QacR (apo is the drug- and DNA-free protein) and a QacR-
DNA complex are known (21, 22), quantification of its second-
ary-structure content by CD in these states provides a good
idea of the accuracy and precision of this approach in deter-
mining the helicity of MtrR. Spectra of the apo and DNA-
bound proteins were taken in order to determine whether or
not DNA binding significantly alters the secondary-structure
content of MtrR. Spectra of the apo proteins and their DNA-
bound complexes, in PSB, were taken from 190 nm to 300 nm
in a 0.4-ml cell at 25°C and analyzed for secondary-structure
content with the deconvolution program K2D (1). The dimer
concentrations of MtrR and QacR in all spectral measure-
ments were 4.0 �M and 5.6 �M, respectively. These assured
stoichiometric DNA binding under the buffer conditions em-
ployed in the experiment.

The analysis of the CD spectra of MtrR reveals a helical
content of 38% that does not increase or decrease significantly
upon DNA binding (Fig. 3A; Table 1). This helical content of
MtrR is significantly lower than that observed for QacR in
solution (�60%) (Fig. 3B), which is underestimated by �20%
compared to the crystal structure (�75%). In addition, QacR
is known to lose helicity upon DNA binding according to the
crystal structure, a result that is not evident in the CD spectra
of the QacR-DNA complex (Fig. 3B; Table 1). MtrR has
unanticipated high random coil content (40 to 45%) and
�-sheet structure (�18%) that do not appear to change signif-
icantly upon DNA binding. Perhaps unstructured regions of
MtrR play a role in the binding of small-molecule inducers and
undergo coil-to-helix transitions after binding these coeffec-
tors. Indeed, induction of � helicity in the drug-binding domain
of thiostrepton-binding transcription regulator TipAS upon
binding drug, as well as in the multidrug binding domain of
QacR upon multidrug binding, has been observed (16). Con-
tributing in part to the lower-than-expected helicity and higher
random coil content and apparent � structure of MtrR might

be its inherent instability, as this protein loses activity over a
period of days when stored at 4°C (data not shown). Therefore,
all CD spectra of MtrR were collected within one hour of its
purification. Regardless, the finding of �-sheet and significant
random coil structures in MtrR makes this TetR regulator
unusual, as the three-dimensional structures of all other TetR
family members, including TetR (19), QacR (21, 22), CprB
(18), and EthR (4, 6), are essentially all helical.

The data presented here provide a biochemical character-
ization of MtrR binding to the mtrCDE promoter and an as-
sessment of its solution state secondary structure in the pres-
ence and absence of cognate DNA. Unexpectedly, MtrR
contains a large amount of random coil and � sheet, seemingly
beyond the error associated with our CD experiments. The
latter secondary structure has never been observed in a TetR
family member, and confirmation of its existence will require
additional structural studies. The differences between MtrR
and QacR, TetR, and EthR underscore the wide variety of
DNA binding mechanisms of the TetR family. The crystalliza-
tions and X-ray structure determinations of MtrR and its DNA
complex will be necessary to understand fully the DNA binding
mechanism of this TetR family member and are under way.
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