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Transition State P-glycoprotein Binds Drugs and Modulators with Unchanged
Affinity, Suggesting a Concerted Transport Mechariism
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ABSTRACT. The P-glycoprotein multidrug transporter is a plasma membrane efflux pump for hydrophobic
natural products, drugs, and peptides, driven by ATP hydrolysis. Determination of the details of the catalytic
cycle of P-glycoprotein is critical if we are to understand the mechanism of drug transport and design
ways to inhibit it. It has been proposed that the vanadate-trapped transition state of P-glycoprotein (Pgp
ADP-V;-M2+, where M is a divalent metal ion) has a very low affinity for drugs compared to resting
state protein, thus leading to binding of substrate on the cytoplasmic side of the membrane and release of
substrate to the extracellular medium (or the extracellular membrane leaflet). We have used several different
fluorescence spectroscopic approaches to show that isolated purified P-glycoprotein, when trapped in a
stable transition state with vanadate and eitheér@oMg?", binds drugs with high affinity. For vinblastine,
colchicine, rhodamine 123, and doxorubicin, the affinity of the vanadate-trapped transition state for drugs
was only very slightly (less than 2-fold) lower than the binding affinity of resting state Pgp, whereas for
the modulators cyclosporin A and verapamil and the substrate Hoechst 33342, the binding affinity was
very similar for the two states. The drug binding affinity of the ADP-bound form of the transporter was
also comparable to that of the unoccupied transporter. These results suggest that release of drug from the
transporter during the catalytic cycle precedes formation of the transition state.

The ABC superfamily represents one of the largest and removing toxic compounds from the membrane to the
most important families of membrane proteins in both extracellular medium1@). The drug binding sites of Pgp
prokaryotes and eukaryotet—<4). ABC proteins carry out  are likely accessible from the lipid bilayer, rather than the
either import or export of their substrates across the plasmaaqueous phase, and the partitioning of the transport substrate
membrane or organelle membranes of cd)s jowered by into the membrane plays an important role in modulating
ATP hydrolysis at two cytosolic nucleotide binding (NB) both drug binding to the proteirl®) and the rate of drug
domains 6, 7). The multidrug transporters represent a very transport 20). Recent work in our laboratory using fluores-
important subset of the ABC superfamily, since they are cence resonance energy transfer (FRET) has localized the
responsible for resistance to antibiotics and antifungal agentshinding site for the drug substrate Hoechst 33342 to the
in microorganismsg§—11) and resistance to multiple chemo- cytoplasmic leaflet of the bilayer(). This is in keeping
therapeutic agents in many human canc&gs-(14). Defec- with the proposal that Pgp may be a drug flippa&8),(
tive ABC transporters have also been implicated in a number moving its substrates from the cytoplasmic leaflet to the
of human diseased$). Understanding the catalytic cycle extracellular leaflet of the membrane, and indeed, reconsti-
of ABC transporters is thus an important goal and is tuted Pgp can flip a variety of fluorescently labeled phos-
necessary if we are to develop strategies for modulating thepholipids from one leaflet of the bilayer to the oth@2).

function of this group of proteins. Considerable progress has been made in the past few years
The most studied ABC multidrug transporter is the MDR1 toward understanding both the structure and the catalytic
P-glycoprotein (Pgp), which acts as an efflux pump for cycle of Pgp. Two recent structures of complete bacterial
hundreds of hydrophobic natural products, drugs, and pep-ABC transporters, the lipid flippase Msb23) and the
tides of diverse structurel, 17). The protein has been  vitamin B, importer BtuCD 24), showed different modes
proposed to behave as a “hydrophobic vacuum cleaner”, of interaction for the two NB domains. In the MsbA structure,
the two domains were quite widely separated and not in direct
" This work was supported by a grant to F.J.S. from the National cOntact, whereas they were closely interdigitated in BtuCD.
ganp?r Institute of Canada, with funds provided by the Canadian CancerThe latter structure resembled that previously modeled by
ociety. _ . Jones and George®) and later reported for Rad50c@g),
g CEeSEedene shoud e adkresse o i autrr, Pones S183,1C1C G2l Gomain contriutes residues to e acive Sie of
1 Abbreviations: ABC, ATP binding cassette; CHAPS, 3-[(3- the partner domain. Biochemical evidence that the NB
cholamidopropyl)dimethylammonio]-1-propanesulfonate; FRET, fluo- subunits of the bacterial maltose permease are also arranged

rescence resonance energy transfer; H33342, Hoechst 33342; IAAP,; ; ; e2i7]. Li ;
iodoarylazidoprazosine; MDR, multidrug resistance/resistant; MIANS, in this fashion was recently report - Likewise, the NB

2-(4-maleimidylanilino)naphthalene-6-sulfonic acid; NB, nucleotide domains of Pgp appear to be closely associags] 29),
binding; Pgp, P-glycoprotein. similar to the organization of Rad50cd and BtuCD.
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Studies with vanadate trapping have led to considerable (90—95%) was obtained in 2 mM CHAPS in 50 mM Tris-
insight into the catalytic cycle of Pgp. Following ATP HCI/0.15 M NaCl/5 mM MgC}, pH 7.5, stored on ice, and
hydrolysis and the dissociation of, Brthovanadate can enter used within 24 h. The protein concentration of purified Pgp
the active site of one NB domain and form a stable was determined as described by Peter@ (sing bovine
pentacoordinate complex consisting of P&PP-V;-M?", serum albumin (crystallized and lyophilized, Sigma) as a
where M is a divalent cation (M, Mn?*, or C&*) (30). standard.

The vanadate-trapped state is thought to mimic the catalytic Preparation of Vanadate-Trapped Transition State Pgp
transition state of the protein during the normal ATP A stock solution of 100 mM sodium orthovanadate was
hydrolysis pathway. Vanadate trapping results in abolition prepared at pH 10, and aliquots were boiled for 4 min before
of ATPase activity at both NB domains, leading to the use to degrade polymeric species. For preparation of the Co
proposal that the two active sites of Pgp cooperate during form of transition state Pgp, a 3Q@y aliquot of purified
catalysis and alternately carry out ATP hydrolysi$)( Slow protein was incubated at 3T in a total volume of 1.5 mL
loss of vanadate from the active site leads to restoration of of CHAPS buffer (2 mM CHAPS/50 mM Tris-HCI/0.15 M
ATPase activity, with the rate of recovery depending on the NaCl, pH 7.5) in the presence of 5 mM CeCl mM ATP,
divalent cation 80). and 0.2 mM vanadate. After 20 min, the mixture was eluted

The vanadate-trapped transition state represents a verjfhrough a Bio-Gel P6 gel filtration column (Bio-Rad
useful tool for dissecting the catalytic cycle of Pgp. The Laboratories, Mississauga, Ontario, Canada) preequilibrated
conformation of the transition state appears to be significantly With 2 mM CHAPS buffer to remove excess ATP, vanadate,
different from that of the resting state of the protein, as shown CoCh, and R, and transition state Pgp was collected. The
by proteolysis 82) and electron microscopy studied3. It Mg?* form of the transition state complex was prepared by
has been reported that vanadate-trapped Pgp shows greatlincubating 30Q:g of Pgp at 37°C in a total volume of 1.5
reduced photoaffinity labeling by the substrate analogue ML of CHAPS buffer (2 mM CHAPS/50 mM Tris-HCI/0.15
[123]iodoarylazidoprazosine (IAAP)34), and on the basis M NaCl, pH 7.5) in the presence of 5 mM MgClL mM
of these results, it was proposed that the transition state had® TP, and 0.2 mM vanadate. In this case, because of the
a much lower [30-fold 35)] binding affinity for drugs. A shorter lifetime of the Mg complex, the excess reagents
mechanism was proposed whereby a change in the “sided-Were not removed, so that any reactivated complex would
ness” of the drug binding site, together with a large drop in Pe immediately reconverted to the trapped state. Th&"Mg
binding affinity, would lead to release of transport substrate dependent ATPase activity of the Pgp transition state
from the transition state complex to the extracellular side complexes was determined both before and immediately after
(or the extracellular leaflet) of the membrane. On the basis the spectroscopic measurements by measuring the release
of trypsin susceptibility experiments, Zhang and co-workers Of P using a colorimetric method3g, 39). ATPase assays
proposed that the ADP-bound form of Pgp also has very were carried out for 5 min at 37C in assay buffer (50 mM
low affinity for binding the MDR drug vinblastine3§). Tris-HCI/0.15 M NaCl/5 mM MgCj, pH 7.5) in the presence

In the present work, we prepared purified transition state of 1 me‘TP' B(_)th the C& transition state CO_mP"”? _and
Pgp by trapping of ADPV; in one active site, using both the Mgt transition state complex showed insignificant

Co*" and Mg, to form a stable complex. Several different ATPase activity at .bOth time points. . .
fluorescence spectroscopic approaches were then used to -@Peling of Resting State and Transition State Pgp with

: L i MIANS. For measurement of drug affinity to resting state
guantitate the binding of drugs and modulators to transition ; ;
state Pgp and to ADP-bound protein. We found that both P9P Py MIANS quenching, Pgp was labeled with MIANS

vanadate-trapped Pgp and ADP-bound Pgp showed esat both NB domains4(0). Purified Pgp {200u49) in a total

sentially unchanged drug binding affinity compared to resting Yolume of 1 mL in 2 mM CHAPS/50 mM Tris-HCI, pH

state protein. These results imply that release of drug from /-2 Was incubated with 3@M MIANS at 22°C for 30 min

; ; the dark. Protein labeled with MIANS at both NB domains
the transporter during the catalytic cycle precedes the "
formation of the transition state and provide evidence that (PIP-2MIANS) was separated from unreacted MIANS by

drug transport takes place via a concerted mechanism. ~ Passing through a Bio-Gel P-6 gell filtration column equili-
brated with 2 mM CHAPS buffer. To prepare transition state

Pgp labeled with MIANS at only one NB domain (Pgp-V
MIANS), Co?*-trapped Pgp prepared as described above was
incubated with 3Q«M MIANS at 22 °C for 30 min in the
Materials 3-[(3-Cholamidopropyl)dimethylammonio]-1-  dark. To remove unreacted MIANS, the sample was passed
propanesulfonate (CHAPS), bl P, sodium orthovanadate, through a Bio-Gel P6 gel filtration column preequilibrated
vinblastine, colchicine, rhodamine 123, doxorubicin, and with 2 mM CHAPS buffer. Samples of Pgp-2MIANS and
verapamil were obtained from Sigma Chemical Co. (St. pgp-\-MIANS were adjusted to the same protein concentra-
Louis, MO). Cyclosporin A was provided by Pfizer Central tion of 50 ug/mL.
Research (Groton, CT). 2‘(aleimidylanilino)naphthalene- Fluorescence Measuremenfauorescence spectra were
6-sulfonic acid (MIANS) and Hoechst 33342 (H33342) were recorded on a PTI Alphascan-2 spectrofluorometer (Photon
supplied by Molecular Probes (Eugene, OR). Technology International, London, Ontario, Canada) with the
Purification of Pgp Pgp was purified from plasma cell holder thermostated at 2 and a 2 nnexcitation and
membrane vesicles isolated from the MDR Chinese hamsteremission band-pass. A built-in automatic correction system

MATERIALS AND METHODS

ovary cell line CHB30, as previously describe@1, 28).
Plasma membrane vesicles were stored frozer7d °C

was used to correct the emission spectra of labeled Pgps.
Studies of fluorescence quenching of MIANS-labeled resting

for no longer than 3 months before use. The purified protein state and transition state Pgp by various substrates were
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carried out in the presence of large unilamellar vesicles of above. The experimental Trp quenching data were fitted to
asolectin (soybean phospholipids). Large unilamellar asolec-an equation for binding to a single site (see above), and the
tin vesicles were prepared by extrusion through 100 nm value of Ky was determined.

polycarbonate filters4l, 42) and added to the Pgp solution Determination of the Affinity of Drug Binding to Resting
at the final concentration of 0.5 mg/mL. The working and Transition State Pgp Using Enhancement of H33342
solutions of drugs and modulators were also prepared in 2 FluorescenceBinding of H33342 to Pgp was quantitated
mM CHAPS containing 0.5 mg/mL asolectin. Controls using enhancement of H33342 fluorescence upon binding

containing unlabeled Pgp were used to correct the measuredo Pgp, as previously describe®lj. A fixed concentration

fluorescence intensity for light scattering. The inner filter

of Pgp in either the resting state or the WMdrapped

effect was corrected at both the excitation and emission transition state (prepared as described above) was titrated

wavelengths as described previousiy,(43, 44), using the
equation:

Ficor = (F| - B)(VI/VO) X 100'3)(Alex+AAem)

whereFic is the corrected value of the fluorescence intensity,
Fi is the experimentally measured fluorescence intenBity,

with increasing concentrations of H33342. The fluorescence
emission of the drug was determined at 460 nm following
excitation at 350 nm. The following equation was used to
correct the fluorescence enhancement data:

Ficor = (Fi - Bi)(vi/Vo) X 100'33(Alem+A»1em)

is the background fluorescence intensity caused by scatteringwhereB; is the fluorescence intensity of free H33342 in 2

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

are the absorbance of the sample at the excitation and

emission wavelengths, respectively.

Determination of the Affinity of Drug Binding to Resting
and Transition State Pgp Using MIANS Quenchifdixed
concentration of MIANS-labeled resting state Pgp (Pgp-
2MIANS) or MIANS-labeled transition state Pgp (Pgp-V
MIANS) was titrated at 22C with increasing concentrations

mM CHAPS buffer. The H33342 fluorescence enhancement
data were fitted to the equation:

AF = AF o {SI/(Ky + [S])

where AF represents the increase in fluorescence intensity
relative to the initial value after addition of H33342 at a
concentration [S], andFnais the maximum enhancement
in fluorescence intensity that occurs upon saturation of the
drug binding site, and a value féf; was estimated.

of drugs and modulators. Fluorescence quenching titrations  Photoaffinity Labeling of Resting and Transition State Pgp

were performed by successively addingl5aliquots of drug
working solution to 50Q:L of MIANS-labeled Pgp, in the

with [*H]Azidopine.Co**-trapped transition state Pgp was
prepared as described above. Photoaffinity labeling was

presence or absence of 3 mM ADP. The steady-state MIANS carried out according to Loe and Sharod6) Briefly,
fluorescence was measured at 420 nm for 20 s at anpurified resting state or transition state Pgg2(5 ug) was

excitation wavelength of 322 nm. Quenching of MIANS

incubated at room temperature (22) or on ice in 50 mM

fluorescence at various drug concentrations was fitted to the Tris-HCI/0.15 M NacCl, pH 7.4, withJH]azidopine (200 nM,

following equation, which describes binding to a single
affinity site:

(AF,,,/Fo x 100)[S]
Kq + [S]

AF/F, x 100=

where AF/F; x 100) represents the percent change in
fluorescence intensity relative to the initial value after
addition of drug at a concentration [S\Fma/Fo x 100) is

51 Ci/mmol; Amersham Biosciences) in the presence or
absence of 1 mM ATP, 200M orthovanadate, and 5 mM
Mg?* for 20 min under subdued light. The samples were
then illuminated with a UV lamp for 20 min either at room
temperature or on ice. Samples were analyzed by -SDS
PAGE on a 10% Trisglycine gel, followed by auto-
radiography. The Pgp band intensities on the autoradiograms
were quantitated by scanning densitometry, followed by
analysis using Scion Imaging software (Scion Corp., Fred-

the maximum percent quenching of the fluorescence intensity erick, MD).

that occurs upon saturation of the drug binding site, lénd
is the dissociation constant for binding of drug to Pgp.
Experimental quenching data were fitted to the binding

RESULTS

equation by regression analysis using SigmaPlot, and the Transition State PgpTransition state Pgp was prepared

value of K4 was extracted.
Determination of the Affinity of Drug Binding to Resting
and Transition State Pgp Using Intrinsic Trp Quenching.

by trapping either ADRV;-Co** or ADP-Vi-Mg?" in one of
the NB domain active sites. We and others have previously
shown that trapping of vanadate in one of the catalytic sites

Drug hinding to Pgp was also quantitated using quenching using Cé" as the divalent cation produces a highly stable

of the intrinsic Trp fluorescence of the protein by bound drug,
as previously describedl%). A fixed concentration of Pgp
in either the resting state or the Ktgtrapped transition state

transition state complexX2(, 30). The C8* complex loses
Vi and ADP from the active site, with recovery of ATPase
activity, quite slowly compared to the situation when¥lg

(prepared as described above) was titrated with increasingis used. Only~10% activity is regained afte3 h (21),
concentrations of drug or modulator. The Trp residues of allowing MIANS labeling and subsequent spectroscopic
Pgp were excited at 295 nm, and after each addition of experiments to be carried out. In the case of the stabte-Co
substrate, the steady-state fluorescence intensity was recordettapped complex, excess reagents (ATP, GOCl R, etc.)

at 325 nm. The fluorescence intensities were corrected forwere removed by gel filtration chromatography prior to
dilution, scattering, and the inner filter effect as described carrying out fluorescence experiments. ATPase activity
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measurements were carried out both before and after the A
spectroscopic analysis to confirm that the inactive transition
state had been achieved and that no significant amounts of
active Pgp had been re-formed during this time period.

Experiments were also conducted with the3Wgprm of
the vanadate-trapped transition state. In this case, the complex
is less stable and loses &hd ADP more rapidly when excess
reagents are removed (half-time 960 min at 37°C) (28, b
30), reverting to catalytically active resting state Pgp. In this 0e : ' : :
case, to prevent exit from the transition state during the o 2 4 6 8

. . Vinblastine concentration (uM)
spectroscopic experiments, excess ATP, Mg&id \ were
not removed, so that any resting state Pgp is immediately
converted back into the transition state complex. ATPase
activity measurements confirmed that the transition state
complex was formed and was still present at the completion
of the spectroscopic experiments.

Affinity of Drug Binding to MIANS-Labeled Resting State
and Transition State Pgp Using Quenching of MIANS 20
FluorescencePurified Pgp is labeled with the sulfhydryl-
reactive fluorophore MIANS via covalent modification of 0® l l ! !
Cys 428 and Cys 10740, 47) within the Walker A motifs o 1 20 30 40
of the NB domains (Pgp-2MIANS). Photoaffinity labeling Doxorubicin concentration (M)
and fluorescence studies have shown that MIANS-labeled FiGUrRe 1: Quenching of MIANS-labeled Pgp fluorescence on

i i ; T binding of the MDR drugs, vinblastine (A) and doxorubicin (B).
Pgp binds drugs and nucleotides with normal affinif,( Solutions (20Q:g/mL) of untreated resting state Pgp (Pgp-2MIANS,

48, 49). Its ATPase activity is mactlvgted likely by a steric @), the C&+ form of vanadate-trapped Pgp (PgpMIANS, O),
effect. The protein can be loaded with drug and ATP but and ADP-bound Pgp-2MIANS#) were titrated with drug at 22
will not progress further, which is an advantage when °C, and the fluorescence emission at 420 nm was recorded after
dissecting out the conformational changes associated withexcitation at 322 nm. The quenching data were fitted to a binding
the catalytic cycle. We previously showed that MIANS- equation (solid line), and a value f&y was estimated. The same

labeled Pgp was quenched in a saturable, Concentration_bat(:h of Pgp was used for resting state, ADP-bound, and transition

’ state experiments. Titrations were carried out in duplicate. Where
dependent fashion by MDR drugs and modulators and thaterror bars are not visible, they are contained within the symbols.
this property could be used to quantitate dissociation
constants for binding of these compounds to the transporterTable 1: Binding Affinity of Resting State and Transition State Pgp

(40). MIANS quenching was attributed to a conformational for Drugs and Modulators Determined Using MIANS Quenching

AFIF, (x 100)

[}

AF/F,, (x 100)

change in the protein following interaction of the drug with Ka (uM)?

the putative membrane-embedded substrate binding site, resting state

which alters the local environment of the MIANS probe in resting state  transition state  ADP-bound

the NB domains. This “cross-talk” between domains of the drug Pgp-2MIANS  Pgp-Vi-MIANS  Pgp-2MIANS

protein is presumably part of the mechanism by which ATP wpr drugs

hydrolysis is coupled to drug binding to power transport. In  vinblastine 1.08t 0.06 2.32£0.32 1.27+0.13

the present study, both untreated resting state Pgp and the rhodamine 123  17.50.8 24.2+0.1 18.7+0.9
doxorubicin 179+ 1.4 321+ 1.9 18.2+1.8

Co?*-trapped transition state Pgp were Iabelgd with MIANS colchicine 111t 12 1864 24 1384 19

at the Cys residues in the Walker A motifs of the NB modulators

domains. In the case of resting state Pgp, two MIANS groups  verapamil 2.9% 0.16 3.10+0.19 3.26+0.17

are incorporated’ one in each active 54@)( g|v|ng ng- cyclosporin A 0.51A4 0.047 0.491 0.034 0.603+ 0.025
2MIANS, whereas for vanadate-trapped Pgp, only the Cys 2 Three independent experiments were carried out for determination

in the unoccupied active site is labeled, producing Pgp-V of each value oKq, with different preparations of Pgp and Pgp-V
MIANS (28). MIANS in each case. Means SEM are indicated.

Addition of various drugs and modulators was carried out
using three purified Pgp samples in parallel: the resting stateaffinities for binding vinblastine and doxorubicin (see Table
in the absence of added nucleotide (NB domains un- 1). The C8" transition state complex, on the other hand,
occupied), the resting state with added ADP (ADP bound), had a slightly {2-fold) lower drug binding affinity. Similar
and the C&" transition state complex (NB domains un- results were noted for two other structurally unrelated MDR
occupied). As shown in Figure 1, the MDR transport sub- drugs, rhodamine 123 and colchicine. The transition state
strates vinblastine and doxorubicin produced saturable complex was found to have a slightly high&g value
quenching of the MIANS label in the Cbtransition state ~ compared to the resting state protein, whether it was free of
complex, as well as the resting state protein with both un- nucleotide or ADP bound (Table 1).
occupied NB domains and with ADP bound. All three quench  Figure 2 shows the results observed following addition to
curves were quite similar in terms of overall appearance andthe various MIANS-labeled Pgp complexes of two com-
the maximum level of quenching reached. Estimation of the monly used MDR modulators, verapamil and cyclosporin
K4 values for binding by curve fitting indicated that nucleo- A. Once again, very similar quench curves were noted. In
tide-free and ADP-bound resting state Pgp has very similar both cases, the Cotransition state complex and ADP-bound
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A

AF/F (x 100)

AF/F (x 100)

2 3

Cyclosporin A concentration (uM)
Ficure 2: Quenching of MIANS-labeled Pgp fluorescence on
binding of the MDR modulators, verapamil (A) and cyclosporin A
(B). Solutions (20Qug/mL) of untreated resting state Pgp (Pgp-
2MIANS, @), the Cé*+ form of vanadate-trapped Pgp (Pgp-V
MIANS, O), and ADP-bound Pgp-2MIANS&) were titrated with
modulator at 22C, and the fluorescence emission at 420 nm was
recorded after excitation at 322 nm. The quenching data were fitted
to a binding equation (solid line), and a value Kgrwas estimated.
The same batch of Pgp was used for resting state, ADP-bound,
and transition state experiments. Titrations were carried out in
duplicate. Where error bars are not visible, they are contained within
the symbols.

resting state protein showed slightly lower levels of maxi-
mum quenching compared to nucleotide-free resting state
Pgp. Determination of binding affinity showed that all three
forms of Pgp had very simildy values (Table 1), with the
ADP-bound complex showing a tendency to a very slightly
lower affinity. Thus it appears as if both the transition state
and ADP-bound forms of MIANS-labeled Pgp can bind a
variety of drugs and modulators with the same affinity as
resting state protein.

Using binding of fH]vinblastine to Pgp by a filtration

Biochemistry, Vol. 42, No. 5, 20031349

1

40

20
Doxorubicin concentration (uM)

30

Ficure 3: Quenching of Pgp intrinsic Trp fluorescence on binding
of doxorubicin. Solutions (10@g/mL) of untreated resting state
Pgp @), the Mg form of vanadate-trapped Pg@), and ADP-
bound Pgp ) were titrated with drug at 22C, and the
fluorescence emission at 325 nm was recorded after excitation at
295 nm. The quenching data were fitted to a binding equation (solid
line), and a value foKy4 was estimated. The same batch of Pgp
was used for resting state, ADP-bound, and transition state
experiments. Titrations were carried out in duplicate. Where error
bars are not visible, they are contained within the symbols.

Table 2: Drug Binding Affinity of Resting State and Transition
State Pgp Determined Using Trp Quenching

Kq (M)

resting state

drug resting state transition state  ADP bound
vinblastine 1.62+ 0.16 2.06+ 0.37 1.66+ 0.26
doxorubicin 14.4+ 1.56 142+ 1.29 19.4+ 2.90

aThree independent experiments were carried out for determination
of each value oKy, with different preparations of Pgp in each case.
Means+ SEM are indicated.

data to a binding equation can be used to estiratealues

for drug binding 45). In these experiments, we used the
Mg?* form of the transition state complex in the presence
of excess reagents to prevent exit from the transition state.
Titration of the three forms of Pgp with doxorubicin led to
saturable quenching of the Trp fluorescence (Figure 3). The
transition state complex showed a somewhat higher maxi-
mum quenching, but overall the three curves were compa-
rable and the estimatdd, values were also in the same range
(Table 2). Similar results were obtained for vinblastine (Table
2). Thus, the native (unmodified) Mgtrapped transition
state complex is also able to bind MDR drugs with normal

method, Callaghan and co-workers reported that Pgp has aaffinity, as is the ADP-bound form of the protein.

10-fold higher affinity binding sitelq = 80 nM) in addition

to a site of similar affinity to that found here (QuM) (50).

To date, there have been no other reports of a very high
affinity binding site for vinblastine. The vinblastine binding
affinity found by the fluorescence experiments in this work
is very similar to that reported by Druley et al. using antibody
binding 61) and Doppenschmitt et al52), who employed

a radioligand binding assay.

Affinity of Drug Binding to Resting State and Transition
State Pgp Using Quenching of Intrinsic Trp Fluorescence.

Affinity of Hoechst 33342 Binding to Resting State and
Transition State Pgp Using Enhancement of Fluorescence
The lipophilic dye, H33342, is known to be transported by
both plasma membrane-bound PdyB)(and purified Pgp
(54). More recently, we showed that H33342 bound to Pgp
with high affinity (Kg = ~1-2 uM) and that direct
interaction of the drug with the hydrophobic substrate binding
site of the purified transporter led to a large enhancement of
its fluorescence emissio21). As shown in Figure 4, titration
of H33342 with resting state Pgp led to a concentration-

We now wished to test whether native unmodified Pgp can dependent, saturable increase in the fluorescence emission
bind drugs when in the transition state and the ADP-bound of the dye. AKq value of 1.22uM was estimated by fitting
form. Binding of drugs and modulators to purified Pgp results of the experimental data to an equation for a single affinity
in quenching of the intrinsic Trp fluorescence of the native binding site (see Materials and Methods). The?Méprm
protein @5). We previously showed that this quenching likely of vanadate-trapped Pgp also showed saturable fluores-
results from FRET between membrane-bound Trp residuescence enhancement, indicating that the transition state
and the drug molecule. Trp quenching is saturable andcomplex is still able to bind this drug (Figure 4). The bind-
concentration dependent, so that fitting of the experimental ing affinity of vanadate-trapped Pgp was almost identical to
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of the Pgp transition state complex was reduced to 19%

relative to untrapped Pgp, and this increased to 36% in the

presence of ATP/vanadate/Rtg At 22 °C, untrapped Pgp

displayed a reduction of labeling intensity to 43% in the

presence of ATP/vanadate/Rkfg Transition state Pgp gave

a relative intensity of 42%, and this was reduced to 35%

when ATP/vanadate/Mg was added. Thus, although there

is a reduction in the intensity of azidopine labeling in the

00 : ' : : . transition state, its magnitude depends on both the temper-
0 2 4 6 , & 10 ature at which the incubation and cross-linking are carried

H33342 concentration (uM) out and the presence of excess trapping reagents. Since the

'r:é(;ltJiﬁE ttaing?]gcfrgrelgittigrfl "s"t3a3£4}23 ﬂuorse;ﬁ‘t*iggg zgﬂgi[‘dgf‘g 10 fluorescence experiments clearly indicated that the transition

protei?]) of untreated resting state P;tg)kand the Mg* form of state .bmqs Sev?ral. drug_s V\.”th unchanged aﬁlth’ the

vanadate-trapped Pgf) were titrated with increasing concentra-  reduction in labeling intensity likely reflects a change in the

tions of H33342 at 22C. The enhanced fluorescence emission of efficiency of photolabeling of the trapped conformation.

the dye at 460 nm was measured following excitation at 350 nm.

The enhancement data were fitted to a binding equation (solid line),

and a value foKy was estimated. The same batch of Pgp was used DISCUSSION

for resting state and transition state experiments. Where error bars

are not visible, they are contained within the symbols.

(o] oo
T

AF (arbitrary units x 10'5)
»

Much remains to be learned about the mechanism of Pgp-
resting state transition state mediated drug transport. In particular, details of how ATP
hydrolysis drives transport, and the point in the catalytic cycle
at which drug release takes place, are critical for understand-
4°C —— — p— ing the mechanism of substrate movement across the lipid
bilayer. Vanadate trapping has proved to be a very useful
tool in the study of many ATPases, ranging from myosin to
22°C [ - ABC transporters, since it allows stabilization of an inter-
mediate in the reaction pathway. The experimental procedure
most often followed involves adding ATP, excess vanadate,
- , , and a divalent cation (Mg, Mn?*, or C&") to the ATPase
FiGUre 5: Photoaffinity labeling of resting state and vanadate- question. After one catalytic turnover, a complex of ADP

trapped transition state Pgp with azidopine at 4 an8Q2Purified S . S
Pgp (2.5ug), either untreated or after trapping with vanadate and Vi-M?" is tightly bound at the active site; in the case of ABC

Co?t, was incubated at either 22C or on ice with 200 nM  proteins, only one active site is trapped in this fashidd (
[*H]azidopine. After a 20 min incubation in the absence or presence 57, 58). The vanadate ion likely takes up the position
of 1 mM ATP, 200uM vanadate, and 5 mM Mgglthe samples  normally occupied by the-phosphate of ATP, as observed
oo é:.ro_?ﬁ-elmsléergpkl)gsux e?ép%se“gegﬁgligeg'gfggégg%% in the crystal structure of the vanadate-trapped structure of
autoradiography. The intensities of the Pgp bands on the auto-Myosin 69). When using vanadate trapping as a tool, it is
radiograms were quantitated by scanning densitometry, followed important that at least some experiments be carried out
by image analysis. following removal of excess vanadate and other reagents
(27), since vanadate may bind to other locations within
ATPases at high concentrations, as noted for myodih. (

In the present study, the more stable?Gtrapped complex

of Pgp was isolated free of excess vanadate by gel filtration
chromatography and studied in isolation by both fluorescence
guenching experiments and photoaffinity labeling. Because
of the shorter lifetime of the Mi-trapped complex, excess
reagents normally remained in the experimental sample to
prevent exit of the protein from the transition state.

ATP +V, + Mg” - + -+

that of the resting state protein, with an estimaifgaf 1.20
uM.

Photoaffinity Labeling of Resting State and Transition
State Pgp with Azidopin&Ve wished to determine whether
the reduction in IAAP photolabeling reported for transition
state Pgp 34) could also be observed for the substrate
analogue azidopine. We have previously shown that both
Pgp and Pgp-2MIANS can be photolabeled witH]pzido-
pine and that this labeling is subject to competition by ) ) ) . )
vinblastine and other substrate9(55, 56). Photolabeling There is now substantial evidence that interaction of drug
experiments were carried out with purified resting state Pgp With the substrate binding site of Pgp takes place within the
and the C&' form of the vanadate-trapped transition state, Membrane itself. Recent work in our laboratory has mapped
with all excess reagents removed, at two temperatures, eithefhe binding site for the fluorescent substrate H33342 to the
22 °C or 4°C. Previously reported studies did not remove Cytoplasmic side of the membrane bilay2t), in agreement
excess reagents before UV cross-linking, so to simulate thisWith the concept that the transporter may act as a flippase,
situation, samples were incubated either alone or in the MoOving its substrates from the inner to the outer leafléf (
presence of added 1 mM ATP 200x4M vanadater 5 mM 22). In|t!a! binding of drug wqu!d clearly be of (relatlvel){)
MgCl,. The primary result of the addition of these reagents high affinity; however, the affinity must be lowered consid-
would be occupancy of the second NB domain of trapped €rably at some point during the transport cycle to allow drug
Pgp with nucleotide. As shown in Figure 5, at@ there  release from the protein.
was a slight enhancement23%) in the intensity of the Multistep models have been proposed to explain the
photolabeled Pgp band when ATP/vanadate/Mgvere transport process for Pgp and other ABC family multidrug
included in the reaction mix. The intensity of photolabeling transporters. An alternating two-site mechanism has been
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proposed in the case of LmrA, a bacterial ABC drug efflux saturable fluorescence quenching was used to estimate the
pump with considerable functional similarity to Pgp (it can Ky for binding. Using this technique, our laboratory has
substitute for Pgp in human lung fibroblast cells). The LmrA previously determined the affinity for binding of over 100
homodimer is proposed to contain two drug binding sites, different compounds to purified resting state Pgp. The
either high affinity or low affinity, one within each “half”  estimatecKq values fall in the range 25 nM to 250 mNaY,
of the protein 61). The ATP-bound form of the protein is  68; P. Lu and F. J. Sharom, unpublished data). In this study,
associated with high-affinity binding sites facing the cytosol, we show that the binding of four MDR substrates and two
and the ADP-bound form of the protein is associated with modulators to both the transition state and the ADP-bound
low-affinity binding sites facing the external medium. The form of Pgp takes place with high affinity. A small decrease
vanadate-trapped transition state is thought to possess lowin affinity (2-fold) for the MDR drugs tested is likely related
affinity drug binding sites exposed at the extracellular to changes in the structure of the transition state, which is
surface. During a single transport cycle, the drug binding known to have an altered conformation, and is clearly
sites of LmrA are proposed to alternate from high affinity insufficient to result in drug release.
to low affinity via a conformational change, driven by ATP In the second approach, we employed native unmodified
hydrolysis. Pgp and monitored the intrinsic Trp fluorescence of the

Another multistep model has been proposed by Ambudkar protein, which we previously showed was quenched in a
and co-workers for Pgp-mediated drug transpéi).(In their saturable manner by binding of drug substra#s).(Quan-
mechanism, drug initially binds to a single high-affinity site titative estimates foKy4 values were obtained by fitting of
(the “on” site), and later in the catalytic cycle, it is physically the data to binding curves. Once again, we saw very little
moved to a different location within the protein, presumed difference in the binding affinity of vinblastine and doxo-
to be a second drug binding site. The binding affinity of rubicin to the transition state or the ADP-bound state, relative
such a site would necessarily be substantially lower (the “off” to the resting state protein.
site), to allow release of the substrate to the external milieu. Finally, we used the fluorescent dye H33342, a high-
The energy released during ATP hydrolysis would presum- affinity substrate for Pgp whose fluorescence emission is
ably power the movement of drug from the high-affinity to greatly enhanced upon binding to the unmodified protein
the low-affinity site. Evidence for such a low-affinity drug (21). Fitting of the fluorescence enhancement data to binding
binding site was obtained by photoaffinity labeling studies curves clearly showed that the affinity of H33342 for
of the vanadate-trapped transition state complex of Pgp, transition state and resting Pgp was identical. The metal ion
which showed very little binding of the drug IAAR34). used to form the transition state is also of no consequence,
The release of ADP from the transition state was also except that it alters the stability of the resulting complex.
proposed to generate a form of Pgp showing very low drug We obtained identical results using both’Cand Mg ions
binding affinity, and it was proposed that a second round of in different experiments.
ATP hydrolysis was required to “reset” the transporter and  The experimental data suggest that drug has already been
regain high-affinity drug binding35, 63). lost from the transporter, presumably as a direct result of

The results of our photolabeling experiments indicate that the transport process, before the formation of the vanadate-
a reduction in the intensity of labeling with the substrate trapped transition state. If it is assumed that substrate
[®H]azidopine is indeed seen for transition state Pgp. dissociation during the transport cycle must result from a
However, this reduction was not large (5-fold maximum) large decrease in drug binding affinity, then it is clear that
and depended on temperature (it was much smaller 822 Pgp has already reattained its high-affinity drug binding
compared to £C). In addition, the labeling intensity was characteristics at the transition state stage. Our results are in
also altered in the presence of excess vanadate and ATPagreement with the proposal of a concerted transport mech-
We propose that a reduction in labeling intensity cannot be anism put forward by Davidson and co-workers for the
interpreted as a reduction in binding affinity but rather as a bacterial maltose permease, MalFGKhe maltose substrate
change in the labeling efficiency of Pgp in the transition state, is delivered to the membrane-bound MalFG complex by the
which is known to have a substantially different conformation periplasmic maltose binding protein, MalE, which remains
from the resting state proteidZ%, 33, 64). Photolabeling is  tightly bound to the vanadate-trapped transition state complex
not an equilibrium method (the labeling efficiency is usually (58). They demonstrated that maltose transport was already
a few percent), and as discussed elsewh8g, (t is not complete prior to formation of the vanadate-trapped complex.
suitable for measuring quantitative changes in substrateThe maltose permease transition state did not appear to be
binding affinity, especially where changes in protein con- contain bound maltose, suggesting that it has low substrate
formation also take place. binding affinity. However, this ABC protein differs from Pgp

In the present work, we have directly measured the binding in several ways. First, the bacterial periplasmic binding
affinity of the vanadate-trapped transition state complex of protein-dependent transporters are the only members of the
purified Pgp using three different fluorescence spectroscopicABC superfamily to use an accessory protein to bind the
approaches. The Pgp preparation employed for this studysubstrate. Second, the vanadate-trapped complex cannot be
has high ATPase and drug transport activitié8, ©6). In formed from ADP but only from ATP after one round of
addition, we observe close to 100% quenching of the intrinsic hydrolysis £7). In contrast, Pgp readily forms a vanadate-
Trp fluorescence of the protein by some drugs, such astrapped complex from both ATP and ADB(Q). Thus it is
rhodamine B 45), which strongly suggests that virtually all  possible that the Pgp vanadate-trapped transition state is
of the protein is functional with respect to drug binding. In farther along the reaction pathway than that of the maltose
the first approach, purified Pgp and the vanadate-trappedpermease, so that it has regained its high-affinity state via
complex were labeled with the fluorophore MIANS, and conformational relaxation. It should also be kept in mind



1352 Biochemistry, Vol. 42, No. 5, 2003

that the vanadate-trapped complex is only a “surrogate” for 24.

the native transition state, which is presumably very short-
lived. Another possibility for consideration is that drug
release could occur at a later stage in the catalytic cycle, for
example, following dissociation of ADP. However, we show
in the present work that the ADP-bound form of Pgp also
binds drugs with unchanged affinity, making this possibility
unlikely.

Thus the results of the present study suggest a mechanism
involving concerted conformational changes, rather than a 3
multistep mechanism, for transport of drugs by Pgp. A recent
FTIR study 64) used?H exchange to demonstrate that ATP
hydrolysis drives conformational changes in Pgp which affect

vanadate-trapped transition state showed a large increase in
the exchange rate, although the overall secondary structure
was not significantly altered. The free energy released by
ATP hydrolysis must generate a high-energy intermediate
during catalysis, as proposed by Senior and co-world)s (
The relaxation of this intermediate would drive simultaneous
movement of drug across the membrane, which is apparently

completed prior to formation of the vanadate-trapped com- 37.
plex. The fact that the transition state complex binds drugs 38.

39.

with normal high affinity indicates that switching of the drug
binding site from high affinity to low affinity and back to
high affinity has already taken place at this stage of the

transport cycle. 41

42.
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