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ABSTRACT: NorM of the multidrug and toxic compound
extrusion (MATE) family of transporters couples the efflux of
a broad range of hydrophobic molecules to an inward Na+

gradient across the cell membrane. Several crystal structures of
MATE transporters revealed distinct substrate binding sites
leading to differing models of the mechanism of ion-coupled
substrate extrusion. In the experiments reported here, we
observed that a spin-labeled derivative of daunorubicin,
Ruboxyl, is transported by NorM from Vibrio cholerae. It is
therefore ideal for characterizing mechanistically relevant
binding interactions with NorM and directly addressing the
coupling of ion and drug binding. Fluorescence and electron
paramagnetic resonance experiments revealed that Ruboxyl binds to NorM with micromolar affinity and becomes immobilized
upon binding, even in the presence of Na+. Using double electron−electron resonance spectroscopy, we determined that Ruboxyl
binds to a single site on the periplasmic side of the protein. The presence of Na+ did not translocate the substrate to a second site
as previously proposed. These experiments surprisingly show that Na+ does not affect the affinity or location of the substrate
binding site on detergent-solubilized NorM, thus suggesting that additional factors beyond simple mutual exclusivity of binding,
such as the presence of a Na+ gradient across the native membrane, govern Na+−drug coupling during antiport.

Resistance of bacteria to antibiotics is a significant obstacle to
the clinical treatment of infections. One key mechanism of

resistance is the active efflux of cytotoxic molecules across the cell
membrane, executed by functionally diverse families of trans-
porters with overlapping substrate specificities.1 The multidrug
and toxic compound extrusion (MATE) family encompasses
ion−drug antiporters from diverse organisms from bacteria to
humans with 12 or 13 transmembrane (TM) helices in a
topology distinct from transporters of the major facilitator
superfamily.2,3 Several known MATE transporters, including
NorM from Vibrio cholerae (Vc), couple the efflux of a broad
range of compounds to an inward Na+ gradient.2,4,5 Biochemical
studies of NorM from Vibrio parahaemolyticus (77% identical to
Vc-NorM) identified several conserved, membrane-embedded
acidic residues involved in Na+-coupled transport.6 He et al.7

reported a structure of Na+-coupled Vc-NorM in an open-
outward state. No substrate was resolved in this moderate-
resolution structure, but observation of bound Rb+ and Cs+ ions
suggested a location of the ion binding site in the proximity of the
conserved acidic residues Glu255 on TM7 and Asp371 on
TM10. Amolecular dynamics simulation of binding of Na+ to Vc-
NorM supported this binding location and also predicted
transient binding of Na+ at conserved Asp36 on TM1.8

Two sets of crystal structures of MATE transporters have been
used to begin to address the location(s) of drug binding (Figure
S1 of the Supporting Information). One set of structures of Na+-
coupled NorM from Neisseria gonorrhea (Ng; 34% identical to
Vc-NorM) identified ethidium, rhodamine 6G, or tetraphenyl-

phosphonium (TPP) bound to the periplasmic side of the open-
outward state (i.e., open to the periplasm) in a site distinct from
the Na+ binding site.9 Additionally, Tanaka et al.10 reported
structures of a H+-coupled MATE transporter from Pyrococcus
furiosus (Pf) that revealed norfloxacin bound in a cavity in the
middle of the membrane. A pH-dependent obstruction of this
cavity, resulting from protonation of conserved Asp41 (Asp36 in
Vc-NorM), suggested amechanism of substrate dissociation. The
prediction that Na+ also interacts with this Asp raises the
possibility that the same mechanism may operate in Na+-coupled
MATE transporters and that the distinct substrate binding sites
observed in Ng-NorM and Pf-MATE represent ion-dependent
steps in drug extrusion.
Fluorescent substrates have long been used to probe substrate

binding sites and provide mechanistic insight,11 but their utility is
often limited by various sources of interference, particularly for
multidrug transporters in which substrates tend to be hydro-
phobic and therefore partition into bilayers. This partitioning
confounds interpretation of changes in substrate fluorescence as
both lipid binding and transporter binding lead to increased
fluorescence. Alternatively, electron paramagnetic resonance
(EPR) spectroscopy with spin-labeled substrates is virtually free
from interference and can reveal the environment of the label, its
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accessibility, and its distance from other spin-labels. For example,
Omote and al-Shawi12 used spin-labeled verapamil to measure
binding to human P-glycoprotein and active uptake of this
substrate into proteoliposomes. More recently, Gaffney et al.13

mapped the binding site of a spin-labeled lipid in soybean
lipoxygenase-1.
In this study, we use a spin-labeled derivative of daunorubicin,

Ruboxyl, to probe the substrate binding site on Na+-coupled Vc-
NorM and its response to Na+. This compound was developed
previously to reduce oxidative side effects of chemotherapeutic
daunorubicin treatment.14 It contains a fluorescent anthracycline
moiety and a tetramethylpiperidone nitroxide attached via a
hydrazone linker (Figure 1). We show that NorM has a

micromolar affinity for Ruboxyl even in the presence of Na+, and
that Ruboxyl binds at a site where the motion of the spin-label
moiety is restricted, yielding an immobilized line shape
consistent with high-affinity binding. We used double
electron−electron resonance (DEER) spectroscopy15−17 to
locate the high-affinity binding site on NorM in the apo and
Na+-bound states. These experiments show that the substrate
binds at a single site on Vc-NorM and that Na+ does not induce
substrate translocation to a second, distinct site. Furthermore, we
establish Ruboxyl as a useful probe for drug binding to address
questions about the mechanism of ion-coupled antiport of
hydrophobic molecules.

■ EXPERIMENTAL PROCEDURES
Test Substrates. Ruboxyl was obtained from Ambinter

(Orleáns, France). For binding experiments, concentrations of
stock solutions of test substrates were determined spectrally as
follows: Ruboxyl, daunorubicin, doxorubicin, A480 in H2O, ε =
11500 M−1 cm−1; rhodamine 6G, A530 in ethanol, ε = 116000
M−1 cm−1. Stocks of test substrates were diluted with GF buffer
[50 mM HEPES/MES-NaOH and 0.05% β-DDM (pH 7.5)].
Drug Resistance Assay. Drug-sensitive Escherichia coli

BL21 Δ7 [denoting the deletion of seven genes associated with
multidrug resistance (macAB, yojHI, acrAB, acrEF, emrAB,
emrKY, and mdtEF)] cells18 were freshly transformed with
empty pET19b or pET19b encoding wild-type or mutant NorM
with an N-terminal 10-His tag under the control of the inducible
T7 promoter. A dense overnight culture of the transformant was
used to inoculate 5 mL of LB broth containing 0.1 mg/mL
ampicillin and 0.1 mM IPTG. Aliqouts (10 μL) of cells in the
exponential growth phase (A600 = 1.0) were used to inoculate
wells of a microplate containing 50% LB broth, 0.1 mg/mL
ampicillin, 10 μM IPTG, and 0−34 μM Ruboxyl or doxorubicin.
The cell density was measured by A600 on a microplate reader

after the samples had been grown for 5 h at 37 °C and shaken at
200 rpm. The density was normalized to the density of the wells
containing the lowest drug concentration.

Site-Directed Mutagenesis. Wild-type (WT) norM in
pET19b was used as the template plasmid for construction of
Cys-less NorM, which in turn was used as the template for
generation of single-Cys substitutions. Substitution mutations
were generated using a single-step PCR in which the entire
template plasmid was replicated from a single mutagenic primer.
The template plasmid was subsequently degraded by DpnI
digestion. Plasmids were propagated using XL-1 Blue or DH5α
cells, and mutations were confirmed by DNA sequencing.

Expression and Purification of NorM. BL21(DE3) cells
were freshly transformed with a pET19b vector encoding WT or
mutant NorM with an N-terminal 10-His tag. A transformant
colony was used to inoculate a 20 mL LB culture and
subsequently 1 L of minimal medium A as previously
described.19 Cultures were incubated while being shaken at 37
°C until they reached an OD600 of 1.0, at which time the
expression of NorM was induced by the addition of IPTG to a
final concentration of 1 mM. The cultures were incubated for an
additional 4 h at 30 °C and then harvested and stored overnight
at −20 °C. Cell pellets were resuspended in 20 mL of lysis buffer
[20 mM Tris-HCl, 20 mM NaCl, 30 mM imidazole, and 5% (v/
v) glycerol (pH 8.0)], including 10 mM DTT, and lysed by four
passes through an Avestin C3 homogenizer. Cell debris was
removed by centrifugation at 9000g for 10 min. Membranes were
collected from the supernatant by centrifugation at 200000g for 1
h. Membrane pellets were resuspended in lysis buffer containing
1% β-dodecyl maltoside (β-DDM) and 0.5 mM DTT and
incubated on ice while being stirred for 30−45 min. Insoluble
material was cleared by centrifugation at 193000g for 30min. The
cleared extract was loaded onto a 4 mL Ni-NTA affinity column
equilibrated in Ni buffer [20 mM Tris-HCl, 20 mM NaCl, and
0.05% (w/v) β-DDM (pH 8.0)] at a flow rate of 1.5 mL/min.
After being washed with 5 column volumes of Ni buffer
containing 30 mM imidazole, NorM was eluted with Ni buffer
containing 300 mM imidazole. The eluate was concentrated to
0.5 mL with a spin concentrator (100 kDa, Millipore) and
injected onto a Superdex 200 column (GE) equilibrated with GF
buffer with or without 20 mM NaCl. Purified NorM was
concentrated using a spin concentrator (100 kDa), and the final
concentration was determined by A280 (ε = 1.075 mg−1 cm−1).
Purified NorM was stored on ice until it was used within 1 week.

Fluorescence Anisotropy. Dilutions of WT or Cys-less
NorM in GF buffer were mixed with a constant concentration of
a test substrate in a total volume of 25 μL in a 384-well black
microplate and incubated at room temperature for >5 min. The
anisotropy of daunorubicin, doxorubicin, and Ruboxyl fluo-
rescence (λex, 485 nm; λem, 595 nm) was measured using a
BioTek Synergy H4 microplate reader.

CW-EPR Spectroscopy. Dilutions of Cys-less or Cys-
substituted, spin-labeled NorM in GF buffer with or without
20 mM NaCl were mixed with a constant concentration of a test
substrate in a total volume of 25 μL and transferred to a glass
capillary. Spectra were recorded on a Bruker EMX spectrometer
with a microwave power of 10 mW and a modulation amplitude
of 1.6 G.

Binding Analysis. Fluorescence anisotropy values and the
heights of the high-field resonance lines from CW-EPR spectra
were fit with a binding model assuming one site on NorM (P)
where affinity for Ruboxyl (L) is described by a dissociation
constant, KD [KD = ([P][L])/[PL]]. In this system, Ruboxyl

Figure 1. Structure of Ruboxyl.
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binds to NorM, partitions into DDM micelles, and nonspecifi-
cally associates with the NorM−DDM complex. Because it is not
practical to deconvolute these binding events, we use [PL] here
to describe all Ruboxyl not free in solution. Therefore, KD values
describe an amalgamation of all binding events present in the
system. Depletion of unbound NorM and Ruboxyl was
accounted for by subtracting NorM and Ruboxyl present in
complex (PL) from the total starting concentrations ([P] = Ptotal
− [PL]; [L] = Ltotal − [PL]). Combination of these equations
results in a quadratic, which was used to fit the data in Origin 8
(OriginLab Corp., Northampton, MA). The contributions of the
signal from bound (Ibound) and unbound (Iunbound) Ruboxyl
molecules were related to the total signal (Itotal) by the equation
Itotal = f boundIbound + f unboundIunbound, where f bound and f unbound are
the fractions of bound (from [PL]) and unbound (from [L])
Ruboxyl, respectively. Iunbound is the fluorescence anisotropy
value or height of the high-field line of Ruboxyl with no NorM
present. Ibound is the y-asymptote of the binding data, dependent
on the fit, and is an amalgamation of the signal from all bound
species. The KD from the resulting curve represents an apparent
KD of detergent-solubilized NorM, which includes contributions
from the partitioning of Ruboxyl into detergent micelles and
nonspecific association (see Results).
DEER Spectroscopy. Dilutions of Cys-less or Cys-

substituted, spin-labeled NorM in GF buffer were mixed with
the indicated concentrations of test substrates and/or NaCl in a
total volume of 10 μL. Glycerol was added to samples to a final
concentration of 30% (w/v) as a cryoprotectant. Dipolar time
evolution data were collected at 83 K on a Bruker Elexsys E580
spectrometer operating at Q-band frequency (34 GHz) using a
standard four-pulse protocol.20 Raw spin echo decays were
analyzed using DeerAnalysis201121 and fit using Tikhonov
regularization22 or a single Gaussian model (Figure S2 of the
Supporting Information).
Water Accessibility Measurement. Cys-less NorM and

Ruboxyl were mixed in a 4:1 ratio and then passed through a spin
concentrator (100 kDa) to deplete unbound Ruboxyl. Power
saturation curves were measured in a gas-permeable TPX
capillary equilibrated in N2 as previously described.

23 The final
concentration of Ni-EDDA was 50 mM.

■ RESULTS
NorM Transports Ruboxyl.To determine whether Ruboxyl

is suitable for probing substrate binding throughout the transport
cycle, we tested Ruboxyl transport by Vc-NorM using an in vivo
drug resistance assay. Drug-sensitive E. coli BL21 Δ7 cells18

expressing WT Vc-NorM or harboring the empty vector were
cultured in the presence of various concentrations of Ruboxyl or
doxorubicin, a known substrate of Vc-NorM.5,7 Ruboxyl was
toxic to cell growth with an IC50 of ∼3 μM compared to an IC50
of ∼1 μM for doxorubicin. Expression of Vc-NorM, induced by a
low concentration of IPTG, allowed cell growth at higher
concentrations of Ruboxyl and doxorubicin relative to growth of
the nonexpressing cells (Figure 2A). These results suggest that
NorM actively extrudes Ruboxyl from the cytoplasm.
Ruboxyl Binds to WT and Cys-less NorM with Micro-

molar Affinity. To facilitate experiments with Cys-substituted
NorM, we used site-directed mutagenesis to generate a NorM
construct in which the three endogenous Cys residues at
positions 196, 330, and 369 were mutated to Ala, Thr, and Val,
respectively. The function of Cys-less NorM was confirmed by
measuring resistance to doxorubicin in the drug resistance assay
described above (Figure 2A). We determined the binding affinity

of detergent-solubilized Cys-less NorM for Ruboxyl by taking
advantage of the fluorescence of the anthracycline moiety (λex,
485 nm; λem, 595 nm). Wemeasured the fluorescence anisotropy
of 0.2 μM Ruboxyl at concentrations of NorM from 0.01 to 100
μM. The binding curve was fit with a classic binding model
assuming a single binding site characterized by a dissociation
constant, KD. The fit yielded an apparent KD of 1 μM (Figure
2B). We use “apparent” here because measurement of the
intrinsic KD was hindered by partitioning of Ruboxyl into β-
DDM micelles, which appears to be enhanced by nonspecific
interactions with NorM in these micelles (see below). Binding
affinities of Cys-less NorM for doxorubicin and Ruboxyl were
identical to those of the wild type (Figure 2B and Table 1).
Therefore, subsequent experiments were conducted with the
Cys-less construct.

Ruboxyl Becomes Immobilized upon Binding. Ruboxyl
offers the added benefit of detection of binding by the
immobilization of the spin-label moiety, evident by changes in
the CW-EPR spectral line shape. In GF buffer with 20 mM Na+

and detergent but no NorM, the EPR line shape of Ruboxyl was
characteristic of fast motion, as expected for free tumbling in
solution (Figure 3A, black). Incubation of Ruboxyl with NorM
resulted in a multicomponent spectrum (Figure 3A, red). The

Figure 2. Ruboxyl is a substrate of NorM. (A) The Ruboxyl resistance of
drug-sensitive BL21 Δ7 cells was measured using a growth
complementation assay. Cells expressing WT NorM (white) or Cys-
less NorM (gray) or harboring empty pET19b (black) were cultured in
50% LB containing 0.1mg/mL ampicillin, 10 μMIPTG to induceNorM
expression, and 0−34 μM Ruboxyl (circles) or doxorubicin (squares).
The optical density of the cultures relative to the culture with the lowest
drug concentration is plotted. (B) In vitro binding of Ruboxyl by wild-
type (black) or Cys-less (white) NorM was measured by fluorescence
anisotropy. Anisotropy values were collected for 25 μL samples
containing 0.2 μM Ruboxyl and 0.01−100 μM NorM in GF buffer.
The solid lines are nonlinear, least-squares fits assuming a single binding
site with an apparent KD of 0.9 μM (WT) or 1 μM (Cys-less).
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most mobile component, characterized by sharp resonance lines,
is similar to that observed in buffer without NorM and arises
from the fraction of Ruboxyl that remained unbound in solution.
The least mobile component, characterized by the outer extrema

(inset in Figure 3A), is consistent with a loss of isotropic motion
and arises from Ruboxyl bound to NorM in a sterically restrictive
environment. To quantitate binding, we measured the height of
the high-field resonance line (star in Figure 3A) at increasing
concentrations of NorM. The intensity of this line has little
contribution from the spectrum of bound Ruboxyl, which is
significantly broader. Therefore, this line best represents the
fraction of unbound Ruboxyl. The binding curve, determined
from the decrease in the peak height of the high-field resonance
line (Figure 3B) and calculated as described in Experimental
Procedures, indicated an apparent KD of 1.5 μM, consistent with
the value determined by fluorescence anisotropy. We observed a
similar binding curve for wild-type NorM (data not shown).
Even at saturating concentrations of NorM (11-fold molar

excess over Ruboxyl), a small fraction of the fast, free signal
remained in the CW-EPR spectrum (∼12% from the experiment
in Figure 3A,B). This signal could arise from free spin-label
hydrolyzed from Ruboxyl or a fraction of Ruboxyl that partitions
into detergent micelles and is not accessible to NorM. We
repeated several points of the binding curve using 5-fold higher
concentrations of Ruboxyl and NorM while holding the β-DDM
concentration constant. In this experiment (Figure 3C), the
fraction of spins remaining in the fast component in the presence
of excess NorM was reduced to approximately 1.5%, suggesting
that these spins remain mobile because of the partitioning of
Ruboxyl molecules into β-DDM micelles rather than hydrolysis
of the label. The concentration of spins contributing to the fast
component of the spectrum (1−2 μM) was on the order of the
concentration of empty β-DDM micelles [0.05% (w/v) β-DDM
= 7.0−8.8 μM]. This calculation assumes an aggregation number
of 110−140,24 though Anatrace reports values from 78 to 149.

NorM Substrates, but Not Na+, Displace Ruboxyl at the
High-Affinity Site. To determine whether Ruboxyl binds to a
site shared by other known substrates, we added NorM to a
mixture of Ruboxyl and an excess of doxorubicin, daunorubicin,
or rhodamine 6G to compete for the Ruboxyl binding site in the
presence of 20 mM NaCl. Ruboxyl binding was gauged by the
height of the high-field resonance line. Figure 4A shows that
approximately half of the Ruboxyl molecules bound NorM even
in the presence of a 50-fold excess of competitor. The CW-EPR
line shape of Ruboxyl in the presence of NorM and excess
doxorubicin (Figure 4B) showed a reduction of the immobilized
component, indicating that competitors block the binding of
Ruboxyl to the high-affinity site. This competition suggested that
approximately half of Ruboxyl molecules bind to the drug
binding site shared with known substrates, but that additional
Ruboxyl molecules bind elsewhere on NorM (see below). We
observed a similar degree of competition in the absence of Na+

(data not shown).
Because NorM is a Na+-coupled transporter, we measured the

effect of Na+ on Ruboxyl binding using the EPR line shape by
preparing Cys-less NorM in Na+-free buffer. Ruboxyl binding, as
measured by the height of the high-field resonance line, was
nearly identical to binding in the presence of 20 mM Na+ and
indicated an apparent KD of 1.8 μM (Figure 3B). Furthermore,
inclusion of Na+ in a mixture of Ruboxyl and NorM did not
prevent Ruboxyl binding (Figure 4C).

Additional Ruboxyl Molecules Bind Nonspecifically.
The inability of competitors to completely prevent Ruboxyl
binding suggested that Ruboxyl molecules may also bind NorM
nonspecifically. The line shape of the population of Ruboxyl
molecules that binds to NorM in the presence of doxorubicin was
more restricted than that of free Ruboxyl but more mobile than

Table 1. Binding Affinities of Wild-Type and Cys-less NorM

apparent KD
a (μM)

NorM doxorubicin daunorubicin Ruboxyl

wild type 0.6 ndb 0.9
Cys-less 0.6 2.5 1.0

aCalculated from a nonlinear, least-squares fit of fluorescence
anisotropy data (see Experimental Procedures). bNot determined.

Figure 3. Immobilization of bound Ruboxyl. CW-EPR spectra were
recorded for 25 μL samples containing 7 μM Ruboxyl and 0−80 μM
NorM in GF buffer. (A) The spectrum of free Ruboxyl (black) shows
sharp lines characteristic of a mobile nitroxide. The high-field resonance
line is marked with an asterisk. The spectrum of Ruboxyl with 80 μM
NorM (red) shows features of an immobilized nitroxide and diminished
intensity of sharp resonance lines. The inset shows the broadened low-
field line. (B) The relative height of the high-field resonance line (inset)
decreases with increasing NorM concentrations. Line heights were
normalized to that of free Ruboxyl. Similar binding was observed in the
presence (■) or absence (□) of 20 mMNaCl. A nonlinear, least-squares
fit of the Na+-free condition assuming a single binding site with an
apparent KD of 1.8 μM () fits well with both binding curves. The fit of
the Na+ condition (not shown) is superimposable and has an apparent
KD of 1.5 μM. (C) Spectrum of 80 μM free Ruboxyl (black) compared to
the spectrum of 80 μMRuboxyl in the presence of 440 μMNorM (red).
The bound spectrum was multiplied by 15 to show the details of the line
shape.
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that of bound Ruboxyl, consistent with lower-affinity binding or
nonspecific association (Figure 4B). We hypothesize that this
component results from the partitioning of Ruboxyl molecules
into detergent micelles containing NorM, possibly interacting
with its surface.
Nonspecific binding of Ruboxyl to detergent and/or NorM

could interfere with experiments to localize the substrate binding
site. Therefore, we determined conditions to select for Ruboxyl
binding in the specific, competitor-sensitive site. When more
than one Ruboxyl molecule is bound to the NorM−DDM
complex simultaneously, it should be possible to detect a dipolar
interaction between the two nitroxide moieties. The CW-EPR
spectra recorded during the experiments shown in Figures 3 and
4 did not indicate short-range dipolar coupling, suggesting that
the binding sites must place the multiple spin-label moieties >20
Å apart. Therefore, we used DEER spectroscopy to detect a
longer-range dipolar interaction. With a 6-fold molar excess of
NorM, only the primary, high-affinity binding site on NorM
should be occupied by Ruboxyl. At the other end of the range, a
3-fold excess of Ruboxyl should occupy every available site on

NorM and in complex with detergent. Consistent with this
model, the relative depth of modulation of the echo decay, which
is an indicator of the fraction of interacting spins at a constant
total concentration of Ruboxyl, increased with decreasing
amounts of NorM (Figure 5A). This result demonstrates that

excess Ruboxyl promoted binding to nonspecific sites in the
NorM−micelle complex. The depth of modulation appeared to
approach a maximum with a 3-fold excess of Ruboxyl, suggesting
that two or three Ruboxyl molecules bind on the NorM−DDM
complex. No echo decay was observed with Ruboxyl in DDM
micelles when NorM was absent (data not shown), indicating
that one of the sites is specific to NorM, presumably the high-
affinity site characterized by the immobilized line shape. The
shapes of the spin echo decays at each NorM:Ruboxyl ratio were
consistent with broad distributions of distances from 20 to 60 Å
reflecting the high degree of disorder in at least one of the binding
sites. To confirm that the dipolar interaction involved the
Ruboxyl molecules occupying the high-affinity site, we measured
the echo decay of a 1.4:1 NorM:Ruboxyl ratio in the presence of
excess doxorubicin. The competitor reduced the level of dipolar
interaction to almost undetectable levels (Figure 5B), which we
interpret as the competitor excluding Ruboxyl from the high-
affinity site.

High-Affinity Ruboxyl Binding Occurs at a Single Site.
Because Ruboxyl bound at the high-affinity site is highly ordered,
as evidenced by the immobilized spectral line shape, it was
possible to measure distances between bound Ruboxyl and single
spin-labeled sites on NorM. For this purpose, we introduced
single spin-labels at positions 44, 54, 125, 267, 269, and 338 on
the periplasmic side of Vc-NorM and at position 216 on the
cytoplasmic side (Figure 6A). These positions were selected on
the basis of their locations at the ends of helices surrounding the

Figure 4. Competition for the substrate binding site. (A) Peak height of
the high-field resonance line of 7 μMRuboxyl in GF buffer with 20 mM
NaCl (uB) compared to peak heights of Ruboxyl bound to 10 μMNorM
without competitor (B) or in the presence of 350 μM daunorubicin
(DNR), doxorubicin (DXR), or rhodamine 6G (R6G). Peak heights
were normalized to that of free Ruboxyl. The dashed line indicates the
fraction of the signal resulting from detergent-bound Ruboxyl. (B) CW-
EPR spectra of bound Ruboxyl (110 μMNorM and 80 μMRuboxyl) in
the presence (dark gray) or absence (black) of 2.8 mMdoxorubicin. The
spectrum of 80 μM Ruboxyl without NorM is plotted (30% of full
signal) in light gray for line shape comparison. Inset spectral details show
the disappearance of the immobilized component in the presence of
doxorubicin. (C) Peak height of the high-field resonance line of 7 μM
Ruboxyl in GF buffer (uB) compared to peak heights of Ruboxyl bound
to 10 μM NorM without Na+ (B) or in the presence of 20 or 100 mM
NaCl.

Figure 5. Binding of additional Ruboxyl molecule(s) is nonspecific. (A)
DEER decays are shown for samples containing 80 μM Ruboxyl and
20−440 μMNorM (themolar ratio of NorM to Ruboxyl is noted) in GF
buffer with 20 mM NaCl. (B) DEER decays are shown for bound
Ruboxyl (110 μM NorM and 80 μM Ruboxyl) in the absence or
presence of 2.8 mM doxorubicin.
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putative drug binding cleft. We measured the distances between
each site and bound Ruboxyl in the absence of Na+ using DEER
spectroscopy. Experiments were conducted with a 4-fold excess
of NorM to select for Ruboxyl binding to the high-affinity site

and to reduce the level of nonspecific binding. For Ruboxyl-
bound NorM labeled at positions 125, 216, 267, 269, and 338, we
observed oscillating spin echo decays (Figure S2 of the
Supporting Information) indicative of well-defined distributions
of distances centered at 25, 42, 17, 23, and 34 Å, respectively
(Figure 6B). The narrow distance distributions are consistent
with Ruboxyl binding at a single, specific site. We confirmed that
the dipolar interaction between Ruboxyl and the label at position
216 arose from Ruboxyl bound in the high-affinity site by
measuring the spin echo decay in the presence of excess
doxorubicin. The presence of competitor greatly attenuated the
oscillation in the spin echo decay by excluding Ruboxyl from the
high-affinity site (Figure S3 of the Supporting Information).
Additionally, we observed dipolar coupling in the CW-EPR
spectra of Ruboxyl-bound NorM labeled at positions 44 and 54
indicated by broadening of the low-field resonance line (Figure
6C).

Location of the Ruboxyl Binding Site. Distance
distributions from DEER experiments were used to locate the
position of the nitroxide moiety of Ruboxyl bound to NorM
using the crystal structures of NorM as a scaffold. To facilitate
this triangulation, we first modeled the spin-label rotamers at the
seven labeled sites on structural models derived from the crystal
structures of cation-bound Vc-NorM (PDB entry 3MKT) and
rhodamine-bound Ng-NorM (PDB entry 4HUN) using
MMM.25 This program generates rotamers of the spin-label
side chain that are sterically compatible with the modeled protein
structure at the labeled site. A potential position of the Ruboxyl
nitroxide was triangulated using distances from the top 26
rotamers for spin-labels at positions 125, 216, 267, 269, and 338.
To accommodate potential errors in the structural model and
rotamer placement, we conducted fitting with all combinations of
three distances (to reduce the weight of any one spin-label
position in the fitted position of Ruboxyl) and allowed the
position of the Ruboxyl nitroxide to deviate from the measured
DEER distance by ∼4 Å. This fitting procedure yielded up to
17576 potential positions from each of the 10 sets of spin-label
combinations. To cull the number of potential positions, we
eliminated those positions incompatible with short-range dipolar
coupling interactions with spin-labels at positions 44 and 54 (i.e.,
10−27 Å from the Cα position of these residues). To further
restrict the placement of potential Ruboxyl positions, we
determined the exposure of the Ruboxyl nitroxide to water by
measuring the frequency of collisions with Ni-EDDA, a water-
soluble paramagnetic relaxing agent. Low to moderate
accessibility to Ni-EDDA (Π = 0.45) allowed us to restrict
potential positions to those inside the binding cleft, which is also
consistent with the immobilized EPR line shape.
This constrained triangulation procedure using the structure

of Vc-NorM (PDB entry 3MKT) generated a band of potential
Ruboxyl nitroxide positions on the periplasmic side of the open
cleft running fromTM3 along the C-terminal half of the cleft and
ending at TM 8 (Figure 7A). Notably, there is a confluence of
points between TM 2 and TM 7 consistent with all combinations
of distances (arrow in Figure 7A). Because this method depends
on the reliability of the backbone assignments in the crystal
structure, we also conducted the triangulation procedure using
the higher-resolution, substrate-bound structure of Ng-NorM
(PDB entry 4HUN). Equivalent amino acid positions between
Vc-NorM and Ng-NorM were derived from the alignment
reported by Lu et al.9 Significantly, this alignment places residue
125 in the loop between TM 3 and TM 4 rather than on TM 4,
thus displacing the position of the α-carbon by 15 Å (compare

Figure 6. Measurements of distances to bound Ruboxyl. (A) The
positions of spin-labels used for distance measurements with DEER
(yellow) or CW-EPR (blue) are shown as spheres on the structure ofVc-
NorM (PDB entry 3MKT). (B) Distributions of distances (r) between
Ruboxyl and spin-labels at positions 125, 216, 267, 269, and 338.
Samples were prepared with NorM and Ruboxyl maintaining a
NorM:Ruboxyl molar ratio of 3.75:1. The peak marked with as asterisk
in the distance distribution from position 267 arose from aggregation,
which was evident in the DEER decay as a long, poorly defined
component (Figure S2 of the Supporting Information). (C) CW-EPR
spectra in the presence (red) or absence (black) of Ruboxyl are shown
for labels at positions 44 and 54. Spectral details show broadening of the
low-field resonance line.
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panels B and C of Figure 7). For this reason, we used a set of 16
combinations of three distances, which included distances from
either the end of TM 4, consistent with structural position 125 in
Vc-NorM (137 in Ng-NorM), or the 3−4 loop, the equivalent
position in Ng-NorM (131) based on the sequence alignment. A
similar band of potential Ruboxyl nitroxide positions in the
periplasmic cleft was generated. Measurement from the 3−4 loop
position of 125 places the Ruboxyl nitroxide in the cleft near the
periplasmic end of TM 8 (Figure 7B), but this location is not
consistent with all distances. When the distance is measured from
position 125 of TM 4, a confluence of points appeared between
TM 2 and TM 7 similar to the cluster generated on the Vc-NorM
scaffold (arrow in Figure 7C). This cluster of potential positions
of the Ruboxyl nitroxide is consistent with the placement of the
high-affinity Ruboxyl binding site in the periplasmic cleft.
Na+ Does Not Alter the Location of Ruboxyl Binding.

To address the possibility that Na+ binding drives substrate
translocation to a distinct binding site, wemeasured the distances
from Ruboxyl to the spin-labeled sites mentioned above in the
presence of 70 mM NaCl. For Ruboxyl-bound NorM labeled at
positions 125, 216, 267, 269, and 338, we observed oscillating
spin echo decays resulting in distance distributions similar to
those observed under Na+-free conditions (Figure 8A). For
Ruboxyl-bound NorM labeled at positions 44 and 54, broad-
ening of the CW-EPR line shape due to dipolar coupling was
similar to broadening observed under Na+-free conditions
(Figure 8B). These results indicate that the position of the
nitroxide of Ruboxyl is not altered by the presence of Na+.

■ DISCUSSION
Current models of antiport by MATE family transporters based
on the crystal structures of Vc-NorM,7 Ng-NorM,9 and Pf-
MATE10 propose a conformational change, induced by binding
of the coupling ion, that results in reduced binding affinity for
substrates (Figure S1 of the Supporting Information). Addition-
ally, the substrate binding site observed inNg-NorM differs from
that observed in Pf-MATE, raising the possibility of ion-driven
translocation of substrate throughmultiple sites during transport.
In this study, we have identified a spin-labeled substrate of Vc-
NorM, Ruboxyl, and used EPR spectroscopy to monitor this
substrate in its binding site to address questions of drug binding

and translocation during ion-coupled antiport by a MATE
transporter. We found that Ruboxyl binds to a single, periplasmic
site and that neither the affinity nor the location of this site is

Figure 7. Location of bound Ruboxyl. Ribbon representations of the crystal structures of Vc-NorM (A) and Ng-NorM (B and C) are shown from a
periplasmic perspective. TM 1 has been omitted for the sake of clarity. Positions of spin-labels are shown as yellow spheres denoting the Cα position
surrounded by the cloud of most likely rotamers of the spin-label side chain generated by MMM. Possible positions of the Ruboxyl nitroxide are shown
as small spheres, where coloring differentiates positions derived from triangulation using different sets of three distances. (A) Using the crystal structure
of Vc-NorM as a scaffold resulted in a band of potential Ruboxyl nitroxide positions on the periplasmic side of the cleft with a confluence of points
(arrow) lying between TM 2 and TM 7. (B) Using the crystal structure of Ng-NorM and the 3−4 loop position of Vc-NorM residue 125 (Ng-NorM
residue 131) results in nitroxide positions surrounding TM 8. Combinations of distances that do not include position 125 are omitted. (C) Using the
crystal structure of Ng-NorM and the TM 4 position of Vc-NorM residue 125 (Ng-NorM residue 137) results in a confluence of potential Ruboxyl
nitroxide positions (arrow) similar to that seen with Vc-NorM (panel A). The red arrows in panels B and C indicate the difference between the
placement of the sequence equivalent or the structural equivalent of Vc-NorM residue 125.

Figure 8. Effect of Na+ on measured distances to bound Ruboxyl. (A)
Distributions of distances (r) between Ruboxyl and spin-labels at
positions 125, 216, 267, 269, and 338. Samples were prepared in the
presence (red) or absence (black) of 70 mM NaCl with NorM and
Ruboxyl maintaining a NorM:Ruboxyl molar ratio of 3.75:1. (B) CW-
EPR spectra of Ruboxyl bound to NorM spin-labeled at position 44 or
54 in the presence (red) or absence (black) or 70 mM NaCl. Spectral
details show the low-field resonance line. The peak marked with an
asterisk in the distance distribution from position 267 arose from
aggregation, which was evident in the DEER decay as a long, poorly
defined component (Figure S2 of the Supporting Information).
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altered by Na+. Independence of substrate and Na+ binding
conflicts with the classical model of antiport in which binding of
substrate and coupling ion is mutually exclusive and thus raises
questions about themechanism of coupling inNorM during drug
antiport.
Ruboxyl is a spin-labeled derivative of daunorubicin, a known

substrate of NorM.5 We show that Ruboxyl is toxic to cells and
that expression of Vc-NorM confers resistance to this toxicity
(Figure 2A), indicating that Vc-NorM transports Ruboxyl.
Furthermore, the micromolar affinity of Ruboxyl is equivalent
to affinities reported for binding of drug to Vc-NorM and its
homologues.7,26 Therefore, the interaction of Ruboxyl that we
have characterized here is relevant to the transport mechanism
and likely not unique to this molecule. We foresee the further
utilization of Ruboxyl to probe the substrate binding site(s) on
MATE transporters and the many other multidrug transporters
that transport anthracyclines.2,11,27−30

The EPR data indicated that the apparent binding affinity for
Ruboxyl has contributions from multiple binding modes. Most
interesting and informative, binding of Ruboxyl to a high-affinity
site on Vc-NorM is evident in the appearance of an immobilized
component in the EPR line shape and marked reduction of this
component in the presence of an excess of known Vc-NorM
substrates acting as competitors. This immobilized population
likely represents the Ruboxyl molecules bound with higher
affinity to the native substrate binding site. In contrast,
nonspecifically bound Ruboxyl did not respond to the presence
of competitors and had a more mobile EPR line shape reflecting
disorder of the bound molecule. We hypothesize that Ruboxyl
molecules bound to Vc-NorM with a high degree of disorder are
nonspecifically associated with detergent molecules in complex
with solubilized Vc-NorM. Given the convolution of binding
modes, we report only the apparent KD for binding of Ruboxyl to
Vc-NorM in β-DDMmicelles. Earlier characterizations of NorM
that used anisotropy as a measure for binding of doxorubicin7 or
rhodamine 6G26 in the presence of detergent have likely also
reported an apparent KD with contributions from multiple
binding modes, and this convolution should be expected in all
measurements of binding of a hydrophobic ligand to a detergent-
solubilized receptor.
In the crystal structures ofNg-NorM bound to TPP, ethidium,

or rhodamine 6G, the substrates bind to the same location on the
periplasmic side of the cleft between the two halves of Ng-NorM
in an apparently open-outward state. We have used distances
between bound Ruboxyl and seven spin-labeled sites on NorM,
determined by DEER and CW-EPR spectroscopy, to triangulate
the high-affinity site of Ruboxyl binding using the crystal
structures of Vc-NorM and Ng-NorM as a scaffold. These two
structural models are very similar, but differences in helical
register became apparent when label positions were chosen for
distance measurements. The most significant discrepancy
between the structures was the position of residue 125, which
sits on the top of TM 4 in Vc-NorM but is placed in the extended
3−4 loop of Ng-NorM by sequence alignment. Therefore, we
compared the triangulation results from both structures to take
advantage of the higher-resolution and substrate-bound state of
the Ng-NorM structure. The results of the triangulation
procedure placed the position of the nitroxide of bound Ruboxyl
at the edge of the periplasmic cleft near TM7. This position is
consistent with the location occupied by substrates in the crystal
structures of Ng-NorM and is in the proximity of the hairpin
formed by TM 7 and TM 8, which is proposed to move in
response to ion and/or substrate binding.9 Because the linkage

between the bulk of Ruboxyl and the nitroxide is flexible, we are
unable to establish the orientation of the Ruboxyl in the binding
site. Even so, the triangulated position of Ruboxyl is not
consistent with the occupancy of a more cytoplasmic site in the
cleft as observed in the crystal structure of norfloxacin-bound Pf-
MATE.10 The data presented here indicate a single binding site
and offer no evidence of ion-induced translocation of the
substrate betweenmultiple sites. Indeed, no effect of the coupling
Na+ ion was observed in our experiments.
The absence of an effect of Na+ on Ruboxyl binding is

surprising given that drug antiport by VcmA (a 99% identical
orthologue of Vc-NorM) as well as Vp-NorM and Ng-NorM has
been shown to be Na+-coupled.4,5,26 In the classical paradigm of
ion-coupled antiport, transporters alternate between an inward-
facing state with high affinity for substrate and low affinity for ion
and an outward-facing state in which the reverse is true. Mutually
exclusive binding of substrate to the inward-facing state and ion
to the outward-facing state induces the opposite state. The data
presented here show that the location and apparent affinity of the
Ruboxyl binding site are not dependent on the presence of Na+

under these conditions. This observation is not consistent with
mutually exclusive binding of substrate and coupling ion. One
possible explanation is that we did not use a sufficient
concentration of Na+ to elicit a structural response from NorM
that would lead to substrate release. However, our preliminary
observations indicate that 70 mM Na+ is enough to induce
structural changes in NorM (P. R. Steed and H. S. Mchaourab,
unpublished observations). Although mutually exclusive binding
has been shown for H+-coupled drug antiporters,31,32 no
experiments have shown substrate-induced Na+ release or vice
versa. In the only other direct study of substrate binding to a
MATE transporter, Long et al.26 also failed to observe a strong
effect of Na+ on binding of rhodamine 6G toNg-NorM, showing
that varying the Na+ concentration from 0 to 100 mM shifted the
KD by only 2.5 μM.The absence of a Na+ effect observed by these
methods may indicate that the classical paradigm of antiport is an
oversimplification, at least in the case of NorM. An emerging
body of evidence suggests that a transport cycle, rather than
proceeding by complete shifts between distinct states, involves
transporters adopting multiple states in equilibrium.33−35 Ions
and substrates modulate the fractional occupancy of these states
rather than shifting one to another. In this case, the effect of Na+

during transport may be dependent on the presence of a Na+

concentration gradient across the membrane such that our
measurements of substrate affinity in a detergent-solubilized
system at thermodynamic equilibrium may miss any effect of
Na+. Answering the question of how Na+ causes the substrate to
dissociate will require measurements of substrate and ion binding
in the presence of a gradient or measurement of trapped states in
the transport cycle along with definition of how ions and
substrates modulate the equilibrium among these states.
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■ ABBREVIATIONS

CW, continuous wave; β-DDM, β-dodecyl maltoside; DTT,
dithiothreitol; DEER, double electron−electron resonance;
EDDA, ethylenediamine-N,N′-diacetic acid; EPR, electron
paramagnetic resonance; HEPES, 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid; IPTG, isopropyl β-D-1-thiogalactopyr-
anoside; MATE, multidrug and toxic compound extrusion; MES,
2-(N-morpholino)ethanesulfonic acid; Ng, N. gonorrhea; NTA,
nitrilotriacetic acid; PCR, polymerase chain reaction; PDB,
Protein Data Bank; Pf , P. furiosus; TM, transmembrane; TPP,
tetraphenylphosphonium; Vc, V. cholerae; Vp, V. parahaemolyti-
cus.
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