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Background:TheABCB6 protein is proposed to transport coproporphyrinogen from the cytoplasm into themitochondria.
Results: Purified ABCB6 reconstituted into liposomes demonstrates coproporphyrinogen-stimulated ATP hydrolysis and
coproporphyrinogen transport.
Conclusion:ABCB6 does not require additional components for substrate-stimulated ATPase activity and substrate transport.
Significance: Development of an in vitro system with pure and active ABCB6 for structure and functional studies is indicated.

The mitochondrial ATP binding cassette transporter ABCB6
has been associated with a broad range of physiological func-
tions, including growth and development, therapy-related drug
resistance, and the new blood group system Langereis. ABCB6
has been proposed to regulate heme synthesis by shuttling
coproporphyrinogen III from the cytoplasm into the mitochon-
dria. However, direct functional information of the transport
complex is not known. To understand the role of ABCB6 in
mitochondrial transport, we developed an in vitro system with
pure and active protein. ABCB6 overexpressed in HEK293 cells
was solubilized frommitochondrial membranes and purified to
homogeneity. Purified ABCB6 showed a high binding affinity
for MgATP (Kd � 0.18 �M) and an ATPase activity with a Km of
0.99 mM. Reconstitution of ABCB6 into liposomes allowed bio-
chemical characterization of theATPase including (i) substrate-
stimulated ATPase activity, (ii) transport kinetics of its pro-
posed endogenous substrate coproporphyrinogen III, and (iii)
transport kinetics of substrates identified using a high through-
put screening assay. Mutagenesis of the conserved lysine to ala-
nine (K629A) in the Walker A motif abolished ATP hydrolysis
and substrate transport. These results suggest a direct interac-
tion betweenmitochondrial ABCB6 and its transport substrates
that is critical for the activity of the transporter. Furthermore,
the simple immunoaffinity purification of ABCB6 to near
homogeneity and efficient reconstitution of ABCB6 into lipo-
somes might provide the basis for future studies on the struc-
ture/function of ABCB6.

The ATP binding cassette (ABC)2 superfamily constitutes
the largest and most broadly expressed class of proteins found
in all kingdoms of life (1). They couple the hydrolysis of ATP to
active transport of an array of biological compounds, including
drugs, bile acids, peptides, steroids, ions, and phospholipids
across membranes (2–5). Two highly conserved hydrophilic
cytosolic nucleotide binding domains (NBDs) and at least two
hydrophobic membrane-spanning domains characterize the
eukaryotic ABC transporters (6, 7). The membrane-spanning
domains serve as the substrate binding sites, and the transmem-
brane domains (TMDs) (located within the membrane-span-
ning domain) form the translocation pore. The two NBDs are
responsible for the binding and hydrolysis of ATP, which pro-
vides energy for uphill movement of substrates across mem-
branes. The TMDs and NBDs are found as homo- or het-
erodimers and can be arranged in any combination, e.g. as
separate polypeptides, as single polypeptides or as half-size
transporterswith fusedTMDandNBD. EachNBDcontains the
highly conserved Walker A and B motifs as well as the C-, H-,
and D-loops (8, 9). The Walker A motif contains a lysine that
coordinates with the �-phosphate of ATP, whereas the aspar-
tate in Walker B interacts with Mg2�. The ABC signature or
Walker C motif distinguishes ABC transporter proteins from
other ATP-binding proteins. These domains are required to
execute ABC transport activities.
The ATP binding cassette transporter subfamily member B6

(ABCB6) gene encodes amembrane protein of 842 amino acids
with a TMD followed by a NBD (10). Hydrophobicity and
sequence homology analysis suggests that the TMD contains
six transmembrane helices with the N and C termini located in
the cytoplasm. Theminimal functional unit has been suggested
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to be a homodimer residing in the outer mitochondrial mem-
brane (11, 12). ABCB6 has been characterized as a mitochon-
drial transporter involved in the translocation of coproporphy-
rinogen III (CPIII) from the cytoplasm into the mitochondria
(11, 13). CPIII, a byproduct of heme synthesis in the cytoplasm,
requires active transport into the mitochondria to complete
heme synthesis (14, 15). Thus, ABCB6 has been characterized
with a physiological role in heme synthesis. However, several
other functions and localization for ABCB6 have been sug-
gested, e.g.ABCB6 has been localized to the plasma membrane
and specifies the new blood group system Langereis (16). Loss
of ABCB6 function has been associated with developmental
defects including ocular coloboma (17). Furthermore, exoge-
nous expression of ABCB6 has been correlated with increased
cell growth and proliferation, whereas loss of ABCB6 expres-
sion results in delayed progression through themitotic phase of
the cell cycle (17, 18). These observations along with the fact
that ABCB6, unlike other mitochondria-targeted ABC trans-
porters, lacks a classical mitochondrial targeting sequence has
favored reports of the existence of differentially localized
ABCB6 with potentially unique functional properties.
Here, we describe the development of a cell-free system to

understand themechanistic relationship between ATP binding
and hydrolysis and the coupling of these events to substrate
transport mediated by the mitochondrial transporter ABCB6.
Overexpression, purification, and functional reconstitution of
ABCB6 into liposomes permitted us to study the biochemical
properties of ABCB6 for the first time in the absence of con-
taminating ATPases and carriers/transporters. In addition,
immunoaffinity purification of ABCB6 to homogeneity allowed
identification of two isoforms of ABCB6.

EXPERIMENTAL PROCEDURES

Materials—8-Azido-[�-32P]ATP was purchased from MP
Biomedicals (Solon, OH). Coproporphyrinogen III, protopor-
phyrin IX, hemin, and porphobilinogen were purchased from
Frontier Scientific (Logan, UT).N-Octyl-�-D-glucopyranoside,
phosphatidylcholine, phosphatidylethanolamine, phosphati-
dylserine, and ergosterol were from Avanti Polar Lipids (Ala-
baster, AL). Handee spin cups were from Pierce. All other
chemicals and reagents were obtained from either Sigma or
Fluka unless otherwise indicated.
Overexpression in HEK293 Cells—To construct ABCB6-

FLAG-expressing lentiviral plasmid, the human ABCB6/
pcDNA3.1 Topo vector carrying FLAG-tagged ABCB6 (18, 19)
was cutwith restrictionenzymesXbaI andEcoRI, and theABCB6-
FLAGcontaining fragmentwas ligated intocorresponding restric-
tion sites of lentiviral vector, pLenti PGKPuro (20). HEK 293 cells
overexpressing the ABCB6-FLAG lentiviral plasmid was gener-
ated by infecting cells with filtered viral supernatants followed by
selection with 0.5 �g/ml puromycin. 293 cells were cultured in
Dulbecco’smodifiedEagle’smediumsupplementedwith10% fetal
bovine serum, penicillin, and streptomycin. The non-functional
mutant of ABCB6 was generated as previously described (18).
Briefly, the critical lysine residue in the Walker A domain of
ABCB6, which is the nucleotide binding domain in ATP binding
cassette transporters that is essential for transport function, was
changed to alanine by site-directedmutagenesis as described (18).

Cellular Protoporphyrin IX Measurements—Intracellular
protoporphyrin IX concentration was measured as previously
described (21). Briefly, cells were harvested and washed once
with PBS. Protoporphyrin IX concentration was measured by
using a Vantage flow cytometer (BD Biosciences) with the exci-
tation wavelength set at 405 nm and the emission filter set at
695 nm/40 nm.
Purification of ABCB6 from Total Lysate—HEK 293 cells

(70% confluent) were harvested with I� PBS and lysed (10 min
at 4 °C with gentle shaking) in buffer A (1� PBS, 0.2% Triton
X-100) containing EDTA-free complete protease inhibitor
mixture (Roche Applied Science). Soluble and insoluble frac-
tions were separated by centrifugation (10 min at 10,000 rpm,
4 °C), and the supernatant was incubated with Sepharose-con-
jugated anti-M2 beads (F2426 EZviewTM Red Anti-FLAG M2
affinity gel) overnight at 4 °C with gentle shaking. The superna-
tantwith the Sepharose-conjugatedM2-beadswere transferred
to handee spin cups (paper filter) and separated by centrifuga-
tion (2000 rpm for 5min at 4 °C). The beads were washed twice
with buffer A, twice with buffer B (10 mM Tris, 0.2% Triton
X-100), and 5 times with Hepes buffer (Hepes, EGTA, 1% n-oc-
tyl-�-D-glucopyranoside). Proteins bound to the affinity col-
umn were eluted using elution buffer (Hepes, EGTA, 1% n-oc-
tyl-�-D-glucopyranoside, 0.5 mg of FLAG peptide). The eluted
protein was identified by immunoblotting using ABCB6-spe-
cific and FLAG epitope-specific antibody (Sigma) followed by
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) peptide mass fingerprint analysis after trypsin
digestion using Mascot (database NCBInr 20040521)
Purification of ABCB6 from Mitochondria—Mitochondria

were isolated as previously described (11). Isolated mitochon-
dria were solubilized in buffer A (1� PBS, 0.2% Triton X-100)
containing EDTA-free complete protease inhibitor mixture
(Roche Applied Science) for 30min at 4 °C with gentle shaking.
Soluble and insoluble fractions were separated by ultracentrif-
ugation (100,000 � g, 30 min, 4 °C), and the supernatant was
incubatedwith anti-M2 Sepharose beads as described above for
whole cell lysate. Proteins bound to the affinity column was
washed and eluted as described above for total cell fraction
using FLAG peptide in elution buffer. The bound protein was
identified by immunoblotting andmatrix-assisted laser desorp-
tion/ionization time-of-flight peptide mass fingerprint analysis
after trypsin digestion using Mascot (database NCBInr
20040521).
Nucleotide Binding Assay—Nucleotide binding was meas-

ured by 8-azido-[�-32P]ATP photo-cross-linking experiments.
Cross-linking reactions were performed in a 96-well microtiter
plate in a final volume of 25 �l/reaction. Purified wild type
ABCB6 (2 �M final concentration) was incubated for 5 min on
ice with 8-azido-[�-32P]ATP (0.05–16 �M) in reaction buffer
(100 mM KCl, 2.5 mM MgCl2, 50 mM Tris-HCl, pH 7.4). For
competition experiments, 0.1 �M to 10 mM unlabeled ATP was
included in the buffer. Subsequently, samples were irradiated
with UV light (254 nm, 8 watts) for 5 min at 4 °C, separated by
SDS-PAGE, Coomassie Blue-stained, dried, and exposed to
EastmanKodakCo. SO230 phosphor screen. Photo cross-linked
protein was quantified by phosphorimaging (PhosphorImager
445Si, Molecular Dynamics), and bands were quantified using
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ImageJ software (Version 1.43u). Intensities were plotted
against the 8-azido-ATP concentration, and apparentKd values
for 8-azido-[�-32P]ATP were obtained from the best fit of the
data to a hyperbolic curve using GraphPad Prism software
(Version 5, San Diego, CA). The half-maximal inhibitory con-
centration (IC50) for ATP was derived by plotting labeling
intensities corresponding to ABCB6 as a function of unlabeled
ATP concentrations. The Kd(azidoATP) values and the IC50 val-
ues were used to calculate Kd(ATP) by applying the Cheng-Pur-
soff equation (22).
ATP Hydrolysis Assay—ATPase activity was determined

essentially as described by measuring the release of inorganic
phosphate (Pi) (11). Briefly, purifiedABCB6 (5�M final concen-
tration) was incubated at 37 °C in 100 �l of an ATP buffer con-
taining 50 mM Tris-MOPS, 70 mM KCl, and 2 mM EGTA, pH
7.5, and the ATPase reaction was started by the addition of 12
mMMgATP.The reactionwas stopped by the addition of 100�l
of 10% SDS solution, and the amount of inorganic phosphate
was determined immediately. ATPase activity was estimated by
the difference obtained in Pi levels between ATP buffer alone
and ATP buffer containing the purified protein. Inorganic
phosphate was measured by a sensitive colorimetric reaction.
The SDS-containing sampleswere supplementedwith 200�l of
freshly prepared reagent A containing a final concentration of
5.5% ascorbic acid, 5mM ammoniummolybdate, and 2mM zinc
acetate, and the reduced complex was measured at an optical
density of 850 nM. A similar protocol was used to determine the
ATPase activity of liposome-reconstituted ABCB6. For sub-
strate-stimulated ATPase activity, the indicated drugs were
added in dimethyl sulfoxide (DMSO). The final concentration
of DMSO in the assay medium was 1%. Control experiments
indicated that DMSO at this concentration had no appreciable
effect on the ATPase activity.
Reconstitution of ABCB6—For reconstitution of functional

(WT) and non-functional (mutant (MT)) ABCB6 into lipids,
protein bound to the FLAG affinity column as described above
was washed with, and 1% n-octyl-�-D-glucopyranoside 5 times,
and eluted using buffer containing Hepes-EGTA, 1% n-octyl-
�-D-glucopyranoside, and 0.5 mg of FLAG peptide. Lipid solu-
tions (5 mg/ml phosphatidylcholine, 5 mg/ml phosphatidylser-
ine, 5 mg/ml phosphatidylethanolamine, and 10 mg/ml
ergosterol) were dissolved in chloroform, and the solvent was
evaporated under a gentle stream of argon and evacuated over-
night in a desiccator under vacuum to remove any residual
chloroform. The lipid film was rehydrated in 1 ml of reconsti-
tution buffer (15mMHEPES, 0.5mMEGTA, pH 7.4) to produce
a 1 mM lipid solution. FLAG-tagged WT and MT ABCB6 pro-
tein at a concentration of 3.3�g/�l was added to the rehydrated
liposomes and incubated for 1 h at 4 °C with gentle agitation.
The lipid-protein suspension mixture was sonicated using an
ultrasonic cleaner (Avanti Polar Lipids) for 20 s, 3 times at 4 °C.
This procedure resulted in a nearly uniform suspension of rel-
atively unilamellar liposomes. Protein-free liposomeswere pre-
pared similarly by replacing purified protein with elution
buffer. Unincorporated materials and detergent were removed
by dialysis using 1 liter of reconstitution buffer changed every
24 h for a total duration of 48 h. The resultant proteoliposomes

were collected, flushed quickly with argon, and stored at
�80 °C until used.
Liposome Flotation Assay—Proteoliposomes were floated in

a discontinuous Nycodenz density gradient in a buffer contain-
ing 100 mM KCl and 10mMMOPS/Tris, pH 7.0. Nycodenz and
proteoliposomes were solubilized in the same buffer andmixed
to a final nycodenz concentration of 40%. Subsequent layers of
decreasing Nycodenz concentration (20, 10, 5, and 2%) were
layered onto the 40% nycodenz-proteoliposomes mixture. Per-
centages indicated in the figures are the final concentrations of
Nycodenz. The gradient was centrifuged at 4 °C for 60 min at
100,000 � g. Subsequently, the gradient was fractionated by
taking equal volumes from the top. Fractions were analyzed by
SDS-PAGE and Western blotting.
Hemin-agarose Affinity Chromatography—The assay was

performed as described previously (23). Briefly, ABCB6-FLAG
proteoliposomes (4 �g) were incubated at room temperature
for 15 min in the presence of 167.5 nM hemin-agarose (Sigma).
The reaction mixture was centrifuged at 4 °C. The hemin-aga-
rose-ABCB6-FLAGproteoliposome complexwaswashed three
times with 1 ml of lysis buffer, resuspended in 50 �l of 2� SDS
sample-loading buffer, and then centrifuged. The supernatant
from the final spinwas analyzed on a 4–15% gradient gel, trans-
ferred to a nylon membrane, and probed with a monoclonal
antibody to the FLAG epitope to identify ABCB6-FLAG
(Sigma).
CPIII Transport Assays—CPIII transport assays were per-

formed as previously described (11, 13) with slight modifica-
tions to accommodate the use of liposomes. Control, ABCB6-
WT, and ABCB6-MT liposomes (25–50 �g for ABCB6
liposomes and equal volumes of control liposomes) were resus-
pended in reconstitution buffer (final volume of 50 �l). Trans-
port reaction was started by adding 50 �l of a reaction mixture
(50mMMOPS-Tris, 70mMKCl, 10mMMgCl2, and either 4mM

AMP, 4 mM AMP-PNP, or 4 mM ATP) and incubated at 37 °C
for the duration of the experiment as described in the respective
figures. Reactions were stopped by diluting the reaction with 1
ml of ice-cold reconstitution buffer. In early experiments using
nitrocellulose filters (pore size 0.45 �M) to measure CPIII
uptake, we observed that a significant proportion of the proteo-
liposomes passed through the filters. To avoid this problem, an
affinity purification method employing FLAG affinity columns
using anti-M2magnetic beads was used to separate proteolipo-
somes from free CPIII. The affinity columns were washed three
times with cold reconstitution buffer to remove any free CPIII
not transported into the proteoliposomes. The affinity-purified
proteoliposomes were lysed by incubation for 10 min in 10%
SDS with vortexing. CPIII fluorescence was measured at exci-
tation wavelength 405 nm and emission wavelength 630 nm
(13). Concentration of CPIII was determined from a standard
curve of CPIII in 10% SDS. The rate of active transport was
calculated as the difference between ATP-dependent and -in-
dependent uptake.
Verteporfin and Tomatine Transport Assays—The assay was

performed as previously described (18). Briefly, after uptake of
tomatine and verteporfin into proteoliposomes, the reaction
was stopped at the indicated times, and liposomes were sepa-
rated by affinity purification employing FLAG affinity columns
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as described above (CPIII transport assay). The affinity column
was washed 3 times with cold reconstitution buffer to remove
any free tomatine or verteporfin not transported into proteoli-
posomes. The affinity-purified proteoliposomes were resus-
pended in 100 �l of acetonitrile, and the amount of verteporfin
or tomatine taken up into proteoliposomes was analyzed using
Ultra Performance Liquid Chromatography-time-of-flight
mass spectrometry (UPLC-TOFMS) as previously described
(24). Concentration of verteporfin and tomatine was deter-
mined from a standard curve of verteporfin and tomatine in
acetonitrile. The rate of active transport was calculated as the
difference between ATP-dependent and independent uptake.
Determination of Transport Kinetics—Transport kinetics

was estimated by non-linear curve-fitting using GraphPad
Prism 5.0 software (San Diego, CA). The Michaelis-Menten
equation was used to calculate apparent Km and Vmax values.

RESULTS

Overexpression and Purification of ABCB6—To facilitate
purification of ABCB6 for biochemical analysis, the proteinwas
tagged at the C terminus with the FLAG epitope and expressed
from a lentiviral vector under the control of a strong constitu-
tively active promoter. As shown in Fig. 1A, immunoblot anal-
ysis of total cellular fraction using antibody specific for the
FLAG epitope demonstrates induced expression of FLAG-
tagged ABCB6 in HEK 293 cells transduced with the ABCB6-
FLAG lentiviral construct but not in vector-only transduced
cells. Ponceau staining of theWestern blot before immunoblot
analysis demonstrates that the induced expression of ABCB6 in
the overexpressing cell is not due to differences in loading (Fig.
1B). To confirm that the addition of theC-terminal FLAG tag to
ABCB6 does not affect its function, wemeasured heme synthe-
sis in ABCB6-FLAG-overexpressing cells. We have previously
demonstrated that ABCB6 expression and function is directly
related to cellular heme synthesis (11). As seen in Fig. 1C, cells
overexpressing the FLAG-tagged ABCB6 protein demonstrate
increased heme synthesis relative to empty vector control cells,
suggesting that the addition of the FLAG tag to the C terminus
of ABCB6 does not alter its function. Interestingly, both the
endogenous protein and overexpressed protein resolve as three
bands of about 180, 90, and 50 kDa, as evidenced by immuno-
blot analysis using antibodies specific for either ABCB6 or the
FLAG tag (Fig. 1A).
For ABCB6 purification, in initial studies, total cellular frac-

tions were employed as the starting material. To solubilize the
protein from the membranes, the non-ionic detergent Triton
was effective in either the presence or absence of n-octyl-�-D-
glucopyranoside. ABCB6-FLAG in the detergent-solubilized
fractions was separated from other cellular constituents by
anti-FLAG affinity chromatography. As seen in Fig. 1D and
supplemental Fig. 2, under the conditions of loading and wash-
ing of FLAG-Sepharose beads, the ABCB6-FLAG protein was
quantitatively bound, and upon elutionwith a buffer containing
the FLAG peptide, was highly enriched and readily detectable
by Coomassie Blue staining. Bovine serum albumin (BSA)
shown on the same gel was used as a loading control for the
estimation of protein concentration (Fig. 1D). The entire puri-
fication procedure produces �40 �g of purified ABCB6 from

one 150-cm2 plate of confluent cells. Aside from the major
ABCB6 monomer band of �90 kDa, two additional staining
bands, one with an apparent molecular mass approaching that
of a homodimer (�180 kDa) and one with a lower molecular
mass of �50 kDa, were also observed in the elution fractions
(Fig. 1, D and E). All these three bands clearly contain ABCB6,
as indicated by its detection with both ABCB6-specific mono-
clonal antibody (Fig. 1E) as well as by MALDI-TOF peptide
mass fingerprint analysis.
Purified Mitochondrial ABCB6 Binds ATP and Displays

ATPase Activity—To identify the form of ABCB6 expressed in
the mitochondria, differential density gradient centrifugation
was used to isolate relatively puremitochondrial fractions from
ABCB6-FLAG-overexpressing cells. Proteins in the mitochon-
drial membrane were solubilized with Triton in the presence or
absence ofn-octyl-�-D-glucopyranoside.Detergent-solubilized
fractionswere subjected to anti-FLAGaffinity chromatography
to separate ABCB6-FLAG from other mitochondrial mem-
brane proteins. Proteins bound to the affinity columnwere sub-
sequently eluted by treatment with a buffer containing the
FLAG peptide. As seen in Fig. 2A and supplemental Fig. 3,
ABCB6-FLAG protein was highly enriched in the eluted frac-
tion and readily detectable by Coomassie Blue staining. In con-
trast to ABCB6 purified from total cellular fraction, ABCB6
eluted from the mitochondrial preparations revealed only two
bands: theABCB6monomer bandof�90 kDa and the potential
homodimer of�180 kDa (Fig. 2A). These results are consistent
with our previous observations demonstrating an �90-kDa
ABCB6 monomer protein band and an �180-kDa potential
ABCB6 homodimer band seen in mitochondria isolated from
ABCB6-overexpressing cells (11, 24). Both the 90- and 180-kDa
bands contain ABCB6 as indicated by its detection with both
ABCB6-specific monoclonal antibody (Fig. 2B) as well as by
MALDI-TOF peptide mass fingerprint analysis.
Transport functionsmediated bymembers of theABC trans-

porter family require ATP binding and hydrolysis. To examine
theATP binding property of ABCB6, the detergent-solubilized,
purified mitochondrial ABCB6 protein was incubated with
8-azido-[�-32P]ATP, and the azido photoprobe interacting
with ABCB6 was irreversibly cross-linked by irradiation with
ultraviolet light. The ABCB6-ATP interacting complex was
separated from free probe by sodiumdodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and were subjected to
autoradiography for detection of 8-azido-[�-32P]ATP labeling
and to Coomassie Blue staining for determination of protein
content (Fig. 2C). A major band of about 90-kDa consistent
with the molecular mass of mitochondrial ABCB6 was identi-
fied by Coomassie Blue staining (Fig. 2C, lower panel) and
found to be photoaffinity-labeled by 8-azido-[�-32P]ATP (Fig.
2C, upper panel). Labeling of ABCB6 by 8-azido-[�-32P]ATP
requiredmagnesium andwas strongly inhibited by the addition
of EDTA (1 mM) or excess cold ATP (10 mM) (Fig. 2C). Nucle-
otide specificity of ABCB6 appeared to be in the following
order; ATP � CTP � GTP � UTP (inhibition from 85 to 10%;
Fig. 2C). The apparent affinity constant for 8-azido-ATP was
determined to be 1.39 � 0.37 �M (Fig. 2D). Photoaffinity label-
ing of ABCB6 by 8-azido-[�-32P]ATP (5 �M) was inhibited by
MgATP with an IC50 value of 1.03 �M and an estimated Hill
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coefficient approaching a value of 1 (0.87) (Fig. 2E). Based on
the apparent affinity of 8-azidoATP, a dissociation constant for
ATP of 0.18 �Mwas estimated. Taken together these data indi-
cate that ABCB6 retained its ability to bind ATP through the

purification process and, like other ABC transporter proteins,
has relatively broad nucleotide specificity.
Purified recombinant ABC transporters have been reported

to possess intrinsic ATPase activity. To determine the intrinsic

FIGURE 1. Expression and purification of ABCB6 from total cell fraction. Total cell fractions were analyzed by SDS-PAGE (4 –15%) followed by immunoblot-
ting (A) and Ponceau staining (B). 50 �g of protein were applied per lane. Ponceau staining was used to confirm uniform loading of samples. Actin and Porin
are cellular and mitochondrial proteins serving as controls. C, ABCB6-FLAG-overexpressing cells show increased heme synthesis compared with vector control
cells. Values represent the mean � S.D. *, significantly different from vector control cells; p � 0.01. D and E, solubilization and purification of FLAG-tagged
ABCB6 via FLAG-affinity chromatography are shown. D, 2 and 5 �g of protein eluted from the affinity column was analyzed by SDS-PAGAE (4 –15%) followed
by Coomassie staining. BSA (2 �g) used as a loading control for the estimation of protein concentration is shown on the same gel. Affinity-purified ABCB6-FLAG
protein bands (at 180, 90, and 50 kDa) were identified as ABCB6 by immunoblotting (500 ng-purified protein) using ABCB6-specific antibody and peptide mass
fingerprinting (E). Results are representative of three independent experiments.
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ATPase activity of immune affinity-purified ABCB6, we used a
spectrophotometric assay tomeasure the amount of Pi released
from ATP. The dependence of the rate of hydrolysis on ATP
concentration shown in Fig. 2F exhibited Michaelis-Menten
behavior and, when expressed as a Lineweaver-Burk plot (Fig.
2G), showed a linear relationship, yielding a Km for ATP of
�0.99 � 0.11 mM and Vmax of 492.3 � 17.25 nmol/mg/min. In
parallel experiments the ATPase activity of the ATPase-inac-
tive mutant of ABCB6 (ABCB6-MT) was also analyzed; it was
solubilized and purified identically to the wild type protein in
similar yields (Fig. 3). The purifiedmutant protein showed very
little ATPase activity, suggesting that the observed ABCB6-
WT-ATPase activity is ABCB6-specific (Fig. 2F). In addition,
we found that the purified ABCB6 protein was able to interact
with, and its ATPase activity was stimulated by, its proposed
substrate CPIII (supplemental Fig. 1).
Reconstitution of ABCB6 into LipidMembranes—To analyze

ABCB6 in its membrane-embedded state, purified mitochon-
drial ABCB6 (both WT and MT forms) was reconstituted into
preformed detergent-destabilized liposomes composed of 0.13
�mol of phosphatidylcholine, 0.25�mol of phosphatidylserine,
0.67 �mol of phosphatidylethanolamine, and 0.25 �mol of
ergosterol. After reconstitution, detergent was dialyzed from
the proteoliposomes as described under “Experimental Proce-
dures.” Efficiency of ABCB6 reconstitution into liposomes was
analyzed by discontinuous Nycodenz density gradient centrif-
ugation. As seen in Fig. 3A, reconstitution of ABCB6 into lipo-
somes is evident from the co-migration of ABCB6-FLAG-con-
taining liposomes to the top of the Nycodenz gradient. A
majority of reconstituted proteoliposomes float into the 5%
fraction of the gradient. In contrast, a very small fraction of the
purified non-reconstituted protein floats into the 40% fraction,
which represents the bottom of the gradient (Fig. 3A). These
data suggest that both the ABCB6-WT-FLAG and ABCB6-
MT-FLAG proteins were successfully reconstituted into lipo-
somes with a reconstitution efficiency of �80%. Integrity of
liposome-reconstituted ABCB6 was analyzed by resolving the
proteoliposomes obtained from the 5% fraction of the gradient
by SDS-PAGE. As seen in Fig. 3, B and C, analysis of ABCB6-
reconstituted liposomes by Coomassie staining (Fig. 3B) and
immunoblot using ABCB6-specific antibody (Fig. 3C) demon-

FIGURE 2. Purified mitochondrial ABCB6 binds ATP and shows intrinsic
ATPase activity. A and B, solubilization and FLAG affinity purification of
ABCB6-FLAG from mitochondria are shown. 2 and 5 �g of protein eluted from
the affinity column was analyzed by SDS-PAGAE (4 –15%) followed by Coo-
massie staining (A) and immunoblot (500 ng-purified protein) (B) using
ABCB6-specific and FLAG-specific antibody. C--G, ATP binding and ATPase
activity of detergent-solubilized FLAG-tagged ABCB6 are shown. C, shown is
phosphor image analysis of purified ABCB6 (2 �M) labeled with 8-azido-[�-
32P]ATP (top panel) followed by Coomassie Blue staining to verify equal pro-
tein loading (bottom panel). The effect of EDTA (1 mM), ATP (10 mM), and
various nucleotides (0.3 mM each) on ABCB6 labeling with 8-azido-[�-32P]ATP

is also shown. D, shown is a binding assay with increasing concentrations of
8-azido-[�-32P]ATP. The photo-cross-linking efficiencies were estimated from
(D, top panel) phosphorimaging analysis and by (D, bottom panel) quantifying
the spots and plotting the intensities against the concentration of 8-azido-[�-
32P]ATP. a.u., arbitrary units. The apparent Kd(azidoATP) value for ABCB6 (1.39
�M) was obtained from the best fit of the binding data to a hyperbolic curve.
E, shown is competition of 8-azido-[�-32P]ATP binding to ABCB6 (2 �M) by
MgATP. E, photo-cross-linking was performed with 5 �M 8-azido-[�-32P]ATP
with increasing concentrations of MgATP (top panel), and the IC50 for MgATP
was derived by plotting labeling intensities corresponding to ABCB6 as a
function of unlabeled MgATP concentrations (bottom panel). The sample
without competitor was set to 100%. From the curve, an IC50 value of 0.82 �M

for ABCB6 was estimated. F and G, ATPase activity of wild type and mutant
ABCB6 is shown. The ATPase activity of ABCB6 (5 �M) was measured as a
function of the ATP concentration at 37 °C. Purified ABCB6 is active in ATP
hydrolysis. The data were fitted to Michaelis-Menten (F) and Lineweaver-Burk
plots (G), resulting in a Km of 0.99 mM and a Vmax of 492.3 nmol/mg/min. The
ABCB6-nonfunctional mutant (ABCB6-MT) showed only background ATPase
activity. Results are representative of three independent experiments. TL,
total lysate; ML, mitochondrial lysate; Flag-ab, FLAG-specific antibody; ABCB6-
ab, ABCB6-specific antibody.
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strate that ABCB6 was not degraded during the reconstitution
process.
The orientation of ABCB6 after insertion into liposomes was

determined by the protease protection assay of the C-terminal
FLAG tag in the presence and absence of detergent. The C-ter-
minal FLAG tag in ABCB6 is accessible to protease-mediated
degradation on the outside of the intact vesicles with an “NBD-
out” orientation but not with an NBD-in orientation. In con-
trast, in the presence of detergent, the C-terminal FLAG tag in
ABCB6 is accessible to protease degradation irrespective of
NBD orientation. Comparison of the protease assay data of
intact and detergent-permeabilized vesicles revealed that
�70–80% of ABCB6-FLAG was inserted into liposomes in an
NBD-out orientation (Fig. 3D).
Liposome-reconstituted ABCB6 Interacts with Its Proposed

Substrate Coproporphyrinogen III—ABC transporters associate
with their transport substrates to facilitate itsmovement across
the membrane. Using hemin-agarose affinity chromatography,
we have previously demonstrated that ABCB6 associates with

CPIII, a potential endogenous transport substrate of ABCB6
(11). To determine if liposome-reconstituted ABCB6 retained
its ability to associate with CPIII, we performed hemin-agarose
affinity chromatography as described (11).We found that CPIII
was able to displace liposome-reconstituted ABCB6 from
hemin-agarose in a dose-dependent manner (Fig. 4A). In con-
trast, porphobilinogen, a molecule that has been previously
demonstrated not to interact with ABCB6, does not compete
with hemin-agarose for ABCB6 (Fig. 4A). These results suggest
that liposome-reconstituted ABCB6 retains its ability to inter-
act with its transport substrates.
ATPase Activity of Reconstituted ABCB6 Is Stimulated by

CPIII—To determine the ATPase activity of liposome-recon-
stituted ABCB6, the release of inorganic phosphate from ATP
was assayed as described for the purified protein. As shown in
Fig. 4B, lipid-reconstitutedABCB6demonstrated basal ATPase
activity that was comparable to the ATPase activity of the puri-
fied detergent-solubilized protein (Fig. 2F). The basal ATPase
activity was specific to ABCB6 because no such activity was

FIGURE 3. Purified ABCB6 was efficiently reconstituted into liposomes. Efficiency of ABCB6 reconstitution in liposomes was analyzed by (A) Western blot
analysis of a flotation assay of ABCB6-FLAG proteoliposomes (2 �g of each fraction) in a Nycodenz gradient (B), Coomassie Blue staining of equal amounts of
proteoliposomes (25 �g of protein) obtained from the 5% fraction of the gradient, and (C) immunoblotting of equal amounts of proteoliposomes obtained
from the 5% fraction with ABCB6-specific antibody. Flotation assay shows co-migration of majority of ABCB6 proteoliposomes into the 5% fraction of the
gradient, whereas unincorporated protein is found at the bottom of the gradient (40%). Coomassie staining and immunoblotting show comparable efficiency
of reconstitution of both ABCB6-wildtype and ABCB6-mutant protein. (D) Membrane orientation of reconstituted ABCB6-FLAG (4 �g protein) was determined
by protease protection assay utilizing the FLAG-tag at the C terminus and orientation of ABCB6 was followed by a FLAG-antibody. SDS was used to permeabilize
the proteoliposomes (almost 100% cleavage). Data in all panels are derived from three independent measurements. a.u., arbitrary units; WT, ABCB6 wild type
(functional) protein; MT, ABCB6 mutant (non-functional) protein; Con-Lip, control liposomes; WT-Lip, ABCB6 wild type liposomes; MT-Lip, ABCB6 mutant
liposomes.
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observed either in the presence of control liposomes (data not
shown) or in the presence of liposomes carrying an ATPase
inactive mutant of ABCB6 (ABCB6-MT) (Fig. 4B). Further-
more, the basal activity was reduced to 98% by orthovanadate,
which inhibits ABC transporters and P-type ATPases, indicat-
ing that no additional ATPases are present in the ABCB6 pro-
teoliposome preparations (data not shown). The dependence of
the rate of hydrolysis on ATP concentration shown in Fig. 4B
exhibitedMichaelis-Menten behavior and, when expressed as a
Lineweaver-Burk plot (Fig. 4C), showed a linear relationship,
yielding a Km for ATP of �0.97 � 0.07 mM and Vmax of 614 �
11.53 nmol/mg/min.

Stimulation of ATPase activity by transport substrates is a
feature that is common to most ABC transporters. Conse-
quently, it was of interest to determine whether known
ABCB6 substrates affected its ATPase activity in a similar
manner. As shown in Fig. 4D, ATPase activity of liposome-
reconstituted ABCB6 was strongly stimulated in the pres-
ence of CPIII, hemin, and protoporphyrin IX (CPIII �
hemin � protoporphyrin IX) but not in the presence of por-
phobilinogen. This multifold increase in ABCB6 ATPase
activity by CPIII, hemin, and protoporphyrin IX suggests
that these compounds are potential transport substrates of
ABCB6. These results are in agreement with our earlier

FIGURE 4. Liposome-reconstituted ABCB6 shows substrate-stimulated ATPase activity and ATP-dependent substrate transport. A, liposome-reconsti-
tuted ABCB6 interacts with its substrates. A, top panel, ABCB6 liposomes (4 �g protein) were subjected to hemin affinity chromatography in the presence or
absence of either coproporphyrinogen III or porphobilinogen, and bound protein was subjected to 4 –15% SDS-PAGE followed by Western blot using FLAG M2
antibody. Bottom panel, percent binding was estimated by plotting the band intensities corresponding to untreated ABCB6, which was set to 100%. B–D,
liposome-reconstituted ABCB6 shows both basal and substrate-stimulated ATPase activity. ATPase activity of ABCB6-WT and ABCB6-MT proteoliposomes
(25–50 �g protein) was measured as a function of the ATP concentration at 37 °C. The data were fitted to Michaelis-Menten (B) and Lineweaver-Burk plots (C),
resulting in a Km of 0.97 � 0.070 mM and a Vmax of 614.4 � 11.53 nmol/mg/min. The ABCB6-nonfunctional mutant (ABCB6-MT) showed only background ATPase
activity. D, liposome-reconstituted ABCB6 shows substrate-stimulated ATPase activity. -Fold change was calculated relative to basal ATPase activity. Values
represent the mean � S.D. *, significantly different from basal ATPase activity; p � 0.01. &, significantly different from CPIII ATPase activity; p � 0.01. E and F,
shown is the effect of substrate concentration on ATP-dependent CPIII uptake by ABCB6 liposomes (25–50 �g of protein). Kinetic parameters were determined
by fitting the data to Michaelis-Menten (E) and linear regression analysis of the Lineweaver-Burk transformation of the data points (F). Transport kinetics of
liposome-reconstituted ABCB6 showed a Km of 11.97 �M and Vmax of 29.6 pmol/mg/min. Copro III, coproporphyrinogen; PBG, porphobilinogen; PPIX, proto-
porphyrin IX; PhA, pheophorbide A.
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observations demonstrating that porphyrins such as CPIII
and hemin are potential substrates of ABCB6 (11).
Coproporphyrinogen III Transport Kinetics of Reconstituted

ABCB6—ABCB6 is proposed to be involved in the transport of
CPIII from the cytoplasm into the mitochondria. However, a
direct role for ABCB6 in CPIII transport has not been demon-
strated in the absence of other potential interacting compo-
nents (mitochondrial preparations). Thus, kinetic parameters
of CPIII transport mediated by ABCB6 were carried out with
the ABCB6 proteoliposomes. According to the Lineweaver-
Burk analysis, the apparent Km for CPIII was 11.97 � 1.10 �M

with a Vmax of 29.6 � 0.81 pmol/mg/min (Fig. 4, E and F). To
confirm these observations, further CPIII uptake studies were
performed in control liposomes and in liposomes reconstituted
with either a transport competent ABCB6 (ABCB6-WT) or the
transport incompetent ABCB6 (ABCB6-MT) protein. As seen
in Fig. 4E, CPIII uptake in ABCB6-MT proteoliposomes was
very low and reflected transport rates similar to what was seen
in control liposomes (Fig. 4E).
We recently developed an HTS assay to identify potential

substrates and inhibitors of ABCB6 (24). Two of the com-
pounds identified in the HTS assay, tomatine and verteporfin,
were transported into mitochondria in an ABCB6-dependent
manner, but a third compound benzethonium was not trans-
ported by ABCB6 (24). We used the transport features of these
threemolecules to test and validate the robustness of liposome-
reconstituted ABCB6 as a potential model to identify ABCB6
transport substrates. As with CPIII, both tomatine and verte-
porfin competed with hemin binding to ABCB6 (Fig. 5A), stim-
ulated ABCB6 ATPase activity (Fig. 5B), and were transported
into liposomes by ABCB6 (Fig. 5, C and D) with varying trans-
port kinetics (verteporfin, Vmax 5.13 � 0.23 pmol/mg/min;
tomatine, Vmax 2.7 � 0.19 pmol/mg/min). However, unlike
verteporfin and tomatine, benzethonium did not stimulate
ABCB6 ATPase activity (Fig. 5B), nor was it transported by
ABCB6 proteoliposomes (data not shown). These results are
consistent with the transport properties of ABCB6 observed
using mitochondrial fractions isolated from ABCB6-overex-
pressing cells (24).

DISCUSSION

Mitochondrial ABC transporters are difficult to study
because of the two-membrane architecture of mitochondria,
problems associated with analyzing transport process, and the
high abundance of other ATPases and carriers/transporters.

FIGURE 5. Liposome-reconstituted ABCB6 shows ATP-dependent trans-
port of molecules identified in a HTS assay. A, liposome reconstituted

ABCB6 interacts with both tomatine and verteporfin. A, top panel, ABCB6 lipo-
somes (4 �g of protein) were subjected to hemin affinity chromatography in
the presence or absence of molecules identified in the HTS assay, and bound
protein was subjected to 4 –15% SDS-PAGE followed by Western blot using
FLAG M2 antibody. Bottom panel, percent binding was estimated by plotting
the band intensities corresponding to untreated ABCB6, which was set to
100%. B, liposome-reconstituted ABCB6 shows increased ATPase activity in
the presence of molecules identified in the HTS assay. Values represent the
mean � S.D. *, significantly different from basal ATPase activity; p � 0.01. &,
significantly different from coproporphyrinogen (Copro III) ATPase activity;
p � 0.05. #, significantly different from verteporfin ATPase activity; p � 0.01. C
and D, liposome-reconstituted ABCB6 shows ATP-dependent transport of
verteporfin (C) and tomatine (D). Kinetic parameters were determined by lin-
ear regression analysis of the Lineweaver-Burk transformation of the data
points.
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Thus the development of an in vitro systemwith pure and active
protein is a necessary prerequisite toward understanding the
mechanistic relationships betweenATP binding and hydrolysis
and coupling of these events to translocation of substrates
across the lipid membranes. In this study we describe for the
first time a successful purification protocol and biochemical
characterization of the putative mitochondrial porphyrin
transporter ABCB6. The purification procedure was composed
of lentiviral-mediated overexpression of ABCB6 carrying a
C-terminal FLAG tag followed by a single step solubilization of
ABCB6 from mitochondrial membranes and immunoaffinity
purification using the FLAG antibody. Purified ABCB6 was
found to bemostlymonodisperse by PAGE electrophoresis and
was efficiently reconstituted into liposomes allowing its bio-
chemical characterization with respect to ATP binding, ATP
hydrolysis, and transport kinetics.
A prerequisite for the purification of integralmembrane pro-

teins is the dissolution of the biological membrane in which the
protein resides so that the membrane protein exists in solution
in a monodisperse state while maintaining its structure in a
physiological relevant condition. The success of a purification
strategy is thus largely dependent on the type of detergent used
for both initial solubilization and the subsequent steps of col-
umn chromatography. The choice of detergent (Triton and
n-octyl-�-D-glucopyranoside) used for solubilization and puri-
fication of ABCB6 appeared acceptable, as reasonable amounts
of ABCB6 were extracted from the membrane, with preserved
oligomeric state and activity of the proteins. After purification
by immunoaffinity chromatography, ABCB6 bound MgATP
with a relatively high affinity (Kd 	 0.18 �M) and showed an
ATPase activity of 0.493 �mol/mg/min. The observed activity
is similar to that reported for ABC transporters such as MRP1
(0.46 �mol/min/mg; (25) but is relatively high compared with
ABC transporters, e.g.MRP3 (0.075�mol/mg/min; Ref. 26) and
MsbA (0.15 �mol/mg/min (Ref. 27). Interestingly, ABCB6
ATPase activity is lower than activities seen for other mito-
chondrial ABC proteins such as Mdl1 (2.3 �mol/mg/min; Ref.
28) and Atm1 (1.9 �mol/min/mg; Ref. 29). The relatively high
ATPase activity indicates that immunoaffinity-purifiedABCB6
is in an active state. This conclusion is further supported by
the observation that solubilized and reconstituted ABCB6
have comparable ATPase activities. Furthermore, given that
the apparent affinity for MgATP is 700 times higher than the
Michaelis-Menten constant for ATP hydrolysis (Km 	 0.99
mM), this implies that ATP binding and ATP hydrolysis are
potentially distinct steps.
There is increasing evidence that ABCB6 localizes to multi-

ple cellular compartments including the plasma membrane
(30–33). However, the precise identity, substrate specificity (if
any), and functional significance of the differentially localized
ABCB6 is not well defined. In our studies, although the princi-
pal form of ABCB6 purified from total cell fractions was an
�90-kDa protein, a second band of �50 kDa was also purified
after affinity chromatography. Both the purified bands contain
ABCB6, as confirmed by Western blot and MALDI-TOF anal-
ysis. The �90-kDa band represents the mature form of the
protein, which has been previously described as localizing to
the mitochondria (11, 12). Interestingly, however, the 50-kDa

band was not seen in the ABCB6 purified from mitochondrial
fractions, suggesting that the �50-kDa form of ABCB6 might
localize to cellular compartments other than themitochondria.
The ability of our experimental protocol to purify sufficient
quantities of these two forms of ABCB6 should in the future
enable us to characterize their localization, identity, and poten-
tial functional significance.
It is well established that the lipid environment in which a

membrane protein is reconstituted can affect its reconstitution
and interaction with its substrates, thus, modulating its activity
(34). For example, it has been shown that MRP3, which is
expressed in both the liver and the brain, exhibits efficient
reconstitution and highest ATPase activity when reconstituted
in liver lipids but not in brain lipids (26). Similarly, certain lipids
significantly influence the characteristics of purified P-glyco-
protein ATPase activity and the apparent coupling between its
drug-binding and catalytic sites (35, 36). In contrast, the
ATPase activity of human ABCA4 could not be stimulated by
its substrate, all-trans-retinal, when the protein was reconsti-
tuted in vesicles composed of single synthetic lipids (37). Thus,
overall, there appears to be considerable variability among the
ABC transporters with respect to their response to their lipid
environment. Results from the present study suggest that for
ABCB6 a combination of various phospholipids constitutes an
optimal environment for substrate binding and stimulation of
basal ATPase activity. However, whether these values are true
representations of the ATPase activity of native ABCB6
requires further investigation. In fact, given that the basal
ATPase activity of lipid reconstituted ABCB6 was relatively
higher than that observed for the purified protein suggests that
the lipid environmentmay play a role in influencing theATPase
activity of native ABCB6. In this context and given that ABCB6
is ubiquitously expressed, native ABCB6 in different organ sys-
tems or in different cellular compartmentsmight exhibit varied
ATPase activity and potentially different substrate specificities.
We speculate that these suppositions could provide the basis to
explain some of the ABCB6 loss of function phenotypes
described in the literature (17, 19, 38–41).
ManyABC transporters have been shown to possess intrinsic

ATPase activity that is stimulated in the presence of trans-
ported substrates. The best-investigated example is the mam-
malianMdr1, which possesses anATPase activity stimulated by
various drugs that are known to be transported (42, 43). The
ATPase activity of lipid reconstitutedABCB6was stimulated by
porphyrins known from previous studies to be potential sub-
strates for this transport protein (11, 13). CPIII has the highest
affinity for ABCB6, and this compound stimulated ATPase
activity by �5-fold above basal activity. The lack of substrate-
stimulated ATPase activity in control liposomes and in lipo-
somes reconstituted with a non-functional mutant of ABCB6
indicates that the observed ATPase activity is specific to
ABCB6. In addition to CPIII, significant induction in ATPase
activity was also observed with verteporfin, a compound that
we recently identified as a potential substrate of ABCB6 by a
HTS assay that was developed to identify functional modula-
tors of ABCB6 (24). In contrast, tomatine, which was also iden-
tified as a potential transport substrate of ABCB6, was not as
efficient as verteporfin in stimulating ABCB6 ATPase activity.
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The observation that porphobilinogen, which lacks a com-
pleted ring structure, is unable to stimulate ATPase activity
leads to the speculation that transport substrates of mitochon-
drial ABCB6 might require a ring structure.
The results presented here demonstrate for the first time

transport of CPIII by purified ABCB6 in an artificial lipid
bilayer system. The relatively high hydrophilicity and the inher-
ent endogenous fluorescence capacity of CPIII facilitated anal-
ysis of its transport kinetics in this system. The lack of transport
in control liposomes and in liposomes reconstituted with a
non-functional mutant of ABCB6 confirmed that the ATP-de-
pendent uptake of this substrate by ABCB6 proteoliposomes
involved transport into the vesicle lumen. This conclusion is
further supported by our findings that the Km values for CPIII
were comparable with those reported previously in mitochon-
drial transport studies (13). The specific stimulation of ABCB6
ATPase activity by CPIII and the efficient transport of thismol-
ecule into proteoliposomes suggest that this molecule might be
the primary substrate for mitochondrial ABCB6, and trans-
porting across themitochondrial membrane could be the phys-
iological function of ABCB6. Collectively these data provide
strong support for the conclusion that mitochondrial ABCB6
acts as an energy-driven pump that appears not to require addi-
tional components for its basal and substrate-stimulated
ATPase activity and substrate transport.
In summary, we have purified ABCB6 to homogeneity and

reconstituted it into proteoliposomes. The reconstituted
ABCB6 demonstrates both substrate stimulated ATPase activ-
ity and ATP-dependent translocation of candidate transport
substrates across the lipid membrane. These studies represent
the first characterization of the ATPase activity and ATP-de-
pendent transport kinetics of purified ABCB6 in the absence of
other potential interacting components. ABCB6 is increasingly
recognized as a relevant physiological and therapeutic target
(16, 17, 38–41, 44). ABCB6 expression is up-regulated inmany
tumor cells with acquired chemotherapeutic resistance (19,
45–50). However, the mechanism by which ABCB6 provides
therapy resistance is not known. In this regard, reconstitution
of purified ABCB6 into proteoliposomes in the absence of con-
taminating factors might facilitate mechanistic studies of ATP-
dependent ABCB6-mediated transport of therapy drugs. In
addition, the simple immunoaffinity purification of ABCB6 to
near homogeneity might provide the basis for future studies on
the structure and function of ABCB6 and potentially help char-
acterize the identity, localization, and functional significance of
the smaller isoform of ABCB6.
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