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As a contributor to multidrug resistance, the family of multi-
drug and toxin extrusion (MATE) transporters couples the
efflux of chemically dissimilar compounds to electrochemical
ion gradients. Although divergent transport mechanisms have
been proposed for these transporters, previous structural and
functional analyses of members of the MATE subfamily DinF
suggest that the N-terminal domain (NTD) supports substrate
and ion binding. In this report, we investigated the relationship
of ligand binding within the NTD to the drug resistance mech-
anism of the H�-dependent MATE from the hyperthermophilic
archaeon Pyrococcus furiosus (PfMATE). To facilitate this study,
we developed a cell growth assay in Escherichia coli to charac-
terize the resistance conferred by PfMATE to toxic concentra-
tions of the antimicrobial compound rhodamine 6G. Expression
of WT PfMATE promoted cell growth in the presence of drug,
but amino acid substitutions of conserved NTD residues com-
promised drug resistance. Steady-state binding analysis with
purified PfMATE indicated that substrate affinity was unper-
turbed in these NTD variants. However, exploiting Trp fluores-
cence as an intrinsic reporter of conformational changes, we
found that these variants impaired formation of a unique
H�-stabilized structural intermediate. These results imply that
disruption of H� coupling is the origin of compromised toxin
resistance in PfMATE variants. These findings support a model
mechanism wherein the NTD mediates allosteric coupling to
ion gradients through conformational changes to drive sub-
strate transport in PfMATE. Furthermore, the results provide
evidence for diverging transport mechanisms within a prokary-
otic MATE subfamily.

Multidrug resistance has been linked in part to the expres-
sion of integral membrane transporters that actively remove
cytotoxic molecules from the cell (1). Five multidrug trans-
porter families contribute to this mode of resistance, collec-
tively displaying a remarkable diversity of efflux mechanisms
but possessing overlapping substrate specificities that include
antibiotics and anticancer agents (2–4). As a consequence, the

widespread distribution of these transporters in prokaryotes
and eukaryotes presents a serious clinical challenge for success-
ful pharmacological treatment of bacterial infections and can-
cers (1, 5–9).

Found in all three domains of life (Archaea, Bacteria, and
Eukarya), the family of multidrug and toxin extrusion (MATE)2

transporters mediates export of several classes of antimicrobi-
als, chemotherapeutic compounds, and organic cations by cou-
pling uphill transport to the Gibbs energy stored in the Na�

and/or H� electrochemical gradients (7, 10 –16). Further clas-
sified as the NorM, DinF, and eukaryotic subfamilies based on
the protein sequence, crystal structures of MATEs from these
subfamilies reveal a 12-transmembrane (TM) helix architec-
ture organized into separate N- and C-terminal domains
(NTDs and CTDs, respectively) related by 2-fold pseudosym-
metry in the membrane plane (17–25). In the context of a pre-
sumed alternating access mechanism (26, 27), the orientation
of the NTD and CTD relative to a bilayer suggests that these
structures adopt outward-facing conformations (28).

Although inward-facing states have proved recalcitrant so
far, crystal structures with various bound substrates have iden-
tified unique interaction motifs implying divergent transport
mechanisms between MATE subfamilies (19, 20, 23, 24, 28).
Tetraphenylphosphonium, ethidium, and rhodamine 6G (R6G)
were found to bind a negatively charged central cavity formed
by acidic and polar residues from the NTD and CTD near the
membrane–water interface in the Na�-coupled transporter
NorM from Neisseria gonorrhoeae (20). Ligand-dependent
conformational changes were predicted to facilitate an allos-
teric coupling transport mechanism (20, 29). In contrast, R6G
was found buried within the hydrophobic TM core of H�-cou-
pled DinF from Bacillus halodurans (DinF-BH), in which the
majority of contacts are made with NTD residues, including a
conserved Asp in TM1 that mediates the only charge– charge
interaction with the substrate (19). Disruption of this interac-
tion by substitution (D40N) or protonation of the Asp impaired
R6G binding, suggesting an overlapping H�/R6G binding site.
Consequently, H� binding was implicated in drug release by
directly competing with the substrate binding site (19).
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Despite these fundamental differences between subfamilies,
mechanistic diversity within the DinF subfamily has been the
subject of controversy. Crystallographic analyses of DinF from
the archaeon Pyrococcus furiosus (PfMATE) not only identified
a distinct drug (norfloxacin)– binding site deep within the NTD
but also a “bent” conformation of TM1 associated with rear-
rangement of a hydrogen bond network putatively induced by
protonation of the conserved Asp-41 (24). A similar conforma-
tion of TM1 has yet to be observed in DinF-BH. Thus, in com-
bination with complementary functional analysis, the struc-
tures of PfMATE supported a transport model distinct from
DinF-BH,invokingacriticalroleoftheNTDinfacilitatingH�-de-
pendent conformational changes in TM1 that collapse the nor-
floxacin binding cavity. Similar structural changes have been
described recently for another bacterial MATE, arguing that
the bent conformation of TM1 is a conserved obligatory inter-
mediate in the transport cycle (18).

Here we explore the function of conserved residues previ-
ously implicated in H� and drug binding within the DinF sub-
family to define mechanistic features of the NTD that support
drug resistance in PfMATE. Our multifaceted approach incor-
porates a cell growth assay tailored to uncover PfMATE-medi-
ated resistance to toxic concentrations of R6G in combination
with steady-state drug binding and structural analysis. We
show that, unlike DinF-BH, high-affinity binding of R6G to
PfMATE does not require the charged side chain contributed
by a strictly conserved TM1 Asp. However, R6G resistance is
compromised by substitution of NTD residues that disrupt for-
mation of an H�-stabilized structural intermediate. The results
highlight a role of the NTD in mediating ion coupling to trans-
port through allostery but support the notion of unique drug-
binding sites and divergent transport mechanisms within the
same subfamily of MATE transporters.

Results

R6G resistance assay: approach and design

Expression of PfMATE promotes cell growth in the presence
of the fluoroquinolone antibiotic norfloxacin (24), but resis-
tance to R6G toxicity has not been demonstrated previously. To
characterize PfMATE-mediated R6G resistance in vivo, we
adapted a cell growth assay used previously to probe the sur-
vival of Escherichia coli expressing the Na�/H�-dependent ho-
molog NorM from Vibrio cholerae (NorM-Vc) when subjected
to toxic concentrations of doxorubicin (30, 31). This assay was
shown to discriminate between variants of NorM-Vc that sup-
port or compromise cell growth, facilitating the correlation of
apparent drug resistance to ion/drug-dependent conforma-
tional dynamics associated with the transport mechanism (30).
Similarly, expression of functional PfMATE is expected to
increase cell survival in the presence of toxic substrates.

The experimental paradigm is illustrated as a flow diagram in
Fig. 1, and additional details are provided under “Experimental
procedures.” Briefly, a small seed culture grown overnight from
freshly transformed BL21 (DE3) cells was used to inoculate a
larger volume of growth medium with a target absorbance at
600 nm (A600 nm) of 0.0375. The cells were allowed to grow for
up to 2 h at 37 °C and were then diluted to A600 nm �0.25 and

induced with IPTG. Following a 2-h incubation period for pro-
tein production, the cells were seeded into a 96-well plate con-
taining growth medium and the substrate R6G. Cell growth was
monitored by A650 nm, which was measured by a plate reader
over a defined period of time. This wavelength (650 nm) was
chosen to minimize the contribution of R6G to the overall absor-
bance at high (�30 �g/ml) R6G concentrations (Fig. S1). The
plate format allowed screening of numerous conditions as a
function of time, such as IPTG and drug concentrations.
Importantly, cell growth in the absence of drug was incorpo-
rated as a control for cell health and viability over the course of
the assay, as described below. Therefore, A650 nm in the absence
of drug was used as a normalization factor to obtain relative
A650 nm.

R6G resistance assay: identification of PfMATE expression
parameters

Standardization of this assay for screening activity of
PfMATE required careful consideration of key protein expres-
sion parameters. Cell growth after induction is strongly depen-
dent on the IPTG concentration. In general, cells expressing
PfMATE WT grew less than cells harboring vector alone (pET-
19b) at all IPTG concentrations tested (Fig. 1A). This pattern of
cell growth was inversely correlated with WT expression levels,
as visualized by SDS-PAGE analysis, especially in the range of
10 –50 �M IPTG, which induced robust expression (Fig. 1D).
Furthermore, cells expressing the WT displayed reduced
growth relative to the vector in the absence of drug over the
course of the assay (Fig. S2A). These observations suggested
that WT expression is metabolically challenging and/or toxic to
the cell. We thus reasoned that high-level WT expression may
reduce the cell capacity to proliferate under additional toxic
stress and obfuscate PfMATE-mediated drug resistance. In
support of this conclusion, we observed an increase in the
growth of cells expressing the WT at elevated R6G concentra-
tions (�60 �g/ml) relative to vector alone upon induction with
1 �M IPTG (Fig. 1B and Fig. S2B). Enhanced cell survival was
seen over the entire time course of the assay at 75 �g/ml R6G
after normalizing to growth in the absence of drug (Fig. 1C).
The ratio of A650 nm indicated that expression of the WT
increased cell growth by 53% � 9% on average (n � 6) relative to
vector at the 10-h time point, where the normalized growth
curve began to plateau. In contrast, cell growth was greatly
impaired at the identical R6G concentration following induc-
tion with 10 �M IPTG (Fig. S3).

In addition to IPTG concentration, potentiation of cell sur-
vival was contingent on a full complement of multidrug trans-
porters. Previous applications of this assay with NorM-Vc uti-
lized an E. coli strain devoid of seven endogenous multidrug
transporters (BL21 (DE3)-�7: macAB, yojHI, acrAB, acrEF,
emrAB, emrKY, and mdtEF) (30, 32). However, PfMATE-me-
diated resistance to R6G toxicity was not observed in this back-
ground or in the BL21 (DE3)-�3 strain (deletion of macAB,
yojHI, and acrAB) relative to vector alone under similar expres-
sion conditions (Fig. S4). This result suggested that the elevated
R6G resistance conferred by expression of WT PfMATE
involved concerted activity of intrinsic transporters.

H� coupling in the resistance mechanism of PfMATE
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Amino acid substitutions in the NTD of PfMATE compromise
resistance to R6G

Previous crystallographic, computational, and functional
studies of PfMATE suggested a critical role of the NTD in bind-
ing of target substrates and coupling to the H� gradient to drive
transport (24, 33). In conjunction with a highly conserved Pro
(Pro-26 in PfMATE) in TM1, a hydrogen bond network com-
posed of residues that line a cavity in the NTD was proposed to
mediate a H�-dependent conformational change in TM1 that
facilitates substrate extrusion. Sequence alignment and phylo-
genetic analysis indicated that these residues are highly con-
served (34, 35) (Fig. S5). Consistent with this result, substitution
of these residues impaired resistance to norfloxacin and trans-
port of ethidium (24). We tested a subset of these variants to
ascertain the contribution of these residues to R6G resistance
(Fig. 2A).

Site-directed mutagenesis of NTD residues (P26A, Y37A,
D41A/D41N, and D184A) significantly impaired cell growth
relative to the WT in the presence of 75 �g/ml R6G and instead
clustered with the vector control (Fig. 2B and Fig. S2, C and D).
In contrast, substitution of a nearby nonconserved surface Glu
in TM2 (E51A), designed as a control, demonstrated a similar
pattern of growth as the WT. Capturing the pattern of

PfMATE-mediated R6G resistance, a growth profile of the vari-
ants relative to the WT (Fig. 2C) indicated that substitution of
functionally required residues reduced cell growth by �80% or
more. Importantly, the apparent loss of functional activity
could not be attributed to reduced expression levels of the vari-
ants (Fig. 2D and Fig. S6), and size exclusion chromatography
analysis of the purified variants was consistent with folded
transporters (Fig. S7).

NTD variants retain high-affinity R6G binding

We explored the mechanistic basis of compromised R6G
resistance by two approaches. First, we investigated the role of
targeted residues in R6G binding. Formation of a complex
between R6G and PfMATE purified in �-dodecyl maltoside
(�-DDM) micelles was monitored by R6G fluorescence anisot-
ropy. Binding of drug to PfMATE was associated with an
increase in anisotropy, similar to the change in fluorescence
polarization that was observed upon binding to DinF-BH (19).
Titration of R6G with increasing concentrations of PfMATE
generated a binding isotherm that was fit with a single-site
binding model to determine the KD (Fig. 3). The binding curve
collected at pH 7.5 indicated that R6G was bound to WT
PfMATE with high affinity. A subtle right shift in the curve was

Figure 1. Flow diagram of the R6G resistance assay. A, comparison of growth for cells harboring the vector (gray line) and WT PfMATE (black line) after 2-h
induction with different IPTG concentrations. B, expression of WT PfMATE increases cell survival at elevated R6G concentrations relative to the vector control.
Each data point represents the average of two independent experiments. For each experiment, the data were measured in triplicate from separate wells on the
plate after 10 h at 37 °C. A650 nm in the presence of R6G was normalized to the 0 �g/ml R6G well. The standard deviation is shown for each data point. The p
values were determined by an unpaired t test: **, p � 0.004 – 0.009; ***, p � 0.0001. C, cells expressing WT PfMATE demonstrate better growth than the vector
control at all time points. A650 nm in the presence of R6G was normalized to the 0 �g/ml R6G well. The R6G concentration was 75 �g/ml. The data points are
shown with the standard deviation, and each data point was generated from three to six independent experiments as described for B. D, the relative expression
of WT PfMATE as a function of IPTG concentration was visualized by SDS-PAGE and staining with InVision His tag stain. Purified PfMATE WT used as a standard
is shown for comparison. Vec, vector.
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observed at pH 4, corresponding to a less than 2-fold increase in
KD (Table 1). Notably, introduction of the NTD variants,
including D41A/D41N, only marginally perturbed R6G affinity
at pH 7.5 relative to the WT. Binding analysis of the E51A var-
iant reported the largest deviation from the WT, but it retained
WT-like resistance activity (Fig. 2C). These results therefore
suggested that compromised resistance is not likely to be the
consequence of impaired substrate binding.

NTD variants disrupt H�-driven conformational changes

Employed as an environmentally sensitive probe, the pattern
of Trp fluorescence in transporters has been shown previously

to be an effective spectroscopic tool to monitor conformational
changes (36 –38). PfMATE contains five endogenous Trp resi-
dues, two of which are found in the NTD. One of these, Trp-
216, is located more than 20 Å away from the NTD cavity and
near the intracellular side of TM6. The other Trp residue, Trp-
44, is located near the C terminus of TM1, in close proximity to
the network of hydrogen-bonded side chains that has been pro-
posed to facilitate TM1 bending (Fig. 4A). Thus, we exploited
intrinsic Trp fluorescence as a surrogate reporter of conforma-
tional changes induced by H�.

Fluorescence spectra of WT PfMATE in �-DDM micelles
reported an �20% reduction in Trp emission intensity at pH 4
relative to pH 7.5 (Fig. 4B), which we attributed to increased
solvent exposure of buried Trp side chain(s) at low pH. Muta-
tion of Trp-44 reduced fluorescence quenching to �6%,
although R6G binding and resistance activity remained rela-
tively unaffected (data not shown), suggesting that Trp-44 con-
tributed to the majority of the signal change in WT PfMATE.

Figure 2. R6G resistance profiles for NTD residue substitutions. A, structure of PfMATE (PDB code 3VVN), highlighting the location of residues chosen for
site-directed mutagenesis in the NTD (gray). The CTD is shown in cyan. B, time course of cell growth for the variants relative to both the vector and WT at 37 °C
in the presence of 75 �g/ml R6G. The curves were generated from at least three independent experiments as described under “Experimental procedures” and
in the legend for Fig 1. A650 nm in the presence of R6G was normalized to the 0 �g/ml R6G well. The standard deviation is shown for each data point. C, the data
in B at the 10-h time point were transformed into a cell growth profile relative to WT PfMATE after subtracting the contribution of the vector control. The bar
plot highlights the average � S.D. for the indicated number of measurements. One-way ANOVA indicated that the population means were significantly
different at the 0.05 level: F (6, 27) � 28.82, p � 1.57 	 10
10. D, SDS-PAGE followed by InVision His tag staining confirmed similar levels of expression for each
construct. The last three lanes on each gel image show purified PfMATE WT used as a standard. Vec, vector.

Figure 3. Binding curves of R6G to WT PfMATE. Changes in the fluores-
cence anisotropy of R6G were plotted as a function of protein concentration
in �-DDM buffer at the indicated pH and 23 °C. The data points represent the
average � S.D. of three binding experiments, and the solid and dashed lines
are nonlinear least square fits of the curves to obtain the KD (Table 1).

Table 1
R6G Binding Affinities

Construct KD (� S.D.) n

�M

Wildtype, pH 7.5 1.59 (0.09) 6
Wildtype, pH 4 2.67 (0.17) 3
P26A, pH 7.5 1.74 (0.07) 3
Y37A, pH 7.5 1.29 (0.26) 3
D41A, pH 7.5 2.06 (0.22) 3
D41N, pH 7.5 1.98 (0.02) 3
E51A, pH 7.5 2.24 (0.10) 3
D184A, pH 7.5 1.98 (0.06) 3

H� coupling in the resistance mechanism of PfMATE
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With the exception of E51A, pH-dependent Trp quenching
was attenuated substantially in the NTD variants (Fig. 4, B and
C). The quenching observed for D41A, D41N, and D184A was
reduced to similar levels as the W44C variant. Although
quenching was less attenuated for P26A and mostly limited for
Y37A, the observed reduction in Trp quenching was consistent
with impaired formation of a distinct conformation. Remark-
ably, the overall quenching profile shown in Fig. 4C echoed the
R6G resistance profile shown in Fig. 2C. Thus, the pattern of
quenching strongly implied that substitution of relevant resi-
dues in the NTD disrupted H�-dependent structural transi-
tions likely associated with the transport cycle.

Discussion

A fundamental property of MATE transporters is the ability
to bind and export a broad range of chemically diverse sub-
strates. In addition to H�-dependent ethidium efflux, PfMATE
has been described previously to promote bacterial growth in
the presence of the fluoroquinolone antibiotic norfloxacin (24).
In support of a role in multidrug transport, the results pre-
sented here establish that PfMATE also confers enhanced resis-
tance against toxic concentrations of the antimicrobial R6G.
Furthermore, R6G resistance is compromised by mutation of
residues predicted to be required for transport.

Importantly, PfMATE-mediated resistance to R6G toxicity
was observed in E. coli under specific expression conditions.
Manipulation of the [IPTG] used for induction was required to
balance the metabolic challenge of transporter expression in
the host, with the conferred advantage of exporting a toxic sub-
strate present at high concentrations in the growth medium.
Moreover, the lack of R6G resistance in hypersensitive E. coli
strains supports the notion of coordinated drug efflux mediated
by multiple transporters sharing overlapping substrate specific-
ities (39). In this context, PfMATE likely bolsters R6G resis-
tance by integrating with other R6G transport systems, such as
the tripartite AcrAB–TolC assembly (40, 41), which was
deleted in the BL21 (DE3)-�3 and -�7 strains (32). According
to this model, complete removal of the hydrophobic substrate
engenders PfMATE-mediated extrusion into the periplasm,
followed by export across the outer membrane by the AcrAB–
TolC complex. Thus, the data suggest that heterologous
expression of PfMATE in E. coli cannot fully compensate for
the loss of major multidrug transporters under the conditions
described here.

Combining the cell growth assay with site-directed mutagen-
esis indicated that R6G resistance depends on the integrity of a
conserved network of polar side chains lining a cavity in the
NTD. Among these residues, a strictly conserved TM1 Asp has
been proposed to form part of the R6G binding site in the ho-
molog DinF-BH (19). Accordingly, R6G binding affinity was
reduced by more than 30-fold in a DinF-BH variant predicted to
mimic protonation of the carboxylate moiety (D40N). This
result was interpreted as evidence for a mutually exclusive
H�/drug-binding site, the hallmark of a direct competition
mechanism. However, substantial perturbation of R6G binding
affinity was not observed with homologous variants in PfMATE
(D41A/D41N). Furthermore, the marginal reduction in binding
affinity at low pH implies that PfMATE-R6G interactions are
not mediated directly by charged side chains that undergo pro-
tonation/deprotonation events. These results strongly suggest
that R6G is stabilized by distinct binding motifs in PfMATE and
DinF-BH. That is, the H� and R6G binding sites appear to be
nonoverlapping in PfMATE.

In contrast to the binding analysis, substitution of function-
ally required NTD residues altered the pattern of H�-depen-
dent Trp quenching relative to the WT, which we interpret as
impaired formation of a unique structural intermediate. Previ-
ous crystallographic and computational studies have demon-
strated that the conserved residues of the NTD cavity investi-
gated here contribute to an ion-binding site (24, 33, 42). As a

Figure 4. NTD amino acid substitutions disrupt the pattern of H�-depen-
dent Trp quenching. A, structure of PfMATE (PDB code 3VVN), illustrating the
location of Trp-44 (shown in space-filling representation) relative to the NTD
variants. B, Trp fluorescence is quenched for WT PfMATE at pH 4 (black dashed
trace), which is reduced by introduction of P26A (red dashed trace). The P26A
spectra are shown as a representative dataset. Spectra were acquired at 23 °C
in �-DDM buffer. C, profile of Trp quenching for the NTD variants. The bar plot
highlights the mean � S.D. for the indicated number of measurements. One-
way ANOVA indicated that the population means were significantly different
at the 0.05 level: F (6, 35) � 20.29, p � 4.53 	 10
10. The horizontal dashed line
indicates the quenching observed for the W44C variant. The color code is the
same as in Fig. 2.
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reflection of the predicted involvement of these residues in the
structural dynamics of TM1, the observed pattern of Trp
quenching in the NTD variants highlights the role of conserved
side chains in shaping H�-driven conformational changes in
PfMATE. Y37A, D41A, D41N, and D184A likely disrupt rear-
rangement of the hydrogen bond network induced by H� bind-
ing, effectively inhibiting conformational changes. Although
not directly involved in H� binding, Pro-26 in conjunction with
Gly-24 was hypothesized to form a hinge in TM1 (24). By exten-
sion, P26A may impair TM1 bending in response to H� binding
within the NTD cavity.

Based on the apparent correlation between Trp quenching of
NTD variants (Fig. 4C) and the cell growth profile (Fig. 2C), we
propose that this residue network is critical to mediate coupling
of ion gradients through conformational changes that alloster-
ically modulate substrate binding affinity to trigger substrate
release. This conclusion is supported by spectroscopic analysis
of NorM-Vc, which revealed the significance of a similar net-
work of residues within the NTD cavity in determining ion-
driven conformational dynamics central to drug resistance
(30). Experiments that further define the nature and magnitude
of ligand-dependent conformational changes and the relation-
ship to R6G binding and resistance in PfMATE are ongoing.

Together, the functional and biochemical analysis of
PfMATE emphasizes both common and diverging mechanistic
principles of ion-coupled substrate transport in the MATE
family. The evidence presented here supports an emerging
transport model that envisions ion coupling mediated by spe-
cific residues in the NTD to induce conformational changes
that culminate in substrate extrusion. However, differences in
binding sites for shared substrates of MATE homologs may
reflect evolution of transport mechanisms. Subsequent studies
with other substrates and transporters are warranted to further
uncover shared and unique determinants of MATE transport
mechanisms.

Experimental procedures

Site-directed mutagenesis

WT PfMATE was cloned into the pET-19b vector encoding
an N-terminal His10 tag under control of an inducible T7 pro-
moter. Mutations were generated using a single-step PCR in
which the entire plasmid was replicated from a single muta-
genic primer. The template plasmid was subsequently digested
by DpnI. Plasmids were propagated using XL-1 Blue or DH5�
cells and sequenced using both T7 forward and reverse primers
to confirm mutagenesis and the absence of aberrant changes in
the protein-coding region.

Expression and purification of PfMATE

C43 (DE3) cells were freshly transformed with pET-19b
encoding WT or mutant PfMATE. A single colony was used to
inoculate 40 ml of Luria-Bertani (Miller formulation) medium,
which was grown overnight (�15 h) at 34 °C and subsequently
used to inoculate 2 liters of minimal medium A. Cultures were
incubated at 37 °C with shaking until reaching an A600 nm of
�0.8, and then the expression of PfMATE was induced by addi-
tion of 1 mM IPTG. The cultures were incubated overnight
(�15 h) at 20 °C and then harvested. Cell pellets were resus-

pended in 20 ml of lysis buffer (20 mM Tris-HCl (pH 8), 20 mM

NaCl, 30 mM imidazole, and 10% (v/v) glycerol), including 10
mM DTT, and lysed by five passes through an Avestin C3
homogenizer. Cell debris was removed by centrifugation at
9,000 	 g for 10 min. Membranes were isolated from the super-
natant by centrifugation at 200,000 	 g for 1.5 h. Membrane
pellets were resuspended in lysis buffer containing 1.5% (w/v)
�-DDM and 0.5 mM DTT and incubated on ice while being
stirred for 1 h. Insoluble material was cleared by centrifugation
at 200,000 	 g for 30 min. The cleared extract was bound to 1.0
ml (bed volume) nickel-nitrilotriacetic acid Superflow resin
(Qiagen) at 4 °C for 2 h. After washing with 10 bed volumes of
buffer containing 30 mM imidazole, PfMATE was eluted with
buffer containing 300 mM imidazole. Elution fractions (4 ml
total) were combined and then concentrated to 2.0 ml in a
100,000 molecular weight cut off filter concentrator (Millipore)
and injected in 1-ml samples onto a Superdex 200 Increase
10/300 GL column (GE Healthcare) equilibrated with 50 mM

Tris/MES (pH 7.5) and 0.05% �-DDM. Peak fractions of puri-
fied PfMATE were combined and concentrated using a 100,000
MWCO filter concentrator, and the final concentration was
determined by A280 measurement (� � 46870 M
1�cm
1).

R6G binding assay

Stock solutions of rhodamine 6G (Acros) were made in ultra-
pure water. Drug concentrations for assays were determined by
spectrophotometer measurement at 524 nm (� � 116,000
M
1�cm
1) of samples diluted in ethanol. R6G (2.1 �M) was
mixed with increasing concentrations of PfMATE WT or vari-
ants in 50 mM Tris/MES (pH 7.5) and 0.05% �-DDM buffer in a
total volume of 25 �l in a 384-well black fluorescence micro-
plate (Greiner Bio-One) and incubated at room temperature for
more than 5 min. R6G fluorescence anisotropy was measured
using a BioTek Synergy H4 microplate reader with a 480-nm
excitation filter (20-nm band pass) and a 570-nm emission filter
(10-nm band pass) (2). Binding isotherms were measured in
triplicate, and R6G binding affinity was determined by nonlin-
ear least square analysis in the program Origin (OriginLab).
The average KD and standard deviation for each mutant are
reported in Table 1.

Tryptophan fluorescence

Purified PfMATE in 50 mM Tris/MES (pH 7.5) and 0.05%
�-DDM buffer was adjusted to pH 4 using an empirically deter-
mined volume of 1 M citric acid. Samples at pH 7.5 were
adjusted with an equivalent volume of buffer to maintain an
equal concentration of protein between pH conditions. Sam-
ples were placed in a 1-cm quartz fluorometer cell (Starna Cells,
Inc.), and tryptophan fluorescence was measured using a T-for-
mat fluorometer (Photon Technology International) with exci-
tation and emission slit widths of 4 nm and 1 nm, respectively.
The fluorescence spectrum was acquired from 310 to 370 nm
following excitation at 295 nm. Spectra were normalized to the
peak intensity (329 nm) of the pH 7.5 sample to determine the
extent of H�-dependent quenching. Experiments were
repeated at least in triplicate, and the mean � S.D. of fluores-
cence quenching was determined. To statistically assess the
impact of substitutions on Trp quenching, a one-way ANOVA
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conducted in Origin determined that the population means
were significantly different at the 0.05 level.

R6G resistance assay

Resistance to R6G toxicity was carried out as described pre-
viously with several modifications. E. coli BL21 (DE3) cells were
transformed with empty pET-19b vector, pET19b encoding
PfMATE WT, or variants. A dense overnight culture from a
single colony was used to inoculate 12 ml of LB broth (Fisher
Scientific) containing 0.1 mg/ml ampicillin (Gold Biotechnol-
ogy) to a starting A600 nm of 0.0375. Cultures were grown for an
additional 1.5–2 h at 37 °C and then diluted to A600 nm of 0.25.
Expression of the encoded construct was induced with 1–50 �M

IPTG (Gold Biotechnology). Expression was allowed to con-
tinue at 37 °C for 2 h, and then the A600 nm of the cultures was
adjusted to 0.5. The cells were then used to inoculate (1:20
dilution, starting A600 nm � 0.025) a sterile 96-well microplate
(Greiner Bio-One) containing 50% LB broth, 0.1 mg/ml ampi-
cillin, and R6G. IPTG was not included on the microplates.
Microplates were incubated at 37 °C with shaking at �250 rpm
for at least 10 h, and cell growth was monitored by A650 nm on a
BioTek Synergy H4 microplate reader. Data points were col-
lected every 2 h. The A650 nm in the presence of R6G was nor-
malized to the 0 �g/ml R6G well to obtain a relative A650 nm,
which accounts for growth behavior of the vector, WT, and
variants in the absence of drug (Fig. S2). Screening of [IPTG]
indicated that 1 �M IPTG resulted in optimal resistance, which
was used for all subsequent experiments. Because of the narrow
dynamic range to observe enhanced R6G resistance (Fig. 1B),
each experiment included a vector and WT control. The p
values in Fig. 1B were determined by an unpaired t test
(GraphPad), indicating that the population means of cell
growth for the WT and vector were significantly different at the
indicated R6G concentrations. The time course of cell growth
for the WT and variants relative to vector was determined at 75
�g/ml R6G. The relative activity of each variant was deter-
mined by subtracting the A650 nm of the vector, followed by
normalization to the corrected A650 nm of the WT at the 10-h
time point. Each data point was acquired from triplicate mea-
surements in three distinct wells on the plate, and the experi-
ment was repeated at least three times to obtain the mean �
S.D. To statistically assess the impact of the substitutions on
relative cell growth, a one-way ANOVA conducted in Origin
determined that the population means were significantly differ-
ent at the 0.05 level.

To confirm PfMATE expression, 50 ml of cells harboring the
vector, WT, and PfMATE variants was induced with 1 �M IPTG
for 2 h at 37 °C and harvested by centrifugation. Cells were
resuspended in 1 ml of lysis buffer (20 mM Tris-HCl, 20 mM

NaCl, and 10% (v/v) glycerol (pH 8)) with 2.0 mM PMSF and
lysed by sonication (60 1-s pulses with 10-s resting intervals).
Cell lysates were centrifuged at 3,400 	 g for 8 min to remove
cell debris. The supernatant was subsequently ultracentrifuged
for 30 min at 70,000 	 g to obtain the membrane fraction.
PfMATE was extracted from a normalized amount of mem-
brane mass in 200 �l of lysis buffer supplemented with 2% (w/v)
�-DDM for 1 h at 4 °C, and then the samples were ultracentri-
fuged at 90,000 	 g to clear insoluble material. The supernatant

was then mixed with 40 �l (bed volume) of nickel-nitrilotri-
acetic acid Superflow resin (Qiagen) for 1 h at 4 °C in the pres-
ence of 20 mM imidazole. The resin was then applied to a micro-
spin column (Bio-Rad, Bio-spin), and the resin was washed with
eight bed volumes of buffer containing 30 mM imidazole. The
protein was eluted with 50 �l of buffer containing 300 mM im-
idazole, and equal-volume samples for SDS-PAGE were pre-
pared from the eluates. Following electrophoresis on a 12.5%
acrylamide gel, the protein was visualized by InVision His tag
gel stain (Novex).
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