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Abstract

QacA is a drug:H* antiporter with 14 transmembrane helices that confers antibacterial resistance to methicillin-
resistant Staphylococcus aureus strains, with homologs in other pathogenic organisms. It is a highly promiscuous
antiporter, capable of H*-driven efflux of a wide array of cationic antibacterial compounds and dyes. Our study,
using a homology model of QacA, reveals a group of six protonatable residues in its vestibule. Systematic
mutagenesis resulted in the identification of D34 (TM1), and a cluster of acidic residues in TM13 including E407
and D411 and D323 in TM10, as being crucial for substrate recognition and transport of monovalent and divalent
cationic antibacterial compounds. The transport and binding properties of QacA and its mutants were explored
using whole cells, inside-out vesicles, substrate-induced H* release and microscale thermophoresis-based
assays. The activity of purified QacA was also observed using proteoliposome-based substrate-induced H*
transport assay. Our results identify two sites, D34 and D411 as vital players in substrate recognition, while E407
facilitates substrate efflux as a protonation site. We also observe that E407 plays an additional role as a substrate
recognition site for the transport of dequalinium, a divalent quaternary ammonium compound. These observations
rationalize the promiscuity of QacA for diverse substrates. The study unravels the role of acidic residues in QacA
with implications for substrate recognition, promiscuity and processive transport in multidrug efflux transporters,

related to QacA.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Efflux of antibacterial compounds is a major mech-
anism of acquiring multi-drug resistance in many
pathogens [1,2]. Efflux transporters of the major
facilitator superfamily (MFS) are one of the largest
groups of proteins involved in proton-coupled antiportin
several pathogenic strains of gram-positive and gram-
negative bacteria [3]. In methicillin-resistant Staphylo-
coccus aureus, chromosomally encoded antibiotic
efflux pumps like NorA, NorB, NorC [4] and plasmid
encoded antibacterial efflux pumps including QacA and
QacB are involved in H*-driven transport [4,5]. MFS
transporters involved in antiport consist of candidates
with 12 or 14 transmembrane (TM) helices, referred to
as the DHA1 and DHA2 families, respectively [6].
Among DHA1 members, crystal structures are avail-
able for Escherichia coli transporters MdfA, EmrD and
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YajR in different conformational states [7—9]. Extensive
studies on MdfA and LmrP (Lactococcus lactis)
revealed diverse aspects of their functional properties
involving substrate promiscuity [10], H*:drug stoichi-
ometry and sites for substrate recognition [11,12].
Members of the DHA1 family also comprise chromaffin
granule and synaptic vesicle monoamine transporters
(VMAT 1 and 2) that share mechanistic similarities and
transport serotonin, dopamine and noradrenaline into
vesicles using H*-gradient [13,14]. All DHA1 members
previously studied have one or more acidic residues
that are required for protonation and lipophilic cation
transport [12,15,16].

In contrast, with no available structures, the DHA2
family of antiporters have not been characterized
extensively. QacA is a prototypical DHA2 member
whose topology was determined to comprise 14 TM
helices [17]. Proteins of the major facilitator superfamily
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have a conserved tepee-like architecture with two
distinct six-TM helix bundles that are arranged with a
pseudo-2-fold symmetry [18]. Harnessing this property,
QacA was modeled based on the distantly related 14
TM helix crystal structures of prokaryotic proton-
dependent oligopeptide transporters (POTs) (~20%
seq. identity) [19,20]. POTs are also observed to bind
peptides using an “aromatic clamp” that was proposed
in MdtM, a DHA1 member [21,22]. In the 14TM PQOTs,
the two additional TM helices are observed as an
insertion between symmetric helical bundles 1-6 and
7-12. As a result, TM helices 1-6 and 9—14 (in DHA2)
have a pseudo-2-fold symmetry that would allow
rocking-switch movements to facilitate alternating
access on either side of the membrane [23].

Unlike MdfA, QacA is capable of H*:drug stoichi-
ometry of 2 or greater [24], and has an extensive
substrate repertoire that includes nearly 30 organic
monovalent and divalent cations, with antibacterial
properties [25]. QacA is sensitive to inhibitors like
verapamil and reserpine, of which the latter is a high-
affinity blocker of neurotransmitter transport, in both
VMAT isoforms [24,26]. A natural substitution of D323
to alanine is observed in QacB, a paralog of QacA with
a corresponding inability to transport divalent sub-
strates [17]. Antiporters possess at least one proto-
natable acidic residue in the TM regions where
substrates compete and release protons in the
opposite direction to the substrate flow [27]. However,
it is frequently observed in transporters like LmrP [12],
VMATSs [28] and BbMAT [16], that more than one
acidic residue exist within the transporter vestibule that
can exchange two or more protons for every substrate
molecule, rendering the process electrogenic [29].

Despite multiple studies on QacA's prevalence,
substrate repertoire and topology, experimental evi-
dence identifying residues critical for substrate recog-
nition and protonation during transport process is
lacking, presumably due to the absence of a repre-
sentative DHA2 structure. In this study, we generated a
homology model of QacA and identified six acidic
residues in the vestibule, which could play a role in
protonation-coupled binding and transport. To inves-
tigate their role in the substrate recognition and
transport of structurally diverse monovalent and
divalent cationic substrates, systematic mutagenesis
of aspartate and glutamate residues in the vestibule of
QacA was carried out. The substrates chosen for the
study include monovalent compounds ethidium (Et), a
cationic dye, tetraphenylphosphonium (TPP), and
divalent compounds, pentamidine (Pm), a diamidine
and dequalinium (Dq), a divalent quaternary ammoni-
um compound. All the four compounds have previ-
ously been known to be substrates of QacA [24] and
were chosen here for the diversity in their chemical
structures. Substrate efflux was monitored using whole
cell-based and inside-out vesicle-based transport
measurements to understand the effect of mutations
on the ability of QacA to transport them. We could also

monitor the efflux activity of purified QacA reconsti-
tuted alongside FoF{ ATPase using substrate-induced
proton transport assay. Using purified QacA and its
mutants, we further deduced the important roles of
individual sites through substrate-induced proton
release and direct-binding measurements using mi-
croscale thermophoresis (MST).

We identify that substrate recognition occurs at
two distinct sites of the transporter, at D34 (TM1) and
D411 (TM13), both of which are vital for binding and
transport. In addition, we observe that E407 is a likely
protonation site that facilitates efflux. Rather interest-
ingly, for a dicationic drug Dq, D411 ceases to be the
second recognition site and its role is replaced by
E407, thereby providing additional insights into the
promiscuous abilities of QacA to bind and transport
diverse substrates using discrete sets of substrate
recognition sites.

Results

Homology model reveals six acidic residues in the
vestibule of QacA

A 14TM homology model of QacA was built using
prokaryotic POT structures [30] and MdfA as well as
several other crystal structures as templates, using
I-TASSER (Fig. 1a) [31]. QacA sequence lacking the
region 432—474, corresponding to extracellular loop-7
(connects TM 13 and 14), was used for the modeling
study. The topology of QacA model, with the highest
score, resembles POTs, wherein TMs 1-6 and TMs
9-14 have inherent pseudo-2-fold symmetry and TMs
7 and 8 form an insertion that connects the two
domains that undergo alternating access (Fig. S1) [23].
The boundaries of the modeled TM helices broadly
adhere to the previously determined experimental
topology [17]. The model exhibits an inward-open
conformation with solvent accessibility toward the
cytosolic compartment. We observed six acidic resi-
dues, lining the vestibule of QacA at different levels
including D34 (TM1), D61 (TM2), D323 (TM10), E406
(TM13), E407 (TM13) and D411 (TM13) (Figs. 1a, b
and S1). With the exception of D323 and E406, each of
the acidic residues is well conserved among closely
related QacA homologs (Figs. 1b and S2). The
accessibility of individual residues was verified by
mutating each of them to a cysteine. The absence of
cysteine residues in the primary sequence of QacA
facilitated our analysis of accessibility to acidic
residues within the vestibule, using polyethylene
glycol-maleimide (PEG-Mal; 5 kDa) that covalently
binds to free thiol groups [32]. Single-cysteine substi-
tutions of QacA at E406, E407 and D411 exhibited a
greater propensity for PEG-Mal modification-induced
gel shifts, whereas substitutions at D34, D61 and D323
exhibited minimal labeling, suggesting reduced PEG-
Mal accessibility (Fig. 1¢). The greater accessibility of
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Fig. 1. Homology model of QacA. (a) Model shows TMs 1-6 (dark blue) and TMs 9-14 (cyan) displaying pseudo-2-fold
symmetry. TMs 7 and 8 (gray) connect the two domains. Acidic residues in the vestibule are indicated in orange. The
model displays an inward-open conformation with solvent-accessible vestibule colored in yellow. (b) Multiple-sequence
alignment of QacA and its homologs across various species. Acidic residues mapped in QacA vestibule are pointed with
red arrows. (c) PEG-Mal (5 kDa) accessibility assay indicates band shifts to higher molecular mass due to PEG-Mal

covalently modifying individual cysteine mutants.

PEG-Mal to residues toward the cytosolic part of the
transporter vestibule suggests that QacA exists pre-
dominantly in the inward-open conformation in deter-
gent micelles and the homology model reflects this
orientation. However, the labeling propensity observed
in this experiment does not address the likelihood that
mutation of an acidic residue could affect conforma-
tional equilibrium of the transporter.

We further evaluated the model by exploring the
functional importance of the region corresponding to
the TM helices 7 and 8 by deleting a stretch of residues
from 209 to 258. Despite the deletion, the protein
expression displayed a homogenous profile as ob-
served using fluorescence-detection size exclusion
chromatography (FSEC) and a predominantly
a-helical circular dichroism spectra, suggesting struc-
tural integrity (Fig. S3). However, the deletion construct
suffered a complete loss of function as observed using

survival assays and a significant loss of binding affinity
toward TPP (Fig. S3d) in comparison to the wild-type
(WT) QacA. The observation suggests that TMs 7 and
8 in QacA play a significant role in mediating efflux, in
accordance with the observations with Tet(L) TM 7 and
8 deletion that loses the ability to provide tetracycline
resistance [33]. The ability of WT QacA to transport
drugs was tested at high extracellular pH (8), where the
pH gradient is insignificant across E. coli membranes
(Fig. 2). E. coli expressing WT QacA could robustly
protect cells against TPP, Pm and efflux Et when the
extracellular pH was 6, whereas this ability was
compromised when the extracellular pH was en-
hanced to pH 8, suggesting that transport in QacA is
driven primarily by pH gradient and to a lesser extent
through membrane potential.

Proton-driven transport of positively charged or polar
molecules through QacA requires acidic residues
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Fig. 2. ApH dependence of QacA’s activity checked by (a) survival and (WT, wild-type QacA; E, empty vector) (b) whole
cell (ethidium, Ag, = 530 nm, Ag,= 610 nm) efflux assays done at external pH of 6 and 8. All assays were independently

performed at least twice.
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Fig. 3. Functional characterization of WT QacA. (a) Substrate-induced H* transport assay in inside-out vesicles. WT

QacA is transport active for all the drugs
substrate addition at 250th second, and 3

tested (n = 2). Addition of ATP at 50th second is denoted by 1, 2 represents
indicates the addition of uncoupler to abolish the H* gradient at 300th second.

The experiment was done in the presence of pH gradient-sensitive dye ACMA (Agyx = 409 nm, Agn= 474 nm). (b) The Ky
estimated from the binding assays done using MST displays sub-millimolar affinity for TPP, Pm and Dq (n = 2).
(c) Fluorescein’s fluorescence (Agx = 494 nm, Agm= 521 nm) quenching experiment indicates substrate-induced H*
release. The assay was done with a single batch of protein.



Antibacterial Recognition and Transport

2167

inside the vestibule that are capable of reversible
protonation upon lipophilic cation interactions. The
significance of acidic residues observed within the
QacA vestibule was characterized through individual
residue substitutions to alanine and neutral substitu-
tions to asparagine or glutamine. Constructs with and
without a GFP-Hisg tag at the C-terminus were built to
facilitate expression analyses through FSEC and
Western blots, respectively (Fig. S4).

Expressed QacA is active in native membranes

Prior to assessing the roles of individual residues
in transporting the cationic substrates, WT QacA
was assayed for transport activity and substrate
recognition, in whole cells, inside-out vesicles and as
detergent isolates for its behavior in the same
experiments. Capacity to transport Et was checked
in whole cell-based efflux assay, where a relative
decrease in the fluorescence of Et was correlated
with its efflux from energized cells. To assess the
transport properties of QacA in case of TPP, Pm and
Dq, inside-out vesicles were prepared and 9-amino-
6-chloro-2-methoxyacridine (ACMA) was used as a
pH gradient sensing fluorescent probe. Dequench-
ing of ACMA fluorescence was used as a measure of
substrate-induced proton antiport (Fig. 3a).

Purified QacA actively interacts with substrates
and can transport substrates in reconstituted
liposomes

QacA was purified as described earlier [34] using
affinity purification with a moderate yield and high level
of purity (Fig. S5a), using undecyl-3-D-maltopyrano-
side (UDM) after screening through multiple non-ionic
detergents. Purified QacA displays a time and
concentration dependent formation of a higher oligo-
meric species in solution whose molecular mass
corresponds to a QacA trimer. When the protein was
concentrated beyond 1 mg/ml there was a tendency to
form aggregates, and this precluded structural and
biophysical studies requiring concentrated samples of
QacA. The binding and competition studies performed
with purified QacA were therefore carried out in dilute
samples where QacA displays a predominantly
monomeric species.

Binding of substrates to the purified QacA was
evaluated using MST that allowed rapid estimation of
binding affinities (Fig. 3b). The binding affinity obtained
through MST was validated using fluorescence
guenching of QacA with TPP addition that gave values
similar to MST data (Fig. S5b, Table 1). This validation
gave us the confidence to pursue MST as a rapid tool
for estimation of binding affinities with other substrates
and mutants. The affinites we report for QacA-
substrate interactions are lower than what is generally
observed with other DHA members. For instance,
MdfA has an affinity of 4.7 uM for TPP [35], whereas

Table 1. The dissociation constants (Ky) are listed, analyzed
from the binding experiments done using MST carried out
with TPP, Pm and Dq

Mutants Ligand Ky (mM)
WT TPP 0.36 = 0.07
D34N TPP -

D61N TPP 0.93 + 0.10
D323N TPP 0.30 = 0.05
E406Q TPP 0.93 + 0.10
E407Q TPP 1.65 + 0.48
D411N TPP -

WT Pm 1+0.17
D34N Pm -

D61N Pm 0.90 + 0.20
D323N Pm -

E406Q Pm 1+0.13
E407Q Pm 0.58 + 0.2
D411N Pm -

WT Dq 0.90 + 0.21
D34N Dq -

D61N Dq 0.79 = 0.17
D323N Dq 0.50 += 0.10
E406Q Dq 0.87 + 0.3
E407Q Dq -

D411N Dq 0.71 £ 0.2

QacA displays a weaker affinity (Ky) of ~350 pM. We
speculate that the lowered affinity could be a result of
the extraction of QacA into detergent micelles, which
may have partially compromised the ability of sub-
strates to partition and get locally enriched in the lipid
bilayer and enter the transporter directly through the
membrane, as suggested in case of LmrP [36,37]. This
could serve as a plausible rate-limiting step for binding
of antibacterials to detergent extracted QacA, while
retaining micromolar enzyme activity (Ky) in its native
membrane environment [24].

In substrate-induced proton release assays, the
unbuffered solution of purified QacA was acidified
followed by a step-wise addition of fixed concentra-
tions of the substrate [22]. The release of protons
induced by substrate binding was monitored through
guenching of a pH sensitive probe fluorescein (Fig. 3c).
MST experiment and substrate-induced proton re-
lease assay display that purified QacA can actively
interact with its substrates. In order to test the transport
activity, purified WT QacA was reconstituted alongside
E. coliFoF4 ATPase to facilitate pH gradient formation
in response to the addition of ATP (Fig. 4a, b). The
acidification of the liposomes was tested using ACMA
fluorescence that undergoes quenching with in-
creased pH gradient across the liposome membrane,
in an assay that is akin to the inside-out vesicles used
to demonstrate transport activity of QacA and its
mutants. In QacA containing proteoliposomes, the
addition of a substrate must induce dequenching of the
ACMA fluorescence due to the antiport activity
resulting in substrate-induced proton transport across
the membrane. Valinomycin was retained throughout
the experiment to avoid the buildup of membrane
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potential. Dequenching of ACMA fluorescence was
clearly observed by the addition of all three substrates
TPP, Pm and Dq, whereas an equivalent amount of
substrate's solvent addition did not give any dequench-
ing of ACMA fluorescence (Fig. 4c). A control
experiment done using proteoliposomes with ATPase
alone without QacA showed that presence of QacA
induces substantial enhancement of substrate-
induced H* release as compared to leaks caused by
addition of substrate (Fig. 4c). The experiment
unambiguously establishes the ability of QacA to
display antibacterial-induced proton transport, upon
reconstitution.

Acidic residues in the vestibule exhibit variable
importance to counter drug resistance

The alanine and asparagine/glutamine mutants at
individual sites were tested alongside WT QacA for
toxicity upon overexpression, and none of the mutants
displayed a toxic phenotype in the E. coli strain JD838
upon induction (Fig. S6a). A control mutation per-
formed away from the vestibule, in the extracellular
loop-7, D434N, had a significantly lowered expression

(Fig. S6b). However, despite the minimal expression,
no effect was observed in the drug resistance assays
performed using Et, TPP, Pm and Dq, in comparison
with WT QacA. FSEC was used to rapidly analyze
expression levels and homogeneity of QacA-GFP and
its mutants (Fig. S4a-f). All the mutants exhibited
detectable expression in the range of 44%—125% in
comparison to the WT (Table S1). Expression level of
QacA mutants, in case of experiments done with
QacA-His construct in native membranes, was evalu-
ated using Western blots (Fig. S4g). The cells
expressing these mutants were tested for their ability
to grow at different dilutions using monovalent cationic
substrates including Et, TPP and divalent cationic
substrates including Pm and Dq (Fig. 5a). Due to the
absence of three major efflux transporter genes mdfA,
acrB and ydhE, the JD838 strain is highly susceptible
to small doses of antibacterial compounds. Experi-
mentally optimized concentrations of substrates were
used to perform the assay at neutral pH. QacA single
mutants at D34 lost their ability to survive, irrespective
of the cationic compounds tested. This was followed by
loss of activity with single mutants at D411 with most
drugs, except Dq (Fig. 5b). In addition to D34, E407
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Fig. 4. Substrate-induced H* transport activity of QacA assayed using proteoliposomes [POPE:POPG (3:1)]
reconstituted with purified QacA-GFP and E. coli FoF4-ATPase. (a) Ni-NTA purified fractions of WT QacA-GFP and
ATPase loaded on SDS-PAGE. (b) Schematic representation of WT QacA-GFP and FoF-ATPase reconstitution and
substrate-induced H* transport assay. (¢) Reconstituted QacA displays substrate-induced H* transport in the presence of
TPP (0.5 mM), Pm (0.25 mM) and Dq (1 mM) (n = 2); the experiment was done in the presence of pH gradient-sensitive dye
ACMA (Agx =410 nm, Ag,,= 480 nm). The gray line in the panels indicates proteoliposomes with ATPase and QacA tested
with the solvent instead of substrates, and the black lines indicate proteoliposomes with only ATPase tested with all three

substrates added at 250th second.
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mutants also displayed a loss of survival with Dq as the
antibacterial, instead of D411, whereas the survival of
other mutants remained mostly unaffected in the
presence of the drug. Also, the survival of D323
mutants was unaffected by Dq despite being implicat-
ed in dicationic drug efflux, a phenomenon attributed to
processive transport in an earlier study [38]. However,
Pm had a pronounced effect on cell survival with
minimal growth observed in most of the mutants
including D323. We also observed compromised
survival in D61 and E406 mutants in case of Et, TPP
and Pm, although subsequent transport studies
displayed retention of transport activity despite muta-
genesis. Based on this observation, we retained our
focus on testing individual sites that had a near-
complete loss of transport activity. The findings thereby
raise the interesting possibility of a few crucial sites
essential for survival against antibacterial stress and
distinct subsets of acidic residues required for trans-
port of drugs with different chemical structures. In
multiple instances, mutations in acidic residues yielded
minimal growth in the survival assay, although their
ability to bind and transport antibacterial compounds
was ascertained directly, as described in the subse-
quent sections.

Substrate recognition occurs at two sites in QacA

To analyze the roles of individual residues for
substrate recognition and transport, we conducted
whole cell-based Et efflux assays (Fig. 6), inside-out
vesicle-based assays (Figs. 7, S7 and S8), substrate-
induced proton release assays (Figs. 8, S9) and
affinity studies (Table 1, Fig. S10) in mutant back-
grounds, with TPP, Pm and Dq. The alanine and
neutral substitutions at individual residues were
analyzed for changes in transport properties of
QacA. Neutral substitutions of aspartate (asparagine)
and glutamate (glutamine) are suggested to mimic
permanently protonated forms [39,40], where the
substrate cannot compete for the negative charge
by displacing protons [39,41]. A significant outcome of
these assays is the characterization of D34 and D411
as essential sites for substrate recognition, due to
which we observed a severe loss in transport activity
for most lipophilic cations used in this study (Figs. 6a,
f, and 7). D34 was predicted as analogous to E26
residue inthe TM1 of MdfA [15] and D33 of VMAT [42],
but its role has not been investigated in earlier reports
on QacA. Neutral substitution at D34 also compro-
mised the ability of substrates to compete for
protonation sites resulting in a near-complete loss of
proton release as observed with TPP or retaining a
minimal ability to compete for protons as observed in
Pm and Dq (Fig. 8b). This loss of phenotype may stem
from loss of measurable binding interactions with
D34N QacA mutant as the dissociation constants
could not be measured for any of the three drugs
(Table 1, Fig. S10).

Interestingly, we found that D411 (TM13), topolog-
ically present toward the cytosolic end of the molecule,
is also necessary for cells' survival against all
substrates, except Dq (Fig. 5). Efflux experiments for
Et, TPP and Pm indicate a crucial role of D411 in the
activity of QacA, with both alanine and asparagine
mutants displaying compromised activity for all three
substrates (Figs. 6f and 7), whereas the ability of
D411A/N mutants to release protons induced by Dq
remains unaltered in comparison to WT (Figs. 7c and
8c). The interaction propensities also reflect in the
binding of TPP and Pm whose affinity to D411N could
not be determined. However, Dq retains similar binding
affinities with D411N and WT (0.71 mM versus
0.9 mM) (Table 1, Fig. S10), signifying the role of
D411 as an important secondary substrate recognition
site, specific to monovalent cations and divalent
cationic substrates like Pm, but not Dg.

The presence of two distinct substrate recognition
sites in QacA located in both cytosolic and extracellular
halves of the transporter provides additional anchoring
sites for the substrates to interact with, during the
transport process. The finding that QacA employs
different residues to recognize Dq as opposed to
monovalent cations and Pm provides interesting hints
into the promiscuity of substrate recognition that is
explored in the subsequent section.

D323 is required for Pm transport but not for other
long-divalent cations

QacB, a paralog of QacA, has an alanine at the
position 323 that was previously observed to impair
transport of divalent substrates like Pm and propami-
dine [24]. However, recent observations suggest that it
retains the ability to transport some divalent cationic
drugs, particularly the ones separated by a long linker
including Dg and chlorhexidine (Cx) [38]. As seenin the
survival assays, QacA D323A/N mutants confer a stark
contrast in the survival phenotype of the cells grown in
the presence of monovalent cations versus Pm. While
cells harboring D323A/N mutants survive well in the
presence of Etand TPP, the ability to survive was lost in
case of Pm, while in the presence of Dq, it remained
unaltered (Fig. 5). Dq transport across inside-out
vesicles remains active despite mutations at D323,
indicating its importance specifically for Pm transport
(Fig. 7b and c). A similar phenomenon was observed
also with Cx where D323C mutation did not affect cell
survival [38]. Also, with QacA D323N, the ability of the
substrate to compete for protons in solution does not
change with TPP and Dq in comparison with WT QacA
(Fig. 8a and d). In line with the earlier experiments, Pm
loses its ability to release protons from QacA D323N
with a reduction in the number of H*-release steps, as
compared to WT, prior to saturation. The importance of
D323 for primarily interacting with Pm is also reflected
in the binding affinities obtained for D323N, which binds
to TPP and Dq with affinities comparable to WT QacA
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Fig. 5. Drugresistance in E. colicells expressing QacA (WT, wild-type QacA; E, empty vector). (a) Chemical structures of the
cationic dye (Et) and antibacterial compounds (TPP, Pm, Dq) used as substrates for QacA. (b) Survival assay in the presence of
both monovalent (Et, TPP) and divalent (Pm, Dq) cations identifies four acidic residues D34, D323, E407 and D411 as crucial for
the survival of bacteria in the presence of toxic substrates. The role of D61 and E406 seems to be comparatively less significant.
“E” represents empty vector containing negative control. Logy dilution starts with O.D. 1.0 at A = 600 nm from left to right. Plates

are incubated for 12 h (n = 3).

(Kgof ~0.3 mM for TPP and ~0.5 mM for Dq), whereas
Pm shows a clear loss of affinity for the D323N mutant
(Table 1, Fig. S10). The results indicate that D323 is not
a crucial determinant of QacA's ability to transport
divalent cationic drugs but is important for specific
substrates of QacA like Pm and likely propamidine [24].

E407 plays a dual role in substrate transport

E407 seems unique among the group of residues,
as it is the only site whose loss of transport phenotype
upon mutation to alanine is rescued by its neutral
mutation to glutamine. E407Q displays a mild recovery
in survival in comparison to E407A and its efflux
properties with Et, TPP and Pm are comparable to WT
QacA (Figs. 5, 6e, and 7a and b), whereas E407A is
incapable of transporting all three compounds. Inter-
estingly, E407Q displayed a reduced number of

titration steps by both TPP and Pm in comparison to
WT QacA (Fig. 8e). Also, the binding properties of
E407Q indicate a reduction in binding of TPP (Ky of
1.65 mM), whereas Pm affinity remains largely unal-
tered (Kq of 0.58 mM) in comparison to WT (TPP: Ky of
0.36 mM, Pm: Ky of 1 mM) (Table 1, Fig. S10),
implying that it plays a minimal role as a substrate
recognition site, although it is needed for the survival
of the host. Our observations indicate the likelihood
that E407 acts as a protonation site in QacA given the
ability of neutral substitutions of acidic residues to
uncouple transport from pH gradients [41]. Despite the
proximity of E406 to E407 and compromised survival
of E406 mutants in comparison to WT QacA, E406A/Q
mutants are capable of transporting all four substrates
used in the study, suggesting that the effects caused
by E407 are indeed specific and cannot be substituted
by neighboring residues.
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Fig. 6. Altered transport properties of QacA mutants. (a—f) Whole cell efflux assay with WT QacA and its single mutants
expressed in JD838 cells incubated with 50 uM EtBr (Agx = 530 nm, Ag, = 610 nm) for 1 h in the presence of carbonyl cyanide
m-chlorophenyl hydrazone (CCCP; 0.5 pM) (n = 3). Altered efflux was measured as a function of ethidium fluorescence loss

over a duration of 400 s.

While E407 serves as a potential protonation site for
TPP and Pm (Fig. 9), in the case of Dq, E407 is
essential for substrate recognition. The survival assays
in the presence of Dq demonstrate that cells harboring
E407A/Q mutants fail to grow, whereas D411A/N
mutants exhibit normal growth (Fig. 5). This apparent
swap in their roles with respect to Dq strongly supports
the promiscuity observed in the substrate repertoire of
QacA, given that these residues are only one helical
turn apart. In such a case, it would be plausible to argue
that E407 acts as a substrate recognition site for one of
the two charged moieties of Dg. This is supported by a
range of observations, including rescue of phenotype
observed in the background of E407Q mutant in the

proton release driven by Et, TPP and Pm but absence of
Dq efflux irrespective of A or Q substitution at E407
(Figs. 6e and 7). E407Q mutant has a similar affinity for
Pm (Ky of 1.0 mM in WT versus Ky of 0.58 mM in
E407Q) and reduced affinity for TPP (Ky of 0.36 mM in
WT versus Ky of 1.65 mM in E407Q), but is completely
lost for Dq (Table 1, Fig. S10).

We made two double amino acid substitutions in
QacA, namely, D34N/E407Q and D34N/D411N to
evaluate the effect on substrate-induced H*-release
(Fig. 8f and g). In these combination mutants, TPP-
induced proton release was not observed with either of
the two mutants since the D34N substitution alone was
debilitating for TPP-induced H* release. Pm could
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Fig. 7. Inside-out vesicle-based TPP, Pm and Dq induced proton transport (n = 2) assay (WT, wild-type QacA; E, empty
vector). Valinomycin was kept throughout the experiment at 0.5 uM to prevent the build-up of membrane potential. The formation
of ApH and the transport-induced fluorescence dequenching of ACMA was measured (Agx =409 nm, Ag,,, =474 nm). The extent
of ACMA fluorescence dequenching, observed upon addition of the substrate to WT QacA versus individual mutants, is
compared in the bar graph. Error bars represent the range observed for two independent measurements.
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Fig. 8. Substrate-induced proton release. The assay was done with purified QacA (6 uM, dialyzed to remove buffering
agents). The pH of the solution was monitored in a time-dependent manner using fluorescein (2 pM), a pH-sensitive dye
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additions of HCI (6 uM) and titration of substrates (200 pM). (h) The titration was repeated in unbuffered solution without
protein as a negative control. A single batch of pure protein was used for these measurements.
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Fig. 9. Substrate recognition and promiscuity. Cartoon
depicting the acidic residues present in the transport vestibule
of QacA that are required for recognition and act as
protonation sites helping in transport of the lipophilic cationic
ligands. TPP transport requires D34, D411 and E407; Pm, a
biguanide requires four residues for transport; Dq recognition
and transport requires just two residues. The longer linker in
Dq compared to Pm could result in the shift of the secondary
recognition site from D411 to E407.

induce limited proton release in D34N/E407Q combi-
nation, attributing it to an unaltered D411. Dq, on the
other hand, did not seem to interact with any of the
mutant combinations, likely owing to the important role
played by D34 for the same.

The results strongly support the notion of discrete
sets of residues being important for recognition and
transport of antibacterial substrates of QacA. The
essential residues are characterized by an “all-or-
none” effect on substrate interaction and transport
properties with single site mutations. These previously
uncharacterized roles of acidic residues in QacA
vestibule could be applicable to related DHA2 trans-
porters, due to the strong conservation observed in the
identified sites. The study also identifies a hitherto
unknown region at the cytosolic part of TM13 as a
hotspot for multi-substrate recognition and protonation
driven transport, in DHA2 members.

Discussion

Mechanistic studies on multi-drug efflux transporters
suggested the importance of acidic residues as the
primary determinants of substrate recognition and
transport [43,44], although this aspect has remained
unexplored in QacA, a promiscuous multi-drug efflux
transporter [25]. This study dissects the roles of acidic

residues in the vestibule of this transporter through
mutational analyses, aided by a molecular model,
providing hitherto unanticipated insights into their roles
in QacA's substrate-specific efflux properties. Among
the six acidic residues, four residues D34 (TM1), D323
(TM10), D411 (TM13) and E407 (TM13) were seen to
be crucial for promiscuous substrate recognition and
translocation (Table 2).

Earlier studies involving DHA1 members including
MdfA, LmrP and BbMAT have highlighted the important
roles that protonatable acidic residues play in substrate
recognition and H*:drug stoichiometry [12,16,43]. Asp
and/or Glu residues surrounding the binding pocket are
protonated and act as essential sites to trigger rocking-
switch conformational changes that allow cationic
substrates to compete and release protons in the
transport cycle [27,36]. Alternately, protonation of
additional sites in the vestibule enhances the H™:
drug stoichiometry and renders the process electro-
genic [44]. The characteristic features of each of these
sites can be evaluated through substitutions of
individual residues. Mutations at protonation sites
involved in substrate recognition leading to competitive
proton release result in significant loss of interaction
propensities and transport activity. On the other hand,
substitutions at protonation sites that facilitate electro-
genic transport retain binding propensities but have
compromised substrate translocation. Protonation
mimicking substitutions at these sites can recover
transport albeit with a reduced ability to couple proton
gradients to substrate efflux [45]. Numerous studies,
particularly on MdfA and LmrP, were used to evaluate
the importance of protonatable acidic residues
[10,12,16] leading to some rather interesting observa-
tions. For instance, in MdfA, relocation of the proto-
natable acidic residue E26 from TM1 to TM10 (V335E)
was observed to retain efflux properties. Also, intro-
duction of a negative charge (G354E) in TM11 allows
the conversion of MdfA's efflux property from electro-
neutral to electrogenic [43]. Incidentally, the position of
G354E mutation in MdfA coincides with the position of
E407 in TM13 (Fig. S1c) in QacA.

We observe that QacA naturally encompasses
many of these functional determinants reported in
DHA1 members. Among the six acidic residues that
were explored, D34 stands out as an essential
antibacterial recognition site, irrespective of the sub-
strate used in the study. This conserved site is akin to
the substrate recognition sites of MdfA (E26), VMAT
(D33) and BbMAT (D25) and is located in TM1
[15,16,42]. Substitution of D34 to alanine or aspara-
gine was not tolerated and resulted in completely
compromised binding and transport properties. The
substrate-induced H™ release experiments performed
with QacA D34N mutant did not elicit any H*-release
upon addition of monovalent or divalent cations,
thereby reinforcing the importance of D34 as an
essential substrate recognition site vital for QacA's
efflux activity. Despite its importance, we observe that
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Table 2. Experimental observations are summarized in the table below

Binding
TPP

Transport Proton release
TPP

Neutral mutants of acidic residues present in the
transport vestibule of QacA are compared w.r.t WT
ESSENTIAL
D34 is an essential residue required for recognition

and transport of all three substrates tested

D34N X %

v v X v  ++

CONDITIONAL
ar D323 is essential for Pm recognition whereas it is

D61N
D61 is not a crucial residue for transport activity of
QacA

i ..-..---

non-essential for TPP and Dq transport

E406 is not an essential residue for transport activity
of QacA

ESSENTIAL
E407 is essential for Dg recognition whereas likely
acting as protonation site needed for TPP and Pm
transport

D411 is crucial for TPP and Pm recognition but not
essential to transport Dq

v represents binding and transport activity, and x represents lack thereof; number of “+” represents number of proton release
steps upon substrate addition, whereas “~* represents no detectable release of protons as substrates are added.

D34 displays minimal accessibility to PEG-Mal (5 kDa)
crosslinking in detergent extracted QacA. However,
the residue could still be accessible to smaller sized
lipophilic cations (300-500 Da) as seen in the case of
the rhodamine 6G (R6G)-bound crystal structure of
Na*/H* coupled multidrug and toxin extrusion (MATE)
transporter, DinF (PDB ID 4LZ9). This structure
revealed that rhodamine 6G could directly interact
with the substrate recognition site, D40, in a cleft
despite its minimal solvent accessibility [46]. The
added advantage for a substrate recognition site
with reduced solvent accessibility is the increase in
pKa [47] that translates to an easier competition of H*
ions with the interacting antibacterial compounds, at
neutral pH.

QacA is known to have a H*:drug stoichiometry of 2
or greater [24], and our observations have highlighted
the role of additional acidic residues that aid in
antibacterial efflux in this electrogenic transporter. A
bulk of these acidic residues cluster around the
cytosolic half of TM13 and line the solvent accessible
vestibule. Among the three acidic residues observed
here (E406, E407 and D411), E406 is not essential for
transport (Table 2). On the other hand, D411 is critical
for the transport of Et, TPP and Pm as QacA D411A/N
mutants lose their ability to translocate the three
substrates. Compromised binding and substrate-
induced proton release were observed with TPP and
Pm in the D411N mutant suggesting the importance of
this residue in the recognition of these substrates.
Intriguingly, mutations at D411 have no influence on the
ability of QacA to interact and transport Dg. We
therefore consider the role of D411 as conditional,
suggesting its importance in the efflux of a subset of
substrates, instead of being important for all of them.
Alternately, QacA E407A/Q mutants had a dissimilar

but essential role in substrate efflux, in comparison
with D34 or D411. We note that the E407A mutant
completely lost the ability to transport Et, TPP and Pm,
but remarkably, the E407Q substitution retains trans-
port activity. It is of interest to note that numerous
studies involving ion channels [40], DHA members [36]
and MATE transporters [46] have employed neutral
substitutions of acidic residues to mimic permanent
protonation. The retention of transport activity with
E407Q suggests the residue's role as a likely
protonation site in QacA, with the mutation retaining
the transport but uncoupling the dependence of
substrate efflux on pH gradient. Uncoupling of sub-
strate flux from ion gradients leads to leaky transport
and functional shifts in transport properties. For
instance, substitutions of acidic residues lead to leaky
transport in Mal11 (E167, D123) [48] and uncoupling of
Na* dependence in NorM (D367N), a MATE trans-
porter for Et efflux [49].

In alignment with its role as a protonation site, the
E407Q mutant also retains normal binding propensities
toward both TPP and Pm. However, when it comes to
the transport of Dq, we report a rather interesting shift in
the role of E407 residue wherein it ceases to be an
additional protonation site for Dq transport, instead
acting as a substrate recognition site. Our experiments
clearly reveal that the QacA E407Q mutant lacks the
ability to interact or transport Dg. The differences in site
specificities for antibacterials like Pm and Dq could
result from variations in the length of the linker that
separates the cationic charges within the divalent
substrates. Dqg with a longer linker is likely accommo-
dated with its second cationic charge interacting with
E407 instead of D411, which is located one helical turn
above E407 (Fig. 9). This selective difference in
interactions based on the characteristics of the
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transported substrate is a testimony of QacA's
promiscuous substrate recognition properties. Put
together, these observations suggest that E407 is an
essential site that can take up multi-faceted roles of
a protonation site for some antibacterial compounds
or serve as a substrate recognition site for specific
substrates like Dq.

Earlier studies on QacA attributed the ability to
transport divalent cations to a single substitution
D323A observed in QacB, a paralogue of QacA, with
a consequent loss of transporting divalent cationic
drugs [17]. However, in recent studies including ours,
this poorly conserved residue was observed to retain
the ability to transport multiple divalent cationic
antibacterials including Dg and Cx [38]. The ability to
transport long divalent cations was attributed to
processive transport in MdfA and QacA D323C mutant
[38]. We, however, do see heavily compromised Pm
binding and transport, suggesting the importance of
D323 as a site with conditional importance for a narrow
spectrum of antibacterial compounds.

Taken together, our analyses of the acidic residues
in QacA highlight the roles of four important sites
(Fig. 9). These results establish that D34 is essential
for antibacterial efflux as a substrate recognition site
followed by D411 that is required for maintaining
QacA efflux for a subset of substrates but is of no
functional consequence for Dg. E407 can assume a
dual role of a protonation site for most substrates, but
in case of Dq, it plays the role of a substrate
recognition site. D323 is non-essential for transloca-
tion of monovalent cations, Dq and Cx [38], but is
important for the efflux of Pm like antibacterials. This
study identifies a cluster of well-conserved acidic
residues in TM13 that could potentially aid as
secondary interaction sites during processive trans-
port implicated as a mechanism of efflux for long
dicationic substrates [38].

While this study reveals the roles of individual
residues in promiscuous antibacterial recognition and
efflux in QacA and related members, further studies
that probe the conformational shifts in the transporterin
response to changes upon substrate interactions, pH
differences and mutational effects would highlight the
steps in the transport cycle of QacA. This would be
greatly aided by structural snapshots of QacA in
multiple conformations that will also facilitate strategies
toward the design of specific efflux pump inhibitors
against this class of drug efflux transporters.

Methods

Plasmids and strains

JD838 (AmdfAA acrBA ydhE::Kan) strain is a deriv-
ative of the E. coli K-12 strain, LMG194, bearing a
knockout of three multi-drug efflux pumps. A codon

optimized QacA synthetic gene [34] was cloned into
pBAD-Hisg vector between Ndel and Hindlll sites.
CGFP construct was generated using megaprimer-
based whole plasmid PCR method. Site-directed
mutagenesis was performed using individual mutant
primers and confirmed by DNA sequencing. The
mutants of QacA include D34A/N, D61A/N, D323A/N,
D411A/N, D434A/N, E406A/Q, E407A/Q, D34N/
E407Q and D34N/D411N. E. coli DK8 strain (A uncB-
C, ilv::Tn 10) harboring plasmid pBWU13 (with wild-
type unc operon) [50] was used for ATPase purification.

Homology model and sequence analysis

The primary sequence of QacA A432—474 construct
was modeled through homology modeling on |-
TASSER server [31]. Known structures of homologous
proteins and secondary structure restraints were used
to thread the helices while a known structure of a POT
transporter (PDB ID: 4IKV) was used to model QacA.
One of the output structures that satisfied the structural
characteristics of MFS transporter was chosen. The
deleted region from residue no. 432—474 was builtas a
loop in the existing model using Completionist [51].
The model was embedded in a POPC bilayer made
using CHARMM-GUI (http://www.charmm-gui.org)
and was energy minimized using charmm36m force-
field [52]. To check the stability of the model, the whole
system was simulated for 20 ns in explicit solvent
using Gromacs 5.1.4 package [53]. As the Ca RMSD
stabilized, one frame was selected as the final model
from the trajectory.

Accessibility assay

WT QacA lacks cysteine residues in its sequence.
Hence, the accessibility of acidic residues present in
the vestibule to PEG-Mal (5 kDa) was checked by
generating cysteine mutants of D34, D61, D323, E406,
E407 and D411 systematically. The proteins purified in
phosphate buffer at pH 7 were incubated with PEG-
Mal (0, 100, 250 pM) for 30 min at room temperature,
followed by addition of 1 mM of 3-mercaptoethanol for
5 min and incubation at room temperature to chemi-
cally inactivate excess PEG-Mal. The samples were
loaded onto a 12% SDS-PAGE along with similarly
treated but chemically unmodified WT QacA as a
control. The experiment was repeated twice.

FSEC

Cells induced for expression were lysed by sonica-
tion, and the protein was extracted using 20 mM UDM.
The debris was pelleted down by centrifugation at
16,000g. The supernatant was taken and run in FSEC
through a Superdex 200 increase column (Agx =
488 nm and Ag,, = 510 nm). Expression was quanti-
tated using the area under the curve and normalized
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with respect to expression of CGFP construct of WT-
QacA.

Drug resistance assay

Resistance to the cationic compounds (Et, TPP, Pm
and Dq) was assessed using JD838 cells expressing
WT QacA and its alanine or neutral mutants. For
experiments on solid medium (2% w/v LB and 1.8% w/v
agar), cells were diluted to an ODggp 0f 1.0,and 2 plofa
series of 10-fold dilutions were spotted on LB plates
containing 0.05% (w/v) L-arabinose and 100 pg/ml
ampicillin with or without the addition of the toxic
cationic substrates (25 uM of Et, 12 pM of TPP, 12 uM
of Pm and 10 pM of Dq). To check for the resistance
against the toxic substance, the growth was analyzed
after 12-h incubation at 37 °C. Similarly treated empty
plasmid containing cells were used as a control. The
assay was performed three times independently.

Preparation of inside-out vesicles

JD838 cells expressing WT QacA or its mutants were
grown for 12 h at 20 °C in the presence of 0.05% (w/v)
L-arabinose and 100 pg/ml ampicillin. Cell were har-
vested and washed with 50 mM potassium phosphate
buffer (pH 7) and resuspended in the same buffer
containing 1 mg/ml of lysozyme. After 30 min of
incubation at 30 °C, cells were broken with 5-8 passes
at ~500- to 600-bar pressure using a high-pressure
homogenizer. The crude membranes were incubated
for 30 min at 30 °C with 10 mM MgSO,4 and 10 pg/ml of
DNase I. Unbroken cells and cell debris were removed
by centrifugation at 13,0009 for 10 min at 4 °C. Inside-
out membrane vesicles were then isolated by ultracen-
trifugation at 125,000gfor 1 h at4 °C and resuspended
in 50 mM potassium phosphate buffer (pH 7) and
10% (v/v) glycerol. Vesicles were then frozen in liquid
nitrogen and stored at —80 °C for further use.

Substrate-induced H* transport in inside-out
vesicles

Inside-out vesicles were prepared as mentioned
above. The frozen vesicles were thawed quickly for
50 s at 46 °C for the assay. Each measurement was
done with 24 pg of total protein (estimated with
Bradford method). Level of expression of each His-
tagged construct was checked by Western using a
mouse anti-His antibody conjugated to horseradish
peroxidase (Sigma) and developed using Clarity
chemiluminescence substrate (Bio-rad) (Fig. S4g)
with purified QacA as positive control. The inside-out
vesicles were diluted in a 2 ml solution of 50 mM KCI
and 10 mM MgSOQs,. In the beginning of the experiment,
4 uyM ACMA and 0.5 pM valinomycin were added and
incubated for 5 min. The samples were continuously
stirred during measurement of ACMA fluorescence
(Aex = 409 nm, Agm = 474 nm) using a Fluoromax-3

(Horiba) fluorescence spectrophotometer. ATP
(100 uM) was added at 50th second to create pH
gradient required for transport process of QacA. As the
gradient was established at 250th second, 1 mM
substrate (TPP, Pm or Dq) was added externally and
the change in pH due to transport of the substrate was
measured. The reaction was terminated using 4 uM
nigericin at 300th second. The assay was performed
with two independent batches of inside-out vesicles.

Whole cell efflux assay

For measuring Et efflux, JD838 cells were grown at
37 °C for 3.5 h in the presence of 100 ug/ml ampicillin
and 0.05% (w/v) L-arabinose. After the cells were
washed three times and resuspended in 20 mM Hepes
(pH 7), 50 uM EtBr was added and incubated with for
1h at 37 °C in the presence of 0.5 yM carbonyl
cyanide m-chlorophenyl hydrazone. Cells loaded with
Et were washed three times with the same buffer.
D-glucose (5 mM) was used to energize the cells. The
efflux assay (Agx = 530 nm and Ag,, = 610 nm) was
done using Varioskan Flash (Thermo Scientific) plate
reader with intermittent shaking. The assay was done in
triplicate.

QacA protein purification

Membrane preparation was done using standard
protocol. The membrane was homogenized in
30 mM phosphate buffer (pH 7) and 0.5 mM PMSF
(protease inhibitor) was added during homogenization.
UDM (20 mM) was used for protein extraction from the
homogenized membrane by incubating with it for 1 h.
Ultracentrifugation was done at ~125,000g, and the
solubilized protein was present in the supernatant.
Ni-NTA resin (pre-equilibrated in the buffer) was used
for binding by nutating with it for 1 h at 4 °C. The resin
bound to protein was washed [with 30 mM phosphate
buffer (pH 7), 120 mM NaCl, 1 mM UDM, 30 mM
imidazole] in a gravity flow column and eluted with
20 ml of elution buffer [300 mM imidazole, 30 mM
phosphate buffer (pH 7), 120 mM NaCl, 1 mM UDM,
5% glycerol]. The protein was concentrated to 0.6—
0.8 mg/ml prior to size exclusion chromatography
(SEC). SEC was done with the purified protein using
Superdex 200 increase column pre-equilibrated with
30 mM phosphate buffer (pH 7), 120 mM NaCl, 1 mM
UDM and 5% glycerol.

Determination of oligomeric status of QacA

SEC-multi-angle light scattering was done using a
three-detector system with light scattering detector,
refractive index detector and UV detector to deter-
mine the molecular weight of QacA. The molecular
weight of the protein was determined using protein
conjugate mass analysis [54] with dn/dc = 0.18 for
globular protein and dn/dc = 0.1506 for UDM. SEC—
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multi-angle light scattering [in 30 mM phosphate
buffer (pH 7.0), 120 mM NaCl, 1 mM UDM and 5%
glycerol (v/v)] was done with purified protein using
Superdex 200 increase column.

ATPase purification

FoF1 ATPase was expressed in E. coliDK8 cells, and
the membrane was purified using 50 mM Hepes and
100 mM NaCl following standard protocol. The mem-
brane was homogenized in extraction buffer [50 mM
Hepes buffer (pH 7.5), 100 mM KCI, 250 mM sucrose,
40 mM e-aminocaproic acid, 5 mM MgSO,, 0.6%
soybean lipid, 1.5% octyl glucoside, 0.6% sodium
cholate, 0.6% sodium deoxycholate, 2.5% glycerol]
and incubated for 1 h. The solubilized membranes
were centrifuged at 130,000 rcf for 1 h. Ni-NTA resin
(pre-equilibrated in extraction buffer) was used for
binding by nutating with it for 1 h at 4 °C. The resin
bound to protein was washed (25 mM imidazole,
extraction buffer) in a gravity flow column and eluted
with 10 ml of elution buffer (250 mM imidazole,
extraction Buffer). SDS-PAGE was run post-purifica-
tion to check for the presence for all the subunits.

Reconstitution of WT QacA in proteoliposomes

POPE and POPG (3:1) pure lipids (Avanti) were
mixed with MMK buffer [10 mM Mops (pH -6.5),
100 mM KCI, 5 mM MgCl,]. The final concentration
was kept at 10 mg/ml. Lipids were vortexed until
completely homogenized with no visible clumps. Lipids
were flash frozen in liquid nitrogen and thawed in warm
water for eight cycles. Liposomes were then extruded
using 200 nm polycarbonate filters (Whatman) for
21 cycles. For reconstitution, 250 yl liposomes were
destabilized by 0.65% (final concentration) of sodium
cholate. QacA and ATPase (2:1 molar ratio) were
incubated with the liposomes for 30 min at RT; equal
amount of ATPase was incubated with liposomes as a
ATPase control. Detergent was removed using sepha-
dex G25 beads (Sigma), and the sample was collected
in a final volume of 1.5 ml. For assay, liposomes
(100 pl) were added in 2 ml of MMK buffer (pH 6.5)
containing 130 nM valinomycin and 200 nM ACMA
(Aex = 410 nm, Agn, = 480 nm), ATP (130 pM) was
added at 50th second, substrate (TPP 0.5 mM, Pm
250 pM, Dg 1 mM) was added at 250th second, and
NH4CI (4 mM) at 300th second was added as a
uncoupler to abolish the pH gradient.

Binding assay

Binding assay was done using MST (Nanotemper)
[22]. Final protein concentration used for the assay
was 50 nM. The protein was labeled with 50 nM red
Tris-NTA dye in the C-terminus of the His-tag.
Monolith™ NT.115 MST premium-coated capillaries
were used in each experiment. In the binding reaction,

the protein concentration was kept constant. The
protein was incubated with 16 two-fold serial dilutions
of the ligand. The ligand was solubilized in protein
containing buffer [30 mM phosphate buffer, (pH 7.0),
120 mM NaCl, 1 mM UDM, 5% glycerol]. The starting
concentrations of the ligands were 10 mM in case of
TPP and Dq, and 5 mM of Pm. The experiments were
done with two independent sets of purified protein.

pH dependence of fluorescein's fluorescence

Fluorescein is a pH-sensitive dye which fluoresces
greater as the pH increases. For substrate-induced
proton release assay done for this study, a standard
curve of fluorescence at different pH was plotted with
2 UM of fluorescein in Fluoromax-3 (Horiba) fluores-
cence spectrophotometer with an integration time of 1 s
at Agx =494 nm and Ag,, = 521 nm. Acetate buffer
(10 mM) was used for a pH range of 2—6, 10 mM
Hepes was used for pH 7-8, and 10 mM bicine was
used for pH 9—10. Experiment was repeated three
times.

Substrate-induced proton release assay

The assay was done with purified QacA (6 pM).
Purified protein was dialyzed with unbuffered solution
(1 L; 200 mM NacCl, 0.8 mM UDM) to remove buffering
agents. Fluorescein, a pH-sensitive dye, was used to
detect the change in H* concentration of the solution
during the assay. Fluorescein (2 uM) was added at the
start; at 50th second, 6 uM HCI; and at 100th, 150th and
200th second, 200 uM of the substrate (TPP, Pm and
Dq) were added in the respective experiments. Control
experiment was done in blank (200 mM NaCl, 0.8 mM
UDM) solution following the same procedure [38,55].
Total duration of the experiment was 250 s. Fluores-
cein's fluorescence was measured at Ag, = 494 nm,
Aem = 521 nm in Fluoromax-3 (Horiba) fluorescence
spectrophotometer with integration time of 1 s. The
experiment was performed with a single batch of
protein.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jmb.2019.03.015.
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