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ABSTRACT. Structural and biochemical studies of ATP-binding cassette (ABC) transporters suggest that
an ATP-driven dimerization of the nucleotide-binding domains (NBDs) is an important reaction intermediate
of the transport cycle. Moreover, an asymmetric occlusion of ATP at one of the two ATP sites of
P-glycoprotein (Pgp) may follow the formation of the symmetric dimer. It has also been postulated that
ADP drives the dissociation of the dimer. In this study, we show that #8 d&nformation of Pgp
(previously demonstrated in the E556Q/E1201Q mutant Pgp) can be obtained with the wild-type protein
by use of the nonhydrolyzable ATP analogue AJHS. ATP+-S is occluded into the Pgp NBDs at 34

°C but not at 4°C, whereas ATP is not occluded at either temperature. Using purified Pgp incorporated
into proteoliposomes and ATP-<%5S, we demonstrate that the occlusion of A¥PS has arE of 60

kJ/mol and the stoichiometry of ATP-3%S:Pgp is 1:1 (mol/mol). Additionally, in the conserved Walker

B mutant (E556Q/E1201Q) of Pgp, we find occlusion of the nucleoside triphosphate but not the nucleoside
diphosphate. Furthermore, Pgp in the occluded nucleotide conformation has reduced affinity for transport
substrates. These data provide evidence for the ATP-driven dimerization and ADP-driven dissociation of
the NBDs, and although two ATP molecules may initiate dimerization, only one is driven to an occluded
pre-hydrolysis intermediate state. Thus, in a full-length ABC transporter like Pgp, it is unlikely that there
is complete association and disassociation of NBDs and the occluded nucleotide conformation at one of
the NBDs provides the power-stroke at the transpsubstrate site.

The ATP-binding cassette (ABEjamily represents one in the TMDs that convert a high-affinity drug-substrate site
of the largest and most diverse families of transport proteins that is inward-facing (accessible from the cell interior) to a
(1). There are 48 human ABC proteins, of which 17 are low-affinity site that is outward-facingsj. These confor-
implicated in diseaseg). P-glycoprotein (Pgp, ABCB1) was  mational changes are coupled to ATP-binding and hydrolysis.
the first eukaryotic ABC transporter identified and is Early models to explain the transport mechanism of Pgp have
clinically important because of its role in conferring multi- evolved to incorporate new concepts that have come from
drug resistance (MDR) to cancer celB.(Pgp consists of  structural and biochemical studies of bacterial ABC proteins,
two nucleotide-binding domains (NBDs) and two transmem- and there has also been an effort to synthesize generalized
brane domains (TMDs). The NBDs show extensive amino models of transportd).
acid sequence identity and contain the conserved motifs g ggsential feature of the nucleotide binding pocket is
Walker A, Walker B, A-, Q-, H-, and D-loops and the ¢ the ATP is sandwiched between the Walker A, Walker
signature sequencé)( The TMDs, on the other hand, show g ' and H-loops of one NBD and the D-loop and signature
I'Ftle sequence homology. Each TMD typically consists O_f sequence of the apposing NBD; hence the term ATP
SIX transmembrane hell_ces, anq both TMDs participate in o, qwich. Such an architecture was predicted by the model-
the formation of overlapplng, multiple substrate.—bmdmg sites. ing studies of Jones and Georg® based on the first high-
Transport by ABC proteins involves conformational changes o tion structure of an ABC subunit, His®).(Biochemi-

cal studies with MJ0796 demonstrated the ATP-driven
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have demonstrated a ATP-driven dimerization in the isolated In this study, we compared the affinities of the nonhy-
NBDs of the E. coli hemolysin transporter, HlyB. An  drolyzable ATP analogues AMPPNP and AJFS for Pgp.
important concept has emerged from these studies: the ATP-As AMPPNP had a very low affinity for Pgp, we used ATP-
driven dimerization of NBDs. The isolated NBDs of ABC y-S to characterize nucleotide-driven dimerization. In addi-
proteins exist as monomers and the ATP sites show an opertion, several other nonhydrolyzable analogues of ATP, such
conformation in the absence of nucleotide. The addition of as AMPPCP, are not recognized by the NBDs of Pgp. We
nucleotide induces dimerization of the NBDs in the head- demonstrate temperature-dependent occlusion of AP
to-tail configuration described above. The nucleotide oc- in wild-type Pgp with a stoichiometry of 1 mol of ATP-
cupies a significant part of the dimer interface and stabilizes 3*S/mol of Pgp. We also show that the occluded nucleotide
the dimeric state by altering the electrostatic charge balanceconformation of Pgp shows reduced binding of the photo-
(10). This closure is driven primarily by interactions between affinity transport substratéfi]iodoarylazidoprazosin {f3]-
they-phosphate and the signature matil, a fact consistent ~ |AAP) as well as reduced affinity for the propafenone
with biochemical evidence that shows that ADP cannot GPV51. The kinetics and thermodynamics of AF+S
induce dimerizationg, 15). ATP-driven dimerization has  occlusion in wild-type Pgp are comparable to those for the
an activation energy of 6670 kJ/mol (6, 17), which occlusion of ATP in the mutant (E556Q/Q1201Q) Pgp,
suggests relatively large conformational changt8).(In described previously 16). Finally, we show, using the
addition, the fact that dimerization is temperature-dependentWalker B glutamate (E556Q/E1201Q) mutant of Pgp, that
poses a technical problem because ATP would be hydrolyzedthe occluded nucleotide conformation could be generated
to ADP, which does not permit formation of the nucleotide With 8-azido-p-*PJATP but not 8-azidog-*P]JADP, which
sandwich. One strategy to obtain a stable ATP-driven dimer SUPPOTts the hypothesis that thephosphate plays a critical
has been to mutate a highly conserved glutamate in thefole in driving the closure of the NBDsl). Our results
Walker B domain of ABC proteins (E556 and E1201 in sugge_st that ATP-deen dlm_erlzat|on of nucle_otlde binding
human Pgp). These mutants bind ATP with normal kinetics 40mains, asymmetric occlusion of one nucleotide, and ADP-
(16, 19) but ATP hydrolysis is severely impaired 95%). d.r|v.en dlsas_sem_bly of thg occluded state are important and
In bacterial ABC proteins, such mutants exhibit ATP-driven d}St{th reaction intermediates of the Pgp transport cycle. Our
dimerization 9, 10, 17). The E556Q/E1201Q and the E552A/ findings also demonstrate that ATRS, the nonhydrolyzable .
E1197A double mutants of human and mouse Pgps, respec&nalogue of ATP, may be useful to generate pre-hydrolysis
tively, have been extensively characterized in recent yearsE'S] intermediate in other ABC transporters.

(16, 19-22). These double mutants of Pgp occlude nucle-
otide (predominantly as the nucleoside triphosphate) in a EXPERIMENTAL PROCEDURES

tightly bound nonexchangeable form in the absence of Vi chemicals['?]lodoarylazidoprazosin {4]-IAAP), 2200

or beryllium fluoride (Be). This reaction intermediate has  ci/mmol; [0-32P]JATP, 3000 Ci/mmol; and ATR-3S were
been alluded to as the “occluded nucleotide conformation” gptained from Perkin-Elmer Life Sciences (Boston, MA).
(22). Unlike the ATP-driven dimers obtained with isolated  8-Azido-[a-32P]JATP (15-20 Ci/mmol), 8-azido¢-32P]JADP,
NBDs, which exhibit a stoichiometry of 2 mol of ATP/dimer  (15-20 Ci/mmol), 8-azido-ATP, and 8-azido-ADP were
(10, 15), the occluded nucleotide conformation of Pgp shows puyrchased from Affinity Labeling Technologies, Inc. (Lex-
a maximal stoichiometry of 1 mol of ATP occluded/mol of ington, KY). The Pgp-specific monoclonal antibody C-219
Pgp (6, 21). This has led to the suggestion that the ATP- was obtained from Fujirebio Diagnostics Inc. (Malvern, PA).
bound state and the occluded nucleotide state may not beaAll other chemicals were obtained from Sigma Chemical Co.
the same. (St. Louis, MO).

The distinction between a nucleotide-bound and occluded Preparation of Crude Membranes from High:€i Insect
state is an important one, and it has been suggested that ther€ells Infected with Recombinant Bactilms Carrying the
are three distinct states of Pgp leading up to the occludedWild-Type and Mutant Human MDR1 Gem#ghFive insect
conformation 22). The first is an open dimer, the second is cells (Invitrogen, Carlsbad, CA) were infected with the
a symmetric closed dimer with ATPs bound at both NBDs, recombinant baculovirus carrying the hunfdibR1 cDNA
and the third is an asymmetric occluded state where one of(either wild-type or the mutant, E556/1201Q) with & 6
the two ATPs is tightly bound in a nonexchangeable form histidine tag at the C-terminal end as describi2fg).(Crude
(see refR2 and23for reviews that discuss the experimental membranes were prepared as described previo25)y26).
evidence). The postulate that an asymmetric occluded Puyrification and Reconstitution of Pgpluman Pgp from
nucleotide conformation is a reaction intermediate of the crude membranes of High Five insect cells was purified as
catalytic cycle also impinges on the models used to describedescribed previously 27). The crude membranes were
the mechanism of ATP hydrolysis by ABC transporters. The solubilized with octylB-p-glucopyranoside (1.25%) in the
alternating catalytic site model propounded by Senior et al. presence of 20% glycerol and a lipid mixture (0.1%).
(24) postulated that only one of the two ATP sites hydrolyzes Solubilized proteins were subjected to metal affinity chro-
ATP at any given time and that catalysis at the two sites matography (Talon resin, Clontech, Palo Alto, CA) in the
alternates. In recent years, a processive clamp model has beepresence of 1.25% octy$-p-glucopyranoside and 0.01%
proposed 15, 17) where ATP binding to two monomeric lipid; >90% purified Pgp was eluted with 200 mM imidazole
NBDs leads to formation of a dimer that, following hydroly- at pH 6.8. Pgp in the 200 mM imidazole fraction was then
sis of both NBDs, dissociates and releases ADP. In the latterconcentrated (Centriprep-50, Amicon, Beverly, MA) to
model there is no distinction between the symmetric dimer- ~1.5-2.0 mg/mL and stored at70 °C. Pgp was identified
ization and asymmetric occlusion. by immunoblot analysis using the monoclonal antibody C219
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and quantified by the Schaffner and Weissmann protein reaction was initiated with 5 mM ATP and quenched with
estimation method3() as previously describe@7). Purified 2.5% SDS; the amount of; lPeleased was quantified by a
Pgp was reconstituted into proteoliposomes by dialysis with colorimetric method 30).

a lipid:protein ratio (w/w) of 6:1 as describeti§ 28). The [a-32P]ATP or ATP-%°S HydrolysisATP hydrolysis was
orientation of Pgp in the proteoliposomes and specific activity measured by determining the amount affP]JATP/ATP-
of purified Pgp have been discussed previoudl§).( y-S hydrolyzed on the basis of a previously described assay

Photo-cross-linking of 8-Azidoef3?P]JATP or 8-Azido- (32). Purified Pgp reconstituted into liposomes Z® ug
[a-32P ADP to Pgp.Crude membranes of High Five insect of protein/mL) was incubated with 2QoM [a-32P]JATP or
cells (50-100 ug of protein) or purified and reconstituted ATP-y-3S for 20 min in the ATPase buffer (see above).
protein (5-10 ug of protein) were incubated in the ATPase Liposomes without incorporated Pgp were used as controls.
assay buffer (50 mM MES-Tris, pH 6.8, 50 mM KCI, 5 mM  The reaction was stopped by adding 1Q0of ice-cold buffer
sodium azide, 2 mM EGTA, 2 mM dithiothreitol, 1 mM  containing 2.5% SDS, and—2 ulL of this sample was
ouabain, and 10 mM Mg@) containing 1quM 8-azido-fo- spotted onto a cellulose/PEI TLC plate. TLC was carried
32PJATP (10uCi/nmol) in the dark at £C for 5 min. The out with 1 M HCOOH and 0.5 M LiCl as a solvent{3?P]-
samples were irradiated with a UV lamp assembly (PGC ATP and [-3?P]JADP were identified by exposing the dried
Scientifics, Gaithersburg, MD) fitted with two black-light TLC to an X-ray film and quantified by use of the STORM
(self-filtering) UV-A long wave F15T8BLB tubes (365 nm) 860 Phosphorlmager system (Molecular Dynamics, Sunny-
for 10 min on ice (4C). Ice-cold ATP (10 mM) was added vale, CA) and the software ImageQuaNT. In the case of
to displace excess noncovalently bound 8-azi@§?P]JATP. ATP-y-35S, only the ATPy-%S spot could be identified but
After SDS-PAGE on a 7% NuPAGE gel, the gels were not the ADP, as thé®*S was released. The amount of
dried and exposed to Bio-Max MR film (Eastman Kodak radionucleotide was quantified by use of a standard curve,
Co.) at—70°C for 12—-24 h. The radioactivity incorporated generated by spotting known concentrationscaf{P]ATP
into the Pgp band was quantified by use of the STORM 860 or ATP--3°S.

Phosphorimager system (Molecular Dynamics, Sunnyvale, Photoaffinity Labeling with 23]IAAP. The crude mem-
CA) and the software ImageQuaNT. branes of High Five insect cells (1Q@) or purified and

Vanadate- or Beryllium Fluoride-Induced Trapping of reconstituted protein (510 u«g) were incubated at room
Nucleotide into PgpThe Pgp8-azido-ADPRVi/BeF reaction temperature in the ATPase buffer witf]IAAP (7 nM)
intermediates were generated as described previo@$ly ( for 5 min under subdued light. The samples were photo-

29). Crude membranes of High Five insect cells (1@ or cross-linked for 10 min at room temperature, followed by
purified and reconstituted protein{3.0ug) were incubated  electrophoresis on 7% NuPAGE gels and quantification as
in the ATP assay buffer (see above) containing /50 described previouslyl@). Modifications to this procedure

8-azido-p-3?P]ATP or 8-azido-¢-3?P]JADP (5uCi/nmol) and in specific experiments are detailed in the figure captions.
300uM Vior 0.2 mM BeSQ + 2.5 mM NaF in the dark at Photoaffinity Labeling with GPV5Ihe crude High Five
34 °C for 5 min. The reaction was stopped by the addition membranes of insect cells (6:1 mg/mL protein) were
of 10 mM ice-cold ATP, and the samples were placed incubated in the absence or presence of 2 mM ATB-at
immediately on ice. The samples were photo-cross-linked 34 °C for 5 min, transferred to ice, and washed by
and electrophoresed, and the radioactivity incorporated in centrifugation. The resuspended pellets were treated $th |
the Pgp band quantified as describ@@)( GPV51 in the presence of increasing concentrations of
Trapping of 8-Azido-¢-*?P]JATP into Mutant (E556Q/  nonradioactive GPV51 for determination of apparéqat
E1201Q) PgpCrude membranes of High Five insect cells values. Samples were irradiated on ice six times (each
(100ug) or purified and reconstituted protein{%0«g) were irradiation lasted 30 s) with a Lot-Oriel 500W mercury lamp
incubated in the ATP assay buffer (see above) containingas described previously38). Vesicles were pelleted at
50 uM 8-azido-jo->?P]JATP (5 uCi/nmol) in the dark at 3000@ for 20 min in a Beckman TL-100 ultracentrifuge at
34 °C for 5 min. The reaction was stopped by the addition 4 °C in a TLA-100 rotor and washed in 1 mL of TS buffer.
of 10 mM ice-cold ATP and placing the samples immediately Subsequently, samples were taken up in loading buffer
on ice. The samples were photo-cross-linked and electro-containirg 8 M urea and 1% SDS and subjected to PAGE
phoresed, and the radioactivity incorporated in the Pgp bandon 7.5% gels. After fixation and staining with Coomassie
was quantified as describedif). blue, bands corresponding to Pgp were excised and dissolved
ATPase Assay#TPase activity of Pgp in crude mem- in 200uL of 35% hydrogen peroxide at 9% for 2 h under
branes was measured by the end-pojrtSB8ay as previously  agitation. Samples were cooled to room temperature and
described 30, 31), with minor modifications. Pgp-specific  counted in a Packard Tricarb 2000 liquid scintillation counter.
activity was recorded as the Vi-sensitive ATPase activity. The amount of ligand associated with the Pgp band at each
The assay measured the amount of inorganic phosphateconcentration of GPV51 is expressed in disintegrations per
released over 20 min at 3£ in the ATPase assay buffer. minute (dpm) and a measure of equilibrium binding. These
ATPase assays of Pgp are usually carried out at@7 values are plotted as a function of ligand concentration. It is
However, we found in a previous study that occlusion of important to note that, under the experimental conditions
ATP in the E556Q/E1201Q mutant Pgp is maximal between used, the total ligand concentration exceeds that of bound
30 and 34°C, and there is a substantiat20%) decrease at ligand by more than 3 orders of magnitude, and thus
37 °C (16). In this study we therefore performed all three concentrations of total and free ligand can be assumed to be
assays-nucleotide occlusion, Vi-induced trapping, and ATP identical. Hyperbolic binding competitions curves were fitted
hydrolysis—at 34°C. The assay was carried out under basal to the data points by least-squares via the solver add-in of
conditions or in the presence of verapamil, @®l. The Excel software.
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_OC_CIUSion of ATP»-S into ng.Crude membrgnes of High Table 1: 1Go Values for Inhibition of Pgp-Mediated ATP
Five insect cells (10@g) or purified and reconstituted protein  Hydrolysis and Vi-Induced Trapping of 8-Azide3P]ATP by
(5—10 ug) were incubated in the ATP assay buffer (see Nonhydrolyzable ATP Analogues

a}bove) wit.h ATPy-S (concentrations as 'indicated in the Kn(ATP ICs ATP ICsoftrapping
figure captions) at 34C for 5 min. The reaction was stopped hydrolysis)2 hydrolysis)P of 8-azido-
by the addition of 1 mL of ice-cold ATPase buffer, and the mM mM [a-*P]JADP)f mM
samples were placed on ice. Excess nucleotides wereATP 0.2940.03 d 0.19+ 0.02
removed by centrifugation at 1000§@r 20 min at 4°C. ADP e 0.61+ 0.04 d
The pellet was resuspended in &0 of ATPase buffer and AMPPNP € 1.4 0.04 28+0.09

d to determine 8-azido-F?P]ATP or [2H]IAAP bindin §azidoAMPPNP e 0.16+0.03 d
use 9 ATP-y-S e 0.194 0.02 0.29+ 0.04

as desc”_becj above. . o . a Pgp-mediated ATP hydrolysis was determined in the presence of
Occlusion of ATP+-**S into Pgp.Purified and reconsti- increasing concentrations of ATP ranging from 0.1 to 10 mM by the
tuted Pgp (7Qug) was incubated in the ATP assay buffer colorimetric Rrelease assay described under Experimental Procedures.

(see above) with ATR=35S (concentrations as indicated in Kmwas estimated by fitting the data to the Michaelidenten equation
- . P - by use of the software GraphPad PrisrRgp-mediated ATP hydrolysis
the figure captions) at 34C for 5 min. The reaction was was measured in the presence of 1 mM ATP and increasing concentra-

StOF’p_E(_j by the addition of 1 mL of ice-cold ATPase buffer tjons of the ATP analogues. The Michaetiglenten equation was used
containing 10 mM ATP, and the samples were placed on to estimate I, for inhibition of ATP hydrolysis.¢ Vi-induced trapping

ice. Excess nucleotides were removed by centrifugation atof 8-azido-p-*PJADP into Pgp was determined as described under
10000@ for 20 min at 4°C. The pellet was resuspended in Experimental Procedures, in the presence of increasing concentrations

- of ATP, AMPPNP, or ATPy-S. The radioactivity incorporated in the
100uL of ATPase buffer, and 75L was used to estimate Pgp band was estimated as arbitrary units by use of the STORM 860

the_ amount of protein. The protein in each _sample Was phosphorlmager system and the software ImageQuaNT. Appargnt IC
estimated by the method of Schaffner and Weissm&#d)) ( values for the inhibition of Vi-induced trapping of 8-azida-}2P]JADP

which was specifically developed to accurately measure thewere estimated by use of the curve-fitting sofMare GraphPad Prism.
concentration of membrane proteins in the presence of lipid L\Aean valuees:(:SD) of three independent experiments are shown here.
or detergent. The amount of*§]nucleotide was also Not done.® Not measurable.
estimated in each sample. Aliquotsypb, in triplicate) were _ _ _
added to 10 mL of Bio-Safe Il counting cocktail and the and prokaryotic, have suggested that an ATP-driven dimer-
radioactivity was determined in a Beckman LS3801 scintil- ization of the two NBDs may be a critical event in the
lation counter. Serial dilutions of the stock ATFR5S catalytic cycle of ATP hydrolysis10, 15, 16, 22). The
solution were used to generate a standard curve, which wagATPase reaction in mutants of the highly conserved glutamate
used to estimate the picomoles of APF5S occluded. within the Walker B region is significantly impaired, and
Similarly, the protein estimated in each sample was convertedthese mutants occlude the nucleoside triphospl2@)e $uch
to picomoles of Pgp by use of the factor 1 mg of protein ~ mutants have been extremely useful in characterizing the
7.14 pmol (based on a molecular mass of 140 000 Da). ATP-driven dimer because biochemical and structural evi-
Together, these values were used to express the occlusiolence suggests that the products of ATP hydrolysis, ADP
of ATP-y-3°S as picomoles of ATR-3°S per picomole of ~ and R, destabilize the dime®j. Thus, in principle it should
Pgp. be possible to form the ATP-driven dimer by use of a
[a-32P]ATP or [0-32P]JADP OcclusionPurified wild-type nonhydrolyzable analogue of ATP in the wild-type protein.

and E556Q/E1201Q mutant Pgps reconstituted into lipo- The res_ults of such experiments have been mixed (see ref
somes were incubated with 2001 [o-32PJATP or [o-32P]- 10 for discussion). In order to select an appropriate nonhy-

ADP for 20 min in ATPase buffer (see above). The reaction drolyzable analogue of ATP, we compared the relative
was stopped by adding 10 of ice-cold buffer containing affinities of ATP and two commonly used nonhydrolyzable
1 M NaCl and 10 mM ATP. The sample was loaded onto a 2nalogues, ATR-S and AMPPNP for Pgp. The kg of
G-50 column (4 mL, diameter 1 cm) previously washed with AMPPCP for Pgp could not be determined, as even high
50 mM Tris-HCI, pH 7.5, and 0.2 M NaCl (buffer A). The concentr_atlons of Al\_/IP_PCP (10 mM) do not affect ATP
proteoliposomes were eluted with buffer A and 0.25-mL Nydrolysis or cross-linking of 8-azidax{**P]ATP to Pgp
fractions were collected; the fractions containing the protein (d&t@ not shown). Table 1 shows that ATP, AMPPNP, and
were pooled, diluted to 4 mL with cold buffer A, and 'SAZTP'V'S all inhibit the Vi-induced trapping of 8-azidey{
centrifuged at 1500GPfor 20 min. The pellet was resus-  TJADP into wild-type Pgp with 16 values of 0.19, 2.8,-
pended in 1%L of 50 mM Tris-HCI, pH 7.5, containing and 0.29 mM, respectively. In addition to using a photoaf-
2.5% SDS. Part of the sample (40) was used to estimate finity probe to compare the relative affinities of the nucleotides
protein by the method of Schaffner and Weissmag#). (In for Pgp, we also estimated these under equilibrium condi-
addition, 2uL of this sample was used for TLC, ana-fP]- tions. Table 1 shows that th&,(ATP) for Pgp-mediated ATP

ATP and EX-32P]ADP were identified and quantified as hydrolysis is 0.3 mM and the Kg values for inhibition of
described above. ATP hydrolysis by AMPPNP and ATR-S are 1.4 and 0.19

mM, respectively. These data indicate that the affinity of
RESULTS AMPPNP for Pgp is approximately 10-fold lower than that
of ATP. Our data indicate that KFAMPPNP) for inhibition
ATP and Nonhydrolyzable Analogue AJFS Hae Com- of ATP hydrolysis is 1.4 mM, while Ig(AMPPNP) for the
parable Relatie Affinities for Pgp while the Nonhydrolyzable inhibition of Vi-induced 8-azido+-*?P]ADP trapping is 2.8
Analog AMPPNP Has an Apparently Very Low Affinity mM. On the other hand, ATR-S has an affinity for Pgp
Recent studies with several ABC proteins, both eukaryotic that is comparable to that of the physiological substrate, ATP.
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Table 2: Comparison of Hydrolysis of ATP-*°S and p-3?P]JATP
by Purified and Reconstituted Pgp

—Pgp  +Pgpt  —SVP +SVP
[0-32P]ATP hydrolysis, c 800+ 120 d d
nmol min?* (mg of Pgpy?*
ATP-y-%S hydrolysis, c c c 97+ 16

nmol min* (mg of Pgp)?*

@ Pgp-mediated ATP hydrolysis was determined as conversion of
[0-*2P]ATP to [0-*?P]ADP. [0-32P]ATP or ATP#-%S was incubated
with purified Pgp incorporated into proteoliposomesP@gp) or equal
volume of liposomes with no Pgp-Pgp) in the presence of 0.03 mM
verapamil for 20 min at 34C. The reaction was stopped by the addition
of 2.5% SDS, and 2L samples were spotted onto a cellulose/PEI
TLC plate. TLC was carried out witl M HCOOH and 0.5 M LiCl as
solvent. In the case off*?P]ATP, [o-*?P]ATP and p-3?P]JADP were
identified by exposing the dried TLC to an X-ray film; in the case of
ATP-y-35S, only ATP«-3°S could be identified on the X-ray film. The
ATP bands were quantified by use of the STORM 860 Phosphorimager
system (Molecular Dynamics, Sunnyvale, CA) and the software
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noncovalent ternary complex PiyypgADP-Vi (37, 38). Thus,
when we incubated Pgp in the presence of Vi and increasing
concentrations of ATP prior to centrifugation, we observed
inhibition of 8-azido-ft-*?P]ATP photolabeling (Figure 1C),
similar to the finding with ATPy-S alone. Moreover, the
ICso values for inhibition of photolabeling by ATR-S
(alone) and ATP (in the presence of Vi) are 0.27 and 0.29
mM, respectively, comparable to the values obtained for the
apparent affinities of these nucleotides for Pgp (Table 1).
Occluded ATP#-S and Vi-Induced Trapping of ADP
Result in Reduced Affinity for Pgp-Transport Substratés.
have shown previously26, 39) that the Vi-trapped confor-
mation of wild-type Pgp binds the photoaffinity transport-
substrate analogu&flJIAAP with >30-fold reduced affinity.
In addition, we have demonstrated that the double mutant
of human Pgp, E556Q/E1201Q), occludes ATP in the absence
of Vi and this conformation of Pgp also shows reduced

ImageQuaNT. These values, obtained as arbitrary units, were converteddinding of F2]IAAP (16, 19). The reduced binding of$]-

to nanomoles of ATP via a standard curve. Specific activity is expressed
as nanomoles ofof->?P]-ATP or ATP+-3*S hydrolyzed per milligram

of Pgp per minute. Mean values-$D) of three independent experi-
ments are depicted.Snake venom phosphodiesterase- (SVP-) mediated
hydrolysis of ATPy-%S was measured by incubating ATP¥S (0.2

mM) in the absence<{SVP) or presencet{SVP) of 0.52 unit of SVP

IAAP has been interpreted as monitoring a conformational
change in the transport-substrate binding from the high-
affinity, ON site to a low-affinity OFF site 45). The
temperature-dependent occlusion of A¥¥S shown in
Figure 1 is analogous to the Vi-independent occlusion of

for 20 min at 37°C, and the reaction was stopped by the addition of ATP in the Walker B glutamate (E556Q/E1201Q) mutant
2.5% SDS. The reaction was carried out in 50 mM Tris-HCI, pH 8, of pgp, a pre-hydrolysis reaction intermediate. We therefore

and 1 mM MgC}. The amount of ATP+-35S hydrolyzed was quantified . Lo . :
as described above, and specific activity is expressed as nanomoles o0 etermined the binding off]IAAP to Pgp after incubation

ATP-y-%S hydrolyzed per unit of SVP per minute. Mean valueSD)
of three independent experiments are depictétbt detected? Not
done.

with increasing concentrations of ATRS at 34°C. Oc-
clusion of ATP#-S results in reduced incorporation &]-
IAAP with an ICso of 0.25 mM. ATP, in the presence of Vi,
also inhibits incorporation of'f1]IAAP with a comparable

ATP-y-S thus appears to be a more suitable nonhydrolyzablelCso (0.45 mM) (Figure 2A,B).
analogue to use for studies with Pgp. However, there have Reduced binding of photoaffinity substrates such'#§{

been reports that ATR-S may be hydrolyzed by ATPases,
albeit the rate of hydrolysis is onfy,oo that of ATP in the
case of C& ATPase of sarcoplasmic reticulunBg).
However, when we compared the hydrolysis @f¥fP]ATP

and ATPy-%S by Pgp, we found that there was no detectable
hydrolysis of ATPy-3°S after 20 min at 37C (Table 2). In

IAAP to demonstrate the high-affinity to low-affinity switch
has been criticized on the grounds that the reaction of proteins
with photoligands reflects reactivity rather than affinity (refs
40 and 41, and see detailed discussion to address these
concerns in reR3). The underlying reason for this phenom-
enon is a propensity of photoligands to preferentially react

the same time period, there was measurable hydrolysis ofwith certain amino acid residues in the protein. Thus, a
ATP-y-3S by purified snake venom phosphodiesterase decrease in cross-linking of the photoligand could reflect
(SVP), consistent with earlier reports of slow rates of either a change in the affinity or a conformational change
hydrolysis of ATPy-S by SVP 86). These results suggest that alters the accessibility of the preferred side chain.
that ATP#-S can be used as a nonhydrolyzable ATP Propafenones, in contrast to other photoligands, show

analogue when studying the transport pathway of Pgp.
Kinetics of Occlusion of ATR-S into PgpWe incubated
Pgp with increasing concentrations of ATPS at either 4
or 34 °C and stopped the reaction by diluting the samples
20-fold with ice-cold buffer containing 10 mM ATP and
centrifuged at 1000@Pfor 20 min. This procedure ensured
that the free and loosely bound ATRS would be washed
off and the occluded nucleotide would remain associated with
Pgp in the pellet. If ATPy-S was occluded in the ATP site-
(s), this would prevent subsequent photolabeling by 8-azido-
[0-32P]ATP. In Figure 1A we show that when ATRS was
incubated with Pgp at 4C, there is minimal occlusion and
the Pgp is efficiently photolabeled after the APFS is
washed off. However, when ATP-S was incubated with

minimal reaction preference, and competition of radioactively
labeled photoligands by the unlabeled compound yields
binding competition curves that allow determination of the
concentration required for 50% occupancy of the drug-
substrate site. In the absence of nucleotide, an appHErent
of 42 uM was determined for the propafenorfel[GPV51.
This K4 increased to 128M when the occluded nucleotide
conformation of Pgp was generated with AJFS (Figure
2C). This increase was not due to changes in reactivity of
the photoligands, because individual full-range displacement
curves were determined for both conditions. As expected,
the Brax vValues (maximal binding of GPV51) in the presence
of ATP-y-S decreased by more than 2-fold (data not given),
as the concentration used for determinatiorBgfx values

Pgp at 34°C, there is a concentration-dependent decrease(radiolabeled compound only) are far below the appalkant

in the level of 8-azido-*?P]ATP photolabeling (Figure 1B),
suggesting that ATR-S is occluded in the ATP sites of Pgp.
There is considerable evidence that Vi mimics the pentaco-
valent phosphorus and traps the protein in the long-lived,

values.

Kinetics and Energetics of ATP<S Occlusion into
Human PgpTo provide additional evidence for the coupling
of ATP-y-S occlusion at the nucleotide binding site(s) of
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Ficure 1: Temperature-dependent occlusion of A% into Pgp. Crude membranes (850 mg/mL) prepared from High-Five insect

cells overexpressing Pgp were incubated with increasing concentrations of (Ay/AT&-4°C, (B) ATP+-S at 34°C, or (C) ATP and

Vi at 34 °C for 5 min. The membranes were washed by centrifugatior’@t# remove excess nucleotide, resuspended in ice-cold ATPase
buffer, and photo-cross-linked with 8-azide-f?P]JATP as described under Experimental Procedures. Following electrophoresis, the
radioactivity incorporated in the Pgp band was estimated as arbitraty units by use of the STORM 860 Phosphorimager system and the
software ImageQuaNT. Apparentdralues for the reduced photo-cross-linked 8-azid64P]ATP to Pgp preincubated with AT-S or

ATP + Vi at 34 °C were estimated by use of the curve-fitting software GraphPad Prism and are shown in the table. Meatt Gilues

of three independent experiments are shown in each panel. (Insets) Representative autoradiograms.

Pgp and the effect on the transport-substrate site, we usedable with ATP (Figure 3A, bar ). However, if Pgp is

35S-labeled ATPy-S to characterize the temperature-depend-

ent occlusion of a nonhydrolyzable ATP analogue. Purified

incubated with ATPy-3S at 34°C, the nonhydrolyzable
nucleotide is occluded and not exchangeable with excess

Pgp reconstituted into proteoliposomes was incubated with ATP (Figure 3A, bar Ill). It is important to note that if ATP-

ATP-y-3°S under different conditions depicted in Figure
3A: (I) incubation at 4°C for 5 min followed by addition

of 10-fold excess ATP; (Il) incubation at 3€ for 5 min in
the presence of 0.5 mM ATP-3°S and 5 mM ATP, where
ATP-y-35S and ATP were added simultaneously prior to the
samples being transferred to 3€; (lll) incubation at
34 °C for 5 min in the presence of 0.5 mM ATRS,
transfer of the samples to ice and then addition of 5 mM
ATP; (1V) incubation at 34C for 5 min in the presence of
0.5 mM ATP#-35S + 250 uM Vi, transfer of the samples
to ice, and then addition of 5 mM ATP. All samples were
than diluted to 1 mL with ice-cold ATPase buffer and
centrifuged at 1000@p for 30 min. The pellets were
resuspended in 2.5% SDS, and the amour®®fincorpo-

y-%S and excess ATP are simultaneously incubated with Pgp
at 34°C (Figure 3A, bar I1), there is negligible incorporation
of ATP-y-35S, suggesting that the nucleotide binding site is
blocked by ATP and inaccessible to ARR®S. Finally, Vi
does not affect the occlusion of ATRS (Figure 3A, bar
IV). It is also important to note that the extent of incorpora-
tion of ATP-y-35S is approximately 1 mol/mol of Pgp. We
also monitored the occlusion of ATR®®S in the mutant
and wild-type Pgps as a function of ATR®S concentration
(Figure 3B) and determined the molar ratio of protein:
occluded nucleotide at each concentration of AFPS. This
experiment provides two important pieces of information:
(i) ATP-y-%S is occluded with an appareiig(ATP-y-S) of
0.43 mM. This value is comparable to the affinity of ATP-

rated in each sample was determined by use of a scintillationy-S for Pgp obtained by more indirect methods (Figures 1B
counter. The protein in each sample was also determined byand 2A and Table 1). SimilarlKn(ATP) for Pgp has been

the method of Schaffner and Weissmaid)( which gives

reported in the literature to be within the range-0155 mM.

very accurate determinations of membrane proteins. Thesg(ii) Also noteworthy is the fact that when the data are fit to
values could be transformed into a molar ratio of picomoles a Langmuir isotherm, thgnaxis 1.2. They-axis in this plot

of ATP-y-3S incorporated per picomole of Pgp. This
experiment shows that, at’€, ATP--*S is fully exchange-

represents the ratio of picomoles of nucleotide occluded per
picomole of Pgp. This result suggests that the maximal
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Ficure 2: Decreased affinity of transport substrate for Pgp in the occluded nucleotide conformation and in the Vi-trapped state. Crude
membranes (0.5 mg/mL) prepared from High-Five insect cells overexpressing Pgp were incubated with increasing concentrations of (A)
ATP-y-S or (B) ATP and Vi at 34#C for 5 min. The membranes were washed by centrifugation ‘@ # remove excess nucleotide,
resuspended in ice-cold ATPase buffer, and photo-cross-linked WHHNAAP, as described under Experimental Proceduresy fGr

inhibition of [**4]IAAP photo-cross-linking to Pgp was estimated by use of the curve-fitting software GraphPad Prism and is shown on the
figure. Data points represent the meatSD) of three independent experiments. (C) Crude membrane from Pgp-overexpressing cells were
incubated in the absenc®) and presence®) of 2 mM ATP-y-S for 5 min at 34°C. The membranes were then photo-cross-linked with
[H]GPV51 in the presence of increasing concentrations of non-radioactively-labeled GPV51 to determine the lppalses as described

under Experimental Procedures.sf@alues for the inhibition of PI]IAAP binding by ATP-y-S or ATP + Vi and K4(GPV51) in the
absence of nucleotide and following incubation with AF¥S at 34°C are depicted in the table. Mean valuesSD of 3—5 independent
experiments are shown. (Insets) Representative autoradiograms of incorporat®shilaf\P into Pgp following incubation at 34C with

indicated concentrations of ATP-S or ATP (in the presence of Vi).

stoichiometry (nucleotide:protein) is approximately 1 and is signature sequence and D-loop of the other NBD. Moreover,
consistent with earlier results obtained with Pgp mutants of it has been suggested that the formation of such an ATP
the conserved glutamate in the Walker B regids, (20). sandwich involves conformational changes that have impor-
These mutants show very minimal ATPase activity and tant roles to play in the transport cycld€j. Using a
occlude the nucleoside triphosphate with a protein: nucle- nonhydrolyzable analogue of ATP (e.g., AJFS) with wild-
otide ratio of 1. type Pgp is one strategy to obtain a reaction intermediate
The data depicted above show that occlusion of A'F8- that represents the nucleotide-driven dimerization of the two
in a nonexchangeable form is temperature-dependent (com{aces of the ATP-binding site.
pare bars | and Ill, Figure 3A), which also brings about an  Vi-Independent Nucleotide Occlusion Occurs in the Pres-
energy-dependent conformational change at the transportence of Nucleoside Triphosphate but Not in the Presence of
substrate site (Figure 2). To study the energetics of this Nucleoside Diphosphat@ur previous work with the E556Q/
process, we measured the occlusion of AFPS as a E1201Q mutant human Pgp®) and the data presented in
function of temperature (Figure 3C). Previous work has this study support the view that if ATP hydrolysis cannot
shown that, unlike ATP binding, Vi-induced trapping of occur, the transporter can be locked in the ATP-bound
nucleoside diphosphate and Vi-independent occlusion of conformation. To test this hypothesis, we compared the
nucleoside triphosphate in the Pgp mutant E556Q/E1201Qocclusion of 8-azidog-*?P]JATP and 8-azido€-3?P]JADP in
are both strongly temperature-dependé®t 29). Moreover, wild-type and mutant (E556Q/E1201Q) Pgps. The wild-type
the two phenomena have comparable energetics. RecenPgp shows no occlusion of nucleotide when the protein is
structural and biochemical evidence has suggested that théncubated with either 8-azidax[*?P]JATP or 8-azido-{->?P]-
nucleotide in the ATP binding site of an ABC transporter is ADP in the absence of the “transition-state analogues” Vi
flanked by the Walker A and B and the H- and Q-loops of or Bek (Figure 4A, lanes 1 and 4). However, in the presence
one NBD on one side and the cavity is closed by the of either Vi or Bek incubation with either 8-azidoaf32P]-
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FiIGURE 3: Occlusion of ATPy-35S into Pgp. (A) Proteoliposomes
reconstituted with purified Pgp (1Q@y of protein/mL) were treated

as follows: (1) incubated with 0.5 mM ATR-3%S at 4°C for 5
min, followed by addition of a 10-fold excess of ATP; (Il) incubated
with 0.5 mM ATP+-35S at 34°C for 5 min in the presence of
10-fold excess ATP and then transferred to ice; (1) incubated with
0.5 mM ATP+-35S at 34°C for 5 min and transferred to ice,
followed by addition of 10-fold excess ATP; (IV) incubated with
0.5 mM ATP+-35S + Vi at 34 °C for 5 min and transferred to ice,
followed by addition of 10-fold excess ATP. All samples were
washed by centrifugation to remove nucleotide that was not
occluded or trapped and then resuspended in 2.5% SDS, and th
amount of3*S and protein in each sample (approximately-26
ugl/sample) was determined by the Amido black B method (see

Sauna et al.

ATP or 8-azido-{-3?P]JADP results in equivalent levels of
trapping (Figure 4A, lanes 2, 3, 5, and 6). This is consistent
with our previous work with Pgp20) although in the case
of some other transporters, such as the Tapl/Tap2 het-
erodimer, the trapping efficiency is considerably higher if
8-azido-p-*?P]JATP and Bekare used rather than 8-azido-
[0-*?P]JADP and Bek (42). The mutant Pgp (E556Q/
E1201Q), on the other hand, occludes nucleotide even in
the absence of Vi or BeRwvhen it is incubated with 8-azido-
[0-32P]ATP at 34°C (Figure 4A, lanes #9). Moreover, Vi
and Bek do not affect the extent of nucleotide occlusion.
These results are all consistent with previous repdr6 (
19, 29, 39). However when the mutant Pgp is incubated with
8-azido-p-*?PJADP, no occlusion of the nucleotide occurs
(Figure 4A, lanes 10 and 11). Incubation of the mutant Pgp
with 8-azido-pi-32P]JADP in the presence of Bglesults in
some incorporation of the nucleotide (Figure 4A, lane 12)
but this is less than 20% of that observed in wild-type Pgp.
Our previous studies using crude membranes from HelLa cells
infected with vTF7-3 and transfected with vector pTM1-
MDR1 (wild type or mutants) suggested that the double
mutant (E556Q/E1201Q) occludes either 8-azid6P]ATP
or 8-azido-pi-*?PJADP (19). Although infection-transfection
of HeLa cells is an excellent transient expression system for
transport studies, due to relatively low expression of the
recombinant protein, biochemical studies are sometimes
difficult to interpret. Senior and colleague20j, using
purified mouse Pgp expressedRichia pastoris have also
studied mutants of the conserved Walker B glutamate. These
studies demonstrated that the E552Q/E1197Q mutant oc-
cludes minimal amounts of*fC]JADP after an extended
incubation of 120 min [see Figure 5 i2@)]. We therefore
compared the occlusion off3?P]JATP and p-*2P]JADP into
wild-type Pgp and the mutant E556Q/E1201Q using purified
human Pgp reconstituted into proteoliposomes. Figure 4B
shows that bothd-*?P]ATP and [-3?P]JADP are trapped into
wild-type Pgp, but only in the presence of Vi. The mutant
Pgp, E556Q/E1201Q, occludes-f2P]ATP in the absence
of Vi but shows minimal occlusion ofof-*?P]JADP. A time
course of {-*2P]JATP occlusion shows #&,, of 1.6 min
(Figure 4C). We extended the time of incubation to 60 min
but observed no significant occlusion of-f?P]JADP (Figure
4C, inset). Similarly, we show that while occlusion of{?P]-
ATP is strongly temperature-dependent (Figure 4D), there
is a very slight increase in the occlusion af{?P]JADP from

5 to 37°C. These data clearly demonstrate that there is
minimal occlusion of §-3?P]JADP which is not significantly

Experimental Procedures and Results). These values could bedependent on temperature. Finally we show (Figure 5) that

transformed into a molar ratio of picomoles of AJ/%S incor-
porated per picomole of Pgp. (B) Purified Pgp reconstituted into
proteoliposomes (approximately 285 ug of protein/sample) was
incubated with increasing concentrations of AFP=S (0.05-1
mM) at 34°C for 5 min and transferred to ice, followed by addition
of 10-fold excess ATP. The picomoles of ARPS incorporated

the relative affinities of nucleoside triphosphate and nucleo-
side diphosphate for the mutant (E556Q/E1201Q) Pgp do
not provide the explanation for the lack of occlusion of ADP.
We show that the concentrations of 8-azidefP]JATP and
8-azido-p-3?P]ADP required for half-maximal incorporation

per picomole of Pgp was estimated in each sample as describedniq Pgp are comparable (12 and/2¥, respectively) (Figure

for panel A. (C) Purified Pgp reconstituted into proteocliposomes
(approximately 2535 ug of protein/sample) was incubated with
0.5 mM ATP+-3S at varying temperatures (in the range 4
37 °C) for 5 min and transferred to ice, and 10-fold excess ATP
was added. The amount of ATR3S incorporated into Pgp was

measured (after a wash to remove nucleotide that was not occluded

by counting samples in a liquid scintillation counter. Mean values

+ SD of three independent experiments are shown. (Inset) Arrhenius

plot of the data in the linear range (230 °C); the slope was used
to calculate the activation energy (60 kJ/mol).

5A). Similarly, ATP and ADP both inhibit the cross-linking
of 8-azido-p-*?P]JATP to the mutant Pgp with g values

of 0.65+ 0.07 and 0.29+ 0.04 mM, respectively (Figure
5B). We next compared the occlusion of ATP and ADP into

the mutant Pgp (E556Q/E1201Q). Purified reconstituted

mutant Pgp was incubated for 5 min at 37 in the presence
of increasing concentrations of either ATP or ADP. The
reaction was stopped by adding ice-cold ATPase buffer and
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Ficure 4: Occlusion of nucleoside triphosphates and nucleoside diphosphates in mutant (E556Q/E1201Q) Pgp. (A) Purified Pgps (wild
type and E556Q/E1201Q mutant) reconstituted into proteoliposomesu(l/fi.) were incubated with 5@M 8-azido-f-3?P]JATP or 50

uM 8-azido-jo-32P]JADP either alone or in the presence of Vi or Beft 34°C for 5 min. Samples were transferred to ice, photo-cross-
linked, and subjected to gel electrophoresis. The dried gel was exposed to an X-ray film, and a typical autoradiogram with the reaction
conditions is depicted. (B) Purified Pgps (wild type and E556Q/E1201Q mutant) reconstituted into proteoliposonBss@@ssay)

were incubated with 200M [a-32P]ATP or [0-32P]ADP either alone (solid bars) or in the presence of Vi (open bars) &€3ér 5 min.

The reaction was stopped by adding 1000f ice-cold buffer containig 1 M NaCl and 10 mM ATP. Free nucleotides were removed by
size-exclusion chromatography and centrifugation as described under Experimental Procedures. Radioactivity retained in each sample was
estimated by use of a scintillation counter and corrected for amount of protein. The data were normalized such that for both wild-type and
mutant Pgps,d-3?P]JATP incorporated in the absence of Vi was taken to be 1. (C) Occlusion-&PJATP or [a-3?P]JADP into the
E556Q/E1201Q mutant Pgp was monitored as a function of time as described for panel B. Data were normalized for protein, and the
radioactivity at time {= 0) was subtracted from the data set. (Inset) Extended incubation up tg,Afor occlusion of -32P]ATP was
determined to be 1.6 min; however, it was not possible to estitpat®er occlusion of f-32PJADP. (D) Occlusion of ¢-32P]JATP (@) or
[0-32P]ADP () into the E556Q/E1201Q mutant Pgp was monitored as a function of temperature as described for panel B. Data were
normalized for the amount of protein recovered in each sample at the end of the assay. All experiments were performed in triplicate and
the mean values#{SD) are plotted. Noted[-*2P]JADP was prepared fromof32P]JATP by incubation with hexokinase amdglucose as
described previouslyl§). Conversion of ¢-32P]JATP to [o-*2PJADP was monitored by TLC, and stock solutions of both had the same
specific activity. This was confirmed by measuring the radioactivity of the stock solutions.

transferring to ice. Nucleotides that were not occluded were the association of the two halves of the ATP site. In the case
removed by centrifugation at 1000§)Cand the proteolipo-  of Pgp, experimental evidence suggests the existence of three
somes were resuspended into the ATPase buffer. Thesdlistinct transition states: ATP bound, ATP occluded, and
samples were incubated with 4 8-azido-jo->?P]ATP for ADP-Vi trapped (for reviews see re&2 and 23). These
5 min on ice and irradiated at 365 nm. In this assay, occluded distinctions are important, because it has been suggested that
nucleotides would not allow photo-cross-linking of 8-azido- conformational changes that accompany the formation of the
[a-*?P]ATP. When the mutant Pgp is treated with ADP, the dimer are coupled to a high-affinity to low-affinity switch
ADP binds to the ATP site but is not occluded and is at the transport-substrate si&).(The nonhydrolyzable ATP
therefore washed off and 8-azida-f?PJATP can cross-link  analogues AMPPNP and ATRS have been used by several
unhindered. On the other hand, ATP is occluded, cannot begroups to argue that ATP binding rather than hydrolysis
washed off, and inhibits the cross-linking of 8-azide¥P]- represents the step in the catalytic cycle of Pgp at which a
ATP in a concentration-dependent manner (Figure 5C). Thesehigh-affinity to low-affinity switch occurs & 43—47).
data demonstrate that while ATP is occluded into the mutant However, these studies do not distinguish between the ATP
Pgp (IG for inhibition of 8-azido-p-**P]JATP cross-linking,  bound and ATP occluded states. The occluded nucleotide
0.32 mM), there is almost no occlusion of ADP even at a conformation {6, 22) has been characterized by using
concentration of 10 mM. The results thus suggest that while muytants of the conserved glutamate in Walker B (E556Q/
the nucleoside triphosphate can bring about the dimerizatione1201Q in human Pgp) but not by using nonhydrolyzable
of the apposing faces of the NBD, such a dimerization is ATP analogues. Using nonhydrolyzable ATP analogues to
not favored in the presence of the nucleoside diphosphate generate the occluded nucleotide conformation of Pgp would
DISCUSSION permit the_ use of Wildjtype protein_. This is particularly
important in understanding the coupling between conforma-
Recent studies have led to the concept of ATP-driven tional changes at the TMDs during different steps of the
dimerization in ABC proteins where the nucleotide permits ATPase reaction, where the mutant Pgp could have subtle
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Ficure 5. Determination of the affinities of nucleotides for the
E556Q/E1201Q mutant Pgp. (A) Appardqi8-azido-ATP/8-azido-
ADP) for Pgp was estimated by determining the photolabeling of
reconstituted purified mutant Pgp (E556Q/E1201Q) in the pre-
sence of increasing concentrations of 8-azide’4P]ATP (@) or
8-azido-p-32P]JADP (O) at 4°C, as described under Experimental
Procedures. (B) Apparent affinities of ATP and ADP were estimated
by incubating increasing concentrations of either A®y ¢r ADP
(O) with purified reconstituted mutant (E556Q/E1201Q) Pgp (5
10ug of protein) and 1M 8-azido-f-32P]JATP (8—10 xCi/nmol)
at 4 °C, followed by irradiation at 365 nm on ice for 5 min.
Following electrophoresis, the radioactivity incorporated in the Pgp
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“subtle electrostatic and steric differences” between nucle-
otides Q). Thus, the choice of a particular nonhydrolyzable
ATP analogue and a careful characterization of the conformer
generated are both necessary. We found that while ATP and
ATP-y-S inhibit Vi-induced trapping of 8-azida[*?P]ATP

into Pgp with comparable l&gvalues, almost 10-fold higher
concentrations of AMP-PNP are required (Table 1) and
AMPPCP is not recognized by human Pgp (data not shown).
However, AMP-PNP is often preferred over ATPS, as
there have been reports that some ATPases do hydrolyze
ATP-y-S, albeit at a very slow rate36). The difference
between the affinities of AMP-PNP and ATRS is almost

an order of magnitude, so AT-S would be the preferred
analogue to use. We therefore determined that under the
conditions used in this study there was no detectable
hydrolysis of ATPy-S by Pgp (Table 2). It is of course
possible that ATB~S is hydrolyzed at a rate that is too slow
to be detected; it would, however, be “nonhydrolyzable” for
the purpose of our assays. We also demonstrate that ATP-
y-S interacts with Pgp at the nucleotide binding site(s) to
displace ATP and 8-azidaxf*?P]ATP (Table 1) in a
concentration-dependent manner. Previous work with the
E556Q/E1201Q mutant of Pgp showed that occlusion of the
nucleoside triphosphate has an activation energy of ap-
proximately 50 kJ/mol 16). Similarly, the E599Q mutant

of the mitochondrial transporter MdI1 exhibits ATP-driven
dimerization with an activation energy of approximately 70
kd/mol (7). Thus, if ATP«-S drives a similar stable
association of the ATP-binding pocket, it should be energy-
(temperature-) dependent and result in occlusion of the ATP-
y-S. We found that although ATP-S binds to the ATP site

at 4°C, there is no stable occlusion (Figure 1A), as the bound
ATP-y-S is competed by excess ATP. However, afG4a
stable, concentration-dependent occlusion (Figure 1B) of
ATP-y-S is observed, which is comparable to the trapping
of ADP in the presence of Vi (Figure 1C). The fact that the
ICso values obtained for the occlusion of ARRS (Figure

1B) and ADP/Vi (Figure 1C) are comparable to the apparent
affinities of these nucleotides for Pgp suggests that the assay
reflects the conformational changes occurring under equi-
librium conditions and not effects on the photo-cross-linking
of the photoaffinity probes. Moreover, though these experi-
ments were carried out at different temperatures, photo-cross-
linking was carried out over ice in all instances. Thus these
experiments allow Pgp to be trapped into stable reaction
intermediates under equilibrium conditions, and conforma-
tional changes at the ATP binding site are reported by use
of the photoaffinity analogue of ATP, 8-azido-f?P]ATP.

bands was estimated as described under Experimental Procedures. We reported earlier that the mutant Pgp, E556Q/E1201Q),

(C) Purified reconstituted mutant (E556Q/E1201Q) Pgp—25

in the occluded nucleotide conformation brings about the

ug of protein) was incubated with increasing concentrations of either high-affinity to low-affinity switch (L6). The data presented

ATP (®) or ADP (O) at 34°C for 5 min. The reaction was stopped

by the addition of ice-cold buffer, and excess unoccluded nucle-

otides were removed by centrifugation at 10090Dhe pellet was
resuspended in ATPase buffer, incubated withulM8-azido-o-
32P]ATP (8—10uCi/nmol) at 4°C, and irradiated at 365 nm for 5
min on ice. Following electrophoresis, the radioactivity incorporated

in the Pgp bands was estimated as described under Experiment
Procedures. Curve-fitting was performed with the software Graph-

Pad Prism. Mean valueks SD of three independent experiments
are depicted.

effects on folding. The difficulty in obtaining occlusion of

al

above suggest that by use of APS it is possible to arrest
wild-type Pgp at the same or an equivalent step in the
catalytic cycle. We monitored the photo-cross-linking of the
Pgp transport-substraté?J]IAAP, following incubation with
ATP-y-S at 34°C, and we show that there is a concentration-
Hependent decrease in cross-linking of IAAP (Figure 2A).
A comparable decrease in the cross-linking BAJIAAP
occurs when Pgp is incubated with increasing concentrations
of ATP in the presence of 0.25 mM Vi at 3€. Moreover,

the 1G5 values for the inhibition of P3]JIAAP binding and

nonhydrolyzable ATP analogues has been attributed toocclusion of ATPy-S are comparable (compare Figures 1B
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Ficure 6: Occluded nucleotide conformation of Pgp and catalytic cycle of ATP hydrolysis. The occluded nucleotide conformation may
provide a basis for the alternate catalysis hypothesis for the catalytic cycle of Pgp-mediated ATP hydrolysis. The two ATP sites are labeled
1 and 2 in red and black circles, respectively. The nucleotide that is undergoing ATP hydrolysis is shown in red. Blue dashed arrows show
entry of ATP, and red dashed arrows show release of ADP. Step | represents the occluded nucleotide conformation (see FigR& 1 in ref
for the distinction between an open dimer, a symmetric ATP bound state, and an asymmetric occluded nucleotide state). In this conformation
one of the two ATPs (depicted in red) is occluded at ATP site 1. Only the ATP that was occluded in step | is hydrolyzed to ADP (step ).
Formation of ADP results in disassociation of the apposing faces of the ATP pocket, resulting in the release of ADP (steps Il and I1I) from
the ATP site 1. This is consistent with the data presented in Figure 4. Dissociation of nucleotide at one ATP site is accompanied by
occlusion of ATP at site 2, the alternate site (steps Il and Ill). Concomitantly ATP is bound (ATP in black) but not occluded at the site
where ADP was released (step V). The occluded ATP at site 2 is then hydrolyzed, followed by dissociation of the ATP site and release
of ADP (steps V and VI). At step | or IV, where nucleotide is occluded, there is a conformational change in the transmembrane drug-
substrate binding site, resulting in reduced affinity for the transport substi@teThe occluded nucleotide {E) can be obtained either by

use of wild-type Pgp and ATR-S (Figures +3) or by use of the Walker B, E556Q/E1201Q double mutant of human B[22, 23).

and 2A). In addition, we also used the propafenone GPV51, Recent studies show that in Pgp the “occluded” state
which in contrast to P3]IAAP shows minimal reaction contains only 1 mol of ATP/mol of Pgp. Similar results were
preference, and competition of radioactively labeled photo- obtained in studies of the effect of ATRS on UIC2
ligands by the unlabeled compound yields binding competi- reactivity in intact cells, where the Hill number for ATP-
tion curves that allow determination of the concentration y-S was found to be 1.02 0.13 @8). A molecular dynamics
required for 50% occupancy of the drug-substrate site. In simulation of the ATP binding process in BtuCD (an ABC
the absence of nucleotide, an apparkptof 42 uM was transporter that is the vitaminBimporter inE. coli) favors
determined. Thi&q increased to 128M when the occluded  the idea that, following the formation of a nucleotide
nucleotide conformation of Pgp was generated by use of sandwich, the protein undergoes conformational changes to
ATP-y-S (Figure 2C). This increase was not due to changesan asymmetric occluded sta#9}. This study found that if

in reactivity of the photoligands, because individual full- both nucleotides were docked in identical positions relative
range displacement curves were determined for both condi-to Walker A and B of each NBD, MgATP binding occurred
tions. These studies thus show that occlusion of AT8- across the dimer interface of one NBD. At the other NBD,
results in reduced affinity for the transport-substrate. An the binding pocket actually opened up, preventing the
earlier report by Callaghan and co-worke48)(also showed  formation of hydrogen bonds between ATP and the signature
that incubation of Pgp with ATR-S at 37°C had a profound motif of the apposing cassette. The results were more
effect on the binding capacity ofHiJvinblastine. Similarly, ambiguous when the simulations were performed with MalK,
experiments with permeabilized intact cells showed that treat- the nucleotide binding domain of the maltose transpotié. (
ment with ATP-S showed the greatest decrease in reactivity The authors suggest that the presence of TMDs may be
to UIC2, a conformation-sensitive monoclonal antibodi§) ( required for asymmetric nucleotide binding. Previous studies
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with Walker B glutamate mutants of Pgp (E556Q/E1201Q In this study, we have generated the occluded nucleotide
in human and E552A/E1197A in mouse) have characterized conformation in wild-type Pgp, akin to the & state of the
the occluded nucleotide conformatiod6( 19—22). The ATPase reaction, using the nonhydrolyzable ATP analogue
trapped nucleotide is predominantly the nucleoside triphos- ATP-y-S, thus eliminating the need for Walker B mutants.
phate, the occlusion is temperature-dependent, and theOur data suggest that the asymmetrical occlusion of ATP is
maximal stoichiometry (MgATP:Pgp) is 1:1. We show in distinct from the nucleotide-bound state of the protein and
Figure 3A, using ATPy-35S, that occlusion is strongly —may also be different from the symmetric closed dimer
temperature-dependent, comparable to the occlusion ofobserved in crystal structures of isolated NBDs of ABC
[a-32P]ATP in the mutant human Pgp, E556Q/E1201Q. proteins. Furthermore, the formation of the occluded nucle-
Moreover, the maximal stoichiometry of occlusion at°®  otide conformation during the progression of the ATPase
is 1 mol of ATP+-3S/mol of Pgp (Figure 3B). reaction may result in alternating catalysis at the two ATP
sites. Finally, this step in the catalytic pathway also appears
to have an important role in the transport cycle as the high-
affinity to low-affinity switch at the TMDs occurs during
the formation of the occluded nucleotide conformation. This
is consistent with the suggestion made recently by Aanismaa
and Seelig §4) that drug release from the TMDs occurs
before ATP is hydrolyzed.

Thus, it is clear from our data that ATRS can be used
to obtain the occluded nucleotide conformation with wild-
type Pgp, an intermediate that is structurally and energetically
distinct from the symmetrical dimer. Moreover, although the
molecular basis for alternating catalysis is poorly understood,
recent structural studies, real-time molecular dynamics
simulations, and characterization of occluded nucleotide
conformation of Pgp (described abpve) provide important AckNOWLEDGMENT
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