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P-glycoprotein (Pgp), a member of the ABC transporter fam-
ily, functions as anATPhydrolysis-driven efflux pump to rid the
cell of toxic organic compounds, including a variety of drugs
used in anti-cancer chemotherapy. We have recently obtained
EM projection images of lipid-bound Pgp without nucleotide
and transport substrate that showed the two halves of the trans-
porter separated by a central cavity (Lee, J. Y., Urbatsch, I. L.,
Senior, A. E., and Wilkens, S. (2002) J. Biol. Chem. 277, 40125–
40131). Addition of nucleotide and/or substrate lead to a close
association of the two halves of the transporter, thereby closing
the central cavity (Lee, J. Y., Urbatsch, I. L., Senior, A. E., and
Wilkens, S. (2008) J. Biol. Chem. 283, 5769–5779). Here, we
used cysteine-mediated disulfide cross-linking to further delin-
eate the structural rearrangements of the two nucleotide bind-
ing domains (NBD1 and NBD2) that take place during catalysis.
Cysteines introduced at or near the C-terminal ends of NBD1
and NBD2 allowed for spontaneous disulfide cross-linking
under nonreducing conditions. For mutant A627C/S1276C,
disulfide formation was with high efficiency and cross-linked
Pgp retained 30–68% drug-stimulated ATPase activity com-
pared with reduced or cysteine-less Pgp. Two other cysteine
pairs (K615C/S1276C andA627C/K1260C) also formed a disul-
fide but to a lesser extent, and the cross-linked formof these two
mutants had lower drug-stimulated ATPase activity. The data
suggest that the C-terminal ends of the twoNBDs of Pgp are not
required to undergo significant motion with respect to one
another during the catalytic cycle.

ATP binding cassette (ABC)2 transporters constitute a
superfamily ofmembrane proteins that couple the hydrolysis of
MgATP to substrate translocation across a lipid bilayer. In bac-
teria, ABC transporters can function in the import of nutrients
or export of toxic molecules, whereas in eukaryotes, transport
occurs exclusively in the direction of export (1, 2). The 48 ABC
transporters encoded by the human genome are responsible for
the transport of structurally diverse compounds such as bile
acids, carbohydrates, nucleosides, sterols, peptides, inorganic

ions, and environmental toxins (3). An important member of
the mammalian ABC transporter family is P-glycoprotein, a
glycosylated 170-kDa plasma membrane protein that is in-
volved in the export of a large variety of structurally unrelated
organic molecules (4). P-glycoprotein (Pgp; ABCB1, and
MDR1) is expressed in tissues that function in detoxification
such as the liver, placenta, and blood-brain barrier. In certain
cancers, a high level expression of Pgp (along with other ABC
transporters such as ABCG2 and MRP1) in the plasma mem-
brane can result in the failure of chemotherapy by preventing
the mostly hydrophobic anti-cancer drugs from accumulating
in the cell thus lowering drug efficacy (5, 6).
Most eukaryotic ABC transporters, including Pgp, are

expressed as single polypeptides organized in four domains,
two transmembrane domains (TMDs) composed of six �-heli-
ces each and two cytoplasmic nucleotide binding domains
(NBDs). In Pgp, the four domains are arranged in the order
N-TMD1-NBD1-TMD2-NBD2-C with a �60-amino acid-
long linker connecting the C-terminal end of NBD1 with the N
terminus of TMD2 (7). To carry out productive MgATP
hydrolysis coupled to drug transport, the two NBDs have to
interact in a head-to-tail fashion, thereby sequestering the
nucleotide(s) at the NBD1-NBD2 interface. In this so-called
“sandwich” configuration, the nucleotide is interactingwith the
phosphate binding loop (P-loop) of one NBD and the ABC sig-
nature motif (LSGGQ) of the other NBD and vice versa (8).
High affinity binding of transport substrate occurs in an
amphipathic cavity that is formed by the two TMDs toward the
cytoplasmic side of the transporter (7). The drug-binding cavity
can accommodate a large variety of structurally unrelated mol-
ecules and exhibits distinct (but overlapping) binding regions
for different subsets of compounds.
Despite ongoing effort, the mechanism by which drug trans-

port from the inner to the outer leaflet of the membrane is
coupled to the hydrolysis of one or twomolecules of ATP is still
not fully understood. Several models have been proposed based
on a combination of site-directedmutagenesis and biochemical
and biophysical experiments involving transport assays, trap-
ping of catalytic intermediates using inorganic vanadate (Vi) or
fluoroaluminate with spin-labeled ATP, and photo affinity
labeling with 8-azido nucleotide analogues (9–14). These stud-
ies revealed that the two NBDs act in a cooperative manner in
that by mutating of a catalytically essential residue in only one
of the two NBDs resulted in nearly complete loss of drug stim-
ulated ATPase activity. However, other aspects of the mecha-
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nism such as the number of ATP molecules hydrolyzed for
each transport event and whether the NBDs must com-
pletely dissociate to enable nucleotide and/or drug binding
remain controversial.
Here, we have addressed the question as to whether the two

NBDs of Pgp have to come apart for binding of bulky drug
molecules as postulated based on the recent x-ray crystal struc-
ture of Pgp (7). The introduction of two cysteine residues near
the C-terminal ends of the N- and C-terminal NBDs of mouse
Pgp lead to spontaneous formation of a disulfide bond. The
cross-linked Pgp displayed limited impairment of drug-stimu-
lated ATP hydrolysis activity, indicating that the C-terminal
ends of the NBDs can remain in close proximity to one another
during the catalytic cycle.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis, Protein Expression, and Purifica-
tion—Cysteine-less (CL) mouse Mdr3 in the Pichia pastoris
expression vector pHIL-D2 (15) was a kind gift from Gregory
Tombline andAlan Senior (University of Rochester, Rochester,
NY). Cysteine residues were introduced into CL Mdr3 by site-
directed mutagenesis using the QuikChange protocol (Strat-
agene) at locations K615C/S1276C, A627C/K1260C, and
A627C/S1276C (hereafter denoted as KS, AK, and AS, re-
spectively). The primers were: A627C (fwd) 5�-gaga-
gaaaagggcatttacttcaaacttgtcatgacacagacaTGTggaaatgaaattg-3�
and (rev) 5�-catccttagatttagcagcttcatttcctaattcaatttcatttccAC-
Atgtctgtgtcatg-3�; K615C (fwd) 5�-cattgtggagcaaggaaatcatgatg-
agctcatgagagaaTGTggcatttacttc-3� and (rev) 5�-cctgctgtctgtgt-
catgacaagtttgaagtaaatgccACAttctctcatgagc-3�; S1276C (fwd)
5�-gtgcaggctggagcaaagcgcTGTtacgtacatcacc-3� and (rev) 5�-
gagtgatggtgatggtgatgtacgtaACAgcgctttgctcc-3�; K1260C (fwd)
5�-cacccaccagcagctgctggcgcagTGTggcatctac-3� and (rev) 5�-
ctgcacactgaccattgagaagtagatgccACActgcgccagc-3�. Mutagene-
sis was confirmed byDNA sequencing in the State of NewYork
Upstate Medical University DNA sequencing core facility.
Transformation of pHIL-D2-mdr3 into P. pastoris strain
GS115 and screening for successful chromosomal integration
resulting in Muts variants was done as described previously
(16). Fermentor growth of P. pastoris and Pgp purification was
carried out following the protocol of Lerner-Marmarosh et al.
(17). Briefly, a 1-liter inoculum was grown in minimal glycerol
medium to A600 � 2.0 and added to 6 liters of fermenter
medium. One liter of glycerol supplemented with Pichia trace
metalswas gradually addedusing a peristaltic pump.The rate of
feed was increased along with biomass of Pichia trace metals.
Upon consumption of the glycerol feed, 1 liter of methanol
supplemented with Pichia trace metals was gradually added to
the culture. Dissolved oxygenwasmonitored andmaintained at
�35% (airflow supplemented with pure oxygen as needed), and
the pH was maintained between 4.5 and 5.0 with 10% ammo-
nium hydroxide. Cells were harvested by centrifugation at
3000 � g, and cell pellets were resuspended 1:1 (w/w) in 0.3 M

Tris, 0.33 M sucrose, 0.1 M 6-aminocaproic acid, 1 mM EDTA, 1
mMEGTA, 2mMDTT, pH7.4 (resuspension buffer), and stored
at �80 °C. Cell suspensions from harvest were diluted into
resuspension buffer lacking sucrose, and �90 g of cells were
then lysedwith 0.5mmzirconia beads (Biospec) in the presence

of protease inhibitors (2 �g/ml leupeptin, 2 �g/ml pepstatin A,
0.5 �g/ml chymostatin, 1 mM PMSF) using a homemade bead
beater (12� 1min cycles) followed by sonication at 30watts for
6 � 1 min cycles. Cell debris was removed by centrifugation at
3000 � g and 14,000 � g. Membranes were pelleted by centri-
fugation at 200,000 � g for 90 min, resuspended in a Dounce
homogenizer and passaged through an 18-gauge needle in 10%
glycerol, 50 mM Tris, pH 7.4, in the presence of protease inhib-
itors, and washed membranes (microsomes) were collected by
centrifugation at 200,000 � g for 60 min. Microsomes were
resuspended in solubilization buffer (50 mM Tris, 50 mM NaCl,
30% glycerol, 10 mM imidazole, pH 7.4, with protease inhibi-
tors) and stored at �80 °C. Microsomes were solubilized at 4
mg protein/ml with 1.2% dodecyl maltoside (DM, Inalco).
Membranes were incubated for 15 min on ice and then centri-
fuged at 64,000 � g for 30 min. Solubilized membranes were
incubated with 5 ml of CoNTA (prepared by charging NTA
matrix with CoCl2). The Pgp-bound resin was then packed into
a column and washed with 20 column volumes of membrane
resuspension buffer with 0.1%DMon an ÄKTA FPLC. Pgp was
eluted with 300 mM imidazole, 50 mM Tris, 50 mM NaCl, 20%
glycerol, 0.1% DM, pH 7.4. The Pgp-containing fractions were
collected, diluted 1:3 with 10 mM Tris, 20% glycerol, 0.1% DM,
pH 7.8, and passed over a 5-ml DE52 column (Whatman). Pgp
was collected in the flow-through, concentrated by ultrafiltra-
tion, and further purified by size exclusion chromatography
(Superdex 200 16/50) in 20 mM Mops, 10% glycerol, 0.1 mM

EDTA, 50 mM NaCl, and 0.1% DM, pH 7.5. Fractions were
pooled and concentrated using Viva Spin concentrators with a
50-kDamolecular mass cut-off. Reducing agent was omitted in
all purification steps subsequent to cell harvest to obtain disul-
fide cross-linked Pgp.
Protein Concentration Determination—Protein concentra-

tion was determined by gel densitometry (ImageJ) using cys-
teine-less Pgp as a standard. The cysteine-less Pgp concentra-
tion was determined by UV absorption at A280 using the
calculated extinction coefficient of 109,000 M�1 cm�1.
Fluorescein Maleimide Labeling—Cross-linked mutants AS,

KS, and AK were reduced with 2.5 mM tris(2-carboxyethyl)-
phosphine, pH 7, for 30 min followed by reaction with 10 �M

fluorescein maleimide in 50 mM Mops buffer, pH 7, 1 mM

EDTA, 10% glycerol. Excess label was quenched with 1 mM

cysteine followed by 0.5 mMN-ethyl maleimide. For labeling of
oxidized samples, tris(2-carboxyethyl)phosphine and cysteine
were omitted and the reaction was stopped with N-ethyl
maleimide only. For SDS-PAGE of labeled protein, DTT was
omitted from the gel loading buffer. Fluorescein fluorescence
was imaged with a DocIt system using 366 nm UV light for
excitation.
ATPase Activity Assay—ATPase activity assays were carried

out using 20 �g Pgp premixed with 1:1 (w/w) Escherichia coli
lipids (Avanti) in an ATP-regenerating system (13). Pgp and
lipids with or without 20mMDTTwere incubated at 20 °C for 5
min and added to the assay at 37 °C, and the absorbance was
measured until a basal activity slope was obtained. For ATPase
stimulation, drugs were added from stock solutions in dimethyl
sulfoxide or methanol. For reduced samples, 10 mM DTT was
included in the assaymix. Each conditionwasmeasured at least
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in triplicate (from two or more independent preparations for
mutant AS and for one preparation for mutants KS and AK).
For vanadate trapping, 10 �M vanadate was included in the
ATPase assay. Both DTT and vanadate at the concentrations
used had no measurable effect on the ATP-regenerating
system.

RESULTS

Placement of Cysteine Mutants—To address the question
whether theNBD separation seen in the crystal structure of Pgp
is necessary for drug binding-induced ATP hydrolysis, we
introduced cysteines at the C-terminal regions of NBD1 and
NBD2 to facilitate a reversible covalent link between the two
NBDs without modifying the catalytic sites as in the earlier
experiments involvingNBDdisulfide links (18–20). In studying
the amino acid sequences and secondary structures of several
NBDs for which crystal structures are available: MsbA (Protein
Data Bank codes 3B60 and 3B5W; 21), Pgp (Protein Data Bank
code 3G5U; 7), MalK (Protein Data Bank code 2R6G; 22),
ModC (Protein Data Bank code 2ONK; 23), Sav1866 (Protein
Data Bank code 2HYD; 24), and MJ0796 (Protein Data Bank
code 1L2T; 8), we observed that there is a degree of variability in
the length of the C-terminal � helical region of the NBDs (Fig.
1A). Although the NBDs with longer C-terminal regions (from

the bacterial importers ModBC and MalFGK2) are in close
association, the NBDs with shorter C-terminal � helices
(exporters Sav1866, MsbA, and Pgp) show varying degrees of
association depending upon presence of nucleotide and/or sub-
strate (Fig. 1B).
In the Pgp crystal structure, electron density at the C-termi-

nal ends of NBD1 andNBD2was resolved up to residues Thr626

and Ala1271, respectively (3G5U; 7). These residues are shown
as black spheres in the Pgpmodel in Fig. 1B. However, based on
secondary structure prediction, the terminal�-helices inNBD1
and NBD2 are expected to continue for one and seven more
residues in NBD1 and NBD2, respectively (Fig. 1A). Based on
the crystal structure of Pgp (7), Ala627 and Ser1276 would
likely be in close proximity if the � helices were to be
extended in a straight fashion beyond the resolved electron
density (Fig. 1C). To test this prediction, we replaced these
two residues with cysteines to be able to create a reversible
covalent link. In addition to the mutations A627C and
S1276C, we also placed cysteine residues at the beginning of
the C-terminal � helix of NBD1 (Lys615) in combination with
S1276C and at the end of the C-terminal � helix of NBD1
(Ala627) in combination with the beginning of the C-terminal
� helix of NBD2 (Lys1260) to test whether the C-terminal �

FIGURE 1. Secondary and tertiary structure analysis of Pgp and comparison to other ABC transporters. A, sequence alignment between NBDs using
ClustalW (version 2.0; 34). Secondary structure (� helices in yellow; � sheets in green) was assigned from the available crystal structures or by using the PsiPred
server (residues not resolved in the structures as shown in gray letters). Highlighted in red are residues Ala627, Ser1276, Lys615, and Lys1260. B, Top and side views
of several ABC transporters: ModAB2C2 (Protein Data Bank code 2ONK), MsbA (Protein Data Bank code 3B60), Sav1866 (Protein Data Bank code 2HYD), and Pgp
(Protein Data Bank code 3G5U). Colored in blue is TMD1-NBD1, and red is TMD2-NBD2. The residues homologous to AS in Pgp are in black spheres. The lipid
bilayer is indicated in gray. C, schematic of the NBD1 and NBD2 C-terminal � helices. Black circles indicate the positions of the cysteine mutants, and red/blue
boxes represent � helices that are resolved in the crystal structure. Note that NBD1 and NBD2 are only resolved up to Thr626 and Ala1271, respectively, and the
� helical parts represented by white boxes are based on secondary structure prediction.
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helices of NBD1 and NBD2 can adopt a similar parallel
arrangement as seen in ModC (Fig. 1B).
Purification of Cross-linked Pgp—When purifying double

cysteine mutant A627/S1276 (AS) in presence of 1 mM �-mer-
captoethanol, we noticed spontaneous but incomplete cross-
link formation after the CoNTA affinity purification step.
Efforts to increase cross-link yield by addition of 5�,5�-dithio-
bis-(z-nitrobenzoic acid) or CuCl2 and/or drugs and nucleo-
tides were unsuccessful, possibly due to irreversible oxidation/
modification of one or both of the cysteine residues during
CoNTA column chromatography (data not shown). However,
by purifying the double cysteine mutants AS in absence of
added reducing agents, cross-link yield could be increased to
near completeness (85–90% with 5–8% uncross-linked and/or
dimeric Pgp). Fig. 2A shows representative SDS-PAGE of a gel
filtration profile of disulfide cross-linked mutant AS. As can be
seen, cross-linked (Pgpx) and uncross-linked Pgp co-elute in all
fractions, though some separation of dimers (Pgp2) and higher
oligomers can be observed. Very similar profiles were obtained
for the other two mutant proteins after cross-linking (data not
shown). Fig. 2B shows SDS-PAGE of all cross-linked and

reduced double cysteine mutants. Cross-linked and reduced
Pgp migrate at 170 and 140 kDa, respectively, similar to what
has been observed for cross-links involving cysteines in the
P-loop or ABC signature motifs (18–20). Unlike mutant AS,
mutants KS andAKpurified under similar conditions reached a
maximum cross-link yield of 60–80% with 15–20% uncross-
linked and intermolecular cross-links. Fluorescein labeling of
oxidized and reduced mutants AS, KS, and AK confirmed that
the disulfide cross-link is present in solution and not an artifact
of denaturing polyacrylamide gel electrophoresis (lower panel
in Fig. 2C).
Characterization of Drug-stimulated ATPase Activities—To

test the effect of covalently linking NBD1 and NBD2 on cata-
lytic activity, drug-stimulated ATPase activities of cross-linked
mutants AS, KS, and AKweremeasured in the absence or pres-
ence of reducing agent. For comparison, CL Pgp from mouse
(15) was used as a standard. The data are summarized in Fig. 3A
(for mutant AS) and Fig. 3B (for KS and AK). No significant
effect on activity was observed for CL upon addition of DTT
(data not shown). We tested a variety of drugs with different
affinities for Pgp, fold stimulation of ATPase activity, and
molecular sizes: colchicine (399 Da; 40 �M), verapamil (455 Da;
200 �M), paclitaxel (854 Da; 50 �M), vinblastine (909 Da; 5 �M),
and cyclosporin A (1203 Da; 5 �M) (25, 26).
The level of ATPase activity in presence of different size

drugs may reveal the exclusion of large drugs when the motion
of theNBDs that is required for drug binding is restricted by the
covalent cross-link. For instance, if the cross-linked Pgp has
normal drug-stimulated activity for small compounds but a
reduced activity for larger compounds, then it would indicate
that Pgpmust be able to open beyondwhat is possible due to the
cross-link to permit drug binding for larger compounds as sug-
gested based on the crystal structure (7). As can be seen from
Fig. 3A, this was not the case for mutant AS. Basal activity for
CL and cross-linked AS is about the same with a slight increase
of AS activity upon reduction of the disulfide bridge (a slight
increase of basal activity is also seen for CL upon addition of
DTT (data not shown)). Verapamil leads to about a 13.5- and
7-fold stimulation of ATPase in CL and cross-linked AS Pgp,
respectively. Reduction of the disulfide bond in mutant AS
results in a verapamil-stimulated ATPase activity that is �85%
of the activity of CL Pgp, indicating that the two cysteinemuta-
tions on their own have little effect on verapamil-stimulated
ATPase activity. There is significant ATPase stimulation in
cross-linked AS also for the largest of the drugs tested,
cyclosporin A, and for the intermediately sized paclitaxel (2.3-
and 3-fold compared with 2.9- and 5-fold for CL, respectively).
ATPase stimulation of cross-linked AS by these drugs (vera-
pamil, paclitaxel, and cyclosporin A) suggests that the NBDs do
not have to come apart for drug stimulated catalysis beyond
what is still possible in presence of the covalent disulfide cross-
link between the C-terminal ends of the NBDs. Little to no
activation of cross-linked AS was observed with the drugs col-
chicine and vinblastine, indicating that binding of these mole-
cules might occur at a site that is not accessible in the cross-
linked enzyme.
For cross-linked mutants AK and KS, basal activity was sig-

nificantly lower compared with CL and AS, whereas the

FIGURE 2. Purification and fluorescein maleimide labeling of cross-linked
and reduced double cysteine mutant Pgp. A, SDS-PAGE of size exclusion
chromatography fractions of cross-linked mutant AS separated on a Super-
dex 200 column (16/50, Äkta FPLC) in 20 mM Mops, 10% glycerol, 0.1 mM

EDTA, 50 mM NaCl, 0.1% DM, pH 7.5 (0.8 ml/min). Markers (from top to bottom)
are 170, 130, 95, 72, 55, and 43 kDa. B, SDS-PAGE of 1.5 �g of CL, cross-linked
mutants AS, KS, and AK in absence and presence of DTT. Based on gel densi-
tometry using ImageJ software, the yield of intramolecular cross-link forma-
tion was estimated to 85–90% for AS, 60 –70% for KS, and 77% for AK. C, fluo-
rescein maleimide labeling of CL and cross-linked AS, KS, and AK in presence
(left) and absence (right) of the reducing agent tris(carboxyethyl)phosphine
(TCEP). Upper panel, Coomassie stain; lower panel, fluorescence image. As can
be seen, significant labeling occurs only in presence of tris(2-carboxyethyl)-
phosphine, indicating that the disulfide cross-link is present in solution and
not a result of SDS-PAGE. The weak fluorescence signal of cross-linked and
cysteine-less protein is due to nonspecific labeling of e.g. lysine side chains.
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reduced forms had comparable values (Fig. 3B). Drug stimula-
tion of ATPase activities for mutants AK and KS were charac-
terized using verapamil, cyclosporin A, and paclitaxel. Overall,
significantly lower values for drug-stimulated activities were
measured for cross-linked KS and AK (for example 0.38
�moles�min�1�mg�1 for cross-linked KS compared with
0.65 �mol�min�1�mg�1 for AS in presence of verapamil).
The values for cross-linked mutants KS and AK are likely
even lower considering that part of the activity in these
mutant enzymes is contributed by uncross-linked enzyme.
However, upon reduction of the disulfide bond, drug stimu-
lated activity in KS and AK is similar compared with CL and
reduced AS, again indicating that the mutations themselves
have no effect on activity.
As a further test of functional NBD communication, cross-

linked mutants AS, KS, and AK were vanadate-trapped in the
presence and absence of DTT, and the residual measured
ATPase activity was compared with the activity of vanadate-
trapped CL. In the presence of 10�M orthovanadate, verapamil
stimulated ATPase activity in CL and reduced AS, KS, and AK
decreased by �96–97%. In absence of DTT, mutants AS, KS,
and AK maintained 5.2, 11.9, and 6.9% verapamil-stimulated
ATPase activity, respectively (Fig. 3C). This shows that cross-
linked mutant AS traps vanadate almost as efficiently as CL,
again indicating that the cooperativity of the two ATP binding
sites is preserved evenwhen the twoNBDs are covalently linked
at their very C-terminal ends. However, vanadate trapping is
less efficient for cross-linked mutants KS and AK, suggesting
that the disulfide in these mutants fixes the NBDs in a confor-
mation that is less favorable for NBD communication.

DISCUSSION

Over the past decade, x-ray crystal structures of several full-
length ABC transporters that were crystallized under different
substrate conditions have been solved. The structures revealed
that ABC transporters can adopt so called out- and inward fac-
ing conformations in which theNBDs are either found to inter-
act intimately in a head-to-tail fashion (nucleotide-bound
MalFGK2 (22) Sav1866 (24) andMsbA (21)) or to bemore open
(nucleotide-free MsbA (21), MalFGK2 (27), and ModBC (23)).
In two of the structures, both from importers, the interaction of
the NBDs is maintained by a closely interacting C-terminal �
helix, as in case of ModBC, or an extra domain, as in case of
MalFGK2. Disulfide cross-linking the extra domains in MalK
had no effect on ATPase and maltose transport activity, indi-
cating that at least for this bacterial importer, theNBDs can stay
together during the catalytic cycle (28). On the other hand, the
bacterial exporters Sav1866 and MsbA as well as mammalian
Pgp seem to lack a structural element that could hold theNBDs
together near their C-terminal ends in the absence of nucleo-
tide, and it is possible that the lack of such featuremay be in part
responsible for the wide open conformation observed in the
crystal structure of E. coliMsbA (21).
Of course, it should be noted not only that the crystal struc-

tures represent static images of highly dynamic transporters
but also that the apo forms themselvesmay not represent phys-
iologically relevant conformations given cytoplasmic MgATP
concentrations. The question therefore arises as to how much
the two NBDs can or must move in relation to each other dur-
ing the catalytic cycle.

FIGURE 3. ATPase characterization of Pgp mutants AS, AK, and KS. Using an ATP-regenerating system, specific ATPase activities were determined for CL,
cross-linked AS, AK, KS, and DTT-reduced AS, AK, KS. For each activity assay, 20 �g of protein was incubated with 20 �g E. coli lipids in absence or presence of
20 mM DTT. The protein/lipid mixture was then added to an ATPase assay at 37 °C. In the assay, 10 mM DTT was present to maintain the cysteines in the reduced
state; DTT was omitted for ATPase characterization of the cross-linked species. The concentrations of drugs used are as follows: verapamil (Verap; 455 Da; 200
�M), cyclosporin A (Cycl; 1203 Da; 5 �M), colchicine (Colch; 399 Da; 40 �M), vinblastine (Vinb; 909 Da; 5 �M), and paclitaxel (Pac; 854 Da; 50 �M). A, drug-stimulated
ATPase activities of CL and AS, reduced and cross-linked. B, specific ATPase activities of AK and KS using verapamil, cyclosporin A, and paclitaxel, reduced and
cross-linked. C, residual ATPase activities after trapping with orthovanadate (the values are an average of two or more measurements). Vanadate trapping was
induced by addition of 10 �M vanadate to the ATPase assay in presence of verapamil.
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In the crystal structure of nucleotide free Pgp, a 20 Å separa-
tion is seen between the twoNBDs for both the “apo” and drug-
bound transporter (7). However, because larger drugmolecules
did not appear to bind to Pgp that was crystallized in the
absence of drug, the authors of the study speculated that an
even greater separation of theNBDs (as seen in apo-MsbA from
E. coli (21)) may be required for binding of bulky transport sub-
strates (7). Biochemical evidence in support of such a mecha-
nism had been reported from cross-linking experiments that
involved disulfide bond formation between cysteines in the
P-loop and/or ABC signature motifs (18–20). In one study, it
was shown that one of the naturally occurring cysteines in the
P-loops (of e.g.NBD1) and a cysteine introduced into the adja-
cent ABC signature motif (NBD2) could form a disulfide bond
(19) and that binding of large transport substrates, such as
cyclosporin A, slowed down disulfide formation (20). On
the other hand, disulfide bond formation was also observed
between the cysteines in both P-loops (18) and taken together,
these cross-link experiments not only suggested that the NBDs
of Pgp have to come apart to bind bulky substrates, but also that
the NBDs have to be quite flexible as the two P-loops in crystal
structures of the nucleotide bound NBD sandwich are �30 Å
apart (e.g. ADP-bound Sav1866 or AMPPNP-bound MsbA).
However, as the cysteines involved in these cross-link experi-
ments were part of the catalytic sites and therefore likely
affected nucleotide binding, the inhibitory effect of the cross-
links on ATPase activities were difficult to interpret in terms of
the question as to how much NBD motion is required for
catalysis.
The only structural information for nucleotide-bound Pgp

comes from EM of two-dimensional crystals. EM projection
images of two-dimensional crystals of lipid bilayer reconsti-
tuted mouse and human Pgp showed the two halves of the
transporter in close proximity with a central stain-filled cavity
(29),much like the cavity seen in the crystal structure (7).When
adding nucleotides in presence or absence of transport sub-
strate to the lipid bilayer bound two-dimensional crystals of
Pgp, the two halves of the transporter appeared to get closer
together, closing the central cavity seen in the apo images (29,
30). Substrate-dependent structural changes were also ob-
served in images of two-dimensional crystals of detergent sol-
ubilized hamster Pgp (31), and taken together, the EM data
suggest that substrate binding to apo-Pgp involves notable
motion of the NBDs, consistent with the earlier disulfide cross-
linking studies (18–20).
However, contrary to a mechanism involving complete dis-

sociation of the NBDs, there is biochemical evidence that sug-
gests that the NBDs remain closely associated during steady
state turnover, with release of ADP and phosphate and subse-
quent binding of MgATP at one catalytic site while the second
site has nucleotide occluded (tightly bound) (11, 12). Amore or
less tight association of the NBDs during steady state turnover
is also more easily rationalized in terms of the observed coop-
erativity of the two active sites of Pgp (32).
Alternatively, if the NBDs do not remain in close contact as

seen in the apo crystal structures of ModBC, MsbA and Pgp,
then it is possible that the NBDs rapidly sample different con-
formations until MgATP binding to both NBDs results in the

closed sandwich configuration followed by hydrolysis of one or
both ATP molecules, product release and NBD dissociation.
Interestingly, Loo et al. (33) have recently shown that cross-
linking of the TMDs at the cytoplasmic side results in a 3-fold
increase of basal ATPase activity without affecting drug-stim-
ulatedATPase to a significant degree. It is possible that restrict-
ing the motion of the NBDs near their N-terminal ends results
in a greater probability of generating the ATP-bound sandwich
configuration, which in turn may explain the increase in basal
activity (33).
Here, we have shown that the twoNBDs ofmouse Pgp can be

covalently linked via cysteine residues near their C-terminal
ends and consistent with the crystal structure of Pgp, the cross-
link is most efficient for double cysteine mutant AS. Interest-
ingly, cross-linked AS retained significant drug stimulated
ATPase activity for most of the drugs tested, including vera-
pamil, paclitaxel, and the largest molecule assayed, cyclosporin
A. This suggests that binding of these drugs does not require an
opening of the NBDs beyond what is seen in the crystal struc-
ture of the apo- and drug-bound transporter (7). However, for
two of the drugs tested, vinblastine and colchicine, little to no
activationwas observed, and it cannot be ruled out that binding
and/or ATPase activation of some drug molecules requires a
motion (e.g. twisting) of the TMDs and/or NBDs that may be
restricted in the cross-linked enzyme.
Cysteine pairs KS and AK, even though at greater distance

based on the crystal structure compared with AS, are still able
to cross-link with 60–80% efficiency, consistent with highly
dynamic NBDs as mentioned above. On the other hand, basal
and drug-stimulated ATPase activity as well as the ability to
efficiently trap vanadate are significantly impaired in cross-
linked mutants KS and AK compared with AS, suggesting that
the cross-link in these two mutants locks the two NBDs in a
configuration that is unfavorable for NBD cooperativity and
maximum turnover.
Taken together, our findings support recentmodels in which

the NBDs remain in close association during steady state turn-
over due to occluded nucleotide at one catalytic site. In addi-
tion, the data suggest that the conformation of Pgp as seen in
the crystal structure is competent for productive binding of
some drugs, including large molecules such as cyclosporin A.
Other transport substrates such as colchicine and vinblastine
may require a conformation different from the one seen in the
crystal structure but it appears that the size of the transport
substrate alone may not be the sole determining factor in this
process.
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