
The ATP�binding cassette (ABC) transporter super�

family is the largest family of transmembrane proteins.

These proteins bind ATP and use its energy to drive the

transport of various molecules across cell membranes [1].

One of the distinctive characteristics of ABC transporters

is the presence of a nucleotide binding domain (NBD).

The NBDs of ABC transporters contain several conserved

regions such as the Walker�A (GXXGXGKS/T [X, any

amino acid]) and Walker�B (XXXXDE/D [X, hydropho�

bic residue]) motifs [2] and, in between, the Signature

motif (LSGGQ) [3].

P�Glycoprotein (Pgp, the product of MDR1 gene)

that is a member of the ABC transporter superfamily can

confer multidrug resistance (MDR) to tumor cells by

pumping chemotherapeutic drugs from the cytoplasm

[4]. The key role of ATP binding and hydrolysis in Pgp�

mediated drug transport has been demonstrated in trans�

port studies with membrane vesicles from Pgp positive

cells and with purified Pgp reconstituted in liposome [5].

Chemosensitizer, which blocks Pgp ATPase activity, can

revert cell MDR phenotype. NBDs are responsible for

ATP binding and hydrolysis. Several recombinant pro�

teins containing N�terminal and C�terminal NBDs

(NBD1 and NBD2, respectively) derived from various

ABC transporters have been expressed to investigate the

ATP binding and hydrolysis [6, 7]. Single point mutations

at the key lysine reside in the Walker�A motif and at the

key aspartic acid in the Walker�B motif of NBD have

been shown to reduce or abrogate the ATP hydrolysis

activity and in some cases impair nucleotide binding [8,

9]. No high resolution structural data of Pgp is available,

and reports of expression and biochemical study of

NBD2 from human Pgp are scarce, these facts limiting

our understanding of molecular mechanisms involved in

ATP binding and hydrolysis.

In this study we performed homology modeling of

NBD2 from human P�glycoprotein. The functional role

of Gln1118 was investigated by the studying the biochem�

ical properties of recombinant NBD2 and its mutant

Q1118A. The chemosensitizer quercetin was docked in
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the modeled structure of NBD2, and the interactions

with human P�glycoprotein were investigated.

MATERIALS AND METHODS

Alignment and molecular modeling. Multiple align�

ment was built by ClustalX [10] software using the Gonnet

series protein weight matrix. The template Haemolysin B,

1MT0 [11] was used to build the model of nbd1 with the

identity of 48%. The template human cTAP1, 1JJ7 [12]

was used to build the model of nbd2 with the identity of

46%. The program MODELLER [13] was used to search

for the optimal side chain packing in the NBD structural

model and to refine the main chain positions as well using

the simulated annealing molecular dynamics protocol.

The ideal bond lengths and angles were used as a restraint

during the simulated annealing optimization process. To

avoid being trapped in local minimum of the global ener�

gy landscape, 50 independent runs of optimization start�

ing from a random seed were carried out to generate 50

models. The model with the lowest value of the MOD�

ELLER objective function was thus chosen as the final

model for the NBD structure. The final model was ana�

lyzed by structure validation program, PROCHECK [14],

which evaluated stereochemical quality of a protein struc�

ture. The dimer model of NBDs was modeled based on

the Rad50 dimer PDB structure (1F2U) [15]. The models

of NBDs were superimposed onto the Rad50 dimer using

the Magic Fit option of Swiss�Pdb Viewer 3.7 [16]. The

resulting dimer model of NBDs was submitted to Swiss

Model optimize mode where energy minimization is per�

formed using Gromos96. Structures were visualized with

Swiss�Pdb Viewer 3.7.

Molecular docking. The molecular docking program

AutoDock [17], which uses the Lamarckian genetic algo�

rithm method for conformational search and docking,

was applied to perform the automated molecular docking

simulations. The number of generations, energy evalua�

tions, and docking runs were set to 370,000, 1,500,000,

and 20, respectively. The kinds of atomic charges were

taken as Kollman�all�atom for receptor and Gasteiger�

Hückel for the ligands.

Construction of the expression plasmid encoding
NBD2 and its mutant Q1118A. The NBD2 DNA frag�

ment of MDR1 (encoding 254 amino acids; Met1027�

Gln1280 of human P�glycoprotein) was amplified from

cDNA of MDR cell line KB�A1 by polymerase chain

reaction (PCR) with the following primers: primer 1, 5′�
CGGGATCCATGCCGAACACATTG�3′; primer 2, 5′�
CGGAATTCTCACTGGCGCTTTG�3′. These primers

contained BamHI and EcoRI sites (underlined) for

cloning of the DNA fragment, in frame, into expression

vector pGEX�4T�1. The PCR fragment digested with

BamHI and EcoRI was cloned into pGEX�4T�1.

Escherichia coli strain BL21 was transformed with the

expression plasmid and grown on agar plates containing

100 µg/ml ampicillin. Sequences of plasmid clones were

confirmed by DNA sequencing. For site�directed muta�

genesis to introduce a Q1118A mutation, nucleotide

mutations at positions 3352 (C→G) and 3353 (A→C)

were achieved by sequence overlap PCR methodology.

Two internal complementary primers (primer 3, 5′�
ATCGTGTCCGCGGAGCCCAT�3′; primer 4, 5′�
ATGGGCTCCGCGGACACGAT�3′) were used in con�

junction with two outer primers (primer 1, primer 2). The

resulting fragment was recloned into the pGEX4T�1 vec�

tor. The sequence of plasmid containing NBD2 Q1118A

mutant was confirmed by sequencing.

Expression, renaturation, and purification of NBD2
and its mutant Q1118A. Escherichia coli BL21 cells con�

taining NBD2 and its mutant Q1118A were cultured in

200 ml of 2YTA medium (16 g/liter tryptone, 10 g/liter

yeast extract, 5 g/liter NaCl, and 100 µg/ml ampicillin) at

37°C with vigorous shaking until the absorbance at

600 nm reached 1.2 units. The culture was then induced

with 10 g/liter lactose and continued for an additional

12 h at 30°C. Cells were harvested by centrifugation at

5000g for 10 min at 4°C and resuspended in lysis buffer

(20 mM Tris�HCl, pH 8.0, 1 mM EDTA, and 1 mg/ml

lysozyme). The cells were lysed at room temperature for

30 min, and the suspension was sonicated. Most of the

recombinant protein was insoluble and recovered as

inclusion bodies. The pellet from centrifugation at

20,000g for 20 min at 4°C was resuspended in wash buffer

(20 mM Tris�HCl, pH 8.0, 1 mM EDTA, and 1% (v/v)

Triton X�100). Inclusion bodies were homogenized in

solubilization buffer (20 mM Tris�HCl, pH 8.0, 8 M urea,

2 mM DTT) and incubated at room temperature for at

least 2 h. Renaturation was initiated by a rapid 10�fold

dilution of the solubilized inclusion bodies into refolding

buffer (20 mM Tris�HCl, pH 8.0, 10 mM NaCl, 2 M

urea, 5% (v/v) glycerol, 1 mM reduced glutathione,

0.1 mM oxidized glutathione) and maintained for 12 h.

Renatured protein was dialyzed against 20 mM Tris�HCl,

pH 8.0, 10 mM NaCl overnight, and then applied to a

DEAE column. The column was washed with wash buffer

(20 mM Tris�HCl, pH 8.0, 10 mM NaCl) and the

retained proteins were then eluted with 20 ml of a linear

NaCl gradient (10�200 mM) at a flow rate of 30 ml/h.

Absorbance of the column eluent was monitored contin�

uously at 280 nm. Protein fractions were analyzed by

SDS�PAGE.

Circular dichroism (CD) measurement. NBD2 was

expressed in pET expression system and purified with an

AKTA explorer 100. CD spectra were measured for the

purified NBD2 with a Jasco J715 spectropolarimeter at

room temperature with a path length of 1 mm. The molar

ellipticity of the NBD2 was measured in the range 190�

250 nm. Sample spectrum without protein was subtract�

ed. From the CD spectrum, the secondary structure was

calculated by J�700 Secondary Structure Estimation.



S20 QIAN et al.

BIOCHEMISTRY  (Moscow)   Vol.  71   Suppl. 1   2006

Measurement of ATPase activity using a colorimetric
assay. ATPase activity of recombinant proteins was deter�

mined by the release of inorganic phosphate using a col�

orimetric assay [18]. Protein solution (100 µg/ml) was

incubated at 37°C for 5 min in reaction mixture contain�

ing 50 mM Tris�HCl, pH 7.5, 5 mM sodium azide, 2 mM

EGTA, pH 7.0, 2 mM ouabain, 50 mM NaCl, and 6 mM

MgCl2. The reactions were initiated by adding 5 µl of ATP

in a 50�µl final volume and incubated at 37°C for 20 min.

The reactions were terminated by adding 50 µl of 6%

(w/v) SDS, 3% (w/v) ascorbate, and 0.5 M sodium

molybdate in 0.5 M HCl. Products were stabilized by

adding 50 µl of 2% (w/v) sodium citrate, 2% (w/v) sodi�

um meta�arsenite, and 2% (v/v) acetic acid. After incu�

bation at 37°C for 10 min, the absorbance was read at

850 nm.

RESULTS

Sequence alignment and quality of the structural
model. The highest similarity among all ABC transporters

is found within the nucleotide�binding domain [19]. A

sequence alignment of NBDs between human P�glyco�

protein and other ABC transporters shows five conserved

regions (Fig. 1). Walker�A motif (GXXGXGKS/T [X,

any amino acid]) and Walker�B motif (XXXXDE/D [X,

hydrophobic residue]) are common to a wide variety of

nucleotide binding proteins. The Signature motif

(LSGGQ), just upstream of the Walker�B motif, is dis�

tinctive to the ABC family. The Glutamine Loop (Gln�

Loop), containing a well�conserved glutamine residue, is

located between the Walker�A and Signature motifs. The

final conserved motif is the Histidine Loop (His�Loop),

situated 30�40 amino acids C�terminal to the Walker�B

motif and containing an almost invariant histidine.

The modeled three�dimensional structure of NBD2

was analyzed by the structure validation program

PROCHECK. Analysis of the Ramachandran plot of the

model shows that 92.4% of the residues lie in the most

favored regions, 6.7% in the additional allowed regions,

0.4% in the generously allowed regions (Lys1164), and

0.4% in the disallowed regions (Asp1171). The

Ramachandran plot for the template 1JJ7 was also gener�

ated. The overall rating for the model is similar to that

obtained for the template.

Secondary structure of NBD2. The secondary struc�

ture of NBD2 was determined by CD spectral analysis.

The CD spectra were measured between 190 and 250 nm.

The spectrum exhibits two minima at 208 and 222 nm

(Fig. 2), which are typical of α�helical conformation.

From the CD spectrum, NBD2 was calculated to consist

of 36% α�helix, 21% β�strand, 11% turn, and 32% others.

The results are similar to the secondary structure predic�

Fig. 1. Sequence alignment of NBDs of human P�glycoprotein and other ABC transporters. The sequences of 1JJ7, 1MT0, and 1F2U were

obtained from the Protein Data Bank (PDB). The five conserved regions are indicated by boxes.

Walker�A

Gln�Loop

Walker�BSignature

His�Loop



tion of the NBD2 three�dimensional model (33% α�

helix, 25% β�strand, 8% turn, and 34% others).

Structure analysis of the ATP�binding site. Molecular

modeling was performed using the program MOD�

ELLER. NBD2 of human P�glycoprotein forms an L�

shaped molecule with two arms (Fig. 3, see color insert,

p. 1). Arm�I contains the larger subdomain, which

includes the Walker�A motif, Walker�B motif, Gln�Loop,

and His�Loop, and forms the ATP�binding site. Arm�II

contains the smaller subdomain within which is situated

the Signature motif.

There is good conservation for the fold of the ATP�

binding site of the ABC transporters [19]. In the model of

NBD2, the positions of the residues interacting with ATP

are inherited from the templates. The environment of the

ATP�binding site of NBD2 is illustrated in Fig. 4 (see

color insert, p. 1). Residues in contact with ATP in the

model of NBD2 were analyzed with the Ligand–Protein

Contacts software [20].

The ATP molecule forms contacts with the Walker�

A and Walker�B motifs that are typical of those observed

in other ATP�binding proteins such as Ras and adenylate

kinase [21]. The Walker�A motif including residues

Gly1069 to Lys1077 forms the phosphate binding loop, or

P loop, which wraps around and provides tight binding

for the β�phosphate of ATP. The Walker�B motif forms a

β�strand and its Asp residue is involved in the coordina�

tion of Mg2+, a mandatory cofactor in the hydrolysis of

ATP [22]. Tyr1044 provides an additional stabilizing force

towards ATP by way of hydrophobic interaction. Its plane

of the aromatic ring is parallel with the adenine ring of the

nucleotide molecule. The Signature motif makes no con�

tact with nucleotide in the NBD2 model. But in the

dimer model of NBDs that was modeled based on the

geometry of Rad50 (Fig. 5, see color insert, p. 2), the

Signature motif of one NBD forms a composite ATP�

binding site with the Walker A and B motifs of the other

NBD. The dimer model is consistent with the data of Loo

et al. [23] on the involvement of signature sequence into

ATP binding. Two conserved residues are in close prox�

imity to the ATP nucleotide, positioned so that they

could interact with γ�phosphate of ATP. These include

Gln�Loop residue Gln1118 and Walker�B residue

Glu1201. In HisP and Rad50, these two residues have

been postulated to modulate the polarization of the

attacking water molecule and could be the activating

residue. In NBD2, they might be an initiator for hydroly�

sis.

Expression and purification of NBD2 and its mutant
Q1118A. Mutagenesis was used to investigate the func�

tion of the conserved Gln1118 residue that was predicted

from the three�dimensional model to participate in inter�

action with ATP. The cDNA encoding NBD2 was ampli�

fied by reverse transcriptase PCR and cloned into the

pGEX4T�1 expression vector. The Q1118A mutation was

introduced into the NBD2 sequence by site�directed

mutagenesis. Recombinant proteins encoded by

pGEX4T�1�NBD2 and its mutant Q1118A�based plas�

mids were expressed in E. coli cells. Expression and

purification of the NBD2 and its mutant Q1118A are

illustrated in Fig. 6. Lanes 1 and 3 represent the total bac�

terial protein for each recombinant protein prior to

induction. After induction with IPTG, each protein was

overexpressed and constituted the main component

among total bacterial proteins. The vast majority of each

protein was localized in inclusion bodies. Solubilization

of inclusion body protein was achieved under denaturing

conditions. Each recombinant protein was renatured by

rapid dilution and then loaded onto a DEAE column for

final purification. NBD2 protein and mutant Q1118A

protein yielded equal purities and in similar amounts.
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ATPase activity of NBD2 and its mutant Q1118A.
ATPase activity of the recombinant proteins was deter�

mined by the release of inorganic phosphate using a col�

orimetric assay. The ATPase activity of NBD2 was

dependent on the presence of Mg2+ and linearly related to

the amount of protein. Typical Michaelis–Menten

behavior was exhibited, yielding estimations of Km of

466 µM, as determined by a Lineweaver–Burk plot (Fig.

7b). The ATPase activities of the Q1118A mutant and that

of the wild�type NBD2 were compared. The Vmax for ATP

hydrolysis by the mutant NBD2 was ~56% of the Vmax of

the wild�type NBD2 (Fig. 7a). But both proteins dis�

played similar affinity for ATP, with Km of 479 and

466 µM for mutant NBD2 and wild�type NBD2, respec�

tively (Fig. 7b).

DISCUSSION

Multidrug resistance (MDR) of cancer cells is often

associated with overexpression of Pgp, which functions as

an ATP�driven efflux pump for chemotherapeutic drugs

[24]. ATP binding and hydrolysis are required for the Pgp

mediated drug transport. An inhibitory effect on Pgp

ATPase activity could result in interference with the drug

transport capability of Pgp [25]. A structural model for

Pgp has been used to elucidate the molecular mechanism

for the open conformation of Pgp [26] and the interface

between the two transmembrane domains [27]. But these

models did not provide information on the molecular

mechanism involved in ATP binding and hydrolysis. In

this study, we performed homology modeling of the car�

boxyl�terminal nucleotide binding domain (NBD2) from

human Pgp. This molecular model provided the structur�

al basis for the key catalytic residues involved in ATP

hydrolysis and the interactions between chemosensitizer

quercetin and the ATP binding site of NBD2. It provid�

ed useful information for enzymological studies and a

new approach for MDR reverser (chemosensitizer)

design.

The role of Gln1118. Residue Gln1118 in Pgp (corre�

sponding to Gln100 in HisP and Gln140 in Rad50) is

highly conserved. In the NBD2 molecular model,

Gln1118 is in close proximity to the ATP nucleotide,

positioned so that it could interact with γ�phosphate of

ATP. This residue makes a water�bridged hydrogen bond

to the γ�phosphate of ATP in HisP and a direct hydrogen

bond to the γ�phosphate of AMP�PNP in Rad50 [15]. It

was predicted to be an activating residue for ATP hydrol�

ysis. Site�directed mutagenesis was used to validate the

predicted function of Gln1118. The Q1118A mutant was

affected in its ATPase activity but this residue might not

participate the binding of ATP because the mutation had

no influence on the affinity for ATP. A similar result was

also shown in the Q1114A mutant of mouse MDR3 P�

glycoprotein by Urbatsch et al. [28]. The specific ATPase

activity decreased from 0.32 to 0.039 µmol/min per mg

protein. But they displayed a similar affinity for ATP, with

Km of 0.69 and 0.70 mM for mutant and wild�type mouse

MDR3 P�glycoprotein, respectively. These results indi�

cate that the glutamine residue participates in ATP

hydrolysis but it might not participate the binding of ATP.

However, this mutagenesis was not found to completely

abolish ATPase activity. It indicates that other residues

can also be responsible for activation of hydrolysis.

Structural analysis of the ATP�binding site of NBD2 in

the molecular model shows that Glu1201 also makes con�

tact with the γ�phosphate of ATP and might play the role

of an initiator for hydrolysis. Our model is consistent with
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experimental data and provides a structural basis of the

effects of Gln1118 on ATPase activity.

Interactions between chemosensitizer quercetin and
NBD2. The NBD2 molecular model also provides evi�

dence that the chemosensitizer quercetin affects Pgp

mediated transport of anticancer drugs by direct inhibi�

tion of the ATPase activity of Pgp. It was reported that

quercetin inhibited efflux of Hoechst 33342 and

enhanced its accumulation in multidrug resistant CHRC5

cells by inhibiting the ATPase activity of Pgp [29]. In this

study, quercetin was docked to the modeled structure of

NBD2 using the program Autodock. The structural

model of the complex indicated that quercetin was tight�

ly bound to NBD2. Fourteen putative hydrogen bonds

were observed between NBD2 and quercetin involving

the residues Tyr1044, Thr1046, Arg1047, Gly1073,

Gly1075, Lys1076, Ser1077, Tyr1087, and Glu1201.

There were close shape complementarities between the

quercetin and ATP binding sites of Pgp. The adenine

region, phosphate binding region, and sugar pockets of

the ATP binding site were occupied by quercetin. Figure

8 (see color insert, p. 2) shows that quercetin and ATP

would occupy overlapping spatial coordinates and com�

pete for binding.

Application of NBD2 molecular model. Since ATPase

activity is critical for the transporter function of Pgp, the

specific inhibition of ATP binding and hydrolysis within

the NBDs should constitute a good tool to reverse MDR.

So NBD2 may be an attractive target for design of new

MDR reversers (chemosensitizers or modulators).

Previously, a structure�based approach has identified

inhibitors to a variety of protein systems, including

inhibitors of HIV�1 protease [30], influenza hemagglu�

tinin [31], and SARS_CoV 3CL proteinase [32]. Virtual

screening is an efficient method for structure�based drug

design, which can be performed employing the molecular

docking method to identify possible inhibitors from small

molecule electronic databases. Specificity and affinity

can then be improved using structural information from

the receptor and binding mode of the inhibitor in a cycle

of structure�based design [33]. The three�dimensional

model of NBD2 can be used for the structure�based vir�

tual screening of potential MDR reversers. Work is in

progress concerning virtual screening on the NCI Plated

Compounds database (approximately 140,000 com�

pounds).

In conclusion, we constructed a molecular model of

the carboxyl�terminal nucleotide binding domain

(NBD2) from human P�glycoprotein. Structural analysis

and site�directed mutagenesis suggest that the conserved

Gln1118 residue might be an initiator for ATP hydrolysis.

The interactions of chemosensitizer with NBD2 provided

structural basis of inhibition of P�glycoprotein ATPase

activity by quercetin. The three�dimensional model of

NBD2 can be used both to guide biochemical study of

properties and to screen potential MDR reversers.
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