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Abstract 

Bacteria have developed a variety of different mechanisms to defend themselves from 
compounds that are toxic to them, such as antibiotics. One of these defence mechanisms is the 
expulsion of drugs or other noxious compounds by multidrug efflux pumps. Multidrug and toxic 
compound extrusion (MATE) transporters are efflux pumps that extrude metabolic waste and a 
variety of antibiotics out of the cell, using an ion gradient as energy source. They function via an 
alternative-access mechanism. When ions bind in the outward facing conformation, a large 
conformational change to the inward facing conformation is induced, from which the ion is 
released and the extruded chemical compound is bound. NorM proteins, which are usually 
coupled to a Na+ gradient, are members of the MATE family. However, for NorM-VC from 
Vibrio cholerae, it has been shown that this MATE transporter is additionally coupled to protons. 
How H+ and Na+ binding are coupled mechanistically to enable drug antiport is not well 
understood. In this study, we use molecular dynamics simulations to illuminate the sequence of 
ion binding event that enable efflux. Understanding this antiport mechanism is important to 
support the development of novel compounds that specifically inhibit the functional cycle of 
NorM transporters.  
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Introduction 

Multidrug efflux represents a major problem in healthcare, as it underlies the expulsion of 
antimicrobal drugs from microbes [1] or drug export from human cells [2] and thus prevents the 
efficient medication of diseases including bacterial infections and cancer. In bacteria, efflux of 
drugs is considered to be one of the main drivers for multidrug resistant strains, as reviewed 
recently [3,4]. Presently, five classes of multidrug efflux pumps have been identified, (a) the 
ABC (ATP binding cassette) [5], (b) MFS (major facilitator family) [6], (c) RND (resistance 
nodulation cell division) [7], (d) SMR (small multidrug resistance) [8] and the (e) MATE 
(multidrug and toxic extrusion) [9] transporters. Multidrug resistance can be caused by all five 
classes of efflux transporters [10]. 

MATE transporters are multidrug efflux pumps, which export metabolic waste or a variety of 
drugs [11] across the cytoplasmic membrane in various organisms such as plants [12], mammals 
[13] and Gram-negative [14] or Gram-positive [15] bacteria. They are driven by an 
electrochemical gradient, generated by either Na+ ions [16], protons [17,18] or a coupled 
sodium/proton [19] gradient, and are thought to employ an alternative-access mechanism for 
function. Ion binding to the MATE transporter in the outward facing state induces a large 
conformational change to the inward facing conformation. Vice versa, drug binding in the inward 
facing state induces a conformational change from the inward to the outward facing 
conformation, releasing the drug from the cell. Current spectroscopic data [20], chemical 
(disulfide) cross-linking experiments [21] and the crystal structures of bacterial sodium [22–24] 
and proton driven MATE transporters [25,26] have revealed first details of this antiport 
mechanism. In addition, several recently published crystal structures have been solved in ligand 
bound states in the outward facing conformation [23,26,27], offering new information on the 
ligand binding mode of MATE transporters. Further mechanistic information for the proton 
coupled MATE transporter from Pyrococcus furiosus was obtained by using molecular dynamics 
(MD) and quantum mechanics/molecular mechanics (QM/MM) simulations [28]. 

Because antimicrobial resistance has evolved into a global health issue, obtaining information on 
mechanistic features of multidrug efflux pumps, such as MATE transporters, which mediate drug 
resistance in Gram-positive [29] and Gram-negative bacteria [10], have become essential. In 
Gram-negative bacteria, such as for example Vibrio cholera and Escherichia coli, MATE 
transporters transport drugs across the inner membrane [24]. Understanding these mechanistic 
features is important for the design of novel inhibitors to prevent drug-extrusion from bacterial 
cells. All crystallographically resolved bacterial MATE transporters are composed of 12 
transmembrane helices. They are divided into two 6 transmembrane helix bundles comprising a 
two-fold pseudo symmetry, most likely caused by gene duplication [30]. Mammalian MATE 
transporters have been proposed to harbour a 13th helix [31], which may adjust turnover activities 
but is not necessary for transport function [32]. In addition, the crystal structures, all determined 
in the outward facing conformation, show a deep cavity in which the drug is bound before being 
extruded. The crystal structures of NorM-VC (Vibrio cholerae) [22], NorM-NG (Neisseria 
gonorrhoeae) [23] and ClbM (Escherichia coli) [24], all resolved in a Rb+ or Cs+ bound state, 
suggest that sodium coupled MATE transporters harbour cation-binding motifs which involve 
cation-π interactions.  

Biochemical data has revealed that mutating a conserved glutamate residue (E251A in the MATE 
transporter NorM-VP from Vibrio parahaemolyticus [33] and E273Q in hMATE1 [18]) causes a 
loss of transport function. The mutation of homologous residues (E255Q [19] and E261A [23] in 
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NorM-VC and NorM-NG from Vibrio cholerae and Neisseria gonorrhoeae, respectively) also 
affects the function of the protein. It has therefore been concluded that these residues are 
involved in the transport cycle. In addition, it has been shown recently that alongside the sodium 
ion, a proton is translocated across the membrane in NorM-VC, potentially by D371 [19]. D371 
is located in the vicinity of E255 in NorM-VC [22]. Subsequent to the conformational change to 
the inward-facing state, the sodium ion and the proton are released into the cytoplasm [19]. Thus, 
in contrast to other members of the MATE family, the activity of the MATE transporter NorM-
VC from Vibrio cholerae is coupled to the translocation of two ions (Na+ and H+) across the 
membrane. However, the sequence of ion binding and the structural basis for this unusual two-
ion coupling event in this MATE antiporter remain unclear. 

To illuminate the sequence of ion binding events which drive drug efflux in NorM-VC, we 
applied MD simulations, thermodynamic integration (TI) and potential-of-mean-force (PMF) 
calculations in the outward facing conformation. Understanding the order of events that drive the 
efflux mechanism of MATE transporters may enable the development of therapeutics that 
specifically target functionally important transporter states in this cycle and thereby inhibit the 
extrusion of antibiotics from the bacterial cell. 

 

Methods 

System preparation 

pKa values for all titratable groups of the MATE transporter NorM-VC (PDB-ID: 3MKU) [22] 
were initially calculated by using the H++ webserver [34]. D371 was assumed to be protonated 
according to previously published experimental results [19]. The pKa values of E255 and D371 
were later recalculated using TI (see below). The Rb+ ion determined in the crystal structure was 
exchanged by a physiological Na+ ion. The MATE transporter was aligned to a POPC bilayer 
using the program LAMBADA [35], and inserted into the membrane using the g_membed 
[36,37] module implemented in GROMACS [38]. A concentration of 250 mM NaCl and 
additional counter ions to neutralize the system were added. 

 

MD simulations  

All MD simulations were carried out with the simulation suite GROMACS [38]. We applied the 
amber_ildn force field for amino acids [39,40], the Berger lipid parameter set [41] for the POPC 
bilayer and ion parameters developed by Joung et al. [42]. The SPCE water model [43] was used. 
Pressure and temperature were kept constant at 1 bar and 298 K, using the Parrinello-Rahman 
barostat [44] and the v-rescale thermostat [45], with coupling constants of 2 ps and 0.5 ps, 
respectively. Van der Waals interactions were computed with a cut-off of 12 Å. Long range 
electrostatic interactions were calculated using the Particle Mesh Ewald (PME) method, applying 
a real space cut-off of 12 Å. We constrained all bonds by applying the LINCS [46] algorithm. 
The use of the virtual site approach [47] allowed us to employ an integration time-step of 4 fs.  
This approach attaches a virtual site to non-polar hydrogen atoms, inhibiting their fast bond 
vibrations which are irrelevant for the conformation of the protein. Periodic boundary conditions 
were applied in all three directions. An equilibration with sequentially decreased backbone 
restraints was carried out before starting the production runs.  
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Free energy calculations – Thermodynamic Integration (TI) 

We calculated the pKa of E255 and D371 in the Na+ bound state with the Thermodynamic 
Integration (TI) method, using 32 discrete λ points (0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 
0.45, 0.5, 0.54, 0.58, 0.62, 0.66, 0.7, 0.73, 0.76, 0.79, 0.82, 0.85, 0.87, 0.89, 0.91, 0.93, 0.95, 
0.96, 0.97, 0.98, 0.99, 0.995 and 1), and changing all interactions simultaneously. Each window 
was simulated for 10 ns. To benchmark the pKa calculations, deprotonation calculations were 
first carried out in solution for N-acetyl-Nˈ-methyl-L-aspartylamide (AMA), the pKa value of 
which has been shown to be 4.08 [48]. These simulations were followed by deprotonation 
simulations of E255 and D371 in the Na+ bound and unbound state. All TI simulations were 
repeated three times. The free energy difference was calculated with the g_bar module as 
implemented in GROMACS, using the BAR method. A correction as discussed previously [49] 
was applied; the dielectric constant ε1 was set to 2 to take the polarisability of the membrane into 
account, which cannot be represented by a classical force field.  

Free energy differences were obtained from the thermodynamic cycle: 

 
Figure 1: Thermodynamic cycle to calculate the change of the deprotonation free energy of a 
titratable residue inside a protein with respect to a free amino acid in solution. 

 

∆∆G can now be calculated by ∆∆G=∆G3-∆G1 [50] and the pKa shift (∆pKa) can be calculated 
via [50,51]: 

⊗𝑝𝑝𝐾𝐾𝑎𝑎 = 𝑝𝑝𝐾𝐾𝑎𝑎�𝐴𝐴𝐴𝐴𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� − 𝑝𝑝𝐾𝐾𝑎𝑎�𝐴𝐴𝐴𝐴𝑃𝑃𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�  =  1
2.3 𝑘𝑘𝑘𝑘

(∆G3-∆G1) = 1
2.3 𝑘𝑘𝑘𝑘
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calculations) were performed on a local CPU/GPU cluster at the School of Life Sciences, 
University of Dundee, and overall entailed a computational cost of ~ 13.300 TFlops. 

 

Results 

The Na+ binding site of NorM-VC 

The crystal structure of NorM-VC (pdb-ID: 3MKU) [22] has provided first structural insights 
into Na+ binding to MATE transporters and Na+ translocation, as initially studied biochemically 
for NorM-VP from Vibrio parahaemolyticus [16]. However, the ion binding motif observed in 
the crystal structure is unusual, as the Rb+/Cs+ ion (replacing Na+) is coordinated by several 
cation-π interactions to F259 and F429 and an electrostatic interaction with Y367:OH [22]. In 
contrast, negatively charged residues, namely E255 and D371, which have been shown to be 
functionally important in homologous proteins [23,33], are only found in the distant vicinity of 
the ion. The overall structure and a close-up view of the ion binding site are shown in Figure 2a. 

Molecular dynamics (MD) simulations of NorM-VC have indeed suggested that the Na+ ion is 
coordinated by E255 and D371 [53,54]. In these previous simulations, both carboxylate groups 
were assumed to be in the charged state. However, this assumption seems to be inconsistent with 
recently released experimental data, which demonstrated that, in addition to Na+, a proton is 
translocated across the membrane [19]. The likely key residue for coupled proton transport was 
identified as D371 [19]. To obtain further insights into the ion binding site and the coupling 
between Na+ and proton binding, we therefore first performed MD simulations, in which D371 
was modelled as protonated, in accordance with the interpretation of the earlier experimental 
findings.  

We set up six replicas under three different simulation conditions. In the first set, free simulations 
of NorM-VC in a model membrane were carried out. In the second set, we used a restraint 
potential (10 kJ/(mol*nm2)) on all protein backbone atoms in order to inhibit large-scale 
conformational changes of the protein. In addition, we simulated NorM-VC without restraints but 
under application of an electric field (~400 mV) in the third set to mimic the microbial membrane 
potential. The membrane potential in bacteria has been measured at ~ -140 mV for Escherichia 
coli [55]. In the biochemical experiments, which demonstrated proton translocation through 
NorM-VC, a membrane potential of ~ -160 mV was applied [19]. Usually, simulation studies of 
membrane proteins – with the exception of ion channels – are conducted without taking the 
membrane voltage into account. However, the membrane electric field, especially in microbes, 
can be anticipated to exert a considerable influence on the conformational ensemble of membrane 
proteins and ion binding events [56]. We used a slightly raised voltage here in order to accelerate 
molecular motions on the computationally accessible simulation timescale. The voltage we used, 
however, is at the lower end of the range commonly applied for similar studies of membrane 
proteins in simulations, for example for ion channels [57,58]. 

In the equilibrium simulations, we observe stable ion binding near the crystallographically 
determined site only when backbone restraints are applied, while in free simulations without 
restraints the binding stability of the ion is markedly diminished (Figure S1). By contrast, 
simulations in which we apply an electric field across the membrane result in stable binding of 
the Na+ ion in the experimentally reported binding region and well-defined close interactions 
between the ion and the protein (Figure 2b). Figure 2c shows a representative binding 
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configuration, in which the Na+ ion exhibits interactions with E255:Oεx, D371:Oδ1, Q374:Oε1 
and a water molecule. The binding site is further stabilized by a hydrogen bond between 
Y398:OH and E255:Oεx. A similar interaction has been found in a Na+ binding site of a 
membrane embedded rotor protein [59], where a mutation of Tyr to Phe, abolishing the hydrogen 
bond between Y:OH – E:Oεx, led to an altered ion (Na+ vs. H+) selectivity [60,61].  

 

 
Figure 2: (a) Overall structure of the MATE transporter NorM-VC (left; PDB-ID: 3MKU) and 
close-up view of the ion binding site (right), as resolved by X-ray crystallography. All figures 
containing molecular information were generated using VMD [62]. (b) Probability distribution of 
specific molecular interactions within the binding site. (c) Representative snapshot of the ion 
binding configuration observed in our simulations under membrane voltage. 
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Protonation state of the ion binding site 

Next, we were interested in determining the protonation state of the binding site in more detail. 
Protonation changes of ionisable residues require either the presence of neighbouring residues, 
which can accept or donate protons from/to the ionisable group, or an aqueous environment. 
Because no ionisable residues are located within a distance of 5 Å from E255:Oεx or D371:Oδx, 
we analysed the hydration profile of this protein region after 100 ns of MD equilibration in three 
simulation setups with the program trj_cavity [63], probing all possible combinations of E255 
and D371 protonation states  (E255deprot/D371prot, E255prot/D371deprot, E255deprot/D371deprot). The 
doubly protonated state (E255prot/D371prot) was not further studied because previous simulations 
of NorM-VC in the analogous state did not show any sodium ion binding to the homologous 
residues (E261 and D377) [64]. The result for each state is displayed in Figure 3. As can be seen, 
both E255 and D371 are fully hydrated in all protonation states. We therefore conclude that 
protonation events can occur directly between water and either residue. We ascribe the high 
hydration level observed in all simulations to the presence of at least one charged carboxylate 
group, which has previously been reported to increase the local hydration level in different 
proteins [65,66]. In addition, continuous solvation allows the ion to enter the binding site from 
the bulk solution in all possible protonation states of E255 and D371 (see Figure 5, below).  

 
Figure 3: Hydration profile of the simulated systems with different protonation states. The 
solvation profile is shown in transparent light green and E255 and D377 are displayed as van der 
Waals spheres. 

 

To further investigate the protonation state of the ion binding region, and how protonation of this 
site might depend on the presence of the Na+ ion, we carried out TI calculations to determine the 
pKa values of E255 and D371 with and without bound ion. We calculated the free energy 
necessary to deprotonate the respective protein side chains (ΔGdeprot) and used the ionisation free 
energy and pKa of N-acetyl-Nˈ-methyl-L-aspartylamide (AMA) as reference, a compound 
commonly used as benchmark for amino acid residues carrying carboxylate groups.  
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Our results show a ΔΔGdeprot for D371 with respect to AMA of 26.9 +/- 4.8 kcal/mol in the 
Na+-bound state, and of 32.5 +/- 4.0 kcal/mol in the Na+-unbound state, when E255 is charged. In 
turn, when D371 is assumed to be charged, we obtain a deprotonation penalty for E255 relative to 
AMA of 18.2 +/- 4.0 kcal/mol in the Na+ bound state, and of 22.9 +/- 0.6 kcal/mol in the Na+ 
unbound state. These values correspond to an upward pKa shift of 13.4 and 16.9 units for the 
deprotonation of E255 in the presence or absence of Na+, respectively. Similarly, the pKa of 
D371 is shifted upwards by 19.8 and 23.9 units in Na+-bound and -unbound conditions, 
respectively (Figure 4). pKa shifts of comparable magnitude have previously been observed in 
the closed conformation of a F-type ATP synthase rotor ring [67]. 

These results show that at least one proton is continuously bound to one of the carboxylate 
residues (E255 or D371) in the drug-free state, irrespective of the presence or absence of a bound 
Na+ ion. In addition, our pKa calculations show that amongst the two scenarios, deprotonation of 
D371 incurs a substantially higher free energy penalty than deprotonation of E255, and therefore 
we conclude that, out of this dyad of ionisable side chains, D371 is more likely to carry the 
proton. This result is in good agreement with a previous study on a molecular rotor, where two 
carboxylate groups bind to a sodium ion during the Na+ translocation mechanism, but one 
carboxylate group is protonated at any time (Na+ bound or unbound) under physiological 
conditions [68]. Our finding is also in agreement with the observation that the E255Q mutant has 
been shown to markedly decrease transport activity in intact cells (NorM-VC) [19]. 

 

 
Figure 4: pKa shifts of E255 and D371 relative to the benchmark compound AMA (grey). Results 
for the Na+ bound state are shown in blue, results for the ion unbound state are shown in red. The 
deprotonation reactions E255prot  E255deprot and D371prot  D371deprot were investigated, while 
the remaining ionisable side chain in the dyad was kept charged in either case. 

 

The predicted Kd for Na+ binding is in good agreement with experimental data  
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Having established the most likely protonation states of the Na+ binding region, we conducted 
potential of mean force calculations in order to evaluate if these states reproduce experimental 
binding energetics for the Na+ ion. Our umbrella sampling calculations show that in cases, in 
which one of the ionisable residues forming the Na+ binding site is protonated, similar free 
energies of binding the Na+ ion from the bulk solution of ~6.1 +/- 1.0 kcal/mol and ~5.0 +/- 0.5 
kcal/mol are obtained for E255deprot/D371deprot (Fig. 5 - black) and E255prot/D371prot (Fig.5 - red), 
respectively. The standard deviation in the PMFs is comparable to errors reported before, for 
instance for ion movement in the δ-opioid and M2 muscarinic G-protein coupled receptors, 
where a standard deviation of 0.6 kcal/mol is observed [69]. The affinity of NorM-VC for Na+ 
arises mainly from local interactions near the ion binding site, and therefore the overall binding 
free energies are well-defined, despite the occurrence of fluctuations in the PMF within the wide 
entrance vestibule of NorM. Due to the absence of structural data of the inward-facing 
conformation of NorM-VC, both calculations were carried out for the outward-facing 
conformation of NorM-VC.  

The value we obtained for both scenarios is in good agreement with the measured binding free 
energy of 5.6 kcal/mol (corresponding to a KD of 73 µM) [19]. Experimental data has 
additionally shown, however, that the ion binding affinity is not greatly affected by the D371N 
mutation (KD = 90 µM) [19], indicating again that in the wild type D371 is protonated in the 
outward-facing conformation (see section above).  

We also calculated the PMF for the E255prot/D371deprot state. This results in a free energy 
difference of 11.2 +/- 1.0 kcal/mol (Figure S2), which exceeds the available experimental data by 
a factor of ~2. Further, our TI calculations do not support a doubly charged Na+ binding site, 
neither in the presence nor absence of a Na+ ion. Thus, we conclude that the basis for Na+/H+ 
coupling in the MATE transporter NorM is an ion binding site composed of a negatively charged 
E255deprot and a protonated D371prot side chain, which sustains its protonated state, even after Na+ 
binding has taken place. 
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Figure 5: Potential of Mean Force (PMF) of Na+ ion translocation from the binding site to the 
bulk in the NorM-VC E255deprot/D371deprot (black) and E255deprot/D371prot (red) states. 

Discussion 

Bacteria have evolved a variety of ways to protect themselves from external noxious compounds. 
For example, they can control the inward permeation of compounds across specialised proteins 
[70,71], and they are able to modify chemical compounds [72] and mutate internal proteins [73] 
to prevent antibiotics binding to a target. Furthermore, bacteria can form impermeable layers 
around bacterial communities (biofilms) [74,75], and they are capable of efficiently extruding a 
wide range of toxic compounds by efflux transporters [10]. 

MATE transporters are multidrug efflux proteins which contribute to the emergence of multidrug 
resistance in bacteria. Previous studies have suggested that the NorM family transports Na+ and 
drugs via an antiport mechanism [16]. However, recent experimental data have shown that 
NorM-VC is coupled to both Na+ and H+ [19] to optimally induce the conformational change 
from the outward to the inward facing conformation. The same ion-coupling behavior has 
recently been observed for the MATE transporter ClbM from Escherichia coli [76]. The order of 
ion binding in the outward facing conformation and the order of ion release in the inward facing 
conformation have however remained unclear.  

Our molecular dynamics simulations suggest that sodium binding occurs near the site defined in 
the crystal structure of NorM-VC, but that it involves interactions that differ from those proposed 
in the crystal structure. Some of the detailed interactions we observe may be influenced by the 
presence of the strong membrane voltage in microbes, which attracts positively charged ions 
towards the intracellular side. Our MD simulations show that the sodium ion is stably bound to its 
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binding site when applying an electric field, but not when the electric field is turned off (Figure 2, 
S1).  

Furthermore, we modelled D371 as protonated in our initial simulations, following indications 
from experimental data [19]. To further investigate if at least one of the carboxylate residues is 
protonated at any time in the outward facing conformation of NorM-VC, we calculated the pKa 
of the two ionisable residues forming the Na+ binding site, both in the presence and absence of a 
Na+ ion in the binding site. It should be noted that the drug was absent during our simulations 
because it has not been resolved in any NorM-VC crystal structure so far.  

According to our results, one of the carboxylate groups is always protonated in the outward 
facing conformation, regardless of the presence of the Na+ ion. Previously, it has been assumed 
that both E255 and D371 are deprotonated [53,54]. Our calculations indicate that D371 is more 
likely to be protonated than E255 in this conformation. The presence of a positively charged drug 
may alter this behavior, however it is likely that E255 would have a reduced propensity to be 
protonated in that case, as the positive charge of the drug can be expected to reside in the vicinity 
of this residue. Thus we suggest that the proton is more likely to be directly transferred to D371 
from the bulk solution and not via E255. It is important to note that polarization and charge-
transfer effects, which are not included in common classical force-field models, are expected to 
have an influence on ion binding and the binding free energy of ions to proteins. However, a 
recent study revealed that classical force-field studies, such as the one presented here, offer a 
reasonably good description of these molecular interactions and the corresponding energies in the 
case of monovalent ions such as Na+ [77]. 

Taken together, our results suggest a model for the order of ion binding in the outward facing 
conformation, with important mechanistic implications for the mode of operation of the NorM-
VC MATE transporter. We propose that, as a first step, a proton binds to D371, after the 
conformational change from the inward- to the outward facing conformation has occurred (Figure 
6). Protonation of D371 is then followed by Na+ binding. The ion travels inward via a hydrated 
funnel in the vestibule of the protein, which connects the bulk and the ion binding site. Na+ 
binding subsequently releases the bound drug from the protein [23,64]. In the drug-free state, a 
conformational change from the outward to the inward facing conformation is induced, from 
which the ions are released to the intracellular side, and which takes up a new drug molecule. 
This conformational change is driven by the ion and voltage gradients across the membrane, 
which attract Na+ and H+ ions into the cytoplasm. We speculate that D371 is either well solvated 
or other titratable residues reside nearby in that conformation, such that under physiological 
conditions its side chain becomes deprotonated there. This change of the protonation state may 
also be required to bind the positively charged drug. The order and details of the intracellular 
events, however, remain unclear, owing to the lack of structural data of the inward facing state.  

Additional biochemical, structural and computational studies are necessary to elucidate the 
mechanistic features of the transport mechanism of NorM-VC, and to address the question if the 
Na+/H+ antiport mechanism present in NorM-VC from Vibrio cholerae [19] can be transferred to 
other NorM or other MATE transporters. Dual ion coupling has, for instance, recently been 
shown to occur in ClbM from Escherichia coli [76]. However, there may be crucial mechanistic 
differences in the ion coupling behavior of several NorM transporters (coupling to H+ instead to 
Na+), as previously proposed for NorM-PS from Pseudomonas stutzeri based on biochemical data 
[78]. The reasons for the different ion selectivity and the mechanistic diversity in the NorM 
family need to be clarified by further studies. 
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Figure 6: Proposed mechanism of ion/drug coupling of the MATE transporter NorM-VC from 
Vibrio cholerae. After the conformational change from the inward to the outward facing 
conformation (left) has taken place, a proton binds to D371, followed by Na+ binding. Following 
these events, the drug is released and the conformational change from the outward to the inward 
facing conformation is induced, which allows the protein to release the ions (H+ and Na+) towards 
the cytoplams and to bind a new drug molecule. The order of the cytoplasmic events is still 
unknown however, to the lack of structural data. 

 

To summarise, drug efflux in bacteria, a strong contributor to antimicrobial resistance, is one of 
the major problems in the development of new antibiotics. In this study we suggest how the first 
step of coupled proton-ion transport may occur in the MATE transporter NorM-VC from Vibrio 
cholerae, a protein that efficiently expels antibiotics from bacterial cells. This additional insight 
on the ion translocation mechanism may aid the design of specifically targeted drugs inhibiting 
the export of antibiotics. 
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