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Multiple drugbinding sites on the R482G isoform
of the ABCG2 transporter
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Background & Purpose: Drug-resistant cancer cells frequently display efflux pumps such as P-glycoprotein (P-gp), the
multidrug resistance associated protein (MRP1) or the transporter ABCG2. These transporters are each capable of mediating
the active efflux of numerous anticancer drugs and display relatively distinct substrate preferences. The last, most recently
discovered member, ABCG2, plays a major role in resistance in several types of cancer and the precise pharmacology of this
multidrug transporter remain unresolved as does the nature of substrate binding.

Experimental Approach: Plasma membranes from insect cells expressing ABCG2 were used to characterise binding of
[*H]daunomycin to the multidrug transporter. The kinetics of association and dissociation for this substrate and several other
compounds were also determined in this experimental system.

Key Results: The dissociation constant for [*H]daunomycin binding was 564+57 nM and a Hill slope of 1.4 suggested
cooperative binding. Doxorubicin, prazosin and daunomycin completely displaced the binding of radioligand, while
mitoxantrone and Hoechst 33342 produced only a partial displacement. Analysis of the dissociation rates revealed that
[*H]daunomycin and doxorubicin bind to multiple sites on the transporter.

Conclusions: Both kinetic and equilibrium data support the presence of at least two symmetric drug binding sites on ABCG2,
which is distinct from the asymmetry observed for P-gp. The data provide the first molecular details underlying the mechanism
by which this transporter is capable of interacting with multiple substrates.
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Introduction

Reduction of anticancer drug accumulation is a primary
or initial mechanism in the development of a resistant
phenotype in cancer (Gottesman et al., 2002; Leonard et al.,
2003). Efflux pumps mediate the reduced accumulation via
active drug extrusion and their expression is correlated with
poor prognosis, reduced rates of remission and low efficacy
of conventional chemotherapy (Chan et al., 1991; Hornicek
et al., 2000; van den Heuvel-Eibrink et al., 2000; Burger et al.,
2004). The most widely investigated ‘multidrug’ efflux
pumps are P-glycoprotein (P-gp or ABCB1) and MRP1
(ABCC1) with the former being associated with the extrusion
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of over 200 known compounds (Wang et al., 2003). The third
‘multidrug’ transporter contributing to cancer resistance was
discovered using a series of cell lines resistant to mitoxan-
trone, topotecan and anthracyclines, but not expressing
ABCB1 or ABCC1 (Doyle et al., 1998; Miyake et al., 1999).
The protein responsible for the resistance was ABCG2, also a
member of the ABC transporter family. Unlike ABCB1 and
ABCC1, ABCG2 is a ‘half-transporter’ that is assumed to form
a dimer in order to display a role in transport (Kage et al.,
2002; Litman et al., 2002; Polgar et al., 2004; Xu et al., 2004).
In addition, the ABCG2 transporter displays a ‘reverse
topology’ with an N-terminal nucleotide-binding domain
and a C-terminal membrane spanning domain (Allikmets
et al., 1998).

The function of ABCG2 is best reflected by the localization
profile in the small and large intestine, placenta, renal



proximal tubules and the bile canalicular membrane (Allik-
mets et al., 1998; Fetsch et al., 2005). This physiological
expression profile suggests a protective role for ABCG2, by
limiting the absorption and increasing the excretion of
hydrophobic biological molecules (Chan et al., 2004). In
contrast, the precise role of ABCG2 in specific tumour types
remains somewhat controversial. Expression of the trans-
porter has been demonstrated in resistant variants of several
breast, colon, ovarian and small cell lung cancer cultured cell
lines (Diestra et al., 2002; Ejendal and Hrycyna, 2002). There
are, however, fewer reports of its presence in cancers in vivo.
Its relevance in acute myelogenous leukaemia (AML) and
myelodysplastic syndrome (MDS) is well established and
expression of ABCG2 is observed in 30% of patients
(Benderra et al., 2004; Ross, 2004). There is also a role in
solid tumours since expression of ABCG2 is used as a
prognostic marker in lung cancer (Bessho et al., 2006;
Nagashima et al., 2006). A recent report has also provided
evidence that ABCG2 can affect the bioavailability of
topoisomerase inhibitors in patients with gastrointestinal
cancer (Kuppens et al., 2004).

There are several contradictory reports on the substrate
specificity of ABCG2. For example, ABCG2 was cloned from
mitoxantrone resistant colon cancer cell lines and the
protein product (initially termed MXR) conferred resistance
to mitoxantrone, methotrexate and camptothecins (Miyake
et al., 1999). A concurrent investigation cloned ABCG2 from
drug-resistant breast cancer cells and the transporter (initi-
ally termed BCRP) conferred resistance to mitoxantrone,
doxorubicin, daunomycin and camptothecins (Doyle et al.,
1998; Miyake et al., 1999). While there was overlap with
substrates such as mitoxantrone, there were defined differ-
ences (methotrexate versus anthracyclines), yet it was clear
that the MXR and BCRP proteins were similar. A systematic
study (Honjo et al., 2001) explored the efflux and cytotoxi-
city of rhodaminel23 and doxorubicin in 11 cell lines
expressing MXR/BCRP. The data was correlated with protein
sequence and it was apparent that the proteins varied at
position 482. By comparison with the gene obtained from
healthy placental tissue (Allikmets et al., 1998), the protein
with an arginine at position 482 was designated as the wild-
type and this protein could not transport rhodaminel23
or doxorubicin (Honjo et al., 2001), but was capable of
mediating methotrexate efflux (Mitomo et al., 2003). In
contrast, a protein with glycine or threonine at position 482
was capable of transporting rhodamine123 and doxorubicin,
but provided less resistance to SN-38 and topotecan (Honjo
et al., 2001). Position 482 is proximal to transmembrane
segment three; however, there is no biochemical data on the
role of this residue in the translocation pathway.

The precise molecular mechanisms underlying ‘multidrug’
transport remain a biological enigma despite considerable
progress with ABCB1 and ABCCI1. It is clear that while the
multidrug transporters share broad substrate specificity and
their substrate profiles overlap, there are important distinc-
tions in the mode of drug-protein interaction and sub-
sequent mechanism of translocation. The information on
ABCG2-mediated transport lags considerably behind that
available for ABCB1 and ABCCIl. The majority of the
available data report cytotoxicity profiles or steady-state
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rhodaminel23 accumulation, neither of which provide
molecular mechanistic information (Honjo et al., 2001;
Robey et al., 2001; Mitomo et al., 2003; Bessho et al., 2006;
Nagashima et al., 2006). ABCG2 expressed in insect cells
demonstrated that prazosin and to a lesser extent, mitoxan-
trone, were able to stimulate the hydrolysis of ATP by the
protein (Ozvegy et al., 2001, 2002). However, the majority of
substrates did not significantly alter ATPase activity, suggest-
ing that the protein displays weak or inefficient coupling.

The present manuscript explores the initial interaction of
drugs with the transporter using radioligand-binding studies.
The objective is to provide the mechanism underlying
multidrug recognition by the R482G isoform (ABCG2R*82%)
by examination of the number of drug-binding sites and
whether competitive or allosteric interactions exist between
substrates on the transporter. The R482G isoform was chosen
for these investigations because of its wider pharmacological
spectrum, thereby enabling a more exhaustive characteriza-
tion of drug binding to the transporter. Detailed character-
ization will facilitate future efforts to map the drug-binding
site of the protein and examine the molecular impact of
the numerous polymorphic variants of ABCG2 observed
(Ishikawa et al., 2005).

Methods

Generation of recombinant baculovirus encoding N-Hiss-
ABCG2R482G

An ABCG2 cDNA containing plasmid, encoding glycine at
position 482 (ABCG27*%25), was obtained from Dr T Litman
(University of Copenhagen). Oligonucleotide primers (5’
CTAGACTCGAGCGGCGCCATGTCTTCCAGTAATG, & 3' CT
TGGTACCGAGCGCGGCCGCCTAAGAATATTTTTTAAG) were
employed to amplify the cDNA and add a 5’ KasI and 3’ NotI
restriction site (underlined). The resultant PCR product was
digested and subcloned into the pFastBac-HTC vector
(Invitrogen, Paisley, UK) generating a cDNA that encodes
an N-terminal extension to ABCG2"***¢ of MSYYHHHHHH
DYDIPTTENLYFQGAMSSSN, where the affinity tag is itali-
cized, the TEV-protease cleavage site is in bold and the first
five amino acids of the open reading of ABCG2R*82S are
underlined. The fidelity of PCR was confirmed by DNA
sequencing of this resultant construct. This vector was
transformed into chemically competent DH10Bac Escherichia
coli. Putative recombinant bacterial colonies were restreaked
to ensure no contamination by nonrecombinant bacteria
and were further screened by PCR, following isolation of
high molecular weight bacmid DNA. Insect cells (Sf9, 9 x 10°
cells per 30mm dish) were transfected with recombinant
bacmid DNA (3 ug DNA; 6 ug lipofectin) to produce an initial
viral titre suitable for further amplification as previously
described (Taylor et al., 2001).

Protein expression

The Trichoplusia ni (high five) cell line was routinely used for
the expression of ABCG2 and maintained in shaking
suspension cultures as previously described (Rothnie et al.,
2004). High Five cells at a density of ~3 x 10° cellsml~" were
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infected with recombinant baculovirus (~5 x 10”7 plaque-
forming unitsml~") at a multiplicity of infection of 10. After
2h of incubation with virus, the cells were diluted to a
density of 1.5 x 10° cellsml~! and grown for a further 3 days
before harvesting by centrifugation (2000 g, 10 min).

Membrane preparation

Crude membrane preparations were isolated as previously
described (Taylor et al., 2001), with the exception that buffers
contained 20mM MOPS, pH 7.4, 200mM NaCl, 0.25M
sucrose. Briefly, cells were ruptured with four rounds of
nitrogen cavitation using 1500p.s.i. at 4°C with 20min
incubation in each round. Cellular debris was removed by
centrifugation at 2000g for 10min. The crude membranes
were isolated by ultracentrifugation at 100 000 g for 60 min at
4°C. Membranes were resuspended at protein concentrations
of approximately 50mg/ml in isolation buffer (0.25M
sucrose, 20mM MOPS pH 7.4 1 mM benzamidine, 0.1 mg/ml
pepstatin and 0.1 mg/ml leupeptin) and stored at —80°C.

Drug-binding assay

Radio-labelled drug-binding assays were based on a pre-
viously published procedure used to investigate ABCB1
(Martin et al., 1999). Membranes (10ug) were incubated
with the radiolabel, [3H]daunomycin, in a total volume of
100 4l in polypropylene test tubes. The membranes, [*H]dau-
nomycin and any other drugs were incubated in hypotonic-
binding buffer, which comprised 50mwMm Tris-HCl pH 7.4.
Times and temperatures of incubation varied depending on
the nature of the specific experiment as outlined below.
Nonspecific binding (NSB) was defined as the amount of
[*H]daunomycin bound in the presence of a large molar
excess (30 uM) of unlabelled daunomycin or doxorubicin.
Drugs were added from concentrated stocks in DMSO and
the solvent concentration was maintained at less than 1%
(v/¥). Actual concentrations of [*H]daunomycin added to
the tubes were determined by liquid scintillation counting.
Unbound ligand was separated from bound using rapid
vacuum filtration through porous glass-fibre filters (GF/F) on
a 48-well manifold. Samples on the filters were rinsed twice
with 10ml ice-cold wash buffer (50mMm Tris-HCI pH 7.4,
20mM MgSO4). The GF/F filters were presoaked in wash
buffer supplemented with 0.1% (w/v) BSA for 10 min. Bound
[*H]daunomycin on filters was measured using liquid
scintillation counting using Ready Protein™ Fluid.

Equilibrium drug-binding assays

Saturation isotherm analysis involved examination of the
amount of [*H]daunomycin bound as a function of con-
centration added to the tubes. ABCG2"**?¢ containing
membranes were incubated at 20°C for 2h in the presence
of 1-1000nM [*H]daunomycin as described above. Each
radiolabel concentration was assayed in triplicate; two tubes
were used to measure total binding (Bit) and third tube was
used to determine the level of NSB. Specific binding (i.e.
bound to ABCG2**826) was defined as Biox — NSB and was
converted to nmol/mg membrane protein. The amount
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bound was plotted as a function of [*H]daunomycin
concentration and nonlinear regression of the Langmuir
Adsorption Isotherm (Equation 1) was used to ascertain the
affinity (K4) and maximal binding capacity (Bmax)-

Heterologous displacement assays were used to determine
the ability and potency of drugs to interact with
ABCG2™82G_ The crude membranes were incubated with a
single concentration of [*H]daunomycin (120-180nMm) at
20°C for 2h. Unlabelled drugs were added over the
concentration range 10nM to 300 uM, obtained from serial
dilution of a concentrated stock in DMSO. The only
exceptions were Hoechst 33342, which is from a saline
stock, and prazosin, which was stored as a 50:50 mixture of
DMSO:methanol. The amount of [3H]daunomycin bound at
each concentration of heterologous drug was expressed as a
fraction of that obtained with radiolabel alone. The fraction
bound was plotted as a function of added drug concentration
and nonlinear regression of the general dose response
relation (Equation 2) was used to ascertain the potency
(ICsp) and degree of displacement (Fp).

Kinetic drug-binding assays
The rate of formation of the drug-ABCG2**¥2S complex
was examined using a kinetic assay, which generated the
association rate constant and permitted the analysis of
drug-drug interactions with the transporter. Membranes
were incubated with a fixed concentration of [*H]daunomy-
cin for varying times (0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 17, 20,
30, 45 and 60 min) at 4, 10 or 20°C. Each time point sample
comprised three tubes, one of which contained an excess of
doxorubicin (30 uM) to enable determination of NSB, while
the other two tubes indicated total binding. Association
was initiated by the addition of [*H]daunomycin to tubes
containing membranes. The specific binding was plotted as a
function of time and nonlinear regression of Equation 3 to
obtain the observed association rate constant (kqps). This
parameter comprises both the association and dissociation
rate constants, related by the expression kops=K; - [L] +Kk_1.
To obtain the association rate constant, k.,s was measured at
a range of [3H]daunomycin concentrations (50-400 nM) and
plotted as a function of the amount of radiolabel added. The
slope of this relationship provided the association rate
constant.

The dissociation rate constant was also determined using
a kinetic adaptation of the radioligand-binding assay.
ABCG2"*826 containing membranes were incubated with a
fixed concentration of [*H]daunomycin (120-180 nm) for 2h
to attain equilibrium. This initial phase was always carried
out at 20°C, regardless of the temperature used for the
dissociation. At this point, the association reaction was
effectively ‘blocked’ by diluting the samples from 100 ul to
8 ml in binding buffer. The dilution was invoked for specific
time intervals (40, 35, 30, 25, 20, 15, 10, 8, 6, 4, 2 and O min)
and the rate of decay of the [*H]daunomycin- ABCG2R4826
complex provided the dissociation rate constant. The total
binding at each time point was expressed as a fraction of
the amount bound at equilibrium. Fractional binding at
each time point was plotted as a function of time and non-
linear regression of Equation 4 was used to measure the



dissociation rate constant. To ascertain the effects of other
compounds on the rate of dissociation, an excess of
unlabelled drug was added to the dilution buffer.

Data analysis

Nonlinear regression analyses were generated using the
GraphPad Prism4.0 program. Statistical analyses between
data sets were carried out with ANOVA with the Tukey
post hoc test and statistical significance was achieved
where P<0.05. Comparisons of mean+s.e.m. were under-
taken with at least three independent observations in each
case. The following equations were used in nonlinear
regressions:

Bmax N [L]
B=—"——— 1
Kq + [L] (1)
B = specific bound [*H]daunomycin (nmol/mg);
Bnmax =maximal binding capacity; Kq=dissociation constant
(nM) and [L] =ligand concentration.

(Bmax - Bmin)

B = Bin + (4 10(0081c50-07

(2)

B =maximal [3H]daunomycin binding; Bmax=maximal
binding; Bmin=minimum binding ICso=concentration of
drug that leads to half maximal binding of radiolabel (nMm);
n=hill slope factor and L =log;¢(ligand concentration (M)).
The binding capacities are expressed as either fraction of
total or in absolute units of d.p.m.

B = Bpax * (1 — e ko) (3)

B=fraction of maximal [*H]daunomycin binding;
Bihax =maximal binding; t=time (min) and ks = observed
association rate (min—!).

B= (Bmax - Bmin) * e_k"“-t + Bmin (4)

B=fraction of maximal [*H]daunomycin binding;
Bpmax =maximal binding; Bpin, =minimum binding; t=time
(min) and kg = dissociation rate constant (nMmin ).

Materials

[*H]Daunomycin (8.2 C;/mmol) was purchased from Perkin
Elmer LAS (Beaconsfield, UK) and Ready Protein* scintilla-
tion fluid was obtained from Beckman Coulter (High
Wycombe, UK). Daunomycin, doxorubicin, mitoxantrone,
methotrexate, rhodaminel23, prazosin nicardipine and
verapamil were purchased from Sigma (Poole, UK). Hoecsht
33342 was obtained from Molecular Probes (Leiden,
Netherlands) and GEF/F filters were purchased from VWR
International (Lutterworth, UK). All consumables for DNA
manipulation were obtained from New England Biolabs
(Hitchin, UK) or from Qiagen (Crawley, UK). DNA sequen-
cing was performed by the Biopolymer Synthesis and
Analysis Unit, University of Nottingham. Insect Xpress
media was obtained from Cambrex (Reading, UK) and
Ex-cell 405 media from JRH Biosciences (Andover, UK).
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Results

Equilibrium drug binding to ABCG2R#82G

Daunomycin was used as the primary radioligand for
investigation of binding by ABCG2**%2¢ due to its commer-
cial availability and established interaction with this isoform
(Ozvegy et al., 2001; Allen et al., 2002). Membranes
expressing the R482G isoform of ABCG2 containing an
N-terminal hexahistidine tag were incubated in the presence
of varying [*H]daunomycin concentrations. The amount of
[3H]daunomycin bound as a function of concentration is
shown in Figure 1. NSB was linear and accounted for < 15%
of the total binding, while membranes not expressing
ABCG2R*#26 did not display specific [*H]daunomycin bind-
ing (data not shown). Total binding accounted for < 10%
of the amount of drug added to the tubes. Figure 1
demonstrates that the binding of [*H]daunomycin did not
fully saturate due to the inability to attain sufficiently high
concentrations using the commercially available prepara-
tion. As the binding was not fully saturated at concentra-
tions up to 1uM [*H]daunomycin, the maximal binding
capacity (0.856+0.035 nmol/mg) and the dissociation con-
stant (564 + 57 nM) can only be considered estimates of these
parameters. The slope factor defining the relationship was
1.46, and the regression with this value was statistically more
significant than using a value of 1.0 (P<0.05, F-test of
slopes). This suggests that the binding of [*H]daunomycin
cannot be described by a simple, single site process. In order
to examine this issue and to generate a more accurate
measure of the dissociation constant, kinetic analyses were
applied to [*H]daunomycin binding.

Kinetics of drug-binding to ABCG2R#526
Figure 2a shows a representative data set of the specific
binding of [*H]daunomycin to membranes containing
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Figure 1 Saturation isotherm analysis for binding of [*H]dauno-

mycin to ABCG2®*82¢  Insect cell membranes (10 ug) expressing
ABCG2R*82C \vere incubated with varying concentrations of
[*H]daunomycin (1-1000nMm) for 2h at 20°C. The total amount
bound was collected by rapid filtration procedures and the NSB
subtracted. The specific binding3 of drug to the membranes was
plotted as a function of added [°H]daunomycin concentration and
fitted to Equation 2 using nonlinear regression. The graph represents
pooled data from six independent preparations.
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ABCG2R4826 45 a function of time. The time constant from
this relationship is known as the observed association rate
(kobs) since it encompasses both the formation and break-
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Figure 2 Kinetics of [*H]daunomycin binding to ABCG2R*82¢

(a) A representative data set of the association kinetics for specific
[*H]daunomycin (100 nMm) binding to ABCG2R*82© containing mem-
branes (10 ug) at 10°C. NSB was calculated in the presence of 30 um
unlabelled doxorubicin and subtracted from total binding. Specific
binding was measured at various intervals from 1 to 50min. The
observed rate constant (kops) Was determined by nonlinear regression
of the single-phase association curve (Equation 3) to the data.
(b) Dissociation kinetics for [*H]daunomycin from membranes
containing ABCG2"82% in the absence or presence of 30uMm
doxorubicin. Membranes (10 ug) and [3H]daunomycin (150 nm) were
allowed to reach equilibrium for 2 h at 20°C. Dissociation was initiated
by dilution of the samples (100 ul) with 8 ml buffer. Specific binding
was measured at various intervals from 1 to 40 min. The dissociation
rate constant (ko) was determined by nonlinear regression of
the single-phase dissociation curve (Equation 4) to the data. Data
represent the mean+s.e.m. of four independent observations.

down of the [*H]daunomycin-ABCG28*82¢ complex. The kops
was converted to the true association rate constant (ko) as
described in the Methods. At a temperature of 20°C, the kop
was estimated as 3.31+0.38pM 'min~! (Table 1) from a
number of independent data sets. At this temperature, the
formation of the [*H]daunomycin-ABCG28*%2¢ complex was
rapid, thereby introducing systematic error in the estimation
of kops and kopn. Consequently, the association rate constant
was also evaluated at 4 and 10°C to ensure more reliable
determination of the data, with the results shown in Table 1.

Figure 2b (solid symbols) demonstrates the dissociation of
the [*H]daunomycin- ABCG2**%2S complex following the
attainment of equilibrium, which is defined as a fraction
bound (B(/By) of 1.0. The dissociation profile was best fitted
with a single phase exponential decay. The dissociation rate
constant derived from this equation at 20°C was rapid
(Table 1) and equated to a decay half-life of approximately
2min. The dissociation rate constant displayed a positive
temperature dependence as demonstrated in Table 1, with
the rate constant at 4°C about half that at 20°C.

The dissociation constant is defined as Kq=Kqg/kon and
consequently the two rate constants were used to provide
an estimate of the affinity of [*H]daunomycin binding to
ABCG2™82G_ The estimates obtained at each temperature
(4, 10 and 20°C) are included in Table 1. The values obtained
at 4°C are the most reliable due to the errors associated with
assigning rate constants under the rapid conditions of
binding at higher temperatures, although the three values
obtained are in close agreement. The dissociation constant
for the binding of [?’H]daunomycin binding to ABCG2R*826
was therefore defined as 99 nM and provides a more reliable
measure than the higher value obtained using equilibrium
binding. The rate of association of daunomycin to
ABCG2™82C was more rapid than vinblastine binding to
ABCB1 (Martin et al., 1999), which may be related to the
relatively greater hydrophilicity of the former. In contrast,
the rate of dissociation of daunomycin from ABCG2R*826
was approximately 10-fold greater than observed for vinblas-
tine or XR9576 interaction with ABCB1 (Martin et al., 1999).

Heterologous binding interactions on ABCG2R452¢

Subsequent investigations focussed on further characterizing
the pharmacology of drug interaction with ABCG2R482G,
particularly examining possible drug-drug interactions on

Table 1 Kinetic parameters for [*H]daunomycin binding to ABCG2%*82% containing membranes

Temperature Association rate constant ko, Dissociation rate Dissociation Kinetically

T (°C) (pPM~ " min~7) constant Ko (min~") half-life t;,, (min) derived Ky (nm)
4 1.83+0.67 (3) 0.181+0.010 (4) 3.87+0.24 98.9

10 3.73+0.49 (8) 0.265+0.013 (13) 2.9140.20 71.0

20 3.31+0.38 (9) 0.325+0.054 (4) 2.324+0.38 98.2

Membrane preparations (10 ug protein) from high five cells expressing ABCG

2R48ZG

were incubated with [3H]—daunomycin to measure the association and

dissociation rate constants. Membranes were incubated with varying concentrations of [*H]-daunomycin for periods ranging from 1 to 120 min at 4, 10 or 20°C to
determine the association rate constant. The observed rate constant for this reaction was determined by nonlinear regression of Equation 3 and used to estimate
the true association rate constant as described in Methods. In order to determine dissociation kinetics, membranes and [3H]—daunomycin (150-200 nm) were
incubated for 2 h at various temperatures to attain equilibrium binding. The membranes were diluted to 100 x volume to initiate dissociation of [*H]-daunomycin.
The dissociation rate constant (k.¢) was determined by nonlinear regression of Equation 4. Values represent the mean +s.e.m and values in parentheses refer to the
number of independent observations used to obtain the value.
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Figure 3 Heterologous displacement of [*H]daunomycin binding
to ABCG2"*82% Membranes were incubated with radiolabel and
varying concentrations (1 nM-50 uM) of displacing agent for 2h at
20°C. The binding of [*H]daunomycin at each drug concentration
was expressed as a fraction of that observed in the absence of
displacing drug. The ICsq value for each drug was obtained from
nonlinear regression of the general dose-response relationship
(Equation 2). (a) Representative curve demonstrating the displace-
ment of [*H]daunomycin (150 nM) binding to ABCG2R*82¢ mem-
branes by doxorubicin and daunomycin. (b) Representative curve
demonstrating the displacement of [3H]daunomycin (150 nm)
binding to ABCG2"®¢ membranes by mitoxantrone,
Hoecsht33342 and prazosin.

this multidrug transporter. This was achieved initially with
heterologous displacement assays using compounds pre-
viously demonstrated to interact with the R482G isoform
of ABCG2 (primarily through steady-state accumulation
and ATPase assays). Figure 3a demonstrates the ability of
unlabelled daunomycin and the related anthracycline antic-
ancer drug doxorubicin to displace the binding of [*H]dau-
nomycin to ABCG2**¥26, Both compounds caused >90%
reduction in the binding of [*H]daunomycin, however, the
potency of daunomycin to displace binding was 3.3-fold
lower than that observed for doxorubicin (Table 2). Other
drugs, structurally unrelated to anthracyclines, were also
investigated in this assay (Table 2, Figure 3b). Mitoxantrone
is one of the few compounds demonstrated to interact with
both the wild-type and R482G mutant isoforms of ABCG2
(Mitomo et al., 2003; Sarkadi et al., 2004). Mitoxantrone was
also more potent than unlabelled daunomycin in displacing
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Table 2 Displacement of [*H]daunomycin from ABCG2R*82¢ contain-
ing membranes

Drug N FD /C50 (HM)
Daunomycin 6 0.921+0.024 2.49+0.32
Doxorubicin 6 0.915+0.014 0.75+0.09
Mitoxantrone 5 0.629+0.061 b 1.32+0.30?
Hoecsht33342 5 0.35740.022° 2.53+0.68
Prazosin 3 0.896+0.035 237+33?
Rhodamine 123 3 <0.1 ND
Methotrexate 3 <0.1 ND

Abbreviations: ND, not determined.

Membrane preparations (10ug protein) of high five cells expressing
ABCG2R*82C were incubated with [*H]-daunomycin (150-200nM) in the
presence of several compounds (1078-5 x 107*Mm) for 2h at room tempera-
ture. The fraction of displaced [3H]—daunomycin (Fo) and the potency (ICso)
for each drug to displace the binding were determined by nonlinear
regression of the general dose-response relationship. Values represent the
mean +s.e.m. from n independent observations.

?Indicates that the ICsq was different (P<0.05 ANOVA) from that produced by
daunomycin.

PIndicates that the Fp was different (P<0.05 ANOVA) from that produced by
daunomycin.

[3H]daunomycin, however, the fraction displaced (Fp) was
only approximately 60% of total binding. The DNA inter-
calating compound Hoechst33342 also produced a partial
displacement of [*H]daunomycin binding to ABCG2R*82¢
(Table 2). The fraction displaced was only about 30% of total
binding, yet the potency of this compound remained similar
to that of daunomycin. The partial displacement of [*H]|dau-
nomycin binding to ABCG2%*%2¢ by mitoxantrone and
Hoechst33342 is suggestive of multiple drug-binding sites.
Moreover, the data indicates that the radioligand itself may
bind to two sites on ABCG2%*¥2S and that mitoxantrone/
Hoechst33342 displace from one, but not the other. Of the
compounds tested, prazosin was the least potent in displa-
cing bound [*H]daunomycin (Table 2 and Figure 3). This
antihypertensive drug is a known stimulator of ATP hydro-
lysis by ABCG2R**826 and a substrate for transport (Ozvegy
et al., 2001; Robey et al., 2001). The fraction of [*H]dauno-
mycin binding displaced by prazosin was about the same as
that displaced by unlabelled daunomycin but prazosin had
an ICso value almost 100-fold higher than that of dauno-
mycin. As demonstrated in Table 2, neither rhodamine123
nor methotrexate was able to displace more than 10% of
the [*H]daunomycin binding.

Allosteric interactions between drugs binding to ABCG2R4826

The kinetic parameters of drug binding were examined for
ABCG2R*82G to characterize the nature of drug interaction
with the transporter. For example, according to the law of
mass action, any alteration in the dissociation rate constant
can only be attributed to an allosteric (i.e. noncompetitive)
effect (Weiland and Molinoff, 1981; Motulsky and Mahan,
1983; Kenakin, 1997). Consequently, the dissociation of
[*H]daunomycin binding was measured in the presence or
absence of drugs to define whether their interaction was
competitive.

In the presence of 30 uM prazosin, the dissociation rate of
[3H]daunomycin (kotr) Was not significantly different from
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Table 3 Dissociation kinetics of [*H]-daunomycin from ABCG2R482¢
containing membranes in the presence of drugs

Drug N Kot (Min~") Fp
Control 13 0.248+0.013 0.935+0.010
Daunomycin 4 2.065+0.522°2 0.970+0.004
Doxorubicin 3 3.3534+0.2537 0.979+0.002
Mitoxantrone 9 0.602+0.065 0.563+0.031 b
Prazosin 4 0.31340.024 0.9354+0.006
Hoechst33342 3 0.301+0.016 0.811+0.021

Membrane preparations (10ug protein) of high five cells expressing
ABCG2%*82C were incubated with [*H]-daunomycin (150-200 nm) for 2h at
20°C to attain equilibrium binding. The membranes were diluted to 100 x
volume to initiate dissociation of [*H]-daunomycin. Dissociation measure-
ments were undertaken in the presence or absence of various compounds
(30 uMm). The fraction of displaced [3H]—daunomycin (Fp) and the dissociation
rate constant (ko) were determined by nonlinear regression of the Equation 4.
Values represent the mean+s.e.m. from n independent observations.

“Indicates that the k. was different (P<0.05 ANOVA) from the control value.
PIndicates that the Fp was different (P<0.05 ANOVA) from the control value.

the control value (Table 3). The fraction displaced was >90%
and indicates a competitive interaction between prazosin
and daunomycin. Similarly, the dissociation of [*H]dauno-
mycin was not significantly altered in the presence of
Hoechst33342 (Table 3), also suggesting a purely competitive
interaction. However, the fraction of radiolabel displaced in
the presence of Hoechst33342 was 0.811+0.021 and there-
fore a proportion of the [*H]daunomycin (~20% of total
bound) remains bound to the protein — even with longer
incubation. Increasing the radioligand concentration
exacerbated this effect (data not shown) and suggests
a proportion of the [*H]daunomycin bound is unable to
dissociate from ABCG2"*82S. Mitoxantrone, like prazosin
and Hoechst33342, failed to cause any significant increase in
the dissociation rate of [*H]daunomycin, which is suggestive
of competitive displacement. Mitoxantrone also failed to
completely dissociate [*H]daunomycin binding, with only
about half displaced (Table 3) and this residual binding
remained at this level for an extended period. As the dilution
strategy employed in this investigation is the stimulus for
[*H]daunomycin dissociation, a significant residual binding
remaining was unexpected. This unusual finding further
suggests that mitoxantrone and Hoechst33342 competi-
tively displace [*H]daunomycin from one of its binding sites
on ABCG2™82S but lead to ‘stabilization’ at the alternate
site. These results indicate that ABCG2**¥2% contains multi-
ple drug-binding sites with a communication network
between them.

The anticancer drug doxorubicin, was also examined for
its ability to displace [?’H]daunomycin binding (Figure 2b);
these two compounds are both anthracyclines and therefore
share many structural and functional similarities. The
decay of the [*H]daunomycin-ABCG2**¥2S complex in the
presence of 30uM doxorubicin was increased 13.5-fold
(Table 3). This clearly indicates that despite their similarity,
the two drugs may bind to distinct sites on the transporter,
which are linked by a negative heterotropic allosteric
communication.

Kinetic studies with unlabelled daunomycin added a
degree of complexity to the interpretation of drug-
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ABCG2"*825 interactions since it also accelerated the rate
of [*H]daunomycin dissociation by 8.3-fold (Table 3). This
indicates a negative cooperativity for the binding of
daunomycin to ABCG2R4826,

Discussion

The ability of a single transporter to induce the efflux of
a large number of structurally and functionally unrelated
compounds remains a biological enigma. Understanding
the mechanism is a key element to facilitate the rational
design of pharmacological inhibitors of proteins such as
ABCG2, ABCB1 and ABCC1 in order to restore efficacy of
chemotherapy. Radioligand-binding studies with ABCB1
have demonstrated the presence of at least four distinct
binding sites and similar investigations with ABCC1 defined
a drug-binding site and an allotropic modulator site that
interacts with glutathione. The present investigation pro-
vides the first comparable characterization of the ABCG2
transporter and enables assignment of three distinct phar-
macological binding sites in the ABCG2**%2S isoform. Two
of the sites display considerable allosteric communication
while there was no interaction observed with the third site.
There is also a negative cooperativity for the binding of a
single ligand, daunomycin, something not observed for
ABCB1 or ABCCL1. In addition, certain compounds elicit a
stabilization of one daunomycin-binding site via a positive
heterotrophic allostery. A further distinction between drug
binding to ABCG2**%2Y and to ABCB1 is in the kinetics of
association and dissociation. We observed that both pro-
cesses occur significantly faster for daunomycin with
ABCG2"82G, compared to the interaction of vinblastine or
XR9576 with ABCB1 (Martin et al., 1999), although this may
be related to the greater hydrophilicity of daunomycin
compared to the other drugs.

How does our binding data compare to the existing data
on transport of drugs by both wild-type and R482G ABCG2?
The antifolate chemotherapeutic drug methotrexate was not
able to displace drug binding to the ABCG2**®2Y isoform,
which is in agreement with studies demonstrating that it is
not transported by the ABCG2**®2F isoform (Chen et al.,
2003; Mitomo et al., 2003). In apparent contrast, rhoda-
minel23 is a substrate capable of stimulating the ATPase
activity of the ABCG2R*82¢ isoform, but not the wild-type
protein (R482) (Ozvegy et al., 2001), and is also exported
from cells expressing ABCG2%*%%S_ This illustrates that the
difference in transport capabilities of isoforms differing at
position 482 is at the level of initial drug interaction with the
transporters, rather than an inability to progress through the
translocation pathway. The existing sets of data (Ozvegy
et al., 2001; Mitomo et al., 2003) demonstrate that rhoda-
mine123 directly interacts with ABCG2"*#2S, The inability to
displace [*H]daunomycin binding using concentrations up
to 500 uM does not contradict this, but it indicates that the
two compounds interact at pharmacologically distinct sites
on the protein and that these two regions are not connected
allosterically. The fact that rhodaminel23, a known sub-
strate of ABCG2**®2Y, could not displace [*H]daunomycin
binding and that mitoxantrone and Hoechst33342 caused



only partial displacement strongly suggests multiple sites for
interaction on the protein. As a consequence, noncompeti-
tive or allosteric drug interactions are likely to be a hallmark
of this transporter.

Interestingly, despite their structural similarity, the two
anthracycline chemotherapeutic agents, doxorubicin and
daunomycin, exhibited a negative allosteric interaction on
the ABCG2%*826 transporter. This type of communication is
similar to the types of drug-drug interactions reported for
ABCB1 (Martin et al., 2000) and the L-type Ca®>* channel
(Glossmann et al., 1984). Moreover, there was also a negative
cooperativity and by definition, multiple sites for the
binding of daunomycin to ABCG2**¥2S, The binding of
[*H]vinblastine to the bacterial multidrug ‘half-transporter’
LmrA also displayed cooperativity and this data was inter-
preted as proof of two binding sites for the radioligand (van
Veen et al., 2000), which is in contrast to findings with the
single polypeptide transporter ABCB1 (Martin et al., 2000).
Consequently, daunomycin and doxorubicin may not bind
to distinct sites on the transporter; instead the binding
interactions reported here are explained by the presence of
two allosterically linked sites for anthracyclines (conceivably
one on each ABCG2%¥?S monomer). The presence of
multiple interacting binding sites for [*H]daunomycin is
also consistent with the Hill slope (1.46) obtained from
analysis of the equilibrium binding data.

Figure 4 summarizes drug binding to the ABCG2R*82¢
isoform, which contains two units each with two binding
sites. In the simplest scenario each of these units would
correspond to a monomer of ABCG2**%2¢ (but see below for
an alternative interpretation). Each unit contains distinct
and noninteracting binding sites for rhodaminel23 and
[*H]daunomycin. The model also depicts that mitoxantrone,
Hoechst33342 and daunomycin bind within the same
pocket of ABCG2™®2S, This is consistent with the partly
competitive interactions provided above. Daunomycin and
doxorubicin may bind to each of the units in the model and
there is a negative allosteric interaction between the two
sites to explain the interactions producing accelerated
radioligand dissociation. However, this negative allosteric
interaction between the ‘daunomycin-binding sites’ is not
observed for all ligands. Binding of mitoxantrone and
Hoechst33342 to a site will displace daunomycin at that site
in a competitive fashion and generate a positive allostery
at the alternate site, leading to ‘stabilization’ of binding.

The presence of multiple binding sites for a single ligand
on a protein, or the negative cooperativity between them
is not an uncommon property for membrane proteins. For
example, the rate of [*H]-bradykinin dissociation from the
BK-receptor is also accelerated by the unlabelled compound
and this negative cooperativity has been interpreted as a
mechanism of desensitization (Pizard et al., 1998). It is
unclear whether a single BK-receptor contained two ligand-
binding sites, or whether the phenomenon occurred via
interaction between proximal receptors. Cytokine binding
to hetero- and homo-oligomers of the CCR2/CCRS receptors
also displayed negative allostery (Springael et al., 2006).

The binding site interactions reported here for the
ABCG2R*82C transporter may be explained by two dauno-
mycin-binding sites on a functional dimeric assembly of the
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Figure 4 Schematic representation of drug-binding sites on
ABCG2R*82¢ The model depicts two identical units, each capable
of binding substrates. One site on each unit exclusively interacts with
rhodamine123 while the other was characterized as the binding site
for [®H]daunomycin. The latter site is also capable of binding
doxorubicin, prazosin, mitoxantrone and Hoechst33342. Interac-
tions also exist between the two protein units as demonstrated by
the arrows; the © symbol indicates a negative allosteric interaction
while the @ symbol represents a positive cooperativity. The ‘protein
units’ may be monomers of ABCG2%*82¢, or alternatively each unit
comprises a functional transporter (i.e. a dimer of ABCG2%82%)_ |t is
not possible from the present data to determine whether the two
rhodamine123 sites interact, or whether a second site exists for the
binding of mitoxantrone and Hoechst33342 and is responsible for
the ‘stabilization” effect.

protein. A great body of biochemical and structural evidence
with intact ABC transporters indicates that two nucleotide-
binding domains are required to generate a functional
transporter (al-Shawi and Senior, 1993; Urbatsch et al.,
1995a, b; Lacaille and Androlewicz, 1998). By implication,
half-transporters including ABCG2 will dimerize in order to
satisfy this functional criterion (Graf et al., 2003; Guimaraes
et al., 2004). Consequently, a great deal of effort has been
invested to demonstrate that ABCG2 exists as a functional
homo-dimer, although there are suggestions that the protein
forms higher order oligomeric species (Kage et al., 2002;
Litman et al., 2002; Polgar et al., 2004; Xu et al., 2004).
However, the possibility that multiple homodimeric assem-
blies of ABCG2 interact to generate the allosteric binding
data presented here cannot be discounted. Recent structural
analyses obtained using electron microscopy have demon-
strated that the purified transporter may be found in a large
complex consisting of a tetramer of dimers (McDevitt et al.,
2006). This association of monomers into a complex
would allow for functional interactions between multiple
transporter units, which could influence many aspects of
observed pharmacology; for example, ligand binding may
stabilize subunit interactions or conversely the interactions
may modulate substrate binding to regulate the ultimate
functional outcome (Williams et al., 2004). Further studies
will also be required to compare the binding of drugs to
wild-type ABCG2 and the data obtained with the R482G
isoform will be useful in eventually describing the location
and molecular properties of drug interactions with this
transporter.
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