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ABSTRACT: The human breast cancer resistance protein (BCRP/ABCG2) mediates efflux of drugs and
organic anions across the plasma membrane. Hydropathy analysis suggests that BCRP consists of a
nucleotide-binding domain (residues ~1—395) and a membrane-spanning domain (MSD) (residues
~396—0655); however, its exact topology structure remains unknown. In this study, we determined the
topology structure of BCRP by inserting hemagglutinin (HA) tags in its predicted hydrophilic regions of
the MSD. HA-tagged BCRP mutants were expressed in HEK cells and tested for their ability to efflux
mitoxantrone and BODIPY -prazosin. Polarity of the inserted tags with respect to the plasma membrane
was determined by immunofluorescence. All of the mutants were expressed at levels comparable to wild-
type BCRP as revealed by immunoblotting with specific antibodies against BCRP and the HA tag. Insertions
at residues 423, 454, 462, 499, 529, 532, and 651 produced functional mutants, whereas insertions at
residues 560, 594, and 623 resulted in mutants with significantly reduced activity and insertions at residues
387, 420, 474, and 502 completely abrogated the activity. HA tags inserted at residues 387, 474, 529,
532, 560, and 651 were localized intracellularly, whereas those inserted at residues 420, 423, 454, 499,
502, 594, and 623 revealed an extracellular location. Residue 462 was localized in a transmembrane
(TM) segment. These results provide the first direct experimental evidence in support of a 6-TM model
for BCRP with the amino and carboxyl termini of the MSD located intracellularly. These data may have

important implications for understanding the transport mechanism of BCRP.

The breast cancer resistance protein (BCRP)' is an
approximately 75 kDa polytopic integral plasma membrane
transporter belonging to subfamily G of the large human
ATP-binding cassette (ABC) transporter superfamily. BCRP
is the second member of subfamily G and hence designated
as ABCG2. BCRP is considered to be one of the most
important ABC efflux transporters that confers multidrug
resistance in cancer cells owing to its ability to efflux
chemotherapeutic agents out of the cell (/—5). Functional
studies in the past decade have suggested that BCRP can
transport a broad spectrum of substrates, ranging from
hydrophobic chemotherapeutics to hydrophilic organic
anions (6—9). With respect to tissue localization, BCRP has
been shown to be highly expressed in the apical membrane
of the placental syncytiotrophoblasts, the small intestinal
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epithelium, the liver canaliculi, and the brain blood vessel
capillaries (2, 10). Therefore, BCRP is also increasingly
recognized for its role in regulating drug disposition and
xenobiotic exposure owing to its broad substrate specificity
and the pattern of tissue expression (6, 7). The importance
of BCRP for the absorption (intestinal), distribution (e.g.,
across placental and blood-brain barriers), and elimination
(hepatic) of substrate drugs has been demonstrated in
numerous studies (//—18). In addition, BCRP in the apical
membrane of mammary alveolar epithelia has been shown
to be responsible for the efflux of xenobiotics/drugs and
vitamins into breast milk (19, 20).

BCREP is a medically important ABC efflux transporter.
At present, our knowledge regarding the structure—function
relationship and transport mechanism of BCRP is limited.
It has been proposed that BCRP may function as a ho-
modimer or homooligomer (2/—23). Mutation analysis in
the past several years also identified various amino acid
residues that seem to be important for the overall transport
activity, substrate selectivity, processing, or trafficking of
BCRP (24—32). In particular, amino acid substitution at
position 482 of BCRP has been shown to be absolutely
critical for substrate specificity and transportactivity (27, 29, 30, 33).
However, since a high-resolution structure of BCRP has not
been obtained so far (22, 34), it remains elusive to explain
the currently available biochemical data. As one of the efforts
toward the understanding of the structural basis of BCRP
action, the goal of this study was to elucidate the topological
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structure of BCRP. At present, the membrane topology of
BCRP remains largely unknown. Topology models have been
proposed for BCRP using bioinformatics tools (/, 4, 5, 34, 35).
For example, hydropathy analysis of its deduced amino acid
sequence predicted that BCRP contains a nucleotide-binding
domain (NBD) (residues ~1—395) followed by a MSD
(residues ~396—655) with 6 transmembrane (TM) segments (/, 4, 5).
The recent homology modeling study based on the published
crystal structure of the multidrug transporter Sav1866 from
Staphylococcus aureus also predicted a similar topology
structure of BCRP as the hydropathy analysis (34). However,
these computer-generated topology models have not been
confirmed by experimental data. Further experimental studies
are thus essential to determine the exact number and
arrangement of TM segments, the location of hydrophilic
loops connecting the TM segments, and the orientation of
the amino and carboxyl termini of the MSD of BCRP.

In the present study, we have performed epitope insertion
and immunofluorescence to determine the membrane topol-
ogy of BCRP. Hemagglutinin (HA) epitope tags were
inserted in the predicted hydrophilic regions of the MSD of
BCRP by insertion mutagenesis. The HA-tagged BCRP
mutants were expressed in HEK cells by transient transfec-
tion. Expression and efflux activities of these mutants were
analyzed by immunoblotting and flow cytometric efflux
assay, respectively. Polarity of the inserted HA tags with
respect to the plasma membrane (intracellular or extracel-
lular) was then determined by immunofluorescence in intact
and permeabilized cells using an HA tag-specific monoclonal
antibody. Such an epitope insertion and indirect immunof-
luorescence approach has been widely used to define the
membrane topology of a variety of integral membrane
proteins, including the medically important ABC transporters (36—39).

EXPERIMENTAL PROCEDURES

Materials. BODIPY FL-prazosin (BODIPY-prazosin) was
purchased from Molecular Probes (Eugene, OR). Mitox-
antrone (MX) was obtained from Sigma (St. Louis, MO).
Fumitremorgin C (FTC) was obtained from the National
Cancer Institute (Bethesda, MD). HEK293 cells were
purchased from American Type Culture Collection (Manas-
sas, VA). Eagle’s minimum essential medium (MEM) was
from Hyclone (Waltham, MA). Fetal bovine serum (FBS),
phosphate-buffered saline (PBS), and trypsin-EDTA solution
were from Invitrogen (Carlsbad, CA). FuGENE HD trans-
fection reagent was from Roche Applied Science (India-
napolis, IN). All restriction enzymes were from New England
Biolabs (Beverly, MA). Oligonucleotides used for mutagen-
esis were ordered from Integrated DNA Technologies
(Coralville, IA). The monoclonal mouse anti-HA antibody
12CA5 and the anti-mouse IgGy, (y2b) peroxidase antibody
were from Roche Applied Science. The monoclonal mouse
anti-BCRP antibody BXP-21 was from Kamiya Biomedical
Co. (Seattle, WA). The polyclonal rabbit anti-BCRP antibody
was from Proteintech Group, Inc. (Chicago, IL). The
monoclonal goat anti-mouse and goat anti-rabbit HRP-
conjugated antibodies were purchased from Bio-Rad (Her-
cules, CA). Alexa-Fluor488 goat anti-mouse IgG (H + L)
was obtained from Invitrogen. The pcDNA3.1 plasmid
containing full-length wild-type human BCRP cDNA was
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FIGURE 1: Hydropathy analysis of BCRP. Hydropathy analysis of
BCRP was performed according to Kyte and Doolittle (47).
Schematic presentations of the hydropathy profile, putative NBD
and MSD, and approximate amino acid positions are shown. Solid
bars indicate potential TM segments with approximately 20 amino
acids in length. Approximate locations of HA tags inserted in the
predicted hydrophilic regions of the MSD are illustrated by arrows.
Solid, hatched, and open arrows indicate that HA tag insertions
resulted in functional (with 50% or more of wild-type BCRP
activity), partially functional (with less than 50% of wild-type BCRP
activity), and inactive BCRP mutants, respectively. The corre-
sponding constructs are shown in numbers 1—14, and amino acid
residues immediately preceding the HA tags are provided in
parentheses.

kindly provided by Dr. Susan Bates (National Cancer
Institute, Bethesda, MD).

PCR-Based Epitope Insertion Mutagenesis. HA epitope
tags were inserted at 14 discrete locations in BCRP as 9
amino acid peptides (YPYDVPDYA) by inverted PCR
mutagenesis as previously described (38, 40). The locations
of HA tags were selected in the predicted hydrophilic regions
of the MSD of BCRP based on hydropathy analysis of the
amino acid sequence of BCRP (Figure 1). The DNA
sequences of primers used for mutagenesis are shown in
Table 1. All of the primers were phosphorylated at the 5
end. Briefly, the full-length wild-type human BCRP cDNA
cloned into the pcDNA3.1 expression vector was used as
the template for mutagenesis. The primers were designed in
such a way that the first half of the tag sequence was
incorporated at the 5’-end of the upstream primer and the
second half of the tag sequence incorporated into the 5’-end
of the downstream primer by PCR. The PCR reaction mixture
(50 uL) contained dNTPs (160 uM each NTP), 2.5 units of
Pfu ultra DNA polymerase (Stratagene, La Jolla, CA), 10—20
ng of template DNA, 5 L. of 10 times concentrated Pfu
reaction buffer, and 25 pmol of each primer. PCR was
performed as follows. Following an initial denaturing at 95
°C for 4 min, the reaction was run for 16 cycles (95 °C for
30 s, 49—60 °C for 30 s, and 72 °C for 20 min) with a final
extension at 72 °C for 25 min. The annealing temperature
(49—60 °C) varied depending on the melting temperature
of each primer. The PCR products were purified using
Qiagen PCR purification kit, eluted in 30 uL of elution
buffer, and ligated using T4 DNA ligase (New England
Biolabs) for 2 h at room temperature followed by heat
inactivation of the ligase at 65 °C for 15 min. The ligated
product was then incubated with the restriction enzyme Dpnl
overnight at 37 °C to digest template DNA and cleaned up
using the Qiagen PCR purification kit. Dpnl-digested DNA
was used to transform Escherichia coli XL-1 Blue competent
cells (Stratagene), and the E. coli cells were plated on
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Table 1: PCR Primers Designed for HA Tag Insertion Mutagenesis of This Study

forward primer (5" to 3')*

reverse primer (5 to 3")°

X ttg ctg ggt aat ccc cag gee
X act gga atc cag aac aga gct
X cag aac aga gct ggg gtt ctc
X ttc ata cat gaa tac atc agc
X tac tac aga gtg tca tct tat
X tta tct gat tta tta ccc atg

X aag cca aag gca gat gcc ttc
X gca gat gec tte tte gtt atg
X ggt cag agt gtg gtt tct gta
X gtg gtt tct gta gca aca ctt
X att gca tct tgg ctg tca tgg
X ctc aat gca aca gga aac aat
X tgg ggc ttg tgg aag aat cac

Y gtt ttt gaa tga acg ctt gga
Y aga atc att ttt tag ccc aaa
Y gat tcc agt aga atc att ttt
Y gag ctt ctt ctc tac cac aaa
Y tcc get gat gta ttc atg tat
Y cag ttt tcc aag gaa ata aga
Y caa tcc taa cat gaa gta cac
Y ctt tgg ctt caa tcc taa cat
Y tgc tgce tat gge cag tge cat
Y act ctg acc tgc tgc tat ggc
Y ggt tgt gag att gac caa cag
Y tcc tgg gea gaa gtt ttg tec
Y ggg tga gag atc gat gcc ctg

construct insertion site”
1 N3877-L388¢
2 S420°-T421¢
3 1423°-Q424¢
4 L454P-F455¢
5 G462°-Y463¢
6 LA474"-1.475¢
7 L4992-K500¢
8 K5022-A503¢
9 A529”-G530¢
10 $5320-v533¢
11 T560°-1561¢
12 G5947-1.595¢
13 P623-W624¢
14 L6517-K652¢

X aaa aaa tat tct taa att gga

Y aag aaa taa caa ttt cag gta

“ Sites of HA tag insertions in the BCRP protein sequence as illustrated in Figure 1. Amino acid residues immediately preceding and following the
HA tag (YPYDVPDYA), respectively. © Amino acid residues immediately preceding and following the HA tag (YPYDVPDYA), respectively. ¢ Forward
primer where “X” is the second half of the HA tag sequence, 5’-gtg cct gat tac gce-3". © Reverse primer where “Y” is the first half of the HA tag

sequence, 5'-gtc gta agg gta-3".

Luria—Bertani (LB) plates containing 100 gxg/mL ampicillin.
The plates were incubated overnight at 37 °C. Colonies were
picked up and grown in LB broth overnight at 37 °C.
Plasmids were then isolated from E. coli cells using the
Qiagen miniprep kit. The pcDNA3.1 constructs containing
HA-tagged BCRP mutant ¢cDNAs with correct HA tag
insertions were confirmed by DNA sequencing and used for
transient transfection into HEK cells.

Cell Culture and Transient Transfection. HEK293 cells
were grown and maintained in MEM containing 10% FBS
at 37 °C in a humidified incubator with 5% CQO,. For transient
transfection, cells were seeded at a density of approximately
5 x 10°* cells/cm? in MEM on 6 cm dishes (Costar, Corning,
NY) for immunoblotting and transport studies or four-
chamber tissue culture treated glass slides (BD Falcon,
Bedford, MA) for immunofluorescence studies. Approxi-
mately 2 ug of plasmid DNA was used to transfect 5 x 10*
cells with FuGENE transfection reagent, according to the
manufacturer’s instruction. Forty-eight hours posttransfection,
the cells were used for subsequent studies.

SDS—Polyacrylamide Gel Electrophoresis and Immuno-
blotting. Forty-eight hours after transfection, cells were
trypsinized and washed twice in PBS. Whole cell lysates
were then prepared from the cells as described (41, 42).
Protein concentrations were determined using the Bio-Rad
Dc protein assay kit and bovine serum albumin as standard.
Protein samples of whole cell lysates (30 ug each lane) were
subjected to immunoblotting as previously described (41, 42).
For detection of BCRP with the BCRP-specific mAb BXP-
21, the primary antibody and the secondary goat anti-mouse
HRP-conjugate were used at 1:500 and 1:5000 dilution,
respectively. For detection of BCRP with a rabbit anti-BCRP
polyclonal antibody, the primary antibody and the secondary
goat anti-rabbit HRP conjugate were used at 1:2500 and
1:6000 dilution, respectively. For detection of the HA tag,
the HA tag-specific mAb 12CAS5 and the secondary anti-
mouse IgGy;, (2b) peroxidase were used at 1:500 and 1:4000
dilution, respectively. For detection of S-actin (internal
standard), a human S-actin-specific mAb (Sigma) and the
secondary goat anti-mouse HRP conjugate were used at
1:50000 and 1:25000 dilution, respectively.

Flow Cytometric Efflux Assay. Flow cytometric efflux
assays were performed as previously described (417, 43). Two

known BCRP substrates, MX and BODIPY-prazosin, and
the BCRP-specific inhibitor FTC were used in the efflux
assays. Briefly, 48 h after transfection, cells were trypsinized,
washed twice in PBS, and suspended in incubation buffer
(MEM supplemented with 5% FBS and 5 mM HEPES
buffer) at a cell concentration of approximately 10° cells per
reaction in 1 mL volume. In the accumulation phase, cells
were incubated with 10 uM MX or 500 nM BODIPY-
prazosin in the presence or absence of 10 uM FTC for 30
min at 37 °C. Cells were then immediately transferred on
ice, washed twice with ice-cold PBS, and resuspended in 1
mL of incubation buffer with or without 10 uM FTC but
containing no MX or BODIPY -prazosin, and then incubation
was continued for 1 h at 37 °C to allow maximum efflux of
the fluorescent compounds (efflux phase). Cells were then
washed twice with ice-cold PBS, resuspended in 500 uL of
ice-cold PBS, and kept on ice in the dark. Intracellular
fluorescence was measured within 1 h with a 488 nm argon
laser filter and a 650 nm long-pass filter for MX and with a
488 nm argon laser filter and a 530 nm bandpass filter for
BODIPY-prazosin in a BD FACScan flow cytometer. Ten
thousand (10%) events were collected for all of the samples.
Cell debris was eliminated by gating on forward versus side
scatter. The difference in median fluorescence (AF) between
the FTC/efflux histogram and the efflux histogram was used
as a measure of FTC-inhibitable MX or BODIPY-prazosin
efflux activity of the cells. This FTC-inhibitable MX or
BODIPY-prazosin efflux activity is attributable to BCRP
expression and function. MX or BODIPY-prazosin was
dissolved in incubation buffer containing 0.2% (v/v) DMSO.
No effect of DMSO on efflux activity was observed at this
concentration.

Immunofluorescence Microscopy. Transiently transfected
HEK cells grown in a four-chamber glass slide were
examined 48 h after transfection. For experiments using
permeabilized cells, cells were fixed in 4% paraformaldehyde
in PBS for 30 min, washed twice with PBS, and then
incubated with 0.01% (v/v) Triton X-100 in incubation buffer
(5% goat serum and 1% albumin in PBS) at room temper-
ature for 30 min. Cells were then incubated in the same buffer
containing the anti-HA mAb 12CAS5 (1:100 dilution) for 1 h
at room temperature. After the cells were washed three times
with incubation buffer, the secondary antibody Alexa-
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Fluor488 goat anti-mouse IgG (H + L) was added at 1:1000
dilution and incubated for 30 min at room temperature. For
experiments using intact nonpermeabilized cells, cells were
fixed in 1% paraformaldehyde in PBS at room temperature
for 10 min, washed twice with PBS, and then incubated with
the anti-HA antibody (1:100 dilution) in incubation buffer
for 1 h at room temperature. After the cells were washed
three times with incubation buffer, the secondary antibody
Alexa-Fluor488 goat anti-mouse IgG (H + L) was added at
1:1000 dilution and incubated for 30 min at room temper-
ature. Finally, the cells were washed three times with PBS,
mounted in Fluoromount G (Southern Biotechnology As-
sociates, Birmingham, AL), and observed at 488—500 nm
excitation and 510—550 nm emission wavelengths using a
Nikon ECLIPSE E600 multiple microscope (Nikon, Melville,
NY).

Transmembrane Predictions. The predicted topology struc-
ture models of BCRP were determined using the MEMSAT
( (44)) (http://saier-144-37.ucsd.edu/memsat.html), PHDhtm
(http://www.predictprotein.org), TopPred (http://mobyle.pas-
teur.fr/cgi-bin/MobylePortal/portal.py ?form=toppred), HM-
MTOP ( (45)) (http://www.enzim.hu/hmmtop), and SOSUI
( (46)) (http://sosui.proteome.bio.tuat.ac.jp) algorithms.

Statistical Analysis. Efflux activities were presented as
means £ SD of three independent experiments. Data were
analyzed using one-way ANOVA analysis followed by the
Student’s r-test or only the Student’s #-test to compare the
activities of wild-type BCRP and the HA-tagged BCRP
mutants. Differences with p values <0.05 were considered
statistically significant.

RESULTS

Construction and Expression of HA-tagged BCRP Mu-
tants. To determine membrane topology using the epitope
insertion and indirect immunofluorescence approach, selec-
tion of insertion sites is critical. To map the intracellular and
extracellular loops in a MSD as well as the location of the
amino and carboxyl termini of the MSD, the insertion sites
would be best selected in hydrophilic regions of the MSD.
Therefore, we first performed hydropathy analysis of BCRP
to identify putative hydrophilic regions in the MSD of BCRP.
Hydropathy analysis according to Kyte and Doolittle (47)
suggested that BCRP consists of a NBD (residues ~1—395)
followed by a MSD (residues ~396—655), and the MSD
likely contains 6 TM segments (Figure 1). This analysis
generated a topology model very similar to that predicted
using various algorithms as shown in Figure 5A (data not
shown). Based on this analysis, we inserted HA epitope tags,
one at a time, at 14 discrete positions in the predicted
hydrophilic regions between TM segments and at the two
ends of the MSD using PCR mutagenesis. Thus, HA epitope
tags were inserted immediately after the amino acid residues
387 (construct 1), 420 (construct 2), 423 (construct 3), 454
(construct 4), 462 (construct 5), 474 (construct 6), 499
(construct 7), 502 (construct 8), 529 (construct 9), 532
(construct 10), 560 (construct 11), 594 (construct 12), 623
(construct 13), and 651 (construct 14) (Table 1). Approximate
locations of these HA tags in BCRP are shown in Figure 1.

The pcDNA3.1 constructs containing wild-type BCRP and
HA-tagged BCRP mutant cDNAs were then transiently
transfected into HEK cells. Expression of BCRP proteins
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FIGURE 2: Immunoblots of HEK cells transfected with wild-type
BCRP and HA-tagged BCRP mutant cDNA constructs 1—14.
Whole cell lysates (30 ug of protein each lane) prepared from HEK
cells transfected with wild-type BCRP and HA-tagged BCRP
mutant cDNAs were immunoblotted, and BCRP was detected with
mAb BXP-21 (A), a BCRP-specific polyclonal antibody (B), and
a HA-specific mAb 12CA5 (C). (-Actin expression was also
examined as internal control (D). The constructs are indicated by
the numbers above the blots. Vector control and wild-type BCRP
mean the blots of the samples prepared from cells transfected with
the pcDNA3.1 empty vector and the expression vector containing
full-length wild-type human BCRP cDNA, respectively. The
experiments were repeated twice, and similar results were obtained.

was analyzed by immunoblotting of whole cell lysates
prepared from transfected cells (Figure 2). Immunoblotting
using the BCRP-specific mAb BXP-21 could detect wild-
type BCRP and several but not all of the BCRP mutants
(Figure 2A). To further verify expression of HA-tagged
BCRP mutants, we performed immunoblotting using an anti-
BCRP polyclonal antibody. Specific bands of approximately
75 kDa were detected for wild-type BCRP and all of the
mutants at comparable levels using the polyclonal antibody
(Figure 2B). We then analyzed the same protein samples
using a mAb specifically against the HA tag (Figure 2C).
As expected, immunoreactive bands of approximately 75 kDa
were observed in the samples prepared from cells transfected
with all of the constructs carrying HA-tagged BCRP mutant
cDNAs but were absent in the samples isolated from cells
transfected with either the pcDNA3.1 empty vector or wild-
type human BCRP cDNA (Figure 2C). These results suggest
that all of the HA-tagged BCRP mutants were expressed in
HEK cells at levels comparable to wild-type BCRP; however,
some of the mutants could not be detected using the mAb
BXP-21.

Efflux Activities of HA-Tagged BCRP Mutants. We next
examined the effects of HA tag insertion on BCRP efflux
activity. Flow cytometric efflux assays were carried out with
twoknown BCRP substrates, MX and BODIPY -prazosin (43, 48).
The differences in intracellular MX or BODIPY-prazosin
fluorescence between the cells in the presence and absence
of the BCRP-specific inhibitor FTC were used to express
FTC-inhibitable efflux activities of the cells expressing wild-
type BCRP or HA-tagged BCRP mutants. As shown in
Figure 3A, the MX efflux activities of the cells expressing
wild-type BCRP were significantly increased approximately
6-fold compared with the activities associated with the vector
control cells, indicating that BCRP effectively effluxes MX.
The mutants with HA tag insertions at residues 454 (construct
4), 529 (construct 9), and 532 (construct 10) exhibited MX
efflux activities comparable to wild-type BCRP. The mutants
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FIGURE 3: Efflux of MX and BODIPY -prazosin by wild-type BCRP
and HA-tagged BCRP mutants. FTC-inhibitable MX (A) and
BODIPY-prazosin (B) efflux activities of the cells transfected with
wild-type BCRP and HA-tagged BCRP mutant cDNAs were
measured using the flow cytometric efflux assay as described in
Experimental Procedures. All of the activities were normalized to
the activities associated with the vector control cells which were
set as 100%. The results shown are means £ SD of three
independent experiments. Significant difference: *, p < 0.05, and
*## p < 0.01, as compared with wild-type BCRP by one-way
ANOVA analysis followed by the Student’s t-test; %, p < 0.05 as
compared with wild-type BCRP by the Student’s #-test. The
constructs for HA-tagged BCRP mutants are indicated by numbers
1—14. Vector control and wild-type mean efflux activities of the
cells transfected with the pcDNA3.1 empty vector and the expres-
sion vector containing full-length wild-type human BCRP cDNA,
respectively.

with insertions at residues 423 (construct 3), 462 (construct
5), 499 (construct 7), and 651 (construct 14) retained
approximately 50% of the wild-type BCRP activity. How-
ever, the MX efflux activities of the mutants with insertions
at residues 560 (construct 11), 594 (construct 12), and 623
(construct 13) were reduced to approximately 10—20% of
the wild-type BCRP activity, and the mutants with insertions
at residues 387 (construct 1), 420 (construct 2), 474 (construct
6), and 502 (construct 8) were nearly completely inactive in
transporting MX (Figure 3A). Similar results were obtained
for BODIPY -prazosin (Figure 3B). These data suggest that,
except for constructs 1, 2, 6, and 8, transfection of all other
constructs produced functionally active BCRP mutants,
although the BCRP-mediated efflux activities associated with
the cells transfected with constructs 11, 12, and 13 were
reduced to only 10—20% of the wild-type BCRP activity.

Localization of HA Epitope Tags. We then determined the
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membrane polarity (intracellular or extracellular) of the
inserted HA tags by immunofluorescence analysis of HEK
cells expressing HA-tagged BCRP mutants using an HA tag-
specific mAb 12CAS. Immunofluorescence analysis was
performed with intact cells or cells that had been permeabi-
lized with Triton X-100 to determine extracellular or
intracellular location of the tags, respectively. First of all,
no cell-based fluorescence was detected in intact or perme-
abilized nontranfected control cells (data not shown) or in
cells expressing wild-type BCRP (Figure 4A,F). A strong
immunofluorescence signal was detected in both intact and
permeabilized cells expressing the mutants with HA tag
insertions at residues 420 (construct 2, Figure 4C,H), 423
(construct 3, Figure 4D,I), 454 (construct 4, Figure 4E,J),
499 (construct 7, Figure 4M,R), 502 (construct 8, Figure
4N,S), 594 (construct 12, Figure 4W,&), and 623 (construct
13, Figure 4X,%), suggesting the extracellular location of the
HA tags in these BCRP mutants. The data also indicate that
these HA tags are located in regions of the BCRP protein
that are readily accessible to the antibody. In contrast, cells
expressing the mutants with HA tag insertions at residues
387 (construct 1, Figure 4B), 474 (construct 6, Figure 4L),
529 (construct 9, Figure 40), 532 (construct 10, Figure 4U),
560 (construct 11, Figure 4V), and 651 (construct 14, Figure
4Y) showed bright fluorescence only in permeabilized cells
but not in intact, nonpermeabilized cells. This demonstrates
the intracellular location of the HA tags in these BCRP
mutants. The fluorescence signal associated with the mutant
with the HA tag insertion at residue 462 (construct 5) was
rather weak and could be barely detected only in permeabi-
lized cells (Figure 4K), suggesting that this HA tag is likely
situated in a region with limited accessibility to the antibody.
For all of the mutants, fluorescence staining was mainly
observed in the plasma membrane (Figure 4). This suggests
that these mutants were predominantly targeted to the plasma
membrane of HEK cells, although the possibility that a minor
fraction is also present in intracellular membranes cannot
be excluded. To confirm their plasma membrane expression,
we performed confocal microscope analysis for several of
the mutants, and the conclusion remained essentially the same
(data not shown).

DISCUSSION

TM predictions using various algorithms suggest that
BCRP consists of a NBD followed by a MSD which contains
6 or 7 TM segments, and the arrangement of TM segments
varies substantially, depending on the algorithm used (Figure
5A—C). To confirm the predicted features of these models,
we opted to determine the membrane topology of BCRP by
HA tag insertion and indirect immunofluorescence. Results
obtained from this study indicate that HA tags inserted at
residues 420, 423, 454, 499, 502, 594, and 623 are located
extracellularly, and HA tags inserted at residues 387, 474,
529, 532, 560, and 651 are situated in the intracellular regions
of the MSD (Figure 4). On the basis of these experimental
data combined with computer-prediction results, we deduced
a membrane topology model for BCRP as shown in Figure
5D.

Epitope insertion may affect topogenesis of TM segments
near the insertion sites by altering protein maturation, folding,
expression, and/or targeting to the plasma membrane, which
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FIGURE 4: Immunofluorescence micrographs of HEK cells transfected with wild-type BCRP and HA-tagged BCRP mutant cDNA constructs.
Cells were transfected with wild-type BCRP and HA-tagged BCRP mutant cDNAs, probed with the HA-specific mAb 12CAS, and processed
for fluorescence microscopy as described in Experimental Procedures. The HA-tagged BCRP signals are indicated in green. Exposure times
were identical for all of the micrographs. The HA tags in constructs 2 (C, H), 3 (D, 1), 4 (E, J), 7 (M, R), 8 (N, S), 12 (W, &), and 13 (X,
2)) were detected in both permeabilized (P) and intact, nonpermeabilized (NP) cells, whereas the HA tags in constructs in 1 (B, G), 5 (K,
P), 6 (L, Q), 9 (O, T), 10 (U, Z), 11 (V, W), and 14 (Y, II) were detected only in permeabilized cells. The corresponding constructs are
shown in numbers 1—14 above the micrographs. Wild-type BCRP (A, F) was analyzed as a control. The experiments were repeated twice,

and similar results were obtained.

could make the assignment of particularly intracellular
epitopes uncertain. The immunofluorescence data clearly
suggest that all of the HA-tagged BCRP mutants were
predominately targeted to the plasma membrane of HEK cells
(Figure 4). The immunoblotting results also indicate that the
protein stability and expression of all the mutants were not
affected by tag insertion (Figure 2B,C). These results suggest
that the protein stability, maturation, expression, and targeting
to the plasma membrane remained largely unaffected by tag
insertion for all of these mutants. The mutants with HA tags
at residues 423, 454, 462, 499, 529, 532, 560, 594, 623, and
651 were fully or at least partially active in transporting

BCRP substrates (Figure 3), further confirming that sufficient
amounts of these mutants were correctly folded and targeted
to the plasma membrane to convey efflux activity.
Although the mutant with the HA tag at residue 387 was
functionally inactive (Figure 3), the intracellular location of
the tag determined in this study is consistent with the data
from previous studies (10, 49). The immunofluorescence
analysis in these studies using monoclonal or polyclonal
antibodies raised against peptides in the predicted NBD (e.g.,
the peptide sequence 271—396 for BXP-21 (10); the peptide
sequence 56—70 for the antibody 405 (49)) clearly revealed
an intracellular location of the NBD. Since residue 387 is in
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FIGURE 5: Topology models of BCRP. Solid, hatched, and open triangles indicate approximate positions of HA tag insertions that resulted
in functional (with 50% or more of wild-type BCRP activity), partially functional (with less than 50% of wild-type BCRP activity), and
inactive BCRP mutant proteins, respectively. (A) A model with 6 TM segments predicted using the MEMSAT, PHDhtm, and TopPred
algorithms. (B) A model with 7 TM segments predicted using the HMMTOP algorithm. (C) A model with 6 TM segments predicted using
the SOSUI algorithm. Note that the SOSUI algorithm does not predict the orientation of the termini of membrane proteins. Here we assign
both the amino and carboxyl termini of BCRP an intracellular orientation in the SOSUI model as the NBD is unlikely located outside of
the plasma membrane. (D) A model deduced from the results of mapping the inserted HA tags reported in this study. The approximate
locations of residue 482 in the models are indicated by arrows. The coordinate positions of the residue numbers that delimit the approximate
start and end of each TM are indicated in italic in these models. Approximate locations of the computer-predicted TM2 and TM5 from (A)
in the intracellular or extracellular loop of the experimentally determined model are indicated with dark bell-shaped boxes.

close proximity to the NBD, it is unlikely that this residue
is located outside of the plasma membrane. As to why the
mutant is inactive is unclear. We hypothesize that residue
387 is possibly located in or close to a linker region
connecting the NBD and the MSD which may be essential
for the communication between the two domains (50).
Insertion of the HA tag at this particular location could
interrupt the communication between the NBD and the MSD
and hence the overall transport activity of BCRP. In the
homology model of Hazai and Bikadi (34), residue 387 is
indeed located between the NBD and the MSD at a position
close to the cytosolic surface of TM1. We also localized
residue 651 in an intracellular region (Figure 4Y). Taken
together, our data indicate that both the amino and carboxyl
termini of the MSD of BCRP are located intracellularly.
In contrast, we localized the amino acid sequence 594—623
to the extracellular side of the plasma membrane (Figure 5D).
This is in agreement with previous studies that identified only
one residue (asparagine 596) as the glycosylation site (57).
HA tag insertions at residues 594 and 623 did not seem to
affect glycosylation as the bands of these mutants migrated

to the similar positions as wild-type BCRP and other mutants
(Figure 2). However, HA tag insertions at residues 594 and
623 significantly reduced the efflux activity, suggesting that
the extracellular loop connecting TMS5 and TM6 may play
an important role in BCRP function. The recent studies
indeed suggested that this extracellular loop may be critical
in modulating substrate binding (52) as well as stability and
ubiquitin-mediated degradation of BCRP (53).

HA tag insertions at residues 420, 474, and 502 completely
abrogated the efflux activity (Figure 3) despite their proper
targeting to the plasma membrane (Figure 4). We speculate
that these residues are likely in close proximity to TM
segments, and therefore HA tag insertions at these positions
may affect the configuration of the nearby TM segments.
Alternatively, these residues may just be critical for BCRP
function (e.g., substrate binding and translocation). The
observation of such inactive mutants does not exclude the
conclusion that the amino acid sequence 420—454 is part of
an extracellular loop connecting TM1 and TM2 (Figure 5D),
as the mutants with HA tags at residues 423 and 454 were
fully active (Figure 3) and readily observed in both perme-
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abilized and intact cells by immunofluorescence (Figure 4).
Likewise, the sequence 499—502 was localized to an
extracellular loop connecting TM3 and TM4 (Figure 5D),
as the mutant with the HA tag at residue 499 was functionally
active (Figure 3) and readily observed in both permeabilized
and intact cells by immunofluorescence (Figure 4). Since a
TM segment usually contains approximately 20 amino acid
residues, and the immunofluorescence data suggest an
intracellular location for residue 474 (Figure 4L), we
conclude that residue 474 is located in the intracellular loop
connecting TM2 and TM3 (Figure 5D). As for residue 462,
we noted that it was barely detectable only in permeabilized
cells (Figure 4K), suggesting that this residue is likely buried
in TM2 with limited accessibility to the antibody. Alterna-
tively, TM2 may be a rather short TM segment, and hence
residue 462 is located in a close proximity to the carboxyl
terminus of TM2. Surprisingly, HA tag insertion at residue
462 did not drastically affect efflux activity of BCRP (Figure
3), even though such an insertion would be expected to distort
the configuration of TM2. The reason for this observation
remains to be determined. According to the experimentally
determined model, residue 482 which is an important
determinant of substrate specificity (27, 29, 30, 33) is located
within TM3 at a position close to the cytosolic surface of
the plasma membrane (Figure 5D). This is fully consistent
with previous predictions (29, 30, 33). In the model of Hazai
and Bikadi (34), residue 482 is similarly located close to
the amino terminus of TM3 and points toward the interior
of a substrate-binding cavity. Thus, our topology model is
also consistent with the homology model with respect to the
location of residue 482.

Results of the present study help to discriminate between
several of the computer-generated topology models. The
present study suggests that both the amino and carboxyl
termini of the MSD of BCRP are located intracellularly
(Figure 5D). In general, if the amino and carboxyl termini
of a polytopic membrane protein are located at the same side
of the membrane, it implies that there is an even number of
TM segments in the protein. This essentially eliminates the
HMMTOP model which predicts a 7-TM model for BCRP
(Figure 5B). Although the SOSUI model contains 6 TM
segments (Figure 5C), the locations of various residues in
the model are not consistent with the results of this study.
For example, residues 529 and 532 were localized in this
study in the intracellular loop connecting TM4 and TMS;
however, these residues in the SOSUI model were predicted
to be in the extracellular loop connecting TMS5 and TM6.
The SOSUI algorithm also predicts that the amino acid
sequence 594—623 is intracellular, which is impossible as
the asparagine residue 596 is a glycosylation site (57). The
MEMSAT, PHDhtm, and TopPred algorithms predict a
topology model (Figure 5A) similar to the experimentally
determined model (Figure 5D) but differing significantly in
the arrangement of TM2 and TMS. Residues 454 and 462
were predicted in the intracellular loop connecting TM2 and
TM3 but were experimentally localized in the extracellular
loop connecting TM1 and TM2 and within TM2, respec-
tively. Residue 560 was predicted in the extracellular loop
connecting TMS5 and TM6 but was determined to be situated
in the intracellular loop connecting TM4 and TM5. Residues
529 and 532 were also localized intracellularly (Figure 4).
These results depict a relatively large intracellular loop
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connecting TM4 and TMS5. Hydropathy analysis indicates
that a large portion of this loop is as hydrophobic as a TM
segment (Figure 1), which suggests possible hydrophobic
helical packing of the loop. It is worthwhile to mention that,
in the model of Hazai and Bikadi (34), the loop connecting
TM4 and TMS is much shorter and forms o-helices extend-
ing from the TM segments. A similar situation applies to
the extracellular loop connecting TM1 and TM2.

Despite the significant similarity shared between the
experimentally determined model (Figure 5D) and those
obtained using computer-prediction (Figure 5A) and homo-
logue modeling (34) in the number of TM segments, the
orientation of the amino and carboxyl termini of the MSD,
and the length and positioning of TM1, TM3, TM4, and
TM6, a major difference among these models is the shift of
TM2 and TMS. Although it needs to be further clarified in
future studies, such an arrangement of TM2 and TMS as
illustrated in Figure 5D seems possible. First, Hazai and
Bikadi (34) predicted that TMS is formed from residues
545—564. However, one-third of TM5 (residues 553—559)
were not predicted to form an a-helix (34), which seems
unlikely for a TM a-helical segment. Second, the amino acid
residues of TM2 and TM5 of the experimentally determined
model (450—469 and 565—584, respectively) were predicted
to form a-helices, with the exception of only three residues
462—464 (34). Furthermore, although the overall topology
structures predicted using the HMMTOP and SOSUI algo-
rithms seem unlikely, residues 565—584 were predicted to
form a TM segment (Figure 5B) and a large part of residues
450—469 was predicted to be in a TM segment (Figure 5C),
suggesting the likelihood of these residues themselves to form
TM o-helices by nature. Consistent with this, the prediction
of TM2 and TMS in the homology modeling studies (34, 35)
was clearly much more uncertain than other TM segments.
Finally, in spite of the relatively high hydrophilicity of some
residues in regions 450—469 and 565—584, they could
penetrate the lipid bilayer if they are shielded away from
exposure to hydrophobic acyl chains of lipids or point toward
the interior of the substrate-binding cavity. Similar observa-
tions have been made with P-glycoprotein in which some
of the predicted TM segments were determined to be located
in the intracellular or extracellular loops (54, 55).

In summary, we have provided the first direct experimental
evidence in support of a 6-TM model for BCRP which is
consistent with the currently available biochemical data. This
new topology model may have important implications for
further understanding of the interactions of drugs with BCRP
and the transport mechanism of this medically important drug
transporter.
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