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ABSTRACT: One cause of multidrug resistance is the overexpression of P-glycoprotein, a 170 kDa plasma
membrane ABC transporter, which functions as an ATP-driven efflux pump with broad specificity for
hydrophobic drugs, peptides, and natural products. The protein appears to interact with its substrates
within the membrane environment. Previous reports suggested the existence of at least two binding sites,
possibly overlapping and displaying positively cooperative interactions, termed the H and R sites for
their preference for Hoechst 33342 and rhodamine 123, respectively. In this work, we have used several
fluorescence approaches to characterize the molecular interaction of purified P-glycoprotein (Pgp) with
the dye LDS-751, which is proposed to bind to the R site. A 50-fold enhancement of LDS-751 fluorescence
indicated that the protein binding site was located in a hydrophobic environment, with a polarity lower
than that of chloroform. LDS-751 bound with sub-micromolar affinity (Kd ) 0.75 µM) and quenched
P-glycoprotein intrinsic Trp fluorescence by 40%, suggesting that Trp emitters are probably located close
to the drub-binding regions of the transporter and may interact directly with the dye. Using a FRET
approach, we mapped the possible locations of the LDS-751 binding site relative to the NB domain active
sites. The R site appeared to be positioned close to the membrane boundary of the cytoplasmic leaflet.
The location of both H and R drug binding sites is in agreement with the idea that Pgp may operate as
a drug flippase, moving substrates from the inner leaflet to the outer leaflet of the plasma membrane.

P-Glycoprotein (Pgp)1 is a member of the ABC super-
family of membrane transporters found in organisms ranging
from bacteria to humans (1). The multidrug transporters are
believed to contribute to multidrug resistance (MDR) to
chemotherapeutic drugs in some human cancers (2, 3), and
resistance to antibiotics and antifungal agents in microorgan-
isms (4, 5), and thus represent an important subgroup of the
ABC superfamily. Eukaryotic ABC proteins are often single
polypeptides characterized by an internal tandem duplication,
with (typically) six transmembrane (TM) segments and one
nucleotide binding (NB) domain in each half. Prokaryotic
family members are more structurally diverse, and may
comprise four separate subunits representing two NB and

two membrane-bound domains. ATP hydrolysis at the NB
domains, which are highly conserved in this protein family
(6), drives movement of substrates across the membrane. Pgp
is believed to be a highly promiscuous transporter, respon-
sible for the altered transport across the plasma membrane
of structurally diverse hydrophobic compounds, including
chemotherapeutic drugs, natural products, and peptides
(7, 8).

Pgp appears to be different from many other membrane
transporters in removing its substrates from the membrane
bilayer, rather than the aqueous phase, and has been described
as a “vacuum cleaner” for nonpolar compounds (9). The
locations where drugs bind are thus believed to be within
the TM domains of the protein. Cross-linking studies between
Cys residues introduced into the TM regions by site-directed
mutagenesis have been instrumental in pinpointing the
involvement of specific TM helices in forming the binding
site(s) and interacting with various drugs (10-13).

Much uncertainty has surrounded both the number of drug
binding sites within Pgp and the relationship between them
(14-17). Several authors have speculated that TM helices
from both halves of Pgp form a single substrate-binding
domain (18, 19). This large, common drug-binding site would
accommodate different substrates by using a combination
of amino acid residues from different TM regions to form a
binding site for a particular drug, according to the “substrate-
induced fit” hypothesis (20, 21). However, it has also been
postulated that Pgp contains two drug-binding domains (22,
23). Crystallographic studies have shown that soluble mul-
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tidrug-binding proteins interact with drugs using mainly van
der Waals interactions and hydrophobic stacking, rather than
the precise networks of hydrogen bonds found in proteins
that bind polar substrates. Multidrug-binding proteins ac-
commodate multiple substrates by employing different side
and main chain residues for different drug substrates (24-
26), and it has been proposed that multidrug pumps such as
Pgp use similar mechanisms (27, 28).

Evidence has been obtained to support the existence within
Pgp of two distinct “functional” sites for drug binding and
transport, which display positive allosteric interactions. These
sites can be distinguished by their different specificities, and
are termed the H site and the R site, for their preferences
for H33342 and colchicine, and for rhodamine 123 and
anthracyclines, respectively (29). If a compound stimulates
H33342 transport, but inhibits rhodamine 123 transport, then
it is deemed to bind to the same site as rhodamine 123, i.e.,
the R site. On the other hand, if a compound stimulates
rhodamine 123 transport, but inhibits H33342 transport, then
it is deemed to bind to the same site as H33342, i.e., the H
site. This simplified two-site proposal is a convenient
working model for explaining stimulation of the Pgp-
mediated transport of several substrates by other drugs, as
for example, in the results reported by our laboratory, where
hydrophobic peptides were observed to stimulate colchicine
transport (30).

In recent years, fluorescence spectroscopy has developed
into a routine experimental procedure for the study of
protein-ligand interactions and intramolecular distances. In
this sense, fluorescence spectroscopic approaches have been
used extensively in the study of Pgp (31-33). The use of
spectroscopic techniques has led to insights into its interaction
with nucleotides and drugs, and both the secondary and
tertiary structure of the protein. In the absence of any high-
resolution structural information, fluorescence spectroscopic
studies have proved to be useful in dissecting the functional
architecture of Pgp (34-37). In this work, we have used
fluorescence techniques to characterize the interaction of the
dye LDS-751 with Pgp, and to establish the spatial relation-
ship between its binding site (the R site) and the catalytic
sites in the NB domains of the transporter.

EXPERIMENTAL PROCEDURES

Materials. 3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) and 7-chloro-4-nitrobenz-2-oxa-
1,3-diazole (NBD-Cl) were purchased from Sigma Chemical
Co. (St. Louis, MO). LDS-751 and 2-(4-maleimidoanilino)-
naphthalene-6-sulfonic acid (MIANS) were obtained from
Molecular Probes (Eugene, OR). Asolectin (soybean phos-
pholipids) was obtained from Fluka (Ronkonkoma, NY).

Plasma Membrane Preparation and Pgp Purification.
Plasma membrane vesicles were isolated from MDR CHRB30
Chinese hamster ovary cells as described by Doige and
Sharom (38), and were stored at-70 °C for no more than
3 months before being used. Plasma membrane vesicles were
subjected to a two-step selective extraction with CHAPS to
isolate Pgp. After treatment of the membrane vesicles with
25 mM CHAPS buffer and centrifugation, the resulting S1

pellet was solubilized in 15 mM CHAPS buffer as described
previously (39). Pgp was further purified from the soluble
S2 fraction by affinity chromatography on concanavalin-

A-Sepharose. The final purified Pgp preparation was 90-
95% pure in 50 mM Tris-HCl/0.15 M NaCl/5 mM MgCl2

buffer (pH 7.5) containing 2 mM CHAPS. Protein was
quantitated by the method of Bradford (40) for the plasma
membrane and by the method of Peterson (41) for purified
Pgp, using bovine serum albumin (crystallized and lyophi-
lized, Sigma) as a standard.

Labeling of Purified Pgp with NBD-Cl. Labeling of the
two Cys residues in the Walker A motifs of the two NB
domains was carried out using previously described methods
(36, 37). Purified Pgp (∼250µg/mL) was incubated with 1
mM NBD-Cl at 22 °C for 1 h in thedark. Protein labeled
with NBD-Cl at both NB domains (Pgp-2NBD) was
obtained by removal of unreacted NBD-Cl using a Bio-Gel
P-6 gel filtration column equilibrated with 2 mM CHAPS
buffer.

Fluorescence Measurements. Fluorescence spectra were
recorded on a PTI Alphascan-2 spectrofluorimeter (Photon
Technology International, London, ON) with the cell holder
thermostated at the indicated temperature. Titration experi-
ments were performed by adding 5µL aliquots of a working
solution of the drug to 500µL of the protein solution in a
quartz cell with a path length of 0.5 cm. The total volume
of the ligand added during the titration was always 60µL,
which was 12% of the initial volume. Excitation and emission
wavelengths and the bandwidth of the monochromators are
indicated for each experiment. The measured fluorescence
intensity was corrected for light scattering by background
subtraction. When the fluorescence of the dye LDS-751 in
buffer was monitored, the inner filter effect was corrected
at both excitation and emission wavelengths as described
elsewhere (42, 43), using the expression

where Fi
cor is the corrected value of the fluorescence

intensity, Fi is the experimental measured fluorescence
intensity,Fb is the background fluorescence intensity caused
by scattering, andAλex and Aλem are the absorbance of the
sample at the excitation and emission wavelengths for point
i of the titration, respectively. In the presence of Pgp, when
either LDS-751 fluorescence or the intrinsic protein fluo-
rescence was monitored, we corrected for the dilution of
the probe (protein Trp residues or bound LDS-751) according
to

whereV0 is the initial volume of the sample andVi is the
volume of the sample at a given point in the titration.

Hydrophobicity of the LDS-751 Binding Site. The hydro-
phobicity of the LDS-751 binding site within Pgp was
evaluated using the Lippert equation to describe the general
solvent effect of the Stokes’ shift, which is given by

In this equation,νjA and νjF are the frequency (in cm-1) of
the absorption and emission maxima, respectively,h is

Fi
cor ) (Fi - Fb) × 100.5(Aλex+Aλem)i (1)

Fi
cor ) (Fi - Fb)

Vi

V0
× 100.5(Aλex+Aλem)i (2)

νjA - νjF ) 2
hc( ε - 1

2ε + 1
- n2 - 1

2n2 + 1)(µE - µG)2

a3
+ constant

(3)
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Planck’s constant (6.6256× 10-27 J/s), c is the speed of
light (2.9979× 1010 cm/s),µG andµE are the dipole moments
of the ground and excited states, respectively,ε is the
dielectric constant,n is the refractive index of the medium,
anda (in centimeters) is the radius of the cavity in which
the fluorophore resides. The Lippert equation can also be
expressed as

wherem is the solvent sensitivity of the fluorophore and∆f
is the orientation polarizability of the solvent, defined as

The estimation of the hydrophobicity consisted of measuring
the Stokes shift of LDS-751 in several solvents of known
polarizability. The Stokes shift was also determined for LDS-
751 in 100 nm unilamellar vesicles of asolectin (5 mg/mL
in buffer), prepared by extrusion as described previously (39).
The solvent sensitivity (m) of the dye was then evaluated as
the slope of the plot ofνjA - νjF versus∆f. The polarity of
the binding site could be estimated in terms of its orientation
polarizability by interpolating the Stokes shift of the dye
bound to the protein.

Characterization of Binding of LDS-751 to Pgp. The
affinity of LDS-751 for Pgp was estimated using two
different approaches. The first method used enhancement of
the fluorescence of the dye LDS-751 upon binding to the
purified protein. Considering the contribution to the total
fluorescence of both the free form of the dye (with a given
quantum yield) and the bound form (with an increased
quantum yield), the total concentration of the reagents, and
using a single-site model, the following quadratic expression
is obtained (44)

whereQD (in mM-1) is the molar fluorescence for the dye
in the free form (in 2 mM CHAPS buffer),γD (dimension-
less) is the fluorescence enhancement factor between the free
and bound forms of the dye, [P] (in millimolar) is the total
protein concentration, [D]i (in millimolar) is the total dye
concentration for pointi of the titration, andKd (in milli-
molar) is the dissociation constant for the dye-protein
complex. In absence of protein, the previous expression is
reduced to

which characterizes the fluorescence of the dye in 2 mM
CHAPS buffer by means of the parameterQD.

In the second method, quenching of the Trp fluorescence
of the protein was monitored as described previously for
other Pgp substrates (45). The expression used in this case
represents the fraction of fluorescence quenched in relation
to the initial intensity, according to the expression

where F0
cor is the fluorescence without the dye andγP

(dimensionless) is the fluorescence quenching factor.
Energy Transfer from NBD to Bound LDS-751. The

efficiency of resonance energy transfer (E) is typically
determined using the relative fluorescence intensity of the
donor in the absence (FD) and presence (FDA) of the acceptor,
for a given fractional labeling with the acceptor (fA) by means
of the equation

The FRET efficiency is related to the inverse sixth power
of the distance (R) between the donor and acceptor in an
isolated donor-acceptor system:

where R0 is the distance (in angstroms) at which the
efficiency of energy transfer is 50%.R0 can be calculated
using the equation

whereJ is the spectral overlap integral between the donor
and acceptor (M-1 cm-1 nm4), QD is the fluorescence
quantum yield of the donor,n is the refractive index of the
medium, andk2 is the orientation factor. The spectral overlap
integral,J, was calculated using the integral expression

whereFD(λ) is the fluorescence emission spectrum of the
donor only andεA(λ) (in M-1 cm-1) is the molar extinction
coefficient of the acceptor.

The fluorescence emission spectrum of the Pgp-2NBD
species was recorded using excitation at 465 nm, and the
spectrum of unlabeled Pgp in CHAPS buffer was subtracted.
The molar absorption coefficient for LDS-751 over the
wavelength range of 400-600 nm was calculated as the ratio
of the absorbance at each wavelength to the absorbance at
543 nm, multiplied by the molar extinction coefficient at
543 nm (46 000 M-1 cm-1 in a nonpolar solvent,Molecular
Probes Handbook). The value of the orientation factor,k2,
was taken to be2/3, which represents the case in which the
donor and the acceptor both rotate rapidly relative to the
donor fluorescence lifetime. Usually, this is the most
ambiguous parameter, although differences between the true
and assumed value ofk2 give known errors in the calculated
distances (see later) (46). The quantum yield of the donor,
Pgp-2NBD, was previously reported by our laboratory to
be 0.023 (35). The refractive index of the medium between
the chromophores,n, was taken to be 1.4, which is typically
used for proteins in aqueous solution (42).

νjA - νjF ) m∆f + constant

∆f ) ( ε - 1
2ε + 1

- n2 - 1

2n2 + 1) (4)

Fi
cor ) QD{[D] i + 0.5(γD - 1)[(Kd + [P] + [D] i) -

x(Kd + [P] + [D] i)
2 - 4[P][D] i]} (5)

Fi
cor ) QD[D] i (6)

F0
cor - Fi

cor

F0
cor

) {0.5(1- γP)[(Kd + [P] + [D] i) -

x(Kd + [P] + [D] i)
2 - 4[P][D] i]}/([P]) (7)

E ) 1
fA(1 -

FDA

FD
) (8)

R ) R0(E
-1 - 1)1/6 (9)

R0 ) 0.211(JQDk2n-4)1/6 (10)

J )
∫FD(λ)εA(λ)λ4 dλ

∫FD(λ) dλ
(11)
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Model of Energy Transfer. Let us consider the presence
of two identical and distant donors, C1 and C2, separated
from a single common acceptor, P, by distancesR1 andR2,
respectively. Considering the deactivation processes to be
independent of one another, the total energy transfer ef-
ficiency of the system, according to eq 8 wherefA ) 1, is
given by

which can be rearranged as

where E1 and E2 are the efficiencies of transfer for each
donor-acceptor pair. From Fo¨rster theory, substitution of
eq 9 corresponding to each pair in eq 13 gives

which becomes after simplifying

whereri is thereduced distance(ri ) Ri/R0) between donor

Ci and the acceptor. The centers of the two donors, positioned
on a coordinate system defined in units ofR0 at C1(x1,y1,z1)
and C2(x2,y2,z2), would be distances ofr1 andr2, respectively,
from the acceptor, P(x,y,z), as shown in Figure 1A.

Equivalently, in the opposite case, where the transfer
system is characterized by two identical acceptors, C1(x1,y1,z1)
and C2(x2,y2,z2), separated from a common donor, P(x,y,z),
by distancesr1 and r2, respectively, the expression of the
efficiency of energy transfer would be (adapted from ref47)

On the basis of the geometry and expressions for the
energy transfer under consideration, it is possible to calculate
the surface of all possible locations for the acceptor that will
explain a particular measured efficiency of transfer,Em. To
obtain the three-dimensional surface, an implicit function was
defined for the efficiency [E(r1,r2) ) Em] using either eq 15
or 17 (depending on the case being considered), in terms of
distancesr1 andr2, which are in turn functions of the floating
coordinates P(x,y,z) of the unique dye (the variable to be

FIGURE 1: (A) Diagram showing the spatial configuration of two identical fluorescent groups centered at C1(x1,y1,z1) and C2(x2,y2,z2), at
distancesr1 andr2 (reduced distances), respectively, from a third fluorescent group centered at P(x,y,z). Interaction of the fluorophores is
by means of a FRET mechanism, and defines a surface in the space,A(E), where the efficiency of the energy transferred,E(r1,r2), is
constant. In particular, for the model considered in the text, the coordinates C1 and C2 are indeterminate, but located on two spheres of
known radiusr centered at S1 and S2, respectively, with the relationshipâ2 ) 180° + â1 andθ1 ) θ2 ) θ. The distance between the C
coordinates is represented bydD and their distance from thex-y plane by the heighth. This model is not drawn to scale. (B) Top view of
a cartoon showing the two NB domains (shaded areas) according to the structural model in which the domains face each other and are
rotated by 180° (see the text). The vectors represent the orientation of the dyes within each domain. (C) Representation of an NBD group
attached to an S atom. Thee-axis links the S atom with the electronic center, C(θ,â), of the molecule. The cone represents the possible
orientations of thee-axis during the lifetime of the excited state of the molecule.

E ) 1 -
(FD1A

+ FD2A
)

2FD
(12)

E ) (E1 + E2)/2 (13)

E ) 1
2( R0

6

R0
6 + R1

6
+

R0
6

R0
6 + R2

6) (14)

E ) 1
2( 1

1 + r1
6

+ 1

1 + r2
6) (15)

r1 ) x(x - x1)
2 + (y - y1)

2 + (z - z1)
2 (16a)

r2 ) x(x - x2)
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r1
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6
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obtained) and the coordinates of the other attached dyes
[C1(x1,y1,z1) and C2(x2,y2,z2)].

Data Analysis.For fluorescence data acquisition and
correction of the emission spectra, we used Felix 3.2 software
from Photon Technology International. All calculations,
manipulation, and correction of experimental data were
performed in Windows Excel 2000 (Microsoft Corp.).
Plotting and nonlinear curve fitting (either single or multiple)
were performed using Origin 6.0 (Microcal Software Inc.,
Northampton, MA). For solving the implicit functions of
energy transfer, we used MAPLE 9.5 (Waterloo Maple Inc.,
Waterloo, ON). Molecular dimensions of the fluorophores
were calculated using GAUSSIAN 03 (Gaussian Inc.,
Pittsburgh, PA).

RESULTS

Enhancement of LDS-751 Fluorescence upon Interaction
with Pgp. The fluorescent dye LDS-751 was previously
reported to exhibit lipid-dependent fluorescence. LDS-751
fluorescence was enhanced 33-fold in the presence of crude
soybean phosphatidylcholine liposomes, as compared with
aqueous buffer (48). Similarly, the fluorescence intensity of
LDS-751 was relatively low in 2 mM CHAPS buffer, but
increased dramatically when the same buffer contained
purified Pgp, as shown in Figure 2A. This increase in
fluorescence indicates that the dye is in a much more

nonpolar environment when it is associated with the protein,
representing interaction with the drug binding sites of Pgp,
which are likely located within the hydrophobic TM regions.
The specificity of the interaction between the dye and the
protein was demonstrated, since LDS-751 did not show
significant fluorescence enhancement when Pgp was dena-
tured using 6 M GuHCl prior to addition of the dye (Figure
4A). The enhancement of fluorescence is better appreciated
when it is compared as the molar fluorescence of the dye in
the free form (in buffer) and bound form (in the presence of
Pgp). The specific emission spectrum of LDS-751 (Figure
2B) exhibited a shift toward shorter wavelengths (blue shift)
upon binding to Pgp, presenting a maximum around 705 nm
in CHAPS buffer in comparison to a value of 688 nm in the
presence of the protein. This shift is characteristic of transfer
of the dye into a nonpolar environment.

Characterization of the Hydrophobicity of the LDS-751
Binding Site within Pgp.The absorption spectrum of LDS-
751 also depends on the properties of the solvent. LDS-751
bound to Pgp exhibited an absorption spectrum different from
that of the free form in CHAPS buffer, displaying a
hypochromatic region (∆A < 0) around 500 nm, and a
hyperchromatic region (∆A > 0) around 600 nm (Figure 3A).
The sensitivity of the LDS-751 absorbance and fluorescence
spectra to the solvent polarity can be explained by the

FIGURE 2: (A) Fluorescence emission spectrum of 5µM LDS-751
in 2 mM CHAPS buffer, and in the same buffer in the presence of
100µg/mL Pgp. Each spectrum corresponds to the difference with
and without the dye (sample minus control). The dotted lines show
the position of the emission maximum in each case. Excitation at
550 nm, 2 nm bandwidth,T ) 22 °C. (B) Specific emission spectra
of LDS-751. Each spectrum corresponds to the molar fluorescence
for the free form of the dye in 2 mM CHAPS buffer (left axis) and
bound to Pgp (right axis). The specific spectra were calculated from
the emission spectra in panel A, assuming a dissociation constant
Kd of 0.84 µM, according to the fit in Figure 4C.

FIGURE 3: (A) Differential absorption spectra of LDS-751 at
different concentrations between the condition when it is bound to
Pgp (0.6 mg/mL) and free in CHAPS buffer. The difference in
absorbance between the protein and the buffer in the absence of
LDS-751 was established as the baseline (∆A ) 0). T ) 23 °C.
(B) Stokes shift of LDS-751 in solvents with different hydropho-
bicities: (1) benzene, (2) 1,4-dioxane, (3) asolectin liposomes, (4)
DMSO, and (5) water. LDS-751 (0.25µM) was dissolved in the
solvents, or incorporated into liposomes, and the absorption and
emission spectra were measured with excitation at 550 nm. Dashed
lines represent the interpolation of the Stokes shift for LDS-751 in
the presence of Pgp (0.8 mg/mL) in CHAPS buffer, using the
Lippert plot.T ) 22 °C.
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dependence of the Stokes shift on the polarizability of the
solvent, as described by the Lippert equation (eq 3). Figure
3B shows the Lippert plot for LDS-751 in solvents with
different degrees of hydrophobicity, and in the presence of
Pgp. The difference between the absorption and emission
maxima for LDS-751 bound to Pgp was 3525 cm-1, leading
to an estimated polarizability∆f of 0.125, according to
interpolation of the linear regression plot between both
variables (m ) 4068.4 cm-1). This value of∆f is lower than
those of diethyl ether (0.170) and chloroform (0.152),
indicating that the LDS-751 binding site within Pgp is quite
hydrophobic in nature. Indeed, the binding site for the dye

is considerably more nonpolar than the interior of asolectin
bilayers (see Figure 3B). This is in agreement with the
observation of Shapiro and Ling that the fluorescence
enhancement of LDS-751 in asolectin bilayers is only 33-
fold (48), whereas it is 50-fold when bound to the transporter
(see below).

Characterization of the Binding of LDS-751 to Pgp. One
approach to studying the properties of the binding of LDS-
751 to Pgp is to take advantage of changes in the fluores-
cence properties of the dye once bound, as previously
described for other substrates (37, 49). When a solution of
Pgp was titrated with LDS-751, the fluorescence displayed
a concentration-dependent saturable curve (Figure 4A, top
plot). The fluorescence intensity increased significantly at
low concentrations of the dye (less than∼2 µM) while
appearing almost parallel to the buffer control at higher
concentrations. Titration of the buffer with the dye led to
the molar fluorescence of the free form (eq 6) at 660 nm
[QD ) 388.8µM-1 (R2 ) 0.986), which was used as a fixed
parameter for fitting of the titration data in the presence of
Pgp. The titration of the protein denatured in GuHCl (Figure
4A) showed that either binding does not occur or, if it does,
the “denatured” binding site does not exhibitdisplay the same
nonpolar character.

For the titration of native Pgp in CHAPS buffer (Figure
4A), the fluorescence enhancement data were fitted using
an expression for a single-site model (n ) 1), considering a
tightly binding system (eq 5). The nonlinear fitting was
performed over three independent sets of data (12 points
each) constrained to 0< Kd < 1 [determined from prelimi-
nary experiments and also close toK1/2 estimated from the
transport experiment reported by Shapiro and Ling (48)] and
γD > 1. The searching algorithm minimized the quadratic
difference,ø2, reporting the following as best estimates:Kd

) 0.84 ( 0.11 µM and γD ) 49.52 ( 2.31. When the
parameterQD was considered free-floating in the fitting
routine, the uncertainty of the estimated parameters increased
due to the correlation between them, since the searching was
seed-dependent. Otherwise, the searching converged to the
same final values. A 50-fold increase was obtained for the
molar fluorescence,γD, when the dye was bound to Pgp in
comparison to the free form.

Another approach used extensively for characterization of
interactions of substrates and modulators is quenching of the
intrinsic Trp fluorescence of Pgp upon binding. Titration of
the purified protein with LDS-751 led to concentration-
dependent saturable quenching of the Trp fluorescence
(Figure 4B). Fitting of the quenching data to eq 7, constrained
in this case toγP < 1, led to an estimatedKd of 0.75( 0.15
µM and aγp of 0.592( 0.014 (a maximum fluorescence
quenching of 41% at saturation with LDS-751). Titration of
denatured Pgp showed that, in this case, the interaction of
the dye with the protein partially remains, although the Trp
fluorescence is obviously affected to a much lesser degree.
Figure 4C displays a plot showing the results of both signals
(enhancement of LDS-751 fluorescence and quenching of
Trp fluorescence) and the corresponding fitted curves. The
relative magnitude of the uncertainty for each estimated
parameter, and the overlap between the ranges for parameter
Kd using both approaches, reflect the goodness of the fit and
confirm that both fluorescence changes arise directly from
the interaction of the dye with Pgp.

FIGURE 4: (A) Corrected fluorescence,F - F0, of LDS-751 in 2
mM CHAPS buffer (O), in 100µg/mL Pgp in 2 mM CHAPS buffer
(b), and in 100µg/mL Pgp in 6 M GuHCl (2). The points represent
the average of two or three determinations( the standard deviation.
Where errors bars are not visible, they are contained within the
symbols. Excitation was at 550 nm and emission at 660 nm. (B)
Fractional tryptophan fluorescence,F/F0, of 17µg/mL NATA in 2
mM CHAPS buffer (O), 100µg/mL Pgp in 2 mM CHAPS buffer
(b), and 100µg/mL Pgp in 6 M GuHCl (2). (C) Percent quenching,
∆F/F0 × 100, of Pgp Trp fluorescence (b, left axis) and
fluorescence emission intensity of LDS-751,F - F0, in the presence
of Pgp (4, right axis), taken from plots in panels A and B. The
solid lines represent the best fit to the respective models (see the
text for details). In all cases, the bandwidth was 2 nm andT ) 22
°C.
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Energy Transfer between the LDS-751 and NBD Moieties.
FRET analysis was employed to estimate the distance
between the LDS-751 binding site (the putative R site) and
the catalytic sites in the NB domains. To achieve this, the
fluorescent dye NBD-Cl (used as the energy donor) was
covalently linked to Cys residues within the Walker A motifs
of the nucleotide binding folds (Cys428 and Cys1071), to
give a double-labeled protein, Pgp-2NBD, as previously
described (35, 36). The acceptor was LDS-751 noncovalently
bound to the protein. The spectral overlap integral,J,
calculated according to eq 11, was calculated to be 3.4×
1015 M-1 cm-1 nm4 (3.4 × 10-13 M-1 cm3), a value that
differs by only 3.2% from that previously reported for
overlap between NBD-labeled phosphatidylcholine and LDS-
751 (48).

The fluorescence emission spectra in Figure 5 shows the
quenching of the signal of the NBD probes (λmax ) 535 nm)
by LDS-751 bound to Pgp. One explanation for this
phenomenon is the existence of resonance energy transfer
from the NBD moieties to the LDS-751 bound to the protein,
as proposed for other drugs (45), although this proposal can
only be validated by measuring the sensitized emission from
the acceptor under excitation of the donor. It is well-known
that measurement of FRET by means of the sensitization of
acceptor emission is more demanding (in terms of the number
of independent measurements required) than measurement
by means of quenching of the donor emission (50). Difficul-
ties arise if the fluorescence properties of the acceptor change
for the double-labeled protein, as is the case here (see below),
so this approach could not be used due to the inherent
properties of the system. However, there are reasons to think
that the primary means by which LDS-751 quenches the
fluorescence of the NBD moieties is indeed via FRET. NBD
probes are highly sensitive to the polarity of the environment
(42). Thus, if the binding of LDS-751 produced a long-range
conformational change affecting the hydrophobicity in the
vicinity of the NBD probes, then a red shift would be
expected for the combined emission spectrum. The spectra
of Pgp-2NBD with or without LDS-751 exhibited the same
emission maximum at 534-535 nm. Moreover, if the effect
were differential and opposite for each NBD probe, then the
maximum might be the same, but it is highly probable that

the shape of the emission spectrum would change. In this
respect, the center of mass, CM, for each emission spectrum,
defined as

is located at exactly the same wavenumber (18 513 cm-1,
evaluated in the range of 500-585 nm), and the bandwidths
at 60% of the maximum fluorescence, BW0.6, are essentially
the same (81 and 77 nm with and without LDS-751,
respectively).

The efficiency of energy transfer was measured using the
relative intensity of the donor, in the absence and presence
of the acceptor, for a given fractional labeling with the
acceptor (eq 8). The titration of Pgp and Pgp-2NBD with
LDS-751 allowed us to determine the extent of the energy
transfer. Figure 6A shows the quenching of the donor NBD
emission (λex ) 465 nm,λem ) 535 nm) for the double-
labeled protein. The fitting of these data to eq 7 allowed us
to estimate the dissociation constant for LDS-751 and Pgp-
2NBD (Kd

Pgp-2NBD ) 0.38 ( 0.07 µM) and the quenching
factor for NBD fluorescence (γNBD

Pgp-2NBD ) 0.347( 0.022).
If eq 8 is evaluated forfA f 1, the quenching factor
corresponds to the relative fluorescence intensity of the donor
in the presence of the acceptor (γNBD

Pgp-2NBD ) FDA/FD), so
∆Fmax/F0 for the fluorescence of the NBD moieties yields
directly an efficiency of energy transfer (E) of 65%.

FIGURE 5: Quenching of NBD fluorescence and sensitized fluo-
rescence emission of LDS-751 resulting from FRET. The fluores-
cence of Pgp-2NBD (150 µg/mL) is quenched by noncovalent
binding of LDS-751 (5µM), which in turn displays increased
fluorescence due to energy transfer from the donors. The dotted
lines are positioned at the emission maxima of these bands.
Excitation was at 465 nm (2 nm bandwidth); the emission
bandwidth was 8 nm, andT ) 22 °C.

FIGURE 6: (A) Percent quenching,∆F/F0 × 100, of the NBD
fluorescence of 150µg/mL Pgp-2NBD during titration with LDS-
751. Excitation was at 465 nm (2 nm bandwidth) and emission at
550 nm (8 nm bandwidth). (B) Enhancement of LDS-751 fluores-
cence,F - FB, for titration of 150µg/mL Pgp (b) and 150µg/mL
Pgp-2NBD (O) with LDS-751. Excitation was at 550 nm (2 nm
bandwidth) and emission at 660 nm (8 nm bandwidth). In all cases,
the solid lines represent the best fit for the binding model described
in the text.T ) 22 °C.

CM )
∫VF(V) dV

∫F(V)
(18)
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Figure 6B shows the titration of Pgp and Pgp-2NBD with
LDS-751, monitoring the enhancement of LDS-751 fluores-
cence under direct excitation of the LDS-751 dye. Evidently,
LDS-751 exhibits different binding and fluorescence behavior
in each case. Using eq 5, it was possible to fit both sets of
corrected data simultaneously by means of a multiple-
nonlinear fitting approach, keepingQD (the molar fluores-
cence of LDS-751 free in solution) as a common (shared)
parameter and constrainingKd

Pgp-2NBD < Kd
Pgp< 1 andγD

Pgp

> γD
Pgp-2NBD > 1. The fitting yielded four estimated

parameters: the dissociation constants for LDS-751 and Pgp
(Kd

Pgp ) 0.70( 0.12µM) and for Pgp-2NBD (Kd
Pgp-2NBD

) 0.24( 0.08µM) and the fluorescence enhancement factors
for the dye when bound to Pgp (γD

Pgp ) 45 ( 6.25) and to
Pgp-2NBD (γD

Pgp-2NBD ) 25.5 ( 1.35). These results
clearly show the influence of the covalently linked NBD
moieties on the interaction of the LDS-751 with Pgp,
increasing the affinity 3-fold in comparison to that of the
native protein, but decreasing by half the fluorescence
enhancement associated with binding. The parameters ob-
tained for native Pgp and for Pgp-2NBD are in agreement
with those established in the earlier experiments.

Spatial Interpretation of the FRET Measurements. To
calculate the Fo¨rster distance for the donor-acceptor pair
(NBD and LDS-751), it was necessary to obtain the quantum
yield for a single Pgp-NBD moiety. For the double-labeled
protein, we have determined thatQPgp-2NBD equals 0.023,
so the quantum yield for a single NBD group linked to Pgp
(QPgp-NBD) was taken to be 0.0115. The Fo¨rster distance (R0)
for this donor-acceptor pair was calculated to be 28.4 Å
(eq 10), indicating that this donor-acceptor pair is able to
measure distances with good accuracy in the range of 18-
38 Å (R0 ( 0.3R0).

To extract the spatial relationship between the NB domains
and the LDS-751 binding site from the measured efficiency
of energy transfer, it was necessary to determine the distance
between both NBDs, and also to consider their relative
orientation. Qu and Sharom (36) calculated that both Cys S
atoms in the Walker A motifs were∼30 Å apart (d ) 1.05
in terms ofR0), a value also suggested by the model of Jones
and George (51). In the absence of any information about
the orientation and mobility of the NBD probes covalently
attached to the Cys S atoms, we considered in principle all
possible orientations for these dyes as floating variables. This
delivered two spheres centered at the positions of the Cys S
atoms, at coordinatesS1(-d/2,0,0) andS2(+d/2,0,0), respec-
tively (Figure 1A), both located some distance [rNBD ≈ 3.5
Å (0.123R0)] from the S atom to the center, C, of the dye
(Figure 1C). In this model, the axes between the S atoms
and the centers of the dye [ei(θi,âi)] represent the time-
average orientation of the molecules over a cone (dθi and
dRi) of restricted motion during the excited state of the
donors. Here, theei axes were considered isotropically
oriented; that is, 0° e θi e 180° and 0° e âi e 360. The
coordinates of the centers of the molecules relative to the
attachment point are defined by the angles shown, which in
turn are related to the Cartesian coordinates by

In addition, we have assumed a working hypothesis about
the relative orientation of the dyes according to the relative
disposition of the NB domains: a mirror image in relation
to the y-z plane first and then to thex-z plane, orVice
Versa, as depicted in Figure 1B. In spherical coordinates,
this means thatâ2 ) 180° + â1; the axes rotate in the same
direction 180° out of phase. This arrangement of the NB
domains is that observed in the crystal structures of BtuCD
and several other NB subunits (52), and seems likely to be
the consensus structure for the ABC protein family.

It is worth mentioning that thee-axis does not correspond
to the transition moment of the dye, but a geometric axis
that represents the orientation of the molecule within the NB
domain. However, the orientation of the transition moments
obviously remains at a constant orientation (although un-
known for us) in relation to thee-axis. Despite the small
size of the NBD donors in comparison to the separation of
the attachment points (∼30 Å), because of the sixth-power
dependence of the efficiency on the distance, the estimated
position of the acceptor in relation to the Cys S atoms (the
reference points) is highly dependent on the distance between
the centers of dyes, and therefore dependent on the relative
orientation between thee-axes. The distance between both
centers is a function of the angles [dNBD ) f(θ,âi)] with a
minimum valuedMIN of d - 2rNBD ≈ 23 Å (0.804R0) when
the dyes are collinearly facing each other on thex-axis (â1

) 0° andâ2 ) 180°, with θ ) 90°), and a maximum value
dMAX of d + 2rNBD ≈ 37 Å (1.296R0) when the dyes are
facing in the opposite direction (â1 ) 180° and â2 ) 0°,
with θ ) 90°) (Figure 7A). In relation to the distance of the
dye centers from thex-y plane, the heighth from the Cys

FIGURE 7: (A) Dependence of the interdonor distance on the angles
â andθ defined in Figure 1. The plot shows the reduced distance
between centers C1 and C2, dNBD, when both NBD moieties (r )
rNBD ≈ 0.123R0) are oriented in the configuration indicated in the
text, and attached at points S1 and S2 a distanced of 1.05R0 from
each other along thex-axis. (B) Dependence of the distance of the
centers of the NBD moieties from thex-y plane (the height,hNBD)
on the anglesâ andθ defined in Figure 1.

xi ) rNBD sin θi cosâi (19a)

yi ) rNBD sin θi sin âi (19b)

zi ) rNBD cosθi (19c)
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S atoms is the same for both dyes, and only determined by
the angleθ according toh ) rNBD cosθ (Figure 7B).

After establishing under the working hypothesis described
above the possible configurations for the center of donors,
C1(θ,â1) and C2(θ,â2), we solved numerically the implicit
eq 15, and were able to determine all the possible positions
of the acceptor which satisfied the experimental value of
transfer efficiency (E). Figure 8A shows, as an example, the
surfaces-solution in the upper hemisphere (z > 0, where the
membrane and the rest of the protein are assumed to be
present, and the solution is, therefore, pertinent) for some
particular configurations of the donors. Each surface com-
prises all the coordinates P(x,y,z) that satisfy the equalityE
) 0.65 for the positions of the donors in question. The
indentation of the surfaces demonstrates the dependence of
the solution (the position of the acceptor) on the distance
(dNBD) and height (h) of the donors. The volume-solution
comprises all the coordinates P(x,y,z) that satisfy the equality
E ) 0.65 for at least one of all possible configurations of
the pair of donors (Figure 8B). This volume represents the
space where the electronic center of the acceptor (the LDS-
751 dye) might be bound within Pgp, to transfer energy by
a resonance mechanism of the magnitude measured, to 2NBD
moieties of unknown orientation (but with a particular
relationship of orientation between them) attached at two
points separated by 30 Å. Figure 9 presents the curve-solution
at thex-y plane, as a result of positioning either two donors

or two acceptors at coordinates whereθ ) 0°, that is, C1-
(-d/2,0,rNBD) and C2(+d/2,0,rNBD). For the former config-
uration, we used eq 15 and anEm of 0.65, as already
indicated. For the latter configuration, we used eq 17 and
an Em of 0.60, which was the energy transfer efficiency
between the donor H33342 and the acceptors Pgp-2NBD
from Qu et al. (37). Figure 9 indicates that the LDS-751
binding site, like that for H33342, is probably located in the
region of the protein within the cytoplasmic leaflet of the
membrane. However, the binding site is more shallowly
located, close to the interfacial region of the bilayer.

DISCUSSION

Shapiro and Ling were the first to use the fluorescent DNA
dye LDS-751 as a substrate for Pgp, demonstrating that the
transporter removes the dye from the plasma membrane (48).
In their transport experiments, they also showed that LDS-
751 exhibited a strong lipid-dependent fluorescence, increas-
ing its fluorescence 33-fold (at 688 nm) in the presence of
phosphatidylcholine liposomes, as compared with aqueous
buffer. However, this system could not be used to character-
ize the interaction of the dye with the protein, precisely
because of the lipid-dependent fluorescence of the dye. More
recently, Wang and co-workers (53) characterized several
green tea catechins for their specific effects on the export
activity of Pgp toward LDS-751 and other marker substrates.
Here, working with purified Pgp in CHAPS buffer, we have
demonstrated unambiguously, at the molecular level, that
LDS-751 binds directly to Pgp. LDS-751 exhibited a
fluorescence enhancement,γD, of 50-fold at 660 nm upon
binding, which indicates that the dye is moved into a much
more nonpolar environment. Similar behavior was reported
for the lipophilic dye H33342 in its interaction with both
lipid bilayers (54) and purified Pgp (37). The fact that LDS-
751 did not show fluorescence enhancement when Pgp is
denatured rules out the possibility of nonspecific binding to
the annular lipids that remain tightly associated with the
transporter after purification (55). The transfer of LDS-751
to a binding site within Pgp was also reflected in the spectral
shift observed (∆λmax ≈ -16 nm) in comparison to aqueous
buffer. This blue shift usually accompanies the increase in
the quantum yield and is characteristic of transfer to a
nonpolar environment, presumably in this case, to the TM
regions of the protein. Simultaneously, the electronic interac-

FIGURE 8: (A) Surfaces-solutionin the upper hemisphere (z > 0)
for the transfer system indicated in Figure 1. The surfaces cor-
respond to the solutions of eq 15 withE ) 0.65,d ) 30 Å (1.05R0),
rNBD ) 3.5 Å (0.123R0), and the coordinates of Ci(θ,â) as follows:
C1(0°,â) and C2(0°,â), blue; C1(90°,0°) and C2(90°,180°), red;
C1(90°,90°) and C2(90°,270°), green; C1(90°,180°) and C2(90°,0°),
pink; C1(180°,â) and C2(180°,â), violet. (B) Volume-solutionfor
the transfer system previously indicated, but ranging the angles
in: 0° e θ e 180° and 0° e â e 180°. Axes are in units ofR0 )
28.4 Å.

FIGURE 9: Curves-solution for the transfer system depicted in Figure
1, with the fluorescent dyes positioned at C1(0°,â) and C2(0°,â),
whered ) 30 Å andrNBD ) 3.5 Å (black dots), solving forE )
0.60 withR0 ) 32.07 Å for H33342 (taken from ref37) using eq
17 (curve H, putative H site) andE ) 0.65 withR0 ) 28.4 Å for
LDS-751 (this work) using eq 15 (curve R, putative R site). The
dotted line represents the position of the inner leaflet of the bilayer
according to the lower limit of 23.5 Å reported by Liu and Sharom
(35).
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tion of the dye with its immediate environment is perturbed
upon binding, producing a shift in the absorption spectrum
in comparison with the free form in water. The estimated
hydrophobicity of the LDS-751 binding site within Pgp, in
terms of the scale of polarity described for the orientation
polarizability parameter, led to a∆f value of 0.125, indicating
that this binding site is more hydrophobic than the solvents
methanol (0.309), ether (0.17), and chloroform (0.152),
although less hydrophobic than 1,4-dioxane (0.025). Since
the substrates for Pgp are largely (although not exclusively)
hydrophobic, and many have aromatic rings, the current idea
is that aromatic amino acid residues may provide binding
sites for these molecules viaπ-π stacking. Pgp has a high
content of aromatic residues within the TM regions compared
to other ABC transporters with polar substrates, and these
residues are highly conserved. Pawagi and co-workers (20),
using molecular modeling, demonstrated that the Pgp sub-
strate rhodamine 123 can readily intercalate between several
Phe side chains in the TM helices. In addition, protein
mapping studies, together with site-directed mutagenesis,
have indicated that the drug and modulator binding sites are
most likely within the transmembrane regions of Pgp,
especially TM5, TM6, TM9, TM11, and TM12 (56-58).

Shapiro and Ling established that LDS-751 interacted
preferentially with the R site, since sub-micromolar concen-
trations inhibited transport of rhodamine 123, while stimulat-
ing transport of H33342 (48). In the work presented here,
we have characterized the putative R site of Pgp using the
dye LDS-751, employing the same fluorescence approaches
used to describe the putative H site using the dye H33342
(37). Here, monitoring either quenching of Pgp Trp fluo-
rescence or enhancement of LDS-751 fluorescence upon
binding, we have obtained a dissociation constantKd of
0.70-0.85µM for the binding of LDS-751 to purified Pgp
in CHAPS buffer. This relatively lowKd value indicates that
LDS-751 is an excellent probe for studying the R site, in
comparison to rhodamine 123 and the anthracycline dauno-
rubicin, whose affinities are both 15-fold lower (32). The
Kd for LDS-751 reported here is slightly larger than the IC50

for rhodamine transport and the SC50 for H33342 transport,
as reported by Shapiro and Ling (48), of 0.2-0.3 µM.
Nevertheless, the order of magnitude of the parameters
obtained by both approaches (transport and spectroscopy)
is similar, sub-micromolar. Accordingly, LDS-751 fits the
correlation established between these parameters (IC50 or
SC50 andKd) which has been reported for a large number of
drugs and modulators (31, 32).

The monophasic curve exhibited for the binding LDS-751
to Pgp, monitored by two different fluorescence signals, is
in agreement with the notion of a one-site interaction for
this dye (the R site). The observation of a hyperbolic binding
curve is not conclusive evidence for a single binding site
(the contrary is true; a nonhyperbolic curve impliesn > 1),
since different possibilities arise, as follows: (i)n ) 1, (ii)
n > 1, but the entire change in the fluorescence signal,∆Fmax,
arises from only one binding site (∆Fmax ) ∆Fi), and the
remainder of the binding sites are spectroscopically silent
(∆Fj ) 0), or (iii) n > 1, but the changes in the fluorescence
signal are identical for each binding site [∆F(n) ) n∆Fi].
However, considering that the enhancement of LDS-751
fluorescence is due to the hydrophobic character of the
binding site, and Pgp contains 11 Trp residues distributed

nonuniformly, the last two possibilities appear to be improb-
able. Similar titration curves have been presented for H33342,
which is proposed to interact only with the H site. The
behavior of LDS-751 and H33342 differs from that of drugs
such as vinblastine and verapamil (among others), where
biphasic quench curves have been observed (32, 45, 59),
suggesting that these particular drugs may interact with both
sites with differing affinities.

With respect to the interaction of LDS-751 with the protein
labeled in both NB domains with NBD moieties, the affinity
of the dye for the Pgp-2NBD complex increased 2-3-fold
in comparison to that of the unlabeled protein (Kd

Pgp-2NBD

) 0.24-0.38µM), as estimated by the enhancement of the
LDS-751 fluorescence and quenching of the NBD groups.
The enhancement itself was reduced almost 50% due to the
presence of the NBD moieties;γD ) 45 and 25 for Pgp and
Pgp-2NBD, respectively. These observations possibly rep-
resent the first evidence for a change in the microenvironment
of the drug binding site due to the presence of the NBD
moieties in the NB domains. However, when Pgp was titrated
with LDS-751 in the presence of ADP or AMP-PNP, no
differences were observed (data not shown). This is also
compatible with recent data reporting unaltered binding of
the drugs vinblastine, doxorubicin, and H33342 to Pgp in
the resting state, the ADP-bound state, and the vanadate-
trapped transition state (60). Thus, the effect of the NBD
groups on the LDS-751 interaction does not appear to
correspond to the regular interaction (both structural and
functional) between the NB domains and the drug binding
site(s) that is presumably part of the mechanism coupling
ATP hydrolysis to drug transport. In addition, ATP and
AMP-PNP are still able to bind Pgp, with unchanged affinity,
after covalent modification of Cys428 and Cys1071 with the
dye MIANS (39). Therefore, the pocket within the NB
domains occupied by these Cys-bound dyes is not identical
to the one used by ATP (although the ATPase activity is
inhibited).

Hamster Pgp (gene Pgp1) has 11 Trp residues: three in
TM segments, two in extracellular loops, five in intracellular
loops, and one in the C-terminal NB domain (61). We have
suggested that only four Trp residues might be emitters: the
three Trps in the TM helices and possibly Trp1105 (45). Here
we found that the binding of LDS-751 to Pgp quenched
almost 40% of the intrinsic Trp fluorescence of the protein.
Quenching by resonance energy transfer from Trp to the dye
must be ruled out automatically, since in contrast to another
group of drugs (45), there is no overlap between the Pgp
Trp emission spectrum and the absorption spectrum of LDS-
751. Possible mechanisms of quenching include exposure
of the Trps to a more polar environment (internal or external)
due to a conformational change induced by LDS-751 binding,
and/or a direct interaction of the drug with the Trp side chain.
Collisional quenching studies and fluorescence lifetime
measurements would be useful in exploring the mechanism
of Trp quenching.

There is currently very little structural information avail-
able for Pgp. In particular, the location of the drug binding
site(s) within Pgp has been the object of much speculation.
In the absence of any high-resolution structural information,
fluorescence spectroscopic studies have proved to be useful
in dissecting the functional architecture of Pgp. We previ-
ously presented the first direct measurement of the location
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of a drug binding site within Pgp relative to the other domains
(37). Using a FRET approach, the H site was mapped to a
location∼38 Å from the NBD probes covalently bound to
the ATPase active sites, which in turn are 23-27 Å from
the membrane surface (35). FRET estimates also indicated
a maximum separation of 30 Å for the two Walker A Cys
residues (36). Our study aimed to map the location of the R
drug binding site. Since the Fo¨rster distance depends on the
orientation factor and the location of the dyes involved, and
the efficiency of the energy transfer is highly dependent on
distance, several geometric considerations were imperative.
Because of the uncertainty in the position and relative
orientations of the NBD moieties within the NB domains,
we considered a simplified geometry in which both Cys
residues are equidistant from the plane of the membrane
(assumption justified in ref34) and assumed that the relative
position of the NBD dyes is the same for each NB domain;
that is, the pocket occupied by each NBD molecule is
equivalent within both NB domains. Data suggest that the
Walker A motifs of the two NB domains of Pgp have
practically identical local environments: (i) both NBD- and
MIANS-labeled Pgp display a single-component fluorescence
spectrum (35, 39), (ii) a single class of fluorophores was
observed during collisional quenching studies of MIANS-
labeled Pgp (34), and (iii) ATP, AMP-PNP, and TNP-ATP
binding monitored by changes in MIANS fluorescence
present a single component (34). Additionally, the two
hydrolysis events in a single catalytic cycle appear to be
kinetically identical, consistent with the notion that ATP
molecules are recruited randomly, and therefore, both NB
domains are functional and structurally equivalent (62). With
regard to the spatial disposition of the NB domains, they
were rotated 180° relative to each other around thez-axis.
This arrangement was suggested for Pgp by Jones and
George (51), who rotated and manually docked one HisP
monomer onto the other to produce a dimer, and also
corresponds to the structure of the Rad50cd dimer (63) and
BtuCD (64). It is also compatible with the orientation
suggested by Loo and Clarke (65) from cysteine cross-linking
experiments.

This hypothesis was studied using FRET analysis follow-
ing a model of energy transfer in which the donors in the
catalytic sites do not interact with each other, but transfer
energy to a common acceptor somewhere inside the protein.
The efficiency of energy transfer was set at a constant value
obtained experimentally, and the transfer system (described
by eqs 15, 16a, and 16b) was solved using numerical
methods. The analysis yielded a graphic solution in which
the reported volume contained all the possible coordinates
for the center of the acceptor (LDS-751 dye) for all possible
coordinates of the donors. This volume-solution was an arc
centered between both donors (at they-axis) and separated
by ∼18 Å (0.6R0) vertically from the origin and∼7 Å
(0.24R0) in thickness. Liu and Sharom calculated that the
distance of the NB domain Cys residues from the bilayer
surface was 23.5-27.5 Å (0.82-0.96R0) (35). Here, we
found that the highest coordinate of the volume-solution (25
Å) is barely over the lowest limit of the position of the bilayer
(23.5 Å). Thus, the binding site for LDS-751 is probably
located closer to the cytoplasmic surface of the membrane
than the binding site for H33342, in the interfacial region of
the bilayer.

Some additional considerations can be made, as follows:
(i) The range of 23.5-27.5 Å for the distance separating
the NBD groups from the membrane (35) is an upper limit,
since the effect of excluded volume was not considered in
the calculation. (ii) This study was carried out in the absence
of added lipids. The purified Pgp used in this work still
contains∼55 tightly bound phospholipids, and displays high
ATPase activity (55). Pgp in detergent solution and in the
presence of lipid exhibited no differences in quenching of
Trp residues by acrylamide, so it seems likely that protein
conformation and folding, which determine accessibility to
acrylamide, are the same in both cases (45). In addition, the
binding of rhodamine 123 to Pgp in CHAPS buffer has aKd

(unpublished data) similar to that of Pgp in the presence of
lipids (60), and similar to theKm reported for Pgp-mediated
transport (29). All these observations suggest that Pgp in a
CHAPS solution retains its structure, and ATPase and drug
binding functions. However, it is possible that the presence
of a detergent might “loosen up” the protein structure,
resulting in increased separation of the NB domains, as
suggested previously (36), and might therefore affect the
relative positioning of all the domains. (iii) Quenching of
the NBD signal was assumed to be due entirely to FRET to
LDS-751. Quenching may in fact arise from a mixed
mechanism, whereE would be slightly smaller and, therefore,
the volume-solution would be located further from the
donors. (iv) There is uncertainty in thek2 factor used to
calculate the Fo¨rster distance. TheR0 reported here assumed
the dynamic limit (k2 ) 2/3) for the orientation factor.
However, LDS-751 is an elongated molecule (∼18 Å from
end to end), and it is clear that binding to Pgp causes a
significant restriction in the motion of the dye. On the other
hand, the NBD moiety is much smaller and is bound
covalently so that free rotation of CH2-S bonds is conceiv-
able. It has been estimated that when the cone angle of
motion of one of the probes is more than 30°, the uncertainty
in the apparent donor-acceptor distance if one assumes the
dynamic limit is usually less than 20% (66). However, for
any other value from2/3 to 4, R0 increases, and the distance
of the volume-solution increases concomitantly.

The graphical method employed here to solve the transfer
system could not map unequivocally the exact location of
the R site; however, we were able to obtain reasonable
evidence that the binding of the R substrate LDS-751 to Pgp
(purified in a detergent solution in the absence of lipid)
occurs close to the NB domains, in the cytoplasmic leaflet
of the membrane. We also analyzed the energy transfer data
for the dye H33342 and two NBD groups linked to Cys
residues in the NB domains, reported by Qu and Sharom
(37). Although the shape of the solution was different (at
least for the configuration that was studied,θ ) 0°; see
Figure 9), the results indicated that this drug is positioned
more deeply within the cytoplasmic membrane leaflet. Figure
10 shows a three-dimensional representation of the Pgp
molecule embedded in a lipid bilayer, showing the dimen-
sions and distances between the different domains taken from
various FRET and electron microscopy studies, and the
curves-solution for the two substrates, H33342 and LDS-
751. The projection structure of delipidated Pgp determined
to ∼10 Å resolution shows that the TM segments form a
chamber within the membrane that appears to be open to
the aqueous environment (67). Homology modeling of Pgp
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using the MsbA structure as a template has provided an all-
atom model where there is a chamber open to both the inner
bilayer leaflet and the intracellular aqueous phase (68). One
striking feature of the Pgp chamber in this model is the
presence of numerous (∼20) aromatic side chains contribut-
ing to the chamber internal surface. According to the FRET
data here reported, the binding of drugs could take place at
the innermost end of this chamber.

Originally, the work of Shapiro and Ling (48, 69)
suggested that the R and H sites are probably in the
cytoplasmic leaflet of the membrane, in accord with the
earlier suggestion that Pgp may operate as a drug flippase
(9). Therefore, the Pgp molecule appears to be structurally
symmetrical with respect to both the catalytic sites and drug
binding sites, domains that are known to be functionally
interconnected. Nevertheless, this does not rule out the
existence of a single common binding site or pharmacophore
large enough to accommodate more than one compound,
where drugs and modulators could interact with different
overlapping regions.
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