
 

 

Introduction 
 
The human breast cancer resistance protein 
(BCRP/ABCG2) is the second member of the 
subfamily G of the large ATP-binding cassette 
(ABC) transporter superfamily that actively 
transports a broad spectrum of substrates [1-3]. 
BCRP expressed on the plasma membrane of 
cancer cells utilizes the energy provided by ATP 
hydrolysis to efflux a variety of chemotherapeu-
tic agents out of the cells, thereby conferring 
multidrug resistance in cancer cells [4]. BCRP is 
also highly expressed in stem cells [5, 6], in the 
lumen of the small and large intestines [7], in 
the liver canalicular membrane [7], in the brain 

microvessel endothelium [8, 9], and in the api-
cal membrane of placental syncytiotrophoblasts 
[7, 10]. Due to this pattern of tissue distribution 
and broad substrate specificity, in addition to its 
ability of conferring multidrug resistance in can-
cers, BCRP has been increasingly recognized for 
its role in drug disposition and protection of tis-
sues from potentially harmful drugs and xenobi-
otics [1, 11, 12].  
 
Unlike typical ABC transporters such as P-
glycoprotein which contain two repeated halves, 
BCRP consists of only one nucleotide binding 
domain (NBD) and one membrane spanning 
domain (MSD) [13, 14]. BCRP also differs from 
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Abstract:  The human breast cancer resistance protein (BCRP/ABCG2) is a half ATP-binding cassette (ABC) efflux 
transporter that plays an important role in drug resistance and disposition. Although BCRP is believed to function as a 
homodimer or homooligomer, this has not been demonstrated in vivo in intact cells. Therefore, in the present study, 
we investigated dimer/oligmer formation of BCRP in intact cells. Wild-type BCRP and the mutant C603A were at-
tached to cyan or yellow fluorescence protein and expressed in HEK293 cells by transient transfection. Protein levels, 
cell surface expression, and efflux activities of wild-type and mutant BCRP were determined by immunoblotting,  5D3 
antibody binding, and flow cytometric efflux assay, respectively. Dimer/oligomer formation of BCRP in intact cells was 
analyzed using fluorescence resonance energy transfer (FRET) microscopy. Wild-type BCRP and C603A were ex-
pressed in HEK293 cells at comparable levels. C603A was predominantly expressed in the plasma membrane as 
was wild-type protein. Furthermore, C603A retained the same mitoxantrone efflux activity and the ability of dimer/
oligmer formation as wild-type BCRP. Finally, cross-linking experiments yielded data consistent with the FRET analy-
sis. In conclusion, we have, for the first time, demonstrated that BCRP can form a dimer/oligomer in vivo in intact 
cells using the FRET technique. We have also shown that Cys603 alone does not seem to be essential for dimer/
oligomer formation of BCRP.    
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traditional ABC transporters in that its NBD is at 
the N-terminus followed by the MSD. This 
unique domain organization is opposite to that 
in most of other ABC transporters [12, 15]. 
Since BCRP is a half ABC transporter, it is widely 
believed that BCRP functions as a homodimer 
or a homooligomer possibly formed via intermo-
lecular disulfide bonds [16-18]. The existence of 
BCRP as a homodimer or a homooligomer has 
been demonstrated using either purified BCRP 
or isolated membrane preparations [19, 20]; 
however, whether BCRP can form a dimer or an 
oligomer in vivo remains to be determined. With 
respect to specific domains or residues of BCRP 
that might be critical for dimer/oligomer forma-
tion, it has been shown that the region contain-
ing residues 528 – 655 appears to be impor-
tant for oligomerization of BCRP [21]. According 
to our recently determined topology structure of 
BCRP [22], this region comprises transmem-
brane (TM) α-helices 5 and 6, the intracellular 
loop connecting TM4 and TM5 (residues ~528 
– 565), and the extracellular loop connecting 
TM5 and TM6 (residues ~585 – 622). Whether 
the entire protein sequence of this particular 
region is essential for dimer/oligomer formation 
of BCRP is not known. In addition, three Cys 
residues in the extracellular loop connecting 
TM5 and TM6 (Cys592, Cys603, and Cys608) have 
been intensively studied with respect to their 
roles in dimer/oligomer formation of BCRP via 
intermolecular disulfide bonds. These studies 
showed that Cys603 appears to contribute to 
dimer/oligomer formation of BCRP via an inter-
molecular disulfide bond, but is not essential for 
BCRP activity [18, 23, 24]. Since the formation 
of intermolecular disulfide bonds often ac-
counted for only a fraction of total BCRP protein 
analyzed in these in vitro studies, it has been 
suggested that artifacts arising from oxidation 
during sample preparation cannot be excluded 
[19]. As a result, it has been proposed that 
some of the intermolecular disulfide bonds 
identified to be responsible for dimer/oligomer 
formation of BCRP, including those formed 
through Cys603, may not actually exist in vivo 
[25]. Such an inconsistency prompted us to 
further investigate dimer/oligomer formation of 
BCRP in intact cells and verify some of the previ-
ous observations, particularly the role of Cys603 
in dimer/oligomer formation of BCRP.  
 
Fluorescence resonance energy transfer (FRET) 
microscopy has emerged as a powerful tool to 
determine protein-protein interactions in vivo in 

intact cells. FRET microscopy is a quantum 
physical technique that involves the excitation 
of an acceptor fluorophore by the emission of a 
donor fluorophore within a distance range of 10 
– 100 Å. This technique has been used to eluci-
date dimerization/oligomerization of many other 
membrane proteins in intact cells [26-30], but 
has not yet been applied to BCRP. In the pre-
sent study, we used FRET microscopy to eluci-
date dimer/oligomer formation of BCRP in 
HEK293 cells, a method that avoids artificial 
alterations (e.g., formation or breakdown of di-
sulfide bonds) during biochemical sample 
preparation. To further understand whether 
Cys603 plays an important role in dimer/oligomer 
formation of BCRP, we generated the mutant 
C603A and investigated the effect of the muta-
tion of Cys603 on dimer/oligomer formation and 
activity of BCRP. 
 
Materials and methods 
 
Materials 
 
Mitoxantrone (MX) was obtained from Sigma 
(St. Louis, MO). Fumitremorgin C (FTC) was from 
the National Cancer Institute (Bethesda, MD). 
HEK293 cells were purchased from American 
Type Culture Collection (Manassas, VA). Eagle's 
minimal essential medium (MEM), phosphate-
buffered saline (PBS), 0.25% trypsin-EDTA solu-
tion, and Alexa-Fluor488 goat anti-mouse IgG (H 
+ L) were from Invitrogen (Carlsbad, CA). Fetal 
bovine serum (FBS) was acquired from Hyclone 
(Waltham, MA). FuGENE HD transfection re-
agent, the anti-mouse IgG2b (γ2b) peroxidase 
antibody, and protease inhibitor cocktail tablets 
were from Roche Applied Science (Indianapolis, 
IN). All restriction enzymes and T4 DNA ligase 
were from New England Biolabs (Beverly, MA). 
The monoclonal mouse anti-BCRP monoclonal 
antibody (mAb) BXP-21 was from Kamiya Bio-
medical (Seattle, WA). Primers used for PCR 
mutagenesis were synthesized by Operon 
(Huntsville, AL). The pcDNA3.1 plasmid contain-
ing full length wild-type BCRP cDNA was a gen-
erous gift from Dr. Susan Bates (National Can-
cer Institute, Bethesda, MD). The pECFP-C1 and 
pEYFP-C1 plasmids containing cDNAs for cyan 
and yellow fluorescence protein (CFP and YFP), 
respectively, were generously provided by Dr. 
Dan Conrad at the Virginia Commonwealth Uni-
versity. Phycoerythrin-conjugated anti-BCRP 
mAb 5D3 and the phycoerythrin-conjugated 
negative control antibody IgG2b were obtained 
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from eBioscience (San Diego, CA). Fluoromount 
G was from Southern Biotech (Birmingham, Ala-
bama). Disuccinimidyl suberate (DSS) was pur-
chased from Pierce (Rockford, IL). All other re-
agents and chemicals were of the highest purity 
available commercially. 
 
Construction of CFP- or YFP-tagged wild-type 
BCRP or C603A 
 
The full length BCRP cDNA fragment was ampli-
fied using the pcDNA3.1 plasmid containing full 
length wild-type BCRP cDNA as a template with 
a forward primer containing a XhoI site (5’-
CTTCGGCTCGAGCTATGTCTTCCAGTAATGTCGAA 
G-3’) and a reverse primer (5' GTCAGAATCTA-
GACAAGCTTGGTACCGAGCTCGGATCC-3'). The 
PCR product was digested with XhoI and BamHI 
(this site is located at the 5’-end of the PCR 
product) and subcloned into the vector pEYFP-
C1 in frame with the YFP coding sequence. The 
resultant YFP-BCRP plasmid was used as a tem-
plate for PCR mutagenesis to generate the 
C603A mutant in which Cys603 was replaced 
with Ala. The primers used to generate C603A 
were 5’-GCAACAGGAAACAATCCTGCTAACTATGCA 
ACATGTAC-3’ and 5’-GTACATGTTGCATAGTTAGCA 
GGATTGTTTCCTGTTGC-3’. To generate CFP-
tagged wild-type BCRP or C603A, the YFP-BCRP 
plasmids were digested with XhoI and BamHI, 
and the DNA fragments containing wild-type and 
mutant BCRP cDNAs were subcloned into the 
pECFP-C1 plasmid. Full length wild-type and 
mutant BCRP cDNAs as well as the CFP and YFP 
cDNA sequences in all the constructs were veri-
fied by DNA sequencing. In these constructs, 
CFP or YFP was attached to the N-terminus of 
wild-type BCRP or C603A. It has been shown 
that the similar green fluorescence protein at-
tached to the N-terminus of BCRP does not af-
fect its activity [31].     
 
Cell culture and transient transfection 
 
HEK293 cells were grown and maintained in 
complete culture media (MEM supplemented 
with 10% FBS, 100 units/ml penicillin, and 100 
µg/ml streptomycin). Unless otherwise stated, 
HEK293 cells were seeded in 65 × 15 mm petri 
dishes. At approximately 75 – 80% confluence, 
the cells were transiently transfected with a 
total of 4 μg of cDNA constructs at a DNA/
FuGENE ratio (v/v) of 1:3, according to the 
manufacturer’s instruction. In this 4 µg of cDNA, 
an equal amount of CFP- and YFP-tagged wild-
type BCRP or C603A cDNAs were used at a 1:1 

ratio. Twenty four – 48 h after transfection, cells 
were harvested for whole cell lysate preparation 
or directly used for flow cytometric assays.   
 
Immunoblotting 
 
Whole cell lysates were prepared from HEK293 
cells 24 – 48 h after transfection as previously 
described [22]. Briefly, cells were harvested 
with 0.25% trypsin-EDTA, pelleted, and resus-
pended gently in 150 μl of solubilization buffer 
(50 mM Tris/HCl, pH 7.5, 10 mM MgCl2, 50 µg/
ml phenylmethylsulfonyl fluoride, 0.25% SDS, 
250 µg/ml DNase I, and protease inhibitors) 
and incubated on ice for 1 h. Proteins in the 
supernatant were collected following centrifuga-
tion at 14,000 rpm for 20 min at 4oC and sub-
jected to immunobloting. Whole cell lysates (20 
µg of protein each lane) were loaded on a 10% 
SDS-PAGE mini gel, separated, and transferred 
onto an Immuno-P nitrocellulose membrane. 
Protein blots were then blocked with 5% non-fat 
milk in TBS-Tween buffer (10 mM Tris/HCl, pH 
7.5, 0.15 mM NaCl, and 0.05% Tween-20) and 
probed with the mAb BXP-21 which recognizes 
an intracellular epitope in the NBD of BCRP [7]. 
Human β-actin was also detected as an internal 
control.   
 
Detection of cell surface expression of wild-type 
BCRP or C603A 
 
The 5D3 antibody recognizes a conformation-
sensitive extracellular epitope in BCRP [32]. 
Binding of the 5D3 antibody to the surface of 
cells expressing wild-type BCRP or C603A was 
examined using flow cytometry as previously 
described [33]. Briefly, 24 – 48 h after transfec-
tion, HEK293 cells were harvested with trypsini-
zation and washed once with ice-cold PBS. Cells 
were resuspended in 0.75 ml of incubation 
buffer (PBS with 2% BSA) containing 20 µl of 
either the phycoerythrin-conjugated anti-BCRP 
mAb 5D3 or the phycoerythrin-conjugated IgG2b 
negative control for 30 min at 37˚C. Following 
incubation, cells were immediately placed on 
ice, washed once with ice-cold PBS, and kept on 
ice in the dark. Within 1 h, cells were analyzed 
using a BD FACScan II flow cytometer equipped 
with a 488-nm argon laser and a 585/42-nm 
band-pass filter.  
 
Flow cytometric efflux assay 
 
MX efflux activity of wild-type BCRP or C603A 
was determined using flow cytometry as previ-
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ously described [22]. This flow cytometric efflux 
assay has been widely used to determine BCRP 
activity for fluorescent substrates [34-36]. 
Briefly, 24 – 48 h after transfection, HEK293 
cells were harvested with trypsinization and 
washed once with ice-cold PBS. Then, MX efflux 
activity of cells expressing wild-type BCRP or 
C603A was determined as previously described 
[22]. Cells in medium containing MX alone or in 
medium containing MX and FTC were used to 
generate the efflux histograms and FTC/efflux 
histograms, respectively. Since FTC is a potent 
and specific BCRP inhibitor [37], the difference 
in median fluorescence (ΔF) between the FTC/
efflux and efflux histograms was used as a 
measure of FTC-inhibitable MX efflux activity of 
the cells, which is attributable to BCRP or its 
mutant expression and function.  
  
FRET microscopy and data analysis 
 
HEK293 cells were grown in polystyrene vessels 
and transiently co-transfected with a total of 1 
µg of CFP- and YFP-tagged wild-type BCRP or 
C603A cDNAs or the CFP/YFP control vectors at 
a 1:1 ratio as described above. Approximately 
24 h after transfection, the cells were washed 
twice with PBS at room temperature. Subse-
quently, the cells were fixed with 4% paraformal-
dehyde for 30 min. Paraformaldehyde was then 
removed and cells were washed three times 
with PBS. After that, polystyrene chambers were 
removed and the cells on glass coverslips were 
mounted using one drop of 50% glycerol. CFP or 
YFP images were collected using a Zeiss 510 
META confocal microscope equipped with a 
63/1.4 oil immersion objective lens. An argon 
laser (30 mW) was tuned to 458 nm to excite 
CFP and to 514 nm to excite YFP. An HFT 
458/514 dichroic beam splitter was used to 
deflect the light to the samples. A 470 – 500 
nm band-pass filter and a 530 – 600 nm band-
pass filter were used in CFP and YFP detection 
channel, respectively. An NFT 515 beam splitter 
was used to separate the CFP and YFP emis-
sion. FRET was determined with acceptor photo-
bleaching as previously described [38]. In the 
acceptor photobleaching protocol, cells were 
scanned in the YFP channels in a defined region 
of interest (ROI) for 25 iterations using a 514-
nm argon laser line at 100% intensity with a 
pinhole diameter set to 1.00 airy unit to selec-
tively induce acceptor photobleaching. ROIs 
were corrected for background fluorescence 
prior to the calculation of FRET efficiencies. 
FRET efficiency (FRETe) was then estimated us-

ing the following equation: FRETe = (Ipost – Ibefore)/
Ipost × 100, where Ibefore and Ipost are the donor 
fluorescence intensity before and after photo-
bleaching of the acceptor, respectively. The ex-
periments were repeated with at least three 
independent transfections with the acceptor 
bleached to 25 – 35% of its initial value for 
each protein pair. The levels of the donor fluo-
rescence intensity in the ROIs, measured as 
pixel values, were at least 3 times greater than 
the background. To eliminate a possible crowd-
ing effect of protein overexpression, FRET mi-
croscopy was performed in defined regions of 
the plasma membrane with comparable protein 
expression (as judged by fluorescence intensity) 
for all the protein pairs and CFP alone. 
 
Chemical cross-linking 
 
To further verify the results of the FRET analysis, 
chemical cross-linking was performed on intact 
cells as previously described [39]. Briefly, 24 – 
48 h after transfection, cells were incubated at 
room temperature for 30 min in PBS containing 
DSS at a final concentration of 2 mM. The reac-
tion was terminated by adding Tris-HCl (pH 8.0) 
to a final concentration of 20 mM. Cells were 
then harvested, followed by whole cell lysate 
preparation and immunoblotting with the BXP-
21 antibody as described. 
 
Statistical analysis 
 
Data obtained were analyzed for statistical sig-
nificance using the Student’s t-test, and differ-
ences with p values of < 0.05 were considered 
statistically significant.    
 
Results 
 
Expression of wild-type BCRP and C603A in 
HEK293 cells 
 
An equal amount of CFP- and YFP-tagged wild-
type BCRP or C603A cDNAs or the CFP/YFP con-
trol vectors were co-transfected into HEK293 
cells, and the expression levels of wild-type and 
mutant BCRP were examined by immunobloting 
of whole cell lysates. The expression levels of 
wild-type BCRP and C603A were comparable 
(Figure 1A), indicating that the expression and/
or stability of BCRP was not affected by the mu-
tation of Cys603. As expected, no BCRP expres-
sion could be detected in cells transfected with 
the CFP/YFP control vectors only. 
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Cell surface expression of wild-type BCRP and 
C603A 
 
We next determined cell surface expression of 
wild-type BCRP and C603A by measuring bind-
ing of the phycoerythrin-conjugated 5D3 to the 

surface of cells expressing these proteins. As 
expected, no difference in phycoerythrin fluores-
cence between the cells treated with 5D3 and 
the IgG2b control was observed with cells ex-
pressing CFY/YFP only (Figure 1B). However, 
cells expressing wild-type BCRP or C603A    

Figure 1. Immunoblot of HEK293 cells co-transfected with CFP/YFP-tagged wild-type BCRP or C603A cDNAs (A) and 
cell surface expression of wild-type BCRP or C603A (B). A, whole cell lysates (20 μg of protein each lane) prepared 
from HEK293 cells transiently transfected with CFP/YFP-tagged wild-type BCRP or C603A cDNA constructs or the 
CFP/YFP control vectors were immunoblotted as described. BCRP was detected with the mAb BXP-21 (upper panel). 
β-actin expression was also examined as an internal control (lower panel). The constructs (CFP/YFP, wild-type BCRP, 
and C603A) are indicated above the blots. B, HEK293 cells expressing wild-type BCRP or C603A were processed for 
determining the 5D3 binding using flow cytometry as described. Phycoerythrin fluorescence associated with the 
IgG2b control and 5D3 is represented by the blue and red lines, respectively. The histograms for CFP/YFP, wild-type 
BCRP, and C603A are indicated above the graphs. 
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demonstrated a significant shift in phycoerythrin 
fluorescence between the 5D3 and IgG2b treat-
ments (Figure 1B), supporting cell surface ex-
pression of wild-type BCRP or C603A, respec-
tively.  
 
Cellular localization of wild-type BCRP or C603A 
 
To determine whether the mutation of Cys603 
could affect the plasma membrane localization 
of BCRP, transfected cells were analyzed using 
confocal fluorescence microscopy. As shown in 
Figure 2, when cells were transfected with the 
CFP/YFP control vectors only, CFP and YFP were 
expressed ubiquitously in the cells with no spe-
cific targeting to the plasma membrane. The 
CFP or YFP tag itself was not expected to per-
turb the topological assembly of BCRP in the 
plasma membrane because it was attached to 
the N-terminus of BCRP which is located in-
tracellularly. Thus, in the case of wild-type BCRP 
or C603A, a strong CFP or YFP fluorescence 

signal or the signal in the merged image was 
observed primarily on the plasma membrane 
(Figure 2), suggesting that wild-type BCRP or 
C603A was predominantly targeted to the 
plasma membrane of HEK293 cells.  
 
MX efflux activity of wild-type BCRP or C603A 
 
We next determined if the mutation of Cys603 
affects BCRP efflux activity using a model fluo-
rescent substrate MX. Incubation of cells ex-
pressing wild-type BCRP or C603A with the 
BCRP-specific inhibitor FTC resulted in a simi-
larly significant increase in the intracellular MX 
accumulation compared to that without FTC 
treatment (data not shown), suggesting that MX 
is actively effluxed by wild-type BCRP or C603A. 
Thus, the FTC-inhibitable MX efflux activities of 
wild-type BCRP and C603A were comparable 
(Figure 3). The FTC-inhibitable MX efflux activi-
ties of cells expressing only the CFP/YFP pair 
control were significantly lower than those of 

Figure 2. Confocal fluorescence images of HEK293 cells co-transfected with CFP/YFP-tagged wild-type BCRP or 
C603A cDNAs. HEK293 cells were co-transfected with CFP/YFP-tagged wild-type BCRP or C603A cDNA constructs or 
the CFP/YFP control vectors and processed for confocal fluorescence microscope analysis as described. Shown are 
CFP (left), YFP (middle), and merged (right) images. Images for CFP/YFP, wild-type BCRP, and C603A are indicated on 
the left.  
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the cells expressing wild-type BCRP or C603A 
(Figure 3). These results suggest that C603A 
fully retains MX efflux activity comparable to 
wild-type protein.  
 
Detection of dimer/oligomer formation of wild-
type BCRP or C603A by FRET analysis 
 
We then determined the effect of the mutation 
of Cys603 on dimer/oligmer formation of BCRP in 
intact cells using FRET microscopy. FRET analy-
sis was performed for cells expressing the CFP/
YFP pair control, the CFP/YFP-tagged wild-type 
BCRP or C603A, or CFP alone. The CFP/YFP 
fluorophore pair was selected for their excellent 
spectral overlap to allow for efficient energy 
transfer from the donor (CFP) to the acceptor 
(YFP). The transfer of energy was measured as 
an increase in the donor fluorophore emission 
after photobleaching of the acceptor. FRET effi-
ciencies were then estimated as described. As 
shown in Figure 4, the negative control cells 
expressing CFP alone showed some increase in 
donor fluorescence after acceptor photo-
bleaching. FRET efficiencies of the cells ex-
pressing the CFP/YFP pair control were in-
creased compared with those of cells express-

ing CFP alone, suggesting that there was some 
background caused by overexpression of CFP 
and YFP due to cross-talk between the two fluo-
rescence proteins (Figure 2). However, the FRET 
efficiencies of cells expressing CFP/YFP-tagged 
wild-type BCRP were significantly greater than 
those of cells expressing the CFY/YFP pair con-
trol, indicating that the molecules of wild-type 
BCRP likely interact with each other through the 
formation of homodimers or homooligomers. 
The FRET efficiencies of cells expressing CFP/
YFP-tagged C603A were comparable to those of 
cells expressing CFP/YFP-tagged wild-type 
BCRP, suggesting that C603A retained the 
same ability to form a dimer/oligomer as wild-
type protein. 
  
Chemical cross-linking 
 
To further confirm if the monomers of wild-type 
BCRP or C603A exist in close proximity in intact 
cells, we performed chemical cross-linking ex-
periments using the homobifunctional amine-
reactive cross-linker DSS (11.4 Å arm length) on 
intact cells expressing these proteins. Either 
wild-type BCRP or C603A could be cross-linked 
as indicated by the appearance of higher mole-

Figure 3. FTC-inhibitable MX efflux activities of wild-
type BCRP and C603A. HEK293 cells were co-
transfected with CFP/YFP-tagged wild-type BCRP or 
C603A cDNA constructs or the CFP/YFP control vec-
tors and processed for flow cytometric efflux assay as 
described. The difference (∆F) in median MX fluores-
cence of cells treated with and without FTC was used 
as a measure of FTC-inhibitable MX efflux activities. 
Shown are means ± S.D. of at least three independ-
ent experiments. Significant difference: * p < 0.05 as 
compared with the efflux activity of CFP/YFP by the 
Student’s t-test.   

Figure 4. FRET efficiencies of cells co-transfected 
with CFP/YFP-tagged wild-type BCRP or C603A 
cDNAs. HEK293 cells were co-transfected with CFP/
YFP-tagged wild-type BCRP or C603A cDNA con-
structs or the CFP/YFP control vectors or the CFP 
vector alone and processed for determining FRET 
efficiencies as described. Significant difference: * p 
< 0.05 as compared with the FRET efficiency of the 
CFP/YFP control by the Student’s t-test. Horizontal 
lines show the mean values of FRET efficiencies of 
each protein pair. 
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cule mass bands corresponding to dimers and 
oligomers of the 95 kDa CFP/YFP-tagged BCRP 
or C603A (Figure 5). These data seem to be 
consistent with the results of the FRET analysis.              
 
Discussion 
 
In the present study, we investigated protein-
protein interactions of BCRP molecules in intact 
cells using the FRET confocal microscopy. This 
approach allows us to elucidate dimer/oligomer 
formation of BCRP in a native cellular mem-
brane environment without the need of bio-
chemical sample preparation. To perform the 
FRET assay, the fluorescent protein CFP or YFP 
was attached to the N-terminal end of wild-type 
BCRP or the mutant C603A. The CFP/YFP-
tagged fusion proteins of wild-type BCRP were 
properly expressed and routed to the plasma 
membrane (Figs. 1 and 2). This suggests that 
the attachment of CFP or YFP at the N-terminus 
does not affect proper folding and assembling 
of BCRP, allowing visualization of plasma mem-
brane targeting and analysis of function and 
dimer/oligomer formation of BCRP in intact 

cells. This is consistent with the results of the 
previous study which demonstrates that BCRP 
with green fluorescence protein attached at its 
N-terminus is fully functional [31].    
 
We used acceptor photobleaching FRET assay 
[38], based on the fact that bleaching of an ac-
ceptor fluorophore (YFP) results in an increase 
in donor fluorescence (CFP), as the transfer of 
energy from the donor to the acceptor is inter-
rupted. Acceptor photobleaching FRET assay is 
the easiest and most accurate way to quantify 
FRET compared to other commonly used FRET 
assays [40]. To reduce false-positive measure-
ments due to cross-talk in CFP-to-YFP FRET, we 
deliberately included two negative controls, 
namely the measurements of CFP alone and  
CFP/YFP co-transfected. With this method, we 
estimated the FRET efficiencies of intact cells 
expressing CFP/YFP-tagged wild-type BCRP or 
C603A, the CFP/YFP pair control or CFP alone. 
The FRET efficiencies of CFP/YFP-tagged wild-
type BCRP were significantly higher than those 
of the CFP/YFP pair control (Figure 4), suggest-
ing that wild-type BCRP likely forms homodimers 
or homooligomers in vivo in intact cells. Thus, 
we have confirmed that homodimerization or 
homooligomerization of wild-type BCRP ob-
served in vitro also occurs in vivo in intact cells. 
Moreover, the CFP/YFP-tagged wild-type BCRP 
was active in transporting MX (Figure 3), thus 
supporting the conclusion that BCRP functions 
as a homodimer or a homooligomer in vivo. Fur-
thermore, the FRET results were consistent with 
the data obtained from the standard chemical 
cross-linking experiments (Figure 5). It was, 
however, not possible to distinguish between 
BCRP dimers and higher order oligomers by the 
FRET analysis.  
 
Ala substitution of Cys603 did not deteriorate 
expression, plasma membrane localization, and 
activity of BCRP in HEK293 cells (Figs. 1 – 3), 
which is in good agreement with previous stud-
ies [18, 24, 25]. It has been proposed that 
Cys603 plays an important role for dimer/
oligomer formation of BCRP via an intermolecu-
lar disulfide bridge. This conclusion was ob-
tained by the demonstration that wild-type 
BCRP migrated as a band of approximately dou-
ble the size of a BCRP monomer under non-
reducing conditions; however, after Cys603 was 
mutated to Ala, the C603A mutant migrated as 
a single monomeric band [18, 23, 24]. Never-
theless, at least one study [23] showed that a 

Figure 5. Chemical cross-linking. Chemical cross-
linking of wild-type BCRP or C603A on intact cells 
using DSS was described in the Materials and Meth-
ods section. Whole cell lysates prepared from 
HEK293 cells transiently transfected with CFP/YFP-
tagged wild-type BCRP or C603A cDNA constructs or 
the CFP/YFP control vectors were immunoblotted 
using the mAb BXP-21 as described. The constructs 
(CFP/YFP, wild-type BCRP, and C603A) are indicated 
below the blot. As indicated with arrows, the molecu-
lar weight of CFP/YFP-tagged wild-type BCRP or 
C603A monomer is approximately 95 kDa. 
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substantial amount of C603A and other mu-
tants at position Cys603 remained as dimers 
under non-reducing conditions. It is worth noting 
that the observation of dimer/oligomer forma-
tion of BCRP via intermolecular disulfide bonds 
has so far been reported all using in vitro bio-
chemical methods such as immunoblotting un-
der non-reducing conditions. It is possible that 
oxidation during biochemical sample prepara-
tion may cause formation of intermolecular di-
sulfide bridges or disulfide bonds may be dis-
rupted in the process of cell lysis or sample 
preparation involving solubilization of mem-
brane proteins with detergents. The FRET assay 
determines protein-protein interactions in intact 
cells without biochemical sample preparation. 
We found that the FRET efficiency of CFP/YFP-
tagged C603A was the same as that of CFP/YFP
-tagged wild-type BCRP (Figure 4), suggesting 
that Ala substitution of Cys603 does not affect 
the ability of BCRP to form a dimer/oligomer. 
Chemical cross-linking experiments also indi-
cate that CFP/YFP-tagged C603A molecules 
may exist in cells in close proximity (Figure 5). 
Given the fact that C603A retained full expres-
sion, plasma membrane targeting, and MX ef-
flux activity comparable to wild-type protein 
(Figure 1–3), we would argue that the intermo-
lecular disulfide bond formed by Cys603 alone 
may not be essential for dimerization or oli-
gomerization of BCRP in vivo. It is likely that, 
besides the intermolecular disulfide bond 
formed via Cys603, there seems to be intermo-
lecular disulfide bonds formed by other cysteine 
residues or non-covalent interactions that also 
contribute to dimer/oligomer formation of 
BCRP. For example, it has been shown that, in 
addition to Cys603, Cys592 and Cys 608 may be 
also potentially involved in intermolecular disul-
fide bond formation of BCRP [25].    
 
In conclusion, we, for the first time, have pro-
vided direct evidence that wild-type BCRP can 
form dimers or oligomers in vivo in intact mam-
malian cells using the FRET microscopy. We 
have also shown that the intermolecular disul-
fide bond formed by Cys603 alone may not be 
essential for dimer/oligomer formation of BCRP 
in vivo. This information provides a basis for 
further structural and mechanistic analysis of 
BCRP and related ABC transporters. 
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