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Abstract

Secondary multidrug (Mdr) transporters utilize ion concentration gradients to actively remove antibiotics and
other toxic compounds from cells. The model Mdr transporter MdfA from Escherichia coli exchanges dissimilar
drugs for protons. The transporter should open at the cytoplasmic side to enable access of drugs into the Mdr
recognition pocket. Here we show that the cytoplasmic rim around the Mdr recognition pocket represents a
previously overlooked important regulatory determinant in MdfA. We demonstrate that increasing the positive
charge of the electrically asymmetric rim dramatically inhibits MdfA activity and sometimes even leads to influx
of planar, positively charged compounds, resulting in drug sensitivity. Our results suggest that unlike the
mutants with the electrically modified rim, the membrane-embedded wild-type MdfA exhibits a significant
probability of an inward-closed conformation, which is further increased by drug binding. Since MdfA binds
drugs from its inward-facing environment, these results are intriguing and raise the possibility that the
transporter has a sensitive, drug-induced conformational switch, which favors an inward-closed state.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Multidrug (Mdr) transporters are ubiquitous mem-
brane proteins that provide cells with defense against
various cytotoxic compounds. They function as multi-
specific efflux pumps, each able to expel a broad
spectrumof chemically dissimilar compoundsout of the
cell [1]. Bacteria typically harbor numerous Mdr
transporter-encoding genes in their genomes [2],
which belong to several phylogenetically and mecha-
nistically distinct protein families [3]. Of those, themajor
facilitator superfamily (MFS) comprises a huge group
[3], probably the largest family of transporters [4]. MFS
is also the most prominent family of bacterial drug
transporters, many of which function as drug/proton
antiporters [1].
We study the Escherichia coli MFS-related Mdr

transporter MdfA, which serves as a model of
secondary Mdr transport [5]. Cells expressing MdfA
uthor. Published by Elsevier Ltd. This
/licenses/by-nc-nd/4.0/).
from a multi-copy plasmid exhibit Mdr resistance
against a diverse group of unrelated toxic com-
pounds including neutral, zwitterionic, and monova-
lent cationic ones [2,6]. Transport experiments have
shown that MdfA is fueled by the proton electro-
chemical potential [6–8], and in addition to its drug/
proton exchange activity, it may also function as
a (Na+)(K+)/proton antiporter [9]. Clearly therefore,
proton translocation by MdfA is crucial for all of its
known biological activities. The hypothetical 3Dmodel
of MdfA [10] revealed two membrane-embedded
negative charges, E26 and D34, which were previ-
ously found to be essential for transport of monovalent
cationic substrates [11–13] and interaction with
protons [14]. Our previous studies have shown that
MdfA functionally tolerates displacement of these
essential negatively charged side chains to various
sites in the putative Mdr recognition pocket [13,15].
Overall, our 3D structural model of MdfA, including
is an open access article under the CC BY-NC-ND license
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the location of E26 and D34 as well as other important
structural features, hasbeen recently confirmeddirectly
in a breakthrough study reporting the high-resolution
crystal structure of anMdfAmutant, MdfA(Q131R) [16].
Transporters function by alternating between con-

formational states; for efficient coupling, the transporter
must be able to conformationally respond to interac-
tionswith its substrates. In the caseofMdr transporters,
this situation is intriguing because they should be able
to produce one or more transport-competent confor-
mational responses that fit a variety of chemically and
structurally dissimilar substrates. In the past, we
studied this question by utilizing several approaches
for detecting conformational changes in MdfA and the
results suggested that dissimilar substrates may
induce similar conformational changes in MdfA [17].
Weproposed thatMdfA is structurally very flexible and
its conformationally sensitive Mdr recognition pocket
responds similarly to dissimilar compounds [17].
Conformational flexibility might explain why MdfA

has been so impervious to forming ordered crystals,
and up to date, no high-resolution crystal structure
has been described for the unconstrained wild-type
protein. In contrast, as mentioned above, a recent
breakthrough in MdfA studies revealed that a single
mutation inMdfA [MdfA(Q131R)] hasmade it possible
to obtain highly ordered crystals that diffracted X-ray
down to a resolution of 2 Å [16]. Another recent study
demonstrated that Fab fragment-stabilized MdfA is
also able to form ordered crystals [18]. In wild-type
MdfA, residue Q131 is located at the cytoplasmic side
of the proposed Mdr recognition pocket, and together
with other residues, it constitutes the rim around the
entrance to the pocket from the cytoplasm (Fig. 1).
The cytoplasmic rim is electrostatically asymmetric as
only one half of the circle is positively charged (Fig. 1).
Replacing Q131 by an arginine partially disrupts the
charge asymmetry and thusmight lead to electrostatic
repulsion between the two halves of the rim and
possibly stabilization of MdfA(Q131R) in a specific,
partially inward-open conformation [16]. To examine
this possibility and further characterize the cytoplas-
mic rim, we investigated the properties of MdfA
(Q131R) and additional mutants. Overall, our results
revealed that MdfA(Q131R) is almost inactive against
the tested MdfA substrates. Similarly, other positive
charge insertions in the rim also inhibitedMdfA activity,
suggesting that electrostatic repulsion might partially
limit the drug-induced conformational response of
MdfA. Surprisingly, our results also suggest that, unlike
the conformation of MdfA(Q131R) in the crystal, the
nativemembrane-embeddedwild-typeMdfAassumes
a relatively stable inward-closed conformation, which
is further stabilized by its substrates and a ligand. We
propose that the cytoplasmic rim of theMdr recognition
pocket of MdfA plays an important role in drug
recognition, transport activity and the conformational
behavior of this transporter.
Results and Discussion

Properties of MdfA(Q131R)

We first asked whether the crystallized mutant
MdfA(Q131R) [16] retains Mdr resistance activity,
drug transport, and drug binding. MdfA(Q131R)
was expressed as well as wild-type MdfA (Fig. 2a),
and cells expressing the mutant or wild-type MdfA
were subjected to drug resistance assays (Fig. 2b
and c). The results of a typical experiment, which
was reproduced numerous times, show unequivo-
cally that MdfA(Q131R) confers very little resistance
Fig. 1. Distribution of charged residues around the
intracellular rim of MdfA. The crystal structure of MdfA
(Q131R) as viewed from the cytoplasm (4ZP0.pdb)
with the proposed intracellular rim (discontinuous
pink circle). Basic and acidic residues (blue and red,
respectively) located at the rim and facing the
cytoplasmic entrance and bound DXC (yellow), are
shown as sticks. The Cα atom of the arginine
introduced at site 131 is shown as a purple sphere.

Image of Fig. 1


Fig. 2. Characterization of expression and activity of MdfA(Q131R). (a) Western blotting analysis of membrane
expression of E. coli UTLmdfA::kan transformed with pT7–5 without or with MdfA or MdfA(Q131R). (b, c) Mdr resistance
activity of the indicated constructs spotted on LB-agar plates containing the indicated drugs. Eth efflux (d) and influx
(e) were monitored continuously by following the fluorescence in whole cells expressing the indicated proteins. Arrows
indicate the time of addition of 0.2% glucose (d), 25 μM Eth (e) or 100 μM CCCP (d, e). (d, e) Representative traces
(left panels) and averages ± SEM (right panels) from at least four biological smears, each measured in duplicates.
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against chloramphenicol (Cm) and no resistance
whatsoever against the other tested MdfA substrates,
including ethidium (Eth) bromide, tetraphenylpho-
sphonium (TPP) (Table S1), dequalinium (Dq) and
acriflavine (Acr). Intriguingly, close inspection of
the drug resistance results revealed that instead
of resistance, MdfA(Q131R) confers Eth and Acr
sensitivity (Fig. 2c), suggesting that it might facilitate
influx instead of efflux of Eth and Acr. This notion was
examined by Eth efflux (Fig. 2d) and influx (Fig. 2e)
assays. The efflux experiment showed that wild-type
MdfA removed Eth from cells rapidly and cells with
empty vector exhibited low efflux activity, probably
due to other Mdr transporters. In contrast to cells
expressing wild-type MdfA, those expressing the
mutant MdfA(Q131R) removed Eth from the cell
even more slowly than cells without MdfA (Fig. 2d),
suggesting that the mutant might facilitate Eth influx.
This was confirmed by the influx assay where unlike
wild-type MdfA, which prevented Eth influx almost
completely, the mutant MdfA(Q131R) accumulated
Eth even more efficiently than cells with no MdfA
(Fig. 2e). These results raised the possibility thatMdfA
(Q131R) indeed permits import of Eth (and Acr) that is
driven solely by its own concentration gradient. Since
Eth binds the bacterium DNA with a high affinity [19],
the actual intracellular concentration of free Eth is kept
very low. Therefore, the concentration gradient of the
free cationic Eth compound remains stable, enabling
efficient influx through MdfA(Q131R), which is also
driven by the electrical potential (inside negative).
These results evoked the question why other posi-
tively charged compounds, such as TPP, cannot
move freely throughMdfA(Q131R). Since structurally,
unlike Eth and Acr, TPP is not a planar compound,
one possibility would be that only cationic, planar
aromatic compoundsmay exhibit properties that allow
their leakage through MdfA(Q131R). Further insight
into the proposed constitutive movement of planar
compounds through MdfA(Q131R) was obtained by
in silicodocking studieswithEth and alsowith the non-
planar substrate TPP.
Initially, we assessed the robustness of our docking

protocol by re-docking deoxycholate (DXC) into MdfA
(Q131R) (PDB ID: 4ZP0) [16]. Several high-affinity
docking poses featured small RMSD values from
the crystal structure (1.4–2.2 Å), suggesting that the
protocol is robust enough in reproducing experimental
data (Fig. S1). Next, we performed docking with drugs
and the results show that in the wild-type protein and
in MdfA(Q131R), the binding of TPP and Eth occurs
mostly between the center of the Mdr recognition
pocket, lined by residue D34 and the rim around
the inward face of the pocket (Fig. 3a–d). Binding of
TPP is mostly confined to the center of the Mdr
recognition pocket in both thewild type and themutant
(Fig. 3a and b, respectively). In contrast, and only with
MdfA(Q131R), Eth has several, relatively high-affinity

Image of Fig. 2


Fig. 3. In silico docking analyses of TPP and Eth with MdfA and MdfA(Q131R). Comparison between the spatial
distributions of the docking poses predicted for TPP (a, b) and Eth (c, d) along the translocation path going from the rim to
the center of MdfA for both wild-type (left) and Q131R (right). The centers of mass of the docked poses are represented
with spheres of radius increasing with binding affinity and colored according to the following color-code: b−8.5 kcal/mol,
blue; b−9.0 kcal/mol, green; b−9.5 kcal/mol, white; b−10.0 kcal/mol, orange; b−10.5 kcal/mol, red. All relevant residues
lining the rim as well as D34 are highlighted in licorice and colored by residue type.
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poses over a distance of more than 20 Å, from the
rim to the protonatable site at position 34 (Fig. 3d).
This difference between the localized binding of TPP
and the relatively delocalized binding of Eth in MdfA
(Q131R) is consistent with the ability of only Eth to
diffuse through MdfA(Q131R) from the periplasm to
the cytoplasm.
The in vivo results with the cationic, non-planar

aromatic compoundTPParealso interesting, because
MdfA(Q131R) does not seem to functionally interact
with this compound; it neither confers resistance nor
sensitivity to TPP. This raised the possibility that the
mutant might not bind TPP or that it binds but is unable
to transport this compound. To address this, we first
analyzed the theoretical energetics of interaction of
TPP with MdfA and MdfA(Q131R) as derived from the
in silico-docking studies. The docking setup utilized
multiple configurations of TPP and of MdfA or MdfA
(Q131R), extracted from μs-long molecular dynamics
(MD) simulations (see later). In total, we performed
500 independent docking runs [10 configurations of
TPP and 50 of MdfA or MdfA(Q131R)], while keeping
only the top 5 docking poses from each run. The
average binding affinities obtained are reported in
Table 1. In termsof average binding affinity of TPP, the
results show that MdfA and MdfA(Q131R) are very

Image of Fig. 3


Table 1. In silico substrate-docking energetics

Substrate MdfA MdfA(Q131R)

Top 5 Top 1 Top 5 Top 1

TPP −8.1 ± 0.7 −8.4 ± 0.7 −8.4 ± 0.7 −8.8 ± 0.7
Eth −8.9 ± 0.7 −9.4 ± 0.7 −9.0 ± 0.7 −9.5 ± 0.7

Comparison between the average “pseudo”-binding affinities
(in kcal/mol) extracted from the systematic docking campaign
for TPP and Eth with MdfA and MdfA(Q131R). Shown are data
obtained from both the whole set of docking poses (Top 5) and
from the best poses only (Top 1) of each run.
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similar, suggesting that the TPP-binding activity of the
mutant is retained.
To investigate further the interaction of the mutant

with TPP, we purified MdfA and MdfA(Q131R) and
compared their TPP-binding activities (Fig. 4a),
utilizing equal amounts of protein (Fig. 4b). The
equilibrium binding assay showed clearly that MdfA
(Q131R) binds TPP very poorly at a concentration of
1 μM, even in the presence of Cm, which is known to
Fig. 4. Equilibrium TPP binding with MdfA and MdfA(Q131R
absence and presence of 0.5 mMCm (empty and black bars, re
resin used for binding assays, without or with MdfA or MdfA(Q
staining. (c) Binding of [3H]TPP to MdfA and MdfA(Q131R) was
TPP. Calculated Kd values are indicated. Experiments were re
averages ± SEM. Calculated values of Bmax were 1.225 ± 0.
0.996, respectively for MdfA and MdfA(Q131R). (d) Time-dep
(50 μM) was performed with MdfA and MdfA(Q131R).
enhance the binding of TPP in the case of wild-type
MdfA [20]. We next measured the affinity of MdfA
(Q131R) to TPP and the results show that its affinity is
comparable to that of the wild-type protein (Fig. 4c), as
also observed in the in silicodocking studies (Table 1).
Therefore, TPP-binding affinity does not explain
whyMdfA(Q131R) is unable to confer TPP resistance.
Notably, however, in the time window of the experi-
ment where we followed a well-characterized protocol
(20 min at 4 °C), only ~15–25% of the MdfA(Q131R)
molecules bound TPP even at high TPP concen-
trations (50 μM, Fig. 4c). The same results were
obtained when we examined time-dependent binding
(Fig. 4d). One obvious reason could be that a large
portion of the purified MdfA(Q131R) is inactive under
the experimental conditions. Thus, the TPP-binding
experiments with purified MdfA(Q131R) do not offer
an answer to why the membrane-embedded mutant
is unable to confer TPP resistance. A possible inter-
pretation would be that MdfA(Q131R) is unable to
produce a transport competent conformational re-
sponse upon binding of TPP.
). (a) Equilibrium binding assay with 1 μM [3H]TPP in the
spectively). (b) Equal-volume samples were taken from the
131R) and analyzed by SDS-PAGE and Coomassie blue
measured in the presence of increasing concentrations of
peated three (a) and five times (b) and values shown are
08 and 0.226 ± 0.008, and goodness of fit (R2) 0.975 and
endent binding assay in the presence of excess [3H]TPP

Image of Fig. 4
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The results presented above suggest that inserting
an arginine at position 131 exerts the following effects:
(i) Inhibition of the Mdr resistance activity of MdfA. We
speculate that the mutation might prevent the produc-
tive drug-induced conformational response of MdfA
(Q131R),which in thewild-type proteinmay trigger the
closure of the cytoplasmic rim and the opening of the
periplasmic face. (ii) Promotion of downhill influx of
planar aromatic compounds through MdfA(Q131R)
from the periplasm to the cytoplasm. If our hypothesis
that MdfA(Q131R) is stabilized in a certain conforma-
tion is true, it means that this conformation allows
constitutive movement of certain planar compounds
through the transporter. Docking studies with MdfA
(Q131R) (Fig. 3d) partially support this notion because
they show that, in the cytoplasmically oriented Mdr
recognition pocket, the planar molecule Eth has
several binding poses over a distance of more than
20 Å in MdfA(Q131R).
Thehypothesis of electrostatic interactionsbetween

Q131R and other charges in the cytoplasmic rim
implies that only positively charged residues would
lead to this phenotype if inserted at position 131 of
MdfA. To address this, residue Q131 of MdfA was
replaced by several amino acids, including positively
charged (K), negatively charged (D, E), uncharged
with a small side chain (A) or with a bulky side chain
(H, M, W). Figure 5a shows that all the mutants are
expressed aswell aswild-typeMdfA.Cells expressing
each mutant were then examined by drug resistance
assays and the results show that all the mutations
affected MdfA activity to some extent (Fig. 5b).
However, only a positive charge at position 131
(R or K) had a pronounced inhibitory effect on MdfA
activity against all the tested compounds (Fig. 5b,
framed rows). This supports the notion that increasing
the positive charge in the cytoplasmic rim of the
Mdr recognition pocket dramatically influences MdfA
function. Interestingly, the MdfA(Q131R)-mediated
sensitivity to cationic, planar aromatic compounds
Eth and Acr was not reproduced in the case of MdfA
(Q131K). This might be the result of differences
between the lysine and arginine side chains in length,
hydrophilicity and/or flexibility. These experiments
lend further support to our suggestion that increasing
the positive charge in the cytoplasmic rim might lead
to stabilization of an inactive conformation, possibly
due to repulsion between positively charged residues
on opposite sites around the rim.

Attempts to reverse the phenotype of mutation
Q131R by neutralizing basic residues on the
opposite side of the rim

As mentioned above, the cytoplasmic rim of the
Mdr recognition pocket in MdfA is electrostatically
Fig. 5. Characterization of MdfA with various
substitutions at position 131. Western blotting analy-
sis (a) and Mdr resistance activity (b) of the mutants
spotted on LB-agar plates containing the indicated
drugs. At least three biological repeats were per-
formed and the results shown are representative.

Image of Fig. 5
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asymmetric. Mainly, there are two residues, R336
and K346, that are located on the opposite side of
the rim compared to residue Q131 (Fig. 6a) and
its flanking acidic residues E132 and E136 (Fig. 1).
We therefore asked whether it is possible to restore
the function of MdfA(Q131R) by neutralizing any
one of the two cationic residues and thus reducing the
overall positive charge in the rim. In the background of
the wild-type MdfA, neutralizing K346 [MdfA(K346Q)]
had almost no effect on the resistance activity,
while neutralizing R336 [MdfA(R336Q)] inhibited the
activity against Cm but not Eth and TPP (Fig. S2).
These phenotypes suggest that although increasing
the positive charge in the rim was harmful (Fig. 5),
reducing it only slightly affected MdfA function,
possibly because of secondary effects of the muta-
tions on the substrate recognition profile of the
transporter. Next, we created the double mutants
MdfA(Q131R/K346Q) and MdfA(Q131R/R336Q)
(locations of sites 131, 346 and 336 are shown in
Fig. 6a), and observed that their expression was
similar to that of MdfA(Q131R) (Fig. 6b). The results
of drug resistance assays showed that neutralizing
R336 [MdfA(Q131R/R336Q)] largely restored the
function of MdfA(Q131R), but only against Cm and
TPP. In contrast, neutralizing residue K346 [in MdfA
(Q131R/K346Q)] had no effect whatsoever (Fig. 6c),
suggesting that only R336 (and not K346) is directly
involved in the defective activity of MdfA(Q131R).
Moreover, it is interesting that both double mutants
retained the Eth and Acr sensitivity as observed
Fig. 6. Expression and activity of MdfA(Q131R) neutralized a
as a discontinuous pink circle on a trimmed MdfA(Q131R) struct
positively charged residuesare shownaspurple sticks. TheCαa
sphere. Western blotting analysis (b) and Mdr resistance activity
indicated drugs. At least three biological repeats were performe
with MdfA(Q131R) (Fig. 6c). These results reinforce
our previous suggestion that the impaired function
of MdfA(Q131R) might be caused by electrostatic
repulsion between the two positively charged resi-
dues, which might stabilize the transporter in a
partially inactive conformation.

Positive charges inserted around the cytoplasmic
rim have similar effects onMdfA activity asQ131R

Next, we asked if the specific location of the inserted
positive charge (position131) is crucial for theobserved
phenotypes or whether decorating other sites around
the rim with a positive charge would have similar
effects. To answer this, we produced four mutants,
each carrying a newly inserted positive charge at a
different location around the rim, all of them roughly
pointing toward the center of the imaginary rim cycle
(Y127R, C139R, I140R, L339R) (Fig. 7a). As controls,
we inserted an arginine at position 133 (S133R),which
points to an opposite direction (out of the pocket), and
at position 279 (T279R), which is located relatively far
from the center of the pocket (Fig. 7a). All the mutants
were expressed as well as wild-type MdfA (Fig. 7b)
and drug resistance assays demonstrated that except
Cm in some cases, mutants MdfA(Y127R), MdfA
(C139R),MdfA(I140R) andMdfA(L339R)were unable
to confer Mdr resistance (Fig. 7c). In contrast, the
control mutantsMdfA(S133R) andMdfA(T279R) were
functional against most of the drugs (Fig. 7c). These
results further support our conclusion that MdfA does
t site 336 or 346. (a) The imaginary cytoplasmic rim is shown
ure (4ZP0.pdb), viewed from the cytoplasm. The neutralized
tomof the arginine introduced at site 131 is shownasapurple
(c) of the mutants spotted on LB-agar plates containing the
d and the results shown are representative.

Image of Fig. 6


Fig. 7. Characterization of MdfA mutants with arginine insertions on the intracellular side. (a) The imaginary cytoplasmic
rim is shown as a discontinuous pink circle on a trimmed MdfA(Q131R) structure (4ZP0.pdb), viewed from the cytoplasm.
The modified residues are shown as purple sticks. The Cα atom of the arginine introduced at site 131 is shown as a purple
sphere. Western blotting analysis (b) and Mdr resistance activity (c) of the mutants spotted on LB-agar plates containing
the indicated drugs. At least three biological repeats were performed and the results shown are representative.
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not tolerate an increase in the positive charge around
the cytoplasmic rim of the Mdr recognition pocket and
the effect of the mutation Q131R is representative of
this more general phenomenon.
In addition to analyzing the drug resistance profiles

of themutants, we looked for thosemutants that might
have conferred sensitivity to planar cationic drugs.
The results show that mutant MdfA(L339R) was able
to confer very low, but appreciable and reproducible
sensitivity to Eth and Acr (Fig. 7c). However, we were
unable to record MdfA(L339R)-mediated Eth-influx
(data not shown). In any case, this was interesting
because the high-resolution crystal structure of MdfA
(Q131R) shows that residues 131 and 339 are
located on opposite sides of the cytoplasmic rim,
pointing toward each other (Fig. 7a), although the
exact orientation of the side chain at position 131 is
unknown due to unresolved electron density map in
this region of the protein (4ZP0.pdb). These results
and those of other manipulations (Figs. 2, 5 and 6)
suggest that the cytoplasmic rim has an important role
in regulating the activity of MdfA and that in some
cases, increasing the overall positive charge in the rim
seems to limit the productive conformational response
of the transporter and enables constitutive influx of
planar, positively charged, aromatic compounds.

Investigating the effect of a negative charge at
position 339 on the phenotype of MdfA(Q131R)

As shown above (Fig. 7), MdfA(L339R) and MdfA
(Q131R) exhibit similar properties, as both are
defective in their Mdr resistance activity. The two
sites, 131 and 339, are located on opposite faces
of the cytoplasmic rim around the Mdr recognition
pocket (Fig. 7a), at a distance that would allow long-
range electrostatic attraction if opposite charges
were inserted in these sites. To test this, we used
the two mutants with an arginine at either position
131 or position 339 and inserted a glutamate at
the opposite location of 339 or 131, respectively
[MdfA(Q131R/L339E) and MdfA(Q131E/L339R)].
Both mutants were expressed properly (Fig. 8a)
and resistance assays showed that they lost their
activity against all tested drugs (Fig. 8b). Notably, the
L339E mutation in MdfA(Q131R/L339E) also abol-
ished the Eth and Acr sensitivity seen with the single
mutant MdfA(Q131R). These results support the idea
that in the double mutants, salt bridges between
the oppositely charged residues at positions 131 and
339 might have formed and locked the protein in
an inactive conformation. If this is true, a charge pair
might also change the overall conformation from
inward-open, as proposed for MdfA(Q131R) [16],
to an inward-closed conformation. To examine this
hypothesis, we crystallized the double mutant MdfA
(Q131R/L339E) and solved its structure at a 2.2-Å
resolution (PDB ID: 6EUQ), utilizing a similar protocol
that was used for purification and crystallization of
MdfA(Q131R) [16]. Surprisingly, in the crystal, this
mutant has a structure that is almost identical to that
of MdfA(Q131R) with DXC (RMSD ~ 0.2 Å) (Fig. 8c),
and also here the electron density of the residue
at positions 131 (and also 339 in the double mutant)

Image of Fig. 7


Fig. 8. Expression and activity of MdfA mutants
at sites 131 and 339 and the crystal structure
of MdfA(Q131R/L339E). Western blotting analysis
(a) and Mdr resistance activity (b) of the mutants
spotted on LB-agar plates containing the indicated
drugs.At least threebiological repeatswereperformed
and the results shown are representative. (c) X-ray
crystal structure of MdfA(Q131R/L339E) obtained at a
resolution of 2.2 Å, as viewed from the cytoplasm. The
imaginary cytoplasmic rim is shown as a discontinu-
ous pink circle, the DXC bound in the central cavity is
shown as yellow sticks, and the Cα atoms of arginine
at position 131 and glutamate at 339 are shown as
purple spheres.

Table 2. Simulated systems

System Wild
type

Q131R Q131R/
L339E

Q131R/L339E-
DXC

Number of
replicas

10 10 10 10

In all cases, the protein was embedded in a model POPE bilayer
and immersed in a 0.1 M KCl water solution. Each simulation
replica was extended to 1 μs (production phase).
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could not be resolved. These results indicate, contrary
to our hypothesis, that in the crystal, the arginine
at position 131 does not form a salt bridge with the
glutamate at position 339. However, one cannot
exclude the possibility that a charge pair does exist
in the native membrane-embedded protein or even in
its soluble purified form. If this is true, then we should
consider the possibility that the crystal structures
of MdfA(Q131R) and MdfA(Q131R/L339E) might
be dramatically affected by external factors used
for purification/crystallization. A likely candidate
could be DXC, as this negatively charged amphi-
pathic molecule is occluded within MdfA(Q131R) and
MdfA(Q131R/L339E), and present in both crystal
structures with its acidic part pointing toward the
cytoplasmic rim (Figs. 1 and 8c, respectively). To test
the hypothesis that DXC has a dominant role in
stabilizing a crystallized conformation that might
be entirely different from that of the membrane-
embedded MdfA, we performed MD simulations and
cross-linking studies.
All-atom MD simulations suggest that MdfA
assumes a relatively stable inward-closed
conformation

Having a comprehensive description of the confor-
mational behavior of membrane-embedded MdfA is
crucial for better understanding the underlying mech-
anism of its Mdr transport activity. Therefore, the
possibility that the membrane-embedded forms of
wild-type and variants of MdfA assume conformations

Image of Fig. 8


Fig. 9. Distributionofminimumdistancesbetweenputative
key residues in the cytoplasmic rim of MdfA mutants. MdfA
(Q131R) (a), MdfA(Q131R/L339E) (b), and MdfA(Q131R/
L339E) with bound DXC (c). The corresponding distances
measured in the wild-type protein are shown as colored
dotted lines. Distributions for each systemwere calculated on
the cumulative dataset generated by concatenating the
corresponding equilibrium trajectories reported in Table 2.

Table 3. Percentage of conformations featuring an open
cytoplasmic rim

System Wild
type

Q131R Q131R/
L339E

Q131R/
L339E-
DXC

% Population
with rim open
(approx.)

48% 56% 24% 40%

The values refer to the fraction of conformations with an open
cytoplasmic rim (pore radius N1.15 Å calculated with the program
HOLE2). Calculations were performed on the top clusters
accounting for nearly 90% of the conformations sampled during
the MD simulations (see Methods).
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that are different from those detected in the crystal
structures was assessed by performing a series of all-
atom 1-μs-long MD simulations of the protein,
embedded in a model POPE bilayer, and in the
presence of explicit KCl water solution. We simulated
four different systems, namely, the wild-type MdfA
protein and the variants Q131R, Q131R/L339E and
Q131R/L339E in complex with DXC [MdfA(Q131R/
L339E-DXC)] (Table 2). In all simulations, the starting
conformationwas the crystal structureofMdfA(Q131R)
(4ZP0.pdb), mutated manually at specific positions
when necessary (see Methods). One general signifi-
cant outcome of the simulations was that all forms of
MdfA fluctuate (to different degrees) among various
conformations (Fig. S3). This is exemplified for
instance by the analyses of selected distances
between residues sitting on opposite sides of the rim
(Fig. 9). This finding is reasonable, as flexibility is a
typical property ofMdr transporters, includingMdfA. An
important question was whether during the simulation,
MdfA(Q131R) diverges from the starting crystal-
structure conformation or not, particularly concerning
the accessibility to the Mdr recognition pocket through
the cytoplasmic rim. The simulation revealed that the
131–339 minimum distance in this system fluctuates
mainly between ~4 Å and ~7 Å, suggesting twomajor
conformations of the rim. The results also show that
MdfA(Q131R) shifts toward a conformation where
the average distance between key residues lining
the inward-facing rim is reduced, compared to the
analogous estimated distances in the crystal structure
(Fig. 9a). Moreover, a clear collapse toward ~3 Å
(between residues 131 and 339) was observed when
a glutamate was introduced at position 339 (Fig. 9b
and c). Therefore, unlike the crystal structures of MdfA
(Q131R-DXC) and MdfA(Q131R/L339E-DXC), our
models suggest that the inward-closed conformations
of these mutants are relatively stable. This finding is
supported by the analysis of water-filled regions
across the putative translocation pathway (Table 3
and Fig. 10), showing a decrease in the average radii
of this pathway that ends at the cytoplasmic rim in
MdfA(Q131R/L339E) andMdfA(Q131R/L339E-DXC).
Note that the presence of DXC does not have a
significant effect on the closure of the rim in the double
mutantQ131R/L339E, suggesting this to bean intrinsic
feature of the protein embedded in a phospholipid
bilayer. Furthermore, these results support the hy-
pothesis that mutations at the rim are structurally
coupled to more extended conformational changes
and have a large impact on the overall dynamics of the
protein, thus on its function.

Image of Fig. 9


Fig. 10. Profiles of the solvent-accessible pathway in the most populated clusters' conformations sampled during the
MD simulations of the different MdfA systems. The views are from the lateral sides for every cluster conformation and the
corresponding relative population of the cluster is also specified. The protein is shown in cartoon representation colored
according to its secondary structure (magenta for helix, blue for 310 helix and cyan for turn). The channel surface is colored
according to its pore radius: red and yellow identify respectively the parts inaccessible and accessible to water (pore
radius b1.15 Å and between 1.15 and 2.3 Å), while green identifies wide areas (pore radius N2.3 Å). The pore-size profile
generated with the HOLE2 program is shown on the right side of every panel, with the thick black line representing the
population-weighted average radius of the channel for the system being considered and the red dashed line representing
that of the wild-type for reference.
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Cross-linking studies reveal that membrane-
embedded MdfA assumes a DXC- and substrate-
stabilized, inward-closed conformation

To assess the conclusions extracted from muta-
genesis data and MD simulations and to roughly
estimate the distance between positions 131 and 339
in the native, membrane-embedded MdfA, we per-
formed steady-state cross-linking experiments. An
active cysteine-less (CL) MdfA variant [21] was
utilized, where we inserted two cysteines to create
an active CL-MdfA(Q131C/L339C) (Fig. S4). Initially,
we examined whether the double cysteine mutant
can form a disulfide bond. Membranes were prepared

Image of Fig. 10
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from cells expressing the mutant and incubated with
copper(II)–phenanthroline (Cu/Ph), which catalyzes
disulfide bond formation between very close cysteines.
Disulfide bonds are usually detected by SDS-PAGE
separation, because they affect the compactness of
proteins and limit denaturation under SDS conditions.
The more compact (cross-linked) forms sometimes
tend to migrate faster on the gel (Fig. 11). Our results
show that CL-MdfA does not form a disulfide bond, as
expected (Fig. 11a), while mutant CL-MdfA(Q131C/
L339C) was able to form a disulfide bond, especially
in the presence of Cu/Ph (Fig. 11b), and substrates
(TPP and Dq) further facilitate the reaction (Fig. 11b,
right panel, and Fig. 11c). Unexpectedly, DXC
appears to greatly enhance disulfide bond formation
in CL-MdfA(Q131C/L339C) even in the absence of
Cu/Ph (Fig. 11d, left panel). In all cases, the disulfide
bond can be readily reduced by β-mercaptoethanol
(β-Me), as representatively shown in the right panels
of Fig. 11c and d. These results suggest that the
Fig. 11. Disulfide bond formation in the cytoplasmic side of
MdfA(Q131C/R339C) (b, c, d) or CL-MdfA(Q131C/R336C) (e)
and with or without Cu/Ph and analyzed by Western blotting.
membrane-embeddedMdfA is able to forma relatively
stable inward-closed conformation that is further
stabilized by substrates and by DXC. This finding is
striking, considering that in the crystal structure,
the backbone Cα atoms of the two residues at sites
131 and 339 are located ~16 Å apart and the
formation of a disulfide bond requires that the distance
between the SH groups of the cysteines be ~2 Å. We
next tested whether the cross-link is specific to
this cysteine pair, by constructing and characterizing
another active mutant, CL-MdfA(Q131C/R336C)
(Fig. S4). The results clearly show that this pair,
located at about the same distance as the former, is
also able to form a disulfide bond. Moreover, the
cross-linking is substantial without Cu/Ph even in the
absence of substrates (Fig. 11e, left panel), and in
this case, β-Me only partially reduced the cross-link
(Fig. 11e, right panel). This demonstrates that the
distance between the cytoplasmic ends of TM4 and
TM10 can be very short, aswould be expected if MdfA
MdfA. Membranes from cells expressing CL-MdfA (a), CL-
were incubated with or without drugs (or DXC in panel d)

Image of Fig. 11
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assumes an inward-closed conformation. Our results
indeed indicate disulfide bond formation, by utilizing
a functional split version of MdfA (N6C6c) (Fig. 12a
and b). We created a CL version of that split MdfA
construct and inserted the same double cysteine
mutations [termed CL-N6C6c(Q131C/L339C)].
Figure 12c shows that the two halves of the split
protein form a disulfide bond; the cross-linked protein
migrates on SDS-PAGE similar to the CL non-split
MdfA (CL-MdfA) and β-Me reduces the disulfide bond.
Together, the cross-linking results strongly suggest

that the membrane-embedded MdfA(Q131C/L339C)
favorsan inward-closedconformation,which is entirely
different from that found in the crystal structure of
MdfA(Q131R/L339E) (Fig. 8c). In the DXC-bound
crystal structure, the distance between sites 131
and 339 is greater than 10 Å, whereas the distance
between these two residues in the membrane-
embedded MdfA(Q131C/L339C) must be compatible
with a disulfide bond formation (~2 Å), in good
agreement with findings from MD simulations, where
a clear peak centered around ~3 Å is seen for both
MdfA(Q131R/L339E) and MdfA(Q131R/L339E-DXC)
(Fig. 9c and d). Moreover, it is interesting that DXC
and MdfA substrates further stabilize this inward-
closed conformation, which is opposite to what was
expected from the crystal structure of the DXC-bound
MdfA(Q131R).
In summary, the notion that the inward-closed

conformation of membrane-embeddedMdfA is further
stabilized by DXC (and drug substrates) is largely
supported by our mutagenesis studies, cross-linking
results and MD simulations. The observed effect of
DXC is of a special interest because it is entirely
opposite to its expected effect as seen in the crystal
structures of MdfA(Q131R) [16] and MdfA(Q131R/
L339E) (Fig. 8c), where it seems to partially open the
cytoplasmic rim around the Mdr recognition pocket.
Both cases, however, suggest that DXC may be a
substrate for MdfA, as has been shown for its E. coli
homolog MdtM [22], although so far no negatively
charged compounds were found to functionally
interact with MdfA.
Conclusions

Crystallization and high-resolution structure deter-
mination of MdfA(Q131R) [16] have been extremely
important for better understanding the general
organization and helix packing in the secondary
Mdr transporter MdfA. In addition, the structure
raised important mechanistic questions concerning
the conformational behavior of this very flexible
transporter. More specifically, the site of the mutation
that allowed crystallization (Q131R) drew our atten-
tion to the possibility that the cytoplasmic rim around
the Mdr recognition pocket of MdfA might play an
essential role in Mdr transport. Here, we investigated
this possibility and indeed observed that certain rim
properties are essential for function. The results
suggest that increasing the overall positive charge
of the rim largely shifts the dynamical equilibrium
among different conformations of MdfA toward inac-
tive structural states featuring a constitutively open
pathway for influx of planar cationic drugs and thus
drug sensitivity.
Our studies of the effect of increasing the positive

charge in the cytoplasmic rim also indirectly revealed
that the native, membrane-embedded MdfA can
assume a relatively stable inward-closed conformation
that is entirely different from that observed in the MdfA
(Q131R) crystal structure. This finding is even more
intriguing because the results show that MdfA sub-
strates, aswell asDXC, further increase the probability
of the proposed inward-closed conformation, suggest-
ing that antiportersmay behave differently fromat least
several MFS co-transporters that assume a stable
inward-open conformation, which then opens on the
outside in the presence of substrates [23]. Notably,
however, assessing this hypothesis requires direct
structural information about MdfA with bound drug in
an occluded and/or outward-open conformation.
Methods

Strains, plasmids and mutants

Plasmids for overexpression of MdfA-6His or
various mutants have been previously described
[11–13,20,21]. All mutants were generated utilizing
standard PCR methods with mutagenic oligonucle-
otide primers and plasmids encoding MdfA-6His as a
template. All plasmids were sequenced to verify that
only the desired mutation was inserted.

Protein expression analysis

Overnight cultures of E. coli UTL2mdfA::Kan
harboring empty vector or expressingMdfAor variants
were diluted and grown to anA600 of 0.8–1. Cells were
harvested, and membranes were prepared as de-
scribed previously [24]. Membrane fractions (10 or
20 μg of protein) were then subjected to 12.5% (w/v)
SDS/PAGE, electroblotting and detection using India
HisProbe-horseradish peroxidase (Pierce) and ECL.

Drug resistance assay

Antibacterial resistance was assayed as described
[13]. Briefly, E. coli UTL2mdfA::Kan harboring empty
vector or expressing MdfA were grown aerobically
to A600 of ~1 and a series of 10-fold dilutions was
prepared. Four microliters of the serial dilution was
spotted on drug-containing LB-agar plates and tested
for growth after overnight incubation at 37 °C. Minimal



Fig. 12. Disulfide bond formation in the cytoplasmic side of an active split MdfA. (a) Secondary structure of MdfA.
Arrows indicate location of the splits used to determine optimum split sites. The constructs contain a C-terminal half tagged
with a 6His tag and the N-terminal half with a FLAG tag. Wild-type MdfA contains a 6His tag at its C-terminal end. (b) Drug
resistance activity of MdfA split constructs against Cm, thiamphenicol (Tm), Eth and TPP. (c) Membranes from cells
expressing CL-MdfA, split CL-MdfA (two left panels), or the double cysteine mutant of split CL-MdfA (right panel) were
incubated with or without Cu/Ph or β-Me and analyzed by Western blotting.
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inhibitory concentration of antimicrobial drugs was
determined according to Wiegand et al [25] (Table
S1). Briefly, cells were grown as above. From a series
of 10-fold dilutions, 5-μL aliquots were spotted on
freshly prepared LB-agar plates with a range of drug
concentrations. Plates were incubated for 16–20 h
at 37 °C and the minimal inhibitory concentration
was determined based on the inoculum of ~2 × 104

colony-forming units.

MdfA overexpression and purification for
biochemical studies

E. coli cells harboring plasmid pUC18/Para/mdfA-
6His or any of the mutated constructs were grown at
37 °C in LB medium supplemented with ampicillin
(200 μg/mL). Overnight cultures were diluted to ~0.05
A600 units, grown to 0.8 A600 units and induced with
0.2% (w/v) arabinose for 18 h at 16 °C. Cell pellets
were centrifuged for 30 min at 6000g and resuspend-
ed in 50 mM KPi (pH 7.3) supplemented with 2 mM
MgSO4. DNAse (10 μg/mL) and PMSF (1 mM) were
then added and the cells passed three times through a
pressure cell homogenizer (Stansted) at 15 kPsi for
disruption. Cell debris was removed by centrifugation
(15 min, 20,000g), and the membranes were collect-
ed by ultracentrifugation (1 h, 167,000g). The mem-
braneswere suspended by homogenization in 20 mM
Tris–HCl (pH 8.0), 0.5 MNaCl and 10%glycerol, then
snap-frozen in liquid nitrogen and stored at −80 °C.
For MdfA purification, thawed membranes were

solubilized by addition of 10% n-dodecyl-β-D-
maltopyranoside (DDM; Anatrace) to a final concen-
tration of 1.1%. Insoluble material was discarded by
ultracentrifugation (30 min, 167,000g), and the solu-
ble fraction was mixed with solubilization buffer-
equilibrated Talon beads (Clontech) (typically 0.5-mL
bed volume for 20 mL of thawed membranes). Next,
the mixture was agitated for 2 h at 4 °C, and the
suspension was poured into a column and washed
with 30 column volumes of solubilization buffer. MdfA
was eluted in 20 mM Tris–HCl (pH 7.2), 0.5 M NaCl,
10% glycerol, 0.1% DDM and 200 mM imidazole.
The protein was then dialyzed overnight against
dialysis buffer [20 mM Tris–HCl (pH 7.2), 0.12 M
NaCl, 10% glycerol, 0.01% DDM) at 4 °C. Protein
concentration was determined by measuring A280
(1 mg/mL ~ 2.1 A280) [26].

Measurement of [3H]-TPP binding

Radiolabeled TPP binding was carried out by
immobilizing purified MdfA-6His on Ni2+ beads
(Qiagen), allowing it to bind [3H]-TPP (American
Radiolabeled Chemicals) and counting the MdfA-
associated radioactivity as described [26]. To deter-
mine Kd, the data were fitted to the equation B =
(Bmax × S)/(Kd + S) using nonlinear regression,
where B is [3H]-TPP bound to MdfA (mole/mol)
and Bmax is the maximal amount of B. Calculation of
Kd and nonlinear regression was performed using
GraphPad Prism version 7 for Windows, GraphPad
Software, La Jolla, CA, USA (www.graphpad.com).

Eth efflux and influx in whole cells

Overnight cultures of E. coli UTL2mdfA::kan
cells harboring plain plasmid (pT7–5) or plasmid

http://www.graphpad.com
Image of Fig. 12
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pT7–5/mdfA-6His or any of the mutants were diluted
100-fold and grown at 37 °C in LB broth supple-
mented with ampicillin (100 μg/mL) and kanamycin
(30 μg/mL) to A600 of ~1 and transferred to ice. Cells
were pelleted and washed once with wash buffer
[50 mM KPi (pH 7.3), 2 mM MgSO4], centrifuged
and resuspended in the same buffer. For efflux
measurements, 2 mL of cells at A600 of 0.6 was
incubated with 5 μM Eth and 100 μM carbonyl
cyanide 3-chlorophenylhydrazone (CCCP) for
5 min at 37 °C. Then the cells were spun down,
resuspended in the same buffer with 5 μM Eth and
transferred to cuvettes for fluorescence measure-
ments. D-(+)-glucose was used to energize transport
in cells at 0.2% (w/v) and CCCP at 100 μM for
dissipating the proton gradient. For influx measure-
ments, pelleted cells on ice were resuspended in M9
minimal medium to A600 of 0.6. K-Lactate of 20 mM
(pH ~ 7) was added and the cells were incubated for
5 min at room temperature before starting fluores-
cence measurements at 37 °C. Eth of 25 μM was
used to assay Eth influx and 100 μM CCCP for
dissipating the proton gradient. Fluorescence of Eth
was assayed using excitation wavelength at 480 nm
and emission at 620 nm.

Cysteine cross-linking

Overnight cultures of UTL2mdfA::kan expressing
double cysteine MdfA mutants (in a CL background)
[15] were grown at 37 °C to 1.0–1.5 A600 units. Cells
were harvested, resuspended in 50 mM sodium–
Hepes buffer (pH 7) and supplemented with 1 mM
DTT. Membranes were prepared and collected as
described above, resuspended in sodium–Hepes
buffer (without DTT) at a protein concentration of
∼10 μg/μL, flash-frozen in liquid nitrogen and then
stored at −80 °C. Oxidative cross-linking with Cu/Ph
was carried out with aliquots of membrane suspen-
sion (40 μg in 40 μL of the sodium–Hepes buffer),
and performed as previously described [27]. Briefly,
membranes were preincubated for 20 min at room
temperature with or without 1.25 mM of DXC,
0.5 mM TPP or 0.5 mM Dq. Freshly made Cu/Ph
stock (0.5 M) was prepared by mixing 40 μL of
1.25 M1,10-phenanthroline in 50%ethanol and 60 μL
of 250 mM CuSO4. Membranes were incubated with
Cu/Ph for 1.5 h at room temperature in the presence
of DXC, or for 5 min at 37 °C with TPP or Dq, and
the reaction was terminated by 10 mM EDTA in a
non-reducing protein sample buffer. Samples (6 μg
protein) were then subjected toSDS/PAGEusing 15%
polyacrylamide in the running gel, and analyzed with
Western blot.

MD simulations

The atomistic 3D coordinates of the wild-type MdfA,
as well as of its Q131R/L339E (with and without DXC)
variant, were generated using the X-ray structure
of the Q131R mutant (PDB ID: 4ZP0 [16]) as a
template. Single and double mutations were intro-
duced manually through PyMOL [28], and simula-
tions were carried out using the AMBER16 molecular
modeling software [29]. The topology and the initial
coordinate files of the proteins were created using
the LEaP module of AmberTools17. The parameters
for DXC were taken from the GAFF force field
[30,31], while the missing ones were generated using
the modules of the AMBER16 package. In particular,
atomic restrained electrostatic potential charges
were derived using antechamber, after a structural
optimization performed with Gaussian09 [32]. The
resulting systems were embedded in 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
bilayer patches, solvated with explicit TIP3P water
model and neutralized with the required number of
randomly placed K+/Cl− ions. The ions count was
suitably adjusted to account for an osmolarity of
0.1 M KCl. The ff14SB [33] version of the AMBER
force field was used to represent the protein systems,
while lipid14 [34] parameters were used for the
POPE bilayer. Embedding of the protein into a pre-
equilibrated POPE bilayer patch was performed
using the PPM server [35] and subsequently the
CharmmGUI tool [36]. The lipid residue nomenclature
was converted from CHARMM to AMBER format
using the charmmlipid2amber.py script provided
with AmberTools. Periodic boundary conditions were
used, and the distance between the protein and the
edge of the box was set to be at least 30 Å in each
direction.
Multi-step energy minimization with a combination

of steepest descent and conjugate gradient methods
was carried out using the pmemd program imple-
mented in AMBER16 to relax internal constrains of
the systems by gradually releasing positional re-
straints. Following this, the systems were heated
from 0 to 310 K by a 1-ns heating (0–100 K) under
constant volume (NVT) followed by 10 ns of con-
stant pressure heating (NPT) (100–310 K) with the
phosphorous heads of lipids restrained along the
z-axis to allow membrane merging and to bring
the atmospheric pressure of the system to 1 bar. The
Langevin thermostat (collision frequency of 1 ps−1)
was used to maintain a constant temperature, and
multiple short equilibration steps of 500 ps under
anisotropic pressure scaling (Berendsen barostat)
in the NPT ensemble were performed to equilibrate
the box dimensions. After equilibration, multiple μs-
long production simulations were performed for each
system (see Table 2; total simulated ~42 μs). A time
step of 2 fs was used for pre-production runs, while
equilibrium MD simulations were carried out with
a time step of 4 fs in the NPT ensemble (using a
Monte Carlo barostat) conditions after hydrogenmass
repartitioning [37]. Coordinates from production tra-
jectories were saved every 100 ps The particle-mesh
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Ewald algorithm was used to evaluate long-range
electrostatic forces with a non-bonded cutoff of 9 Å.
During the MD simulations, the length of all R–H
bonds was constrained with SHAKE algorithm.
Trajectory analysis was done using cpptraj module
of AmberTools17 and VMD1.9.2 [38], and graphs
were plotted using the xmgrace tool.
A cluster analysis of the MD trajectories was

performed using the average-linkage hierarchical
agglomerative clustering method implemented in
cpptraj module of AMBER. Such clustering allowed
to reduce the number of structures for some of the
analysis performed here, yet retaining the large
conformational space sampled along the MD trajec-
tories. The clustering was based on RMSD (cutoff
set to 3 Å) of the entire protein, considering heavy
atoms only. For each system, the representative
structures from each of the 50 top clusters generated
in this way were used for the qualitative and quan-
titative analysis of transport channels using HOLE2
program [39], while the entire trajectories were
used for the distance and structural convergence
analysis.

Molecular docking

All molecular docking calculations were performed
using the software AutoDock Vina [40]. Protein
and ligand input files were prepared with AutoDock
Tools [41]. We performed a blind docking search by
adopting a cubic volume of 50 Å × 50 Å × 50 Å, which
encloses the whole protein. The exhaustiveness
of the local search was set to 2048 (default 8).
Flexibility of both docking partners was taken into
account indirectly by considering ensembles of
conformations extracted from 1-μs-long MD simula-
tions. For the ligands, we used the same protocol
described previously [42]. For MdfA, we used the
cumulative trajectory built-up by concatenating the
1-μs-long MD simulations described above. In
particular, for each case, we performed 500 inde-
pendent docking runs using 10 different configura-
tions for the ligands (TPP and Eth) and 50 for MdfA
(wild-type and Q131R variant). The whole protocol
was validated by re-docking DXC into the X-ray
structure of MdfA(Q131R) (4ZP0.pdb).

Purification of MdfA(Q131R/L339E)
for crystallization

Cells expressing MdfA(Q131R/L339E)-6His con-
struct were grown and membranes prepared as
described above. Thawed membranes were solubi-
l i zed by add i t i on o f 10% n - decy l -β - D -
maltopyranoside (Anatrace) to a final concentration
of 0.5% (w/v). Insoluble material was discarded by
ultracentrifugation (30 min, 167,000g), and the
soluble fraction was mixed with solubilization
buffer-equilibrated Talon beads (Clontech) (typically
0.5-mL bed volume for 20 mL of thawed mem-
branes). Next, the mixture was agitated for 2 h at
4 °C, and the suspension was poured into a column
and washed with 30 column volumes of solubiliza-
tion buffer containing 20 mM Tris–HCl (pH 8.0),
0.5 M NaCl, 10% glycerol, 0.2% n-decyl-β-D-
maltopyranoside and 5 mM imidazole. The protein
was concentrated in the same buffer with 200 mM
imidazole to about 10 mg/mL and loaded onto a
Superdex-200 10/30 column (GE Healthcare) pre-
equilibratedwith the size exclusion buffer [20 mMTris–
HCl (pH 8.0), 100 mM NaCl, 5 mM β-Me, 1.2 mM
sodium Dxc (omitted in some experiments, as
indicated), 0.2%–0.4% n-nonyl-β-D-glucopyranoside
(Anatrace) and 0.025% LDAO (Anatrace)]. Peak
fractions were collected, and the pooled protein
sample was concentrated to ~15 mg/mL for crystal-
lization screens.

Crystallization, diffraction data collection and
refinement

Crystals of MdfA(Q131R/L339E) were obtained
by hanging drop vapor diffusion at 18 °C within 1–
2 weeks. The reservoir contained 50 mM sodium
acetate (pH 5.6), 20%–28% (v/v) polyethylene gly-
col 400, 10 mM praseodymium acetate and 50 mM
magnesium acetate. Data set of single crystal was
collected on beam line Proxima 2A at the Soleil
Synchrotron, Saint-Aubin, France, using an Eiger
detector (Dectris), indexed and integrated with XDS
[43]. The phases were obtained by molecular
replacement with MOLREP [44], using coordinates
of MdfA(Q131R) (PDB ID: 4ZOW) [16]. Structural
models were built in COOT [45] and refined with
REFMAC5 [46]. Structures were validated with
MolProbity [47]. In the Ramachandran plots, 100.0%
of residues were in allowed regions. The statistics
for data collection and refinement are shown in
Table S2.

Data deposition

Crystallography, atomic coordinates and structure
factors have been deposited in the Protein Data
Bank, www.pdb.org (PDB ID code 6EUQ).
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