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Abstract
Proton electrochemical gradient-driven multidrug efflux activity of representatives of the major facilitator
superfamily (MFS) of secondary active transporters contributes to antimicrobial resistance of pathogenic
bacteria. Integral to the mechanism of these transporters is a proposed competition between substrate and
protons for the binding site of the protein. The current work investigated the competition between protons
and antimicrobial substrate for binding to the Escherichia coli MFS multidrug/Hþ antiporter MdtM by
measuring the quench of intrinsic protein fluorescence upon titration of substrate tetraphenylphosphonium
into a solution of purified MdtM over a range of pH values between pH 8.8 and 5.9. The results, which
revealed that protons inhibit binding of substrate to MdtM in a competitive manner, are consistent with
those reported in a study on the related MFS multidrug/Hþ antiporter MdfA and provide further evidence
that competition for binding between substrate and protons is a general feature of secondary multidrug
efflux.
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1. Introduction

Antimicrobial resistance of pathogenic bacteria represents a global public health threat and the activities of
secondary active membrane transporters that are members of the major facilitator superfamily (MFS)
contribute to this phenomenon. These transporters utilize the transmembrane electrochemical proton
gradient to drive antimicrobials out of the cell (Fluman & Bibi, 2009). Biochemical and structural data for
the bacterial MFS multidrug/Hþ antiporters are consistent with a general mechanism that constrains the
simultaneous binding of substrate and protons to the protein to enable the loading, transmembrane
transport, and subsequent periplasmic release of the cytotoxic cargo, while at the same time, impeding
anyproton leakage that could injureorkill the cell (Zhanget al., 2015).The feasibility of such amechanism is
dependent on the competition between substrate and protons for binding to the transporter (Schuldiner,
2014), which in turn is mediated by tuning of the pKa of the carboxyl groups of one or more highly
conserved acidic residues located within or near the substrate binding site in the membrane-embedded
regions of the protein (Adler et al., 2004; Sigal et al., 2006). A previous study of the model Escherichia coli
MFS multidrug efflux antiporter MdfA demonstrated that substrates and protons compete for binding to
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the protein (Fluman et al., 2012). The present study investigated the effects of proton concentration on
binding of antimicrobial substrate tetraphenylphosphonium (TPPþ) to the E. coli MFS multidrug/Hþ

antiporter MdtM and provides additional supporting evidence that the competition for binding between
drug substrate and protons is a general feature of secondary multidrug efflux.

2. Methods
2.1. Plasmids

Design and construction of the expression plasmid that contained the 1,230 bp coding region of the
mdtM open reading frame has been described in detail before (Holdsworth & Law, 2012). Briefly, the
construct encoded the 410 amino acid residues of MdtM with a C-terminal myc-epitope and a
hexahistidine tag to facilitate purification of the protein. Inclusion of a thrombin-specific proteolysis
site permitted cleavage of the myc-His tag.

2.2. Overexpression and purification of MdtM

MdtM was overexpressed in E. coli LMG194 cells and purified using a previously described protocol
(Alegre & Law, 2015).

2.3. Substrate binding assays

The affinity of purified MdtM in 20 mM Bis–Tris propane (titrated to the appropriate pH with HCl),
100 mMNaCl, 10% (v/v) glycerol, and 0.1% (w/v) n-dodecyl β-D-maltoside (DDM) detergent for TPPþ

substrate was determined over a pH range of 5.9–8.8 by intrinsic tryptophan fluorescence quenching
studies. Steady state fluorescence measurements were performed on sample in a 1.0 cm� 0.5 cm quartz
cuvette using a Fluoromax-4 fluorometer (Horiba, UK) equipped with a magnetically stirred and
temperature-controlled cuvette holder set to 25°C. The longer pathlength of the cuvette was oriented
toward the excitation source. Excitation and emission wavelengths were set to 295 nm (to excite
tryptophans of MdtM exclusively) and 335 nm (the maximum fluorescence emission wavelength of
MdtM), respectively. Excitation slit width was set to 1.5 nm and emission slit width to 3.0 nm.

Freshly purified MdtM was added to the cuvette to a final concentration of 0.22 μM in 1.5 ml and
allowed to equilibrate to 25°C for 5 min. The protein solution was then titrated with TPPþ by the
sequential addition of a stock TPPþ solution to a final concentration of 100 μM. A 60 s equilibration
period between addition of TPPþ and measurement of fluorescence emission was allowed. In all the
fluorescence experiments, the total volume of stock TPPþ solution added to the protein sample was less
than 2%of the initial assay volume.Measurements were performed in triplicate and to ensure consistency
and reproducibility of the titrations, the same stocks of TPPþ and the same set of calibrated autopipettes
(Gilson, UK) were used for all the substrate binding experiments. The collected buffer subtracted data
were corrected for dilution and used to calculate a percentage fluorescence quench for each TPPþ

addition. Due to the negligible UV absorbance of TPPþ at the fluorescence excitation wavelength of
295 nm, correction for inner filter effects was not required. The resulting intrinsic fluorescence quench-
ing curves were analyzed using nonlinear regression binding analysis available in GraphPad Prism v 9.1.0
(GraphPad Software Inc., San Diego, CA). This approach permitted extraction of the apparent equilib-
rium dissociation constant, Kd

app, of binding of TPPþ to MdtM at each pH tested using the equation
y = Bmax[TPP

þ]/(Kd þ [TPPþ]).

3. Results

Competition between protons and antimicrobial substrate for binding MdtM was studied by measuring
the quench of intrinsic protein fluorescence upon titration of TPPþ into a solution of purified MdtM at a
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range of different pH values (Figure 1). Increasing the proton concentration by acidification of the
protein solution reduced the affinity of MdtM for TPPþ substrate (Figure 2), suggesting that protons
inhibit binding of substrate in a competitive manner. The Kd

app measurements of ~400 nM for TPPþ

binding to MdtM at the neutral and alkaline pH values tested compare well with a previously published
Kd

app for TPPþ binding to the protein at pH 8.0 (Alegre et al., 2016). A fit of the binding data in Figure 2
enabled the analysis of the effects of proton concentration on TPPþ binding affinity. This analysis
estimated an inhibition constant, Ki, of 0.6 μM for protons, which corresponded to a pKa of 6.23. To
ensure that the binding data were not compromised by changes in the structural integrity of solubilized
MdtM at the extremes of pH tested, the fluorescence emission spectrum of the protein was measured
between 310 and 400 nm at pH values of 5.9 and 8.8 (Figure 3). These spectra were compared to the
spectrum of MdtM denatured by incubation at pH 8.0 in a 1% (v/v) sodium dodecylsulphate (SDS)
solution (Figure 3). Denaturation by SDS resulted in a significant reduction of the fluorescence intensity
and a ~8 nm red-shift of the maximum fluorescence emission peak of MdtM compared to the spectra

Figure 1. Saturation curves for TPPþ substrate binding to MdtM in DDM detergent solution at different pH values. Binding was
measured by concentration-dependent quenching of MdtM intrinsic fluorescence emission at 335 nm. Data points and error
bars represent themean and SEM, respectively (n= 3). Datawere fitted to a binding equation using nonlinear regression (solid
line) to enable extraction of apparent dissociation constant, Kd

app, values.

Figure 2. Affinity (as represented by the apparent dissociation constants reported in Figure 1) of purified, detergent-
solubilized MdtM for substrate TPPþ as a function of proton concentration (represented as pH). Data points and error bars
represent themean and SEM, respectively (n= 3). The data fitted to a previously published equation (Fluman et al., 2012) that
describes competitive binding between TPPþ and protons.
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obtained for nondenatured protein. These data support that the integrity of MdtM was not affected by
acidification or alkalinization of the protein solution.

4. Discussion

The mechanism of secondary MFS drug/Hþ antiporters suggests that different binding affinities for the
drug cargo must exist with high affinity binding to the protein in the “inward-facing” conformation to
scavenge drugs from the cell interior and low affinity binding in the “outward-facing” conformation to
enable the drug to be dispensed into the periplasm or extracellular milieu. Such transmembrane
movement of drug substrate is coupled to the counter-movement of protons across the membrane via
a ping-pong mechanism, in which the substrate must be released prior to binding and subsequent
translocation of the counterion (Law et al., 2008). Competition between protons and substrate is regarded
as integral to the catalytic transport activity of the electrochemical proton gradient-driven MFS anti-
porters. In the MFS drug/Hþ antiporter MdfA, the whole process is modulated by protonation of two
conserved, membrane-embedded acidic residues; a glutamate at position 26 and aspartate at position
34 (Fluman et al., 2012). MdtM possesses two membrane-embedded aspartate residues at positions
22 and 30 (Holdsworth & Law, 2012) and it is pertinent to speculate that these residues represent the
protonation sites in that transporter.

The nature of the competition between substrate and protons can vary betweenMFS family members.
In MdfA, this competition is allosteric with protons and TPPþ binding to different sites in the protein
(Fluman et al., 2012). It is likely that the same mutually exclusive binding of protons and substrate is a
feature of MdtM. In contrast, the MFS multidrug transporter LmrP from Lactococcus lactis exploits a
combination of direct and indirect competition for its function (Schaedler & van Veen, 2010). Irrespect-
ive of the exact flavor of competition proposed for different secondary multidrug family members of the
MFS, the inhibition of TPPþ binding to MdtM by protons demonstrated by the current work is a further
indication that substrate/counterion competition is a feature of MFS antiporters in general.

5. Conclusion

The work presented here on theMFS drug/Hþ antiporterMdtM validates a previous study on the related
MdfA protein and provides additional strong empirical evidence that interplay between protons and
substrate during binding toMFS drug/Hþ antiporters is common to these proteins, and essential to their
function.
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Figure 3. Fluorescence emission spectra of purified MdtM in DDM detergent solution at pH 6.2 and 8.8, and MdtM at pH 8.0
denatured in 1% SDS.
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