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ABSTRACT: The ATP-binding cassette transporter MsbA in Gram-negative bacteria can transport antibiotics
and toxic ions. However, the key functional regions in MsbA which determine substrate specificity remain to
be identified. We recently examined published mutations in the human MsbA homologue ABCB1 that alter
multidrug transport in cells and identified mutations that affect the specificity for individual substrates (termed
change-in-specificity mutations). When superimposed on the corrected 3.7 A resolution crystal structure of
homodimeric MsbA from Salmonella typhimurium, these change-in-specificity mutations colocalize in a major
groove in each of the two “wings” of transmembrane helices (TMHs) that point away from one another toward
the periplasm. Near the apex of the groove, the periplasmic side of TMH 6 in both monomers contains a
hotspot of change-in-specificity mutations and residues which, when replaced with cysteines in ABCBI,
covalently interact with thiol-reactive drug analogues. We tested the importance of this region of TMH 6 for
drug—protein interactions in Escherichia coli MsbA. In particular, we focused on conserved S289 and S290
residues in the hotspot. Their simultaneous replacement with alanine (termed the SASA mutant) significantly
reduced the level of binding and transport of ethidium and Taxol by MsbA, whereas the interactions with
Hoechst 33342 and erythromycin remained unaffected. Hence, the SASA mutation is associated with a change-
in-specificity phenotype analogous to that of the change-in-specificity mutations in ABCBI1. This study
demonstrates for the first time the significance of TMH 6 for drug binding and transport by MsbA. Based on
these data, a possible mechanism for alternating access of drug-binding surfaces in MsbA is discussed.

ATP-binding cassette (ABC)' transporters are integral
membrane proteins that utilize the energy generated from
ATP binding and hydrolysis to translocate a wide variety of
molecules (e.g., lipids, polysaccharides, proteins, and small
nutrients) across cellular membranes. These molecular pumps
are found in all phyla and form one of the largest protein
families (/, 2).

MsbA is an essential ABC transporter in Gram-negative
bacteria, including the pathogens Salmonella typhimurium,
Vibrio cholera, and Pseudomonas fluorescence (3). The
transporter is involved in the transport of lipid A (also termed
endotoxin) (3, 4), which is the lipid anchor of lipopolysac-
charides in the outer membrane, and which is a potent
activator of innate immunity in mammals via Toll-like
receptors. MsbA can also extrude antibiotics and toxic ions
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from the cell (5-8). In a recent study of the kinetics of drug
and lipid A binding and transport by MsbA from Escherichia
coli, we found that these substrates can interact with MsbA
with a comparable affinity and that lipid A binding can inhibit
drug binding (6).

Our knowledge of the functional regions in MsbA or other
bacterial ABC multidrug transporters affecting their substrate
specificities is still limited. In contrast, a large body of data
on amino acid replacements that influence the recognition
and transport of drugs by the human MsbA homologue
ABCBI exists (reviewed in ref 9). In a recent analysis of
the reported mutations in ABCB1, we separated true change-
in-specificity mutations, which affect the specificity for
individual substrates, from those that either modify the
expression of the protein at the cell surface or alter the overall
transport mechanism, both determined by a comparable
change in the transport of all substrates tested (9). Due to
the absence of a high-resolution crystal structure of ABCBI,
little information about the spatial arrangement of the change-
in-specificity mutations is available, which could give
insights into the location of drug binding sites in the protein.

Here, we superimposed the change-in-specificity mutations
in ABCBI on the recently determined high-resolution (3.7
A resolution) crystallographic structure of homodimeric
MsbA from S. typhimurium (10) (PDB accession number
3b60), the overall shape and domain organization of which
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resemble those of the 3.0 A structure of the homodimeric
ABC transporter Sav1866 from Staphylococcus aureus (11),
and the 8 A cryo-EM structure of ABCB1 (/2) in which
two MsbA-like units are covalently linked. As recent work
on E. coli MsbA demonstrated that this protein can bind and
transport multiple ABCB1 substrates (5, 6, 8), we tested the
relevance of our structural comparisons of ABCB1 versus
S. typhimurium MsbA for drug binding and transport by
MsbA in a site-directed mutagenesis approach in which we
substituted residues in a hotspot of change-in-specificity
mutations in transmembrane helix (TMH) 6 of E. coli MsbA.
This is the first report to demonstrate that TMH 6 in MsbA
is an important determinant of specificity for individual
substrates.

EXPERIMENTAL PROCEDURES

Construction of Plasmids. To generate mutant forms of
E. coli MsbA, the msbA gene was subcloned from pNZMsbA
(6) into the pGEM-5Zf(+) plasmid (Promega) using Ncol/
Xbal sites, yielding pGEMMSsbA. Site-directed mutagenesis
on pGEMMsbA was performed using QuikChange (Strat-
agene, Amsterdam, The Netherlands) with the forward
primer, 5’-CCG TTG TTT TCG CTG CAA TGA TTG CAC
TGA TGC-3" and the reverse primer, 5-GCA ATC ATT
GCA GCG AAA ACA ACG GTA ATC GTA CC-3' to give
pGEMMSsbA-S289A S290A and the forward primer 5-CGG
GTT CAA CCA TCG CCA GCC TG-3" and the reverse
primer 5’-TGG TTG AAC CCG AAC CAG AGC GTC C-3’
to give pGEMMsbA AK382. The PCR products were
digested with Ncol/Xbal (Roche Applied Science, Herts,
U.K.) and ligated into lactococcal vector pNZ8048 (/3) under
the control of the nisin A-inducible promoter nisA, yielding
pNZMsbA AK382 and pNZMsbA S289A S290A. The genes
were sequenced to ensure that only the intended mutation
had been introduced.

Growth of Cells. Lactococcus lactis NZ9000 AlmrA
AlmrCD (14, 15) was grown at 30 °C in M17 medium
(Difco) supplemented with 20 mM glucose and 5 ug/mL
chloramphenicol to an Agg of 0.3. Unless indicated otherwise,
for protein expression, cells harboring pNZMsbA, pPNZMsbA
S289A S290A, pNZMsbA AK382, or pNZ8048 were
incubated for 2 h at 30 °C in the presence of a 1:1000 dilution
of the culture supernatant of nisin A-producing L. lactis strain
NZ9700 (13), corresponding to a nisin A concentration of
approximately 10 pg/mL (76).

For cytotoxicity experiments, cells were grown at 30 °C
to an Ago of 0.3. Subsequently, protein expression was
induced by the addition of 1 pg/mL nisin A preceding the
start of the measurements. The cells were dispensed in the
wells of a 96-well plate in the presence of a range of
concentrations of drugs. Growth was monitored at 30 °C by
measuring the Ageo every 15 min for 5 h in a Versamax plate
reader (Molecular Devices). The 50% inhibitory concentra-
tion (ICsp) was then determined as the concentration of drug
that reduces the maximum specific growth rate by 50%.

Preparation of Inside-Out Membrane Vesicles. Lactococcal
cells were grown to an Aggo of 0.5 and incubated for 1 h at
30 °C in the presence of nisin A to induce protein expression.
Cells were harvested by centrifugation at 13000g for 15 min.
The cell pellet was washed at 4 °C in 50 mM potassium
phosphate buffer (pH 7.0), resuspended to an Aggp of 40 in
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potassium phosphate buffer containing 2 mg/mL lysozyme
and complete protease inhibitor mixture (Roche Applied
Science), and incubated for 30 min at 30 °C. Cells were
broken by being passed three times through a Basic Z 0.75-
kW Benchtop Cell Disruptor at 20000 psi. The solution was
incubated at 30 °C for 30 min after addition of MgSO, and
DNase to final concentrations of 1 mM and 10 ug/mL,
respectively. K-EDTA (pH 7.0) was then added to a final
concentration of 15 mM to prevent aggregation of the
membranes. Unbroken cells and cell debris were removed
by centrifugation at 13000g for 15 min at 4 °C. Inside-out
membrane vesicles were harvested by centrifugation at
125000g for 50 min at 4 °C. The membrane vesicles were
resuspended in 100 mM potassium phosphate buffer (pH 7.0)
containing 10% (v/v) glycerol and were stored in 200 uL
aliquots in liquid N».

Purification of the Hiss-Tagged Protein. Inside-out mem-
brane vesicles were solubilized by rotation at 4 °C for 3 h
in solubilization buffer [5S0 mM potassium phosphate (pH
8.0) containing 10% (v/v) glycerol, 0.1 M NaCl, and 1%
(w/v) n-dodecyl 5-pD-maltoside]. The mixture was centrifuged
at 125000g for 30 min to remove unsolubilized components.
The solubilized protein was mixed with Ni**-nitrilotriacetic
acid resin suspension (Qiagen, West Sussex, U.K.), which
had been preequilibrated with wash buffer A [50 mM
potassium phosphate (pH 8.0) containing 10% (v/v) glycerol,
20 mM imidazole, 0.1 M NacCl, and 0.05% (w/v) n-dodecyl
[B-D-maltoside], at a ratio of 10 mg of Hise-tagged protein/
mL of resin. The resin was then transferred to a 2 mL volume
Biospin disposable chromatography column (Bio-Rad). After
subsequent washing with 4 volumes of wash buffer A and 7
volumes of wash buffer B [S0 mM potassium phosphate (pH
7.0) containing 10% (v/v) glycerol, 20 mM imidazole, 0.1
M NaCl, and 0.05% (w/v) n-dodecyl [3-D-maltoside], the
protein was eluted with 5 volumes of elution buffer [S0 mM
potassium phosphate (pH 7.0) containing 5% (v/v) glycerol,
150 mM imidazole, 0.1 M NaCl, and 0.05% (w/v) n-dodecyl
[-D-maltoside]. Total purified protein was assayed using the
colorimetric DC protein assay (Bio-Rad, Hertfordshire, U.K.)
at A750.

ATPase Activity Measurements. ATPase activities of
purified MsbA proteins were determined using an enzymatic
assay in which ATP hydrolysis is coupled to NADH
oxidation. To measure basal ATPase activity, the reaction
buffer [SO0 mM K-HEPES (pH 8.0) containing 0.3 mM
NADH, 4 mM phosphoenolpyruvate (Roche), 50 ug/mL
pyruvate kinase, 10 ug/mL lactate dehydrogenase (Roche),
3.3 mM MgCl,, and 3.3 mM ATP] was equilibrated at 30
°C for 5 min. The reaction was started by the addition of 3
ug/mL purified protein in elution buffer or the same volume
of elution buffer without protein as a control, and the Ass
was monitored for 30 min at 30 °C in a VersaMax microplate
reader. An NADH standard curve with a range of NADH
concentrations between 0 and 300 uM was measured in the
same buffer. To measure the drug-stimulated ATPase activ-
ity, the drugs were added to the reaction buffer before the
addition of protein. The lack of an effect of drugs on the
enzymes in the coupled assay was confirmed in control
experiments in which ADP was included instead of ATP.
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Equilibrium Binding of [*C]Taxol. For equilibrium bind-
ing of Taxol to MsbA, inside-out membrane vesicles (0.5
mg of membrane protein) in 100 4L of 50 mM Tris-HCI
(pH 7.4) were incubated as described previously (/7) for
2 h at 20 °C in the dark in the presence of 1 uM '*C-labeled
Taxol {[2-benzoyl ring-'*C(U)]Taxol in ethanol} (73 mCi/
mmol, Moravek Biochemicals) and unlabeled Taxol in the
range of 0—40 uM. A period of 2 h was sufficient to obtain
steady-state binding of Taxol (not shown). After the incuba-
tion period, MsbA was stable in the solution for an additional
period of at least 2 h, as determined in an ultracentrifugation
dispersity sedimentation assay (/8). The binding assay was
terminated by the addition of 3 mL of ice-cold 20 mM Tris-
HCI (pH 7.4) containing 20 mM MgSO, (wash buffer).
Samples were immediately filtered through Whatman GF/B
glass fiber filters that had been preequilibrated overnight at
4 °C in wash buffer. The filters were washed twice with 3
mL of ice-cold wash buffer, and filter-retained radioactivity
was measured by liquid scintillation counting using the
scintillant Ultima Gold XR (Perkin-Elmer Life Sciences).
Nonspecific binding (usually <40% of total binding) was
defined as the amount of [“C]Taxol bound to control vesicles
without MsbA containing the non-Taxol binding galactoside
transporter GalP (expressed at a level similar to that of
MsbA) (19, 20) and was subtracted.

Transport of ['*C]Taxol. Intact cells expressing wild-type
(Wt) or mutant MsbA and nonexpressing control cells were
grown to an Aggo of 0.6, and protein expression was induced
for 1 h at 30 °C. The cells were harvested by centrifugation
at 6500g for 10 min at 4 °C and washed once in 50 mM
ice-cold potassium phosphate (pH 7.0). The cells were
deenergized in the presence of the uncoupler 2,4-dinitro-
phenol (0.5 mM) and washed three times with 50 mM ice-
cold potassium phosphate buffer (pH 7.0) containing 5 mM
MgSO.. The cells were resuspended to an Agso of 5 and kept
on ice until needed. After a 1:10 dilution in the same buffer,
the cells were incubated at 20 °C in the presence of 25 uM
["*C]Taxol (3.7 mCi/mmol) for 30 min under mild stirring.
Where required, 25 mM glucose was added, and samples of
200 uL were rapidly filtered over Whatman GF/B glass fiber
filters, which were preequilibrated overnight at 4 °C in 50
mM potassium phosphate buffer (pH 7.0). The filters were
washed twice with 3 mL of ice-cold potassium phosphate
buffer. The radioactivity retained on the filters was measured
by liquid scintillation counting using Ultima Gold XR
counting scintillant. All data were corrected by subtracting
nonspecific binding to the filters, which was usually <0.1%
of the total radioactivity count.

Ethidium Transport. For measurement of ethidium efflux,
cells were ATP-depleted as described for Taxol transport.
Control cells and cells containing Wt or mutant MsbA
were preloaded with 2 uM ethidium at 30 °C until a
steady-state level was reached (approximately 20 min for
cells expressing Wt or mutant MsbA and approximately
40 min for control cells). Subsequently, 25 mM glucose
was added to the cells as a source of metabolic energy,
after which the ethidium fluorescence was monitored. To
measure facilitated ethidium uptake by MsbA in cells,
ATP-depleted cells were diluted 1:10 in 2 mL of buffer
to a final Ageo of 0.5, and uptake was started with the
addition of ethidium. When required, Taxol (in ethanol)
was added with a final concentration of ethanol below
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1.0% (v/v). Samples without Taxol received the solvent
only. Ethidium fluorescence was measured in an LS-55B
luminescence spectrometer (Perkin-Elmer) at excitation
and emission wavelengths of 500 and 580 nm, respec-
tively, and slit widths of 5 and 10 nm, respectively.

Ethidium Fluorescence Anisotropy Measurements. Binding
of ethidium to purified protein was assessed by fluorescence
anisotropy as described previously (/9) at a concentration
of 1 uM ethidium in 2 mL of 50 mM potassium phosphate
buffer (pH 7.0). The fluorescence anisotropy in the solution
was measured in an LS-55B luminescence spectrometer at
excitation and emission wavelengths of 500 and 580 nm,
respectively, with slit widths of 10 nm each. The grating
factor was calculated for each addition, and the anisotropy
was measured 1 min after each addition of protein for 1 min
with an integration time of 1 s. Purified protein was diluted
to a concentration of 400 ug/mL and was added to the
ethidium solution in a stepwise fashion to a final concentra-
tion of 34 ug/mL, where no major changes in anisotropy
values were observed. Half-molar amounts of the purified
12-TMH-containing proton/galactose symporter GalP were
used as a control for nonspecific binding to the membrane
domain of MsbA (19, 20), and the values obtained were
subtracted from the anisotropy readings obtained for MsbA
proteins.

Kinetic Analysis of Hoechst 33342 Transport. Inside-out
membrane vesicles (250 ug of total protein) were diluted
into 2 mL of 100 mM potassium phosphate buffer (pH 7.0)
containing 5 mM MgSOy, 0.1 mg/mL creatine kinase, and 5
mM phosphocreatine (both Roche). The trace was followed
in the fluorimeter (excitation and emission wavelengths of
355 and 457 nm, respectively, and slit widths of 10 and 5
nm, respectively) for 50 s. Hoechst 33342 (0.25 uM) was
then added, and the fluorescence was monitored until a steady
state was reached. Subsequently, sodium ATP [in 50 mM
potassium phosphate (pH 7.0)] was added to a final concen-
tration 1 mM, and the fluorescence intensity was recorded
for an additional 200 s. When the effect of Taxol on Hoechst
33342 transport was tested in this assay, the Taxol or its
solvent ethanol [<1% (v/v)] was added just before the
addition of Hoechst 33342.

Hoechst 33342 Binding to Purified MsbA. Hoechst 33342
binding to purified protein was carried out in 2 mL
reaction mixtures containing 10 ug of purified protein in
100 mM potassium phosphate (pH 7.0). Hoechst 33342
was added to the solution in a stepwise fashion to a final
concentration of 1.5 uM, when no major changes in
fluorescence were detected. For the assessment of Hoechst
33342 binding in the presence of Taxol, the samples were
incubated with 30 uM Taxol or its solvent [<1% (v/v)
ethanol] for 5 min prior to the addition of Hoechst 33342.
Measurements were performed in an LS-55B luminescence
spectrometer at excitation and emission wavelengths of
355 and 457 nm, respectively, and slit widths of 5 and 10
nm, respectively.

Curve Fitting and Statistical Analyses. Transport data were
fitted to the Michaelis—Menten equation, V = V. [S]/(Kn
=+ [S]), in which the rate of drug transport is represented by
V, the drug concentration by [S], the maximal transport rate
by Vimax and the drug concentration yielding '/2Vi.x by the
Michaelis constant (K,,). The binding constants By, and Ky
were determined using the relationship B = By[S1/(Kq +
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[S]), in which drug binding is represented by B, the drug
concentration by [S], the maximal binding by Bax, and the
drug concentration yielding '/,Bn. by the dissociation
constant K4. Where appropriate, the binding data were fitted
to a Hill equation, B = Bu[ST"/(K4" + [S]"), in which Kg =
(Ko, 1 x Kg,2 x... x Kgn)'" is the average dissociation
constant and » is the number of ligand binding sites in the
ideal case of completely cooperative binding, which is
estimated experimentally by the Hill number. From ethidium
fluorescence anisotropy measurements, an apparent K, was
determined by fitting the data to the equation A = Agee +
[(Abound — Afree)[P11/(Kq + [P]), in which A is the measured
change in ethidium fluorescence anisotropy, Apound 1S the
fluorescence anisotropy of ethidium bound to protein, Agee
is the fluorescence anisotropy of the free ethidium, [P] is
the protein concentration, and Kj is the dissociation constant
(21). In cytotoxicity assays, the maximum specific growth
rate i, was estimated from growth curves by fitting the data
to the equation N, = Nyetnt, in which N, and N, are the cell
densities at times 7 and O h, respectively. All statistical
analyses were based on four independent observations (n =
4), unless indicated otherwise, using different batches of cells
or membrane vesicles. The statistical analyses were made
using a Student’s 7 test with a 95% confidence interval for
the sample mean.

RESULTS

Superimposition of Change-In-Specificity Mutations in
ABCBI on Dimeric MsbA and Identification of SASA
Mutation in MsbA. Superimposition of previously described
change-in-specificity mutations in ABCB1 (9) on the
crystal structure of dimeric MsbA from S. typhimurium
(10) revealed that the mutations colocalize in a major
groove in each of the two “wings”, one of which is formed
by TMH 1 and 2 of one half-transporter and TMH 3’, 4/,
5%, and 6" of the other and the other wing is formed by
the remainder of the TMHs (Figures 1 and 2). In this
groove, TMH 5 (corresponding to TMH 11 in ABCBI1)
contains change-in-specificity mutations along its entire
length, whereas in TMH 6 and TMH 6" (corresponding
to TMH 12 and TMH 6 in ABCBI, respectively), the
change-in-specificity mutations are confined to a hotspot
at the periplasmic side of the helix, near the apex of the
groove (Figures 1B,C and 2A). In addition, this region of
TMH 6 and TMH 6 is rich in residues which, when
replaced with cysteines in cysteine scanning mutagenesis
experiments on ABCB1, were found to react with the thiol-
reactive drug analogues methanethiosulfonate (MTS)-
verapamil (22) and/or MTS-rhodamine (23) (Figures 1B,C
and 2A). As the reactive cysteines could be specifically
protected with unconjugated rhodamine or verapamil, these
studies might indicate that these hotspot regions in TMH
6 and TMH 6’ contribute to a binding surface for these
substrates.

To test the relevance of our analysis for drug binding and
transport by MsbA, we identified two adjacent serine residues
in the hotspot regions, S289 and S290 (Figures 1B,C and
2A), which are conserved in TMH 12 and TMH 6 of
ABCBI, respectively (data not shown). We substituted both
Ser residues with Ala, yielding the S289A S290A (SASA)
MsbA mutant. The pharmacological properties of Wt MbA
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and the SASA mutant were compared in detail in drug-
stimulated ATPase activity assays and measurements of drug
binding and transport. For this purpose, MsbA proteins were
expressed in L. lactis AlmrA AlmrCD (14, 15), which was
previously used to study the properties of the ABC multidrug
transporters LmrA and ABCG?2 in the absence of endogenous
multidrug transport activity (/5, 20). Wt MsbA and the
SASA mutant were expressed at a similar level in the
cytoplasmic membrane of the lactococcal cells (data not
shown).

Basal ATPase Activity of the SASA Mutant Is Not
Stimulated by Taxol. The interaction of Taxol with MsbA
proteins was first tested in ATPase measurements using
purified Wt MsbA and SASA MsbA (Figure 3A). No
significant differences could be detected between the basal
ATPase activities for Wt MsbA and the SASA mutant [624
+ 28 and 692 + 78 nmol of ATP min~! (mg of protein)~!,
respectively]. Interestingly, while the ATPase activity of Wt
MsbA could be stimulated 1.4-fold [to 835 £ 45 nmol of
ATP min~! (mg of protein)~'] in the presence of 25 uM
Taxol, this drug failed to significantly stimulate the ATPase
activity of the SASA mutant [726 + 110 nmol of ATP min™!
(mg of protein)~!'] (Figure 3A).

The Binding Affinity of SASA MsbA for Taxol Is Reduced.
Equilibrium binding of ["*C]Taxol to MsbA was assessed
by incubation of control inside-out membrane vesicles and
membrane vesicles containing Wt or mutant MsbA in the
presence of a range of Taxol concentrations. Subsequently,
the samples were rapidly filtered, and the radioactivity
retained on the filters was determined by liquid scintillation
counting. After subtraction of nonspecific binding, the
amount of the Taxol bound per milligram of protein was
calculated and plotted against the free Taxol concentration.
The data for Wt MsbA followed sigmoidal binding behavior
(Figure 3B), and fitting of the data to the Hill equation
yielded a B, of 4.3 + 1.2 nmol/mg of protein with an
average Kq of 16.8 £ 1.7 uM and a Hill number (n) of 3.7
4 0.5. For the SASA mutant, the binding curve was right-
shifted due to a significant reduction in binding affinity, with
a Bpax of 4.9 + 0.8 nmol/mg of protein, an average K4 of
39.9 £ 2.3 uM, and an n of 2.9 % 0.8. These results indicate
that the SASA mutant had a reduced binding affinity for
Taxol compared to Wt MsbA and that the mutation altered
the cooperativity between Taxol binding sites and/or the
number of Taxol binding sites.

SASA MsbA Reduces the Rate of Taxol Transport. As the
results for the Taxol-stimulated ATPase activity and equi-
librium binding of ['“C]Taxol pointed to the inhibition of
the interaction of the SASA mutant with Taxol, we also
studied the transport of ['“C]Taxol by this mutant protein.
ATP-depleted cells were preincubated with 25 uM Taxol
for 30 min, after which glucose (25 mM) was added to allow
the generation of metabolic energy (Figure 3C). While no
major changes in cell-associated Taxol could be detected for
control cells without MsbA expression throughout the
experiment, cells expressing MsbA first accumulated Taxol
and then extruded the Taxol when glucose was added, down
to the level observed for the control. The SASA mutant
exhibited a reduced rate of facilitated Taxol uptake compared
to Wt MsbA (Figure 3C). Furthermore, the addition of
glucose elicited active Taxol extrusion at a rate that was
strongly reduced compared to that of Wt MsbA.



10908  Biochemistry, Vol. 47, No. 41, 2008 Woebking et al.

“Wings” of trans-
membrane helices

Intracellular domains

Nucleotide-binding
domains

FIGURE 1: Residues implicated in drug binding by ABCB1 colocalize in the transmembrane-spanning wings of dimeric MsbA. (A) Ribbon
representation of the crystal structure of homodimeric MsbA from S. typhimurium (10), which shares similarity with the structure of Sav1866
(11). (B and C) Stereoviews of the wings from the outside surface of the cytoplasmic membrane, obtained by —90° rotation about the
X-axis of the side view in panel A. Shown are residues 10-110 (subunit A), 127-323 (subunit B) in (B) and residues 120-324 (subunit A),
10-112 (subunit B) in (C). Residues indicated are change-in-specificity mutations (red or yellow), residues accessible to thiol-reactive drug
analogues (blue), and residues belonging to both classes (purple or green). TMHs 1’—6" and 1—6 in dimeric MsbA (abbreviated as TMs
in the Figure) refer to TMHs 1—6 and TMHs 7—12 in ABCBI, respectively. The conserved S289 and S290 residues in the hotspot at the
periplasmic side of TMH 6 and TMH 6" were substituted with A in SASA MsbA and are colored black. OUT and IN refer to the outside
and inside of the cytoplasmic membrane, respectively.
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FIGURE 2: Stereoviews of the groove in an MsbA wing. (A) View of TMHs from the dimer interface showing a hotspot of ABCBI1 residues
implicated in drug binding at the periplasmic side of TMH 6, near the apex of the groove. Color coding and labels are as in the legend of
Figure 1. Similar observations can be made for the other wing. (B) Surface representation of the groove formed by the TMHs in panel A.

SASA Mutation Does Not Alter the MsbA-Associated
Resistance to Erythromycin but Inhibits the Reversal of
Erythromycin Resistance by Taxol. To provide further evi-
dence for the inhibition of Taxol binding by the SASA mutation,
the effect of Taxol on erythromycin resistance conferred by Wt
or mutant MsbA was studied in cytotoxicity assays. Before this
experiment was carried out, the influence of the SASA mutation
on MsbA-mediated erythromycin resistance itself was tested
(Figure 4A). The concentrations of erythromycin at which cell
growth was inhibited by 50% (ICs, values) for cells expressing
Wt MsbA or the SASA mutant were not affected by this
mutation (ICsy for Wt MsbA of 0.33 4 0.03 uM and for the
SASA mutant of 0.30 = 0.02 uM vs an ICs for the nonex-
pressing control of 60 £ 10 nM). When the experiment was
repeated in the presence of increasing amounts of Taxol,
approximately 25 uM Taxol was sufficient to reverse the
erythromycin resistance of Wt MsbA-expressing cells down to
the nonexpressing control, whereas 45 uM Taxol was required
for SASA MsbA-expressing cells (Figure 4B), indicating a
reduced affinity of SASA MsbA for Taxol. It is important to
note that the addition of up to 50 M Taxol or 2% of the solvent
ethanol had no effect on the growth of the cells in the absence
of erythromycin.

SASA Mutation Does Not Alter the Interaction of MsbA
with Hoechst 33342 but Reduces the Level of Inhibition of
MsbA-Mediated Hoechst 33342 Transport by Taxol. The
effect of the SASA mutation on taxol binding by MsbA was
also examined in Hoechst 33342 binding and transport
assays. First, the ability of SASA MsbA and Wt MsbA to
interact with Hoechst 33342 was compared. The level of
binding of Hoechst 33342 to equimolar amounts of affinity-
purified protein was measured by fluorescence at stepwise
increasing concentrations of Hoechst 33342. The Hoechst
33342 fluorescence was corrected for nonspecific binding
and was then plotted versus the Hoechst 33342 concentration
(Figure 5A). Fitting of the data to a hyperbola yielded R?
values of 0.996 for Wt and 0.988 for SASA MsbA. No
significant differences were observed between the binding

parameters for Wt MsbA and SASA MsbA (for Wt MsbA,
B = 33.3 £ 1.8 au and Ky = 0.25 £ 0.01 uM; for SASA
MsbA, Bmax = 32.1 £ 1.5 au and K4 = 0.21 £ 0.02 uM).
MsbA-dependent Hoechst 33342 transport in inside-out
membrane vesicles was studied at various concentrations of
Hoechst 33342 to test the effect of the SASA mutation on
Hoechst 33342 transport. After subtraction of the values
obtained for the control membrane vesicles without MsbA,
the transport rates were plotted against the concentration of
Hoechst 33342 (Figure 5B). The data for Wt MsbA and
SASA MsbA were fitted to a hyperbola with R? values of
0.996 and 0.988, respectively, giving a Vi of 0.30 £ 0.03
au/s and a K, of 0.20 &= 0.05 uM for Wt MsbA and a Vi
of 0.28 4 0.04 au/s and a K, of 0.25 + 0.03 uM for SASA
MsbA. Taken together, these results demonstrate that the
SASA mutation does not significantly affect the interaction
of MsbA with Hoechst 33342.

The effect of Taxol on Hoechst 33342 transport by MsbA
Wt was analyzed using inside-out membrane vesicles with
or without expressed MsbA. The inside-out membrane
vesicles were incubated in the presence of various concentra-
tions of Taxol before 0.25 uM Hoechst 33342 was added,
and transport was initiated by the addition of 1 mM ATP.
Transport of Hoechst 33342 by Wt MsbA was strongly
inhibited at 10 uM Taxol and completely abolished in the
presence of 25 uM Taxol, while the activity of SASA MsbA
was only weakly affected (Figure 5C,D). To study the type
of inhibition underlying this result for Wt MsbA, the kinetics
of MsbA-mediated Hoechst 33342 transport were determined
in the presence of 10 and 25 uM Taxol (Figure SE). The
resulting Lineweaver—Burk plot points to noncompetitive
inhibition of Hoechst 33342 transport by Taxol with an
apparent inhibition constant (K;) of 6.6 = 1.5 uM Taxol
(Figure SE), which is in the same range as the average Ky
(approximately 17 uM) obtained for Taxol binding to MsbA
(Figure 3B). Hence, Taxol and Hoechst 33342 most likely
interact with MsbA via nonoverlapping binding sites. This
conclusion was consistent with the observation that the Ky
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FIGURE 3: SASA mutation impairs the interaction of MsbA with Taxol.
(A) SASA mutation inhibits the stimulation of the MsbA ATPase
activity in the presence of 25 uM Taxol (black and gray bars, without
or with Taxol, respectively). The basal ATPase activity of MsbA is
abolished by deletion of the catalytic lysine residue (AK382) in the
Walker A region (AK). The asterisks denote a probability of less than
1% that the difference observed between the mean ATPase activities
of Wt MsbA in the absence and presence of Taxol could occur by
chance (P value < 0.01). (B) SASA mutation reduces the binding
affinity of MsbA for [“C]Taxol. Inside-out membrane vesicles
containing MsbA (M) or SASA MsbA (O) were incubated with
[“C]Taxol at the indicated concentrations, after which drug binding
was assessed by rapid filtration. (C) SASA mutation strongly reduced
the rate of active efflux of ['“C]Taxol in intact cells. ATP-depleted
control cells (@) and cells expressing Wt MsbA (O) or the SASA
mutant (¥) were incubated in the presence of 25 uM [“C]Taxol. After
30 min, 25 mM glucose was added (arrow) as a source of metabolic
energy, and the amount of cell-associated Taxol was determined by
rapid filtration. All values represent the means =+ standard error of
five independent experiments.

Woebking et al.

A
100 ¢
=
2
o
£
3
S 50
o
2
®
©
=
0 1
0.0 0.6 1.2
[erythromycin] (uM)
B
100 AR
9
£
X
2
o
£ 50
3
<
o
0 ' ' '
0 25 45

[taxol] (uM)

FIGURE 4: SASA mutation does not affect MsbA-mediated eryth-
romycin resistance but inhibits reversal by Taxol. (A) MsbA-
mediated erythromycin resistance is not affected by the SASA
mutation. Control cells (®) and cells expressing Wt MsbA (@) or
the SASA mutant (O) were grown at 30 °C at increasing
concentrations of erythromycin. The specific growth rate (u,) was
determined at each erythromycin concentration. The u,, values
without antibiotic for Wt MsbA-expressing cells, cells expressing
the SASA mutant, and control cells were 0.427 £+ 0.012 h™1, 0.431
+ 0.014 h™', and 0.482 + 0.008 h™!, respectively, and were set at
100%. (B) Erythromycin resistance conferred by SASA MsbA is
less susceptible to reversal by Taxol. Control cells (black) and cells
expressing Wt MsbA (light gray) or SASA MsbA (dark gray) were
grown in the presence of 0.14 uM erythromycin and increasing
concentrations of Taxol. The u., of cells expressing Wt MsbA in
the absence of Taxol was set at 100%. The addition of up to 50
uM Taxol or 2% of the solvent ethanol had no effect on the u,, of
these cells when they were grown in the absence of erythromycin.
In this case, the u,, was 0.425 £ 0.009 h™! in the presence of 2%
ethanol and 0.421 £ 0.011 h™! in the presence of 50 uM Taxol
(with 2% ethanol). All values represent the means =+ the standard
error of five independent experiments.

and By, values for equilibrium binding of Hoechst 33342
to MsbA (see above, Figure 5A) were not significantly altered
in the presence of 30 uM Taxol (for Wt MsbA, By = 33.0
4 0.4 au and K4 = 0.24 &£ 0.03 uM; for SASA MsbA, Bpax
= 329 £ 45 au and K4 = 0.21 £ 0.03 uM) or in the
presence of the solvent (ethanol) control (for Wt MsbA, Biax
=329 £+ 1.7 au and K4 = 0.19 + 0.01 uM; for SASA
MsbA, Bmnax = 34.7 £ 1.6 au and K4 = 0.24 £ 0.02 uM).

SASA MsbA Is Affected in the Binding and Transport of
Ethidium. The possible effects of the SASA mutation on the
interaction of MsbA with ethidium were studied in equilib-
rium binding assays based on fluorescence anisotropy. The
diffusional rotation of protein-bound ethidium is slower, and
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FIGURE 5: SASA mutation does not affect Hoechst 33342 binding and transport by MsbA but reverses the inhibition of Hoechst 33342
transport by Taxol. (A) Hoechst 33342 binding to purified MsbA proteins was assessed by fluorescence spectroscopy in the absence or
presence of 50 uM Taxol or its solvent (1% of the total reaction volume): Wt MsbA (@), SASA MsbA (O), Wt MsbA with Taxol (V¥),
SASA MsbA with Taxol (A), Wt MsbA with solvent (H), and SASA MsbA with solvent (O). (B) Rates of Hoechst 33342 transport by Wt
MsbA (@) and SASA MsbA (O) in inside-out membrane vesicles as a function of Hoechst 33342 concentration. All values represent the
means =+ the standard error of four independent experiments (n = 4). (C) Inhibition by Taxol of Wt MsbA-mediated Hoechst 33342
transport in inside-out membrane vesicles. The rates for transport in the presence of solvent without Taxol (ethanol, 1% of the total reaction
volume) were set as 100%. (D) Inhibition by Taxol of MsbA-mediated Hoechst 33342 transport is weakened by the SASA mutation.
Hoechst 33342 transport was assessed as described for panel C. (E) Kinetic analysis of Wt MsbA-mediated Hoechst 33342 transport. The
initial rates of transport in inside-out membrane vesicles at a range of Hoechst 33342 concentrations were determined in the presence of
fixed concentrations of Taxol [(H) 10 and (A) 25 uM] or the solvent control (®). Inset, rate of Hoechst 33342 transport vs Hoechst 33342
concentration shows the decrease in V. at increasing concentrations of Taxol.

hence, an increase in polarized light emission can be nucleotide-binding domain (NBD) was deleted. Consistent
observed upon irradiation with polarized excitation light. with previous observations on the AK388 mutant of LmrA
When ethidium was titrated with purified Wt MsbA or SASA (15), MsbA AK382 lacks significant ATPase activity (Figure
MsbA protein, a saturable increase in anisotropy was 3A). When the cells had been preloaded with ethidium, those
observed. The data could be fitted to a hyperbola (R? values expressing the AK382 mutant did not exhibit a significant

of 0.948 for Wt MsbA and 0.941 for SASA MsbA) (Figure efflux activity compared to the control (efflux rate of 0.011
6A), yielding a K4 value for the SASA mutant which was £ 0.006 au/s for AK382 MsbA vs 0.001 £ 0.003 au/s for
8-fold higher than the Ky for the Wt protein (Kg = 256.2 &+ the control), whereas the SASA mutant exhibited a signifi-
47.2 nM for SASA MsbA vs 32.2 £ 5.8 nM for Wt MsbA), cantly lower level of ethidium efflux than the cells expressing
and maximum values for the anisotrophy which were Wt MsbA (efflux rate of 0.091 £ 0.006 au/s for SASA MsbA
comparable (0.131 £ 0.034 for SASA MsbA vs 0.122 + vs 0.156 £ 0.008 au/s for Wt MsbA) (Figure 6B).

0.021 for Wt MsbA). Hence, SASA MsbA has a significantly Ethidium accumulation experiments using ATP-depleted
lower affinity for ethidium than Wt MsbA in these binding control cells and cells expressing Wt MsbA, SASA MsbA,
assays. or AK382 MsbA revealed that the cells expressing the SASA

As a reduced level of binding of ethidium to the SASA mutant accumulated more ethidium than control cells or cells
mutant could have an impact on ethidium transport by the expressing AK382 MsbA, but that the rate of uptake was
mutant, facilitated uptake and active efflux of ethidium were reduced in comparison to that of cells expressing the Wt

studied in control cells and cells expressing Wt MsbA or protein (uptake rate of 0.111 &£ 0.008 au/s for SASA MsbA
SASA MsbA. In addition to SASA MsbA, a mutant MsbA vs 0.150 4= 0.011 au/s for Wt MsbA, 0.088 = 0.007 au/s for
protein was included in these experiments in which catalytic AK382 MsbA, and 0.053 £ 0.005 au/s for the nonexpressing
lysine residue 382 in the Walker A sequence of the control) (Figure 6C). To further test the validity of this
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FIGURE 6: Ethidium binding and transport by MsbA are inhibited by the SASA mutation. (A) Ethidium binding to purified protein was
assessed by fluorescence anisotropy. Purified Wt MsbA (@) and the SASA mutant (O) were used to titrate 1 uM ethidium, and the changes
in fluorescence anisotropy were recorded. (B) MsbA-mediated extrusion of ethidium is inhibited by the SASA mutation. Cells without
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preloaded in the presence of 2 uM ethidium. Energy-dependent ethidium efflux was initiated by the addition of 25 mM glucose. (C) SASA
mutation inhibits MsbA-mediated ethidium uptake in ATP-depleted cells. Ethidium (2 4M) (arrow) was added to ATP-depleted cells expressing
Wt MsbA (trace 1), SASA MsbA (trace 2), AK382 MsbA (trace 3), or no MsbA (trace 4). Ethidium uptake was recorded until a steady
state was reached. Glucose (25 mM) was then added to initiate active ethidium efflux by MsbA. (D) Kinetic analysis of ethidium uptake
by Wt MsbA (main panel) and the SASA mutant (inset). Initial rates of uptake of ethidium into control cells or cells expressing Wt MsbA
or SASA MsbA were determined over the first 100 s of linear uptake. The rates obtained for control cells were subtracted, and the data

were plotted vs ethidium concentration. All values represent the means =+ the standard error of five independent experiments.

observation, ethidium uptake was assessed over a range of
ethidium concentrations. The initial linear rates of transport
were plotted against the ethidium concentration, and the data
were fitted to a hyperbola with an R? of 0.951 (Figure 6D),
yielding a Vipax of 0.24 £ 0.03 au/s and a K of 2.6 + 0.4
uM for Wt MsbA and a Vy, of 0.08 + 0.01 au/s and a K;
of 8.1 £ 0.4 uM for SASA MsbA. Hence, similar to the
ethidium binding experiments, the ethidium transport mea-
surements indicated a reduction in the apparent affinity of
SASA MsbA for ethidium. In addition, the SASA mutant
exhibited a reduced maximum rate of ethidium transport.

DISCUSSION

One of the interesting aspects of multidrug transporters
relates to the question of how these systems recognize
structurally diverse drug substrates. Many attempts have been
made in the past 18 years to identify the positions of drug
binding sites in ABCBI. In a recent analysis of published
mutations in ABCBI1 that influence drug transport and/or
drug resistance in intact cells, we separated change-in-
specificity mutations that affect the specificity for individual

substrates from those that either modify the expression of
the protein at the cell surface or alter the overall transport
mechanism, both determined by a comparable change in the
transport of all substrates tested (9). As a high-resolution,
three-dimensional structure of ABCB1 is not yet available,
we superimposed these residues from this study on the crystal
structure of the bacterial ABCB1 homologue MsbA from S.
typhimurium (10) that shares similarity with the structure of
Sav1866 (11). Interestingly, we observed the colocalization
of the change-in-specificity mutations in TMH 5’, and in a
hotspot at the periplasmic side of TMH 6 and TMH 6’
(Figures 1 and 2). The change-in-specificity mutations also
colocalized with residues in ABCBI1 implicated in the
binding of thiol-reactive drug analogues in cysteine scanning
mutagenesis experiments (9, 22, 23) (Figures 1 and 2). The
positions of these residues are consistent with photoaffinity
labeling and mass spectrometry experiments on ABCBI,
which have implicated TMH 5 and 6 and TMH 8, 11, and
12 in the binding of a number of affinity ligands, including
iodomycin, iodipine, azidopine, IAAP, AIIP-forskolin, pro-
pafenones, and taxanes, though not all substrates have been
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demonstrated to bind to all regions in both half-transporters
(reviewed in ref 24).

E. coli MsbA is known to interact with multiple ABCB1
substrates (5-8), but key regions affecting drug—protein
interactions in this bacterial ABC transporter have not yet
been identified. To test the possible role of TMH 6 in drug
binding and transport by MsbA, we generated the SASA
mutation in the predicted hotspot in TMH 6 and TMH 6.
SASA MsbA was as well expressed as Wt MsbA. The
mutation did not significantly change the interactions of
MsbA with Hoechst 33342 in equilibrium binding and
transport assays (Figure 5A,B) or the interaction with
erythromycin in a cytotoxicity assay (Figure 4A). However,
SASA MsbA did exhibit a change in the interaction with
Taxol. In an equilibrium binding assay with [*C]Taxol, the
mutant exhibited a significantly reduced affinity for Taxol
(Figure 3B). The mutant failed to exhibit a Taxol-stimulated
ATPase activity (Figure 3A) and exhibited a strongly reduced
rate of active efflux of this substrate in intact cells compared
to Wt MsbA (Figure 3C). The SASA mutation also reversed
the Taxol-dependent inhibition of Hoechst 33342 transport
and the Taxol-dependent reversal of erythromycin resistance
(Figures 4B and 5C,D). The interaction of purified MsbA
with ethidium in fluorescence anisotropy experiments was
significantly reduced for the mutant (Figure 6A). Both the
facilitated influx of ethidium and the active efflux of ethidium
were significantly reduced for the mutant (Figure 6B—D).
As the SASA mutation alters the transport and binding of
ethidium and Taxol but does not affect the interactions with
Hoechst 33342 and erythromycin, SASA MsbA exhibits a
change-in-specificity phenotype similar to that of the change-
in-specificity mutants of ABCB1 on which the identification
of the hotspot region in TMH 6 and TMH 6" of MsbA was
based.

Our observations share similarities with studies of the
resistance-nodulation-cell division (RND) type of efflux
systems in Gram-negative bacteria. AcrB from E. coli is the
best-characterized member of this family and functions in a
complex with two accessory proteins, TolC and AcrA, to
export a wide variety of substrates (25, 26). Crystallographic
analyses of AcrB have recently shown that the protein forms
an asymmetric trimer in which each protomer contains a
binding chamber in its periplasmic domain for the antibiotics
minocycline and doxorubicin (25, 26). Mutational analyses
of the E. coli AcrB homologues MexD from Pseudomonas
aeruginosa (27), AcrB from Haemophilus influenza (28), and
MdtF from E. coli (29) have indicated that substitutions of
residues (Q34K, P328L, and F608S in MexD, A288C in
AcrByi, and V610F in MdtF) close to or within the binding
chamber increase the rate of transport of a given drug while
decreasing or not affecting the rate of transport of another,
similar to the phenotype of the change-in-specificity muta-
tions in ABCB1 and the SASA mutant in E. coli MsbA.
Comparable observations have been published for multidrug-
binding transcriptional regulators such as BmrR from Bacil-
lus subtilis and QacR from St. aureus, where mutations in
the multidrug binding pocket affected the binding affinity
of a variety of ligands differently (30, 31). It is noteworthy
that although the SASA mutation inhibits interactions of
MsbA with ethidium and the antimitotic drug Taxol, Taxol
itself did not directly inhibit the binding or the transport of
ethidium by Wt MsbA (data not shown), suggesting that both
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substrates might bind simultaneously to a common surface
in MsbA. The structural mechanism of the simultaneous
binding of two drugs to a multidrug-binding protein has been
resolved for QacR, for which it was found that simple
structural changes induced by binding of one ligand can
explain seemingly complicated biochemical behavior for the
binding of the second ligand to the same surface (31).
Consistent with this, our previous studies on drug interactions
in MsbA indicated that another antimitotic drug, vinblastine,
directly competes with ethidium for binding to MsbA (6).
Taken together, the results support the notion that the
periplasmic sides of TMH 6 and TMH 6’ in dimeric MsbA
contribute to a binding surface for drugs, which might utilize
similar principles for drug binding as established for QacR
and AcrB.

In our structural comparisons of ABCB1 and MsbA, we
used the structure of the ATP-bound, outward-facing con-
formation of MsbA (/0). The observation that change-in-
specificity mutations and residues in ABCB1 accessible to
thiol-reactive drugs colocalize at the periplasmic side of TMH
6 and TMH 6’ in a major groove in each of the two wings
of MsbA in which their exposure is limited is consistent with
the notion that this protein conformation promotes the release
of drugs to the external environment. In contrast, in the
V-shaped, inward-facing conformation of apo MsbA (10),
the periplasmic sides of TMH 6 and TMH 6 are in the
proximity of each other at the top of the chamber formed
between both half-transporters, where they are exposed to
the chamber. In this conformation, these helical regions could
promote drug binding from the interior. Recent pulse double
electron—electron resonance and fluorescence homo transfer
experiments have provided evidence for the ATP hydrolysis-
dependent conformational motion of dimeric MsbA between
the inward-facing and outward-facing conformations (32).
It is interesting to note that a V-shaped, inward conformation
has also been observed for the two MDs in the crystallized
2 x 6 TMH-containing molybdate importer (ModB,C,) from
Archaeoglobus fulgidus (33). As the cytoplasmic extensions
of TMH 6 and TMH 6’ in dimeric MsbA (in the intracellular
domains, see Figure 1) are directly linked to the NBDs, these
helices might provide a crucial link between ATP binding/
hydrolysis and drug binding/dissociation in MsbA. Our
observations are the first to demonstrate the importance of
TMH 6 in the MsbA monomers in the binding and translo-
cation of multiple drugs.
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