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ABSTRACT. Drug transport mediated by P-glycoprotein (Pgp) is driven by hydrolysis of ATP at the two
cytosolic nucleotide binding domains. However, little is currently known concerning the stoichiometry of
nucleotide binding and how both stoichiometry and binding affinity change during the catalytic cycle of
the transporter. To address this issue, we used fluorescence techniques to measure both the number of
nucleotides bound to P-glycoprotein during various stages of the catalytic cycle and the affinity of nucleotide
binding. Results showed that resting state P-glycoprotein bound two molecules of the fluorescent nucleotide
derivative, 2(3)-O-(2,4,6-trinitrophenyl)adenosine-&iphosphate (TNP-ATP), whereas the vanadate-
trapped transition state bound only one nucleotide molecule. Both resting and transition state P-glycoprotein
showed similar affinity for TNP-ATP/TNP-ADP and unlabeled ATP/ADP. Following binding of various
drugs, resting state P-glycoprotein displayed a higher affinity for nucleotides, up to 4-fold depending on
the compound used. In contrast, the transition state showed substantially lower (up to 3-fold) nucleotide
binding affinity when the drug binding site(s) is/are occupied. These results indicate that both nucleotide
binding domains of P-glycoprotein are likely to be occupied with either ATP (or ADP) in the resting state
and the transition state in the absence of transport substrates. Drugs alter the binding affinity to favor
association of ATP with P-glycoprotein at the start of the catalytic cycle and release of ADP from the
transition state following nucleotide hydrolysis.

The ABC superfamily of membrane transporters is one transport 15, 16). Knowledge of the details of the catalytic
of the largest group of proteins represented in the genomescycle of ATP hydrolysis by the NB domains, and how this
of humans 1), plants @), and prokaryotes3( 4). Members is coupled to substrate translocation, is essential to under-
of this protein superfamily are exporters or importers standing the functioning of ABC proteins. The MDR1
involved in a wide variety of important processes, including multidrug efflux pump, known as P-glycoprotein (Pgp), is
several human diseasés §), sterol absorption and excretion one of the most studied proteins in this superfamily.
(7), multidrug resistance (MDR)n human cancersgj, and Expression of Pgp in human cancers is responsible for a
antibiotic/drug resistance in aquatic organisi®s bacteria major type of MDR {7—19), and the reversal of this drug
(10), and yeast {1, 12). Considerable effort is being resistance by chemical compounds known as modulators, or
expended to understand both the structure and the mechanisrohemosensitizers, is an important clinical gdz0,(21).

of action of proteins in this family, and two X-ray crystal  pgp has been purified, and its ATPase activity has been
structures of intact bacterial ABC transporters have appearedextensively characterize®2—24). Senior and co-workers
in the past yearl@, 14). While these models have provided were the first to show that Pgp, like many other ATPases,
stimulating insights into the architecture of ABC proteins, can be trapped in an intermediate state partway through the
they are static structures and have shed little light on the catalytic cycle by reaction with vanadate;(in the presence
details of the Catalytic CyCle and mechanism of action. of ATP (25) After one round of ATP hydro|y5isy P
One important characteristic of ABC proteins is the dissociates, and;\fakes its place, leading to trapping of the
presence of two cytosolic nucleotide binding (NB) domains, complex ADPV;-M?" (where M is a divalent cation, such
which hydrolyze ATP to provide the energy to drive substrate as Mg", Mn?", or C&") in one of the NB domains (see
Figure 1). The conformation of the trapped state is thought
T This work was supported by a grant to F.J.S. from the National to res_emble that of the Ca_taIytIC tranSItlo_n S.ta.‘te' Vanadate
Cancer Institute of Canada, with funds provided by the Canadian Cancertrapping at one NB domain completely inhibited ATPase
Society. activity at both active sites, leading Senior and co-workers
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(519) 766.1499. E-mail:_fsharom@uoguelph.ca, to propose an alternating sites model for ATP hydrolya. (

 Abbreviations: ABC, ATP-binding cassette: CHAPS, 3-[(3-chola- I SUCh a scheme, it is proposed that when one of the two
midopropyl)-dimethylammonio]-1-propanesulfonate; MDR, multidrug NB domains is active, the other cannot enter the transition

resistance/resistant; MIANS, 2:¢faleimidylanilino) naphthalene-6-  state, so that the two active sites take turns hydrolyzing ATP.
sulfonic acid; NB, nucleotide binding; Pgp, P-glycoprotein; TNP-ATP, . .

2'(3)-0-(2,4,6-trinitrophenyl)adenosiné-Giphosphate; TNP-ADP,'2 Senior et al. clearly showed that the N- and _C'termmal
(3)-0-(2,4,6-trinitrophenyl)adenosiné-Hiphosphate. halves of the Pgp molecule are functionally equivalent and
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Ficure 1: Scheme showing formation of the vanadate-trapped transition state of Pgp. Binding of drug substrate (S) and ATP, together with

a divalent cation (Mg", Mn?*, or C&") leads to formation of a ternary complex. Binding of ATP and substrate takes place in a random
order. ATP hydrolysis to ADP and; eads to formation of the transition state complex. Dissociation;ofoRowed by association of
orthovanadate, yleads to formation of the vanadate-trapped transition state, which is proposed to have a similar conformation and properties

to the native transition state. The vanadate-trapped transition state may also be formed by direct interactidgth ¢fi& ADP-bound form

of Pgp. Slow dissociation of Mrom the vanadate-trapped transition state generates the ADP-bound form of Pgp, and the final step in the
catalytic cycle, loss of ADP/divalent cation, regenerates the native state, which regains its ATPase activity. The step at which coupled
substrate transport takes place is unclear. Davidson and co-workers found that the maltose permease had already lost its bound substrate by
the time the vanadate-trapped transition state complex is formed and proposed a concerted transport mechanism whereby transport takes
place during the ATP hydrolysis step4). On the other hand, Ambudkar and co-workers have suggested a stepwise mechanism for substrate
transport by Pgp, with drug dissociating from the vanadate-trapped transition state (shown on the schen&SpsR&2et work in our

laboratory strongly supports a concerted transport mechanism for3ggp (

that both are equally capable of binding and hydrolyzing ATP, sodium ADP, and sodium orthovanadate were pur-
nucleotide 27); however, the fractional occupancy of the chased from Sigma Chemical Co. (St. Louis, MO). A stock
two sites could not be determined. Thus, at the present time,solution of 100 mM sodium orthovanadate was prepared at
the stoichiometry of nucleotide binding to Pgp is not known. pH 10, and polymeric species were degraded by boiling
Although the protein contains two NB domains, each of aliquots for 4 min before use.
which can potentially bind nucleotide, it is possible thatwhen  Plasma Membrane Preparation and Pgp Purification
one site is occupied with ATP, the other may be able to bind Plasma membrane vesicles were isolated from MDRE30
ADP but not ATP (as proposed by Druley et al., see2®f Chinese hamster ovary cells as described previo@8yand
or may be unable to bind nucleotide at all. Similarly, although were stored at-70 °C for no more than 3 months before
vanadate trapping occurs nonselectively at either of the two use. The plasma membrane vesicles were subjected to a two-
active sites 27), it is not known whether vanadate-trapped step selective extraction to isolate Pgp. After treatment of
transition state Pgp is able to bind nucleotide at the the membrane vesicles with 25 mM CHAPS buffer and
unoccupied NB domain. Knowledge of these details is centrifugation, the resulting;$ellet was solubilized in 15
essential for formulation of a detailed mechanism of action mM CHAPS buffer as described previous§0}. Pgp was
of the transporter and may invalidate certain currently further purified from the soluble Sfraction by affinity
proposed mechanistic schemes. Since Pgp displays constituehromatography on Concanavalin-A-Sepharose. The final
tive ATPase activity in the absence of drug substra2&s, ( purified Pgp preparation was 9®5% pure in 50 mM Tris-
the full catalytic cycle of ATP hydrolysis can clearly proceed HCI/0.15 M NaCl/5 mM MgC} buffer (pH 7.5) containing
when the drug binding sites are unoccupied. However, since2 mM CHAPS. Purified Pgp was kept on ice and used within
drug transport is driven by ATP hydrolysis, occupation of 24 h. Purified Pgp was quantitated by the methods of either
the drug binding sites may alter the affinity of the catalytic Peterson31) or Bradford @2) using bovine serum albumin
sites for nucleotides, depending on the stage of the catalytic(crystallized and lyophilized, Sigma) as a standard.
cycle. Measurement of Pgp ATPase Aitlf. The Mg"-depend-
The present work was thus designed to answer someent ATPase activity of purified Pgp was determined by
important questions about the stoichiometry and affinity of measuring the release of inorganic phosphate from ATP by
binding of nucleotides to Pgp at various stages of the catalytic 3 colorimetric method. As described previousBB,(33),
cycle. Fluorescently labeled ATP was employed to determine pyrified Pgp was incubated with assay buffer (50 mM Tris-
the stoichiometry of binding to Pgp in both the resting state HCI/0.15 M NaCl/5 mM MgC}, pH 7.5) in the presence of
and the vanadate trapped transition state (see Figure 1). Using mm ATP at 37°C for various times, depending on the
fluorescence quenching techniques, we also determined thesxperiment; a 20 min incubation time was used for vanadate
affinity of resting and transition state Pgp for unmodified inhibition of Pgp ATPase activity, and 5 min was used for
ATP and ADP and the effect of drug binding on the ATP eactivation of Pgp ATPase activity (see below).
binding affinity in both the resting state and the transition  patermination of the Affinity and Stoichiometry of TNP-
state. Labeled Nucleotide Binding to Resting and Transition State
Pgp. For preparation of the Co-trapped transition state of
MATERIALS AND METHODS Pgp, 200ug of purified protein in 2 mM CHAPS/50 mM
Materials 2-(4-maleimidylanilino) naphthalene-6-sulfonic ~ Tris-HCI (pH 7.5) was incubated with 1 mM ATP, 5 mM
acid (MIANS), 2(3)-0-(2,4,6-trinitrophenyl)adenosing-5 CoClb, and 0.3 mM sodium orthovanadate in a final volume
triphosphate (TNP-ATP), and(3')-O-(2,4,6-trinitrophenyl)- of 2.7 mL for 20 min at 37C. After incubation, the sample
adenosine "sdiphosphate (TNP-ADP) were supplied by was eluted through a gel filtration column of Bio-Gel-P6
Molecular Probes (Eugene, OR). 3-[(3-Cholamidopropyl)- equilibrated with 2 mM CHAPS buffer to remove excess
dimethylammonio]-1-propane-sulfonate (CHAPS), disodium ATP, vanadate, Cogland inorganic phosphate.
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Different fixed concentrations of resting or transition state
Pgp (Pgp-V) were titrated at 22C with increasing concen-
trations of TNP-ATP or TNP-ADP. All fluorescence experi-

Qu et al.

MIANS at both NB domains30). Purified Pgp 200 ug)
in a total volume of 1.5 mL in 2 mM CHAPS/50 mM Tris-
HCI (pH 7.5) was incubated with 3@M MIANS at 22 °C

ments were carried out in the presence of large unilamellar for 30 min in the dark. Protein labeled with MIANS at both
vesicles of asolectin (soybean phospholipids), prepared byNB domains (Pgp-2MIANS) was separated from unreacted

extrusion through 100 nm polycarbonate filte@4,(35),

MIANS by passing through a Bio-Gel P-6 gel filtration

which were added to the Pgp solution at a final concentration column equilibrated with 2 mM CHAPS buffer.

of 0.5 mg/mL. A 50QuL aliquot of Pgp or Pgp-\vas mixed

To prepare transition state Pgp, purified protein was singly

with asolectin vesicles in a 0.5 cm quartz cuvette and titrated labeled with MIANS at one NB domain, following trapping

with 5 uL aliquots of TNP-labeled nucleotide in 2 mM
CHAPS/50 mM Tris-HCI (pH 7.5) containing 0.5 mg/mL

with V; and C8" at the other NB domain, to give Pgp-V
MIANS (38). Purified Pgp 200 «g) was incubated in a

asolectin vesicles. The fluorescence emission was measuredtbtal volume of 1.5 mL of 2 mM CHAPS buffer containing

at 535 nm after excitation at 408 nm. A solution of 2 mM
CHAPS/50 mM Tris-HCI (pH 7.5) containing 0.5 mg/mL

asolectin vesicles was titrated as a control in all experiments.

Titration data were fitting to the following equation describ-
ing interaction with a single type of binding site:

AFmax X [ﬂ

AF =
Kq+I[S

where AF represents the change in fluorescence intensity
following addition of TNP-labeled nucleotide at a concentra-
tion [§, AFmax is the maximum change in fluorescence
intensity, andKy is the dissociation constant. Fitting was
performed using Sigma Plot (SPSS Inc., Chicago IL), and
values forKy and AFmax Were extracted. The fitting errors
for determination oAFaxWere, on average, 5.2% for resting
state Pgp and 3.8% for transition state Pgp.

Analysis of Stoichiometry of TNP-Labeled Nucleotide
Binding The stoichiometry of TNP-labeled nucleotide bind-
ing was determined by the approach of Huang et 38).(
First, the molar enhancement of fluorescengg Which is
a measure of the hydrophobic nature of the nucleotide
binding site, was calculated by determining the slope of a
plot of AFmad[Pgp], generated by performing TNP-ATP
titrations at several different Pgp concentrations.

_ AFmax

[Pap]
The mass action plot of Dixon and WebB7} was then
applied to the fluorescence titration data for resting and

transition state Pgp, and the binding stoichiometry of TNP-
ATP was determined using the following equation:

¢

r n I

[L] free a Kd Kd

where [L}weis the concentration of free ligandis the molar
ratio of bound ligand to proteinky is the dissociation
constant, anah is the stoichiometry of ligand binding. The

5 mM CoC} at 37°C for 20 min, in the presence of 1 mM
ATP and 0.3 mM sodium orthovanadate. Unreacted species
were removed by eluting the sample through a Bio-Gel-P6
gel filtration column equilibrated with 2 mM CHAPS buffer.
The eluate was incubated with 30 MIANS at 22 °C for

30 min in the dark. To remove unreacted MIANS, the sample
was passed through a Bio-Gel-P6 gel filtration column
preequilibrated with 2 mM CHAPS buffer. Unlabeled Pgp
was used as control for comparison to Pgp-2MIANS and
Pgp-Vi-MIANS. The protein concentration of the various
labeled Pgp samples was adjusted to between 50 and 100

ug/mL, depending on the experiment.

Measurement of Nucleotide Binding Affinity to Resting and
Transition State Pgp by MIANS QuenchiiRgp-2MIANS
and Pgp-VMIANS were titrated with increasing concentra-
tions of ATP or ADP as described previousIg0f. All
experiments were carried out in the presence of 0.5 mg/mL
asolectin vesicles. The working solutions of ATP or ADP
were also prepared in 2 mM CHAPS buffer containing 0.5
mg/mL asolectin. Quenching experiments were performed
by successively adding &L aliquots of ATP or ADP
working solution to 50Q:L of MIANS-labeled Pgp in the
absence or presence of drugs at a saturating concentration.
The steady-state fluorescence of MIANS-labeled Pgp was
measured at 420 nm for 20 s with excitation at 322 nm.
Quenching of MIANS fluorescence at various nucleotide
concentrations was fitted to the following equation:

(AF /Fo x 100) x [§]
Ka+ S

where AF/Fo x 100) represents the percent change in
fluorescence intensity relative to the initial value after
addition of ATP or ADP at a concentratiof][ (AFma/Fo
x 100) is the maximum percent quenching of the fluores-
cence intensity that occurs upon saturation of the NB site,
andKg is the dissociation constant for binding of nucleotide
to Pgp. Fitting was performed by regression analysis using
SigmaPlot, and values ¢f; and AFny.x were extracted.
Fluorescence Measuremenfuorescence spectra were
recorded on a PTI Alphascan-2 spectrofluorimeter (Photon

AF/F, x 100=

concentration of bound ligand was estimated using the molar Technology International, London, ON Canada) with the cell

enhancement of fluorescencag),(and the concentration of
free ligand was calculated by subtracting the bound ligand
concentration, [Lluna from the total ligand concentration.
A plot of r/[L]wee versusr gave a straight line with an
x-intercept value of, the binding stoichiometry.

Double and Single Labeling of Purified Pgp with MIANS.
For measurement of nucleotide binding affinity to resting
state Pgp by MIANS quenching, Pgp was labeled with

holder thermostated at 22. A 2 nmexcitation and emission
band-pass was used for all measurements. The emission
spectra of labeled Pgps were corrected using a built-in
automatic correction system. The measured fluorescence
intensity was corrected for light scattering using controls
containing unlabeled Pgp. In the fluorescence quenching
titrations, the inner filter effect was corrected at both the
excitation and the emission wavelengths as described previ-
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ously 30, 39, 40), using the equation

N
o

Fioor = (F; — B)(V/Vp) 10 2Pt Aen)

-
[¢)]

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

is the background fluorescence intensity caused by scattering,
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 cm, and;cx and A;em are the
absorbance of the sample at the excitation and emission
wavelengths, respectively.

-
o

(&)

Fluorescence enhancement (AF)
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RESULTS

Interaction of Pgp with TNP-Labeled Nucleotidé&e
previously reported that the fluorescent nucleotides TNP-
ATP and TNP-ADP interacted with the NB domains of
purified Pgp @1). TNP-ATP was a classical competitive
inhibitor of ATP hydrolysis, although it was a poor substrate,
being hydrolyzed at-5% of the rate measured for unmodi-
fied ATP. TNP-labeled nucleotides are only weakly fluo-

rescent in agueous solution. Their q“a’.‘t“m Yleld Is greatly FiIGURE 2: Affinity and stoichiometry of TNP-ATP binding to
enhanced upon transfer to a hydrophobic environment, suChyesting state Pgp. (A) TNP-ATP was titrated with purified Pgp at
as the nucleotide binding site of a protein. TNP-ATP bound several different protein concentrations, and the fluorescence
to resting state Pgp with a large saturable enhancement inenhancementAF, was measured. TNP-ATP was excited at 408
the fluorescence emission, as shown by titration of a fixed "M and fluorescence emission was measured at 535 nm. Titrations

: e . _ are shown for three Pgp concentratiol®:= 1.13uM; O = 0.87
concentration of Pgp with increasing amounts of TNP-ATP. uM; andv = 0.60uM. Titration curves were individually fitted to

Representative plots obtained at three different Pgp concen-an equation describing binding to a single affinity site (solid lines),
trations are shown in Figure 2A. Fitting of the titration curves and values for the dissociation constalt, and the maximum
to an equation for binding to a single type of site led to the fluorescence enhancementma, Were estimated. (B) Dixon plots
estimation of two parameterd1), the dissociation constant used to determine the stoichiometry of TNP-ATP binding to resting

(Kg), and the maximal fluorescence enhancement at saturatingztrztesﬁc?ﬁhgwg Beg;e:&ng;tg/ 3 piogsg\ct)g;\f/lfeggttan%grcéof?t(t:ggttrgtlons

TNP-ATP, AFmax The affinity of binding of TNP-ATP was  the equation of Dixon and Webb (see Materials and Methods) using

~50 uM, close to the value we reported previousil). At linear regression.

the TNP-ATP and Pgp concentrations used in this study, Pgp

will be substantially saturated with nucleotide, so the majority trapped protein prepared in this manner is extremely stable.

of Pgp molecules will have a nucleotide molecule bound at Loss of vanadate and ADP from the active site, accompanied

the completion of the titration with TNP-ATP. Increasing by reactivation of the ATPase activity, takes place only very

the Pgp concentration will thus lead to a proportional increase slowly over a period of many hours. Less than 10% of the

in the maximal fluorescence enhancemefa. A plot of enzymatic activity had returned afta 3 hincubation at 22

AFmaxVersus protein concentration gave a linear relationship, °C (42). We verified that the transition state had almost

as expected. The slope of such a plot provides a value ofcomplete &95%) loss of ATPase activity before the start

the fluorescence yielgs, which is defined as the fluorescence of each experiment, and ATPase activity was rechecked at

of TNP-ATP when bound to AM protein (p = AFma/[Pgp], the completion of each titration. TNP-ATP binding to®Co

see Materials and Methods). The valuepdbr resting state  trapped transition state Pgp also took place with an enhance-

Pgp was calculated to be 30uB11. ment of the fluorescence emission (Figure 3A). The affinity
Stoichiometry of Binding of TNP-Labeled Nucleotides to of binding was similar to that seen for resting state Pgp

Resting State Pgp\Frnaxandg were used to generate values (Table 1). However, the enhancement factif, was about

for [TNP-ATP]youna @s described in Materials and Methods. half that measured for TNP-ATP binding to resting state Pgp

Dixon plots of r/[TNP-ATPJxee Versusr for several protein (compare Figure 2A with Figure 3A).

concentrations were constructed and yielded straight lines As with resting state Pgp, the value AF . was linearly

converging close to = 2. Two representative plots at proportional to the concentration of trapped PgpARmax

0.04

0.03

r/[TNP-ATPlfree

0.02

0.01

0.00
0.0

0.5

2.0

different protein concentrations are shown in Figure 2B.
Thus, the stoichiometry of TNP-ATP binding to resting state
Pgp is 2, suggesting that both NB domains will normally be
occupied with nucleotide.

Affinity and Stoichiometry of Binding of TNP-Labeled
Nucleotides to Transition State Pgfransition state Pgp was
prepared by trapping ADRi-Co?" in one of the NB domain

value of~8 was obtained at a protein concentration of 0.5
uM, and the value ofp was calculated to be 148M%,
about half that seen for resting state Pgp. Dixon plots of
r/[TNP-ATPsd versusr for several protein concentrations
yielded straight lines converging close to= 1; two
representative plots at different protein concentrations are
shown in Figure 3B. Thus, transition state Pgp can bind one

active sites and removing the excess reagents by gel filtrationmolecule of TNP-ATP at the empty active site, with a similar
chromatography. We previously showed that the vanadate-binding affinity to that observed for resting state Pgp.
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Table 1: Affinity of Resting and Transition State Pgp for Binding Nucleotides

Kqg (mM)a Kq (,MM)a
resting state transition state resting state transition state
Pgp-2MIANS Pgp-i-MIANS Pap Pgp-V
ATP 0.404+ 0.042 0.433+ 0.026 TNP-ATP 50.3: 5.7 47.6+ 4.1
ADP 0.407+ 0.033 0.479t 0.063 TNP-ADP 41.9-2.2 38.8+£3.1

2 Three independent experiments were carried out for determination of each vadyenoth different preparations of Pgp and PgpMIANS
in each case. MeaitSEM are indicated.
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Fluorescence enhancement (AF)
Fluorescence enhancement (AF)
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0 20 40 60 80 0 20 40 60 80
TNP-ATP concentration (M) TNP-ADP concentration (mM)
Ficure 4: Binding of TNP-ADP to resting and transition state Pgp.
B TNP-ADP was titrated with purified resting sta®®)(and transition
0.04 - state Pgp®), and the fluorescence enhancemavit, was measured
8 Q at each nucleotide concentration. TNP-ADP was excited at 408 nm,
= 0.03 and fluorescence emission was measured at 535 nm. Titration curves
K were individually fitted to an equation describing binding to a single
% 0.02 affinity site (solid lines), and values for the dissociation constant,
E Kg, and the maximum fluorescence enhancem@;,, were
= 001 estimated.
0.00 ! ! ! ! otides with normal affinity, as shown by photoaffinity

0.00 025 050 0.75 1.00 1.25

r

labeling and fluorescence studie€d0(41, 44). Its ATPase
o o o activity is blocked, likely by a steric effect; this is an
Ficure 3: Affinity and stoichiometry of TNP-ATP binding to  advantage when dissecting out the conformational changes

transition state Pgp trapped with ABR-Cc?". (A) TNP-ATP was : . - ; ;
titrated with purified transition state Pgp at several different protein associated with the catalytic cycle since the protein can be

concentrations, and the fluorescence enhanceméntwas mea-  10aded with drug and ATP but will not progress further.
sured at each nucleotide concentration. TNP-ATP was excited at  Titration of the MIANS-labeled protein with increasing
408 nm, and fluorescence emission was measured at 535 nmconcentrations of nucleotide led to concentration-dependent
Titrations are shown for three Pgp concentratiofs:= 0.633uM; saturable quenching of the MIANS fluorescence, which was
O = 0.467 uM; and v = 0.411 uM. Titration curves were fitted to a bindi tion f timati f the di iati
individually fitted to an equation describing binding to a single Itied 1o a binding equa '(,)n Or_ es'lma 'on of the dissociation
affinity site (solid lines), and values for the dissociation constant, constant,Kq, for nucleotide binding. Both ATP and ADP
Kg, and the maximum fluorescence enhanceméy,.,, were bound to resting state Pgp with an almost identicavalue
estimated. (B) Dixon plots used to determine the stoichiometry of of around 0.4 mM (Figure 5A, Table 1), which is similar to

TNP-ATP binding to transition state Pgp. Two representative plots ; s
at different Pgp concentrations are show#:= 0.633uM andO the Kv measured for hydrolysis of ATP by the purified

= 467 uM. Data were fitted to the Dixon equation (see Materials protein in d'etergent solutiorzg). The measurgKM for ATP
and Methods) using linear regression. from the kinetics of transport of a rhodamine dye by ng
reconstituted into lipid bilayer vesicles is also comparable
Both resting and transition state Pgp bound TNP-ADP with (45). Transition state Pgp, stably trapped using vanadate,
saturable enhancement of the fluorescence emission (FigureATP, and Cé", was labeled with MIANS at the Walker A
4). These results indicate that the transition state can alsoCys residue in the unoccupied NB domain to give Pgp-V
bind TNP-ADP. Resting and transition state Pgp bound TNP- MIANS, as described earlieB8). Titration with ATP and
ADP with similar affinities (Table 1). TNP-ADP bound with  ADP led to fluorescence quenching, again clearly indicating
a slightly higher affinity K4 close to 40uM) as compared  that the transition state can indeed bind both nucleotides at
to TNP-ATP (Table 1). the unoccupied active site (Figure 5B). Thus, ATP and ADP
Affinity of Binding of ATP and ADP to Resting and bind to Pgp with comparable affinity in both the resting state
Transition State PgpWe previously developed a fluores- and the vanadate trapped transition state.
cence quenching technique for quantitation of the affinity = Effect of Occupation of the Drug Binding Site(s) on
of binding of unmodified nucleotides to purified Pgp under Nucleotide Binding AffinityPrevious work in our laboratory
equilibrium conditions 0). Labeling of purified Pgp with showed that binding of nucleotides and drugs to Pgp occurs
the sulfhydryl-reactive fluorophore MIANS and other re- independently; in other words, occupation of the drug and
agents results in covalent modification of Cys 428 and Cys nucleotide binding sites occurs in a random ord&®).(
1071 @3) within the Walker A motifs of the NB domains  However, it is not known whether binding of drug affects
(Pgp-2MIANS). MIANS-labeled Pgp binds drugs and nucle- the affinity of ATP binding. Clearly, both NB sites must be
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Ficure 6: Affinity of Pgp for binding ATP in the presencé&j or
absence@®) of the transport substrate vinblastine. (A) Resting state
Pgp labeled at two active site Cys residues (Pgp-2MIANS). (B)
Janadate-trapped transition state Pgp labeled at one active site Cys
residue (Pgp-¥MIANS). Labeled Pgp was incubated with 4

inblastine, then titrated with ATP. After each addition, the
luorescence quenching at 420 nm was determined following
excitation at 322 nm. Titration curves were individually fitted to
an equation describing binding to a single affinity site (solid lines),
and values for the dissociation constafd, were estimated. Data
are presented as the meatSEM for triplicate determinations.
Where error bars are not visible, they are contained within the
symbols.

o

1 2 3
ATP or ADP concentration (mM)

Ficure 5:  Affinity of Pgp for binding ATP @) and ADP (), as
determined by quenching of MIANS-labeled Pgp. (A) Resting state
Pgp labeled at two active site Cys residues (Pgp-2MIANS). (B)
Vanadate-trapped transition state Pgp labeled at one active site Cy
residue (Pgp-¥MIANS). Labeled Pgp was titrated with nucleotide,
and the fluorescence quenching at 420 nm was determined at eac
concentration, following excitation at 322 nm. Titration curves were
individually fitted to an equation describing binding to a single
affinity site (solid lines), and values for the dissociation constant,
Kg, were estimated. Data are presented as the me3EM for
triplicate determinations. Where error bars are not visible, they are
contained within the symbols.

occupied to initiate the transport process, and binding of
many transport substrates and modulators greatly stimulatesraple 2: Affinity of Resting and Transition State Pgp for Binding
the hydrolysis of ATP (typically ranging from 28400%; ATP in the Presence of Drugs and Modulafors

refs 23, 46, 47), which is absolutely required for drug Fold Change irKq
transport to take place. To determine whether drug binding resting state
to Pgp affects the affinity of ATP binding, resting and

transition state

transition state P labeled with MIANS, incubated | POp-2MIANS __ Pop-V-MIANS
ransition state Pgp were labeled wi ,incubated in ———— - 50 028% 010 3375 0,91
the absence and presence of various drugs and modulators, ;;piastine (1QM) 051+ 0.074 5351 0.39
and the affinity of ATP binding was measured by fluores-  verapamil (3quM) 0.69+ 0.083 1.70+ 0.35
cence quenching titration. The results shown in Figure 6A  cyclosporin A (4uM) 0.43+ 0.063 1.45+0.16

indicate that ATP binds to resting state Pgp with modestly 2 separate experiments were carried for each drug or modulator, using
increased affinity (2-fold higher; see Table 2) when the drug a different Pgp preparation. In each experiment, Pgp-2MIANS and Pgp-
binding site is occupied by vinblastine. In contrast, in the Vi-MIANS (prepared from the same batch of Pgp) were titrated first
Stie aniion Sl rapped Wi vanadle and Co. "1 TP, e AT%. e preseceof g o ot
binding of vinblastine resulted in a substantial decrease (2.4-pjtferent batches of Pgp show var?ations i?l the absolute value of the
fold; see Table 2) in the affinity of ATP binding. The drug K for ATP binding. To allow meaningful comparison between the ATP
substrate colchicine, and the modulators verapamil andbinding affinity in the absence and presence of drug, the fold change
cyclosporin A, produced comparable results (Table 2). In in the value ofKq was calculated as + drug)/Ks — drug). Three

all cases, there was an increase in ATP binding affinity in experiments were carried out for each drug or modulator, and the mean

. S . ., £SEM values are given.
resting state Pgp when the drug binding sites were occupied;
ranging from an increase of4-fold for colchicine to 45%  affinjty of nucleotide binding during various stages of the
higher for verapamil. In contrast, the transition state displayed ¢ata)ytic cycle have not been addressed, yet such information
a consistent decrease in ATP binding affinity when the drug s critical to building models of how the ATPase function
binding site was occupied, ranging from a decrease of over ot pgp drives drug transport. In the present study, we have
3-fold for colchicine to 45% lower in the case of cyclosporin - gqqressed this issue directly, using purified Pgp in either the
A. resting state or the vanadate-trapped transition state. Various
DISCUSSION ﬂuoresqence_ tephmques have been used to determme Fhe
nucleotide binding properties of these two states, either in

Many details of the catalytic cycle of ATP hydrolysis by the absence of drug substrates, which would represent the

Pgp remain unexplored. In particular, the stoichiometry and constitutive ATP hydrolysis cycle of Pgp, or in the presence




1176 Biochemistry, Vol. 42, No. 4, 2003 Qu et al.

of drug substrates, which reflects the full transport cycle of one molecule of ATP and one molecule of ADP simulta-
the efflux pump. neously but not two molecules of ATP. This conclusion is
Some previous studies have attempted to determine theclearly at odds with our results. A recent study of the NB
properties of transition state Pgp using photoaffinity labeling. cassettes of an archaeal ABC protein found that non-
It is worth pointing out differences in the methodology used hydrolyzable ATP analogues did not accurately mimic ATP
for the latter as compared to those used to generate the dat§48) and recommended that they be used with caution. It
in the present work. First, purified Pgp was used for all should also be noted that the UIC2 binding data is indirect
experiments rather than crude membrane preparations oin nature and not strictly kinetic in form, and so the
partially purified protein. The preparation used in this work application of kinetic analysis to give apparent Hill coef-
has high ATPase activity and has been well-characterized.ficients might produce parameters that are difficult to
Second, we prepared transition state Pgp using Qehich interpret.
is known to result in a highly stable vanadate-trapped state Sauna et al. reported that vanadate-trapped P@D%
(25). Stoichiometric trapping was verified by almost complete pure) showed an apparently greatly reduced affinity for TNP-
loss of ATPase activity, and the length of time the protein ATP (49). In fact, Sauna et al. did not measure binding
stayed in the trapped state was characterized via measuremerdffinity per se, only the fluorescence enhancement after
of the return of ATPase activity4@). Even after 3 h, only  adding a single concentration of TNP-ATP to partially
~10% of the trapped state had regained its enzymatic activity purified Pgp. As compared to resting state Pgp, TNP-ATP
by loss of ADP and Y In contrast, the transition state trapped fluorescence enhancement wa30—35% for the vanadate
with Mg?* reactivated relatively quickly at 37C (38), so trapped state, whether it was generated via hydrolysis of ATP
that a substantial fraction of the protein will exit the transition or directly from ADP @9). In the present work, we show
state over experimental times as short as 20 min. Third, that the TNP-ATP binding affinity of transition state Pgp is
trapped transition state Pgp was separated from the exces fact almost identical to that of resting state protein, but
reagents used for trapping and studied in isolation. In the fluorescence enhancement for binding to the transition
photoaffinity labeling studies, excess vanadate, labeled azido-state is about half that of the resting state, thus providing
ATP, R, and high concentrations of unlabeled ATP are all one explanation for their observation of lower fluorescence
present during the analysis, limiting its flexibility (for emission.
example, the NB domains will be fully saturated with Sauna and Ambudkar showed that 8-azido-ADP bound to
nucleotide). resting state Pgp with similar affinity to 8-azido-ATRY,
Stoichiometry experiments using binding of TNP-ATP which provides support for our conclusions that ATP and
showed that two molecules of nucleotide bound to resting ADP bind with similar affinity. On the other hand, they
state Pgp, whereas one molecule bound to the vanadateeported that photolabeling of Pgp with 8-azido-ATP was
trapped transition state, with simil&y values. Thus, both  drastically lower in the vanadate-trapped transition state and
NB domains of resting state Pgp each bind nucleotide, andproposed that the affinity of nucleotide binding to the
the unoccupied NB domain of the transition state is indeed transition state was reduced by at least 30-f&@).( Our
able to bind nucleotide, with normal affinity. In this study, results clearly show that isolated purified transition state Pgp
we show that unmodified ADP and ATP also bind to resting binds nucleotide with unchanged affinity. We suggest that
and transition state Pgp with a similar affinity of 6:8.5 an observed reduction in photolabeling efficiency cannot be
mM. We estimate that the NB domains of Pgp will180% interpreted as a reduction in binding affinity. Protease
saturated with nucleotide at typical intracellular concentra- sensitivity experiments have shown that vanadate-trapped
tions of ATP (the cytosolic ATP concentration is generally transition state Pgp has a dramatically different conformation
1.5-2 mM, and the ADP concentrationr0.1% of that). from the resting state5(, 52), and we have recently
Taken together, these results indicate that, in the absence otonfirmed and extended this observation using fluorescence
transport substrates, the NB domains of Pgp are likely to be quenching experiments (P. Russell and F. J. Sharom,
close to fully occupied with ATP in both the resting and the unpublished data). Since photolabeling efficiency must
transition state. This proposal is in agreement with the clearly be dependent on protein conformation, it seems likely
findings of Druley et al. using the monoclonal antibody that the lack of nucleotide photolabeling observed for the
UIC2, which appears to be able to distinguish between two transition state 50) reflects a change in the reaction
different Pgp conformations, one bound to nucleotide and efficiency of the photoprobe rather than a reduction in
one with empty catalytic site28). The low reactivity state  nucleotide binding affinity. Such an effect was pointed out
is proposed to correspond to the ATP-bound conformation, several years ago by Sankaran et3B)(They reported that
the high reactivity state to the state with empty NB domains. while 2-azido-ATP and 8-azido-ATP bound to Pgp with
In MDR1-expressing intact cells, most 80%) of the cells similar affinities, only 8-azido-ATP showed highly efficient
appear to be in the low UIC2 reactivity state, suggesting that photolabeling of the transition state complex. No photola-
they have ATP bound to them. beling at all was detected using the 2-azido analogue, likely
Druley et al. found that the apparent Hill number for the as a result of lack of suitably positioned amino acids side
nucleotide-dependent decrease in UIC2 reactivity in perme-chains in the active site of the transition state, yet it was
abilized cells was around 1 in the presence of non- able to efficiently label resting state Pgp. Ambudkar and co-
hydrolyzable ATP analogues but close to 2 in the presenceworkers also proposed, on the basis of photolabeling experi-
of ATP (28). They interpreted this as indicating that addition ments, that the vanadate-trapped transition state essentially
of ATP to the transporter results in ATP being bound at one does not bind substrate because of a greatly lowered binding
active site, and ADP at the other, presumably after one affinity. Yet we recently reported that the fluorescent drug
hydrolysis turnover event. They proposed that Pgp can bind substrate, Hoechst 3342, bound to purified transition state
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Pgp with comparable affinity to the resting state, and we 17
were able to use resonance energy transfer to estimate thel8
location of the drug binding site within the proteid2j.

Photolabeling is thus not a suitable technique for quantitation

of alterations in binding affinity where changes in protein
conformation also take place since the efficiency of labeling
of the two different protein conformations is likely to be

different.

We found that occupation of the substrate binding sites
by several different drugs and modulators increased the

nucleotide binding affinity of the transporter in the resting

state but had the opposite effect in the transition state. Thus,

drugs alter the binding affinity to favor association of ATP

with P-glycoprotein at the start of the catalytic cycle and
release of ADP from the transition state following nucleotide
hydrolysis. We previously showed that binding of drug and
ATP takes place independently, so that ATP binding could
precede, follow, or accompany drug bindird§). The results

of the present work suggest that ATP binding is favored by

occupation of the drug binding site, so that the presence of
both transported substrate and ATP would be expected to
promote both the transport cycle and the ATPase catalytic

cycle. Once again, this is contrast to the work of Druley et

al.,

who postulated (based on UIC2 reactivity studies in

permeabilized intact cells) that binding of the drug vinblastine
favors nucleotide debinding2®). Promotion of ATP dis-
sociation prior to ATP hydrolysis seems counterintuitive to

the operation of the transport cycle of Pgp. The changes in
Pgp nucleotide binding affinity noted in the presence of drugs
and modulators are not large; however, in combination they

would have the effect of driving the catalytic cycle in the
direction of ATP binding to the resting state and ADP
dissociation from the transition state.
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