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ABSTRACT. Human ABCG2, a member of the ATP binding cassette (ABC) transporter superfamily, is
overexpressed in numerous multidrug-resistant cells in culture. Localized to the plasma membrane, ABCG2
contains six transmembrane segments and one nucleotide binding domain (NBD) and is thought to function
as a dimer or higher order oligomer. Chimeric fusion proteins containing two ABCG2 proteins joined
either with or without a flexible linker peptide were expressed at the plasma membrane and maintained
drug transport activity. Expression of an ABCG2 variant mutated in a conserved residue in the Walker B
motif of the NBD (D210N) resulted in a non-functional protein expressed at the cell surface. Expression
of an ABCG2 chimeric dimer containing the D210N mutation in the first ABCG2 resulted in a dominant-
negative phenotype, as the protein was expressed at the surface but was not functional. Using a bifunctional
photoaffinity nucleotide analogue and a non-membrane-permeable cysteine-specific chemical cross-linking
agent, a dimer is the predominant form of oligomerized ABCG2 under our assay conditions. Furthermore,
these experiments demonstrated that the dimer interface includes, but may not be limited to, interactions
between residues in each monomeric NBD and separate disulfide interactions between the cysteines in
the third extracellular loop of each monomer. By changing all three extracellular cysteines to alanine, we
showed that although extracellular disulfide bonds may exist between monomers, they are not essential
for ABCG2 localization, transport activity, or prazosin-stimulated ATPase activity. Together, these data
suggest that ABCG2 functions as a dimer, but do not exclude functional higher order oligomers.

Human ABCG2, also known as MXR/BCRP/ABCP, isa ALDP (ABCD1) can homodimerize or heterodimerize with
member of the ATP binding cassette (ABQ)ansporter related ABC half-transporters ALDPR (ABCD2) or PMP70
family. This 655 amino acid transporter, which is localized (ABCD3), and interference with dimerization disrupts func-
to the plasma membranel)( is predicted to have one tion (19). The half-transporters TAP1 and TAP2, which play
transmembrane domain (TMD) comprised of six transmem- a pivotal role in the major histocompatibility complex class
brane segments and one nucleotide binding domain (NBD) | antigen presentation pathway, form a heterodimer that is
(2, 3). ABCG2 is considered a half-transporter and is thought localized to the endoplasmic reticulum membra2®.(The
to form a dimer or higher order oligomed+{6) because  sterol half-transporters ABCG5 and ABCG8 must het-
numerous other ABC transporters are roughly twice the erodimerize in order to get to the cell surfagd,(22). Mdl1p,
molecular weight and have two NBDs and two or more a structural and functional yeast homologue of the TAP
TMDs (7—9). Originally cloned from cells selected for transporter, has also been found to exist functionally as a
multidrug resistancel(—12), endogenous ABCG2 expres- dimer 23). Currently, all evidence suggests that ABCG2
sion has been detected in the placenta, ovary, kidney, breashomodimerizes but the existence of heterodimers with
epithelial cells, small intestine, blood brain barrier, and stem different half-transporter partners has not been conclusively
cells (13—18), with placental expression being distinctly ruled out @, 3, 24—26). Recent evidence also suggests that
higher than in the other tissues4j. dimerization can occur in intracellular membranes, especially

Several eukaryotic half-transporters are known to exist the endoplasmic reticulun2), and glycosylation of ABCG2
functionally as dimers. The peroxisomal half-transporter does not appear to be essential for dimerization or trafficking
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that the Walker A motif from one NBD and the signature vector where expression was under the control of the T7
sequence from the second NBD interact to form the ATP promoter. The empty vector pTM1 served as the negative
binding pocket 85, 36). Therefore, it has been hypothesized control for all transient transfection experiments. MCF-7 cells
that ATP binding may also be important for the dimerization (breast adenocarcinoma) selected and maintained.ig/ 3
of the half-transporter members of the ABC transporter mL doxorubicin and &g/mL verapamil (MCF-7/AdVp3000)
superfamily. overexpress ABCG2 (R482T) at the plasma membrane. The
In this study, we characterized the oligomeric state of negative control for experiments using MCF-7/AdVp3000
ABCG?2 using various approaches in both drug-selected andcells was the parental cell line MCF-7. To isolate crude
transiently transfected cell lines. Chimeric ABCG2 transport- membrane fractions, HelLa cells were harvested 48 h post-
ers were generated to study ABCG2 as a covalent dimer_tfanSfeCtion, and MCF-7/Ade3000 cells were harvested 48
We found that these artificial forced dimers were expressed h post-plating. Crude membrane extracts were prepared as
at the plasma membrane by biotinylation and cell surface described previously4@) with the only exception being that
antibody labeling experiments and were functional for drug the membrane fraction was pelleted at 30ap@fr 40 min
transport activity by fluorescent drug accumulation assays. at 4 °C. The membrane pellet was collected, and the
However, when the first gene was rendered non-functional membranes were assayed for total protein concentration,
by mutation of the conserved Asp210 residue in the Walker aliquoted, frozen on dry ice, and stored-680 °C until use.
B motif, the dimer was no longer functional. These data  Cloning and Expression of ABCG2-ABCG2, ABCG2-M-
together suggest that both ATP sites are essential for activityABCG2, ABCG2-P-ABCG2, ABCG2 (D210N), ABCG2
and that ABCG2 functions as a dimer. Using both photoaf- (D210N)-ABCG2, and ABC@EC-C. ABCG2-ABCG2,
finity and chemical cross-linking techniques, we demon- ABCG2-M-ABCG2, and ABCG2-P-ABCG2 were cloned
strated that ABCG2 can form dimers under reducing into the pTM1 vector, a mammalian expression plasmid
conditions and that the interface between monomers includescontaining a T7 promoter. ABCG2-ABCG2 encodes two
at a minimum, interactions between the NBDs as well as identical ABCG2 (R482G) proteins connected bySadl
disulfide linkages between cysteines in the third predicted restriction enzyme site which adds a protiraginine linker
extracellular loop of each mononer. We also showed that (PR). ABCG2-M-ABCG2 encodes two ABCG2 (R482G)
the extracellular disulfide bridges are not essential for proteins linked by the sequence (PR-NEVELENAADE-
function and, thus, are presumably not critical for dimeriza- SKSEIDALEMSSNDSRSSLIRKRSTRRSVRGSQAQDR-
tion. KLSTKEALD-PR) derived from the flexible linker region
of human P-glycoprotein. ABCG2-P-ABCG2 encodes two
ABCG2 (R482G) proteins linked by the sequence (PR-
_ _ o _ _ KRMKKRGVLTEKNANDPENVGERSDLSSDRKMLQ-
Materlqls. Rhod_amln_e 123, doxorubicin (_Adnamycm), ESSEEESDTYGEIGLSKSEAIFHWRNLCYEVQIKAE-
verapamil, prazosin, mitoxantrone, ATP, sodium orthovana- PR) derived from the flexible linker region of yeast ABC
date, oubain, Tween-20, EGTA, afiemercaptoethano)s transporter PDR5. The linkers from both MDR1 and PDR5
ME) were obtained from Sigma-Aldrich (St. Louis, MO).  gre flanked bySad! restriction enzyme sites for cloning into
AEBSF, DTT, and aprotinin were purchased from Fisher e ABCG2-ABCG2 construct. Correct orientation of the
Scientific (Pittsburgh, .PA), and micrococcal nuclease. Was |inker regions was confirmed by DNA sequencing. ABCG2
purchased from Worthington (Lakewood, NJ). Recombinant (p210N) was constructed by site-directed mutagenesis of
vaccinia virus (VTF7-3) was a kind gift from Dr. Steven agpartate 210 of the parent plasmid pTM1-ABCG2 (R482G).
Broyles (Purdue University), and the pTM1 plasmid was a ABcG2 (D210N)-ABCG2 was built using a combination of
kind glft from Dr. Bernard Moss (N|A|D, N|H). HelLa and ABCG2 (D210N) and ABCG2-ABCG2: ABCG2 (DZlON)

MCF-7 cells were a generous gift from Dr. Michael \yas aitered to include Sadl site immediately upstream of
Gottesman (NCI, NIH), and MCF-7/AdVp3000 cells were  hexnd site. The stop codon was then deleted, and3hel

EXPERIMENTAL PROCEDURES

a generous gift from Dr. Susan Bates (NCI, NIH). 8-¢iN

to Xhd fragment from ABCG2-ABCG2 (the second gene

AP,A was synthesized and provided by Dr. Hans-Jochen qf the chimeric dimer) was inserted in the pTM1-ABCG2

Schder (Johannes Gutenberg-Universitdlainz, Germany)
(37, 38).
ABCG2 GenotypeWild-type ABCG2 has an arginine at

(D210N) vector. ABCGAEC-C, which contains all three
endogenous extracellular cysteines replaced with alanine
(C592A, C603A, C608A), was constructed by site-directed

position 482; however, in drug-selected cell lines this residue mutagenesis of the parent plasmid pTM1-ABCG2 (R482G).
has been mutated to either a glycine or threonine, which givesAll constructs were verified by bidirectional DNA sequenc-

the transporter a wider substrate specificitg, 39—42). All

experiments detailed in this paper make use of these gain-

of-function mutations, either R482T in the MCF-7/Ad-
Vp3000 cell line or R482G in the transiently transfected
Hela cells.

Cell Culture, Transfection, and Crude Membrane Prepa-
ration. HelLa cells (cervical epitheliod carcinoma) were
cultured in DMEM complete media at 37C. ABCG2

ing.

SDS-PAGE and Immunoblot Analysiswenty-four hours
post-infection/transfection (HeLa) or post-plating (MCF-7/
AdVp3000), cells were harvested and lysed in buffer [100
mM Tris, pH 8.0, 0.1% Triton X-100, 10 mM MgSQ?2
mM CaClb, 1% (v/v) aprotinin, 2 mM AEBSF, and 50 units/
mL micrococcal nuclease] plus either DTT (1 mM) or
iodoacetic acid (10 mM). Protein samples were prepared in

(R482G) was overexpressed by transient transfection usingan appropriate amount of>x& Laemmli-type SDS sample

the T7 vaccinia virus system as described previous8).

buffer @4) with or withouts-mercaptoethanop¢ME) (3.575

ABCG2 monomers, chimeric dimers, D210N variants, and M). Protein samples were incubated at room temperature for
extracellular cysteine-less variants were cloned into the pTM1 30—45 min, and the proteins were separated by SPAGE
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(7.5% gels) and transferred to a 0.48n nitrocellulose
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ATP hydrolysis was detected by colorimetric detection of

membrane. The membrane was blocked in 20% (w/v) dry inorganic phosphate release.

nonfat milk dissolved in PBST [phosphate-buffered saline
with 0.05% (v/v) Tween-20] at room temperature for 2 h.

The membrane was washed and probed with the ABCG2-

specific monoclonal antibody BXP-21 (Kamiya Biomedicals,
Seattle, WA) at a dilution of 1:1000 in 5% (w/v) nonfat milk
in PBST, followed by washing and incubation with an HRP-

Chemical Cross-LinkingTo cross-link ABCG2 in whole
cells, a nonpermeable sulfhydryl-reactive cross-linker, DP-
DPB [1,4-di[3-(2'-pyridyldithio)propionamido]butane (Pierce,
Rockford, IL)], was used. The spacer arm of this bifunctional
compound has a length of 19.9 A. Twenty-four hours post-
plating, six-well plates containing MCF-7/AdVp3000 cells

Conquated goat anti-mouse Secondary antibOdy (114000)Were incubated with 1 mM DPDPB at 4C for 2 h with

(Caltag, Burlingame, CA). The immunoprotein complexes

gentle shaking. The reaction was quenched with the addition

were detected using enhanced chemiluminescence (ECL)of 10 mM cysteine. Cells were subsequently washed,

(Pierce, Rockford, IL).

Cell Surface BiotinylationFor cell surface biotinylation
studies, 500000 HeLa cells were plated per well of a six-
well plate. Twenty-four hours post-infection/transfection,
intact cells were incubated with 506L of 1.5 mg/mL
nonpermeable biotinylating agent, sulfo-NHS-biotin (Pierce,
Rockford, IL), at 4°C for 1 h with gentle agitation. Cells
were washed with buffer containing 100 mM glycine to bind
excess biotin prior to cell lysis. Cells were solubilized with
RIPA buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton
X-100, 1% deoxycholate, 0.1% SDS, 1 mM EDTA, 1%
aprotinin, 2 mM AEBSF, lug/mL leupeptin, 1ug/mL
pepstatin, 10@g/mL trypsin inhibitor, and 1 mM iodoacetic
acid) for 30 min at 4°C. Cellular debris was removed by
centrifugation at 15809 for 30 min at 4 °C, and the

harvested by trypsinization, and lysed in lysis buffer contain-
ing 1 mM DTT as described above (see SEFAGE and
Immunoblot Analysis). SDSPAGE samples were prepared
using an appropriate amount ok3.aemmli sample buffer
without 3-ME.

Photoaffinity Nucleotide Cross-Linking.he photoacti-
vatable diazidodiadenine dinucleotide cross-linker, 8sdiN
AP4A, was used to cross-link the ATP binding sit&3,(38,

45). Crude membranes derived from MCF-7/AdVp3000 cells
(10-50 ug) were incubated with varying concentrations of
8-diNsAPA (0, 0.25, 0.5, 1.0, 1.5, or 3 mM) for-515 min

on ice. Specificity control experiments were performed in
parallel in the presence of a 10-fold molar excess of ATP.
Samples were cross-linked at 365 nm for-2@ min on ice.
SDS-PAGE samples were prepared using an appropriate

supernatant containing the solubilized proteins was incubatedy mount of 5« Laemmli sample buffer containing 3.575 M

with monomeric avidin beads (Pierce, Rockford, IL) at room
temperature fol h with rotation. Unbound proteins were
washed from the beads with RIPA buffer, and the avidin-
bound biotinylated proteins were eluted witlk Laemmli-
type SDS protein sample buffer.

Antibody Labeling of Cell Surface Proteiri3etermination

B-ME.

RESULTS

ABCG2 (R482G) Chimeric Dimers Are Expressed at the
Cell Surface and Transport ABCG2 Substratés. study

of cell surface expression by antibody staining was performed ABCG2 as a dimer in intact living cells, we constructed

as described previouslyg) with slight modifications. For

artificial chimeric dimers and investigated the localization

detection of cell surface ABCG2, 500000 cells were labeled and activity of these transporters. In all of the experiments

with the anti-ABCG2 antibody 5D3 (2g) (Chemicon,
Temecula, CA) 18) 24 h post-transfection. Cells were then
labeled with a FITC-conjugated goat anti-mouse IgG2b
secondary antibody (2/g) (Pharmingen, San Diego, CA).
Control samples were incubated in parallel with a non-
specific isotype-matched control antibody 1gG2b (Pharmin-
gen, San Diego, CA).

Fluorescent Substrate Accumulation Assa$sibstrate

presented here involving transient expression of ABCG2, we
used the ABCG2 (R482G) variant because it has a broader
substrate specificity than the wild-type prote89(41, 46).
Throughout, the designation ABCG2 refers to the R482G
variant unless otherwise noted. Three chimeric constructs
were generated for this study, ABCG2-ABCG2, ABCG2-
M-ABCG2, and ABCG2-P-ABCG2. ABCG2-ABCG2 con-
tains two ABCG2 proteins fused directly, separated only by

accumulation studies were performed as described previouslyproline—arginine. The other two constructs have a flexible

(43). Briefly, HeLa cells were harvested by trypsinization

linker region between the two ABCG2 proteins that were

24 h post-transfection and counted using a Z1 particle counterderived from either of two full-length ABC transporters,
(Beckman Coulter). Cells (500000) were incubated in media human P-gp or yeast PDR5. The chimeric dimer ABCG2-

with fluorescent substrates rhodamine 123 (@gmL) or
mitoxantrone (10uM) for 30 min at 37°C to allow for

M-ABCG2 has the linker region (amino acids 63339)
from P-gp MDR1/ABCB1), chosen because it shares many

uptake. Cells were then washed and resuspended in drugof the same transport substrates as ABCG2. The third

free media and incubated for an additional 30 min atG7

construct, ABCG2-P-ABCG2 contains the connecting do-

to promote transporter-mediated efflux. Cellular fluorescence main (amino acids 814883) fromPDRS, a yeast homologue

was measured using a FACSCalibur flow cytometer (Becton chosen for its similarity in structural organization to ABCG2.
Dickinson, San Jose, CA) equipped with a 488 nm argon While P-gp has its NBDs on the C-terminal side of the
laser and 530 nm band-pass filter (FL1) for rhodamine 123 TMDs, the NBDs of PDR5 and ABCG2 are N-terminal to

and a 670 nm band-pass filter (FL3) for mitoxantrone.
ATPase Actiity. Vanadate-sensitive ATPase activity analy-
sis was performed as described previoudf§) (Microsomal
membranes containing 1@ of total protein were incubated
at 37°C for 30 min in the presence and absence of®0
prazosin and the presence and absence of/800anadate.

the TMDs.

To evaluate cell surface expression of the ABCG2
chimeric dimers, we used the monoclonal antibody 5D3 that
recognizes an external epitope of ABCGEB), HelLa cells
expressing the chimeric dimers were incubated with 5D3 and
subsequently incubated with a FITC-conjugate secondary
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Ficure 1: Cell surface expression and drug efflux activity of ABCG2 chimeric dimers. (A) Cell surface antibody labeling of ABCG2 and
flow cytometric analysis. HeLa cells were co-infected/transfected with plasmid DNA constructs of the empty vector pTM1 (gray shaded
peak), ABCG2 (R482G) (black thick line), ABCG2-ABCG2 (gray thick line), ABCG2-M-ABCG2 (black thin line), or ABCG2-P-ABCG2
(dashed line). After 24 h at 3ZC, the cells were harvested by trypsinization and labeled with 5D3, an antibody that recognizes an external
epitope of ABCG2. Following antibody labeling, cells were stained with a FITC-conjugated secondary antibody for detection by flow
cytometry. (B) Cell surface biotinylation. HeLa cells were co-infected/transfected in six-well plates with plasmid DNA constructs of the
empty vector pTM1 (lane 1), ABCG2 (R482G) (lane 2), ABCG2-ABCG2 (lane 3), ABCG2-M-ABCG2 (lane 4), and ABCG2-P-ABCG2
(lane 5). After 24 h at 32C, intact adherent cells were incubated with the non-cell-permeable biotinylating agent, sulfo-NHS-biotin (500
uL of 1.5 mg/mL). Cells were washed with buffer containing 100 mM glycine to bind excess biotin prior to cell lysis. Biotinylated proteins
were solubilized in RIPA buffer and then selected with monomeric avidin beads. Cell surface proteins were denatured a@mrli

sample buffer containing-ME, separated by SDSPAGE (7.5% gel), and detected by immunaoblot analysis using the monoclonal antibody
BXP-21 (1:1000) as described in Experimental Procedures. (C, D) Drug accumulation in HelLa cells expressing ABCG2 and ABCG2
chimeric dimers. HeLa cells transiently overexpressing various ABCG2 constructs were harvested and incubated in suspension with either
(C) rhodamine 123 (0.zg/mL) or (D) mitoxantrone (1@M) for 30 min at 37°C. Cells were harvested by centrifugation and incubated

with drug-free media for an additional 30 min at 3Z to allow for drug efflux and analyzed by flow cytometry. Histograms depict the
cellular fluorescence intensity of the negative control pTM1 empty vector (gray shaded peak), ABCG2 (black thick line), ABCG2-ABCG2
(gray thick line), ABCG2-M-ABCG2 (black thin line), and ABCG2-P-ABCG2 (dashed line).

antibody for detection. All three of the chimeric dimers were brane proteins were isolated by avidin bead selection and
expressed at the cell surface compared to the empty vectoisubsequently separated by SBSAGE. ABCG2 was de-
negative control, as demonstrated by the positive shifts in tected by immunoblot analysis using the monoclonal antibody
fluorescence intensity (Figure 1A). Although it appears that BXP-21. This antibody recognizes an internal epitope on the
these proteins may be expressed to slightly varying degreesNBD of ABCG2 and has not been shown to be sensitive to
on the cell surface, it has recently been shown that the 5D3conformational differences. To control for specific biotiny-
antibody is conformation-sensitive4q). Therefore, the lation of only plasma membrane proteins, the cytosolic
variations observed between the chimeras may reflectprotein GFP was expressed similarly and processed in
alternative conformations that are differentially recognized parallel with the ABCG2 samples. GFP was not biotinylated
by the antibody in addition to actual differences in cell (data not shown), confirming the specificity of this cell
surface expression. surface assay for plasma membrane proteins under our
To further confirm expression at the plasma membrane, experimental conditions. Using this assay, all three chimeric
we performed cell surface biotinylation experiments using dimers and the ABCG2 control were localized to the plasma
the cell-impermeable compound, sulfo-NHS-biotin (Figure membrane (Figure 1B). Due to the rapid vaccinia virus-based
1B). After repeated washing and incubation with 100 mM overexpression system used, monomeric ABCG2 runs as a
glycine to remove excess biotin, the labeled plasma mem- series of bands between 60 and 80 kDa (Figure 1B, lane 2),
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which represents proteins in various glycosylation sté#t@s ( magnesium binding. This mutation has been shown previ-
48). The lowest molecular mass band specific for ABCG2 ously in P-glycoprotein to abrogate function when introduced
corresponds to the unglycosylated protein that we haveinto either of the NBDs 30). We evaluated cell surface
recently shown to be expressed at the cell surfa@e The expression of ABCG2 (D210N) by flow cytometry using the
chimeric dimers do not show this variability, perhaps due monoclonal antibody 5D3 that recognizes an external epitope
either to uniform glycosylation or to band compression in of ABCG2 (18), followed by incubation with a FITC-
the higher molecular mass portion of the gel. An alternative conjugated secondary antibody for detection (Figure 2A),
explanation is that the dimers are not glycosylated. However, as well as by cell surface biotinylation experiments (Figure
upon treatment of the ABCG2-ABCG2 dimer protein with  2B). This construct, ABCG2 (D210N), is expressed at the
PNGase F to remove all N-linked glycosylation, a distinct cell surface by both of these assays but is not functional for
single band was observed at a slightly lower molecular mass,either rhodamine 123 or mitoxantrone transport (Figure
suggesting that this protein is glycosylated uniformly (data 2C,D). The ABCG2 (D210N) monomer is recognized better
not shown). ABCG2-M-ABCG2 (Figure 1B, lane 4) and py the conformation-sensitive 5D3 antibody than the ABCG2
ABCG2-P-ABCG2 (Figure 1B, lane 5) run at a higher (R482G) protein, as demonstrated by the greater shift in
apparent molecular mass on SBBAGE than ABCG2-  flyorescence intensity, suggesting that the presence of the
ABCG2 (Figure 1B, lane 3) due to the presence of the linker mytation may have caused a conformational change in the
regions between the two ABCG2 proteins. From these data, protein 47). We then incorporated this variant into the first
it appears that the three chimeric dimers are expressed agene of the chimeric ABCG2 dimer [ABCG2 (D210N)-
similar levels at the cell surface. We cannot, however, ABCG2] and assessed cell surface expression and function
compare the expression of the chimeric dimers to the py the assays described above. We determined that ABCG2
monomeric protein for two reasons. First, the monomeric (D210N)-ABCG?2 is expressed at the cell surface by both
ABCG2 is expressed as various differentially glycosylated gy, cytometry analysis with the 5D3 antibody (Figure 2A)
forms, _vvhic.h pr_ecludes accurate qu_antitation. Second, sincezng cell surface biotinylation (Figure 2B). However, the
the chimeric dimers have two epitopes for the BXP-21 yanqport function of this chimera is completely abrogated
antibody, it is possible that multiple antibodies are binding (Figure 2C,D), showing a pattern similar to both the pTM1
and enhancing the signal. Therefore, it is possible that Iessnegative control and the ABCG2 (D210N) monomer. These
protein is being expressed even though the signal strengthyaia indicate that two intact ATP sites are necessary for
appears somewhat equivalent. , function, as has been established for numerous full-length
To determine if the chimeric ABCG2 dimers were apc transporters, and suggest that ABCG2 functions as a
functional with respect to drug transport, the various proteins 4iar. We did not construct the ABCG2 chimeric dimer with
were transiently expressed in HelLa cells using the vacciniathe D210N mutation introduced into the second ABCG2

virus expression system. After 24 h at 32, cells were : o . . .
. i gene, but we predict a similar dominant-negative effect if
harvested and incubated with the fluorescent ABCG2 . protein proved to fold properly.

(R482G) substrates rhodamine 123 or mitoxantrone for 30 ) o )
min at 37°C, followed by a second incubation for 30 min Nucleotide Cross-Linking of ABCG2 in Cell Membranes

in drug-free media to allow for transporter-mediated efflux. 'Ndicates Primarily Dimer FormationUnderstanding that
Cellular drug accumulation was analyzed using flow cytom- ABCG2 can function as a dimer, we investigated potential
etry. Cells transfected with the empty vector, pTM1, serve d_lm(_anza_tlon interactions. A blfunctl_onal photoactivatable
as the negative control and show the maximum amount of diazidodiadenine dinucleotide cross-linker, 8-gAR.A, was
drug accumulation (Figure 1C,D, shaded peak). The trans-U_Seq to mvespgate the spatial arrangement of the nucleotide
fected monomer ABCG2 shows the greatest decrease inPinding domains between monomers of ABCG2, as has been
fluorescence intensity, which is indicative of transport (thick Shown previously for a variety of other ATPases and ATP-
black line), for both rhodamine 123 (Figure 1C) and Utilizing enzymesg7, 38 45). We hypothesized that ABCG2
mitoxantrone (Figure 1D). Similar data were obtained for monomers will be cross-linked using this ATP analogue if
the substrates doxorubicin and daunomycin (data not shown)the two NBDs are in close proximity. Because the cross-
From these data, we determined that the chimeric dimerslinker is not cell permeable, these experiments were per-
transported all ABCG2 substrates examined, albeit to aformed in crude membrane preparations of drug-selected
slightly lesser extent than the monomer-expressed controlMCF-7/AdVp3000 cells that overexpress a homogeneously
ABCG2, and the presence of the P-gp or PDR5-derived glycosylated population of ABCG2 (R482T) (Figure 3A, lane
linker regions between the two ABCG2 monomers was not 1). Membrane preparations from these cells were used
necessary for activity. It should be noted that the number of because of their uniform banding pattern on SIPAGE
cells expressing active transporter, shown by the area unde@nd their high level of ABCG2 (R482T) expression. In the
the curves, is lower for all three chimeras compared to the absence of the cross-linker, ABCG2 (R482T) migrates as a
monomer. These data suggest that fewer of the cells aremonomer by SDSPAGE analysis (Figure 3A, lane 1).
expressing the chimeric dimer at the surface and/or that thereHowever, in the presence of 8-diNP.A, the protein
are fewer chimeric dimers at the cell surface per cell. migrated to a molecular mass corresponding to the appropri-
A Single Mutation in the Walker B Motif of ABCG2 ate molecular mass of a dimer{50 kDa) in a concentra-
(R482G) Monomers and Chimeric Dimers Abrogates Func- tion-dependent manner (Figure 3A, laness). While it is
tion but Not Cell Surface Expressioho examine the effects  possible that the dually modified cross-linker may bind to
of mutations to the ATP binding site on ABCG2 function, both NBDs, it is also possible that binding to one NBD will
we constructed a variant of the monomeric ABCG2 (R482G) induce the dimerization and the second label will modify a
in the Walker B motif (D210N), thought to be involved in  residue outside of the NBD in the second monomer. In the
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Ficure 2: Cell surface expression and drug efflux activity of the ABCG2 (D210N) monomer and chimeric dimer ABCG2 (D210N)-
ABCG?2. (A) Cell surface antibody labeling of ABCG2 and flow cytometric analysis. HeLa cells were co-infected/transfected with plasmid
DNA constructs of the empty vector pTM1 (gray shaded peak), ABCG2 (R482G) (black thick line), ABCG2-ABCG2 (gray thick line),
ABCG2 (D210N) (black thin line), or ABCG2 (D210N)-ABCG2 (dashed line). After 24 h &i@G2he cells were harvested by trypsinization

and labeled with 5D3, an antibody that recognizes an external epitope of ABCG2. Following antibody labeling, cells were stained with a
FITC-conjugated secondary antibody for detection by flow cytometry. (B) Cell surface biotinylation. HeLa cells were co-infected/transfected
in six-well plates with plasmid DNA constructs containing ABCG2 (R482G) (lane 1), ABCG2 (D210N) (lane 2), ABCG2-ABCG2 (lane

3), and ABCG2 (D210N)-ABCG2 (lane 4). After 24 h at 32, intact adherent cells were incubated with the non-cell-permeable biotinylating
agent, sulfo-NHS-biotin (500L of 1.5 mg/mL). Cells were washed with buffer containing 100 mM glycine to bind excess biotin prior to

cell lysis. Biotinylated proteins were solubilized in RIPA buffer and then selected with monomeric avidin beads. Cell surface proteins were
denatured with ¥ Laemmli sample buffer containing-ME, separated by SDSPAGE (7.5% gel), and detected by immunoblot analysis

using the monoclonal antibody BXP-21 (1:1000) as described in Experimental Procedures. (C, D) Drug accumulation in HeLa cells expressing
the ABCG2 (D210N) monomer and chimeric dimer. HeLa cells transiently overexpressing various ABCG2 constructs were harvested and
incubated in suspension with either (C) rhodamine 12348/BL) or (D) mitoxantrone (1@M) for 30 min at 37°C. Cells were harvested

by centrifugation and incubated with drug-free media for an additional 30 min 4€36 allow for drug efflux and analyzed by flow
cytometry. Histograms depict the cellular fluorescence intensity of the negative control pTM1 empty vector (gray shaded peak), ABCG2
(black thick line), ABCG2-ABCG2 (gray thick line), ABCG2 (D210N) (black thin line), and ABCG2 (D210N)-ABCG?2 (dashed line).

presence of 1.5 or 3 mM 8-didP4A, although the pre-  part, ATP competed specifically and effectively for the NBD
dominant form observed is the dimer, a higher molecular in the dimers/oligomers.

mass complex is visualized in addition to the dimer band  Cysteine Cross-Linking of ABCG2 in Whole Cells Suggests
(Figure 3A, lane 5, and Figure 3B, lane 2), suggesting the the Presence of a Dimef.o investigate the formation of
presence of either a higher order oligomer or, possibly, an ABCG2 oligomers under more physiologically relevant
aggregate. To ensure that the cross-linking was specific for conditions, we performed chemical cross-linking experiments
one or both of the nucleotide binding domains, parallel in intact live cells. There are three extracellular cysteine
experiments were performed in the presence of a 10-fold residues in the third predicted extracellular loop of ABCG2
molar excess of ATP, the largest excess amount allowed by (2, 3). Therefore, we used the non-membrane-permeable
our assay conditions (Figure 3B, lane 3). Under these bifunctional sulfhydryl-reactive cross-linker DPDPB [1,4-
conditions, the presence of dimers and higher molecular masdi[3'-(2'-pyridyldithio)propionamido]butane] that has a spacer
species was markedly reduced, suggesting that, for the mostength of 19.9 A 49) to determine if these extracellular
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Ficure 3: Nucleotide cross-linking of ABCG2 (R482T) in cell membranes. (A) Crude membrane preparations from MCF-7/AdVp3000
cells (10ug) were incubated for 20 min on ice with increasing concentrations of 8AdMA under UV light (365 nm): lane 1, 0 mM; lane

2, 0.25 mM; lane 3, 0.5 mM; lane 4, 1.0 mM; lane 5, 1.5 mM. (B) Crude membranes preparations from MCF-7/AdVp3000 ¢ajls (50
were incubated for 40 min on ice in the presence (lanes 2 and 3) or absence (lane 1) of 3 mpARAilINd in the presence (lane 3) or
absence (lanes 1 and 2) of 30 mM ATP. Proteingg@5n panel B and 2g in panel C) were separated by SPBAGE (7.5% gel) and
detected by immunoblot analysis using the monoclonal antibody BXP-21 (1:1000) as described in Experimental Procedures.

cysteines can participate in disulfide linkages to form dimers DPDPB: £ *

of ABCG2 in whole cells. In six-well plates, MCF-7/
AdVp3000 cells overexpressing ABCG2 (R482T) were

incubated wih a 1 mMsolution of DPDPB fo 2 h at 4°C. 250 =
The cross-linking reaction was stopped by the addition of a 150 =
10-fold molar excess of cysteine (10 mM). The cells were

harvested by trypsinization and lysed in the presence of 1 100 =

mM DTT. The proteins were separated by SEFAGE in

the absence gf-ME to reveal cross-linked species. Given 76 =

that the bifunctional cross-linker is sensitive to reduction by . -

thiols, we omitted3-ME in the SDS-PAGE sample buffer.

However, we found that, under our experimental conditions,

the addition of 1. mM DTT in the lysis buffer prevents non- 50—

specific dimer formation involving other cysteines in the Lane: 1 2

protein that is often observed in the total absence of reducing ) i ; ; ke

agent (refst and5 and this study). When ABCG2 (R482T)  (magor) n whold coll. In 8 sxuel plate. MOF-T/AGYp3000 osls
was cross-linked with DPDPB, a higher molecular mass expressing ABCG2 were incubated in the absence (lane 1) or
species at a molecular mass consistent with an ABCG2 presence (lane 2) of the sulfhydryl-reactive non-cell-permeable
(R482T) dimer (Figure 4, lane 2) was apparent, as comparedcross-linker DPDPB (1 mM in 10% DMSO) fo2 h at 4°C.

to the monomer species observed in the absence of the crossgg%rg'éag\fvrg; S;L%klg%evxiﬁir?éor\)/ateﬁ gzﬁ\gf Scrgz?aiﬁ)i(ncg siosﬁfﬁce

linker (Figure 4, lane 1). As a further control for specificity,  cysteine. Cells were lysed in lysis buffer containing 1 mM DTT
we produced a variant of ABCG2 in which the cysteines and proteins solubilized with an appropriate amount gf SDS

were replaced with alanines (ABCAEC-C) and transiently ~ sample buffer withou-ME. Proteins were separated by SBS
expressed the protein in HeLa cells. Under conditions similar PAGE (7.5% gel) and detected by immunoblot analysis using the
. . . . monoclonal antibody BXP-21 (1:1000) as described in Experimental
to those described above, no dimer or higher order oligomer g, adures.
formation was observed using the extracellular cysteine-less
variant (data not shown). Together, these data provide supporit |east part of the epitope for the antibody or that the protein
for the hypothesis that the third extracellular loops of distinct nas an altered conformation such that it is no longer
ABCG2 monomers are spatially proximal and the cysteines yecognized by the antibody. Therefore, we performed cell
within those loops may form disulfide linkages in whole gsyrface biotinylation experiments using sulfo-NHS-biotin as
cells. We also observe higher molecular mass species in thejescribed above for the chimeric dimers and demonstrated
cross-linked sample, consistent with higher order oligomers that ABCGAEC-C was expressed at the plasma membrane
or aggregates. in whole cells (Figure 5A, lane 3) similar to the ABCG2
The Extracellular Cysteine-less ABCG2 Variant Is Ex- control (Figure 5A, lane 2). In addition, using the monoclonal
pressed at the Cell Surface and Retains both Drug Transport antibody BXP-21 in permeabilized cells, the ABC&RC-C
and ATPase Actities. To investigate whether extracellular  variant was determined to be present at the cell surface in a
disulfide bond formation is necessary for dimerization and manner indistinguishable from the ABCG2 control by
function, we determined the cellular localization and func- confocal microscopy (data not shown).
tional status of the variant ABC@¥EC-C described above, To determine if the extracellular cysteine residues are
which has the three extracellular cysteine residues replaceccrucial for activity, the ABCGAEC-C variant was expressed
with alanines. This variant was not recognized by the 5D3 in HelLa cells, and drug transport activity was measured as
antibody (data not shown), suggesting that the third extra- described in Experimental Procedures. We observed that the
cellular loop and, perhaps, the cysteines themselves compris& BCG2AEC-C variant had comparable levels of transport
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Ficure 5: Characterization of the ABCG2 extracellular cysteine-less (AB&B2-C) variant transiently expressed in HelLa cells. (A)

Cell surface expression of ABCAEC-C determined by biotinylation as described in Experimental Procedures. HeLa cells in six-well
plates were transfected with plasmid DNA constructs of the empty vector pTM1 (lane 1), ABCG2 (lane 2), and ABCG2(lane 3).

Cells were incubated with the non-cell-permeable biotinylating agent, sulfo-NHS-biotin{500 1.5 mg/mL). Cells were washed with

buffer containing 100 mM glycine to bind excess biotin prior to cell lysis. Biotinylated proteins were solubilized with RIPA buffer and
selected with monomeric avidin beads. Cell surface proteins were denatured>w8D$ sample buffer containingtME, separated by
SDS-PAGE (7.5% gel), and detected by immunoblot analysis using the monoclonal antibody BXP-21 (1:1000) as described in Experimental
Procedures. (B, C) Fluorescent drug accumulation of ABCG2-expressing cells. HeLa cells overexpressing ABCG2 ckBBTGRere
harvested and incubated with either (B) rhodamine 123 408/5L) or (C) mitoxantrone (1@M). Cells were washed and incubated with
drug-free media to allow for drug efflux and then analyzed by flow cytometry. Histograms depict the cellular fluorescence intensity of the
empty vector negative control (gray shaded peak), ABCG2 (black thick line), and ABEGZ (dashed line). (D) ATPase activity of

crude membrane preparations from ABCG2-expressing cells. Basal (gray bars) and drug-stimulated ATPase activity (black bars) of pTM1
(negative control empty vector), ABCG2 (R482), and ABQEZ-C in the ABCG2 (R482G) background. Vanadate-sensitive ATP hydrolysis

was measured in crude membrane preparations from transfected HelLa cells stimulated in the presence and absevicpraf@in.

Basal activity measurements represent the vanadate-sensitive ATP hydrolysis in the absence of drug stimulation. Assays were performed
with 10 ug of total membrane protein in quadruplicate and repeated a minimum of three times.

for rhodamine 123 (Figure 5B, dashed line), mitoxantrone DISCUSSION

(Figure 5C, dashed line), daunomycin (data not shown), and

doxorubicin (data not shown) as compared to ABCG2 The aims of this study were to characterize the dimeriza-
(Figure 5B and C, thick line). As an additional measure of tion/oligomerization of ABCG2 and to investigate the
transporter activity, we measured both the vanadate-sensitiveelevance of potential disulfide bonds in the dimerization/
basal and drug-stimulated ATPase activity of the oligomerization. Itis widely accepted that ABCG2 is likely
ABCG2AEC-C variant. Crude Hela cell membrane prepara- to function as a dimer or higher order oligomet b, 26,
tions of cells transiently overexpressing the ABCG2 and 50), and we provide here direct evidence that ABCG2 can
ABCG2AEC-C were incubated in the presence (stimulated) function as a dimer. By expressing covalent dimers, we
and absence (basal) of 201 ABCG2 (R482G) substrate ~ determined that these ABCG2 molecules retain their local-
prazosin. The ABCGREC-C variant demonstrated drug- ization to the plasma membrane and their drug transport
stimulated ATPase activity comparable to the parent protein, activity. Although the ABCG2 dimers that were tethered via
ABCG2 (R482G), with perhaps a slight increase in the basal a flexible linker domain were functional, we also found that
activity (Figure 5D). Taken together with the fact that the the dimer made by fusing two ABCG2 genes directly was
5D3 antibody did not recognize ABC@EC-C, these data  functional. These data are in contrast to P-gp, where it was
demonstrate that the absence of the extracellular cysteinfound that disruption of the linker region joining the two
residues in ABCG2 may cause a conformational change inintact halves of the protein eliminates drug transport as well
the protein but does not prevent the proper cellular localiza- as ATPase activityH1). The differences in the location of
tion or the overall function of ABCG2, further suggesting the NBDs with respect to the TMDs may account for this
that the formation of an extracellular disulfide bond between dissimilarity. Each half of PDR5 has similar topology to
monomers, while possible, is not critical to dimerization. ABCGZ2, but the two halves are also connected by a flexible
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linker domain. Our data suggest that the linker domain of
PDR5 may not be essential for the interaction of the two
halves of the protein but may serve another function. We
also demonstrated that inactivation of one of the ABCG2
proteins in the chimeric dimer abrogates function, further
supporting our hypothesis that ABCG2 functions as a dimer.

Biochemistry, Vol. 44, No. 32, 2003.0901

It is likely that we will identify interactions between the
TMDs from individual ABCG2 monomers that will form
substrate binding sites. Disulfide cross-linking and cysteine-
scanning mutagenesis have been used successfully to deter-
mine which TMDs of P-glycoprotein are close togetH&s-

68) as well as to develop an atomic detail model of the

These data are corroborated by two studies that demonstratettansporter §9). In addition, similar cysteine-scanning mu-

co-immunoprecipitation of differentially tagged ABCG2
monomers¥, 26), including dominant-negative effects upon
coexpression of wild-type ABCG2 and inactive ABCG2
molecules containing a Walker A mutation (K86M2G] or

tagenesis experiments have also been performed on the
soluble and membrane domains of the bacterial ABC
transporter LmrAT0). Because these experiments necessitate
the generation of a completely cysteine-less variant of the

a Leu to Pro mutation in the fifth transmembrane segment transporter, these experiments have yet to be performed with
at position 554 %). However, the K86M mutation appears ABCG2. Our laboratory is in the process of generating this
to have a more dramatic effect on targeting of ABCG2 to construct, using the functional ABC@EC-C variant as a
the cell surface than the D210N mutation described here. starting point.

By cell surface biotinylation experiments, we showed that  Various studies, including the work presented here,
ABCG2 (D210N) is expressed at the surface similarly to implicate several areas of interaction between monomeric
ABCG2 (R482G) (Figure 2B) whereas ABCG2 (K86M) is  subunits including the GXXXG motif in the first transmem-
found predominantly in the endoplasmic reticulum with a brane domain §2), the third extracellular loop, and the
small percentage localized to the plasma membragg ( nucleotide binding domain. A more definitive and complete

In addition, we also investigated which segments of the understanding of the oligomerization state of ABCG2 will
transporter may be in close proximity in the dimer state. Both come upon full purification and reconstitution of active
structural and biochemical studies on full-length and bacterial ABCG2 followed by analytical ultracentrifugation and/or
oligomeric ABC transporters have demonstrated that the two structural studies by electron microscopy or three-dimen-
NBDs are in close proximity and, in fact, physically interact sional crystallography.
and hydrolyze ATP in a coordinated mann&g,(32—34, The minimal functional unit for all of the known eukary-
36, 51—60). In addition, it has been shown that ATP binding otic ABC transporters to date is two NBDs and two
induces dimerization of the yeast mitochondrial ABC transmembrane domains; however, association of these units
transporter Mdl1lp Z3), MJ0796 85, 36), and the ABC into higher order structures remains controversial. Conflicting
transporter-related protein Rad3l). We show here, using  reports for the existence of P-gp monomegs, (71) versus
photoaffinity cross-linking with a bifunctional diazidodiad- dimers {2—76) have been published in recent years,
enine dinucleotide cross-linker that the NBDs of ABCG2 although the data suggesting the monomer form are from
are closely associated in an ABCG2 dimer/oligomer. The more direct structural findings rather than biochemical work.
cross-linked complex appears to be a dimer of ABCG2 or, MRP1, on the other hand, has been shown structurally and
perhaps, a higher order oligomer at higher concentrationsbiochemically to exist as a dime77, 78). Our work and
of the photoaffinity label. Taken together, our data suggest other studies§, 26, 62) suggest that the major oligomeric
that a major functional interface between the monomers ABCG2 species is a dimer, although at this time we cannot
involves these domains. In addition, ABCG2 will likely rule out the possibility of higher order oligomers forming in
follow the model of other ABC transporters where at least vivo as suggested by Xu et a#)(
one bound ATP is shared between the two NBDs and that The pivotal role of ABCG2 in the gut, the blood brain
the NBDs function in a coordinated fashion. barrier, stem cells, and the placen® (3, 15 79-82)

It has been previously shown that chemical cross-linking suggests that inhibition of this drug transporter may be an
of ABCG2 using a lipid-permeable amine-reactive cross- attractive way to increase the transport of chemotherapeutic
linking agent can produce a dimer or higher order oligomer agents into the bloodstream, the placenta, and the brain. The
as visualized by SDSPAGE in live cells, thereby implicat-  development of effective, reversible, nontoxic inhibitors of
ing extracellular, intramembrane, and intracellular amino ABCG2 to be used in combination with currently used
acids @, 6, 62). In this study, by using intact cells and a therapeutic agents would result in improved bioavailability
non-lipid-permeable sulfhydryl-specific cross-linking agent, and thus improved clinical efficacy of these treatments. To
we established that the third cysteine-containing extracellular date, few compounds, vanadate for example, have been
loop is involved in the cross-linked dimer through the developed that inhibit the catalytic activity of ABC transport-
formation of a disulfide bridge, suggesting that these regions ers directly. In fact, most inhibitors/reversing agents of P-gp
are also close to each other in the native cellular environment.are simply competitive substrates for the transpor&d). (
Furthermore, we demonstrated that the absence of theRecently, however, polyvalent stipiamide dimers have been
cysteine residues, and thus the disulfide bridge between theshown to reverse drug resistance in cell lines overexpressing
third extracellular loops of monomers, had little to no effect P-gp @4, 85) that may be acting more as true inhibitors of
on either the localization or the activity of the transporter, P-gp by binding to the active site but not being transported
suggesting that the protein was in its proper oligomeric state.themselves. Numerous biochemical studies have indicated
These data demonstrate that the functional transporter doeshat drug transport in P-gp is intimately coupled to ATPase
not necessarily need an extracellular disulfide bridge for activity and correct association of the ATPase domains is
function and/or oligomerization, but the proximity of the third essential for transport (reviewed in r&Xs3, 8, and83). An
extracellular loop domains in space suggests that one or morealternative strategy, therefore, would be to specifically block
may exist in vivo. or disrupt the association of the two NBDs of ABCG2 or
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other ABC transporters. Therefore, understanding the mo-
lecular structure of the ABCG2 dimer interface would be
important for the development of inhibitors using rational
structure-based drug design approaches.
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