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ABSTRACT. Human P-glycoprotein, thdDR1 gene product, requires both KfgATP binding and
hydrolysis to function as a drug transporter; however, the mechanism(s) defining these events is not
understood. In the present study, we explored the nature &f¥g@P binding in the N-terminal nucleotide-
binding domain of human P-glycoprotein and identified the minimal functional unit required for specific
ATP binding. Recombinant proteins encompassing amino acids within the region beginning at 348 and
ending at 707 were expressed Escherichia coli purified from inclusion bodies under denaturing
conditions, and renatured by rapid dilution. The ability of ATP to interact with these proteins was examined
by use of the photoactive ATP analogue¥P]-8-azido-ATP. Photoaffinity labeling of recombinant proteins
identified the region between amino acids 375 and 635 as the region necessary to obtain specific ATP-
binding properties. Specific protein labeling was saturable, enhanced BY, ligd inhibited by ATP.
Recombinant proteins confined within the region beginning at amino acid 392 and ending at amino acid
590 demonstrated nonspecifie-f?P]-8-azido-ATP labeling. Nonspecific labeling was not enhanced by
Mg?" and was inhibited only by high concentrations of ATP. Using a D555N mutated protein, we found
that the conserved aspartate residue in the Walker B motif plays a role in magnesium-enhanced ATP-
binding. Taken together, these data define the region of the N-terminal nucleotide-binding domain of
P-glycoprotein that is required for specific ATP binding and suggest that magnesium may play a role in
stabilizing the ATP-binding site.

Multidrug resistance is a major obstacle in the effective extrudes anticancer drugs from the cell, thereby decreasing
treatment of cancer by chemotherapeutic agents. Regardlesmtracellular drug concentrations. Both RtgATP binding
of whether multidrug resistance of tumor cells is intrinsic and hydrolysis are necessary for P-glycoprotein functén (
or acquired after exposure to cytotoxic agents such ashowever, the mechanism(s) defining these events is not
epipodophyllotoxins, anthracyclines, vinca alkaloids, or taxol, precisely understood. The purification and reconstitution of
therapeutic failure frequently is observed. In part, phenotypic P-glycoprotein in the presence of lipids provides a model
multidrug resistance is due to tHdDR1 gene product, system to study these mechanism(@) ifut is limited by
P-glycoprotein, which is found in several tissues throughout the low yield of purified protein obtained.
the body and is overexpressed in many cancer&)( Expression and purification of soluble NBDs of various

The humanMDR1 cDNA encodes 1280 amino acid ABC transporters has been reportée-10). Several recom-
residues resulting in a 170-kDa plasma membrane glyco- binant proteins containing N-terminal and C-terminal NBDs
protein. Sequence analysis indicates that P-glycoprotein isderived from P-glycoprotein also have been expressid (
composed of 12 transmembrane domains in two homologous16) and have enabled the investigation of nucleotide binding
halves connected by a linker peptide. Each half of P- in these protein regions. However, characterization of the
glycoprotein contains six transmembrane regions and oneNBD in these regions was achieved primarily by fluorescence-
cytoplasmic nucleotide-binding domain (NBDyith char- based analysis with TNP-ATP or MANT-ATP as probes.
acteristic Walker A and B motifs3]. P-Glycoprotein is a ~ Comparison of data obtained from fluorescence assays with
member of the family of ATP-binding cassette (ABC) soluble recombinant protein to that of the full-length protein
transporters and acts as an ATP-dependent efflux pump thais compromised by interference from lipids necessary for

stable reconstitution of the full-length protein. Additionally,
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Table 1: Cloning Summary for Expression Vectors

cloning restriction
plasmid name vector PCR primers (5~ 3')2 enzymeg
pET-NBDIMDR1-C431A (358-707) pET3a A: GCAATACATATGGCAAGAGGAGCAGCTTATGAAATCTTC A:Ndd
B: AAAGGATCCTCATTCAGTTAAATTTAGCTTCATAATCCT B: BanHl
pET-NBDIMDR1-C431A/D555N (358707) pET3a A: GCAATACATATGGCAAGAGGAGCAGCTTATGAAATCTTC A:Ndd
B: AAAGGATCCTCATTCAGTTAAATTTAGCTTCATAATCCT B: BanHl
pPET-NBDIMDR1-C431A (412-574) pET23a A: GTTAAGATGCATATGGGCCTGAACCTGAAGGTGCAGAGT ANde
B: ACCTTTGAATTCTCAATCCAGAGCCACCTGAACCACTGC B:EcaRl
pET-NBDIMDR1-C431A (358-590) pET3a A: GCAATACATATGGCAAGAGGAGCAGCTTATGAAATCTTC A:Ndd
B: ATTGGATCCTCAAGACAAACGATGAGCTATCACAATGGT B: BanH|
pPET-NBDIMDR1-C431A (358-635) pET23a A: GAGATATACATATGGCAAGAGGAGCA A:Ndd
B: TCTCCTCGAGCTAAACTTCATTTCCTGCTGTCTG B:Xhd
pET-NBDIMDR1-C431A (409-635) pET23a A: GAGACATATGATCTTGAAGGGCCTGAACCTG ANdd
B: TCTCCTCGAGCTAAACTTCATTTCCTGCTGTCTG B:Xhd
pET-NBDIMDR1-C431A (375-707) pET23a A: GAGACATATGATTGACAGCTATTCGAAGAGT A:Ndd
B: TCTCCTCGAGCTATTCAGTTAAATTTAGCTTCAT B: Xhd
pPET-NBDIMDR1-C431A (392-707) pET23a A: GAGACATATGTTGGAATTCAGAAATGTTCAC A:Ndd
B: TCTCCTCGAGCTATTCAGTTAAATTTAGCTTCAT B: Xhd
pPET-NBDIMDR1-C431A (348-635) pET23a A: GAGACATATGGCATCTCCAAGCATTGAAGCATTTGCAAAT- A: Ndd

GCAAGAGGAGCAGCT

B: TCTCCTCGAGCTAAACTTCATTTCCTGCTGTCTG

B:Xhd

a A, forward primer; B, reverse primef.A, N-terminal; B: C-terminal.

various cations, including magnesiufcv( 18, thus hindering

the evaluation of magnesium-dependent process. In contrast

the photoactive ATP analogue{?P]-8-azidoadenosineg 5
triphosphate (-3?P]-8-azido-ATP), has been used exten-

sively to examine various biochemical questions relating to

the ATP-binding properties of many proteirkd(-23).
The first use of §-%?P]-8-azido-ATP to characterize

EXPERIMENTAL PROCEDURES

' Materials. pET-3a and pET-23a plasmid DNA were
obtained from Novagen (Madison, WI). pTMIDR1 and
pTM1-MDR1-D555N were supplied by Dr. Christine Hry-
cyna @5, 29. CompetentEscherichia coli(DH50) and
custom primers were purchased from Life Technologies
(Gaithersburg, MD). Competeif. coli (BL21 ADE3) was

nucleotide-binding properties of P-glycoprotein was reported prepared as described previous@) All restriction enzymes

by Cornwell et al. 24) using membrane vesicles prepared
from a highly multidrug-resistant cell line (KB-V1). Most
recently, our laboratory demonstrated the useost?P]-8-
azido-ATP to characterize the kinetics of ATP binding to

were purchased from New England Biolabs (Beverly, MA).
[0-32P]-8-Azidoadenosine&riphosphate (20 Ci/mmol) was
purchased from ICN (Costa Mesa, CA).

Construction of Expression Vectolsitially, the pTM1-

P-glycoprotein with membranes prepared from baculovirus MpDR1 vector containing théIDR1 coding sequence was

and vaccinia virus expression systen®b)( This work

used as the template for construction of the expression vector

demonstrated that both NBDs are essential for proper encoding anVIDR1 fragment encompassing amino acids

function but that they are asymmetri25j. Moreover, this
work suggested that in addition to complexing with ATP in
the active site, magnesium might play an additional role in
stabilizing the conformation of the active site or changing
the overall transporter2f). Magnesium often plays an
important role in the structure and function of various
proteins R6—28).

In the present study, we explored the nature of MgTP
binding in the N-terminal NBD of human P-glycoprotein
(NBD1) and identified the minimal functional unit required
for specific ATP binding by expressing NBD1 as a soluble
recombinant protein and utilizingf*?P]-8-azido-ATP. It has
been shown previously that the N-terminal NBD of human
P-glycoprotein is labeled preferentially with£2P]-8-azido-
ATP under binding conditions and that a chimeric human
P-glycoprotein molecule that contains two N-terminal ATP

358—-707. A coding sequence bp 1072121 fragment was
obtained by PCR with coding (forward) and noncoding
(reverse) primers as shown in Table 1. The purified reaction
product was digested witNdd and BanHI. This fragment
was incubated with alkaline phosphataselfd at 37°C to
avoid self-ligation by removing free phosphate groups at the
5" ends and subsequently cloned into the pET3a vector. The
resulting expression vector was used as a template for site-
directed mutagenesis to introduce a C431A mutation. Nucle-
otide mutations at positions 1291 (* G) and 1292 (G~

C) were achieved by sequence overlap PCR methodology.
Two internal complementary primers were used, each
containing the mutation of interest. The coding sequence for
the C431A mutant primer was'-&TTGGAAACAGTG-
GCGCTGGGAAGAGCACA-3 These primers were used

in conjunction with two outer primers that contained the

binding domains is expressed at the cell surface and isunique restriction site8sBI (coding strand, 5TAAGC-

functional for transport25). Thus, we chose to express

CAAGTATTGACAGCTA-3') andNcd (noncoding strand,

NBD1 of human P-glycoprotein as a soluble recombinant 5-TGACAGCTTTCTCAATCTCAT-3). The resulting frag-
protein in the present work. Through studying the nucleotide ment was digested witlBsBl and Ncd, incubated with

binding properties of NBD1 proteins of varying lengths, we
determined that the minimal functional unit required for
specific ATP binding was composed of amino acids-375
635. The highest ATP binding was obtained with a recom-
binant protein composed of amino acids 3435.

alkaline phosphatase, and recloned into the pET3a-based
vector obtained in the previous step. The plasmid obtained
contained a sequence encodiMiPR1 amino acids 358

707 with a C431A mutation and was labeled pET-
NBD1MDR1-C431A (358-707). A plasmid, containing a
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sequence encodingDR1 amino acids 358707 with both nucleotides were added to the reaction tube prior to the
C431A and D555N mutations, was prepared as describedaddition of [-3?P]-8-azido-ATP in order to examine the
above, with the pTMIMDR1-D555N vector bearing the effect of unlabeled nucleotides om-f?P]-8-azido-ATP
MDRL1 coding sequence with a D555N mutation as the labeling.
primary template, and was labeled pET-NBBRR1-C431A/ Measurement of ATPase Agty. P-Glycoprotein-associ-
D555N (358-707). pET-NBDMDR1-C431A was used as  ated ATPase activity of recombinant proteins was determined
the template for construction of subsequent expressionas the vanadate-sensitive release of inorganic phosphate from
vectors as indicated in Table 1. All constructs were se- Mg?*ATP as described@). Protein solution{100xg/mL)
quenced fully in both directions by DNA sequencing using was incubated at 37C for 5 min in a reaction mixture
an Applied Biosystems Inc. 377 automated sequencer. containing 50 mM Tris (pH 7.5), 5 mM sodium azide, 2
Expression and Purification of NBD ProteinBurified mM EGTA (pH 7.0), 2 mM ouabain, 2 mM DTT, 50 mM
plasmid was transformed into competé&ntcoli strain BL21 KCI, and 10 mM MgC}. The reactions were then started by
(ADE3) and grown overnight on LB agar containing 12§ the addition of 5 mM ATP to the assay mixture (a total
mL ampicillin. Because the expressed nucleotide sequencevolume of 100xL) and incubated at 37C for 20 min.
contained several rare codons for whi€hcoli contains small Reactions were stopped by the addition of 1000f 5%
amounts of tRNA, the expression was performed in cells SDS solution and the amount of inorganic phosphate
transformed previously with the pUB500 plasmid containing liberated was measured by a colorimetric reacti®®).(The
a gene for the arginine tRNA recognizing the UCC anticodon vanadate-sensitive activities were calculated as the differ-
(30). Superbroth (1 L) containing 2% glucose, 0.05% MgSO ences between the ATPase activities obtained in the absence
and 100ug/mL ampicillin was inoculated with the bacterial and presence of 300M sodium orthovanadate.
colonies. Expression of the recombinant protein was induced Circular Dichroism.CD spectra were measured on a Jasco
with 1 mM isopropylS-p-thiogalactoside (final concentra- J-720 spectropolarimeter (Jasco, Tokyo). Sample consisted
tion) when ORqo reached a value of 3. The cells were of NBD1 (358-707) or NBD1 D555N (358707) proteins
harvested 90 min after induction by centrifugation at 3500 (~250xg/mL) in 50 mM potassium phosphate/50 mM NaCl
rpm for 30 min. Inclusion-body protein was washed by (pH 7.0). CD spectra were measured in 1 mm path length
sequential resuspension and centrifugation at 13 000 rpm forquartz CD cuvettes, at 20 mdeg sensitivity, 0.5 nm resolution,
50 min in 200 mL of buffer containing 50 mM Tris and 20 and 1.0 nm bandwidth at a speed of 20 nm/min at a constant
mM EDTA, pH 8.0. The initial resuspension buffer contained temperature of 20°C. Temperature melt studies were
2.5% Triton X-100, followed by resuspension buffer contain- performed by monitoring molar ellipticity at 220 nm over
ing 1% Triton X-100 and three additional washes in the the temperature range of 280 °C at a rate of 1°C/min.
absence of detergent. The final pellet was resuspended inProtein secondary structure was determined from CD spectra
20 mL of buffer containing 50 mM Tris and 20 mM EDTA, by numerical decomposition with CDNN (Institutrfiio-
pH 8.0, and centrifuged at 20 000 rpm for 20 min, and the technologie, Martin-Luther-Universitat, Halle-Wittenberg,
pellet was stored at-70 °C. Inclusion body pellets were  Germany).
homogenized in solubilization buffer (6 M guanidine hy- Size-Exclusion ChromatographyRecombinant NBD1
drochloride/0.1 M Tris, pH 8.0/2 mM EDTA) and stored at proteins (0.5 mg/mL) were eluted from a Superdex 200
room temperature for at least 2 h. Solubilized inclusion-body high-resolution gel-filtration column (1& 300 mm, 24 mL
protein was harvested by centrifugation at 20 000 for 30 min. bed volume, Pharmacia Biotech, Piscataway, NJ) at a flow
Renaturation was initiated by a rapid 100-fold dilution of rate of 0.4 mL/min with 0.02 M Tris, pH 8.0, containing
the solubilized protein into refolding buffer (0.1 M Tris, pH 0.1 M NaCl and 15% (w/v) glycerol. Absorbency of the
8.0/0.5 ML-arginine/2 mM EDTA) and maintained at 10 column eluent was monitored continuously at 280 nm. A
°C for 12 h. Renatured protein was dialyzed against 20 mM calibration curve was constructed from the elution profiles
Tris, pH 8.0/100 mM NacCl (50 L) overnight. Glycerol was of proteins with known molecular weights that were analyzed
added to the dialyzed protein (15% final concentration) and under the same conditions described above. The predicted
the protein was concentrated~%00 xg/mL) by use of molecular weights of the recombinant proteins were deter-
Centriprep10 concentrators (Amicon, Danvers, MA) and mined from the calibration curve.
stored at 4°C. Data Analysis.The percentage inhibition ofof32P]-8-
[@-32P]-8-Azido-ATP Labelingin 1.5 mL microcentrifuge ~ azido-ATP labeling of NBD protein was calculated as
tubes, NBD1 protein{300xg/mL in 20 mM Tris-HCI, pH follows:
8.0/100 mM NaCl/15% glycerol) in the absence or presence
of MgSQ, was incubated on ice for 3 min. Under subdued % |nh|?t?2|t|on= . . o
light conditions, fi-32P]-8-azido-ATP (2.5%:Ci) was added 1 |EP1-8-azido-ATP labeling density inhibitor|}
per tube and incubated for 10 min on ice. The tube contents [3%P]-8-azido-ATP labeling density inhibitor
were exposed to UV irradiation (365 nm; Black-Ray lamp,
model XX-15, UVP, Uplard, CA) for 15 min on ice to Inhibition constants, 1§, and % maximum inhibition, were
facilitate cross-linking. After addition of SDPAGE sample estimated from the percentage inhibition af{?P]-8-azido-
loading buffer to the tube, the tube contents were vortex- ATP labeling versus inhibitor concentration data by nonlinear
mixed and stored at room temperature for 30 min prior to least-squares regression (WinNonlin; Statistical Consultants,
analysis by SDSpolyacrylamide gel electrophoresis as Inc., Apex, NC) according to the standard Michaelgenten
previously described3(). Quantitation of radioactivity was  equation.
achieved by phophorimage analysis (Storm 860; Molecular The kinetics of M@*-enhancedd-%?P]-8-azido-ATP la-
Dynamics, Sunnyvale, CA). In some experiments, various beling was determined from the amount of{?P]-8-azido-
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FIGURE2: [a-32P]-8-Azido-ATP labeling of NBD1 proteins. NBD1
16— n proteins were photoaffinity-labeled with 2:8v1 [ o-32P]-8-azido-
e = = ATP in the absence~) and presenceX) of 5 mM MgSQ, and
it il s—
&= analyzed by SDSPAGE and autoradiography. NBD1 proteins
were as follows: (A) NBD1 (358707), (B) NBD1 (358-590),

B (C) NBD1 (412-574), and (D) NBD1 D555N (358707).
kDa 1 2 3 4 L . :
98— . To determine if the recombinant proteins possessed the
64— ability to bind ATP, the use of the photoactive ATP analogue
50- [0-32P]-8-azido-ATP was employed because the radiolabeled
36— b a2 compound has been shown previously to label P-glycoprotein
30— , ak in a specific manner24, 25, 34. In addition, 8-azido-ATP

has been shown to be hydrolyzed by P-glycoprot&t).(n
16— — this experiment, recombinant proteins were incubated with
[0-%2P]-8-azido-ATP in the absence and presence of 5 mM
Ficure 1: Expression and purification of NBD1 proteins. Protein MgSOQ; followed by ultraviolet irradiation. This led to the

fractions (10ug of total protein/lane) were separated by SDS ; ; ; _
PAGE and identified by colloidal blue staining (Novex, San Diego, covalent incorporation of the ATP analogue into the recom

CA). (A) Expression of NBD1 proteins before (lanes 1, 3, 5, and binant proteins that was altered in the presence of MgSO

7) and after (lanes 2, 4, 6, and 8) IPTG induction. NBD1 proteins (Figure 2). Labeling of NBD1 (358707) protein was
were as follows: NBD1 (358707), lanes +2; NBD1 D555N enhanced approximately 4-fold in the presence of MgSO

(358-707), lanes 3 and 4; NBD1 (41574), lanes 5 and 6; and  (Figure 2A), whereas labeling of both NBD1 (35890) and

NBD1 (358-590), lanes 7 and 8. (B) Purified NBD1 proteins were ; ;
identified by colloidal blue staining as follows: NBD1 (35807),  \BD1 (412-574) proteins was decreased in the presence

lane 1; NBD1 D555N (358707), lane 2; NBD1 (412574), lane ~ Of MgSQ: (Figure 2B,C). Since labeling of full-length
3; and NBD1 (358-590), lane 4. P-glycoprotein is enhanced in the presence of Mg was

_ _ _ assumed that NBD1 (358707) may have retained ATP
ATP incorporation versus Mg concentration data by  binding characteristics similar to those of the full-length
nonlinear least-squares regression according to the standar@rotein but that the smaller proteins did not. Thus, additional

sigmoidalEmax model. experiments were performed with NBD1 (35807) to
further characterize the nature of ATP binding.
RESULTS To determine if labeling of NBD1 (358707) with [o-22P]-

Amino-Terminal Cytoplasmic Loop Containing the Nucle- 8-azido-ATP could be saturated, protein was incubated with
otide-Binding Domain of Human P-Glycoprotein Is Ex- [a-*?P]-8-azido-ATP in the presence of 5 mM Mg$eénd
pressed in Escherichia coli and Retains the Ability To Bind increasing concentrations (0.665 mM) of unlabeled 8-azido-
ATP. Recombinant proteins, encompassing amino acids ATP. Figure 3A depicts the quantitative representation of
412-574, 358-590, and 358707 of human P-glycoprotein  autoradiographic analysis from these experiments. These
each with a C431A mutation, encoded by pET-NBIIIR1- results demonstrate that labeling of NBD1 (3587) was
C431A-based plasmids (Table 1) were expressed and purifiedinhibited by 8-azido-ATP in a concentration-dependent
from E. coli, purified from inclusion bodies under denaturing manner with a half-maximal inhibition at 0.0490.011 mM.
conditions, and renatured by rapid dilution. The C431A In a similar experiment, NBD1 (358707) was incubated
mutant was used to prevent disulfide interactions. The vastwith [0-*2P]-8-azido-ATP in the presence of 5 mM Mg$O
majority of each protein was localized in inclusion bodies and increasing concentrations (0.685 mM) of ATP in
and was isolated by centrifugation from the homogenized order to evaluate ifd-3?P]-8-azido-ATP could be competed
bacteria. Solubilization of inclusion-body protein was achieved by the natural substrate. Labeling of NBD1 (358)7) was
in buffer containing the strong denaturant guanidine hydro- inhibited by ATP in a concentration-dependent manner with
chloride. Expression and purification of the proteins is a half-maximal inhibition at 0.516- 0.111 mM (Figure 3B).
illustrated in Figure 1. Lanes 1, 3, 5, and 7 represent the These data indicate that{*P]-8-azido-ATP labeling of
total bacterial protein of each construct prior to induction NBD1 (358-707) protein is saturable and can be competed
(Figure 1A). After induction with IPTG, each protein was by ATP.
overexpressed and constituted the major component among The specificity of p-32P]-8-azido-ATP labeling of NBD1
total bacterial protein (lanes 2, 4, 6, and 8) (Figure 1A). (358-707) protein was examined by incubating the protein
Extensive washing of the inclusion body protein in the inthe presence of various hydrolyzable nucleotide analogues
presence of detergent followed by renaturation and dialysis (1 mM). As shown in Figure 3C, ATP and GTP were able
was sufficient to obtain highly purified recombinant proteins to inhibit labeling by 61% and 28%, respectively; UTP or
(Figure 1B). CTP had no effect on labeling. At nucleotide concentrations
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A greater in the absence of Mggs@an in the presence of
100 - MgSQ, (Figure 2D). In fact, in the presence of Mgshe
o0l . g ability of [0-3?P]-8-azido-ATP to label NBD1 D555N (358
- 707) protein was impaired severely (Figure 2D). Incubation
Z 60 * of [0-32P]-8-azido-ATP with NBD1 (358707) protein or
é 20 & NBD1 D555N (358-707) protein in the presence of increas-
= ing concentrations of MgSQresulted in an increase in
e 207 labeling with wild-type protein and a decrease in labeling
0t with mutant protein (data not shown). The specificity of
‘ ‘ labeling of NBD1 D555N (358707) protein was explored
0 1 2 3 4 5 by incubating the protein witho{-32P]-8-azido-ATP in the
. 8-Azido-ATP (mM) B presence of incre_asing concentration_s of ATP in the absence
of MgSQ,. Labeling of mutant protein in the absence of
20 MgSQO, appeared to be nonspecific since millimolar con-
g centrations of ATP were required to achieve half-maximal
g 60 inhibition (4.52+ 0.16 mM) and ATP did not inhibit labeling
§ 40 at concentrationg 1 mM (data not shown). These results
= - demonstrate that MgS@t concentrations 1 mM enhances
X the ability of 8-azido-ATP to interact with wild-type NBD1
0 (358-707) protein and that the aspartate residue in the
‘ Walker B motif plays a role in this interaction.
0 1 2 3 4 5 Analysis of NBD1 (358-707) and NBD1 D555N (358
ATP (mM) 707) proteins by CD was performed in order to assess the
100 secondary structural components and to evaluate the effect
%0 C of Mg?*. The predicted secondary structural components of
g these proteins were 25%-helix, 23% j-strand, and 19%
% 60 B-turn; no differences between NBD1 (35807) and NBD1
-_g D555N (358-707) proteins were demonstrated (data not
= 40 shown). Similarly, the predicted secondary structural ele-
S 2 ments of NBD1 (358-707) and NBD1 D555N (358707)
proteins in the presence of 2 mM Mg%®ere not different
0 than in the absence of MgQ@ata not shown). A temper-
ATP  UTP  GIP  CTP ature melt was performed to determine the thermal stability
Ficure 3: Specificity of ja-32P]-8-azido-ATP labeling of NBD1 of NBD1 (358-707) and NBD1 D555N (358707) proteins.
(358-707) protein. Protein was photoaffinity-labeled with 214 Both proteins demonstrated 50% denaturation-d6 °C.

0-3%P]-8-azido-ATP in the presence of 5 mM Mgsénd analyzed - . . . .
E)y SD]S—PAGE and autora?diography. The pergesntage de?:/rease in Minimal Unit of the A_mmO'Te_rmmal CYtOplasm'c LO‘?F’
[-32P]-8-azido-ATP of NBD1 (358 707) protein vs (A) increasing ~ Of Human P-Glycoprotein Required To Bind ATP Consists
concentrations of unlabeled 8-azido-ATP, (B) increasing concentra- of the Amino Acid Region 37%35. We wanted to inves-
tions of ATP, and (C) 1 mM concentrations of various nucleotide tigate the maximum length of the cytoplasmic loop required
analogues. The line represents fit of the MichaeMenten model 15 retain Mg+-enhanced ATP binding. A series of plasmids
to the data by nonlinear least-squares regression analysis. . . o
as shown in Table 1, were designed to express recombinant
< 1 mM, only ATP was able to inhibit labeling to an proteins with the results obtained from the earlier proteins
appreciable extent; only at excessively high nucleotide as a basis for selection of the expressed sequences. Expres-
concentrations (5 mM) were the other nucleotides able to sion and purification of each protein is shown in Figure 4.
inhibit >50% (data not shown). These results demonstrate One protein with a 17 amino acid deletion on the N-terminal
that NBD1 (358-707) protein retains the ability to bind ATP  end, NBD1 (375-707), retained the ability to incorporate
with specificity similar to that of full-length P-glycoprotein.  [a-3?P]-8-azido-ATP in a M§"-enhanced manner similar to
D555N Amino Acid Substitution in the Walker B Consen- NBD1 (358-707) (Figure 5). A protein with a 34 amino
sus Sequence Results in an Alteration in?MBnhanced acid deletion on the N-terminal end, NBD1 (39207), had
ATP Binding.To evaluate the effect of Mg on [0-32P]-8- a [0-*?P]-8-azido-ATP labeling ratic< 1.0, indicating that
azido-ATP labeling, the NBD1 (358707) protein was labeling was greater in the absence of ¥ghan in the
mutated at position 555 from aspartate to asparagine in thepresence of Mg (Figure 5). A protein with an intact
Walker B consensus moti86). This mutation inhibits ATP N-terminal end and a 72 amino acid deletion on the
binding and ATPase activity of full-length P-glycoprotein C-terminal end, NBD1 (358635) demonstrated enhanced
(25). Thus, the NBD1 D555N (358707) protein serves as labeling in the presence of magnesium, more than 3-fold
a specificity control in the present work. Expression and greater than that of the intact NBD1 (35807) protein
purification of NBD1 D555N (358 707) protein is shown  (Figure 5). NBD1 (358-590) protein had an additional 45
in Figure 1. As demonstrated, NBD1 D555N (35807) amino acid deletion on the C-terminal end that abolished
protein was localized in the inclusion-body protein and was Mg?*t-enhancedd-%?P]-8-azido-ATP labeling (Figure 5). A
purified by the methods described previously. Unlike the protein, NBD1 (348-635), with a 10 amino acid extension
wild-type NBD1 (358-707) protein, §-32P]-8-azido-ATP on the N-terminal end and a 72 amino acid deletion on the
labeling of the mutant NBD1 D555N (35&07) proteinwas ~ C-terminal end showed Mg-enhanced labeling that was
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Ficure 4: Expression and purification of NBD1 proteins. Protein
fractions (1Qug of total protein per lane) were separated by SDS
PAGE and identified by colloidal blue staining (Novex, San Diego,
CA). Expression of NBD1 proteins before (lanes 1, 4, 7, 10, and
13) and after (lanes 2, 5, 8, 11, and 14) IPTG induction. NBD1
proteins were as follows: NBD1 (35&35), lanes +3; NBD1
(409-635), lanes 46; NBD1 (375-707), lanes #9; NBD1 (392
707), lanes 1612; and NBD1 (348-635), lanes 1315. Purified
NBD1 proteins were identified by colloidal blue staining as
follows: NBD1 (358-635), lane 3; NBD1 (409635), lane 6;
NBD1 (375-707), lane 9; NBD1 (392707), lane 12; and NBD1
(348-635), lane 15.
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FiIGURE 5: [0-32P]-8-Azido-ATP labeling ratios of NBD1 proteins.
NBD1 proteins 100 pmol each) were labeled with 2:8M
[0-32P]-8-azido-ATP in the absence and presence of 5 mM MgSO
and analyzed by SDSPAGE and autoradiography. Data represent
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Table 2: Kinetics of §-32P]-8-Azido-ATP Labeling Inhibition by
ATP to NBD1 Proteins Derived from Human P-Glycoprotein

protein 1Go* (uM) % maximum inhibition
NBD1 (358-707) 5664 48.2 97.4+ 1.8
NBD1 (375-707) 399+ 29.9 97.6+ 1.9
NBD1 (348-635) 180+ 50.5 95.5+ 4.1
NBD1 (358-635) 263+ 90.7 102.2+ 8.3

a Concentration at half-maximal inhibition.

Table 3: Kinetics of M@"™-Enhanced ¢-3?P]-8-Azido-ATP Labeling
of NBD1 Proteins Derived from Human P-Glycoprotein

protein Emad (arbitrary area) E&P (uM) y©
NBD1 (358-707) 662+ 18.9 723+ 37.7 5.82+0.85
NBD1 (375-707) 611+ 14.2 411+ 17.6 4.63£0.73
NBD1 (348-635) 2056+ 51.7 200+ 12.6 4.33+:1.01
NBD1 (358-635) 1733+ 171 466+ 103 1.91+ 0.72

a Area at maximal labeling? Concentration at half-maximal labeling.
¢ Degree of sigmoidicity.

Rockford, 1I.). Under these conditions labeling was reduced
greatly after heat denaturation compared to undenatured
protein, confirming that a proper conformation of the protein
is required for labeling (data not shown).

To further evaluate nucleotide interaction with NBD1
recombinant proteins, the ability of the natural substrate ATP
to inhibit [a-3?P]-8-azido-ATP labeling was compared among
the NBD1 proteins. Each NBD1 protein at equivalent molar
concentrations was incubated separately with/®/9 o-32P]-
8-azido-ATP in the presence of 5 mM Mg&énd increasing
concentrations (0-25 mM) of ATP. The NBD1 proteins that
demonstrated Mg-enhanced labeling [NBD1 (358707),
NBD1 (375-707), NBD1 (348-635), and NBD1 (358
635)], were inhibited by ATP in a concentration-dependent
manner. Kinetic evaluation of the data revealed that each of
these proteins was inhibited completely by ATP and that the
apparent affinity of these protein for ATP was different
(Table 2). Both of the smaller proteins, NBD1 (34835)
and NBD1 (358-635), had a 23-fold greater affinity for
ATP than the larger proteins ending at position 707 (Table
2). These data suggest that the linker region (amino acids

the mean ratio of labeling in the presence and the absence of MgSO 635—707) may interfere with proper folding of the recom-

+ SE (h = 3—13). Dashed line represents a ratio of 1.

greater than NBD1 (358707) (Figure 5). Proteins with

binant fragment, thus decreasing the affinity and capacity
of ATP binding in these proteins. In contrast, proteins that
did not demonstrate Mg-enhanced labeling [NBD1 (392

deletions on both N- and C-terminal ends that were after 707), NBD1 (409-635), NBD1 (358-590), and NBD1
amino acid 375 and before amino acid 635 lost the ability (412—574)] were not inhibited by ATP in a specific manner.

to incorporate ¢-3?P]-8-azido-ATP in a Mg"enhanced

Labeling of any of these proteins was not inhibited at 0.5

manner (Figure 5). These data show that a fragment of mM ATP and was inhibited only marginally<30%) at high

P-glycoprotein limited by amino acids 37392 on the
N-terminal end and amino acids 59635 on the C-terminal
end is required for Mg -enhanced ATP binding but that the
best binding is obtained with NBD1 (34%35) and NBD1
(358-635) proteins.

To determine if Mg@"-enhanced {-3?P]-8-azido-ATP
labeling of NBD1 proteins was due to nonspecific interac-
tions, proteins were heated to 10Q for 5 min prior to
incubation with p-32P]-8-azido-ATP. After heating, the

ATP concentrations (5 mM).

To assess the influence of Ffgon the kinetics of §-22P]-
8-azido-ATP labeling of NBD1 proteins that exhibit Kig
enhanced labeling characteristics, NBD1 proteins of equiva-
lent molar concentrations were incubated separately with 2.5
UM [a-32P]-8-azido-ATP in the presence of increasing con-
centrations of MgS@ Each protein demonstrated enhanced
labeling with increasing concentrations of MgSthat was
described well by the sigmoidd&.x model. Both of the

protein solution was centrifuged to remove any aggregatessmaller proteins, NBD1 (348635) and NBD1 (358635),
and the supernatant was used in labeling experiments.incorporatedd-32P]-8-azido-ATP approximately 3-fold more

Approximately 70% of the protein remained in the super-

than the larger proteins (Table 3). Interestingly, the &G

natant as determined by the Coomassie protein assay (Piercgo-3?P]-8-azido-ATP labeling of NBD1 (348635) was more
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than 2-fold lower than any of the other NBD1 proteins sequence whose limits fall on the borders of predicted
evaluated, suggesting this fragment is more sensitive todomains of defined secondary structure, (3) contain as many
magnesium (Table 3). regions of high homology with other multidrug resistance

The nature of NBD1 (358707), NBD1 (375-707), proteins as possible, and (4) allow for detection of the
NBD1 (358-635), and NBD1 (348635) proteins obtained  expressed peptides by immunoblotting (e.g., sequences
by renaturation after guanidine solubilization was determined should contain the epitope recognized by the C219 mono-
by size-exclusion chromatography as described under Ex-clonal antibody, amino acids 56%74). Although the general
perimental Procedures. The predicted molecular weight of premise was that shorter polypeptide chains may provide
each protein based on elution from the gel-filtration column easier expression and facilitate subsequent structural analysis,
was approximately equal to the theoretical molecular weight a longer polypeptide was thought to provide a higher
or slightly smaller, suggesting that the proteins eluted as probability of obtaining a protein that would form a tertiary
apparent monomer species (data not shown). structure analogous to the native structure of this fragment.

In addition to evaluating the binding properties of the Thus, three proteins composed of the largest predicted
NBD1 proteins, we quantitated the recovery of the various fragment (amino acids 358/07) and two smaller fragments
proteins from renaturation to purification. The lowest (amino acids 358590 and 412-574) were chosen for
recovery was observed for NBD1 (35807) protein, where ~ expression and detailed analysis.
only 7% of the protein was accounted for at the end of the =~ Characterization of the ATP-binding properties of the three
purification scheme. Comparatively, the recovery of NBD1 NBD1 proteins with the photoactive ATP analogue®P]-
(375-707) protein and NBD1 (358635) protein was higher ~ 8-azido-ATP revealed that only the NBD1 (35807) protein
with 22% and 43% recovered, respectively. The best retained the ability to bind ATP in a specific manner.
recovery, 72%, was obtained for NBD1 (34835) protein. Labeling of NBD1 (358-707) by [0-3?P]-8-azido-ATP was

saturable and was inhibited by ATP and to a lesser extent
by GTP, UTP, and CTP. More importantly, analysis of ATP

DISCUSSION binding by this technique enabled the demonstration of'Mg

A major question concerning P-glycoprotein has been how enhanced ATP binding. Labeling of P-glycoprotein by
this protein binds ATP and harnesses the energy from [a-%?P]-8-azido-ATP was shown previously to be magnesium-
hydrolysis in order to function. The complexity associated dependent35,398. Prior to the present investigation, the role
with purifying and crystallizing membrane proteins has of Mg?" in ATP binding by recombinant NBD proteins of
delayed the structural elucidation of ABC transporters of this P-glycoprotein had not been explored.
type. An alternative approach to understanding the structural The role of Mg"-enhanced ATP binding was evaluated
and functional characteristics of ABC transporters has by mutation of aspartate 555 located in the Walker B motif.
involved the cloning of soluble recombinant protein domains This amino acid, well conserved within the consensus Walker
that include NBD regions of these proteins. Previously, B motif of ABC transporters and thought to play a role in
recombinant P-glycoprotein domains including NBDs from binding the M@" of the MgATP complex 21, 39, was
either the carboxyl- or amino-terminal half of mouse, Chinese changed to asparagine to eliminate the ability to complex
hamster ovary, or human P-glycoprotein were reporide-( and stabilize ATP in the active site. In the present study,
16); however, nucleotide binding properties in these studies nonspecific labeling of mutant NBD1 (35§ 07) protein by
were defined primarily by utilization of fluorescence-based [a-32P]-8-azido-ATP was decreased in the presence 6fMg
analysis. Comparison of data obtained from fluorescence suggesting that this residue confers Mglependence on
assays with soluble recombinant protein to that of the full- ATP binding.
length protein may be compromised by interference from  Secondary structural analysis of NBD1 (35807) and
lipids necessary for stable reconstitution of the full-length NBD1 D555N (358-707) proteins by circular dichroism
protein. The aim of the present work was to design a soluble showed 25%x-helix, 23% -strand, and 1998-turn with
protein encompassing the N-terminal NBD from human no significant difference in secondary structure between the
P-glycoprotein that retained nucleotide-binding interactions two proteins. Interestingly, the amino-terminal NBD protein
similar to the full-length protein as determined by photoaf- from human CFTR displayed nearly identical proportions
finity labeling studies with§-32P]-8-azido-ATP as the probe.  of secondary structural components as the NBD1 {388)

In the present work, human P-glycoprotein cDNAs with proteins 40). Together these findings suggest that the amino-
a C431A mutation were utilized to express a series of terminal NBD of various ABC proteins may be composed
recombinant proteins containing NBD1En coli. Expressed  of similar secondary structural components. The secondary
proteins were purified from inclusion bodies under denaturing structural components of the carboxyl-terminal NBD protein
conditions and renatured by rapid dilution. Previously, Loo from Chinese hamster ovary P-glycoprotein were 14%
and Clarke 87) demonstrated that mutation of cysteine a-helix, 42%j-strand, and 2098-turn (13), suggesting either
residues to alanine did not alter the ability of P-glycoprotein that the carboxyl-terminal NBD has a somewhat different
to confer drug resistance and did not alter the characteristicsstructure or that the fragments used in these studies were
of verapamil stimulation of ATPase activity. Therefore, this different. More interesting was the lack of secondary
mutation was made in the present work to prevent disulfide structural change of NBD1 (358707) and NBD1 D555N
interactions that may have hindered solubilization, renatur- (358—707) proteins in the presence of KgThese data are
ation, and purification. The initial protein domains chosen consistent with the hypothesis that the role ofgn ATP
for expression were selected on the basis of the criteria thatbinding may involve a change in a higher ordered protein
the expressed sequences must (1) contain the consensustructure and not simply an alteration in secondary structural
Walker ATP binding motifs, (2) be derived from the components.
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ATP Binding
375 635
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392 =H 707 No
358 | N =0 ] 590 No
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Ficure 6: Summary of M§"-dependent ATP binding of NBD1 recombinant protein constructs. Each rectangle represents a separate NBD1
protein with the N-terminal and C-terminal amino acid borders corresponding to the full-length P-glycoprotein indicated before and after
the rectangle, respectively. The minimal unit required to retaid"™Mppendentd-32P]-8-azido-ATP labeling is indicated by the sequence
within the dashed lines. The Walker motifs are indicated as follows: A, light hatched boxes; B, bold hatched boxes; and C, horizontally
striped boxes. The C431A and D555N mutations within the Walker A and Walker B motifs, respectively, are identified by vertical bars.

To define the minimal functional unit required for specific

ATP-binding, additional expression vectors were constructed.

this study compared to 158 29.9 uM for the full-length
protein @5). The concentration of ATP required to inhibit

A series of plasmids were designed to express recombinana-32P]-8-azido-ATP labeling by 50% was about 10-fold

proteins with the results obtained from the initial proteins

higher with the recombinant protein compared to the full-

as a basis for selection of the expressed sequences. Sinckength protein (180+ 50.5 uM vs 12.8 £ 4.2 uM,

[0-32P]-8-azido-ATP labeling of NBD1 (358590) protein
was not enhanced in the presence of MgS® was

respectively) suggesting that the affinity of ATP for the
recombinant protein was less. This is most likely due to a

hypothesized that some of the amino acids between 590 andoss in protein stability that resulted from the lack of

707 may be required for Mg-enhanced ATP binding or
stabilization of the protein structure. It could not be specu-
lated, on the basis of the data, if NBD1 (41274) did not
retain Mg™-enhanced ATP binding due to the loss of
N-terminal amino acids or C-terminal amino acids; however,
it was noted that this protein was approximately 10-fold more
soluble and recovery was improved 10-fold over both NBD1
(358—-707) and NBD1 (358590) proteins. Thus, we inves-
tigated additional proteins that were altered on both the N-
and C-terminal ends compared to NBD1 (3587).

[0-32P]-8-Azido-ATP labeling of NBD1 proteins of vary-
ing lengths identified the region between amino acids-375
392 and 596-635 as the region necessary to obtain specific
ATP binding (Figure 6). Recombinant NBD1 proteins not
conforming to this region demonstrated nonspecifi€¢iP]-
8-azido-ATP labeling. This observation is consistent with
previously published data, where an NBD1 protein from
mouse P-glycoprotein comprising of amino acids 3981
required more than 6 mM ATP to inhibit TNP-ATP binding,
and [p-32P]-8-azido-ATP labeling in the presence of mag-
nesium only was partially inhibited in the presence of 8 mM
ATP (14).

Comparison of the kinetics of ATP binding and the effect
of magnesium on ATP binding determined in this work to
that previously published for the full-length protei@5]
suggests that NBD1 (34835) retains the ability to bind
ATP in a similar manner. The concentration of magnesium
required to obtain half-maximabf3?P]-8-azido-ATP incor-
poration was 20a&: 12.6uM for the recombinant protein in

transmembrane domains or the involvement of the C-terminal
nucleotide-binding domain in ATP binding.

P-Glycoprotein has been shown to have readily detectable
basal ATPase activity that can be stimulateel1l®-fold in
the presence of certain substrates (e.g., verapa®il)rte
ATPase activity of the recombinant proteins described in this
work was negligible under these conditions. These results
are consistent with those observed for other recombinant
NBD proteins of P-glycoprotein where ATPase activity was
negligible or more than 10-fold lower than the full-length
protein (L3, 14, 1§. The lack of appreciable ATPase activity
with soluble NBD proteins supports the hypothesis that
ATPase activity of P-glycoprotein may require both func-
tional NBDs (13, 25, and/or NBDs may not be able to
hydrolyze ATP in the absence of membrane binding com-
ponents 41), with or without endogenous substrates.

In summary, the present study demonstrates that NBD1
proteins containing the amino acid region 37392 through
590-635 retain the ability to bind ATP in a specific Mg
dependent manner. Although the present data suggest that a
minimal functional unit is required for specific ATP binding,
the differences seen in the ATP-binding properties of the
various recombinant NBD1 proteins also may be the result
of differences in the renaturation properties of these proteins.
The NBD1 (348-635) protein may be of particular interest
in future structural evaluation because its nucleotide binding
properties most closely resemble that of the membrane-bound
form of the full-length protein and it can be produced in
good vyield.
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