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Proximity of Bound Hoechst 33342 to the ATPase Catalytic Sites Places the Drug
Binding Site of P-glycoprotein within the Cytoplasmic Membrane Leéflet
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ABSTRACT: The P-glycoprotein multidrug transporter carries out ATP-driven cellular efflux of a wide
variety of hydrophobic drugs, natural products, and peptides. Multiple binding sites for substrates appear
to exist, most likely within the hydrophobic membrane spanning regions of the protein. Since ATP
hydrolysis is coupled to drug transport, the spatial relationship of the drug binding sites relative to the
ATPase catalytic sites is of considerable interest. We have used a fluorescence resonance energy transfer
(FRET) approach to estimate the distance between a bound substrate and the catalytic sites in purified
P-glycoprotein. The fluorescent dye Hoechst 33342 (H33342), a high-affinity P-glycoprotein substrate,
bound to the transporter and acted as a FRET donor. H33342 showed greatly enhanced fluorescence
emission when bound to P-glycoprotein, together with a substantial blue shift, indicating that the drug
binding site is located in a nonpolar environment. Cys428 and Cys1071 within the catalytic sites of
P-glycoprotein were covalently labeled with the acceptor fluorophore NBD-CI (7-chloro-4-nitrobenz-2-
oxa-1,3-diazole). H33342 fluorescence was highly quenched when bound to NBD-labeled P-glycoprotein
relative to unlabeled protein, indicating that FRET takes place from the bound dye to NBD. The distance
separating the bound dye from the NBD acceptor was estimatec8®@.. Transition-state P-glycoprotein

with the complex ADPForthovanadat€o?* stably trapped at one catalytic site bound H33342 with similar
affinity, and FRET measurements led to a similar separation distance estimate of 34 A. Since previous
FRET studies indicated that a fluorophore bound within the catalytic site was positior&$ 3 from

the interfacial region of the bilayer, the H33342 binding site is likely locatee140A below the membrane
surface, within the cytoplasmic leaflet of the membrane, in both resting-state and transition-state
P-glycoprotein.

Members of the ATP-binding cassette (ABGuperfamily years. It is widely believed that substrates interact with the
of membrane proteins are responsible for the ATP-dependentprotein within the membrane itself, so that partitioning of
export or import of a wide range of solutes, from chloride the drug into the lipid bilayer becomes an important part of
ions to protein toxins, in organisms ranging from bacteria the overall transport process. Experimental evidence sup-
to human {—4). Expression of one ABC protein, the porting this view includes the observation that esters of
P-glycoprotein multidrug transporter (Pgp), causes the calcium indicator dyes never appear to reach the cytosol in
phenomenon of multidrug resistance (MDR) in cultured cells MDR cells @), and the finding that the binding affinity of
and human tumors. Pgp is known to be responsible for the several drugs to Pgp is highly correlated with their lipid/
efflux of hundreds of structurally diverse hydrophobic water partition coefficientd). Cross-linking and other studies
compounds, including chemotherapeutic drugs, natural prod-with engineered Cys residues have strongly suggested that
ucts, and peptides. The biochemistry and molecular phar-the transmembrane (TM) regions of the protein, especially
macology of Pgp have been discussed in several recentTM5, -6, -11 and -12, are directly involved in forming the
reviews 6—7). drug binding site(s) 10, 11).

The number, nature, and_ location of the drug b.mdlng sites Multiple drug binding sites appear to exist within the Pgp
of Pgp have been the subject of much speculation over thep,gecyle. Dey et al. presented evidence for the existence of

A . two nonidentical drug binding sites in the proteir®). This
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Recent drug binding experiments with purified Pgp con-
firmed that these multiple drug binding sites can com-
municate with each other allostericallg8). Neyfakh and

Biochemistry, Vol. 41, No. 14, 2002745

membrane with 25 mM CHAPS buffer, followed by solu-
bilization of the $ pellet in 15 mM CHAPS buffer, as
described previously2d). Pgp was further purified by

co-workers recently proposed that multidrug binding proteins affinity chromatography on a Concanavalin-Sepharose
and multidrug transporters make use of van der Waals forcescolumn. The final product consisted of 905% pure Pgp
and surface complementarity to bind their substrates within in 2 mM CHAPS/50 mM Tris-HCI/0.15 M NaCl/5 mM

a flexible binding region 19, 20). Such a region of the
protein may allow many different drugs to interact with it
in somewhat different ways, providing the observation of
multiple sites. More definitive localization of one or more
drug binding sites of Pgp would assist greatly in formulating
detailed models of its mechanism of action.

Drug transport is powered by ATP hydrolysis at the two

MgCl, (pH 7.5). The purified Pgp preparation was kept on
ice and used within 24 h. Protein was quantitated by the
method of BradfordZ5) for plasma membrane, and by the
method of Petersor26) for purified Pgp, using bovine serum
albumin (crystallized and lyophilized, Sigma) as a standard.
Measurement of Pgp ATPase Adfy. Mg?"-ATPase
activity of Pgp was determined by measuring the release of

nucleotide binding domains of Pgp, which are located at the inorganic phosphate from ATP. Purified Pgp was incubated
cytosolic face of the membrane. The two ATPase catalytic With assay buffer (50 mM Tris-HCI/0.15 M NaCl/5 mM
sites within the nucleotide binding domains show complete MgClz, pH 7.5), in the presence of 1 mM ATP at 3C for

cooperativity, in that only one is active at any instant in time,

5 min, as described earlie2?, 28).

and they are proposed to operate in an alternating fashion Vanadate Trapping of Purified Pgp and Reaation of

(21, 22). Since ATP hydrolysis is coupled to drug transport,

Pgp ATPase Actity. A stock solution of 100 mM sodium

the spatial relationship of the drug binding sites relative to orthovanadate was prepared at pH 10, and aliquots were
the ATPase catalytic sites is of considerable interest. Ourboiled for 4 min before each use to degrade polymeric
laboratory has shown that the intrinsic Trp fluorescence of species. A~100ug aliquot of Pgp was incubated at 3¢

Pgp, which likely arises from residues within the TM regions

in a total volume of 1 mL of CHAPS buffer (2 mM CHAPS/

of the protein, is highly quenched by drug substrates, and 50 mM Tris-HCI/0.15 M NaCl, pH 7.5) in the presence of

also by both fluorescent ATP derivatives and unmodified
nucleotides 13). The characteristics of this quenching

5 mM CoCh, 1 mM ATP, and 0.2 mM vanadate. After 20
min, the mixture was eluted through a Bio-Gel-P6 gel

suggest that it arises from fluorescence resonance energyiltration column (Bio-Rad Laboratories, Mississauga, ON)

transfer (FRET) from Trp to the bound drug or nucleotide,

preequilibrated with 2 mM CHAPS buffer. To measure

which implies that the emitting Trp residues are located reactivation of the ATPase activity of purified Pgp following
within transfer distance of both the drug binding sites and vanadate trapping, the eluate containing Pgp was incubated
the ATP catalytic sites. Such a compact structure would be at 22°C, and at various times, aliquots were removed, and

predicted for coupling of ATP hydrolysis to drug transport.

the ATPase activity was determined as described above.

In the present work, we have used a FRET approach to _Double and Single Labeling of Purified Pgp with NBD-
estimate the distance between a bound substrate and th&!- Purified Pgp -800.g) was incubated with 1 mM NBD-
ATPase catalytic sites of purified Pgp. The fluorescent dye Cl at 22°C for 1 h in thedark. Protein labeled with NBD-
Hoechst 33342 (H33342), a high-affinity Pgp substrate, was C! at both NB domains (Pgp-2NBD) was obtained by
used as the energy donor. The acceptor fluorophore, 7-chlorofémoval of unreacted NBD-CI using a Bio-Gel P-6 gel

4-nitrobenz-2-oxa-1,3-diazole (NBD-CI), was covalently
linked to a cysteine residue within the Walker A motif of
the nucleotide binding domains of Pgp. The efficiency of

filtration column equilibrated with 2 mM CHAPS buffer.
To prepare vanadate-trapped protein labeled with NBD-CI
at only one NB domain (Pgps\NBD), ~1000 ug of

energy transfer was used to estimate the distance separatingU"ified Pgp was incubated in a total volume of 2 mL of 2

H33342 within its drug binding site from NBD at the ATPase

catalytic sites. This was carried out for both resting-state Pgp

mM CHAPS buffer containing 5 mM Coght 37°C for 20
min, in the presence of 1 mM ATP and 0.2 mM sodium

and transition-state Pgp with a vanadate nucleotide complexOrthovanadate. After incubation, the sample was eluted
stably trapped at one active site. Interpreting the presentthrough a gel filtration column of Bio-Gel-P6 to remove
results in the context of a previous FRET study leads to the €xcess ATP, vanadate, Cednd inorganic phosphate. The

conclusion that the H33342 binding site is located within

the cytoplasmic leaflet of the membrane bilayer.

MATERIALS AND METHODS

Materials 3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), disodium ATP, NBD-CI, and

sodium orthovanadate were purchased from Sigma Chemical

Co. (St. Louis, MO). H33342 was obtained from Molecular
Probes (Eugene, OR).

Plasma Membrane Preparation and Pgp Purification
Plasma membrane vesicles were isolated from MDR-CH

eluate was incubated with 1 mM NBD-Cl at 2€ for 1 h

in the dark. To remove unreacted NBD-CI, the sample was
passed through a Bio-Gel-P6 gel filtration column preequili-
brated with 2 mM CHAPS buffer. Unlabeled Pgp was used
as control for comparison to Pgp-¥NBD and Pgp-2NBD.
Sample protein concentrations were adjusted to 100 or 300
ug/mL, depending on the experiment.

Fluorescence Measurementuorescence spectra were
recorded on a PTI Alphascan-2 spectrofluorometer (Photon
Technology International, London, ON, Canada) with the
cell holder thermostated at 22. All spectra were measured
with a 2 nmexcitation and emission band-pass. Emission

B30 Chinese hamster ovary cells as described previouslyspectra of labeled Pgps were corrected using a built-in

(23). Membrane vesicles were stored-at0 °C for no more
than 3 months before use. Pgp was purified fromRB8D

automatic correction system. The measured fluorescence
intensity was corrected for light scattering using controls

plasma membrane by the initial extraction of plasma containing unlabeled Pgp. In the case of fluorescence
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quenching titrations, the inner filter effect was corrected at relative to the initial value after addition of H33342 at a
both the excitation and emission wavelengths as describedconcentration [S] and\Fnax is the maximum enhancement

previously @4, 29, 30), using the equation:

F F, — B)(Vi/V) 1P Pt Aem

icor — ( i

)

whereF. is the corrected value of the fluorescence intensity,

Fi is the experimentally measured fluorescence intenBity,

in fluorescence intensity that occurs upon saturation of the
drug binding site, and a value féf; was estimated.

Energy Transfer from Bound H33342 to NBD at the
Catalytic SitesTo demonstrate FRET from bound H33342
to the NBD probe covalently linked to Cys residues at the
catalytic sites, a fixed concentration of Pgp labeled with

is the background fluorescence intensity caused by scatteringNBD-CI (Pgp-2NBD) was titrated at 22C with increasing

Vo is the initial volume of the sampld/; is the volume of
the sample at a given point in the titratiom,is the path
length of the optical cell in centimeters, afgx and Azem

concentrations of H33342. The enhancement of H33342
fluorescence at 460 nm was measured, with excitation at 350
nm. Titration of purified unlabeled Pgp with H33342 was

are the absorbance of the sample at the excitation andalso carried out. Control titrations with H33342 were

emission wavelengths, respectively.

In the case of titration of H33342 fluorescence enhance-

ment, the following equation was used:

F F, — By)(Vi/Vg) 107 P PiectAen)

icor — ( i

2

whereB; is the fluorescence intensity of free H33342 in 2
mM CHAPS buffer.

Determination of Affinity of H33342 Binding to Pgphe
affinity of H33342 binding to native Pgp, Pgp-¥NBD, and

performed in buffer in the absence of Pgp, and the fluores-
cence intensities were subtracted from those recorded in the
presence of Pgp and Pgp-2NBD. Enhancements of H33342
fluorescence at various concentrations were fitted to eq 4
above.
Measurement of Quantum Yielthe quantum yieldQ,

of H33342 free in 2 mM CHAPS buffer was determined
relative to a standard, using a polarizer oriented at the magic
angle (54.7) in both the excitation and emission beams. The
fluorescence emission spectra of H33342 and a solution of

Pgp-2NBD was estimated using two different approaches. quinine sulfate in 0.1 N k8O, were measured using an

The first method used quenching of the intrinsic Trp

excitation wavelength of 350 nm. Both the sample and

fluorescence of the protein, as described previously for other standard had absorbance values less than 0.095 at 350 nm.

Pgp substrated ). Briefly, a fixed concentration of purified
Pgp was titrated at 22C with increasing concentrations of

The quantum vyield of H33342 free in buffek, was
calculated using the equation:

H33342. Trp residues were excited at 280 nm, and after each

addition of H33342, the fluorescence was monitored at 325

nm. A control titration was carried out with 2 mM CHAPS

buffer, and the data were corrected accordingly. Quenching

Aqumme
AHS3342

H33342

Q= (5)

qumlne Qqumine

of Trp fluorescence at various H33342 concentrations was whereQquinine the quantum yield of quinine, is known to be

fitted to the following equation, using SigmaPlot (SPSS Inc.,
Chicago IL):

(AF,,/F, x 100) x [S]
+[S]

AF/Fy x 100= 3)

where AF/Fo x 100) represents the percent change in
fluorescence intensity relative to the initial value after
addition of H33342 at a concentration [SANKma/Fo x 100)

is the maximum percent quenching of the fluorescence
intensity that occurs upon saturation of the drug binding site,

andKg is the dissociation constant for binding of H33342 to

0.51in 0.1 N HSOy, Fusssse andFquinine are the integrals of
the fluorescence of H33342 and quinine sulfate in the
wavelength range 360650 nm, respectively, anilzssscand
Aquinine are the absorbances of H33342 and quinine sulfate
at 350 nm, respectively. The quantum yield of H33442 free
in buffer was estimated to be 0.0205.

The quantum vyield for H33342 bound to Pdps, was
calculated by using the equatio81j:

Q= & X (—[S];Fpgp
0

Sl ©)

- [S]f)

Pgp. Fitting was performed by regression analysis using where Qs is the quantum yield of H33342 free in buffer,

SigmaPlot, and values &€y and AFq.x were extracted.

In the second approach, the affinity of H33342 binding to
native Pgp, Pgp-V1INBD, and Pgp-2NBD was estimated
by FRET from Trp residues to the bound dye. A fixed
concentration of purified Pgp was titrated with increasing

concentrations of H33342. Excitation of Trp residues was
carried out at 280 nm, whereas emission was monitored at2[Jp = ([Pgp] + Ky + [S]) —

the emission maximum for H33342. A control titration was
carried out with 2 mM CHAPS buffer, and the data were

corrected accordingly. The enhancement of H33342 fluo-

rescence was computer-fitted to the following equation:

AF 2 % [S]

A+ S]

(4)

[S]s, [S]r, and [S] are the concentrations of bound H33342,
free H33342, and total H33342, respectively, &g, and
Fo are fluorescence emission intensities of H33342 in the
presence and absence of Pgp, respectively.

[S]p and [S] are calculated as follows:

{([Pgp]+ K4+ [S])* —
4[PgplISI}* (7)

(S =[S~ [S (8)

where [Pgp] is the Pgp concentration in micromolar. This

equation is derived from the equation for equilibrium binding

of H33342 to Pgp; Pgp- H33342= PgpH33342.
Determination of Parameters for FRET AnalysiEhe

where AF represents the increase in fluorescence intensity efficiency of resonance energy transtérbetween the donor
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(H33342) and acceptor (NBD) can be written in terms of A
the quantum yield as 40
Qpa g 0r
E=1-— 9 %
Qp ®) 20t
<

=y
(=]
T

where Qpa and Qp are the quantum yields of Pgp-bound
H33342 Qu) in the presence and absence of the NBD , , , , ,
acceptor. B

The efficiency of FRET is related to the inverse sixth
power of the distancd?, between the donor and acceptor in
an isolated donoeracceptor system:

[=]

[=2]
T

H
T

R=R,E '— 1) (10)

AF (arbitrary units x 10'5)
N

L 1 L 1 L

1 2 3 4 5
Concentration H33342 (uM}

R, = (9.8 x 10°)(Jk?Qun %Y (11) FiIGURE 1. Determination of the affinity of binding of H33342 to
Pgp using fluorescence techniques. (A) Quenching of the intrinsic

; : Trp fluorescence of Pgp by binding of H33342. A solution of Pgp
whereJ is the spectral overlap integral between donor and (120ug/mL. protein) in buffer consisting of 2 MM CHAPS/50 mM

acceptor in units of i, Qo is the fluorescence quantum T -HCI/0.15 M NaCl, pH 7.5, was titrated with increasing
yield of the donor, anch is the refractive index of the  concentrations of H33342 at 2Z. Fluorescence emission was
medium between the chromophores, which was taken as 1.33monitored at 325 nm (the emission maximum for Pgp Trp residues),

that of a dilute aqueous solution. The orientation factgr, ~ following excitation at 280 nm. (B) Enhancement of H33342
emission resulting from energy transfer from Trp residues. A

was taken as 2/3. . . . solution of Pgp in 2 mM CHAPS buffer (120g/mL protein) was
The spectral overlap integral)(was determined using the  tjtrated with increasing concentrations of H33342 at°22 Trp
equation: residues were excited at 280 nm, and sensitized emission from
H33342 was monitored at 480 nm. Where error bars are not visible,
fFD(l)eA(/'L)l4d/1 they are contained within the symbols.
= (12) : iy
fFD(i) di wherelyy andlyy are the fluorescence intensities when the
excitation polarizer is oriented in the horizontal direction,
and the emission polarizer is oriented in vertical and
horizontal directions, respectively.

whereRy is the distance in angstroms at which the efficiency
of energy transfer is 50%%, can be calculated from

(=)

o

whereFp is the fluorescence intensity per unit wavelength

interval in the presence of donor onlg, (1) is the molar

extinction coefficient of the acceptor, aAds the wavelength  ResULTS

in centimeters. The fluorescence emission spectra of H33342

bound to Pgp were recorded using excitation at 350 nm, and  High-Affinity Interaction of H33342 with PgfThe lipo-

the absorbance spectra of NBD-labeled Pgp were measuregbhilic fluorescent dye H33342 was previously reported to

using a UV-visible spectrophotometed was calculated  pe transported by Pgp in plasma membrane vesi8®sahd

from the spectral data using a computer program designedreconstituted lipid bilayers3@). To determine the affinity

solely for that purpose by Dr. Uwe Oehler (Department of of binding of H33342 to native and NBD-labeled Pgp, two

Chemistry and Biochemistry, University of Guelph). different approaches were used. The first method used
Measurement of Fluorescence Polarizatidine steady- guenching of the intrinsic Trp fluorescence of Pgp upon

state fluorescence anisotropy,and fluorescence polariza-  H33342 binding, as described previously for other substrates

tion, p, are defined as follows (using T-format measurement (13). Pgp was purified from the plasma membrane of the

on the spectrofluorometer): highly drug-resistant cell line CHB30 by a two-step
solubilization procedure using the detergent CHAPS, fol-
r= lw = G x Iy (13) lowed by removal of contaminating glycoproteins by Con-

lw T 2G x lyy canavalin A-Sepharose chromatograplB4). Titration of

the purified protein with H33342 led to concentration-

p=3r/(r+2) (14)  dependent, saturable quenching of the Trp fluorescence
(Figure 1A). Fitting of the quenching data to an equation
for a single binding site (eq 3; see Materials and Methods)
led to an estimated dissociation constafyi, of 2.61 uM,
indicating that the dye is a relatively high-affinity substrate
for Pgp. The maximal fluorescence quenching at saturation
with H33342 estimated from the computer fitting was 57.2
+ 2.0%. We previously proposed that the quenching of Pgp

Ly Trp residues upon binding of substrates arose from energy
G=— (15) transfer from Trp to the bound drudJ). If this is indeed

I the case, then we would expect enhanced fluorescence

wherelyy andlyy are the fluorescence intensities when the
excitation polarizer is oriented in the vertical direction, and
the emission polarizer is oriented in vertical and horizontal
directions, respectively. Th&-factor is the ratio of the
sensitivities of the detection system for vertically and
horizontally polarized lightG was measured as
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FiIGURE 2: Fluorescence emission spectrum of H33342 € 350 Ficure 3: Enhancement of H33342 fluorescence following interac-

nm) at a concentration of 0.2478M, in 2 mM CHAPS buffer, tion with unlabeled Pgp®), Pgp-V-1INBD (M), and Pgp-2NBD

and in the same buffer in the presence of 12mL Pgp. The (a). Pgp solutions (30@g/mL protein) were titrated with increasing

wavelength of maximum emission is blue-shifted ©22 nm in concentrations of H33342 at 22C, and enhancement of the

buffer with added Pgp, relative to buffer alone. fluorescence emission of the dye was measured at 460 nm following
excitation at 350 nm. The same batch of Pgp was used for all three

emission of H33342 following excitation of Trp residues. titration curves. Where error bars are not visible, they are contained

Figure 1B shows that energy transfer takes place from Trp Within the symbols.

residues to bound H33342; excitation at 280 nm ¢he

15.0

for Trp excitation) resulted in enhanced fluorescence at the 208
emission maximum for H33342. The enhancement was gy o1 %
saturable and concentration-dependent, and could be fitted £ % 100t wessizdonor | - 2
to a binding equation (eq 4) with g4 of 1.14 uM, very §.‘—§ . ‘o 3
close to the dissociation constant measured above for Trp g > 178
quenching. The fact that FRET takes place indicates that the ©E 50T \BDacceptor 1os &
binding site where H33342 interacts with Pgp is close to L8 25f oY
one or more of the emitting Trp residues within the TM oo . | | . i 0'023

regions of the transporter. 200 %0 400 500 600

H33342 Fluorescence Is Enhanced upon Interaction with Wavelength (nm)
Pgp at a Hydr.ophOblc Binding Sitén .aql“!eous solution, FiGure 4: Spectral overlap between H33342 and Pgp-2NBD.
H33342 has minimal fluorescence, which is enhanced when g, orescence emission spectrum of H33342 & 350 nm), and
itis transferred to a nonpolar environme84). The intensity  the UV-visible absorption spectrum of Pgp labeled with NBD-CI
of H33342 fluorescence emission was very low when at both nucleotide binding domains (Pgp-2NBD).
measured in buffer containing 2 mM CHAPS. However, spowed that labeling of Pgp with NBD-CI takes place
when H33342 was added to the same buffer containing selectively at two Cys residues (Cys428 and Cys1071), one
purified Pgp, the fluorescence intensity increased dramati-ithin each of the Walker A motifs of the nucleotide binding
cally, as shown in Figure 2. In addition, there was a large fo|gs, to give a doubly labeled protein, Pgp-2NBB5).
blue shift in the H33342 maximum emission wavelength, Figure 4 shows that the overlap between the fluorescence
Aem from 480 nm in buffer alone to 458 nm in buffer emission spectrum of bound H33342 and the absorption
containing purified Pgp, which indicates that the dye moved gpectrum of Pgp-2NBD is good (see Table 1 for the value
into a much more nonpolar environment in the presence of of the spectral overlap integral), making this donor
the transporter. This shift likely represents interaction of the acceptor pair an excellent choice for FRET experiments.
dye with one of the drug binding sites of Pgp, which are \yhen H33342 was added to a solution of Pgp labeled with
located within the hydrophobic TM regions of the protein. the fluorescent acceptor (Pgp-2NBD), the fluorescence

When unlabeled Pgp was titrated with H33342, it was emission of the dye was greatly reduced compared to the
evident that the fluorescence enhancement observed whessituation where H33342 was added to a solution of unlabeled
the dye binds to the transporter was both concentration- pgp (Figure 5), indicating that energy was being transferred
dependent and saturable (Figure 3, upper curve). Fitting of from the H33342 donor to the NBD acceptors. Titration of
the fluorescence enhancement data to a binding equation (egpgp-2NBD with H33342 led to substantially lower maximal
4) led to an estimate fdkq of 1.05uM. This value is very  enhancement of the dye fluorescence (Figure 3, lower curve).
close to theKq values obtained by Trp quenching, and FRET The affinity of the interaction appeared largely unchanged,
from Trp residues to H33342 (see above), confirming that with a K4 of 0.88xM estimated from the titration curve by
the fluorescence enhancement arises directly from interactioncomputer fitting. Thus, labeling of Pgp with NBD-CI at the
of the dye with the Pgp drug binding site. two ATPase active sites does not affect the reversible

FRET between Bound H33342 and the NBD Probe at the interaction of H33342 with the drug binding site.
Nucleotide Binding Domains of Pgjpo establish the spatial Proximity of Bound H33342 to the NBD Probe at the
relationship between the drug binding site for H33342 and Catalytic Sites.The efficiency of energy transfer was
the ATPase catalytic sites, we used a FRET approach tocalculated from the quantum yield of the H33342 donor in
estimate the distance between bound H33342 (the donor)the absence (unlabeled Pgp) and presence (Pgp-2NBD) of
and an acceptor fluorophore, NBD-CI, covalently bound the NBD acceptor (see eq 9). H33342 interacts reversibly
within the ATPase catalytic sites of Pgp. We previously with the drug binding site of Pgp, so calculation of the
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Table 1: Quantum Yields and Efficiencies of Energy Transfer between the H33342 Donor in the Drug Binding Site and the NBD Acceptor in

the Catalytic Sites of Pgp

quantum yield of H33342p

efficiency of energy transfeg
(%), per NBD acceptor

J(cmMY Ro (A) buffer Pgp Pgp-2NBD Pgp-VINBD Pgp-2NBD Pgp-VINBD
253x 10% 332 (0.0205£ 1.9) x 1072 0.282+ 0.022 0.112+ 0.014 0.148+ 0.017 0.30H: 0.016 0.475+ 0.016
value ofR: 38.2A 33.8A

@ Five independent experiments were carried out for determination of each vale wiith different preparations of Pgp, Pgp-WBD, and

Pgp-2NBD in each case. MeadsSEM are indicated.

30t Pop
é‘ﬂ"-\
g'e 25+
Eg20f
25 .1
g
o5 Pgp-2NBD
55 107 o
= @
=T ost
0.0 b

450 500 550 600

Wavelength (nm)

350 400

Ficure 5: Quenching of H33342 fluorescence emission resulting
from energy transfer to the NBD donor in resting-state Pgp. The

H33342 to Pgp-2NBD was halved, to give the energy-transfer
efficiency per NBD acceptor (Table 1). To date, all the
spectroscopic and kinetic evidence we have gathered indi-
cates that the two nucleotide binding domains of Pgp behave
identically, and a previous FRET study implied that they
were also positioned symmetrically with respect to the bilayer
surface 85).

Estimation of R, the distance between the donor and
acceptor, requires calculation of the valudRpfthe distance
in angstroms at which the efficiency of energy transfer is
50%, for that particular donetacceptor pair. Using eq 11
(see Materials and Methodd$3, for H33342 and NBD was
calculated to be-33 A (see Table 1). We estimated the value

fluorescence emission spectrum of H33342 at a concentration of of R to be 38.2 A for H33342 bound to Pgp-2NBD (Table

0.2475uM was recorded following binding to unlabeled Pgp (100
ug/mL) or Pgp labeled at both nucleotide binding domains with
NBD-CI (Pgp-2NBD; 100ug/mL). Excitation was carried out at
350 nm.
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Ficure 6: Ratio of the quantum yield of H33342 following binding
to Pgp-2NBD @) and Pgp-V1NBD (O), relative to the quantum
yield following binding to unlabeled Pgp, was measured at various
H33342 concentrations. The ratio @, values remains ap-
proximately constant over a range of H33342 concentrations,
reflecting various degrees of occupancy of the drug binding site.

quantum yield of H33342 bound to PgRy), in the presence

1). A previous FRET study using Pgp labeled with a different
fluorophore at the same Cys residues indicated that the
fluorescent groups at the active site were located sym-
metrically with respect to the membrane surfa@5)(
Distance measurements placed them-3% A from the
interfacial region of the bilayer, or 23:27.5 A above the
membrane surface8p). Thus, a measureR value of ~38

A indicates that the binding site for H33342 is positioned
approximately 16-14 A below the bilayer surface. This
places the interaction site for the dye within the cytoplasmic
leaflet of the membrane.

The value of the orientation factar?, was taken as 2/3,
which represents the case where the donor and the acceptor
both rotate rapidly relative to the donor fluorescence lifetime.
As discussed previouslyB6), small differences between the
true and assumed value of give only small errors in the
calculated distances. It has also been argued that the value
of % is not an important issue, since the distances estimated
by FRET for several proteins agree well with distances
determined crystallographicall37). In addition, we calcu-
lated the maximum upper and lower bounds of the error in
R from the measured fluorescence polarization of the donor

and absence of the acceptor, must take account of thisand acceptor, using the estimates computed by Haas et al.

equilibrium. Q, was calculated using egs 6, 7, and 8 (see

(38). Polarization experiments indicated that the valueg of

Materials and Methods), together with known concentrations for H33342 and NBD bound to Pgp were 0.41 and 0.46,

of H33342 and Pgp, and the measured valueKgffor

respectively, giving a maximum error range-b17% inR

H33342 binding to Pgp (see above). The ratio of the quantum by assuming &? value of 2/3.

yield of H33342 when bound to Pgp-2NBD relative to that
when bound to native Pgp remained constant@t30 over
a range of drug concentrations«2 uM; Figure 6, lower

FRET between Bound H33342 and the NBD Probe in
Transition-State PgpTo ascertain whether the distance
separating the H33342 binding site from the NBD probe

curve). This indicates that the energy-transfer efficiency from differs when Pgp progresses through the catalytic cycle from
H33342 to NBD was comparable no matter what the degreethe resting state to enter the transition state, FRET experi-
of occupancy of the drug binding site. The quantum yields ments were carried out on Pgp with vanadate stably trapped
of H33342 free in solution and bound to Pgp in the absence in one catalytic site. Urbatsch et al. previously reported that
and presence of the NBD acceptor are shown in Table 1,addition of vanadate to Pgp in the presence of ATP arid Co
together with the calculated efficiencies of energy transfer. led to a long-lived complex with AD®/;-Co?** trapped in
The measured value of the efficiency of energy transfer from the active site of one nucleotide binding doma’®)( We
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100 F unlabeled Pgp, PgpALNBD (transition-state Pgp), and Pgp-
2NBD (resting-state Pgp). It is clear that the extent of

E 80 guenching of the transition-state complex is lower than that
g of the resting-state protein, because of the presence of one
E NBD acceptor rather than two. However, the efficiency of
8 sl energy transfer per NBD acceptor was higher than that
] measured for resting-state Pgp-2NBD (see Table 1). This
E 20 | led to a slightly lower estimate fdR of 33.8 A (Table 1).
_/./ Thus, the drug binding site also appears to be located within
OO 100 150 200 250 300 the cytoplasmic leaflet of the bilayer when Pgp is in the

Time (min) vanadate-trapped transition state.

FiGUrRe 7: Reactivation of Pgp ATPase activity following trapping
of ADP-V;:Cc*" in the catalytic site. Following removal of

vanadate, the Pgp sample was incubated &C® allow release .
of trapped ADPV-Cc?* from the catalytic site. Pgp samples were Fluorescence spectroscopic approaches have proved to be

removed at various times up to 5 h, and the ATPase activity was & very powerful tool in the study of Pgp4@—42), a
determined. Data are expressed as percent control relative to aransporter for which very little structural information is
sample of purified Pgp that was treated identically, but in the zyailable from other sources. The affinity of drug and
absence of vanadate. nucleotide binding has been quantitated by fluorescence
. guenching 13, 24), and the proximity of the ATPase catalytic
=PFgp . . .
25+ ! g:;’gg:g;;‘;,;sf’ sites to the membrane surfa@SX and thelr separation from
each other43) have been estimated using FRET approaches.
In the present work, we have investigated the spatial
relationship between the drug binding site where H33342
interacts, and the ATPase active sites within the nucleotide
binding folds of Pgp.

The location of the drug binding site(s) of the Pgp

, multidrug transporter has been the object of much specula-

Os0 400 450 500 550 600 650 tion. Recent work has provided indirect evidence that the
Wavelength (nm) drug binding region may be located within the cytoplasmic

Ficure 8: Quenching of H33342 fluorescence emission resulting leaflet of the bilayer. Transport studies with the fluoresc_:ent
from energy transfer to the NBD donor in Pgp-MBD, compared  dyes H33342 and LDS-751 suggested that they were likely
to energy transfer to Pgp-2NBD. The fluorescence emission extracted from the cytoplasmic leaflet of the membra@2 (
spectrum of H33342 at a concentration of 0.24Rbwas recorded 44). Recent work by Ferry et al46) implied that the drug
following binding to unlabeled Pgp, Pgp-¥NBD, or Pgp-2NBD, i ing site for the permanently charged modulator derivative
all at a protein concentration of 10@/mL. Excitation was carried . - .
out at 350 nm. N—methyl-c_iexn|guld|p|ne was accessible only from the
cytoplasmic face of the protein, and we have also reported

therefore used this approach to determine whether the sitethat certain peptide modulators cannot interact with Pgp in
separation changed in the transition state. Addition of ATP intact cells if supplied on the extracellular side of the
to Pgp in the presence of &oled to rapid and complete ~Membrane, but can do so in membrane vesicle systems where

inhibition of ATPase activity. The PgpDP-V;-Co** com- the cytoplasmic face of the membrane is accessi (n

plex was very stable, as indicated by the low rate of the present study, direct FRET measurement of the distance
reactivation of the ATPase activity as ADP dissociates from Separating bound H33342 from NBD probes in the catalytic
the active site. As shown in Figure 7, when PPP-V;- sites clearly places the drug interaction site within the
Co?" was incubated at 22C, ATPase activity was barely — cytoplasmic membrane leaflet. The Pgp molecule appears
detectable after 2 h, and only reached a level of 20% of 10 be structurally and functionally symmetrical with respect
control activity after a period of 5 h. Thus, there is sufficient t0 the nucleotide binding domains. Vanadate is trapped
time for several experimental manipulations while maintain- €qually in the N- and C-terminal halves of the proted)(

ing the trapped state. The stab|y trapped vanada@" so that the SpeCieS ng‘WBD will consist of a mixture
complex of Pgp was labeled with NBD-CI, to give Pgp-v  Of Pgp with the N-half trapped and Pgp with the C-half
1NBD, followed by binding of H33342. The quantum yield trapped. Thus, both Pgp-2NBD and PgpaWBD should

of H33342 was higher when bound to PgpaANBD behave symmetrically in FRET experiments; if any small
compared to Pgp-2NBD, thus resulting in higher overall differences do exist between the two halves, we will obtain
fluorescence emission, because of the presence of only onétn average of the FRET distance for each half.

acceptor fluorophore (Figure 8, was relatively constant The present work represents the first direct measurement
at~0.52 over a range of drug concentrations (Figure 6, upper of the location of the drug binding sites within Pgp relative
curve). As shown in Figure 3 (middle curve), the vanadate- to the other domains, and allows us to start building up a
trapped state of Pgp bound H33342 with similar affinity, low-resolution FRET map of the protein. Figure 9 shows a
0.76 uM, compared to native Pgp and Pgp-2NBD. Energy simple model of the Pgp molecule, with distances that have
transfer from the donor dye to the bound NBD acceptor was been measured by FRET indicated. We recently showed that
examined for the vanadate-trapped state. Figure 8 shows theéhe two ATPase active sites were closely associated, with
H33342 fluorescence emission spectra for dye bound toan estimated distance of 30 A between the side chain S atoms

DISCUSSION

H33342 fluorescence intensity
(arbitrary units x 10
>




Proximity of Bound H33342 to Catalytic Sites of Pgp Biochemistry, Vol. 41, No. 14, 2002751

closer to the membrane surface by about 4 A. Thus, our
fluorescence data clearly indicate that H33342 is still bound
within the cytoplasmic membrane leaflet at this stage of the
catalytic cycle, and at approximately the same location within
the cytoplasmic leaflet. Van Veen and co-workers have
proposed that the bacterial multidrug transporter LmrA
(which is closely related to Pgp) possesses two drug binding
sites B4): a transport-competent site on the cytoplasmic
membrane side of the membrane, and a drug-release site on
the extracellular side of the membrane. The interconversion
> of these two sites is thought to occur via the catalytic
30A transition-state intermediate, driven by ATP hydrolysis. The
FiGURE 9: Low-resolution map of Pgp as determined by FRET. mechanism proposed for LmrA may also apply to Pgp and

Experiments using a donor and acceptor covalently linked to the
Walker A Cys residues within the wo nucleotide binding folds Cther ABC transporterst). The results of the present study

NBF1 and NBF2 43) place the S atoms-30 A apart, indicating  "Ule out mechanistic proposals for the transport process where
that their separation is compatible with the X-ray crystal structure the drug has already moved to the exofacial site in the
of Rad50cd 48). Each nucleotide binding domain is shown as transition state, or has been released from the binding site
contributing residues to the active site of the partner domain. A a|together_ This suggests that prior dissociation;cfrfel/or

previous study in our laboratory localized the ATPase active sites ; ; ;
of the nucleotide binding folds about 23-:37.5 A from the bilayer ADP is necessary for drug relocation to take place. This

surface 85). The present study indicates that the binding site for €onclusion is in agreement with the work of Senior et al.,
H33342 is about 38 A from the NBD fluorescent probe covalently Who have already suggested that the catalytic step most likely
bound to ATPase active site, placing it within the cytoplasmic leaflet providing the energy to drive transport is dissociation of P
of the membrane. The location of this site relative to the catalytic 0(22).

site is largely unchanged in the vanadate-trapped state. A secon - . . . .
drug binding site is shown overlapping with the site for H33342;  Based on photoaffinity labeling experiments using azido

evidence for the existence of multiple drug binding sites is discussed drug analogues, it has been proposed that Pgp has a very
in the text. low affinity for drug substrates when in the vanadate-trapped

transition state §6). This decrease in drug affinity was

of the two Cys residuestB). This separation is compatible proposed to allow for release of the bound drug during the
with the recently reported crystal structure of the Rad50cd transport cycle. The results of the present study clearly show
dimer @8), but not with that of the HisP dimer4§). that H33342 is still bound to Pgp, with a similar high affinity,
Accordingly, Figure 9 shows the two nucleotide binding in the long-lived transition state formed by trapping with
domain aligned as in the Rad50cd dimer, with the C motif vanadate and G6. We have also been able to demonstrate
(ABC signature region) of each nucleotide binding domain unchanged high-affinity binding of several other drugs to
contributing to the active site of the other domain in the purified Pgp in the vanadate-trapped state (Q. Qu and F. J.
dimer. Previous work indicated that the two active sites were Sharom, unpublished data). The efficiency of photoaffinity
symmetrically arranged relative to the membrane, about labeling (which is usually unknown) depends on protein
23.5-27.5 A away from the membrane surfa®5), and conformation around the photoactive probe. Since the
thus the present work places the H33342 binding site 10 conformation of the vanadate-trapped state is known to be
14 A below the membrane surface. We currently do not know distinctly different from that of resting-state Pgp7( 58), it
the orientation of the nucleotide binding domain dimer is likely that the observed lack of photolabeling in the trapped
relative to the membrane. state reflects a change in protein conformation, rather than

The location of the drug binding site within the cytoplas- a real decrease in drug binding affinity. This type of effect
mic leaflet of the membrane is also in accord with the original has already been observed by Sankaran et al., who noted
suggestion that Pgp may operate as a drug flipp&8g (  that, while 8-azido-ATP could be cross-linked to Pgp after
Evidence to support this view has grown in recent years. transition-state trapping, in the case of 2-azido-ATP there
Pgp can act as a flippase for various fluorescent phospholipidwas no covalent labeling in the trapped st&@) (However,
derivatives in intact cellsi({, 52), and our laboratory recently  the 2-azido analogue bound to Pgp with the same affinity as
demonstrated that Pgp reconstituted into proteoliposomes ofassessed by inhibition experiments. They concluded that, in
defined phospholipids can translocate a number of phospho-the trapped state, there are no suitable amino acid side chains
lipid species and sphingomyelin from one lipid leaflet to the adjacent to the photoactivated 2-position of bound 2-azido-
other 63). In contrast, Shapiro and co-workers have sug- ATP, whereas the reverse is true for the 8-azido analogue.
gested that, while Pgp takes it substrates from the cytoplasmicThus, caution should be used when interpreting photoaffinity
leaflet, it delivers them to the external aqueous environment, experiments to assess binding affinities in the absence of
rather than the other leaflet of the membra82).(A more additional independent information.
detailed examination of the process of drug transport using Using transport studies with H33342 and rhodamine123,
reconstituted systems will likely be necessary to resolve this Shapiro and Ling showed that certain classes of Pgp sub-
issue. strates displayed positive allosteric interactions, and they pro-

Our results indicate that the site where H33342 interacts posed the existence of two separate (possible overlapping)
is also located within the cytoplasmic leaflet of the membrane drug binding sites, which they designated the H site (for
when Pgp is trapped in a stable transition-state conformationH33342) and the R site (for rhodaminel23)5)
using orthovanadate and €oThe estimate oR is slightly Rhodaminel23 bound to the R site and stimulated H33342
smaller, placing the bound drug in the cytoplasmic leaflet, transport via the H site, and H33342 bound to the H site

23.5-27.5 A
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and stimulated rhodamine123 transport via the R site. These 27.

sites are clearly interconnected functionally, but the spatial
relationship between them is unknown. Using transport

measurements in reconstituted proteoliposomes containing »g.

Pgp, we have mapped the binding of many different drug

substrates, a number of which are fluorescent, to the H or 30.
the R site (P. Lu and F. J. Sharom, unpublished data). Using
the FRET approach described here, we have mapped the °~

location of the H site; it should be possible to do the same
for the R site, and to ascertain whether it is also located

within the cytoplasmic leaflet of the membrane.
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