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Mutations in Either Nucleotide-Binding Site of P-glycoprotein (Mdr3) Prevent
Vanadate Trapping of Nucleotide at Both Sites
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ABSTRACT. Vanadate trapping of nucleotide and site-directed mutagenesis were used to investigate the
role of the two nucleotide-binding (NB) sites in the regulation of ATP hydrolysis by P-glycoprotein (mouse
Mdr3). Mdr3, tagged with a hexahistidine tail, was overexpressed in the Redsa pastorisand purified

to about 90% homogeneity by Ni-affinity chromatography. This protocol yielded purified, reconstituted
Mdr3 which exhibited high verapamil stimulation of ATPase activity witlVax of 4.2 umol min~1

mg! and aKy of 0.7 mM, suggesting that Mdr3 purified frof. pastorisis highly functional. Point
mutations were introduced into the core consensus sequence of the Walker A or B motifs in each of the
two NB sites. The mutants K429R, K1072R (Walker A) and D551N, D1196N (Walker B) were
functionally impaired and unable to confer cellular resistance to the fungicide FK506 in the yeast
Saccharomyces carisiae Single and double mutants (K429R/K1072R, D551N/D1196N) were expressed

in P. pastorisand the effect of these mutations on the ATPase activity of Mdr3 was characterized. Purified
reconstituted Mdr3 mutants showed no detectable ATPase activity compared to proteoliposomes purified
from negative controls<5% of wild-type Mdr3). Vanadate readily induced trapping of 8-azido-nucleotide

in the wild-type enzyme after a short 10 s incubation, and specific photolabeling of Mdr3 after UV
irradiation. No such vanadate-induced trapping/photolabeling was observed in any of the mutants, even
after a 60 min trapping period at 3C. Since vanadate trapping with 8-azido-ATP requires hydrolysis

of the nucleotide, the data suggest that 8-azido-ATP hydrolysis is dramatically impaired in all of the
mutant proteins €0.3% activity). These results show that mutations in either NB site prevent single
turnover and vanadate trapping of nucleotide in the nonmutant site. These results further suggest that the
two NB sites cannot function independently as catalytic sites in the intact molecule. In addition, the N-
or C-terminal NB sites appear functionally indistinguishable, and cooperative interactions absolutely required
for ATP hydrolysis may originate from both sites.

Multidrug resistance (MDR)is a major limitation to the  related to the phospholipid translocase activity demonstrated
successful chemotherapeutic treatment of many humanfor Pgp in normal tissue6( 7). Pgp is composed of 12
tumors and is often associated with the overexpression oftransmembrane (TM) domains and 2 nucleotide-binding (NB)
P-glycoprotein (Pgp,1). Pgp is an integral membrane domains with characteristic consensus Walker A (GCGKS)
phosphoglycoprotein that functions as an energy-dependentand B (ILLLD) sequence motifs, which have been described
drug efflux pump to reduce intracellular drug accumulation in a number of ATP-binding proteins and ATPas@s These
in resistant cellsZ, 3). Pgp-mediated drug transport is structural features are grouped into two symmetrical and
strictly ATP dependent4( 5) and may be mechanistically homologous halves (6 TM, 1 NB) which together define a
large protein superfamily known as the ABC (ATP Binding
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18). Coupling of ATP hydrolysis to drug transport is evident level when methanol is provided as a sole source of carbon.
from transport studies in membrane vesicles and purified In plasma membrane preparations from such induced cells,
reconstituted Pgp-liposomes$, ), and is also apparent from  Mdr3 can account for as much as 50% of total membrane
drug stimulation of ATPase activity seen in plasma mem- proteins, and Mdr3-specific drug-stimulated ATPase activity
brane preparationsl®, 20 and purified reconstituted Pgp can readily be detected after simple solubilization and
(21—-26). reconstitution steps3g, 39). Here, we have investigated the

The precise role of the two Pgp NB sites in this drug- role of the two NB sites of Pgp in ATP hydrolysis in general,
stimulatable ATPase activity and the catalytic cycle involved and in the catalytic cycle of the enzyme in particular. Single
at one or the other site are not fully understood. Mutations point mutations were introduced in the core consensus
at the key lysine residue in the Walker A motif (GES) Walker A motif (K429R, K1072R, K429R/K1072R) or
of each or both NB sites of Pgp have been previously shown Walker B motif (D551N, D1196N, D551N/D1196N) in each
to completely abolish Pgp function in mammalian cellg,( or both NB sites of Mdr3. Wild-type and mutant enzymes
28). In purified reconstituted human MDR1, mutations at were expressed iR. pastoris,purified to homogeneity and
the corresponding positions (K433M, K1076M) abolished reconstituted irE. coli lipids, and tested for alterations in
verapamil-stimulated ATPase activit®4). Additional pho- ATP hydrolysis. In addition, we used the technique of
toaffinity labeling studies with 8-azidaf®?P]ATP in these vanadate trapping of photoactive nucleotides as a more
mutants expressed in Sf9 cells membranes showed a labelingensitive method of monitoring ATP hydrolysis. We were
similar to that seen for the wild-type protein, and this over interested to determine if nucleotide binding per se or
a broad range of concentrations appliee-® «M); only a hydrolysis after the initial binding step is affected in either
small decrease was observed in the double mutant at lowof the mutants, and whether single mutations in only one
8-azidop-*?P]JATP concentrations{25uM) (29). Together, NB site of the Mdr3 ATPase were able to allow low-level
these data suggest that both NB sites are essential forhydrolysis and/or single-site turnover in the intact nonmutant
function, and both need to be intact for coupling drug NB site.
transport to ATPase activity.

Parallel studies in the catalytje-subunit of F-ATPase EXPERIMENTAL PROCEDURES
show that the Walker A motif lysine (K155) has direct mdr3 cDNA Modifications and Plasmid Constructions
function in nucleotide binding and catalysis. Mutations 2.2-kb EcoRI fragment ofmdr3 (positions 93-2248) was
K155Q and K155E are not tolerated and exhibit less than cloned in the corresponding site of phage vector M13mp18,
0.1% of the wild-type ATPase activity, probably due to loss and single-stranded DNA was used as a template for site-
of the positive charge providing significant binding energy directed mutagenesis in NBD1, using a commercially avail-
(30). From the X-ray structure8Q) and mutational analysis, able kit (Amersham, Arlington Heights, IL). This template
it was concluded that the side chain@€155 lies very close  contains engineeredlirul (position 1346) andSal sites
to they-phosphate of ATP and makes one or more specific (position 1908) to facilitate subsequent cloning of the mutated
hydrogen bonds with the-phosphate. Another key catalytic cDNA portion @0). An existingBglll site (position 1363)
residue is the aspartate within the Walker B motif: structural was removed using oligonucleotide)(€ CCTTCAATATCT-
data and biochemical studies in mutants, including nucleo- GAACT-(3') for diagnostic purposes. Mutagenic oligo-
tide-binding studies in the presence or absence offMg nucleotides for the K429R and D551N mutations wekre 5
indicate that$D242 is involved in binding Mg~ of the GTTGTGCTICTTCCACAG-3 and BGTGGCCTAATTC-
MgATP complex 82, 33. Conceptual models of ATP  AACAAAAGG-3', respectively. For the K1072R mutation,
hydrolysis by Pgp suggest that after the initial binding of a 1.7-kbSma—Pst mdr3fragment (positions 17643511)
MgATP {PgpMgATP}, hydrolysis produces a transition in M13mp19 containing uniquBlrul (position 2724),Sal
state intermediatéPgpMgADP-P}, and relaxation of this  (position 2480), an®pe sites (position 2914) was used as
high-energy state is probably coupled to drug movement template 41) with the mutagenic oligonucleotide-5GT-
(reviewed in 34). Vanadate can interrupt the cycle by GCTOCTCCCGCAGCC-3 For the D1196N mutation, a
forming a stabld PgpMgADP-V;} complex, which is only Pst —Hindlll mdr3 fragment (positions 35314199) from
slowly released and which can be monitored by the appear-pDR1.6 @2) was inserted in the corresponding sites of M13
ance of trapped nucleotid@%, 36). Such a complex has mp18, and &naBl site was introduced after the last amino
recently been elucidated in the three-dimensional structureacid (position 3889), using oligonucleotidé-GGTCA-
of myosin, and is believed to be a stable analogue of the CAGTTCATACGTA TGAGCGCTTTGC-3 The D1196N
{myosinMgADP-P} transition state complex representing mutation was introduced in this template using the mutagenic
the status during hydrolysis37). In the case of Pgp, oligo 5-GATGTTGCTTCGTCGTTAAAAGTAAAAT-
vanadate trapping of 8-azidoff?P]ATP was shown to occur ~ GTGAG-3. The nucleotide sequence of the mutated seg-
in both N- and C-terminal NB sites in a nonselective fashion, ments was verified prior to their insertion in the correspond-
establishing that both sites are catalytically acti88, 36). ing sites of pVTmdr3(NBD1 mutations40) or pVT-mdr3.5
These studies suggested (1) that only one site can be in thdNBD2 mutations) for biological testing i8. cereisiae
transition state at any given time and (2) that the two sites To allow direct subcloning of NBD2 fragments into the
possibly alternate in catalysis (reviewed3d4). yeast expression vector pVT101-43], a 665-bpEcoR|—

We have recently described a procedure for high-level Nrul fragment containing the f1 origin (positions 2630
expression of the mouse Mdr3 Pgp in the methanotropic yeast3295) was deleted from pVT101-U by restriction digest,
Pichia pastoris In this system, thendr3cDNA is inserted repaired with T4 DNA polymerase, and recircularized. A
by homologous recombination at tHe. pastoris AOX1  series of six histidine residues were inserted in-frame at the
chromosomal locus, a gene which can be induced at highC-terminus of the protein in a three-part ligation involving
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(1) thePst—Sna&I mdr3fragment (positions 35114199),

(2) a linker composed of two complementary oligds 5
GTACATCACCATCACCATCACTGAACCGGT-3cading
for a hexabhistidine tail followed by a STOP codon, and an
Agd site, and (3) theAcas51—Pst mdr3fragment (positions
93—3511). The extremities were repaired with T4 DNA
polymerase followed by cloning into thByull —BarnHlI
polylinker sites of pVT101-U to create pVmdr3.5 In this
construct thdecaRl, Nrul, Sal, Spé, andAgd sites ofmdr3
are unigue. The biological activity of pVmdr3.5 with
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expression was monitored by immunoblotting with the anti-
Pgp monoclonal antibody C219. Over 90% of the'tdisitt
transformants identified were found to express Pgp. Expres-
sion levels of wild-type and mutant Mdr3 variants in these
clones (modified by addition of the hexahistidine tails) were
similar, and comparable to the expression levels noted for
wild-type, unmodified Mdr3 88). For large-scale prepara-
tions of P. pastorismembranes, cultures were induced in
methanol-containing medium, and plasma membranes were
isolated by centrifugation on discontinuous sucrose density

respect to capacity to convey cellular resistance to the gradients, as previously describ&@8). From a 1 Lculture,

fungicidal compound FK506 (58g/mL) was tested in the
yeastS. cereisiae strain JPY201, as previously described
(44); it was found to be similar to that observed with a
pVT101 construct containing wild-typedr3 Expression
of wild-type and mutant Pgp variants i8. cereisiae

we routinely obtained 10 mg of membrane protein at the
16—31% sucrose gradient interface and about 20 mg at the
31-43% interface. A similar distribution of Pgp in two

different sucrose gradient interfaces has been previously
found for membrane preparations of hamster Pgp from

membranes was monitored by Western blot analysis of crudemammalian cells2). Both membrane fractions were used
plasma membrane preparations, using the monoclonal antifor further purification of Pgp.

Pgp antibody C219 (Signet Labs Inc.).

Plasmid Constructions and Transformation in Pichia
pastoris. For expression and purification of wild-type Mdr3,
the full-length mousendr3cDNA tagged with the C-terminal
hexahistidine tail was excised from p\fer3.5as aKpnl —
Agd fragment, and the extremities were repaired with T4
DNA polymerase prior to cloning into tHecoRlI site of the
pHIL-D2 expression vector (InVitrogen, license number
145 457) to create pHIldr3.5-Hiss. NBD1 mutants were
subloned from pVimdr3 as Aflll —EcadRl fragments, and
NBD2 mutants were sucloned from p\fer3.5asEcoRl—
Snal fragments. The presence of the individual or double
mutants was confirmed by sequencing. pHhdr3.5-Hisg
carrying either wild-type or mutant versionsrofir3 as well
as the control pHIL-D2 vector, was transformed iro
pastorisstrain GS115 according to the manufacturer instruc-
tions, using a lithium chloride technique. Higansformants
showing successful homologous recombination a1
locus were identified as unable to grow on medium contain-
ing methanol (methanol utilizing slow or nfytas we have
previously described3g). While the expression level of
Mdr3 is about 10-fold higher irP. pastoriathan in S.
cerevisiae (data not shown), expression under the control
of the strong AOX1 promotor is only induced in methanol
containing medium which slows down the growth of the
yeast cultures (m8t and renders them unsuitable for drug
resistance assay66).

Membrane PreparationsThe initial screen foP. pastoris

clones expressing P-glycoprotein (Pgp) was done on 10 mL

cultures following a 48 h induction g8OX1with methanol,

as previously describe®9). Cells were washed with 1 mL
of lysis buffer (50 mM Tris-HCI, pH 7.4, 0.33 M sucrose, 1
mM EDTA, 1 mM EGTA, 1 mM DTT) and resuspended in
300uL of lysis buffer supplemented with protease inhibitors
(10 ug/mL leupeptin, 10ug/mL pepstatin A, and 1 mM
PMSF). Cells were disrupted with a 100 volume of acid-
washed glass beads by vortexing 4 times for 1 min, with
intervening 2 min incubations on ice. Unlysed cells were
removed by centrifugation for 5 min at 12af)Gand crude
plasma membranes were precipitated with 10 mM MgCl
for 15 min on ice and recovered by centrifugation (12§00
20 min) @5). The final membrane pellet was resuspended
in 25 ulL of lysis buffer, and protein concentration was

Solubilization and Purification of P-glycoproteinTypi-
cally, 5 mg of membranes (2 mg/mL) was first precipitated
with 10 mM MgCL (15 min, 0 °C) and recovered by
centrifugation (16008, 20 min) to remove EDTA, EGTA,
and DTT from the preparation. Membrane pellets were
resuspended in buffer A (50 mM Tris-HCI, pH 8.0, 20%
glycerol, 50 mM NacCl, 5 mM imidazole, 1 mi-mercap-
toethanol) and solubilized by adding an equal volume of 1%
L-o-lysophosphatidylcholine (L-PC, from egg yolk, 99%
pure, Sigma) in buffer A at a protein concentration of 2 mg/
mL followed by gently vortexing at 26C. Once solubilized,
samples were chilled on ice and centrifuged at 109#06
45 min to remove particulate material. The supernatant was
recovered and mixed with 20@L of Ni—NTA resin
(Qiagen), equilibrated in buffer A, followed by incubation
at 4°C for 4—16 h on a Labquack rotator. The resin with
the bound protein was transferred into a column and washed
extensively with 6 mL (40 bed volumes) of buffer A
containing 0.1%n-dodecyl3-p-maltoside (DM) followed by
1 mL of buffer B (50 mM Tris-HCI, pH 8.0, 20% glycerol,
40 mM NaCl, 20 mM imidazole, 0.1% DM). Pgp was then
eluted with 2 mL of buffer C (50 mM Tris-HCI, pH 8.0,
20% glycerol, 80 mM imidazole, 0.1% DM) at a flow rate
of 0.1 mL/min. All steps were performed at°€, and the
protease inhibitors 1g/mL leupeptin, 1Q:g/mL pepstatin
A, and 1 mM PMSF were added fresh to all buffers. For
reconstitution of Pgp, the 80 mM imidazole eluate was
incubated with 1%Escherichia collipids (Avanti, acetone/
ether preparation) for 30 min on ice, followed by dialysis
against 20 volumes of 50 mM Tris-HCI, pH 7.4, 0.1 mM
EGTA, and 1 mM DTT. Omission of DTT resulted in a
completely inactive Pgp ATPase. Pgp proteoliposomes were
aliquoted and stored at80 °C until use.

Assay of ATPase Actty. Reactions were carried out in
50 uL of 50 mM Tris-HCI, pH 8.0, 0.1 mM EGTA, 10 mM
NaATP, and 10 mM MgC] at 37°C for appropriate times
during which the reaction was linear, ard 0% of added
nucleotide was hydrolyzed. Reactions were initiated by
addition of purified reconstituted Pgp, and stopped by
addition of 1 mL of 20 mM ice-cold kBQ,. P, release was
assayed by the method ¢fg). For determination of kinetic
parameters, an excess of 2 mM MgGQGiver MgATP

determined using a Bradford protein assay (BioRad). Pgp concentrations was used. Drugs were added as dimethyl
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sulfoxide solutions, and the final solvent concentration in
the assay kept2% (v/v).

Vanadate Trapping and Photoaffinity Labeling with 8-Azido-
[a-32P]ATP. For 8-azidofi-32P]ATP photoaffinity labeling
experiments, purified Pgp was reconstituted Bteoli lipids
by dialysis in DTT-containing buffers first, followed by
dialysis against 100 volumes of 20 mM Tris-HCI, pH 8.0,
0.1 mM EGTA which had been degassed and saturated with
argon. DTT-free Pgp proteoliposomes were kept under an
atmosphere of argon. Proteoliposomes containing wild-type
or mutant Mdr3 variants were incubated with; 8@ 8-azido-
[0-*2P]ATP (8.5 Ci/mmal), 3 mM MgGJ, 200uM vanadate,
100uM verapamil, 20 mM Tris-HCI, pH 8.0, 0.1 mM EGTA
in a total volume of 5QL at 37 °C for the indicated times.
The incubations were started by addition of Pgp and stopped
by transfer on ice. Free label was promptly removed by
centrifugation at 2000@Pfor 30 min at 4°C in a TL-100
rotor (Beckman), and proteoliposomes were washed and
resuspended in 5L of ice-cold 20 mM Tris-HCI, pH 8.0,

0.1 mM EGTA. Samples were kept on ice and irradiated
with UV light for 5 min (UVS-Il Minerallight 260 nm placed
directly above the samples). At concentrations ofu80
8-azido[t-*?P]ATP, vanadate previously induced trapping of
nucleotide at a stoichiometry of 1 mol/mol of Pgp, 26% of
which became covalently attached to hamster Pgp on UV
irradiation and survived gel electrophoresib), A direct
assessment of the trapping stoichiometry in Mdr3 proteo-
liposomes was not possible, because the centrifuge colum
technique cannot be used with proteoliposont&®).( To
remove unbound ligands, we adapted a simple centrifugation
protocol. Counting revealed that about 95% of the applied
8-azidop-*?P]nucleotide was removed after centrifugation
and subsequent washing. Similar results were obtained with
negative control proteoliposomes purified frdn pastoris
cells transformed with the empty pHIL-D2 plasmid. After
gel electrophoresis, up to 10% of the mouse Mdr3 molecules
remained covalently labeled by 8-azide}’P]nucleotide, but

no radioactivity was detected in lanes loaded with negative
control proteoliposomes. Orthovanadate solutions (100 mM)
were prepared from N®O, (Fisher Scientific) at pH 10 as
described47) and boiled for 2 min before each use to break
down polymeric species.

Routine ProceduresProtein concentrations were deter-
mined by the bicinchoninic acid method (Pierce) in the
presence of 1% SDS using bovine serum albumin as a
standard. SDSPAGE was according to Laemm#®) using
the Mini-PROTEAN Il gel and Electrotransfer system
(BioRad). Samples were dissolved in 5% (w/v) SDS, 25%
(v/v) glycerol, 0.125 M Tris-HCI, pH 6.8, 40 mM DTT,
0.01% pyronin Y for 30 min at 37C, and separated on 7.5%
polyacrylamide gels. For immunodetection of Pgp, the
mouse monoclonal antibody C219 (Signet laboratories Inc.)
was used with the ECL detection system (Amersham). For
autoradiography, SDS gels were stained with Coomassie
Blue, dried, and exposed overnight @80 °C to Kodak
BioMax films with intensifying screens.

Materials. 8-Azido[a-3?P]JATP (8.5 Ci/mmol) and vera-
pamil were purchased from ICN, valinomycin from Calbio-
chem. Acetone/ether-precipitatéd coli lipids were from
Avanti Polar Lipids, and general chemicals were of reagent
grade from Sigma.
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Ficure 1: Purification of Mdr3. Plasma membranes frdf
pastorisyeast cells expressing the Mdr3-kligrotein (lane 1, 10
ug) were solubilized in 0.5% lysophosphatidylcholine and purified
on Ni—NTA resin as described under Experimental Procedures.
Samples from each step were separated on 7.5% SDS gels and
stained with Coomassie Blue. Lane 2, pool of flowthrough material
(10 uQ); lanes 3-7, consecutive washes with 1 mL of 5 mM
imidazole buffer; lane 8, 1 mL wash with 20 mM imidazole buffer;
lane 9, 80 mM imidazole eluate (f&y); lane 10, 10% SDS wash.

In lanes 3-8, the entire 1 mL fractions were precipitated with 5%
TCA before loading on gel. The position of molecular mass markers
is given in kDa on the right.

RESULTS

Purification of P-glycoprotein (Mdr3) from P. pastoris.
We added six consecutive histidine residues in-frame at the
C-terminus of the mouse Mdr3 Pgp (Mdr3-k)iend have
expressed this protein in the ye&stpastorisfor large-scale
production and purification. In individu&. pastorisclones
transformed with pHILmdr3—Hiss constructs, the expression
level of mouse Mdr3-Hisaccounted for about 5% of total
plasma membrane proteins (Figure 1, lane 1). To ensure
functional integrity, we monitored the ATPase activity of
the Mdr3-His protein from plasma membrane preparations
after differential detergent extraction and reconstitution in
E. colilipids. The ATPase activity of Mdr3-Hifrom such
plasma membrane preparations was indistinguishable from
that of wild-type Mdr3 prepared in a similar fashio88],
with respect tKy, Vmax and drug stimulation profiles (data
not shown). Subsequently, Mdr3-Hiwas extracted from
the membrane with-a-lysophosphatidylcholine (L-PC, 0.5%
wi/v) for purification on Ni=NTA resin (Figure 1). In initial
pilot experiments, we noted that a46 h incubation (at 4
°C) of the detergent extract with the NNTA resin was
required for optimal Mdr3 binding to the resin, with minimal
amounts remaining in the flow-through from the column
(lane 2). The Ni-NTA resin was then washed extensively
with low concentrations of imidazole (5 and 20 mM, 50 bed
volumes, lanes -38) to remove possible contaminants.
Finally, Mdr3-His could be efficiently eluted from the
column with 80 mM imidazole (lane 9), with little if any
Mdr3-Hiss remaining associated to theNNTA resin (lane
10). As seen in Figure 1 (lane 9), the Mdr3-Hjzotein
could be recovered in almost pure form by this procedure,
and 206-30 ug of purified Mdr3-Hig could be routinely
obtained from 5 mg of plasma membranesRofpastoris
cells.
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Ficure 2: Specific ATPase activity of purified reconstituted Mdr3.

The specific ATPase activity of purified reconstituted Mdr3 was

measured as a function of MgATP concentrations in the absence

or presence of 10@M verapamil or 100uM valinomycin. The
maximum velocity in the presence of verapamil wasgh®| min—!
mg?, in the presence of valinomycin 2:8mol min~* mg™?, and
in the absence of drug 0,mol min~* mg™t. The curves are
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activity was completely inhibited by 20@M vanadate with
half-maximal inhibition occurring around BM; 10 mM
sodium-azide, an inhibitor of the mitochondrigtATPase,
did not affect the purified reconstituted Mdr3 ATPase. No
Ca&*-ATPase activity was detected when assayed in the
absence or presence of 2 mM EGTA. Mg-8-azido-ATP was
also a substrate for the purified reconstituted Mdr3 ATPase
and was hydrolyzed with a specific activity of 1:8nol
min~! mg?! in the presence of 100M verapamil. At 80
uM 8-azido-ATP, as used during photolabeling and vanadate
trapping experiments (see later), it was estimated that Mdr3
hydrolyzed one molecule of 8-azido-ATP every 3 s. Finally,
we purified the same amount of plasma membranes from
control P. pastoriscells transformed with the empty pHIL-
D2 vector and reconstituted the 80 mM imidazole fraction.
The same volume equivalent of these control proteoliposomes
showed less than 5% ATPase activity of Mdr3 proteolipo-
somes. This low level of ATPase activity was not stimu-
latable by verapamil and was probably due to very low levels
of contaminating yeast plasma membrarteAT Pase (PMA1)
which is abundant in the starting material.

Effects of NB Site Mutations on Mdr3 FunctiorRgp

nonlinear least-squares regression fits of the data points to thecontains two nucleotide-binding sites with consensus se-

Michaelis—Menten equation.

ATPase Actiity. Pgp-specific and verapamil-stimulated
ATPase activity was readily detectable after reconstitution
of the purified Mdr3-Hig into E. coli lipids. Maximal
stimulation was seen at 100 verapamil, and the ATPase
activity ranged from 3 to 4.2mol min~! mg™! in different
preparations of purified proteirk{: 7—10 s1) (Figure 2).
Valinomycin also induced robust stimulation of the ATPase
activity of Mdr3-His; (Figure 2). In the absence of drugs,

guence motifs known as Walker A (GNSG&S and
GSSGC&KS) and Walker B motifs (ILLID in both sites)
which are present in every member of the ABC family.
Single-point mutations K429R and K1072R were introduced
in the Walker A motif at each NB site, and single mutations
D551N and D1196N were introduced independently in the
Walker B motif of each NB site. Mutations were inserted
in pVT-mdr3 and transformed in the yeaSaccharomyces
cerevisiae Immunoblotting of crude membrane fractions

the specific ATPase activity was very low, between 0.35 and from yeast transformants expressing individual mutants using
0.65umol min~* mgt. The high degree of drug-stimulat- the anti-Pgp antibody C219 showed similar levels of expres-
able ATPase activity above background observed here (8-sion of the various Pgp mutants (Figure 3, inset). This
fold for verapamil, 6-fold for valinomycin) and previously indicates that mutations in the NB sites do not have a major
(21, 29 might be linked to the absence of lipids during effect on protein stability or membrane targeting in yeast.

chromatography: possibly, extensive washes with detergent-To assess the biological activity of these mutants, their ability
containing buffers result in the removal of tightly associated to confer resistance to the fungicide FK506 was tested in a
lipids, which might (themselves) be endogenous transport growth inhibition assay in liquid medium previously devel-

substrates for the Pgp ATPase, (/). Nevertheless, the
maximum drug-stimulated ATPase activity of the purified
reconstituted Mdr3-Higprotein was found to be very similar
to that of other Pgp preparations purified from mammalian
cells 22, 23, 2. This indicates that the Mdr3-Higurified
from P. pastorigs fully functional, and that the hexahistidine
tag does not affect function. Inclusion of high NaCl
concentrations (400500 mM) in the solubilization and
chromatography buffers, as used for purification of a His-
tagged human MDR12¢, 25, was deleterious and resulted
in very low Mdr3 ATPase activity after reconstitution (data
not shown). Therefore, the NaCl concentration in our
purification scheme was kept at 50 mM in the initial

oped in our lab 40, 41, 44. As shown in Figure 3, cells
expressing wild-type Mdr3 grew well in FK506-containing
medium while all single-point mutants failed to grow, and
as such were indistinguishable from negative conol
cerevisiae cells transformed with the empty pVT vector.
These results are consistent with earlier reports on mouse
Mdrl and human MDR1 expressed in mammalian cells, and
indicate that mutations in the Walker &7, 28 and Walker
B motifs (this study) abrogate the capacity of Pgp to confer
drug resistance.

Expression and Purification of NB Site Mutants in Pichia
pastoris. For large-scale production of plasma membranes
and subsequent Mdr3 purification, we reconstructed the

solubilization and wash buffers, and further reduced as the K429R, K1072R (Walker A) and D551N, D1196N (Walker
imidazole concentration was increased (Experimental Pro- B) single mutants and the K429R/K1072R, D551N/D1196N

cedures).
Purified reconstituted Mdr3 showed a single, hig for
MgATP hydrolysis (Figure 2) which was similar in the

double mutants in plasmid vector pHHhdr3—Hiss and
expressed the corresponding Pgp variants in the yaelsia
pastoris Crude membrane fractions were prepared from

absence (0.9 mM) or presence of verapamil (0.75 mM) or independent colonies oP. pastoris transformants and

valinomycin (0.74 mM), indicative of low-affinity nucleotide-

analyzed for Mdr3 protein expression. All Mdr3 mutants

binding sites in Mdr3, similar to hamster Pgpl and human could be stably expressed in membrane fractions?of

MDR1 (5, 17, 49). The verapamil-stimulated ATPase

pastoris,and the levels of expression of the mutants were
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Ficure 3: Biological activity of wild-type and mutant Mdr3 variants. The capacity of Mdr3 to confer cellular resistance to the fungicide
FK506 in the yeasBaccharomyces cefisiaewas measured for wild-type Mdr3 (wild-typ®) and mutants K429R¥), K1072R (), and

D551N @), D1196N ), and for control pVT vector®) transformants. Growth of individual mass populations ins@mL FK506 is

expressed as the relative growth compared to growth of the same cell populations in drug-free medium (expressed as a percentage). Insert:
Western blot analysis of crude plasma membranes from individual mass populations with the mouse monoclonal anti-Pgp antibody C219.

very similar, and also similar to that seen in cells expressing
wild-type Mdr3 (data not shown). Individual and double

Mdr3 mutants were purified from large-scale plasma mem-
brane preparations by NNTA chromatography followed T E
by reconstitution inE. coli lipids. All mutant proteins 5 g E
yielded Mdr3 in equal purity and in similar amounts, A
comparable to those seen for the wild-type protein, as judged

by Coomassie blue stained SDS gels and Western blot L 205
analysis (Figure 4). The specific ATPase activity of the
purified reconstituted Mdr3 NB sites mutants was measured

and found to be very low, varying between 0.025 and 0.1 Fop = HHH bl ' - H L 117
umol~t min~t mg~! (averages from two purifications each),
a background value similar to that measured in control - =
proteoliposomes prepared from the pHIL-D2 vector. This
very low level of ATPase activity accounted for less than
5% of the Mdr3 wild-type activity, was not stimulated by =~ ¥
verapamil, and was probably caused by low-level contamina-
tion from residual plasma membrane ATPases. These results
indicate that mutations in the Walker A and B motifs of either

KdZaRR10T2R

NB site abrogate the capacity of Mdr3 to convey drug _—
resistance, by inactivating the ATPase activity of the protein.

Photolabeling with Mg-8-azidef-32P]ATP. A comparison T2 3 4 & & T B
with other ATPases reveals that mutations of equivalent B IR T R NN SR ER I
residues in the catalyti-subunit of R-ATPase (K155Q,

K155E and D242N, D242V) cause a dramatic reduction in - -» .. - =

ATPase activity (less than 0.1% of wild-type) which is
. membranes. Wild-type and mutant Mdr3-Klisriants (identified

_by more th_an 2 ordgrs of magnltudﬁ)l'. We were therefore_ on top of panel A) were expressed in the yeRstpastorisand

!nterested in assessing the effect of s_lng!e or double mutationsyyrified by Ni-NTA chromatography. 300l of the 80 mM

in Walker A and B motifs on ATP binding in general, and  imidazole fractions (35 ug of Mdr3 protein) was precipitated with

in particular determining if a mutation in one NB site would TCA, subjected to SDS gel electrophoresis, and stained with

allow ATP binding and low-level hydrolysis at the other, Coomassie Blue (A) or analyzed by Western blot using the mouse

nonmutant NB site. To monitor the nucleotide-bindin monoclonal anti-P-glycoprotein antibody €219 (B). The position

- : T h 9 of molecular mass markers is given in kDa on the right.

properties of Mdr3 mutants, we used photoaffinity labeling

with a nucleotide analogue. Purified reconstituted proteins 32P]-ATP in the presence of Mg for 5 min at RT, followed

were incubated with the photoaffinity analogue 8-azido[ by UV-irradiation on ice. Labeled proteins were separated
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examined the time dependence of vanadate trapping of
nucleotide in wild-type Mdr3. As shown in Figure 7,
vanadate could trap visible amounts of 8-azidéfP]-
nucleotide in wild-type Mdr3 within a short incubation period
of 10 s. However, increasing the trapping periods for up to
60 min at 37°C failed to produce any detectable vanadate-
induced trapping and photolabeling of Mg-8-azidéefP]-
ADP in the mutant proteins, and were indistinguishable from
control samples preincubated in the absence of vanadate
B (Figure 6B,C). From this, we conclude that all NB site
- 24 mutants hydrolyze at least 360 times slower than the wild-
type protein €0.3% activity). Interestingly, not even the
single-point mutants were able to trap visible amounts of
radionucleotide regardless of the location of the mutation in
the first or second NB site. These results indicate that while
all NB site mutants can bind the Mg-8-azidef?P]JATP
probe with wild-type characteristics (Figure 5), vanadate
cannot induce trapping of Mg-8-azidof?P]ATP in any of
these mutants. Since the trapped species is known to be
ADP, the mutants appear totally defective in ATP hydrolysis,
FiGUrRe 5: Direct photolabeling of purified reconstituted Mdr3 NB ~ suggesting that both NB sites need to be intact for even a
site mutants. Three micrograms of purified reconstituted wild-type single turnover event in the full-length protein.

and mutant Mdr3 variants was UV-irradiated in the presence of 80

uM 8-azidop-3?P]JATP and 3 mM MgC). Photolabeled samples DISCUSSION

were separated on 7.5% SDS gels and stained with Coomassie Blue

(A) followed by autoradiography (B). The position of molecular ~ The yeasP. pastorisoffers an economical alternative to
mass markers is given on the right. the large-scale production and isolation in pure form of

P-glycoprotein (Mdr3) by a standard affinity purification

on SDS gels, stained with Coomassie Blue, and subjectedprotocol. The purified Mdr3 reconstituted E. coli lipids
to autoradiography (Figure 5). Binding and subsequent exhibits high verapamil and valinomycin-stimulated ATPase
photo-cross-linking of the radionucleotide was specific to activity with a maximal velocity of 4.3imol min~* mg4,
Mdr3 which is the major protein>90% pure) in our an 8-fold stimulation over basal Mdr3 ATPase activity (0.5
preparations. The amount &P label incorporated in each  umol min~t mg™). The catalytic properties of this Mdr3
mutant was found to be very similar to that incorporated in preparation were very similar to those previously published
the wild-type Mdr3 protein. In these experiments, we used for Pgp purified from mammalian and insect cells; e.g., the
80 uM 8-azidofo-*?P]ATP, a suboptimal concentration 10 Ky for MgATP was 0.8 mM and th&; for vanadate %M,
times lower than th&y value for 8-azido-ATP hydrolysis indicating that Mdr3 purified fromP. pastoris plasma
(0.8 mM, 22). Therefore, these results suggest that none of membranes is highly functional. Single-point mutations
the introduced single or double mutations affected signifi- introduced into the core consensus sequences of the Walker
cantly the nucleotide-binding properties of Mdr3. This is A motif (K429R, K1072R) or the Walker B motif (D551N,
consistent with the notion that the key catalytic residues D1196N) in either of the two nucleotide-binding (NB) sites
K429, K1072 and D551, D1196 in the Walker A and Walker impaired the capacity of Mdr3 to confer cellular resistance
B motifs participate mostly in the hydrolysis steps after the to the fungicide FK506 in the yeaSaccharomyces cere
initial binding of ATP. siag indicating that these residues are critical for function.

Vanadate Trapping with Mg-8-azidef*?P]JATP. We used Mutations K429R, K1072R and D551N, D1196N as well
the technique of vanadate trapping of nucleotide to monitor as the double mutations K429R/K1072R (Walker A motif)
hydrolysis of Mg-8-azidaj-3?P]ATP in each of the NB site  and D551N/D1196N (Walker B motif) all severely decreased
mutants of Mdr3. It has been previously established that ATPase activity to very low levels{(6%). This low ATPase
vanadate trapping requires hydrolysis of ATP and that the activity was not stimulated by verapamil or valinomycin, and
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trapped nucleotide species in Pgp is AB%,(36, 50. In was similar to that seen in control proteoliposomes prepared
initial experiments, we preincubated wild-type and mutant from membranes of contr®l. pastoristransformants (pHIL-
Mdr3 variants for +10 min at 22°C with Mg-8-azidof- D2). The data are consistent with previous mutagenic

$2P]JATP in the presence of vanadate to allow trapping; analyses of P-glycoprotein, which showed that mutations in
unbound ligands were removed by centrifugation, and UV either or both Walker A motifs rendered the protein
irradiation was used to cross-link the trapped nucleotide. nonfunctional in mammalian cells, with respect to cellular
Photolabeling of the radionucleotide was readily detectable resistance to adriamycin and colchicine, and transpoftt [

in the wild-type Mdr3 protein after only 1 min of trapping, vinblastine 27, 28. Likewise, these results are in agreement
and this labeling saturated rapidly upon increasing the with those of Loo and Clarke2@), who reported loss of basal
trapping periods. However, nucleotide trapping under theseand drug-stimulated ATPase activity in purified human
conditions was completely abolished in all of the single- and MDR1 bearing mutations at the core GK residues in the
double-point mutations of the Walker A motif (shown in  Walker A motif.

Figure 6A) and Walker B motif (data not shown). To obtain  In this study, we further investigated the mechanistic basis
an estimate of the loss of activity in the mutant proteins, we for the loss of function observed in the Walker A and Walker
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Ficure 6: Photolabeling of Mdr3 NB site mutants by vanadate trapping with Mg-8-axiéf{]JATP. Purified reconstituted wild-type and

mutant Mdr3 variants were preincubated with8@ 8-azidof-32P]JATP, 3 mM MgCh, and 10QuM verapamil in the absence or presence

of 200uM vanadate at 37C. Unbound ligands were removed by ultracentrifugation and washing followed by UV-irradiation (Experimental
Procedures). Photolabeled samples were separated by electrophoresis on SDS gels and subjected to autoradiography. The times of preincubatiol
at RT (A) or 37°C (B and C) are shown above the lanes. Experiments were done in duplicate.

fime {ssconds} 10 90 35 30 D6 B84 GOD turnover in NB site mutants. However, we could not detect
. vanadate-specific trapping and photolabeling with Mg-8-
azidojo-3?P]ATP in any of the mutant enzymes, even after
Fgp = an extended 60 min trapping period at ¥7 (Figure 6). At
concentrations of 8aM Mg-8-azidojo-32P]ATP used in the

L T trapping experiments, binding of nucleotide was not signifi-

T2 3 4 8 & 7 cantly impaired in the mutant enzymes as shown by direct
FIGURE 7: Time dependence of vanadate trapping of Mg-8-azido- photolabeling in Figure 5. The data suggest that binding
[a-32P]ATP in wild-type Mdr3. Experiments were performed asin  per se is not the major cause of dysfunction, but steps after
Figure 6 in the presence of 20@M vanadate; the ftimes of initial binding and involved in the hydrolysis of ATP are

preincubation at 37C are shown above the lanes. : ired firming that K429 K1072 and D551 D1196
B mutants of Mdr3. We applied the technique of vanadate impaired, contirming that 1423, 1. an ' '
respectively, are key catalytic residues in Mdr3.

trapping of nucleotide as a sensitive method to monitor Mdr3
specific ATP hydrolysis in purified reconstituted NB mutants. ~ Based on the previous example of the dynein ATP&s (
Previous studies have shown that (a) vanadate in the presenc@e speculated that the first catalytic turnover may rapidly
of Mg-8-azidofi-32P]JATP can induce trapping of the 8-azido- Produce a MgADP intermediate that favors binding of
[a-*P]nucleotide in the catalytic sites of Pgp, (b) trapping vanadate; in this scenario, formation of the vanadate-trapped
required hydrolysis of 8-azido-ATP to 8-azido-ADP, (c) Pgp***MgADP-V; complex would be rapid and therefore
formation of a stabl¢Pgp**-Mg-8-azido-ADPV;} transition detectable in photolabeling experiments. Indeed, we detected
state complex allowed removal of unbound ligands, and (d) photolabeling in the wild-type Mdr3 protein with Mg-8-
subsequent photoirradiation of the isolated complex dem- azidop-*?P]nucleotide within 10 s of trapping with vanadate,
onstrated bound 8-azidef*?P]nuclectide in both nucleotide-  the shortest time point studied. Interestingly, none of the
binding sites of Pgp35, 36, 50. Therefore, this method  single-point mutants in either of the two NB sites could trap
seemed suitable for measuring Mdr3-specific single-site detectable amounts of Mg-8-azidef?P]ADP even after a
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Ficure 8: Scheme for ATP hydrolysis and vanadate-induced inhibition of P-glycoprotein. Modified 88m (

prolonged 60 min incubation period. The result was identical sites. Formation of this complex requires hydrolysis of
for mutations introduced either in the A or in the B motifs, MgATP and release of fhefore vanadate can bind, sug-
in the first or second NB site, or both sites. If, as postulated, gesting that cooperative interactions between the two NB
hydrolysis would simply alternate between the two NB sites, sites may be required for any of the steps 2, 3, 4, or 6 in the
mutations in one site should allow for a single turnover in scheme to occur. We favor cooperation at step 2 because
the intact site before catalysis comes to a halt (reviewed in the crystal structures of other ATPases together with kinetic
34). Therefore, we might have expected in single-site analysis of Walker A and B motif mutants have established
mutants some trapping of nucleotide in the nonmutant NB that the key catalytic residues mutated in our study serve to
site. The noted absence of nucleotide trapping in any of orient and activate the-phosphoryl group of ATP and
the mutants suggests that cooperative interactions may occuprovide stabilization of the transition state0{ 55-57; for
very early in the hydrolysis cycle, and also suggests that a comprehensive and illustrative review, $88). Since
cooperative interactions may originate from both sites. verapamil and other drugs stimulated ATPase in the wild-
We propose a scheme for ATP hydrolysis and vanadate-type Mdr3 but did not do so in the NB site mutants, we
induced inhibition in Pgp (Figure 8). This scheme draws Propose that drug binding to the membrane regions of the
on work presented here and previousSy(39: Hydrolysis protein may induce interaction of the two NB sites to provide
of ATP is a multistep process initiated after binding of acceleration of step 2, thus achieving the rapid turnover
MgATP (step 1), by an attack of a water molecule on the necessary to drive efficient drug transport.
y-phosphorus to form a transition state intermedfétgp**: Mutagenesis of the key residues of the Walker A and B
MgADP-P} (step 2). For simplicity, our scheme shows motifs has been used to gain insight into the role of the two
“drug in” at step 1 of the cycle allowing for the possibility ~NB sites in catalysis and regulation of other ABC transport-
that drugs can bind to membrane regions of the protein anders. Such studies have revealed similarities and differences
ATP can bind to NB sites independently of each other, and in the respective role of the two sites in overall function of
in any order. Evidence provided from fluorescence quench- the proteins. In the cystic fibrosis transmembrane conduc-
ing experiments with MIANS-labeled Pgp has shown that tance regulator (CFTR), mutations of the conserved Walker
the presence of ATP is not a prerequisite for drug binding A lysine altered the conductive properties of the™ Cl
to membrane region$7). On the other hand, verapamil  channel: the K464A mutation in NB1 decreased the fre-
did not affect theKy of MgATP hydrolysis nor did it quency of channel openings, whereas K1250A or K1250M
significantly alter binding of 8-azido-ATP to Mdr3 (data not in NB2 prolonged the open state of the chan®€)( These
shown). It appears that verapamil stimulated hydrolysis of data suggested that ATP hydrolysis at NB1 initiates opening
ATP (and 8-azido-ATP) in the wild-type enzyme not by of the channel, and hydrolysis at NB2 is required to close
increasing the affinity of the NB sites for MgATP (step 1) the channel. Nevertheless, strong cooperative interactions
but rather by accelerating the following steps with the result petween the two NB sites of CFTR were suggested from a
of an overall increased hydrolysis rate. Relaxation of the decreased rate of channel opening seen in NB2 mutants and
high-energy{Pgp**-MgADP-P} state in step 3 is then  from multiple kinetic analyses (reviewed 0). Multiple
coupled to drug movement from an inside-facing segment sequence alignments have suggested that the NB sites of
of higher affinity to an outside-facing site of lower affinity ~ CFTR might be more related to those of G-proteins, such as
(52-54). Finally, R is released from the site (step 4) p2iras 61, 6. The observation that the D57A mutation
followed by MgADP (step 5), and one hydrolysis cycle is in a Walker B related motif of p21-H-ras retains 43% of
completed. The next cycle will occur in the second site as wjld-type GTPase activity§3) parallels the observation that
postulated for an alternating catalytic sites cycle proposed NB sjte mutants in CFTR do support some channel gating.
by Senior et al. 34). The ATPase activity of Walker motif mutants has been
In Pgp, mutants in either NB site prevented the occurrence studied in another ABC protein, the. coli ArsA protein.
of the stablg Pgp**-MgADP-V} complex (step 6) in both  The purified ArsA mutant K21E (in NB1) showed no
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significant substrate (oxyanion)-stimulated ATPase activity,
while the equivalent mutation in NB2 (K340E) retained 20%
of the activity. Furthermore, significant differences in the
binding affinities were apparent in the NB site mutants:
while K21E showed little or no photolabeling with Mg
32P]ATP, K340E photolabeled as well as the wild-typd)(
suggesting structural/functional differences between the two
NB sites. A similar situation seems to occur in the
sulfonylurea receptor SUR1. Point mutations in the Walker
A and B motifs of NB1, K719R, K719M, and D854N
impaired 8-azida}-*P]ATP binding, whereas NB2 muta-
tions, K1385R, K1385M, and D1506N, retained their ability
to bind low concentrations of 8-azido[*?P]ATP in the
presence or absence of Rg65). Unlike Pgp, ArsA protein
and SUR1 may have one high-affinity ATP site in NB1 and
a second low-affinity site in NB2.

In Pgp, however, there is no biochemical or genetic
evidence to suggest that the two NB sites are functionally
different (reviewed irB4). The working model proposed in
Figure 8 implies that one catalytic cycle involves hydrolysis
of one MgATP and is coupled stoichiometrically to one
transport event (reviewed i80). The question as to why
Pgp and other members of the ABC family require concerted
interaction of two intact NB sites for efficient ATP-energized
transport and what are the structural and functional advan-
tages of this arrangement remain to be clarified.
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