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ABSTRACT: ABCG2 is a half-ATP binding cassette (ABC) drug transporter that consists of a nucleotide binding
domain (NBD) followed by a transmembrane domain. This half-ABC transporter is thought to form a
homodimer in the plasma membrane where it transports anticancer drugs across the biological membranes in
an ATP-dependent manner. Substitution of the putative catalytic residue E211 with a nonacidic amino acid
glutamine (E211Q) completely abolished its ATPase activity and ATP-dependent methotrexate transport,
suggesting that ATP hydrolysis is required for the ATP-dependent solute transport. However, whether one
ATP hydrolysis or two ATP hydrolyses in the homodimer of ABCG2 with the NBD 3ATP 3ATP 3NBD
sandwich structure is/are required for the ATP-dependent solute transport is not known yet. To address this
question, we have made an YFP/ABCG2 fusion protein and expressed this 99 kDa fusion protein alone or
along with the 70 kDa E211Q-mutated ABCG2 in BHK cells. Although membrane vesicles prepared from
BHKcells expressingYFP/ABCG2 exert higherATPase activity than that of wtABCG2, the dATP-dependent
methotrexate transport activities of these two proteins are the same. Interestingly, membrane vesicles prepared
from BHK cells expressing both YFP/ABCG2 and E211Q-mutated ABCG2 (with a ratio of 1:1) form
homodimers and heterodimer and exert 55% of wt ABCG2 ATPase activity that can be further enhanced by
anticancer drugs, suggesting that the wt NBD in the heterodimer of YFP/ABCG2 and E211Q may be able to
hydrolyzeATP. Furthermore, themembrane vesicles containing bothYFP/ABCG2andE211Q exert∼79%of
wt ABCG2-mediated methotrexate transport activity, implying that the heterodimer harboring YFP/ABCG2
and E211Q may be able to transport the anticancer drug methotrexate across the biological membranes.

Development of multidrug resistance (MDR) in cancer cells
leads to chemotherapeutic treatment failure. Overexpression of
some of the ATP binding cassette (ABC) drug transporters, such
as P-glycoprotein (P-gp or ABCB1), multidrug resistance-asso-
ciated protein (MRP11 or ABCC1), and/or breast cancer resis-
tance protein (BCRP, ABCP, MXR, or ABCG2), confers
“acquired” MDR (1-7). These drug transporters couple ATP
binding/hydrolysis to anticancer drug transport. Thus, under-
standing the molecular mechanisms of the ATP-dependent antic-
ancer drug transport by these transporters may provide a basis
for overcoming the MDR caused by overexpression of these
proteins.

Most functional eukaryotic ABC transporters, such as
ABCB1 (5, 8) or ABCC1 (2, 9, 10), consist of two nucleotide
binding domains (NBD) and two transmembrane domains
(TMD). However, ABCG2 is a much smaller protein than either
ABCB1 or ABCC1 and considered as a half-ABC transporter

consisting of an N-terminal NBD and a C-terminal TMD
(3, 4, 7). This half-ABC transporter was thought to form a
homodimer in the plasma membrane (11-14). Thus, the func-
tional ABCG2 contains two identical NBDs.

Since all of the functional ABC transporters contain two
NBDs (2, 5, 11-15), an important question to be asked is why
these ABC transporters require two NBDs. Structure analyses of
several prokaryotic ABC transporterNBDs clearly answered this
question. The two NBDs form a dimer in which the two ATP
molecules are each sandwiched between theWalker Amotif from
one NBD and the LSGGQ ABC signature motif from
another (16-22). In addition, many other residues, such as the
residues from the Walker B motif, A-loop, Q-loop, H-loop, and
D-loop (16, 17, 19, 20, 22-39), contribute to the Mg 3ATP
binding. Upon Mg 3ATP binding to form the NBD 3ATP 3
ATP 3NBD sandwich structure, the acidic amino acid directly
adjacent to the aspartic acid in the Walker B motif or putative
catalytic base (16) will activate the water molecule to attack the
bound Mg 3ATP.

Since ABCG2 contains two identical NBDs, whether the two
ATP molecules bound in the NBD 3ATP 3ATP 3NBD sandwich
structure will be hydrolyzed simultaneously or not is an interest-
ing question. To address this question, we have mutated the
putative catalytic base E211 to Q and expressed this mutant in
BHK cells. Interestingly, E211Q mutation (in homodimer)
completely abolished its ATPase activity and ATP-dependent
anticancer drug transport, whereas coexpression of this mutant
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with YFP/ABCG2 fusion protein may form a functional hetero-
dimer with altered kinetic parameters.

EXPERIMENTAL PROCEDURES

Materials. EDTA, EGTA, ATP, dATP, sucrose, ouabain,
sodium azide, and other chemicals were purchased from Sigma.
Methotrexate (MTX), manufactured by Lederle Parenterals, was
derived fromMayo Clinic Arizona Pharmacy. [30,50,7-3H]-MTX
was from Amersham. ABCG2 monoclonal antibody BXP-21
was from ID Laboratories. Cellulose membrane filters and
ammonium molybdate were from Fisher Scientific.
Generation of Constructs. Wild-type BCRP cDNA was

derived fromDr. Douglas D. Ross (4) and amplified by using the
forward primer containing the Kozak sequence (40) ACC ATG
G with an initiation ATG codon followed by a T242G mutation
(or S2A mutation) and the reverse primer containing CAT CAC
CAT CAC CAT CAC CAT CAC (eight histidine codons at the
C-terminus of BCRP) followed by a stop codon TAG. The
polymerase chain reaction (PCR) amplified BCRP/his cDNA
was inserted into the pNUT expression vector (41-43), named as
pNUT/BCRP/his. In order to remove the eight histidine residues
at the C-terminus of BCRP/his, a stop codon TAG was
introduced into pNUT/BCRP/his by using the forward/reverse
primers and the QuikChange site-directed mutagenesis kit from
Stratagene (44), named as pNUT/ABCG2. The putative catalytic
residue E211 was mutated to Q in pNUT/ABCG2, named as
pNUT/ABCG2/E211Q. In order to distinguish the wt ABCG2
from the E211Q-mutated protein, the full-length yellow fluor-
escent protein (YFP) cDNA (238 amino acids) with the
SGLRSRAAANT (11 amino acids) linker (45), amplified by
PCR from the plasmid DNA containing YFP cDNA (46), was
inserted into the N-terminus of pNUT/ABCG2, named as
pNUT/YFP/ABCG2. All of the fragments amplified by PCR
were confirmed by DNA sequencing.
Cell Culture and Cell Lines Expressing ABCG2. Baby

hamster kidney (BHK) cells were cultured inDMEM/F-12media
supplemented with 5% fetal bovine serum at 37 �C in 5% CO2.
Subconfluent cells were transfected with pNUT/ABCG2 plasmid
DNA in the presence of 20 mM HEPES (pH 7.05), 137 mM
NaCl, 5 mM KCl, 0.7 mM Na2HPO4, 6 mM dextrose, and
125 mM CaCl2 (43). Surviving individual colonies in media
containing 250 μM MTX, based on the presence of MTX-
resistant DHFR mutant in pNUT expression vector (41), were
picked and amplified. Cells for membrane vesicle preparation
were grown in DMEM/F12 media containing 5% fetal bovine
serum and 100 μM MTX in roller bottles (on a roller machine
from BELLCO).
Detection of ABCG2 Protein.Western blot was performed

according to the method described previously (44). BXP-21
monoclonal antibody was used to identify the ABCG2 protein
expressed in BHK cells. The secondary antibody used was anti-
mouse Ig conjugated with horseradish peroxidase. Chemilumi-
nescent film detection was performed according to the manu-
facturer’s recommendations (Pierce).
Endoglycosidase H Treatment of Protein. The core-gly-

cosylated oligosaccharides were removed by digestion with
endoglycosidase H. Cells were lysed with 2% SDS and sonicated
for 20 pulses to break the genomic DNA. Ten micrograms of the
cell lysates was digested overnight at 37 �C with 200 units (New
England BioLabs) of endoglycosidase H in 200 μL of solution
containing 50 mM sodium acetate buffer (pH 5.3), 0.5% NP-40,

1% β-mercaptoethanol, 0.2% SDS, 10 μg of bovine serum
albumin, and 1 � protease inhibitors (47). Following digestion,
800 μL of cold ethanol was added to precipitate the proteins. The
pellets were collected by centrifugation at 4 �C for 15 min. The
proteins were resolved by SDS-PAGE (7%), electroblotted to a
nitrocellulose membrane, and probed with BXP-21 mAb against
human ABCG2.
Membrane Vesicle Preparations. ABCG2-containing

membrane vesicles were prepared according to the procedure
described previously (44). The membrane vesicle pellet was
resuspended in a solution containing 10 mM Tris-HCl (pH
7.5), 250 mM sucrose, and 1 � protease inhibitors (2 μg/mL
aprotinin, 121 μg/mL benzamidine, 3.5 μg/mL E64, 1 μg/mL
leupeptin, and 50 μg/mL Pefabloc). After passage through a
Liposofast vesicle extruder (Avestin, Ottawa, Canada) aliquots
of the membrane vesicles were stored in -80 �C.
Membrane Vesicle Transport. ATP-dependent transport of

3H-labeled MTX into the membrane vesicles was assayed by a
rapid filtration technique (48, 49). The assays were carried out in a
30μL solution (in triplicate) containing 3μgofmembrane proteins,
50mMTris-HCl (pH 7.5), 250mM sucrose, 10mMMgCl2, 2mM
MTX (90 nCi of 3H-labeled MTX), and 4 mM ATP or 4 mM
dATP (as indicated in the figure legends). After incubation at 37 �C
for 7.5 min, the samples were brought back to ice and diluted with
1 mL of ice-cold 1 � transport buffer (50 mM Tris-HCl, pH 7.5,
250mMsucrose, and 10mMMgCl2) and trapped onnitrocellulose
membranes (0.2 μm) that had been equilibrated with 1� transport
buffer. The filter was then washed with 10 mL of ice-cold 1 �
transport buffer, air-dried, and placed in 10 mL of biodegradable
counting scintillant (Amersham Pharmacia Biotech). The radio-
activity bound to the nitrocellulose membrane was determined by
liquid scintillation counting (Beckman LS 6000SC).
ATPase Assay. The ATPase activity of ABCG2 protein was

determined according to the method published previously (50).
Briefly, 2 μg of membrane proteins in 50 μL of reaction buffer
containing 50mMKCl, 2.5mMMgSO4, 3mMdithiothreitol, 25
mM Tris-HCl (pH 7.0), 4 mM ATP, 0.5 mM EGTA (to inhibit
Ca-ATPases), 2 mM ouabain [to inhibit the (NaþK)-ATPases]
and 3 mM azide (to inhibit mitochondrial ATPases) in 96-well
plates (in triplicate) was incubated at 37 �C for 30 min and
terminated by addition of 200 μL of ice-cold stopping solution
[0.2% (w/v) ammonium molybdate, 1.3% (v/v) sulfuric acid,
0.9% (w/v) SDS, 2.3% (w/v) trichloroacetic acid, and freshly
prepared ascorbic acid, 1% (w/v)] to each well. After 30 min
incubation at room temperature, the released inorganic phos-
phate was quantified colorimetrically in amicroplate reader (Bio-
Tek Instruments, VT) at 650 nm. Phosphate buffer (pH 7.4, from
16 to 512 μM) was used to establish the standard curve. Back-
grounds in 4 mM ATP and BHK membrane vesicle control
experiments were obtained in parallel and subtracted from the
measurements (described in the figure legends).
Statistical Analysis. The results in Figures 1-4 were pre-

sented as means ( SD. The two-tailed P values were calculated
based on the unpaired t test from GraphPad Software Quick
Calcs. By conventional criteria, if theP value is less than 0.05, the
difference between two samples is considered to be statistically
significant.

RESULTS

Substitution of the Putative Catalytic Residue E211 with
a Nonacidic Amino Acid Q Abrogated Its ATP-Dependent
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MTX Transport. In order to test whether substitution of the
ABCG2 putative catalytic base E211 with a glutamine residue
(E211Q) is able to transport MTX across biological membranes,
membrane vesicles have been prepared from the BHK cells expres-
sing either wt or E211Q-mutated ABCG2. The results in Figure 1A
indicate that the amount of wt ABCG2 is similar to that of E211Q,
whereas there is no detectable amount of ABCG2 in membrane
vesicles prepared from the parental or cystic fibrosis transmem-
brane-conductance regulator (CFTR or ABCC7) cDNA-trans-
fected BHK cells. Membrane vesicles prepared from the wt
ABCG2-transfected BHK cells were able to transport MTX across
the biological membranes (Figure 1B), and the amounts of MTX
transported intomembrane vesicles, in the presence of 4mMdATP,
reach a plateau after 7.5 min incubation at 37 �C (Figure 1C).
Although the amount of E211Q-mutated ABCG2 is similar to that
of wt ABCG2, E211Q mutated ABCG2, similar to CFTR and
BHKmembrane vesicles, was unable to transport MTX across the
biological membranes (Figure 1B), suggesting that substitution of
the putative catalytic base of ABCG2 with a nonacidic glutamine
residue may completely abolish its ATPase activity.

It has been reported that ABCG2 forms inter- and intramo-
lecular disulfide bonds (45, 51-53). We have asked a question of
whether the disulfide bond formation in ABCG2 protein would
affect ATP-dependent anticancer drug transport or not. The
results inFigure 1Dclearly indicate that the reducing agents, such
asβ-mercaptoethanol or dithiothreitol, significantly (P values are
less than 0.05) enhanced the ATP- or dATP-dependent MTX
transport activities.
The Heterodimer of YFP/ABCG2 and E211Q May Be

Able To Transport MTX across the Biological Mem-
branes. Since E211Q-mutated ABCG2 completely abrogated
its ATP-dependent MTX transport activity (Figure 1B), we had
asked a question of whether the heterodimer of wt and E211Q-
mutated ABCG2 was able to transport MTX across the biolo-
gical membranes or not. However, because the wt ABCG2 and
the E211Q-mutated ABCG2 run to the same position in
SDS-PAGE (as shown in Figure 1A), there was no way to
distinguish these two proteins if they were coexpressed in BHK
cells. Thus, we decided to insert YFP protein, with the
SGLRSRAAANT linker (45), into the N-terminus of ABCG2.

FIGURE 1: Substitution of the putative catalytic base E211 with a nonacidic amino acid Q completely abolished its ATP-dependent MTX
transport. (A) Expression of wt and E211Q-mutated ABCG2 in BHK cells. Membrane proteins (0.5 and 1 μg) were subjected to SDS-PAGE
(7%), electroblotted to a nitrocellulose membrane, and probed with ABCG2-specific monoclonal antibody BXP-21. Molecular weight markers
are indicated on the left. (B)E211Q-mutatedABCG2 is unable to transportMTX into themembranevesicles.The dATP (4mM)dependentMTX
transport byABCG2, E211Q, BHK, orCFTRmembrane vesicles was performed in triplicate according to themethod described inExperimental
Procedures. The amount ofMTX bound to the membrane vesicles in the presence of 4 mMAMPwas subtracted from theMTX accumulated in
the presence of 4 mM dATP. (C) Time-dependent MTX transport. The time-dependent MTX transport was performed (in triplicate) in the
presence of 3 μg of ABCG2 membrane vesicles and 4 mM dATP. The amount of MTX accumulated in the membrane vesicles within 10 min at
37 �Cwas considered as 100%. (D) Reducing agents enhanced the nucleotide dependentMTX transport. The experiments were performed in the
absence or presence of 10 mM dithiothreitol (DTT) or 10 mM β-mercaptoethanol (β-ME).



Article Biochemistry, Vol. 48, No. 38, 2009 9125

When this fusion proteinwas expressed in BHKcells at 37 �C, the
majority of the protein was resistant to the endoglycosidase H
digestion (Figure 2A), indicating that insertion of the YFP
protein to the N-terminus of ABCG2 did not significantly affect
the protein folding. The complex-glycosylated YFP/ABCG2 has
an apparentmolecularmass of∼99( 3 kDa (Figure 2B, n=16),
which is significantly larger than its unmodified wt or E211Q-
mutated ABCG2, with an apparent molecular mass of ∼70 (
2 kDa (Figure 2B, n = 24). Due to the mobility difference
between YFP/ABCG2 and E211Q-mutated ABCG2, these two
proteins coexpressed in BHK cells can be separated very well
(Figure 2B). Furthermore, the ratio between the complex-glyco-

sylated YFP/ABCG2 and E211Q, probed with the same
ABCG2-specific mAb BXP-21, can be accurately determined.
Thus, YFP/ABCG2 was coexpressed with E211Q (with plasmid
DNA ratios of 2:8, 4:6, 5:5, 6:4, or 8:2) in BHK cells. Individual
colonies were picked and analyzed by Western blots. Colonies
derived from the transfections with ratios of 4:6, 5:5, or 6:4
yielded similar amounts of YFP/ABCG2 andE211Q.Membrane
vesicles were prepared from the colonies with similar amounts of
YFP/ABCG2 and E211Q and analyzed by Western blots.
Membrane vesicles containing the same amounts of YFP/
ABCG2 and E211Q (with a ratio of 1:1 as shown in
Figure 2B) were used to do further analysis.

FIGURE 2: Heterodimer of YFP/ABCG2 and E211Q-mutated ABCG2 may be able to transport MTX across the biological membranes.
(A) YFP/ABCG2 fusion protein mainly forms complex-glycosylated protein at 37 �C. Membrane vesicles containing YFP/ABCG2 fusion
protein were digested with endoglycosidase H according to the method described in Experimental Procedures. M, Im, and Dg on the right
indicate the mature, the core-glycosylated immature, and the deglycosylated YFP/ABCG2. (B) The relative amounts of ABCG2 proteins in
membrane vesicles. Membrane vesicles (1 μg) containing wt ABCG2, YFP/ABCG2, E211Q or YFP/ABCG2 + E211Q were subjected to
SDS-PAGE (7%) and probed with ABCG2 mAb BXP-21. The intensities of the ABCG2 protein bands were measured by a scanning
densitometer and used to determine the ratios between them. (C) Coexpression ofYFP/ABCG2 and E211Q in BHK cells forms homodimers and
heterodimer. Membrane vesicles containing wt ABCG2 (0.5 μg), YFP/ABCG2 (0.5 μg), E211Q (0.5 μg), or YFP/ABCG2+E211Q (1 μg) were
subjected to SDS-PAGE (4-10% gradient gel) in the absence of reducing agent DTT and probed withABCG2mAbBXP-21. The intensities of
the ABCG2 protein bands weremeasured by a scanning densitometer and used to determine the ratios between them.Molecular weight markers
are indicated on the left. Mm, Hmd, and Htd on the right indicate the monomers of ABCG2, E211Q, or YFP/ABCG2, the homodimers of
ABCG2, E211Q, or YFP/ABCG2, and the heterodimer of YFP/ABCG2 and E211Q. (D) E211Q-mutated ABCG2 is unable to hydrolyze ATP.
The ATPase assay (in triplicate) was performed according to the method described in Experimental Procedures by using 2 μg of the same
membrane vesicles shown in panels B andC (1.8862μg ofwtABCG2+0.1138μg of BHK; 1.5145μg ofYFP/ABCG2+0.4855μg ofBHK; 2 μg
ofE211Q; and 0.7918μg ofYFP/ABCG2+E211Q+1.2082μg ofBHK) and 4mMATPat 37 �C for 30min.After subtraction of the amount of
inorganic phosphate generated in the presence of 2 μg of BHK membrane vesicles, the velocity of the ATPase activity was calculated and
compared to that of ABCG2 (n = 5). (E) The heterodimer of YFP/ABCG2 and E211Q may be able to transport MTX across the biological
membranes. The MTX uptake assays were carried out, according to the method described in Experimental Procedures, in a 30 μL solution (in
triplicate) containing 3 μg ofmembrane vesicles (2.829 μg ofABCG2+ 0.171 μg of BHK; 2.272 μg of YFP/ABCG2+ 0.728 μg of BHK; 3 μg of
E211Q; and 1.188 μg of YFP/ABCG2+ E211Q+ 1.812 μg of BHK), 2 mMMTX, 10 mMDTT, and 4 mM dATP at 37 �C for 7.5 min. After
subtraction of the amount of radioactivity bound to the nitrocellulose membrane in the presence of 4 mM AMP from the same sample in the
presence of 4 mM dATP, the velocity of the dATP-dependent MTX transport was calculated (n= 4).
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When the membrane vesicles were separated in SDS-PAGE in
the absence of reducing agent DTT, wt ABCG2 or E211Q mono-
mer (70 ( 2 kDa) and homodimer (149 ( 0 kDa) and YFP/
ABCG2 monomer (99 ( 3 kDa) and homodimer (220 ( 1 kDa)
and heterodimer of YFP/ABCG2 and E211Q (188( 0 kDa) were
clearly detected (Figure 2C). Interestingly, in the 4-10% gradient
gel (Figure 2C), the ratio of E211Q and YFP/ABCG2 is approxi-
mately 1:1.1 ( 0.2, implying that similar amounts of E211Q and
YFP/ABCG2 form either homodimer or heterodimer. The ratios
between the homodimers and heterodimer further confirm this
conclusion, i.e., homodimer of YFP/ABCG2 (30.0 ( 3.2%, n =
25), homodimer of E211Q (28.2 ( 3.8%, n = 25), and the
heterodimer of YFP/ABCG2 and E211Q (41.8 ( 3.6%, n =
25). Thus, regardless of whether the intermolecular disulfide bond
is formed in vivo or in vitro, the heterodimer of YFP/ABCG2 and
E211Q does exist in the plasma membranes of the BHK cells
cotransfected with YFP/ABCG2 and E211Q-mutated ABCG2.

We then questioned whether the ATP bound to the hetero-
dimer can be hydrolyzed or not. In order to address this question,
the same amount of ABCG2 protein should be used to do the
ATPase assay. Since all of the samples were probedwith the same
ABCG2 mAb BXP-21 (as shown in Figure 2B), the relative
intensities of the bandswere used to calculate the relative ratios of
these proteins. The ratio between YFP/ABCG2 and E211Q is
∼1.0375 ( 0.0303 (n = 4), indicating that the amount of YFP/
ABCG2 protein in the membrane vesicles containing both YFP/
ABCG2 and E211Q is not significantly different from that of
E211Q-mutated ABCG2. The ratios between different samples
and wt ABCG2 are as follows: 2.3821( 0.3762 (YFP/ABCG2þ
E211Q, including both YFP/ABCG2 and E211Q bands, versus
wt ABCG2, n= 4); 0.9431( 0.1758 (E211Q versus wt ABCG2,
n = 4); 1.2454 ( 0.1878 (YFP/ABCG2 versus wt ABCG2,
n= 4). The results in Figure 2D indicate that wt ABCG2 is able
to hydrolyze ATP, with a velocity of ∼ 40 nmol mg-1 min-1,
whereas YFP/ABCG2, after adjusted with BHK membrane
vesicles to have the same amount of ABCG2 protein, is moder-
atelymore active than that of wtABCG2.However, E211Q alone
is unable to hydrolyze ATP, indicating that substitution of the
putative catalytic residue E211 with a glutamine residue com-
pletely abolished its ATPase activity. Coexpression of YFP/
ABCG2 with E211Q yielded ∼55% of wt ABCG2 ATPase
activity (Figure 2D), making it difficult to make any conclusion
from this result. However, in considering the results published by
Henriksen et al., i.e., coexpression of wt ABCG2 with K86M-
mutated ABCG2 exerted ∼50% of wt ABCG2 ATPase activ-
ity (54), the above result might be interpreted as that one of the
twoATPs bound to the heterodimer of YFP/ABCG2 andE211Q
could be hydrolyzed. If that is the case, we then questioned
whether one ATP hydrolysis in this heterodimer will support the
ATP-dependent anticancer drug transport or not. The fact that
the dATP-dependent MTX transport activity of YFP/ABCG2 is
almost the same as wt ABCG2 (Figure 2E and Table 1) indicates
that insertion of YFP protein into the N-terminus of ABCG2
does not significantly affect the protein function. In contrast,
E211Q alone is unable to transport MTX across the biological
membranes (Figure 2E).However, coexpression ofYFP/ABCG2
with E211Q (with a ratio of 1:1), after adjusted with BHK
membrane vesicles to have similar amount of ABCG2 in YFP/
ABCG2 þ E211Q as in wt ABCG2, yielded approximately 79%
of wt ABCG2 transport activity (Figure 2E and Table 1),
suggesting that the heterodimer of YFP/ABCG2 and E211Q
may be able to transport MTX into the membrane vesicles.

Heterodimer Formation of YFP/ABCG2 and E211Q
Altered the Kinetic Parameters of Nucleotide-Dependent
MTX Transport. If the heterodimer of YFP/ABCG2 and
E211Q is able to transport MTX into the membrane vesicles,
we expect that the kinetic parameters of nucleotide-dependent
MTX transport may be changed. In order to address this
question, we have to prove that insertion of the YFP protein
into the N-terminus of ABCG2 does not have a significant effect
on the kinetic parameters of nucleotide-dependent MTX trans-
port. ATP- (Figure 3A) and dATP-dependent (Figure 3B) MTX
transport by YFP/ABCG2 exerts typical Michaelis-Menten
curves. These yield Km and Vmax values of 455 ( 19 μM ATP,
274 ( 31 μM dATP, 161 ( 21 nmol mg-1 min-1, and 149 (
10 nmol mg-1 min-1 (Table 2), implying that the protein has
higher affinity for dATP than that of ATP. These values are not
significantly different from the kinetic parameters of wt ABCG2
(Table 2, with P values much higher than 0.1). In contrast, the
ATP- (Figure 3C) and dATP-dependent (Figure 3D) MTX
transport by membrane vesicles containing both YFP/ABCG2
and E211Q exerted two (mixed) Michaelis-Menten curves: one
yields lower Km and Vmax values and the other higher Km and
Vmax values (due to overlap between these two curves, theKm and
Vmax values cannot be accurately determined). The results were
interpreted as that the MTX transported into membrane vesicles
at lower concentrations of nucleotides was catalyzed by the
homodimer of YFP/ABCG2, whereas the one transported into
membrane vesicles at higher concentrations of nucleotides was
catalyzed by both the homodimer of YFP/ABCG2 and hetero-
dimer of YFP/ABCG2 and E211Q.
Anticancer Drugs Enhanced the ABCG2 ATPase Activ-

ity. Since ABCG2 transports anticancer drugs across the biolo-
gical membrane in an ATP-dependent manner, anticancer drugs
may enhance the ATPase activity of ABCG2. The results in
Figure 4 indicated that the basal ATPase activity (∼ 40 nmol
mg-1 min-1) of membrane vesicles derived from the BHK cell is
the same as the one derived from the BHK/E211Q cell, indica-
ting that E211Q protein does not have ability to hydrolyze
ATP. These results also indicated that EGTA, ouabain, and
sodium azide did not completely inhibit all of the ATPases in
BHK membrane vesicles. The basal ATPase activities of mem-
brane vesicles containing wt ABCG2 (∼80 nmol mg-1 min-1

without subtracting the ATPase activity contributed by BHK
membrane proteins), YFP/ABCG2 (∼105 nmol mg-1 min-1), or
YFP/ABCG2 þ E211Q (∼76 nmol mg-1 min-1) were signifi-
cantly higher than that of BHK or E211Q membrane vesicles,
indicating that wt ABCG2, YFP/ABCG2, or YFP/ABCG2 þ
E211Q can hydrolyze ATP in the absence of their substrate.
Furthermore, the basal ATPase activities of either BHK mem-
brane proteins or E211Q cannot be enhanced by anticancer
drugs, such as daunomycin (Figure 4A), methotrexate
(Figure 4B), or tamoxifen (Figure 4C), whereas the ATPase
activities wt ABCG2, YFP/ABCG2, or YFP/ABCG2 þ E211Q

Table 1: Relative MTX Transport Activitya

sample MTX transport (%)

ABCG2 100.0 ( 0.0

YFP/ABCG2 101.2 ( 2.4

E211Q 3.7 ( 3.3

YFP/ABCG2 + E211Q 79.4 ( 11.2

aThe data were derived from Figure 2E (n = 4).
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are either significantly or moderately enhanced by anticancer
drugs, such as daunomycin (Figure 4A), methotrexate
(Figure 4B), or tamoxifen (Figure 4C), suggesting that only the
ATPase activity contributed by ABCG2 protein can be enhanced
by anticancer drugs.

DISCUSSION

ABCG2 homodimer transports the anticancer drug MTX
across biological membranes in an ATP-dependent manner
(55, 56), and the ATPase activity of this protein in membrane
vesicles is readily detectable. Substitution of the putative catalytic
E211 residue with a noncharged amino acid glutamine (E211Q)
completely abolished its ATPase activity (Figures 2 and 4),
suggesting that the acidic amino acidE211 plays a very important
role in ATP hydrolysis. E211Q mutation also completely abol-
ished the dATP-dependent MTX transport (Figures 1 and 2),

indicating that ATP hydrolysis is required for facilitating the
anticancer drug MTX across the biological membranes. These
results are consistent with the corresponding mutations in
ABCB1 (57), in ABCC1 (E1455 mutations in NBD2) (58, 59),
and in bacterial ABC transporters MJ0796 (18) and HisP (27).
However, these results are not consistent with the corresponding
mutations inNBD1 (theD793mutations) of ABCC1 (47, 58, 59).
Since ABCG2 forms homodimer in vivo, the E211Q mutation
actually mutated both putative catalytic bases in the two NBDs
of the homodimer of this protein. Therefore, these results
cannot answer the question of whether one ATP hydrolysis or
two ATP hydrolyses in the NBD 3ATP 3ATP 3NBD sandwich
structure is/are required for the ATP-dependent solute transport
by ABCG2.

In order to address the question mentioned above, we have
made an YFP/ABCG2 fusion protein (with an apparent molec-

FIGURE 3: Insertion of YFP protein into the N-terminus of ABCG2 did not significantly affect its nucleotide-dependent MTX transport.
The MTX uptake assays were carried out, according to the method described in Experimental Procedures, in triplicate with 3 μg of membrane
vesicles shown in Figure 2B and 2C in the presence of varying concentrations of ATP or dATP and 10 mM DTT. (A) ATP-dependent MTX
transport by YFP/ABCG2. (B) dATP-dependent MTX transport by YFP/ABCG2. (C) ATP-dependent MTX transport by YFP/ABCG2 +
E211Q. (D) dATP-dependent MTX transport by YFP/ABCG2 + E211Q.

Table 2: Km and Vmax Values of wt and Mutant ABCG2

sample Km (μM ATP) ATP Vmax (nmol mg-1 min-1) Km (μM dATP) dATP Vmax (nmol mg-1 min-1)

ABCG2 424.4 ( 22.4 143.7 ( 1.7 251.3 ( 13.8 131.4 ( 5.4

YFP/ABCG2 455.0 ( 18.7 160.7 ( 21.3 274.2 ( 31.4 149.2 ( 9.9

YFP/ABCG2+E211Q ? ? ? ?
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ular mass of 99 kDa) so that it can be clearly distinguished from
the E211Q-mutated ABCG2 (with an apparent molecular mass
of 70 kDa). Similar to GFP-G2 (45), insertion of YFP to the
N-terminus of ABCG2 did not have a significant effect on the
protein folding and processing (Figure 2A). This complex-
glycosylated fusion protein is able to hydrolyze ATP
(Figure 2D), and its ATPase activity can be significantly en-
hanced by anticancer drugs, such as daunomycin (Figure 4A),
MTX (Figure 4B), or tamoxifen (Figure 4C). These data are in

harmony with the previous published results (60-63). Further-
more, this YFP/ABCG2 fusion protein did not significantly alter
the kinetic parameters of this transporter (Table 2). Thus, if the
YFP/ABCG2 fusion protein can form heterodimer with E211Q-
mutated ABCG2, this heterodimer may be used to test whether
the ATP bound in the NBD 3ATP 3ATP 3NBD-E211Q sandwich
structure can be hydrolyzed or not. Indeed, when YFP/ABCG2
was coexpressed with E211Q-mutated ABCG2 in BHK cells,
approximately 42% of them form heterodimer in the BHK
plasma membranes (Figure 2C). Although E211Q mutation
completely abolished its ATPase activity (Figures 2D and 4),
coexpression of YFP/ABCG2 with E211Q-mutated ABCG2
exerted ∼55% of wt ABCG2 ATPase activity (Figure 2D). This
is consistent with Henriksen’s result that coexpression of wt
ABCG2 with K86M-mutated ABCG2 exerted ∼50% of wt
ABCG2 ATPase activity (54). This ATPase activity, regardless
ofwhether it is contributed bywtNBD fromhomodimer ofYFP/
ABCG2 or heterodimer containing YFP/ABCG2 and E211Q-
mutated ABCG2, can be further stimulated by anticancer drugs,
such as daunomycin (Figure 4A), MTX (Figure 4B), or tamox-
ifen (Figure 4C), implying that one of the two ATPs bound in the
NBD 3ATP 3ATP 3NBD-E211Q sandwich structure could be
hydrolyzed. Of course, this conclusion should be further con-
firmed by using covalently linked dimers (64), such as wt
ABCG2-wt ABCG2, E211Q-E211Q, and wt ABCG2-E211Q
(which is our ongoing project).

The above conclusion implies that one of the two ATPs bound
in the NBD 3ATP 3ATP 3NBD-E211Q sandwich structure could
be hydrolyzed by wt NBD. If that is the case, the heterodimer of
YFP/ABCG2 and E211Qmay be used to address the question of
whether one ATP hydrolysis or two ATP hydrolyses in the
NBD 3ATP 3ATP 3NBD sandwich structure is/are required for
the ATP-dependent solute transport by ABCG2. As mentioned
in the previous paragraph that insertion of the YFP protein into
the N-terminus of ABCG2 did not significantly alter the kinetic
parameters of this transporter (Table 2). However, substitution
of the putative catalytic base E211 with a glutamine residue
completely abolished its ATP-dependent MTX transport
(Figures 1B and 2E and Table 1). Interestingly, membrane
vesicles containing the same amount of E211Q andYFP/ABCG2
exerted∼79% of wt ABCG2 (Table 1), which is very close to the
theoretical value of 75% of wt ABCG2. This 79% transport
activity is not caused by the MTX selection to enhance the
endogenous ABCG2 expression because the MTX selection was
based on the tolerance of the dihydrofolate reductase (DHFR)
mutant harbored in pNUT expression vector (41). Furthermore,
membrane vesicles prepared from BHK/CFTR (Figure 1) and
BHK/E211Q (Figures 1 and 2), which were generated under the
same selection procedures as YFP/ABCG2 þ E211Q, were
unable to transport MTX across the biological membranes.
These results suggest that the heterodimer containing YFP/
ABCG2 and E211Q-mutated ABCG2 is able to transport the
bound MTX into the membrane vesicles, strikingly contrasting
the conclusions derived from K86M- or D210N-mutated
ABCG2 (11, 54, 64). Since human ABCG2 has a trend to form
tetramer (53), there is a possibility that the wt NBD from one
heterodimermight contact with the wtNBD in another and form
a functional heterotetramer. Kinetic analyses of the membrane
vesicles containing both YFP/ABCG2 and E211Q-mutated
ABCG2 (Figure 3C,D) indicate that there might be two popula-
tions of membrane vesicles: one population has lower Km and
Vmax values and the other higher Km and Vmax values. In view of

FIGURE 4: Drug effects on the ATPase activities ofABCG2 proteins.
The ATPase assay (in triplicate) was performed according to the
method described in Experimental Procedures by using 2 μg of each
sample shown inFigure 2Band 2Cand 4mMATP in the absence (-)
or presence (+) of 100 μM daunomycin (DNM) (A), 1 mM
methotrexate (MTX) (B), or 200 μM tamoxifen citrate (TMXF)
(C) at 37 �C for 30min. After subtraction of the amount of inorganic
phosphate generated in the presence of 4 mM ATP (without any
membrane vesicles), the velocity of the ATPase activity was calcu-
lated (n= 4).
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the conclusion made byMcDevitt et al. (65), i.e., ATP binding to
NBD of ABCG2 induces conformational changes that result in
shifting the bound anticancer drug from the high- to low-affinity
site, we interpreted these results as that ATP binding to the
heterodimer of E211Q and YFP/ABCG2 might induce proper
conformational changes that brought the bound MTX from the
high- to low-affinity site. One ATP hydrolysis in the NBD 3ATP 3
ATP 3NBD-E211Q sandwich structure, catalyzed by the wt
NBD, may facilitate the release of both nucleotides bound in
this sandwich structure andbring themolecule back to its original
conformation so that the protein can start a new cycle of ATP-
dependent solute transport. If this is the case, the higherKm value
of a population, possibly the heterodimer of YFP/ABCG2 and
E211Q, implies that higher concentration of nucleotide is re-
quired to form the NBD 3ATP 3ATP 3NBD-E211Q sandwich
structure. If K86M- or D210N-mutated ABCG2 had higher
effects on ATP binding than E211Q, much higher concentration
of ATP may be required to form the NBD 3ATP 3ATP 3NBD-
K86M or NBD 3ATP 3ATP 3NBD-D210N sandwich structure.
This interpretation is consistent with previous findings; i.e.,
mutations having limited effects on ATP binding, such as
MRP1/D793mutations (59), may retain their ability to transport
the bound substrate across the biological membranes, whereas
the mutations having significant effects on ATP binding, such as
MRP1/K684, MRP1/K1333, MRP1/D792, and MRP1/D1454
mutations (44, 47, 66-69), may dramatically lose their abilities to
transport the bound substrate across the biological membranes.
Thus, ATP binding to the two NBDs plays a crucial role for the
formation of theNBD 3ATP 3ATP 3NBD sandwich structure and
for the ATP-dependent solute transport by ABC transporters.
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