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ABSTRACT. Expression of the ATP-binding cassette transporter ABCB6 has been associated with multiple
cellular functions, including resistance to several cytotoxic agents, iron homeostasis, and porphyrin transport.
To further elucidate its physiological function and/or role in drug resistance, we determined the subcellular
location of ABCB6. Using three novel ABCB6-specific antibodies, Western blot analysis of cells expressing
cDNA-derived or endogenous ABCB6 revealed two distinct molecular weight forms. Confocal microscopy
indicates that the protein localizes to both mitochondria and the plasma membrane. Differential
centrifugation revealed that the lower molecular weight form predominantly resides in the mitochondria,
while the larger protein form is more abundant in the plasma membrane. Preliminary studies indicate that
ABCBS® is functionally relevant in the plasma membrane, where its expression prevents the accumulation
of specific porphyrins in the cell. Digitonin solubilization of mitochondria demonstrated that ABCB6 is
present in the outer mitochondrial membrane, while back-titration assays with the ABCB6-specific
antibodies reveal that the nucleotide binding domain of ABCB6 is cytoplasmic. These studies are the first
to demonstrate that ABCB6 exists in two molecular weight forms, is localized to both the outer
mitochondrial membrane and the plasma membrane, and plays a functional role in the plasma membrane.

The ATP binding cassette (ABLtransporters are one of  disease, Tangier disease, and Pseudoxanthoma elassgum (
the largest protein familiesl). These enzymes are named their substantial role in pharmacology as gatekeepers at
for the conserved sequences required for ATP binding biological barriers (i.e., bloodbrain barrier 4)), and as
(Walker A motif, Walker B motif, and the conserved linker defenders of stem cells5), Several ABC transporters,
region) to create the nucleotide binding domain (NBD). ABC including P-glycoprotein (P-gp/MDR1/ABCB1), multidrug
proteins are present in various cellular membranes, transportresistance protein 1 (MRP1/ABCC1), and ABCG2 (MXR/
ing a variety of endogenous and xenobiotic substrates, BCRP), are found at high levels in the plasma membrane of
including fatty acids, leukotrienes, phospholipids, inorganic cancer cells and have been implicated in multidrug resistance
ions, sugars, peptides, glutathione conjugates, polysaccha¢MDR) (4). An additional nine transporters (ABCAZ2,
rides, antibiotics, and chemotherapeutic ageh}s ( ABCB11, ABCC2, ABCC3, ABCC4, ABCC5, ABCCS,

The human genome encodes 48 ABC transportg)s ( ABCC10, ABCC11) have been shown to transport specific
Their medical importance stems from genetic disorders linked drugs @), and correlative studies$(7) suggest that many
to mutations in ABC genes (SUCh as CyStiC fibrosis, Stargardt of the remaining 36 ABC transporters may be drug trans-
porters.

T This research was supported by the Intramural Research Program . . . .
of the National Institutes of Health, National Cancer Institute, Center VW€ became interested in the ABC protein ABCB6 while

for Cancer Research. determining the contribution of the remaining 36 ABC

* To whom correspondence should be addressed. Phone: 301-496ransporters to anticancer drug resistance. Genetic profilin
1530. Fax: 301-402-0450. E-mail: MGottesman@ nih.gov. P 9 P 9

£ aboratory of Cell Biology, NCI, NIH. of several cellular models of drug resistan6g7) indicated

$ Kagoshima University Graduate School of Medical and Dental that increased ABCB6 expression correlates with increased
SCll‘enceS. _ _ _ resistance to various drugs in 60 diverse cancer cell lines

D"Bag(gf‘otggeﬁigsxgﬂ;ﬂﬁmg:er?arc'"Oge”es's’ NCI, NIH. (NCI-60) (6). In unrelated experiments, we found that various

#Hungarian Academy of Sciences. human and mouse cell lines selected for resistance to

! Abbreviations: ABC, ATP-binding cassette; NBD, nucleotide arsenité or cisplatin possess elevated levels of ABCB6

binding domain; P-gp, P-glycoprotein; MDR, multidrug resistance; HB, ' mpNA and protein. In other studies, increased ABCB6
homogenization buffer; RB, resuspension buffer; EDB, enzyme dilution !

buffer; IAAP, [12]lodoarylazidoprazosin; CPIIl, coproporphyrin lll; ~ MRNA expression was reported in camptothecin-resisgnt (
PhA, pheophorbide A. or paclitaxel/ FEC (5-fluorouracil, epirubicin, and cyclo-
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phosphamide)-treate@)(cells. ABCB6-mediated MDR may  cocktail tablets were from Roche (Indianapolis, IN). The anti-
be clinically relevant since increased expression of ABCB6 BiP/GRP78, anti-EEAL, anti-GM130, anti-integu&/VVLA-
in hepatocellular cancer compared to healthy liver tisd@g ( 2a, anti-Lamp-1, and anti-nucleoporin p62 antibodies were
and breast cancer cells following chemotheré@)yh@s been  purchased from BD Biosciences (San Diego, CA). Optiprep
reported. iodixanol was purchased from Axis-Shield (Oslo, Norway),
However, this correlation between ABCB6 and drug and DAKO mounting media from DakoCytomation (Carpin-
resistance is surprising because in contrast to other MDR-teria, CA). SNB-19, U251, and HS-578T cells were pur-
mediating ABC transporters that reside in the plasma chased from the DCTD Tumor/Cell Line Repository (NCI,
membrane, ABCB6 expression had only been reported in Frederick, MD). All other chemicals were reagent grade.
mitochondria £1), and most ABC transporters confer MDR ~ Generation and Maintenance of Cell Lind&B-3-1 cells
by pumping drugs out of the cell. Thus, the question arose were stably transfected with human ABCB6 in theqf2 AG-
as to whether the cellular localization of ABCB6 was CMV-14 expression vector (KB-B6) or empty control vector
restricted to mitochondria. (KB-CV). KB-3-1 (16), SNB-19 (human glioblastoma cells
Beyond cellular protection from chemotherapies, additional ©f central nervous system originlq), U251 (human
functions have been proposed for ABCB6. In yeast, knocking glioblastoma cells of central nervous system origig)J,
out the orthologous gene Atmip leads to a decrease inand HS-578T (human ductal carcinonis)), KB-B6, and
holocytochromes 12, 13), an increase in free Pelevels ~ KB-CV cell lines were grown (37C, 5% CQ) in mono-
(14), and lack of growth in the absence of Leld). These  layers with DMEM medium (4.5 g of glucose/L) supple-
phenotypes can be reversed by expression of human ABCBeMented with.-glutamine (2 mM), FBS (10%), penicillin (100
in the knockout yeast celld.(), indicating that ABCB6isa ~ U/mL), and streptomycin (10@g/mL). _
functional orthologue of Atm1p. A recent report indicates ~ Protein Assay Protein content was measured with the
that the addition of hemin to MEL cells leads to an Micro BCA assayZ0).
upregulation of ABCBS6 at both the mRNA and protein levels ~ Crude Membrane PreparatiorCrude membranes were
and that FLAG-tagged ABCB6 expressed in Saos-2 cells Prepared as describedl).
binds heme and other tetrapyrrole carboxylates, indicating Generation of Monoclonal Anti-ABCB6 Antibodiels
that ABCB6 may be responsible for the transport of collaboration with BD Biosciences, monoclonal antibodies
porphyrins across mitochondrial membran#s) ( ABCB67g3and ABCBGe7, both IgG2a kappa, were generated
Since ABC transporters serve very diverse functions in PY immunizing mice with thé. coli-expressed, purified, and
the cell, understanding the cellular localization(s) of each refolded cytoplasmic region of the human ABCB6 protein
transporter is necessary to properly understand and investi{(8mino acids 550 to 842). Bleeds were screened for reaction
gate their cellular role. We determined the intracellular With ABCB6 via Western blot, and hybridomas were
localization of endogenous as well as FLAG-tagged cDNA Prepared from positive mice. _ _
derived ABCB6. In both cases, we confirmed that ABCB6 _Generation  of Polyclonal = Anti-ABCB6 ~ Antibody
is localized to mitochondria, and further characterized its (ABCB&479. In collaboration with Rockland Immunochemi-
location to the outer mitochondrial membrane with the NBD Cals, Inc. (Gilbertsville, PA), a peptide of the sequence
domain facing the cytoplasm. In addition, we discovered that N-RAMNTQENATRARAVD-C (amino acids 448455)
ABCB6 localization is not restricted to mitochondria, as Was synthesized. Rabbits were injected regularly, and bleeds
ABCBS is also present in plasma membranes. The decreasedVeré collected and screened for reaction with ABCBE.
cellular accumulation of hemin and pheophorbide A (PhA), Positive sera were affinity purified using the prepared
previously reported substrates of mitochondrial ABCB6, PePtide. _ _
suggest that the plasma membrane form of ABCB6 is also  Vestern BlottingSDS-PAGE and Westem blotting were
functional. Finally, using a whole cell assay, we have Preformed as describe@3) with anti-FLAG (2.5ug/mL),
identified a new substrate of ABCB6. We show that &nti-porin (1ug/mL), anti-complex Il (0.1ug/mL), anti-
iodoarylazidoprazosin (IAAP) has decreased cellular ac- ABCBGss7 (0.2 ug/mL), anti-ABCBGss (0.2 ug/mL), and

cumulation in cells expressing ABCB6. anti-ABCB67474(1:500) and incubations performed overnight.
Deglycosylation Reaction®eglycosylation reactions of
EXPERIMENTAL PROCEDURES crude membrane fractions were performed in the presence

of either PGNase F of-glycosidase with the buffers,

Reagents p3xFLAG-CMV-14 expression vector, anti-  temperatures, and time frame recommended by the manu-
FLAG M2 antibody,n-dodecyls-p-maltoside, cytochrome  facturer (Sigma, St. Louis, MO).

¢, cytochromer oxidase, PGNase F, atglycosidase were Purification of Intact, Functional Mitochondria and

purchased from Sigma (St. Louis, MO). Anti-porin and anti- pjlasma Membrane$urified membranes were prepared by
CompleX Il antibOdies, Mitotracker Deep Red 633, Wheat Combining several method§3_25) Cells were |ysed in
Germ Agglutlnln Alexa Fluor 555, Alexa Fluor 488 goat homogenization buffer (HB, 150 mM Mg@]lo mM KCI,
anti-mouse 1gG, and Zymed ABTS solution were purchased 10 mM Tris at pH 6.7, and protease inhibitors; 1 mL&1
from InVitl’Ogen (Carlsbad, CA) The protease inhibitor 107 Ce”s), incubated on ice (15 min), and Dounce homog_
enized (35 strokes using only pestle A). HB with sucrose
2 Tachiwada, T., Chen, Z.-S., Annereau, J.-P., Paterson, J., Che, X.-(34.2%, 1/3 vol) was added (corresponds to whole cell
F., Matsumoto, M., Szakacs, G., Gotanda, T., Sumizawa, T., Furukawa, sample, Figure 3, lane 1), and low speed centrifugation (1000

T., Nishiyama, K., Seki, N., Grissom, S. F., Tucker, C. J., Paules, R. ; o ;
S., Yamamoto, M., Nakagawa, M., Gottesman, M. M., Akiyama, S. x g, 5 min, 4 C) removed nuclei and unlysed cells

Isolation and characterization of asrsenite resistant human epidermoid(Corresponds to Figure 3, lane 2). The supernatant was
carcinoma KB cells, unpublished work. centrifuged at a medium speed (50Q0g, 10 min, 4°C),
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Ficure 1: Two distinct ABCB6 protein forms exist in cells. Crude - . . .
membranes from KB-3-1 cells stably transfected with FLAG-tagged ' Anti-ABCB6,gg
ABCB6 (KB-B6) or control vector (KB-CV) were prepared, — e v
separated by SDSPAGE, transferred to a PVDF membrane, and -

probed with (a) anti-FLAG, (b) anti-ABCB#&;, (c) anti-ABCBGzgg,

or (d) anti-ABCBG474 () Crude membranes were prepared from C— e w .
cells that have relatively high endogenous ABCB6 mRNA levels, U251 : Anti-ABCBB,gg
separated by SDSPAGE, transferred to a PVDF membrane, and e i
reacted with the anti-ABCB#7 antibody. The arrows represent the . .
molecular weight positions of both ABCB6 forms.
. - wwee |
1 5 3 KB-B6 Anti-ABCB645
-~y
<4— 104 kDa (ABCB86-H Ficure 3: ABCBG6 resides in both mitochondria and the plasma
a membrane of overexpressing and native cell lines. Cellular mem-
-..4—9ng( ) b f pressing and native cell lines. Cellul

branes were prepared with various centrifugation steps, as detailed
in the text. Organelle location was monitored by separating the

i. B 8 <«—79kDa (ABCB6-L) resulting proteins with SDSPAGE, transferring to a PVDF
membrane, and reacting with antibodies directed against proteins

residing in specific organelle membranes. The antibodies used are

. . indicated with the targeted organelle listed in parentheses. Mem-
FiGurRe 2. ABCBG-H is not a glycosylated form of ABCB6-L. KB- = oo fractions from SNB-19 cells are shown (similar purity was

EIG lcgé)ds? dggmggge; vg%rfa Iu(r:](t)rs?gfsde (Igr:]ee %) ct)rre:l?rgleerﬁzttetg ©obtained for U251 and KB-B6 cells). The localization of ABCB6
gy ( ) gy ( ) in membranes from KB-B6, SNB-19, and U251 cells was deter-

remove sugar chains. The proteins were then separated by SDS | .04 . . ; :
> - y reaction with the anti-ABCB# antibody. Lane 1, whole
PAGE and analyzed by Western blot reacted with anti-AB{B6 cell lysates; lane 2, low speed pellet; lane 3, medium speed pellet;

. . lane 4, iodixanol band (mitochondria); lane 5, high speed pellet;
the pellet resuspended in HBsucrose (20 mL), centrifuged lane 6, 53.5%/43.5% sucrose interface (plasma membranes); lane

(5000 g, 10 min, 4°C), and resuspended in Solution A (3 7, lower density proteins; lane 8, higher density proteins; lane 9,
mL; 20 mM Hepes, 1 mM EDTA, and 250 mM sucrose at soluble proteins.
pH 7.4; Figure 3, lane 3). lodixanol solution (50% iodixanol,
120 mM Hepes, 6 mM EDTA, and 250 mM sucrose at pH top of a sucrose gradient (53.5% sucrose/43.5% sucrose),
7.4) was added (final concentration of 36%), and the samplecentrifuged (5 h, 100,00& g, 4 °C), and fractions at the
was placed in a centrifuge tube, overlaid with Solution B 53.5/43.5% sucrose interface, bottom of the tube (higher
(10 mL, 30% iodixanol, 80 mM Hepes, 4 mM EDTA, and density proteins), and at the top of the gradient (lower density
250 mM sucrose at pH 7.4), Solution C (to top, 10% proteins) were collected, diluted (RB, 1 volume), and
iodixanol, 80 mM Hepes, 4 mM EDTA, and 250 mM sucrose centrifuged (120,000« g, 1 h, 4°C). The pellets (plasma
at pH 7.4), and centrifuged (50,000g, 4 h, 4°C, swinging membrane, Figure 3, lane 6; higher density proteins, Figure
bucket rotor). Protein was collected at the 30%/10% iodix- 3, lane 7; lower density proteins, Figure 3, lane 8) were
anol interface, an equal volume of solution A (10 mL) was resuspended in TSNa buffer with protease inhibitors. The
added, followed by centrifugation (30,000 g, 10 min, 4 supernatants resulting from the high speed spin contained
°C). The resulting pellet was resuspended in mitochondrial soluble proteins (Figure 3, lane 9).
suspension buffer (MSB; 250 mM sucrose and 10 mM Tris ~ Generation of Mitochondria with Permeabilized Outer
at pH 7.0; Figure 3, lane 4) with protease inhibitors. Membranes Mitochondria with permeabilized outer mito-
TSNa buffer (10 mM Tris at pH 7.5, 50 mM NaCl, and chondrial membranes were generated as described above
250 mM sucrose, with protease inhibitors) was added (1 except following incubation on ice (15 min), the cells were
volume) to the supernatant resulting from the medium speedplaced at-80 °C overnight, thawed rapidly (RT), incubated
centrifugation and centrifuged at a high speed (120,200 on ice (45 min), and then processed though the remaining
g, 1 h, 4°C; microsomes). The pellet was resuspended protocol.
(resuspension buffer (RB); 3 mL; 10 mM Tris, 0.5 mM Confocal Microscopy Using MitoTracker Deep Red 633
EDTA, and 10% glycerol at pH 7.5; lane 5), applied to the and Anti-FLAG M2 AntibodyTo label mitochondria, Mi-
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totracker Deep Red 633 in DMEM media (30 pg/mL) was O ug/mL sample in the back-titration was set at 100%
added to cells (30 min, 37C) and then washed (media, 10 unbound antibody, and antibody remaining in the supernatant
min, 37 °C, 2x). To label ABCBS6, cells were fixed (4%  for each condition was determined by dividing this signal
paraformaldehyde in PBS/BSA (0.1%), 30 min, RT), per- by the unbound signal.
meabilized (70% ethanol, 20 min, RT), blocked (PBS/BSA,  [129]-|AAP Accumulation Assay$'25]-IAAP (3—5 nM,
2 x 10 min, RT), incubated with anti-FLAG M2 antibody 2200 Ci/mmol; Perkin-Elmer Life Sciences Wellesley, MA)
(20 ug/mL, 1 h, RT), incubated with Alexa Fluor 488 goat was added to KB-CV or KB-B6 cells (3%, 30 min under
anti-mouse IgG (1:50, 1 h, RT), dried, and DAKO mounting subdued light to avoid photocross-linking). After incubation,
medium was added. Fluorescent cells were examined withcells were washed with PBS and lysed (trypsin/EDTA, 37
a Zeiss LSM 510 Confocal Microscope (Carl Zeiss Inc, °C, 30 min). Lysates were transferred to scintillation vials
Thornwood, NY) with an Axiovert 100M inverted micro-  containing Bio-Safe Il scintillation fluid (15 mL), and
scope and 63 1.4 NA Zeiss Plan-Apochromat oil immer-  radioactivity was measured. Cells washed with PBS im-
sion objective. Using the Zeiss Aim software, images were mediately after addition of théF]-IAAP were used as the
collected using a multitrack configuration where the Alexa 0 min time point.
Fluor 488 and Mitotracker deep red emissions were collected  pjyorescent Accumulation Assa¢B-CV or KB-B6 cells
sequentially with a BP 505-530 filter and an LP 650 filter (3 » 10%) in phenol red-free IMDM with 5% FBS were
after sequential excitation with 488 and 633 nm laser lines, jncyubated with hemin, coproporphyrin 11l (CPIII), and PhA
respectively. . . (5uM, 37 °C, 45 min). Cells were pelleted, resuspended in
Confocal Microscopy Using Wheat Germ Agglutinin and pgs/BSA, and analyzed immediately with a FACSort flow
Anti-FLAG M2 Antibody ABCB6 was labeled as described  cytometer (Becton-Dickinson Immunocytometry systems,
above, followed by incubation with wheat germ agglutinin - san jose, CA). For all samples, 10,000 events were counted,
Alexa 533 (lug/mL, 1 h, RT). Slides were finished as  and analysis was performed with CellQuest software (Becton-
described above. Alexa 533 was excited with the 543 nm pjckinson Immunocytometry systems, San Jose, CA). The
laser line and the emission collected in a PMT with & BP mean fluorescence intensity was calculated using statistics

560-615 fiter. B _ _ in CellQuest software.
Solubilization with Digitonin To purified mitochondria

(100 uQ), increasing amounts of digitonin were added (0, RESULTS
0.1, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5 mg digitonin/mg protein), o ]
samples were incubated (RT, 30 min) and centrifuged TWo Distinct Molecular Weight Forms of ABCBSBCB6
(10,000x g, 10 min, 4°C), and both supernatants and pellets CONA was inserted in a p8FLAG-CMV-14 expression
(resuspended in MSB (50L)) were collected. plasmid, placing a FLAG—tag on_the C-terminus. KB—3—1_c¢_aIIs
Cytochrome ¢ AssayMitochondria in enzyme diluton ~ Were stably transfected with either the ABCBG6-containing
buffer (EDB, 5 mM Tris, and 125 mM sucrose at pH 7.0) Vector (KB-B6) or an empty control vector (KB-C%)Crude
without (intact) or with (solubilizedp-dodecyl3-o-maltoside =~ Membranes were prepared from these cells and analyzed by
(2.5 mM) were incubated (10 min,*C) and added (50g) We_stern bl_ot using a commercially avallf'ible antl-F_LAG
to assay buffer (80@L, 10 mM Tris, and 120 mM KCI at antibody (F|gure. 1a). As expected, the anti-FLAG antl_body
pH 7.0). Reduced cytochrome(50 uL, 2.7 mg/mL cyto- only rgapted with extracts from .thg KB-B6 cell I!ne,
chromecin 0.5 mM DTT) was added, #onm was measured ~ écognizing a 104 kDa protein, similar to t.he predicted
(65 s), and the rate of cytochrornexidation was determined ~ molecular weight of ABCB6 with the 8 C-terminal FLAG
from the slope of the line. tag (97 kDa). Additionally, another band appeared at 79 kDa.
Back-Titration Modifications of various back-titration Using three novel ABCB6-specific antibodies (ABG6
techniques26—28) were used to determine protein orienta- ABCB67gs, or ABCBG67474), We confirmed that both protein
tion. Antibody (anti-porin (600 ng/mL), anti-complex Il (600 bands were ABCB®G. Irrespective of the antibody used, two
ng/mL), anti-FLAG (300 ng/mL), anti-ABCB®&; (600 ng/ reactive bands appeared, including light labeling of bands
mL), anti-ABCB6gs (300 ng/mL), and anti-ABCBf74(600 in the KB-CV cell line (Figure 1b-d). This demonstrated
ng/mL)) was added to increasing concentrations of either that all four antibodies specifically recognize ABCB6, that
intact or permeabilized mitochondria (0, 0.1, 0.25, 0.5, 1, 5, the reaction with the lower molecular weight band is a
10, 25, 50, 75, 100, 150, 2Q@)/mL; 50uL total), incubated specific interaction, and that both the 104 kDa (ABCB6-H)
on a shaker (2 h, RT), centrifuged (506809, 20 min, 4  and 79 kDa (ABCB6-L) protein bands are ABCB6.
°C), and the supernatant collected. To determine if the two ABCB6 forms resulted from either
ELISA Solubilized mitochondrial protein stocks (Q:§) overexpression or the presence of the FLAG tag, membranes
from KB-B6 were loaded in the wells of microtiter ELISA  from cells expressing high levels of endogenous ABCB6
plates (Greiner Labortechnik) and incubated (overnight, RT). mRNA (6) were isolated and analyzed by reaction with the
The wells were blocked (0.25% BSA in TBST, 30 min, RT), anti-ABCB6s; monoclonal antibody (Figure 1e). Intrigu-
and supernatants from the back-titration were added (2 h,ingly, HS-578T cells, which have high ABCB6 mRNA
RT). Again, the plates were blocked (10 min, RT), secondary levels, express undetectable amounts of ABCB6 protein.
antibody (anti-mouse (125 ng/mL) or anti-rabbit (250 ng/ SNB-19 and U251 cells express both forms, indicating the
mL)) was added (2 h, RT), followed by ABTS solution (100 FLAG-tagged ABCB6 is processed in a manner similar to
uL). After development of color (3690 min, RT), Aiwgs nm that of the endogenous protein. Varying protease inhibitors
was read on a microtiter plate reader. Controls were treatedor sample preparation techniques did not alter these observa-
with only secondary antibody to generate a background tions. Thus, we conclude that two protein forms of ABCB6
signal, which was subtracted from each welloé,m of the exist in the cell.
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ABCB6-H Is Not a Glycosylated Form of ABCB610
determine if ABCB6-H is a glycosylated form of ABCB6-
L, KB-B6 crude membranes (Figure 2, lane 1) were
incubated with arN-glycosidase (PGNase F, Figure 2, lane
2) or O-glycosidase (Figure 2, lane 3). Incubation with
PGNase F decreased the size of ABCB6-H to 99 kDa but
did not affect ABCB6-L. Additionally, no variation in the
size of either ABCB6-H or ABCB6-L occurred after incuba-
tion with O-glycosidase. Thus, ABCB6-H, but not ABCB6-
L, is N-glycosylated. However, removal of sugar residues
from ABCB6-H did not lead to the generation of ABCB6-
L, indicating that ABCB6-H is not a glycosylated version
of ABCB6-L.

ABCB6 Is Localized in Both Mitochondria and Plasma
Membranes ABCB6 is believed to be localized to mito-
chondria (1, 15). Our ABCB6-specific antibodies provided
a new tool to determine the subcellular location of endog-
enous ABCB6 in various cellular membranes purified from
KB-B6, SNB-19, and U251 cells, as detailed in the Experi-
mental Procedures section. The identity and purity of the
specific membrane fractions were confirmed with antibodies;
anti-nucleoporin p62 identified nuclear membranes, anti-
GM130 identified the Golgi apparatus, anti-Lamp-1 moni-
tored lysosomes, anti-complex Il identified mitochondrial
membranes, anti-integiit2/VLA-2a ascertained the plasma

membrane, anti-BiP/GRP78 identified ER membranes, and

anti-ABCB6;gs detected ABCB6.
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Ficure 4: Confocal microscopy confirms the localization of
ABCBS6 in the mitochondria and plasma membranes. (a) Mito-
chondria of KB-B6 cells were labeled with MitoTracker (red), and
ABCB6 was labeled with anti-FLAG M2 antibody (green). An
overlay of the MitoTracker and anti-FLAG M2 emissions (yellow)
shows co-localization of the two labels. (b) Plasma membranes of
KB-B6 cells were labeled with anti-wheat germ agglutinin (red),
and ABCB6 was labeled with anti-FLAG M2 (green). Overlaying
the two emissions (yellow) demonstrates co-localization of the dyes.
The scale bar represents ifn.

the membrane-specific or anti-ABCRgantibodies (Figure

As expected, whole cell lysates (Figure 3, lane 1) reacted 3. 1ane 8).

with the entire panel of antibodies, indicating the presence

In summary, ABCB6 was determined to reside in both

of all cellular membranes as well as both ABCB6 forms. the mitochondrial and plasma membranes of KB-B6, SNB-
Analysis of the low speed pellet (Figure 3, lane 2) revealed 19, and U251 cells. While both forms are present in each
that all membranes and both ABCB6 forms were present in membrane, ABCBG6-L is enriched in mitochondria, whereas

this fraction, probably because of unlysed cells collected
along with the nuclei. Analysis of the medium speed pellet

ABCBG6-H is dominant in the plasma membrane.
Confocal Microscopy Confirms the Presence of ABCB6

(Figure 3, lane 3) revealed the presence of lysosomes andn Both Mitochondrial and Plasma Membranego verify
mitochondria as expected but also nuclei, plasma membranesthe dual localization of ABCB6, confocal microscopy was

and ER. The mitochondria were further purified using an
iodixanol gradient, and the fraction at the 30%/10% interface
reacted with the anti-complex Il antibody but not with other
organelle specific antibodies, indicating that only mitochon-
dria remained in the fraction (Figure 3, lane 4). Reaction
with the anti-ABCBG6gg antibody revealed that ABCB6-L is
the predominant form in the mitochondria of all three cell
lines. Analysis of the high speed pellet (microsomal mem-

performed. MitoTracker Deep Red 633 was used to label
mitochondria of KB-B6 cells (Figure 4a, left panel) and anti-
FLAG M2 to label ABCB6 (Figure 4a, middle panel). The
overlay (yellow) demonstrates that ABCB6 is present in
mitochondria (Figure 4a, right panel). In separate cells, wheat
germ agglutinin Alexa 555 was used to specifically label
the plasma membrane of KB-B6 cells (Figure 4b, left panel)
and anti-FLAG M2 (Figure 4b, middle panel) to label

branes, Figure 3, lane 5) indicated that only plasma and ERABCB6. Again, the two labels overlapped (yellow), dem-
membranes remained in the sample. Additionally, ABCB6-H onstrating co-localization of both labels (Figure 4b, right
was highly enriched in this sample. To separate these twopanel) and confirming ABCB6 localization to the plasma
membranes, a sucrose gradient was used. The protein bancdhembrane.

appearing at the 53.5%/43.5% interface was analyzed (Figure ABCB6 Resides in the Outer Mitochondrial Membrane
3, lane 6) and found to contain only plasma membranes, asMitochondria contain an outer and an inner membrane
determined by reaction with only anti-integit2/VLA-2q. separated by intermembrane space. To determine which
This fraction also reacted with the anti-ABCR&antibody, mitochondrial membrane contains ABCB6, we used digitonin
indicating the presence of predominantly ABCB6-H in the solubilization 0, 31); the addition of low levels of digitonin
plasma membrane of all three cell lines. The protein fraction to intact mitochondria will only solubilize the outer mito-

at the bottom of this sucrose gradient contained only ER chondrial membrane, leaving the inner mitochondrial mem-
membranes, as it reacted with only the anti-BiP/GRP78 brane intact. Increasing amounts of digitonin were added to
antibody (Figure 3, lane 7). ABCB6 was not present in the purified mitochondria aliquots (Figure 5, lane 1). Following
ER membranes, as indicated by a lack of reaction with the incubation, the samples were centrifuged, generating super-
anti-ABCBG6;gs antibody. The fraction from the top of the natants (Figure 55) containing solubilized membranes and
gradient (Figure 3, lane 8) and the soluble proteins (high pellets (Figure 5,p) containing non-solubilized, intact
speed supernatant, Figure 3, lane 9) showed no reaction withmembranes. Outer mitochondrial membrane solubilization
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Ficure 5: ABCBS6 resides in the outer mitochondrial membranes.
Purified mitochondria from KB-B6 cells were intact (lane 1) or
subjected to increasing concentrations of digitonin (lar€@)2and

Paterson et al.
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Porin Comp FLAG 567
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Ficure 6: NBD of ABCB6 is cytoplasmic. The amount of intact
(filled) or permeabilized (open) mitochondrial protein required to
bind half (BAsoyw) Of each specified antibody (indicated on the
x-axis) was determined from the curve fits (Figure S2, Supporting
Information;N = 3). A difference between intact and permeabilized
mitochondria indicates that the epitope is in the intermembrane
space, while no difference between the two preparations indicates
a cytoplasmic epitope.

centrifuged to separate solubilized membranes (supernatants (s)Yrial membranes, antibodies were added at a single specific

and intact membranes (pellets (p)). Proteins in the supernatant an

pellet were separated by SB®AGE, transferred to a PVDF

membrane, and reacted with (a) anti-porin, an antibody specific

for the outer mitochondrial membrane protein porin, (b) anti-
complex lll, an antibody specific for the inner mitochondrial
membrane-protein complex lll, or (¢) anti-FLAG, an antibody that

recognizes FLAG-tagged ABCB6.

was monitored by following the solubilization of porin, an
outer mitochondrial membrane protein, with an anti-porin

monoclonal antibody (Figure 5a). As expected, increasing

digitonin concentration (Figure 5, lanes-2) increased the
solubilization of porin, indicating solubilization of the outer
mitochondrial membrane. Solubilization of the inner mito-
chondrial membrane was monitored by following the solu-
bilization of complex Ill, an inner mitochondrial membrane
protein, with an anti-complex Il monoclonal antibody

(Figure 5b). Even at the highest digitonin concentration, very

little complex Il was present in the supernatant, indicating
a lack of inner mitochondrial membrane solubilization.

ABCBS6 solubilization was monitored using the anti-FLAG

%oncentration. Generation of intact and permeabilized outer

mitochondrial membranes was determined by the release and
oxidation of cytochrome (Fe(ll) — Fe(lll)) as monitored

by a decrease in #onm(23) (Figure S1, Supporting Informa-
tion). After incubation, mitochondria (and bound antibody)
were removed with centrifugation, supernatants were col-
lected, and the amount oihboundantibody was measured
with ELISA. The ELISA signal obtained following incuba-
tion in the absence of mitochondria was set to 100%, and
all other values are presented relative to this reading. Plotting
the percentage of unbound antibody as a function of
mitochondrial protein leads to typical titration curves, which
were fit to a standard first-order equation (Figure S2,
Supporting Information), and the protein amount required
to bind half the antibody (BAw,) was determined (Figure

6).

If an epitope is cytoplasmic, it is accessible in both intact
and permeabilized mitochondrial samples, ands@Awill
be similar under both conditions. If the epitope is in the
intermembrane space, it will only be accessible in perme-

antibody. As digitonin concentration increased, the level of gpjlized samples; thus, By, will be lower for the perme-
ABCBES in the supernatant increased (Figure 5c), consistentgpilized sample as compared to an intact sample, as antibody

with porin and outer mitochondrial membrane solubilization
but not with complex Il and inner mitochondrial membrane
solubilization, indicating that ABCB6 is expressed in the
outer mitochondrial membrane. Note that only ABCB6-L is
observed in this blot, as detection of ABCB6-H requires
longer exposure, which is not compatible with precise
quantitation. ABCB6-H was solubilized in a similar manner,
with complete solubilization achieved at 1.0 mg digitonin/
mg protein.

Nucleotide Binding Domain of ABCB6 Faces the Cyto-

plasm A back-titration assay was used to determine the NBD

orientation of ABCB6 in the outer mitochondrial membrane.
To increasing amounts of mitochondria—{800 «g/mL)

prepared with either intact or permeabilized outer mitochon-

binding in the intact sample reflects only nonspecific binding.

Two antibodies were employed in control experiments.
The anti-porin antibody recognizes a cytoplasmic epit@ge (
28, 32, 33). As expected, similar By, results were obtained
for both intact (4.1 2.0ug/mL) and permeabilized (25
1.0 ug/mL) mitochondria. The anti-complex Il antibody
(clone 16D10) has an intermembrane space epitope, which
explains the different By, values for the two mitochondrial
preparations (31.8& 15 ug/mL for intact and 6.5 4.0 ug/

mL for permeabilized).

Identical comparisons were made with the anti-ABCB6
antibodies. In the case of anti-FLAG, there was no difference
between intact (3.% 0.3ug/mL) and permeabilized (12
0.2 ug/mL) BAsgy values, indicating that the C-terminal
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molecular weight form predominant in mitochondria. We
100 £ determined that the mitochondrial form resides in the outer
mitochondrial membrane, with the NBD facing the cyto-
plasm. Furthermore, we show that plasma membrane bound
ABCB6 may be functionally similar to mitochondrial
nr ABCBS.

KB-B6 cell lines were created to stably express high levels
of ABCB6. ABCB6 reacted with four different antibodies,
50 one specific for a FLAG-tag, and three developed to
specifically recognize ABCB6. Upon reaction with all four
antibodies, two protein bands appeared. In addition to the
band migrating at 104 kDa (ABCB6-H), near the predicted
molecular weight, a second band (79 kDa, ABCB6-L) was
observed in samples prepared from cells expressing endog-
enous or cDNA-derived ABCB6. The presence of lower
0 : : molecular weight bands could indicate proteolysis, alternative

Hemin cpi PhA IAAP transcripts, or post-translational modification. Since varying

Ficure 7: Expression of ABCB6 in plasma membranes leads to inhihi ; i ;
decreased accumulation of specific porphyrins. KB-CV (open bars) protease inhibitors or sample preparation techniques did not

and KB-B6 (filled bars) cells were incubated with the indicated prevent the appearance Of,ABCBG'L’ this form most.likely
porphyrin, and total accumulation (pmolfl€ells) was measured ~ represents a post-transcriptionally or post-translationally
as described in the text. Data is presented as the percent accumulamodified form. Reaction of both bands with the anti-FLAG

tion in KB-CV cells. antibody indicates that both forms are generated from the
. ) o i . cDNA construct, suggesting that the lower band results from
FLAG-epitope is cytoplasmic. Similarly, in the case of anti- - post-translational, not post-transcriptional, modification.
ABCBGss; and anti-ABCBGgs antibodies, there was no  while PNGase F addition indicates that ABCB6-H is
difference between the intact (442.4 and 2.7+ 0.6 ug/ N-glycosylated, removal of the sugars does not lead to the
mL, respectively) and permeabilized (291.7 and 1.6+ generation of ABCB6-L, indicating that ABCB6-H is not
0.4 ug/mL, respectively) sam.ples, |nd|cat|ng. that these simply a glycosylated version of ABCB6-L.
epitopes are also cytoplasmic. For the anti-ABGHH The S. cereisiae functional orthologue of ABCBS,
antibody, large differences between the intact (12.3.6  Atm1p, has been shown to localize to the inner mitochondrial
#g/mL) and permeabilized (2.2 1.2 ug/mL) samples  membrane with the nucleotide binding domain facing the
occurred, indicating an intermembrane space epitope. matrix (L3). Because of its sequence homology to Atm1p
Plasma Membrane ABCBG6 Is Functionally Aeti A (390 jdentical, 58% similar), ABCB6 was hypothesized, and
recent report has elucidated the function of ABCB6 in 3 F| AG-tagged version was shown to reside in mitochondria
mitochondria 15). To determine if the plasma membrane (11 15). Because expression systems may be associated with
form of ABCB6 has a similar function, we measured the gpecific artifacts, such as derailed targeting, we assessed the
cellular accumulation of various porphyrins. We incubated endogenous location of ABCB6 in cells expressing high
cells with three porphyrin compounds (hemin, CPIIl, and ABCB6 mRNA levels. In agreement with the previous
PhA) shown by Krishnamurthy et all§) to accumulate in - reports (1, 15), using both cell fractionation and confocal
mitochondria expressing ABCB6. Since PhA is an ABCG2 microscopy, we show that not only FLAG-tagged ABCB6
substrate34), we also screened the ABCG2 substrate IAAP. ¢ also endogenous ABCB6 resides in the mitochondria.
Accumulation levels in KB-B6 cells were compared to KB- gy results showing outer mitochondrial localization of

CV after 30 min (Figure 7). ABCB6 expression led to a ABCB6 were unexpected for several reasons: (1) The three
reduction in PhA (69%) and IAAP (68%) cellular accumula- 5 cereisiae mitochondrial ABC transporters (Atmip,
tion, a slight reduction in hemin (87%) accumulation, and pdi1p, MdI2p (13, 35, 36)) and the mouse homologue of

no difference in CPIII (99%) accumulation. This indicates the human transporter ABCB10 (ABC-m&7j) have been
that ABCB6 expression in the plasma membrane leads to aghown to localize to the inner mitochondrial membrane.

decreased accumulation of certain porphyrins and that it MayThys, we expected ABCB6 to reside in the inner mitochon-
be involved in the cellular efflux of porphyrins from the cell,  §rial membrane. (2) The outer mitochondrial membrane
in addition to its previously reported role in mitochondria  contains numerous aqueous channels, making the membrane
(19). permeable to most molecules6000 Da in size 38), the
size of a typical ABC substrate. In such a context, an active
DISCUSSION transporter may be superfluous. (3) ABCB6 was reported to
ABCBSE is reported to be a mitochondrial transportkt, be a functional orthologue of the inner mitochondrial
15) involved in porphyrin transportlf), iron homeostasis ~membrane protein Atm1pl{). While this article was in
(11, or resistance to cytotoxic agents, 8—10). Because preparation, a paper by Krishnamurthy and colleagues
of its uncertain physiological role, we decided to seek appeared reporting similar outer mitochondrial membrane
additional information about its function from studies on localization in an independent cell lin&5).
subcellular localization. This work shows that ABCB6 Notwithstanding the differences between yeast and human
localizes both to mitochondrial and plasma membranes. Two mitochondria, the fact that functional orthologues Atm1p and
protein forms were detected, with the higher molecular ABCB6 reside in different mitochondrial membranes is
weight form predominant in plasma membrane and the lower puzzling. However, two additional mitochondrial proteins,

Accumulation (% control)

25 -
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human ABCB7 and yeast Mdl1p, have also been shown to
be functional orthologues of Atm139—-41), while main-
taining distinct roles. Mutation in ABCB7, but not ABCB6
or Mdl1lp, leads to a rare form of X-linked sideroblastic
anemia associated with ataxi#0( 42, 43), and only MdI1p,

not ABCB6 or ABCB7, has been implicated in peptide

transport 86), indicating that these proteins have independent ©
roles in mammalian cells. Thus, while some functions of the cytoplasm
mitochondrial transporters may overlap regardless of mem-
brlane location, they may each also have a unique cellular ouler mitochondrial
role.

Intriguingly, we find a distinct form of ABCB6 in the membrane
plasma membrane of KB-B6, SNB-19, and U251 cells. While -
a dual localization of this protein might be surprising, this | intermembrane
cellular localization is in agreement with reports that indicate space
that ABCBG6 is present in red blood cell4 45), cells which I_ — |
possess only a plasma membrane. FiGURE 8: Model of ABCB6 orientation in mitochondria. Using

The expression of ABCBG in the plasma membrane results various hydropathy calculation programs, comparison modeling to
in decreased accumulation of PhA, IAAP, and hemin in the P-gp, and improvement with the back-titration data, ABCB6 is
cell, indicating that it may play a similar functional role in Fﬁ:d,i\lcéeDd ;‘r’ehgvg Slii)a.(strﬁgsr\?vﬁnlb{ﬁgenglm'?’thENiqlEg/&eRmAq\i?liDand
the. p'as'f”a membrane as reported in mitochondt). ( sequence is inythg interrﬁembrane space. Solid green rectangles
While Krishnamurthy and colleagues speculated that CPIII genote the FLAG-tag, the dotted yellow square indicates the anti-
was the most probable substrate for mitochondrial ABCB6 ABCB6ss; and anti-ABCB6gg epitopes, the solid red rectangles
(15), we found that plasma membrane ABCB6 expression represent the three major conserved components of the NBD, while
did not affect CPIIl accumulation. Thus, it appears that the the dotted purple square indicates the anti-AB&Rgepitope.
two molecular weight forms and two cellular locations may . . ) ,
transport similar but also distinctive substrates. Plasma (6770, modified on the basis of alignment with a P-gp
membrane ABCB6 may work to protect cells from the toxic Model based on biochemical and crystallographic d& (
effects of PhA (found naturally in food€i§—49)), similar and finally modified on the basis of our back-titration data.
to the role proposed for ABCGZ(). Additionally, this We predict that the protein has six transmembrane segments,
finding may explain its appearance in red blood cells, where orienting the termini on the same side of the membrane.
if porphyrin levels are not well controlled, symptoms similar Back-titration indicated that the C-terminus (FLAG-tag,
to those of the genetic disorder erythrohepatic protoporphyriarepresented by solid green rectangles in Figure 8) is
(51-53) occur. cytoplasmic; thus, we predict that the N-terminus will also

How ABCBSG is trafficked to different cellular membranes be cytoplasmic, the NBD is cytoplasmic, and the sequence
is currently unknown. Many mitochondrial targeted proteins RAMNTQENATRARAVD (denoted with the dotted purple
possess targeting peptide signéid, (55). Two web-based  square) is located in the intermembrane space.
programs %6, 57) assess the presence O.f a mlt(_)chondrla_\l To conclude, this work shows that two distinct molecular
targeting sequence and indicated that_t_he inner m|t0chondr|alWeight forms of human ABCB6 exist in all investigated
Tggnot;faxgcpégt?gZGQ;T:\DBC(EEBO?SSEI%/),OII/I(g)IfSS(O%UBtZ)CT f mammalian _cells expressing _ABCBB. _Both forms of the

| protein localize to the outer mitochondrial membrane, with

Mdl2p (0.950), and ABC-me (0.907) possess N-termina r’icytoplasmic NBD, while the plasma membrane is enriched
itochondrial targeti , and extensive biochemical” . ' S
mrrochoneria “algeing SequEnces, @nd extensive HIoCNSIICay ith ABCB6-H. We have shown that ABCB6 expression in

work confirms the importance of this sequence for mito-
chondrial targetingX(3, 37, 39, 58, 59). Conversely, ABCB6 the plasma membrane leads t.o dgcrleas.ed cellular acpumula—
lacks a mitochondrial localization peptide (probability of tion of IAAP, PhA, and hemin, indicating the functional
0.021), with a similar value obtained for human ABCB10 relevance of the plasma membrane form. The difference
(0.116). It is possible that the lack of a targeting signal allows Petween the two molecular weight species, the trafficking
for ABCBS to be trafficked to different membranes, including ©f these proteins, and additional functional roles are currently
the plasma and outer mitochondrial membranes. Targetingbeing investigated.

of proteins that traverse the outer mitochondrial membrane

numerous times is reported to be structurally specific and ACKNOWLEDGMENT

not due to a specific amino acid sequen6é—<62). .
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SUPPORTING INFORMATION AVAILABLE

Control experiments and curves fits used to calculate the
data presented in Figure 6. This material is available free of
charge via the Internet at http://pubs.acs.org.
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