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ABSTRACT. In the nucleotide-binding domains (NBDs) of ABC transporters, such as mouse Mdr3
P-glycoprotein (P-gp), an invariant carboxylate residue (E552 in NBD1; E1197 in NBD2) immediately
follows the Walker B motif (hygDE/D). Removal of the negative charge in mutants E552Q and E1197Q
abolishes drug-stimulated ATPase activity measured; bgl@ase. Surprisingly, drug-stimulated trapping

of 8-azido-pi-32P]ATP is still observed in the mutants in both the presence and absence of the transition-
state analogue vanadate;,Vand ADP can be recovered from the trapped enzymes. The E552Q and
E1197Q mutants show characteristics similar to those of the wild-type (WT) enzyme with respect to
8-azido-p-2P]ATP binding and 8-azidoe{-3?P]nucleotide trapping, with the latter being both Mgnd
temperature dependent. Importantly, drug-stimulated nucleotide trapping in E552Q is stimulated by V
and resembles the WT enzyme, while it is almost completeipdénsitive in E1197Q. Similar nucleotide
trapping properties are observed when aluminum fluoride or beryllium fluoride is used as an alternate
transition-state analogue. Partial proteolytic cleavage of photolabeled enzymes indicates that, in the absence
of Vi, nucleotide trapping occurs exclusively at the mutant NBD, whereas in the presencawd/gotide
trapping occurs at both NBDs. Together, these results suggest that there is single-site turnover occurring
in the E552Q and E1197Q mutants and that ADP release from the mutant site, or another catalytic step,
is impaired in these mutants. Furthermore, our results support a model in which the two NBDs of P-gp
are not functionally equivalent.

The successful chemotherapeutic treatment of many porters into 7 subfamilies designated ABCA to ABCG.
human tumors is often impeded by the emergence of There is great clinical interest in ABC transporters not only
multidrug-resistant cells1j. Multidrug resistance (MDR) because of their involvement in multidrug resistance but
is characterized by cross-resistance to structurally andalso because many disease-causing mutations have been
functionally unrelated compounds and is often associatedidentified in proteins of this family in humans, causing
with the overexpression of membrane transporters of wide diseases such as Tangier disease (ABCA1), progressive
substrate specificity, such as members of the ATP-binding intrahepatic cholestasis (ABCB11), pseudoxanthoma elasti-
cassette (ABC) protein superfamily, which include P- cum (ABCCB), cystic fibrosis (ABCC7), persistent hyper-
glycoprotein (P-gp), multidrug resistance-associated proteininsulinemic hypoglycemia (ABCC8), adrenoleukodystrophy
(MRP), and breast cancer resistance protein (BCR}) ( (ABCD1), and sitosterolemia (ABCG5, ABCG8) among
ABC transporters form one of the largest and most conservedothers. The substrates for ABC transporters are very diverse
gene families known, with 48 members in humans, 56 and include drugs (ABCB1), lipids (ABCA4, ABCA7,
in the fly, 129 in plants, and over 300 in bacter®.(In ABCB4), fatty acids (ABCD%+4), sterols (ABCG5, AB-
humans, multiple sequence alignments divide these trans-CG8), anionic conjugates (ABCGB), peptides (ABCB2,
ABCB3), nucleotides (ABCC4, ABCC5), and ions (ABCBS6,
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SUR1) show an additional hydrophobic domain of five TM revealing the location of the nucleotide complexes and
helices fused at the N-terminus of the classical 2TMD/2NBD defining the amino acid residues that form the active site.
backbone. The major topological features of P-gp, including For example, the Walker A motif, also known as the P-loop,
the carboxy and amino termini, the glycosylated loop, and is seen to wrap around the phosphate chain of ATP with the
the NBDs, have been oriented with respect to the cell main chain nitrogens of the residues within this motif making
membrane, and the number, position, and polarity of the 12 extensive hydrogen bonding with th@&phosphate. The

TM helices have been established using biochemical andWalker B motif is shown to provide the carboxylate residue

immunological methods7( 8). Recently, a high-resolution
structure was obtained for the ABC transporter MsbA
(homodimer, 1 TMD/1NBD) oEscherichia col(E. coli) (9),
which confirmed at 6 the number of TM helices present in
each TMD of ABC transporters. Peptide mapping with
photoactive substrate analogu&6)(and studies in chimeric
(11, 12), naturally occurring 13, 14), or experimentally
induced (5, 16) P-gp mutants with altered substrate speci-
ficities, as well as site-specific modifications in single-
cysteine mutantsl({), suggest that the TMDs of P-gp, and
of other ABC transporters, form the substrate-binding site
in the lipid bilayer.

Drug transport is strictly ATP dependent, and considerable

that coordinates and stabilizes the magnesium ion indispen-
sable for ATP hydrolysis. In addition, the recent crystal
structure of the stable MJ0796-E171Q dimé®)(shows that

the signature motif of the opposite NBD also contributes to
the active site by forming hydrogen bonds with the ribose
andy-phosphate of ATP. Finally, multiple sequence align-
ments identified another highly conserved carboxylate residue
that immediately follows the Walker B aspartat); This
carboxylate has been proposed to play a key role in catalysis
since, in the HisP structure, the negatively charged side chain
of this glutamate (E179) appears to polarize a water molecule
for an in-line attack on the terminal phosphate of ABR)(

In an effort to gain insight into the mechanism of ATP

evidence suggests that ATP hydrolysis by the NBDs provides hydrolysis by P-gp, including testing the role of the two

the energy required for this proceds{-23). Purified P-gp

NBDs in catalysis, we have previously mutated the glutamate

shows robust ATPase activity [measured by the release ofresidues homologous to E179 of HisP in the mouse Mdr3

inorganic phosphate (Por by vanadate- (¥) induced
trapping of nucleotide] that can be further stimulated by
certain MDR drugs and P-gp inhibitorsg 19, 21, 24). Both
NBDs have been shown, through mutagene2B), (site-
specific modification in single-cysteine mutan®6), and
studies in half-molecule2{), to be essential for function,
with complete cooperativity between the two sites for ATP

enzyme (E552Q and E1197Q in NBD1 and NBD2, respec-
tively) (43). We observed that although no ATPase activity
could be measured by Release for either of these mutants,
8-azido-p-32P]nucleotide could still be trapped. These
observations have suggested that a step during ATP hydroly-
sis is impaired in the mutant enzymes, providing a unique
opportunity to study intermediate steps in the catalytic cycle

hydrolysis and drug transport. In the “alternate site” catalysis of the enzyme. In this study, we have attempted to character-

model proposed by Senior and co-worke2®)( both NBDs
are catalytically active with equal probability of hydrolysis
at NBD1 and NBDZ2. In this model, one drug molecule is

ize the molecular basis of the defect in the E552Q and
E1197Q mutants.

transported per ATP molecule hydrolyzed. The experiments EXPERIMENTAL PROCEDURES

that support this model include;¥hduced nucleotide trap-
ping, in which equal trapping of nucleotide occurs in NBD1
and NBD2, with complete inhibition of ATPase activity
occurring with one molecule of \frapped per P-gp molecule

(28, 29). Thus, when one site enters the transition state (P-

gp-MgADP-P/V)), the other cannot do so, implying alternate

Purification of Mouse Mdr3The wild-type mouse Mdr3
(WT) and the E552Q, E1197Q, and D551N mutants were
created by site-directed mutagenesis and modified by in-
frame addition of a six-histidine tag (H)sat the C-terminus
of the protein and were expressed in the y®asiia pastoris

hydrolysis. In the expanded model proposed by Ambudkar after cloning in the expression plasmid pHIL-D2 (Invitrogen,
and co-workers, two ATP molecules need to be hydrolyzed license 145457), as previously describ&8) (For expression

for one substrate molecule to be transportd).(This model

is based on the observations thativhibited P-gp has
reduced affinity for drugs30—32) and that a second ATP
hydrolysis event is required to restore normal drug-binding
properties 80). Hence, drug binding induces hydrolysis of
a first ATP and translocation of substrate to a low-affinity

and purification, glycerol stocks oP. pastoris GS115
transformants were streaked on YPD plates, and single
colonies were used to inoculate 6 L liquid cultures. For
preparation oP. pastorismembranes, cultures were induced
with 1% methanol for 72 h, and plasma membranes were
isolated by centrifugation, as previously described).(

site, as well as substrate release, while binding and hydrolysisSolubilization and purification of WT and mutant Mdr3

of a second ATP is required to recreate a high-affinity drug-
binding site.

In ABC proteins, each NBD contains the consensus
Walker A (GX,GKS/T) and Walker B (hysD, where hyd

variants by affinity chromatography on Ni-NTA resin
(Qiagen) and DE52-cellulose (Whatman) were as described
(44). This procedure routinely yielded between 1 and 1.6
mg of protein, with 95% minimum purity.

= hydrophobic residue) sequence motifs that have been Assay of ATPase Actty. For ATPase assays, purified WT

previously described in various ATP-binding proteins and
ATP-hydrolyzing enzymes (ATPase$3]. The high-resolu-

tion crystal structures of several NBDs of ABC transporters
and proteins have been solved, including HisP, MalkK,

or mutant Mdr3 enzymes (concentrated DE52 eluate) were
activated by incubating with 1%. colilipids (w/v; Avanti,
acetone/ether preparation) and 5 mM dithiothreitol (DTT)
for 30 min at 20°C at a final protein concentration of 0.07

MJ0796 (LolD), MJ1267 (LivG), Rad50cd, TAP1, BtuCD, ug/uL (WT) or 0.1ug/uL (mutants). Aliquots of 5L were

and HlyB 34—41). In most cases, structural information has

been obtained for the protein bound to different nucleotides,

added into 50 mM Tris-HCI (pH 8.0), 0.1 mM EGTA, 10
mM N&ATP, and 10 mM Mg(], to a final volume of 250
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uL, and the mixture was incubated at 3. At the
appropriate time, a 56L aliquot was removed and quenched
in 1 mL of ice-cold 20 mM HSQ,. Inorganic phosphate (P
release was assayed as described previodS)yrugs were
added as dimethyl sulfoxide stock solutions, and the final
solvent concentration in the assay was kepta® (v/v).
Photoaffinity Labeling with 8-Azidoe{->?P]ATP. 8-Azido-
[a-32P]ATP photoaffinity labeling was performed as previ-
ously described43) with minor modifications. The purified
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free label was removed by centrifugation at 2009 @8 30

min at 4°C in a TL-100 rotor (Beckman), and the pellets
were washed with ice-cold 50 mM Tris-HCI (pH 8.0) and
0.1 mM EGTA. The protein pellets were then resuspended
in 15uL of 50 uM 8-azido-ATP, and 2L of ice-cold 50%
(w/v) trichloroacetic acid was added. The samples were
centrifuged to precipitate the protein, andill of 50 mM
EDTA was added to 20L of the supernatant. Samples (0.5

uL) were applied to a poly(ethyleniminegellulose plate

Mdr3 proteins (concentrated DE52 eluate) were activated by along with 125 dpm of each nucleotide standard (8-azido-

incubating with 1%E. colilipids (w/v; Avanti, acetone/ether
preparation) and 5 mM DTT at a final concentration of 0.2
mg/mL at 20°C for 30 min immediately prior to starting

the photolabeling reactions. For direct labeling experiments,

activated WT or mutant Mdr3 variants were incubated on
ice for ~10 min with 3 mM MgC}, 50 mM Tris-HCI (pH
8.0), 0.1 mM EGTA, and varying concentrations of 8-azido-
[0-32P]ATP (5, 10, 20, 40, and 86M final concentrations

at ~0.2 Ci/mmol specific activity) in a total volume of 50
uL. In some experiments, requirement for divalent cations
was assayed by addition of EDTA (5 mM) to the reaction

ATP, 8-azido-ADP, and a mixture of both protein) and
developed in 3.2% (w/v) fresh NJHCO;; the plate was then
subjected to autoradiography.

Partial Trypsin Digestion of Photolabeled Mouse Mdr3.
To detect radiolabeled nucleotide trapped in NBD1 and/or
NBD2 of Mdr3 following photolabeling of the protein with
8-azido-p-32P]JATP, we took advantage of the protease-
hypersensitive site located in the linker region joining the
two halves of P-gp46). Photoaffinity-labeled proteins were
resuspended in 36L of 50 mM Tris-HCI (pH 8.0) and 0.1
mM EGTA and kept on ice. The incubation with trypsin (2

mixture. The samples were kept on ice and immediately UV- uL of each stock solution) was then carried out for 10 min

irradiated for 5 min [UVS-II Minerallight (260 nm) placed

at 37°C at enzyme-to-protein mass ratios of 1:75, 1:37.5,

directly above the samples]. Unreacted nucleotides were thenl:18.75, 1:9.38, 1:4.69, 1:2.34, and 1:1.17. The digestion was

removed by centrifugation at 20009€r 30 min at 4°C in

a TL-100 rotor (Beckman), and protein-containing pellets
were washed with 100L of ice-cold 50 mM Tris-HCI (pH
8.0) and 0.1 mM EGTA. The pellets were then dissolved in
sample buffer [5% (w/v) SDS, 25% (v/v) glycerol, 0.125 M
Tris-HCI (pH 6.8), 40 mM DTT, 0.01% pyronin Y] and
separated by SDSpolyacrylamide gel electrophoresis (SBS
PAGE) on 7.5% gels, followed by autoradiography to Kodak
BioMax MS film. For nucleotide trapping experiments,
activated WT or mutant Mdr3 variants were incubated at 37
°C for 20 min with 5uM 8-azido-jo-32P]ATP (0.2-0.5 Ci/
mmol), 3 mM MgC}, 50 mM Tris-HCI (pH 8.0), and 0.1
mM EGTA, with or without vanadate (Y200uM), AICl 3

(1 mM)—NaF (5 mM), or BeS®(200uM)—NaF (1 mM),

in a total volume of 50uL. Verapamil (100uM) or
valinomycin (100xM) was included where indicated. Di-

stopped by addition of 1L of sample buffer. For the
experiment carried out in the absence ofall ratios were
used, whereas in the presence ¢b¥ly the 1:37.5, 1:18.75,
1:9.38, and 1:4.69 ratios were used. Finally, the Mdr3 halves
were resolved by SDSPAGE on 10% gels, followed by
transfer onto nitrocellulose membranes and exposition to
film. Immunoblotting with the mouse monoclonal antibody
C219 (Signet) that recognizes both halves of Mdr3, as well
as with N-terminal and C-terminal half specific mouse
monoclonal antibodies [MD13 with its epitope in NBD1
(494—504) and MD7 with its epitope in the intracellular (IC)
loop 3 (805-815)], respectively (gift of Dr. V. Ling from
The B.C. Cancer Research Centre, Vancouver, Canddg) (
was then performed on the membranes.

Routine ProceduresProtein concentrations were deter-
mined by the bicinchoninic acid method in the presence of

valent cation dependence was assayed by addition of EDTA0.5% SDS using bovine serum albumin as a standard-SDS

(5 mM). Modifications to the normal procedure are indicated

PAGE was carried out according to LaemndB) using the

in the figure legends. The incubations were started by mini-PROTEAN Il gel and Electrotransfer system (Bio-Rad).

addition of 8-azido-3?P]JATP and stopped by transfer on
ice. Free label was then removed by centrifugation at
20000@ for 30 min at 4°C in a TL-100 rotor (Beckman),
and pellets were washed and resuspended inL36f ice-
cold 50 mM Tris-HCI (pH 8.0) and 0.1 mM EGTA. Samples
were kept on ice and irradiated with UV for 5 min. Labeled
samples were resolved by SBBAGE on 7.5% gels and

Samples were dissolved in sample buffer [5% SDS (w/v),
25% glycerol (v/v), 125 mM Tris-HCI (pH 6.8), 40 mM
DTT, and 0.01% pyronin Y]. For immunodetection of Mdr3,
the mouse monoclonal antibody C219 (Signet Laboratories
Inc.) was used with the enhanced chemiluminescence
(ECL) detection system (NEN Renaissance, PerkinElmer).
To recognize NBD1 specifically, the mouse monoclonal

subjected to autoradiography. Orthovanadate solutions (100antibody MD13 was used, and for NBD2 the mouse

mM) were prepared from N&O, (Fisher Scientific) at pH
10 and boiled for 2 min before use to break down polymeric
species.

Thin-Layer Chromatography Analysis of Vanadate-
Trapped Nucleotides in Mouse MdrBive micrograms of
activated WT or mutant Mdr3 variants was incubated at 37
or 4 °C for 10 min with 5uM 8-azido-ja-*?P]JATP (0.4 Ci/
mmol), 3 mM MgC}, 200uM vanadate, 10@M verapamil,

50 mM Tris-HCI (pH 8.0), and 0.1 mM EGTA in a total
volume of 50uL. The incubations were started by addition
of 8-azido-pi-3?P]JATP and stopped by transfer on ice. The

monoclonal antibody MD7 was employed. For autoradiog-
raphy, SDS gels were stained with Coomassie Blue, dried,
and exposed at 80 °C to Kodak BioMax MS film with an
intensifying screen for the appropriate amount of time.

Materials. 8-Azido-[a-32P]JATP was purchased from Af-
finity Labeling Technologies, Inc. (Lexington, KY). 8-Azido-
ATP and verapamil were from ICN while valinomycin was
from Calbiochem. Acetone/ether-precipitatédcoli lipids
were from Avanti Polar Lipids. The PElcellulose TLC
plates and general reagent grade chemicals were from Sigma
or Fisher.
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Ficure 1: Direct photolabeling of purified Mdr3 NB site mutants with Mg-8-azide3P]ATP. Purified and activated wild-type (WT) and
mutant Mdr3 variants (E552Q, E1197Q, D551N) were UV-irradiated on ice in the presence of 3 mM amgi33, 10, 20, 40, and §M
8-azido-p-32P]ATP. Photolabeled samples were separated on 7.5%-gbigacrylamide gels and stained with Coomassie Blue (A) followed

by autoradiography (B) (Experimental Procedures). The position

RESULTS

During a previous search for catalytic carboxylate residues :

in the NBDs of P-glycoprotein two mutants of the mouse
Mdr3 isoform at homologous positions in NBD1 and NBD2
(E552Q and E1197Q) showed a similar loss-of-function
phenotype, which featured inability to convey multidrug

resistance and abrogation of steady-state ATPase activity

(43). In the present study, we have investigated the mecha
nistic basis of the defect in those mutants. For this, wild-
type (WT) Mdr3 and the E552Q and E1197Q mutants were
expressed in the yeaBt pastorisas recombinant proteins
bearing an in-frame polyhistidine tail (Hjsat the carboxyl
terminus. The NBD1 Walker B motif mutant D551N, in
which ATP hydrolysis is completely impaired49, 50
(hMDRDJ)], was also included as a negative control in the
experiments. Protein purification from large-scale methanol-
induced liquid cultures doP. pastoriswas done by detergent
extraction from enriched membrane fractions, followed by
affinity and anion-exchange chromatography oA"NNTA

and DES52-cellulose resins, respectiveld) Using this
protocol, all proteins could be purified in large amounts (1
1.6 mg/6 L culture) in a stable form and at a high degree of
purity (>95%) (Figure 1A).

Steady-state ATP hydrolysis by the purified proteins
activated withE. coli lipids and DTT was determined by
measuring Prelease, in the absence or presence of MDR
drugs or P-gp inhibitors that are known to stimulate the
ATPase activity of P-gp45). As shown previously43), WT
Mdr3 has low basal ATPase activity (0.8Bol min-t mg1),
which can be strongly stimulated{®-fold) by verapamil
and valinomycin (3.16 and 2.18mol min~! mg™?). As

of the molecular mass markers is given on the left.

increasing concentrations of 8-azide-J?PJATP in the
presence of MY (~10 min on ice), followed by UV
irradiation. Unincorporated ligand was removed by centrifu-
gation, and labeled proteins were resolved by SBPBGE.
The gels were stained with Coomassie Blue to verify
comparable loading (Figure 1A) and then subjected to
autoradiography (Figure 1B). Binding and subsequent photo-
cross-linking of 8-azido-3?P]JATP was specific to Mdr3
and increased proportionally with the amount of 8-azido-
[0-*?P]ATP present in the reaction. The profile &P
incorporation over several experiments was quantitatively
similar for all mutants and was also very similar to that seen
for WT Mdr3. Similar results were obtained when the WT
and mutant proteins were labeled at@ with 8-azido-f-
32P]ATP (data not shown). Together, these results suggest
that the E552Q, E1197Q, and D551N mutations do not have
a major effect on nucleotide binding to Mdr3 and are
therefore unlikely to cause major nonspecific structural
changes in the NBDs. This is in agreement with previous
studies of catalytic residue mutants of the Walker A and B
signature motifs (K429R, K1072R, D551N, and D1196N)
which severely affect the catalytic activity of mouse Mdr3
but have little effect on the nucleotide-binding affinity of
the protein 49). Thus, residues E552 and E1197 seem to
participate in the hydrolysis steps after the initial binding of
ATP to the NBDs.

Vanadate (}) is a transition-state analogue structurally
related to phosphate;jRhat can stably inhibit P-gp ATPase
activity (52). V; trapping of nucleotide requires both hy-
drolysis of the bond between th# and y-phosphates of
ATP and release of{POnce Ris released, it is replaced by

before, the purified E552Q and E1197Q mutants show a very Vi, capturing ADP in the NB site and forming a long-lived

low basal ATPase activity (0.13).18 umol min™* mg™?)
that is not stimulated by drugs (0-£8.20umol min~t mg?)

intermediate that resembles the normal transition state
{MgADP-V}} (28). This intermediate can be visualized by

and which is comparable to the activity seen in the ATPase UV cross-linking when 8-azidoe[-*?P]ATP is used as a

inactive mutant D551N49, 51) that is considered to be
background.

To determine whether the loss of ATPase activity seen in
E552Q and E1197Q was caused by an effect of the mutation
on affinity for nucleotides, the nucleotide-binding properties
of the WT and Mdr3 variants were compared by photoaffinity
labeling. Purified and activated proteins were incubated with

substrate 28). Indeed, V-induced trapping of 8-azidaf
32P]ADP under hydrolysis conditions (3T) has been used

as an alternative and highly sensitive method to monitor
sATPase activity in WT and mutant P-ga§ 49). For WT
Mdr3, nucleotide trapping is dependent on the presence of
V; and is stimulated by VER and VAL. In contrast to WT,
nucleotide trapping is completely absent from the Walker B
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Ficure 2: Temperature and divalent cation dependence of photolabeling of Mdr3 NB site mutants by vanadate trapping with Mg-8-azido-
[0-32P]ATP. Purified and activated wild-type and mutant Mdr3 variants were preincubated with 8-azido-fo-3?P]JATP and 3 mM

MgCI; for 20 min at either 37C (A and D) or on ice (£C; B) in the absence or presence of 200 vanadate, 10@M verapamil or 100

uM valinomycin, and 5 mM EDTA (D only), as indicated above the lanes. Unbound ligands were removed by ultracentrifugation and
washing, and the samples were then UV-irradiated and separated byFSTEE. The autoradiographs in panels A and B were exposed

to film for the same amount of time. (C) Purified and activated wild-type and mutant P-gp variants were UV-irradiated on ice in the
presence of 2(«M 8-azido--32P]JATP and 3 mM MgC}, with or without 5 mM EDTA, as indicated above the lanes. Photolabeled
samples were separated on 7.5% SIpSlyacrylamide gels and stained with Coomassie Blue followed by autoradiography.

mutant D55IN under any of the conditions tested, as temperature dependence and EDTA sensitivity of E552Q
suggested by the absence of ATPase activity of this mutant.and E1197Q photolabeling by 8-azide-f?P]JATP were
Despite the observed lack of ATPase activity of E552Q and investigated. Results in Figure 2A,B show that labeling of
E1197Q measured by Release, 8-azidonucleotide trapping WT, E552Q, and E1197Q by 8-azida-f?P]JATP under
that is stimulated both by drug and by ¥ readily detectable  all conditions tested#V;, +drugs) was either completely
in these mutants. Interestingly, drug-stimulatedndepen- eliminated or largely reduced@0%) when the incubation
dent trapping is also seen in the mutants. We proposedand washing steps of the labeling reaction were carried
previously that these mutants can only complete part of the out at 4°C (Figure 2B) as opposed to 3T (Figure 2A).
ATP hydrolysis cycle of P-gp, such that binding of 8-azido- Parallel studies of Mg ion dependence of 8-azido
ATP and initiation of hydrolysis leading to formation of the 32P]JATP labeling under hydrolysis conditions, shown in
transition-state complex are normal, but subsequent stepsFigure 2D, indicate that addition of the chelator EDTA
such as release of MgADP and/qr & others are impaired  completely abrogates photolabeling of the WT and mutant
(43). proteins, under all conditions tested\(;, £drugs). On
Although studies of WT Mdr3 [Figure 1 andt3)] and the other hand, addition of EDTA to the reaction mixture
of the inactive mutant D551N [Figure 1 and3j] suggest is without effect on labeling of WT and mutant variants
that under the hydrolysis conditions used (3C; see under nucleotide-binding conditions {&€; see Experimental
Experimental Procedures) little if any of the photolabeling Procedures) (Figure 2C), in agreement with previous studies
is due to 8-azido€[-*2P]ATP binding, additional experiments  showing that nucleotide binding to P-gp is largely Vg
were undertaken to verify that the labeling seen in E552Q independent 44, 50). These results are consistent with
and E1197Q £V;) was due to trapping of hydrolyzed 8-azido-p-*?P]JATP hydrolysis in the WT and E552Q and
nucleotide, as opposed to simple binding of the label to E1197Q mutants with concomitant trapping of 8-azide-[
Mdr3. As formation of the Mg-8-azido-ADR; complex 32P]ADP. The differences in signal intensity that can be
is optimum at 37°C and requires Mg ions @8, 53), the observed for the WT protein in the presence of vanadate
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Ficure 3: Photolabeling of Mdr3 NB site mutants by aluminum
fluoride and beryllium fluoride trapping with Mg-8-azido-{*2P]-
ATP. Purified and activated wild-type and mutant Mdr3 variants
were preincubated for 20 min at 3 with 5uM 8-azido-fo.-32P]-
ATP and 3 mM MgC} in the absence or presence of 10
verapamil, 1 mM aluminum chloride, and 5 mM sodium fluoride
(A; AlF47) or 0.2 mM beryllium sulfate and 1 mM sodium fluoride

(B; BeR), as indicated above the lanes. Samples were processe
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Ficure 4: Thin-layer chromatography analysis of vanadate-trapped
nucleotides in Mdr3 NB site mutants. Purified and activated wild-
type and mutant Mdr3 variants were preincubated witlx\g
8-azido-pi-32P]JATP and 3 mM MgdC] for 10 min at either 37 or 4

°C in the presence of 200M vanadate and 10@M verapamil.
Unbound ligands were removed by ultracentrifugation and washing.
The protein pellets were then resuspended in 8-azido-ATP and
precipitated by TCA. The supernatant () and 125 dpm of
standards were applied to a PHlellulose plate following mag-
nesium chelation with EDTA. The plate was developed in 3.2%
(w/v) NH4HCO; and exposed to film. The asterisk (*) indicates
the position of a nonspecific radioactive contaminant present in
the commercial preparation of 8-azida-f?P]ATP.

haracteristics similar to those observed wheims\ised to

for photolabeling as described in Experimental Procedures and!nduce trapping 43). BeF can also induce nucleotide

analyzed by SDSPAGE. (C) The EDTA sensitivity of AlF,
BeF;, and vanadate (Yinduced trapping of nucleotide in WT and

mutant Mdr3 variants was tested as described in the legend to Figur
of

2. The gel in (C) was overexposed to ascertain the absence
labeling in all+EDTA lanes.

trapping in the WT and mutant Mdr3 enzymes (Figure 3B).
On the other hand, neither BeRor AlF,~ could induce

€ucleotide trapping in the inactive Walker B mutant D551N

(Figure 3A,B), in agreement with the;N¥hduced trapping
data @3). These results show that the different transition

and in the absence of drug between different experimentsstates revealed by distinct &halogues can all be formed in
are likely due in part to different times of exposure and also the E552Q and E1197Q mutants in a comparable manner to
to small differences in experimental conditions (such as WT Mdr3. Finally, results in Figure 3C show that BeBnd

different protein preparations).

AlF4-induced nucleotide trapping in the WT and E552Q

To obtain further evidence that the E552Q and E1197Q and E1197Q mutants is EDTA sensitive. Together, these

mutants can form theMgADP-V;} transition-state complex,

results expand observations with[Wigure 3 @3)], showing

similar nucleotide trapping experiments were carried out in that in the mutants E552Q and E1197Q activation and
the presence of two other transition-state analogues: alu-cleavage of the bond between tfie and y-phosphates of

minum fluoride (AIR™) and beryllium fluoride (Bef.

Crystallographic studies of the myosin motor domain from

Dictyostelium discoideurnomplexed to these; Rnalogues
show that the ¥ and AlR-inhibited complexes are very

ATP seem to take place.

Additionally, thin-layer chromatography (TLC) was used
to identify the nucleotides bound to the enzymes following
trapping in the presence of.\As seen in Figure 4, 8-azido-

similar and display a bond length of 2.0 A between the V or [a-*?P]JADP can be detected following incubation of the WT

Al atom and the pseudo-bridging oxygen (O) of the
B-phosphorus of ADP. This bond length is significantly

and E552Q and E1197Q mutants with 8-azide*{P]ATP
and vanadate, while it is absent in the catalytically inactive

longer than the 1.56 and 1.67 A bond lengths for the O atomsD551N mutant. Furthermore, formation of ADP does not
between ther- and-phosphate groups of ADP, an observa- occur in any of the enzymes when the trapping reaction is

tion strongly supporting the proposal that MgADR and
MgADP-AIF,~ complexes are true analogues of the MgADP

carried out at 4°C. Thus, it appears that the E552Q and
E1197Q mutants are able to hydrolyze at least one molecule

P, transition state. On the other hand, the bond length of ATP. In these experiments, we also detected the presence

measured for the Be t#O bond in the MgADFBek.-
inhibited complex is 1.57 A, which is very similar to that
seen for the PO bond linking thea- and s-phosphates.
This indicates that the MgADBeF, complex more closely

of ATP in both WT and the E552Q and E1197Q mutants.
Senior and colleagues have previously reported that only
ADP could be recovered from WT protein following;-V
induced trapping of nucleotid8, 56, 57). The reason for

resembles ATP bound in the active site, reflecting the ground the apparent discrepancy has not yet been determined but

state of the enzyme prior to hydrolysis4( 55). Results in
Figure 3A indicate that AIfF can also induce nucleotide

could be due to different experimental procedures used to
eliminate unreacted nucleotides from the incubation reaction

trapping in the WT and E552Q and E1197Q mutants, with prior to recovery and analysis of bound nucleotides. An
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WT low levels of trapping in absence of,\but labeling increased
" , : = .
W S _ .2 € Vanadate (UM) ina d_ose—dependemt fashion (similar to the WT enz_yme) with
(kDa) - —— very intense labeling seen at 18 V; (>50-fold stimula-
505 T tion). On the other hand, nucleotide trapping in E1197Q

appeared to be largely;Vhdependent, appearing robust in
- P-gp the absence of Mand showing only a modest increase even
at the highest Yconcentration tested (100M; 2—3-fold
stimulation). The distinct Mdose-response behaviors of the
46 - two homologous mutants E552Q and E1197Q suggest that
NBD1 and NBD2 are not catalytically symmetrical, with
NBD2 (intact in E552Q) showing a more robust-V

120

82

ESS2Q Vanadate (M) dependent trapping than its NBD1 counterpart (intact in
MW E1197Q).
(kD) = To further investigate a possible functional asymmetry
2037 between NBD1 and NBD2, suggested by the dose-
120 4 ~= P-gp response study (Figure 5), we attempted to semiquantitatively
82 assess in which of the NBD(s) of E552Q and E1197Q the
nucleotide was trapped, in both the absence and presence of
46 - Vi. For this, a protease-hypersensitive site present in the
highly charged linker domain of the proteid6) was used
E1197Q - to generate two Mdr3 halves that can be resolved on the gel
S92 .. S € Vanadate (uM) and identified by antibodies specific for each half of the
ka’:} _ ] protein (Figure 6A) %8). Briefly, WT and mutant enzymes

were photolabeled with 8-azido*?P]ATP in the presence
of VER to stimulate labeling, in either the absence (Figure

120 -l--m - P-gp 6) or presence (Figure 7) of;Vfollowed by proteolytic

205

8 cleavage in increasing trypsin concentrations and analysis
v - — g —— G by SDS-PAGE. The gel was then blotted onto a nitrocel-
46 - lulose membrane, exposed to film to reveal tffe-labeled

tryptic fragments (Figure 6B), and analyzed by immuno-
Ficure 5: Photolabeling of Mdr3 NB site mutants with Mg-8-  blotting with two monoclonal antibodies specific for the
azido-jo-32PJATP and varying concentrations of vanadate. Purified amino-terminal (MD13; Figure 6C) and carboxyl-terminal
and activated wild-type and mutant Mdr3 variants were preincubated (MD7; Figure 6E) halves of the proteirtT). The photo-

with 5 uM 8-azido-[-32P]JATP, 3 mM MgCh, and 100uM : : : : .
verapamil for 20 min at 37C in the absence or presence of labeling signal (autoradiograph) was colorized to green, while

increasing concentrations of vanadate, as indicated above the lanegh€ respective immunoblotting signals were colorized to red.

Samples were processed for photolabeling as described in Experi-Overlays of the two images are shown in panels D and F

mental Procedures and analyzed by SIPAGE. and identify in yellow the®?P photolabeled Mdr3 tryptic
fragments recognized by each antibody. For E1197Q), results

additional radioactive spot of slower mobility is also observed In Panels F and H clearly show that all of the label is in the
in each protein-containing lane, at both 37 antC4 and to MD7-reactive, Q-termmal half of thg protein, with little, |f.
a lesser extent in the diluted commercial preparation of @ny, overlap with the MD13 reactive species detected in
8-azido-p-3P]JATP (Figure 4, *). The identity of this pgnel D. Conversely, and although the overall photolabeling
radioactive spot is currently unknown; however, its presence Signal is much weaker than that seen for E1197Q, the label
in all protein-containing lanes, together with the lack of incorporated in E552Q colocalizes with the N-terminal and
temperature dependence, strongly suggests that it correspond¥D13-reactive half (panels D and H) and does not overlap
to a nonspecific contaminant of the commercial preparation With the faster migrating MD7 positive fragment (panel F).
of 8-azido-pi-32P]ATP that becomes slightly enriched upon Importantly, these results show that, in the absencepf V
incubation with protein. nucleotide trapping occurs exclusively in the mutated NBD
The nature of the molecular defect in the E552Q and of each mutant. Although the two Mdr3 halves generated
E1197Q mutants was further investigated by comparing the by limited trypsin digestion differ only by a few kilodaltons
Vi dependence of nucleotide trapping of the WT and the (62 vs 76 kDa), they can be separated by the gel system
E552Q and E1197Q mutants in a desesponse experiment ~ used in this and previous studié&s]. This is verified (Figure
(0, 0.05uM < V; < 100uM) (Figure 5). For WT Mdr3, no  6G,H) by immunoblotting the same membrane with the
trapping was observed for;\¢oncentrations below 10M monoclonal antibody C219 that recognizes a peptide epitope
(Ki ~5—10 uM) while robust trapping was seen at 10M (VVQE/AALD) conserved in both halves of Mdr3 and
V;, a concentration known to completely inhibit P-gp ATPase present in the MD13 and MD7 immunoreactive fragments.
activity (18—20, 24, 28). As expected from the results in  This control also identifies the lane where the MD13 and
our previous publication4@), both E552Q and E1197Q could MD7 immunoreactive fragments are present at equivalent
trap 8-azido-{t-*?P]nucleotide at all Yconcentrations tested. amounts in the digest (lane 4). Because the WT protein is
However, clear differences were noted in the response ofnot labeled by 8-azidoef-32P]ATP in the absence of Vit
each mutant to increasing ¥oncentrations. E552Q showed could not be analyzed in Figure 6.
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FiGure 6: Trypsin digestion of Mdr3 NB site mutants photolabeled with Mg-8-azit3?P]ATP in the absence of vanadate. Purified and
activated mutant Mdr3 variants were preincubated witiVb68-azido-f-22P]JATP, 3 mM MgCh, and 100uM verapamil for 20 min at 37

°C. Unbound ligands were removed by ultracentrifugation and washing, and the samples were then UV-irradiated. The samples were
promptly digested with trypsin (see Experimental Procedures) at varying trypsin-to-protein ratios (lane 1, 1:75; lane 2, 1:37.5; lane 3,
1:18.75; lane 4, 1:9.38; lane 5, 1:4.69; lane 6, 1:2.34; lane 7, 1:1.17) and photolabeled; trypsinized samples were separated by electrophoresis
on a 10% SDSpolyacrylamide gel, transferred onto a nitrocellulose membrane, and subjected to autoradiography (B). The membrane was
then analyzed by immunoblotting using mouse monoclonal anti-P-glycoprotein antibodies that recognize either the N-terminal half (MD13,
C) or the C-terminal half (MD7, E) or both halves of P-gp (C219, G) to identify fragments corresponding to NBD1 or NBD2. The scans
of the autoradiograph (B) and of the NBD-specific immunoblots (C, E) were colorized in green and red, respectively, using Adobe Photoshop.
The photolabeled tryptic peptides immunoreactive with either MD13 or MD7 are seen in yellow color in (D) and (F), respectively. Some
of the predicted structural features of P-gp, including the position of the protease-hypersensitive site, as well as the epitopes for MD13,
MD7, and C219 are identified in (A).

A similar proteolytic cleavage experiment was carried out on the position of the mutation). Control immunoblotting
in the presence of MFigure 7). Results show that in the experiments with the C219 antibody indicate that the two
WT protein V, stimulates nucleotide trapping in both NBDs Mdr3 halves are separated by the gel system and that lane 2
with a slight preference for NBD2, in agreement with contains almost equal amounts of MD13 (NBD1) and MD7
previous results 50). In the presence of )V nucleotide (NBD2) immunoreactive species (data not shown). These
trapping was seen in both NBD1 and NBD2 of the E552Q results indicate that, in WT Mdr3 and the E552Q and
and E1197Q mutants (albeit at different ratios, depending E1197Q mutants, both NBDs can hydrolyze at least one



P-Glycoprotein Catalytic Mechanism Biochemistry, Vol. 42, No. 44, 20032883

wT ES52Q E1197Q {P-gpMg-8-azido-ADPV} transition-state complex that can
t‘lr;‘v 12 3 4 1 2 3 4 1 2 3 4 be cross-linked to the proteir2g 29). Second, 8-azido-
o - Fulp e nucleotide trapping in the mutant enzymes in the absence
119 4 ) and presence of\s both temperature dependent and EDTA
sensitive, as in the WT enzyme (Figure 2). Third, other
Epr—— T T -, . 00! transition-state analogues of ¢&an also support nucleotide

trapping in the mutants, and this trapping is EDTA sensitive
as well (Figure 3). Fourth, in the absence qf Mucleotide

trapping takes place at the mutant NBD only (Figure 6).
Finally, TLC analysis of the nucleotides bound to the

48 -

FIGUrRE 7: Trypsin digestion of Mdr3 NB site mutants photolabeled : : AridA.
with Mg-8-azido-p-32P]JATP in the presence of vanadate. Purified enzymes following V trapping of 8-azido-ATP_shows

and activated wild-type and mutant Mdr3 variants were preincubated formation of 8-azido-ADP by the WT and E552Q and
with 5 uM 8-azido--32PJATP, 3 mM MgCh, and 100uM E1197Q mutants (Figure 4). Together, these results indicate
verapamil in the presence of 200 vanadate for 20 min at 37 that E552Q and E1197Q can indeed cleave ATP to ADP
°C. Unbound ligands were removed by ultracentrifugation and gng P and that 8-azido-ADP is the nucleotide trapped in

washing, and the samples were then UV-irradiated. The samples : :
were promptly digested with trypsin at varying trypsin-to-protein the photolabeled enzymes. Moreover, in their recent work,

ratios (lane 1, 1:37.5; lane 2, 1:18.75; lane 3, 1:9.38; lane 4, 1:4.69).Sauna and colleagues also demonstrated usingand
Photolabeled, trypsinized samples were separated by electrophoresig-labeled 8-azido€-*?P]JATP that mutants at the equivalent
on 10% SDS-polyacrylamide gels, transferred onto nitrocellulose positions of the human MDR1 protein (E556Q and E556A,
membranes, and subjected to autoradiography. The position 0fE12OlQ and E1201A, and the double mutants) are indeed

tryptic fragments corresponding to photolabeled NBD1 and NBD2 . . .
is indicated and was deduced by immunobiotting using MD13 and C@Pable of ATP hydrolysis and single-site catalyss)(

MD7 antibodies as described in the legend to Figure 6. Therefore, in the E552Q and E1197Q mutants, steps
downstream from the formation of the transition state, such

molecule of ATP with subsequent trapping of ADP in the as the release of MgADP and/of, Rr others, must be

presence of Vand inhibition. impaired. The observation that similar amounts of 8-azido-
[0-32P]ADP are incorporated in the WT and mutant enzymes
DISCUSSION in the presence of Munder conditions of drug stimulation

(43) strongly argues that; IRelease is hormal and that another

Several aspects of the mechanism of action of P-gp remainstep downstream of ;Release is impaired in the mutant
poorly understood; these include the exact catalytic cycle, enzymes. The finding that in the absence gfcleotide
the equivalent or nonequivalent nature of the NBDs for ATP trapping (ADP) occurs in the mutant NBD exclusively
binding and hydrolysis, and the type of signal produced at supports the contention that ADP release from the mutant
the NBDs by ATP hydrolysis that is transmitted to the drug- NBD is the key catalytic step impaired in the mutant
binding sites in the TMDs to mediate substrate efflux. We enzymes. Although our interpretation favors ADP release
have previously identified glutamates E552 and E1197 in as the mechanistic step impaired in the mutants, the work
NBD1 and NBD2, respectively, of mouse Mdr3 as highly by Sauna and colleagues9j suggests that ADP release is
conserved carboxylate residues possibly involved in initiation jmpaired only in the double mutants but not in the single
or in other aspects of catalysi¢d). These homologous mutants. Indeed, they suggest that the single E556A/Q
residues map to the extended Walker B motif (or the D-loop) and E1202A/Q mutants are defective in the second ATP
of the NBD and immediately follow the aspartate residues hydrolysis event of the catalytic cycle, which should reset
D551 and D1196, which coordinate Kfgin the site.  the protein after hydrolysis at the first site. Additional
Multiple sequence alignments suggest that E552 and E1197experiments will be required to determine whether ADP
are homologous to E179 of tigalmonella typhimuriuPABC release is in fact occurring in the mouse Mdr3 mutants
transporter HisP. Crystallographic analysis of HisP strongly described in the present report.
suggests that E179 positions a water molecule for in-line  The question of whether NBD1 and NBD2 of P-gp are
nucleophilic attack on the terminal phosphate of AB)(  structurally and functionally equivalent and whether they play
Indeed, E179 is mutation sensitive, and replacement to gjstinct roles during catalysis and transport is still being
aspartate abrogates ATPase activity and transport activitydebated. In support of functional equivalence of the two sites
(34). Therefore, it is highly likely that E552 and E1197 play  are the observations that (1) there is no evidence for binding
a similar role in P-gp. site heterogeneity in ATP- and ADP-binding studies with

Results expressed in the present study suggest that theurified P-gp 60, 61), (2) mutations in Walker A or B
E552Q and E1197Q mutants are not completely inactive (asresidues in either NBD completely abolish drug transport
opposed to the Walker B mutant D551N) and that these and ATPase activityds, 49), (3) each P-gp half shows low
mutants can indeed cleave ATP to ADP andurdergoing intrinsic ATPase activityZ7), (4) V; inhibits ATP hydrolysis
partial reactions toward a full cycle of catalysis but never and can induce trapping of 8-azida-f?P]JADP-V; in P-gp
fully turning over. First, although neither mutant has ATPase with seemingly equal labeling of NBD1 and NBD2§; 29,
activity that can be detected by felease, both showV 32), and (5) NEM inhibits P-gp ATPase activity by binding
induced trapping of 8-azida[3?P]nucleotide that can be to a cysteine present in the Walker A motif of NBD1 and
stimulated by drugs, a behavior clearly distinct from that of NBD2 (61, 62), and NEM-sensitive ATPase activity is
the D551N mutant. Previous studies have shown thatinhibited by similar ATP concentrations in single-cysteine
hydrolysis of 8-azido-ATP to 8-azido-ADP is a prerequisite P-gp mutants in NBD1 and NBD226). Opposing data in
to Vi-induced trapping, resulting in the formation of a stable support of structurally and functionally distinct NBDs include
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the observations that (1) under binding conditions’@,
8-azido-pi-3?P]ATP preferentially labels NBD1, while under
hydrolysis conditions (37C and V), NBD2 is preferentially
labeled in P-gp{0), (2) equivalent mutations in Walker B
residues of NBD1 and NBD2 (D551N, D1196N) cause
different conformational changes in Mdr3 as measured by
trypsin sensitivity $8), (3) median inhibition of ATPase
activity in cysteine-less P-gp mutants bearing single-cysteine
replacements in NBD1 or NBD2 occurs at different NEM
concentrations26), and (4) functional studies of CFTRZ—

66), of MRP1 67—71), and of the NBDs of the bacterial
arsenite transporter ArsA’®) show that NBD1 and NBD2
have different ATP-binding and hydrolysis properties. The
study of E552Q and E1197Q reported here clearly argues
in favor of two NBDs that are not functionally equivalent in
full-length P-gp. This is most clearly illustrated by results
from the V| dose-response experiment (Figure 5). In this
experiment it can be observed that E552Q and E1197Q trap
nucleotide in the absence of &d that the response of each
mutant to \ is completely different, with E552Q showing a
strongly dose-dependent increase in labeling (similar to WT),
while V; has little effect on nucleotide trapping in E1197Q.
This behavior is inconsistent with the presence of two
functionally equivalent NBDs in the protein. Since nucleotide
trapping in the mutants occurs after cleavage of ATP (with
ADP trapped; see above), the differentialdése-response
observed in E552Q and E1197Q is most easily explained
by differential sensitivity of the nonmutant site to inhibition 0
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by V. Finally, proteolytic cleavage studies of photolabeled
WT and mutant proteins have shown that (a) in the absence
of Vi, only the mutant NBD is occluded, and (b) in the
presence of \ both NBDs are occluded (albeit at a different
degree; Figure 7). The idea of asymmetrical NBDs in P-gp
is in agreement with the results previously reported by
Hrycyna et al. $0) and Aleksandrov et al6@—66), and the
results in this study are reminiscent of parallel studies of
MRP1 ©7—71) that also suggest nonequivalence of the two
NBDs since it was observed for MRP1 that (1) mutation at
the Walker A lysine of NBD2 has a more severe effect on
transport than the homologous mutation at NBD1, (2) there
is preferential binding of 8-azido3?P]ATP at NBD1, (3)
there is preferential Mnduced trapping of 8-azidaxf32P]-
nucleotide at NBD2, and (4) NBD2 is also preferentially
labeled by 8-azidoe[-3?P]ADP.

In summary, the present work supports the finding that
both NBDs are essential for function with complete
cooperativity between the two sites and suggests that the
E552 and E1197 residues of mouse Mdr3 are probably not
the catalytic residues, as the E552Q and E1197Q mutants
can hydrolyze ATP in both nucleotide-binding domains.
Furthermore, our results support a model in which the two
NBDs of P-gp are not functionally equivalent.
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