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Background: P-glycoprotein is an ABC transporter that confers multidrug resistance.
Results: Linkage of the nucleotide-binding domains with short but not long cross-linkers highly activated ATPase activity.
Conclusion:Drug substrates activate P-gp ATPase activity by promoting close association of the nucleotide-binding domains.
Significance:Understanding themechanism of P-glycoprotein will aid in the development of inhibitors to overcomemultidrug
resistance.

The P-glycoprotein (P-gp, ABCB1) drug pump protects us
from toxic compounds and confers multidrug resistance. Each
of the homologous halves of P-gp is composed of a transmem-
brane domain (TMD) with 6 TM segments followed by a nucle-
otide-binding domain (NBD). The predicted drug- and ATP-
binding sites reside at the interface between the TMDs and
NBDs, respectively. Crystal structures and EM projection
images suggest that the two halves of P-gp are separated by a
central cavity that closes upon binding of nucleotide. Binding of
drug substrates may induce further structural rearrangements
because they stimulate ATPase activity. Here, we used disulfide
cross-linking with short (8 Å) or long (22 Å) cross-linkers to
identify domain-domain interactions that activate ATPase
activity. It was found that cross-linking of cysteines that lie close
to the LSGGQ (P517C) and Walker A (I1050C) sites of NBD1
andNBD2, respectively, as well as the cytoplasmic extensions of
TM segments 3 (D177C or L175C) and 9 (N820C) with a short
cross-linker activated ATPase activity over 10-fold. A pyrylium
compound that inhibits ATPase activity blocked cross-linking
at these sites. Cross-linking between theNBDswasnot inhibited
by tariquidar, a drug transport inhibitor that stimulates P-gp
ATPase activity but is not transported. Cross-linking between
extracellular cysteines (T333C/L975C) predicted to lock P-gp
into a conformation that prevents close NBD association inhib-
ited ATPase activity. The results suggest that trapping P-gp in a
conformation in which the NBDs are closely associated likely
mimics the structural rearrangements causedbybinding of drug
substrates that stimulate ATPase activity.

ATP-binding cassette (ABC)2 membrane transport proteins
couple ATP hydrolysis to the movement of a diverse range of
substrates across cell membranes (1). A distinguishing feature
of ABC proteins is that they contain at least two transmem-
brane domains (TMDs) with at least 6 transmembrane (TM)
segments each and two nucleotide-binding domains (NBDs)
each of which contains a “Walker A” and a LSGGQ (signature)
sequence.
The P-glycoprotein drug pump (P-gp, ABCB1) was the first

human ABC protein to be discovered during efforts to deter-
mine how cancer cells developedmultidrug resistance (2). P-gp
mediates the ATP-dependent efflux of a wide range of hydro-
phobic compounds (such as anticancer drugs, hydrophobic
drugs, steroids, peptides, detergents, and lipids) that enter cells
by diffusion through the plasma membrane (3–5). P-gp is
expressed in the epithelium of liver, kidney, and gastrointesti-
nal tract and at the blood-brain or blood-testes barrier. Its loca-
tion likely contributes to multidrug resistance in diseases such
as cancer and AIDS (4).
The 1280 amino acids of humanP-gp (6) are organized as two

tandem repeats of 610 amino acids that are joined by a linker
region. Each repeat consists of anNH2-terminal TMD contain-
ing 6 TM segments followed by a NBD. Drug substrates appear
to bind at multiple drug-binding sites within a cavity at the
interface between the TMDs (7–10). Mg.ATP binds at the
interface between the NBDs. In this nucleotide-sandwich con-
formation, each nucleotide would interact with the phosphate-
binding loop (P-loop) of one NBD (located at N-terminal end)
and the ABC signature motif (LSGGQ) of the other NBD
(located in the central region). ATP hydrolysis likely occurs by
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an alternating site mechanism as inhibition of ATPase activity
at either site causes a complete loss of ATPase activity (11–15).
The mechanism of how ATP hydrolysis is coupled to drug

transport is unknown. It has been proposed that P-gp can exist
in at least two major conformations during the catalytic cycle,
an inward-facing (open) conformation with separated NBDs
and a drug-binding pocket that is exposed to the cytoplasm and
anoutward-facing (closed) conformationwith close association
of the NBDs and exposure of the drug-binding pocket to the
extracellular surface (16). Drug substrates and ATP binding
were predicted to induce a closed conformation. Hydrolysis of
the first ATP would promote drug transport and hydrolysis of
the second ATP would convert the protein back to an open
conformation.
The crystal structure of a mouse P-gp (mdr1a) showed that

P-gp in the absence of ATP was in an open conformation with
the opposing Walker A and LSGGQ segments of the NBDs far
apart and the drug-binding pocket open to the cytoplasm (7).
The presence of drug substrates (inhibitors) in the predicted
drug-binding pocket caused little change in the structure.
Structural changes between theNBDshave been investigated

by cysteine cross-linking. It was found that cross-linking could
be observed between naturally occurring cysteines in the
P-loop or cysteines introduced into the signature motifs (17–
19). Drug substrates that activated P-gp ATPase activity were
observed to promote cross-linking between the NBDs (19). A
potential criticism of these initial studies was that cross-linking
inactivated the transporter and may not represent conforma-
tions normally found during the catalytic cycle.
In a recent study (20), it was observed that spontaneous

cross-linking between cysteines located at the C-terminal ends
of the NBDs yielded mouse Mdr3 P-gps that retained drug-
stimulated ATPase activity. In the mouse inward-facing mouse
P-gp crystal structure, the cross-linkable cysteines would be
predicted to be in close proximity (segments of the C-terminal
ends were not resolved in the crystal structure) while theN-ter-
minal and central regions that form the nucleotide-binding
sandwich structure would be far apart. These results showed
that the C-terminal ends of the NBDs were not required to
undergo significant separation during the catalytic cycle.
Movement between the NBDs during the catalytic cycle may
only involve the central or N-terminal regions closer to the
Walker A and LSGGQ sequences.
A large cavity was also observed in electronmicroscopic pro-

jection structures of two-dimensional crystals of human P-gp
reconstituted into a lipid bilayer (21). In this study however,
addition of nucleotides resulted in the disappearance of the
central cavity and a sideways motion of the two halves of the
transporter. These results suggested that binding of nucleotide
converted P-gp from the open conformation to a closed
conformation.
In the absence of drug substrates, P-gp exhibits basal ATPase

activity, which may allow it to cycle between these conforma-
tions. Drug substrates like verapamil and rhodamine appear to
induce further conformational changes as they can stimulate
ATPase activity over 10-fold. Indeed, P-gp ATPase activity can
be constitutively activated to high levels upon covalent attach-
ment of thiol-reactive verapamil or rhodamine derivatives to

cysteines within the drug-binding pocket in the TMDs (22–24).
It is possible that covalent attachment of drug substrates acti-
vates P-gp ATPase activity by promoting formation of the
closed conformation that keeps the NBD N-terminal and cen-
tral regions in close proximity. If this was the case, then it
should be possible to mimic activation of P-gp ATPase activity
by covalently linking the NBDs in close proximity at sites close
to the opposing Walker A (located at N-terminal region) and
LSGGQ (located in central region) sites. On the other hand,
covalent linkage of the NBD N-terminal and central regions in
close proximity may inhibit P-gp ATPase activity because sep-
aration of the NBDs during formation of the open conforma-
tion may be an essential step in the catalytic cycle.
To address whether covalent linkage of the NBDN-terminal

and central regions in close proximity would activate or inhibit
ATPase activity, we introduced cysteines close to the LSGGQ
site in NBD1 (central region) and the opposingWalker A site in
NBD2 (N-terminal region). The introduced cysteines are pre-
dicted to lie in close proximity in the closed conformation and
far apart in the open conformation. Cross-linking with a short
but not a long cross-linker was found to highly activate ATPase
activity. These results indicate that maintaining the NBD
N-terminal and central regions in close proximity mimics acti-
vation of ATPase activity by covalent attachment of drug sub-
strates to the drug-binding domain.We also report that a pyry-
lium compound (P10) that inhibits ATPase activity blocked
cross-linking between the NBDs while an inhibitor (tariquidar)
that is not transported (25) but stimulates ATPase activity did
not inhibit cross-linking.

EXPERIMENTAL PROCEDURES

Construction of Mutants—The seven endogenous cysteines
at positions 137, 431, 717, 956, 1074, 1125, and 1227 were
replaced with alanine to create a Cys-less P-gp (26). The Cys-
less P-gp cDNA was modified to contain a 10-histidine tag at
the COOH-terminal end to facilitate purification of the
expressed protein by nickel-chelate chromatography (11). Pairs
of cysteines were introduced into various domains of Cys-less
P-gp to test for the effects of cross-linking as described previ-
ously (27). Mutant P517C(NBD1)/I1050C(NBD2) was con-
structed to test the effects of cross-linking between the NBDs
while mutant D177C(ICL1)/N820C(ICL3) was constructed to
examine the effects of cross-linking between the intracellular
loops (ICL) of TMD1 and TMD2. Mutants C137(TM2 of
TMD1)/A935C(TM11 of TMD2) and T333C(TM6 of TMD1)/
L975C(TM12 of TMD2) were constructed to examine the
effects of cross-linking between the TM segments of the TMDs
at locations predicted to lie close to the intracellular and extra-
cellular membrane surfaces, respectively. The L443C(NBD1)/
S909C(TMD2) mutant was constructed to examine the effects
of cross-linking between NBD1 and the fourth intracellular
loop (ICL4) in TMD2.
Disulfide Cross-linking Analysis—The double cysteine

mutants were transiently expressed in HEK293 cells. Whole
cells expressing mutant T333C(TM6)/L975C(TM12) were
treated with the cross-linker bis(maleimido)ethane (BMOE)
because Cys-333 and Cys-975 are predicted to be accessible
from the extracellular surface. BMOE is a short (8 Å) homobi-
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functional, maleimide cross-linker that would not be sensitive
to thiol-reducing agents that would be released when whole
cells are lysed. Transfected cells were suspended in TBS, pH 7.4
(1 � 106 cells per ml) and treated at 20 °C for 15 min with 0.5
mM BMOE. Reactions were stopped by addition of 2� SDS
sample buffer (125mMTris-HCl, pH6.8, 20% (v/v) glycerol, and
4% (w/v) SDS) containing 50 mM EDTA, and 2% �-mercapto-
ethanol). Samples (1� 104 cells) were subjected to immunoblot
analysis. Intramolecular disulfide cross-linking between P-gp
domains can be detected because the cross-linked product
migrates with a slower mobility on SDS-PAGE gels (28).
Mutants containing cysteines predicted to reside on the

intracellular surface of the cell were cross-linkedwithmethane-
thiosulfonate (MTS) cross-linkers because these agents are
more reactive than maleimide-type cross-linkers. Membranes
were prepared as described previously (19) and suspended in
TBS, pH 7.4. Samples of themembranes were then treated with
0.05 mM of the homobifunctional MTS cross-linkers 1,4-bu-
tanediyl bismethanethiosulfonate (M4M) or 3,6,9,12,15-pen-
taoxaheptane-1,17-diyl bismethanethiosulfonate (M17M) for
15 min at 20 °C. M4M and M17M (Toronto Research Chemi-
cals, Toronto, ON) could span maximum distances of about
7.8 or 22 Å (29, 30), respectively. Mutants 175C(ICL1)/
N820C(ICL3) and D177C(ICL1)/N820C(ICL3) were also
treated with 0.02 mM of the short (4 Å) cross-linker 1,1-meth-
anediyl bismethanethiosulfonate (M1M) for 15 min at 20 °C.
The reactions were performed using a protein concentration of
0.4 mg/ml. Bismaleimidoethane (BMOE) cross-linker (Fisher
Scientific, Ottawa,ON)with a spacer armof about 8Åwas used
to cross-link cysteine mutants in whole cells. The reactions
were stopped by addition of 2� SDS sample buffer (125 mM

Tris-HCl, pH 6.8, 20% (v/v) glycerol, and 4% (w/v) SDS) con-
taining 50mM EDTA and no reducing agent. The reactionmix-
tures (1 �g protein) were then subjected to SDS-PAGE (6.5%
(w/v) polyacrylamide gels; 1.5mm15-slotminigels) and immu-
noblot analysis with a rabbit polyclonal antibody against P-gp.
The gel lanes were scanned and the amount of cross-linked
product relative to total P-gp (cross-linked plus 170 kDa pro-
tein) was analyzed using the NIH Image program and an Apple
computer.
Purification of P-gp and Measurement of ATPase Activity—

Histidine-tagged P-gps were expressed in HEK 293 cells and
then isolated by nickel-chelate chromatography as described
previously (11). Recovery of P-gp was monitored by immuno-
blot analysis with rabbit anti-P-gp polyclonal antibody (31). A
sample of the isolated histidine-tagged P-gp was mixed with an
equal volume of 10 mg/ml sheep brain phosphatidylethano-
lamine (Type II-S, Sigma) that had been washed and suspended
in TBS. ATPase activity was measured in the presence of vari-
ous concentrations of tariquidar (MedKoo Biosciences, Inc.
Chapel Hill, NC; or the pyrylium compounds P10 or P12 (32).
Homology Models of P-gp—The model of human P-gp in the

open conformation was generated by Bikardi et al. (33) and was
based on that of mouse P-gp (7). The closed conformation was
generated by Globisch et al. (34) based on the structure of Sav
1866 (35). Pymol (36) was used to view the structures.

RESULTS

Cross-linking of the NBDs Activates ATPase Activity—Fig. 1A
shows a model of human P-gp in the open conformation (33)
while Fig. 1B shows the predicted structure of human P-gp in
the closed conformation (34). In the open conformation (Fig.
1A) the NBDs are widely separated but are in close proximity in
the closed conformation (Fig. 1B). To address whether trapping
the NBDs in close proximity (closed conformation) would acti-
vate or inhibit ATPase activity, cysteines were introduced at
locations in the central part of NBD1 (P517C) and theN-termi-
nal region of NBD2 (I1050C) of Cys-less P-gp predicted to be
outside the catalytic sites but close to the LSGGQ (residues
531–535) and Walker A sites (residues 1070–1077) of NBD1
and NBD2, respectively. The opposing LSGGQ and Walker A
sites are predicted to form an ATP-binding site between the
NBDs to yield a nucleotide-binding sandwich upon binding of
ATP. In the open conformation P517C and I1050C are pre-
dicted to be far apart (22.9 Å;measured from the� carbons) but
close (7.8 Å) in the closed conformation.
The P517C/I1050C mutant was expressed in HEK 293 cells.

Membranes prepared from the transfected cells were treated
with or without a short (M4M, maximum cross-linking span of
7.8 Å) or long (M17M, maximum cross-linking span of 22 Å)
thiol reactive cross-linker. Samples of the cross-linked mem-
branes were subjected to immunoblot analysis. It was found
that the mutant was efficiently cross-linked (�90%) with both
M4M and M17M (Fig. 2A).
To test the effect of covalently linking NBD1 and NBD2 on

catalytic activity, ATPase activity of mutant P517C/NI1050C
was measured in the presence or absence of verapamil before
and after cross-linking with the short M4M cross-linker. Vera-
pamil was used because it is transported by P-gp (37) and it
highly stimulates (over 10-fold) the ATPase activity of Cys-less
human P-gp (19). Prior to cross-linking (Fig. 2B), the ATPase

FIGURE 1. Schematic models of P-gp in the inward- and outward-facing
conformations. The predicted models of human P-gp in the open (A) (33)
and closed (B) (34) conformations are shown. The branched lines on the extra-
cellular loop connecting TM1 and TM2 represent the glycosylated sites. The
colors highlight the TMD1 (green), NBD1 (blue), TMD2 (black), and NBD2 (red)
domains. The location of residues that were mutated to cysteine to test for
the effect of cross-linking between NBD1 and NBD2 (P517C/I1050C), NBD1
and TMD2 (L443C/S909C), ICL1 and ICL3 (D177C/N820C), TM segments 2 and
11 (C137/A935C) or 6 and 12 (T333C/L975C) are shown.

Linkage of the NBDs Activates P-gp ATPase Activity

26808 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 32 • AUGUST 3, 2012



activity mutant P517C/I1050C was highly activated (11.5-fold)
by verapamil and exhibited about 80% (1.5 � 0.2 �mol
Pi/min/mg P-gp) of the verapamil-stimulated ATPase activity
of Cys-less P-gp (1.9 � 0.3 �mol Pi/min/mg P-gp). Cross-link-
ing of P517C/I1050C with M4M increased its basal ATPase
activity (14-fold higher than the basal ATPase activity of
untreated P-gp) (Fig. 2B). The activity of theM4M cross-linked
mutant was not further activated by verapamil. The enhanced
activity of M4M cross-linked P517C/I1050C was not due to
carry over of M4M during purification because M4M had little
effect on Cys-less P-gp ATPase activity (Fig. 2B). Reduction
of M4M cross-linked P517C/I1050C with dithiothreitol
decreased its activity back to basal levels (Fig. 2B).
The large increase in basal ATPase activity observed when

mutant P517C/I1050C was cross-linked with the short M4M
cross-linker appeared to be caused by trapping of the NBDs in
close proximity rather than nonspecific cross-linking effects
because treatment with the long M17M cross-linker caused a
much smaller increase (about 2-fold) in basal ATPase activity
(Fig. 2B). The reduced ATPase activity observed after cross-
linking with M17M did not appear to be due to a general inhi-
bition of ATPase activity by M17M because addition of
verapamil further increased the ATPase activity of the M17M
cross-linked mutant by over 6-fold (from 0.3 � 0.2 to 1.9 � 0.3
�mol Pi/min/mg P-gp).

The cross-linking results observed with mutant P517C/
I1050C suggest that covalently linking NBD1 and NBD2 in
close proximity with M4Mmimics activation of ATPase activ-
ity with compounds that highly activate P-gp ATPase activity.
Cross-linking of ICL1 (TMD1) and ICL3 (TMD2) in Close

Proximity Also Activates P-gp ATPase Activity—To test if
cross-linking of other segments predicted to undergo large con-
formational changes during the reaction cycle would also acti-
vate P-gp ATPase activity, we performed cross-linking studies
on mutant D177C/N820C. Residue Asp-177 is located in
ICL1(TMD1) while Asn-820 is located in ICL3(TMD2) (Fig. 1).
Asp-177 and Asn-820 are predicted to be outside the drug- or
ATP-binding sites. In the open conformation (Fig. 1A) Asp-177
and Asn-820 are predicted to be far apart (23.7 Å; measured
from the � carbons) while in the closed conformation, residues
Asp-177 and Asn-820 are predicted to lie in close proximity
(about 7.4 Å apart) (Figs. 1B and 3A).
Membranes prepared from cells expressing mutant D177C/

N820C were treated with M4M and M17M. Fig. 3B shows the

FIGURE 2. Cross-linking of the NBDs with M4M highly stimulates ATPase
activity. A, membranes prepared from HEK 293 cells expressing the NBD1/
NBD2 mutant P517C/I1050C were treated without (Control) or with cross-
linkers M4M or M17M. The reactions were stopped by addition of SDS sample
buffer containing no thiol-reducing agent and samples subjected to immu-
noblot analysis. The positions of the cross-linked (X-link) and mature (170
kDa) P-gps are indicated. B, membranes expressing mutant P517C/I1050C or
Cys-less P-gp were treated with or without (None) cross-linker and histidine-
tagged P-gp isolated by nickel-chelate chromatography. The isolated P-gps
were mixed with lipid and ATPase activities were measured in the absence
(�) or presence (�) of 0.3 mM verapamil. In some cases the samples were
treated with 10 mM dithiothreitol (�DTT) before assay. Each value is the
mean � S.D. (n � 3).

FIGURE 3. Cross-linking of ICL1 and ICL3 with M4M highly stimulates
ATPase activity. A, model showing predicted orientations of Leu175, Asp177,
and Asn820 in the closed conformation. B, membranes prepared from HEK 293
cells expressing the ICL1/ICL3 mutants D177C/N820C or L175C/N820C were
treated with cross-linkers M1M, M4M, or M17M or no cross-linker (Control).
The reactions were stopped by addition of SDS sample buffer containing no
thiol-reducing agent and samples subjected to immunoblot analysis. The
positions of the cross-linked (X-link) and mature (170 kDa) P-gps are indi-
cated. C, membranes expressing mutants D177C/N820C or L175C/N820C
were treated with or without (None) cross-linker and histidine-tagged P-gp
isolated by nickel-chelate chromatography. The isolated P-gps were mixed
with lipid and ATPase activities were measured in the absence (�) or pres-
ence (�) of 0.3 mM verapamil. In some cases the samples were treated with 10
mM dithiothreitol (�DTT) before assay. Each value is the mean � S.D. (n � 3).
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mutant was efficiently cross-linked (�90%) with both
cross-linkers.
The cross-linked P-gps were then isolated by nickel-chelate

chromatography and their ATPase activities compared with
the uncross-linked parent. It was found that the effect of cross-
linking on ATPase of mutant D177C/N820C (Fig. 3C) was very
similar to those observed for mutant P517C/I1050C (Fig. 2B).
Prior to cross-linking, mutant D177C/N820C showed vera-
pamil-stimulated ATPase activity that was similar to the Cys-
less parent. The basal ATPase activity of theM4M cross-linked
D177C/N820C mutant was similar to that of uncross-linked
mutant assayed in the presence of verapamil (Fig. 3B). No further
stimulation of ATPase activity was observed when the M4M
cross-linked D177C/N820C was assayed in the presence of vera-
pamil. Reduction of the cross-link with dithiothreitol restored the
basal ATPase activity to levels similar to the uncross-linked
mutant. Cross-linking withM17M caused about a 2-fold increase
in basal ATPase activity. The ATPase activity of theM17M cross-
linkedmutant was further activated by verapamil.
In a previous study (38), we observed that mutant L175C(ICL1)/

N820C(ICL3) but not D177C(ICL1)/N820C(ICL3) could be cross-
linked at 0 °Cwith the short (4Å)M1Mcross-linker. In this study,
we also observed that the majority of mutant L175C/N820C was
cross-linked when the mutant was treated with 0.02 mMM1M at
20 °C while only a low level of cross-linking (about 25%) was
observedwhenD177C/N820Cwas treated under the same condi-
tions. Since D177C is predicted to have a more favorable orienta-
tion toward N820C compared with L175C (Fig. 3A), it would be
expected that cross-linking of D177C/N820Cwould bemore effi-
cient than L175C/N820C. One possibility is that a separateM1M
molecule preferentially modifies each cysteine of mutant D177C/
N820C as it was found that cross-linking was reduced when the
concentration of M1M was increased (data not shown). We pre-
viously observed that mutant L175C/N820 only showed efficient
cross-linking with a narrow concentration range of M1M (about
10–20�M). Another possibility is that in humanP-gp the orienta-
tion of TM3 and its cytoplasmic extension (ICL1) may be slightly
different than that found in the crystal structures of Sav 1866 and
mouse P-gp. For example, the orientation of TM3 in the mouse
crystal structure was not compatible with an arginine-scanning
mutagenesis study performed on human P-gp (10). Bothmutants
however, could be efficiently cross-linked with M4M and M17M
(Fig. 3B).
We tested the effects of M4M and M17M cross-linking on

the ATPase activity of mutant L175C/N820C and found that
the effects were similar to those observed with mutant D177C/
N820C (Fig. 3C). Cross-linking of L175C/N820C with M4M
highly activated the basal ATPase activity of the mutant while
cross-linking with M17M caused little activation. The ATPase
activity of M17M cross-linked L175C/N820C could still be
highly activated when assayed in the presence of verapamil.
These results show that covalently linking ICL1 and ICL3 in
close proximity highly activates its ATPase activity.
ATPase Activity Is Not Activated when the Homologous

Halves Are Cross-linked at Locations Predicted Not to Undergo
Large Distance Changes during the Open to Closed Conforma-
tional Change—MutantC137/A935C contains natural Cys-137
in TM segment 2 (TMD1) and the A935C mutation in TM

segment 11 (TMD2). Cysteines at positions 137 and 935 are
predicted to be in close proximity in both the open (5.0 Å;
measured from � carbons) (Fig. 1A) and closed (6.6 Å) (Fig. 1B)
conformations. Mutant L443C/S909C contains a cysteine
(L443) in NBD1 and a cysteine (S909C) in the ICL4 loop that
connects the cytoplasmic extensions of TM segments 10 and
11. Cysteines at positions 443 and 909 are predicted to show
only small changes in proximity between the open (8.3 Å) (Fig.
1A) and closed (12.0 Å) (Fig. 1B) conformations. In previous
studies we showed that mutants C137/A935C (39) and L443C/
S909C (27) had verapamil-stimulated ATPase activities similar
to Cys-less P-gp.
Membranes prepared from cells expressing mutants C137/

A935C or L443C/S909C were treated with M4M cross-linker.
Both mutants were efficiently cross-linked (�90%) (Fig. 4A).
The histidine-tagged mutants were then isolated and assayed
for verapamil-stimulated ATPase activity. It was found that
cross-linking did not cause any significant alteration in their
basal or verapamil-stimulated ATPase activities (Fig. 4B).
These results indicate that stimulation of ATPase activity
observed in M4M cross-linked mutants P517C/I1050C (Fig.
2B), D177C/N820C, or L175C/N820C (Fig. 3C) was likely a
specific effect of trapping the protein in the closed
conformation.

FIGURE 4. Cross-linking between NBD1 and TMD2 or TM segments 2 and
11 with M4M does not activate or inhibit ATPase activity. A, membranes
prepared from HEK 293 cells expressing the NBD1/TMD2 mutant L443C/
S909C or the TM2/TM11 mutant C137/A935C were treated with (�) or with-
out (�) the M4M cross-linker. The reactions were stopped by addition of SDS
sample buffer containing no thiol-reducing agent and samples subjected to
immunoblot analysis. The positions of the cross-linked (X-link) and mature
(170 kDa) P-gps are indicated. B, membranes expressing mutants L443C/
S909C or C137/A935C were treated with or without (None) M4M cross-linker
and histidine-tagged P-gp isolated by nickel-chelate chromatography. The
isolated P-gps were mixed with lipid and ATPase activities were measured in
the absence (�) or presence (�) of 0.3 mM verapamil. Each value is the
mean � S.D. (n � 3).
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Would an Inhibitor of ATPase Activity Affect Cross-linking
Between the NBDs?—To address this question, we first exam-
ined interactions of human P-gp with tariquidar, a potent
inhibitor of rodent P-gp drug transport and ATPase activity
(25). For example, 100 nM tariquidar was found to decrease the
resistance of P-gp-expressing cells to doxorubicin by 30-fold
(40). In patients, a single dose was shown to inhibit P-gp trans-
port activity for 48 h (41).
Tariquidar differs frommost other P-gp substrates because it

was found to inhibit ATPase activity of hamster P-gp (25). It has
been reported however, that the substrate specificity of human
P-gp can differ from rodent P-gps (42). To test if tariquidar also

inhibited the ATPase activity of human P-gp, histidine-tagged
human P-gp was isolated by nickel-chelate chromatography,
and ATPase activity was measured in the presence of various
concentrations of tariquidar. It was observed that human P-gp
was different fromhamster P-gp as tariquidar highly stimulated
ATPase activity by 10-fold (Fig. 5A). The level of stimulation of
ATPase activity by tariquidar was comparable to that of vera-
pamil (both about 10-fold) but the concentration required for
half-maximal activation was about 75-fold lower for tariquidar
(0.33 �M for tariquidar compared with 25 �M for verapamil).
Since tariquidar is not transported by human P-gp (40), the
results suggest that its effect on P-gpmaymimic those of cross-

FIGURE 5. Pyrylium compound P10 inhibits NBD cross-linking, ATPase activity and P-gp-mediated drug resistance. A, ATPase activity of isolated
histidine-tagged Cys-less P-gp was determined in the presence of various concentrations of tariquidar (structure shown in inset). B, structures of pyrylium
compounds P10 and P12. C, Cys-less P-gp ATPase activity was determined in the presence of various concentrations of P10 or P12. Inhibition of verapamil-
stimulated ATPase activity was performed in the presence of 0.1 mM verapamil and increasing concentrations of P10. D, membranes prepared from HEK 293
cells expressing mutants P517C(NBD1)/I1050C(NBD2) or D177C(ICL1)/N820C(ICL3) were pretreated in the absence (None) or presence of 0.1 mM P10 or P12.
The membranes were then treated with (�) or without (�) 0.05 mM M4M cross-linker and samples subjected to immunoblot analysis. The positions of
cross-linked (X-link) and mature (170 kDa) forms of P-gp are indicated. E, percent of cross-linked product relative to total P-gp (cross-linked plus 170 kDa P-gp)
was determined. Each value is the mean � S.D. (n � 3). F, BHK cells (Control) or BHK cells expressing wild-type P-gp were incubated in the presence of various
levels of colchicine in the presence (�) or absence (�) of 5 �M P10 or 100 nM tariquidar and the concentration of colchicine required to reduce cell viability by
50% (LD50) was determined. The results represent the average LD50 obtained from analysis of three independent assays � S.D.
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linked NBDs (Fig. 2B) with both causing activation of ATPase
activity.
We tested whether another inhibitor of ATPase activity (the

pyrylium compound P10) (Fig. 5B) would block cross-linking
between the NBDs because tariquidar did not inhibit human
P-gp ATPase activity. P10 inhibits basal and verapamil-stimu-
lated P-gp ATPase activity (half-maximal inhibition of vera-
pamil-stimulated ATPase activity with 32 �M P10) (Fig. 5C).
The pyrylium compound P12 was used as a control compound
because it activates Cys-less P-gp ATPase activity 11.5-fold
(half-maximal activation observed with 18 �M P12) (Fig. 5C).
Mutants that showed activation of ATPase after cross-linking
withM4M (P517C/I1050C andD177C/N820C) were tested for
inhibition of cross-linking. It was observed that the ATPase
inhibitor P10 inhibited cross-linking of both mutants whereas
the P12 ATPase activator did not (Fig. 5, D and E).
We then tested the effects of P10 and tariquidar on P-gp

mediated resistance to the cytotoxic P-gp substrate colchicine.
It was found that both P10 and tariquidar reduced P-gp-medi-
ated colchicine resistance by about 7- and 23-fold, respectively
(Fig. 5F).
Trapping P-gp in the Predicted Open Conformation Inhibits

ATPase Activity—The P10 compound may inhibit ATPase
activity by binding to P-gp to favor an inward-facing conforma-
tion and reduce the probability of generating an ATP-bound
sandwich configuration. Examination of the open conforma-
tion shown in Fig. 1A suggests that a potential way to trap P-gp
in this conformation would be to cross-link cysteines placed in
the extracellular ends of TM segments in each half of P-gp. For
example, the extracellular ends of TM segments 6 (TMD1) and
12 (TMD2) would be predicted to be about 10 Å apart (meas-
ured from the � carbons) in the open conformation (Fig. 1A)
and about 20 Å apart in the closed conformation (Fig. 1B).
Accordingly, we introduced cysteines in regions of TM seg-
ments 6 (T333C) and 12 (L975C) predicted to lie at or close to
the extracellular surface of the cell (Fig. 1). The T333C and
L975C mutations were selected because we previously showed
that they had little effect on P-gp activity and treatment of the
single cysteine mutants with a thiol-reactive derivative of vera-
pamil had little effect on activity (43).
Since the T333C and L975C mutations were predicted to

reside at or close to the extracellular surface of the cell, we
performed cross-linking analysis on intact cells expressing the
mutant. The maleimide cross-linker BMOE (a flexible cross-
linker that can span an S-S distance of 6.3–10.5Å) (44)was used
instead of M4M. The rationale for using BMOE is that cross-
links formed by BMOE but not M4M are resistant to reducing
compounds such as glutathione that are released during cell
lysis.
Fig. 6A shows that P-gpmutantT333C/L975Cwas efficiently

cross-linked (� 90% efficiency) when intact cells were treated
with BMOE. To test for the effect of cross-linking on activity,
histidine-tagged T333C/L975C P-gp was isolated by nickel-
chelate chromatography before and after cross-linking with
BMOE. It was found that cross-linking reduced verapamil-
stimulated ATPase activity by over 10-fold (Fig. 6B). By con-
trast, treatment of Cys-less P-gp with BMOE had no significant
effect on activity (Fig. 6B).

We then tested the effect of the stimulators (tariquidar, P12)
and inhibitor (P10) of ATPase activity on cross-linking of
mutant T333C/L975C. It was observed that the stimulators
inhibited cross-linking whereas P10 did not (Fig. 6C). The
results suggest that the stimulators may promote the closed
conformation where the T333C and L975C residues are far
apart. By contrast, tariquidar did not inhibit cross-linking of
P517C(NBD1)/I1050C(NBD2) with M4M cross-linker (Fig.
6D).

DISCUSSION

Transport by ABC transporters is predicted to occur by an
alternating access mechanism driven by ATP binding and
hydrolysis at the NBDs that switches access to a pocket formed
within the TMDs from one side of the membrane to the other.
Based on the crystal structure of mouse P-gp (7), it was pro-
posed that the NBDs may have to come far apart to accommo-
date bulky drugmolecules. This proposal was tested in a recent
cross-linking study with mouse P-gp. Verhalen and Wilkens
(20) introduced cysteines at the C-terminal ends of the NBDs
because they are predicted to be close together in the mouse
crystal structurewhile theN-terminal and central regions (con-
taining the Walker A and LSGGQ sites) are far apart. It was
observed that the cysteines spontaneously cross-linked yielding
a molecule that retained 30–68% drug-stimulated ATPase
activity. Cross-linking had little effect on basal ATPase activity.

FIGURE 6. Cross-linking of cysteines on the extracellular surface inhibits
ATPase activity. A, cells expressing mutant T333C(TM6)/L975C(TM12) were
treated with (�) or without (�) 0.5 mM BMOE. Samples were subjected to
immunoblot analysis. B, cells expressing Cys-less P-gp or mutant
T333C(TM6)/L975C(TM12) were treated with 0.5 mM BMOE. P-gp was then
isolated by nickel-chelate chromatography and ATPase activity determined
in the presence (�) or absence (�) of 0.3 mM verapamil. Each value is the
mean � S.D. (n � 3). C, cells expressing mutant T333C/L975C were pretreated
with 0.1 mM P10, 0.1 mM P12, 0.03 mM tariquidar (Tar), or no compound (None)
and then incubated in the absence (�) or presence (�) of 0.5 mM BMOE.
Samples were subjected to immunoblot analysis. D, membranes prepared
from cells expressing mutant P517C/I1050C were pretreated without (None)
or with 0.03 mM tariquidar (Tar) followed by incubation in the absence (�) or
presence (�) of 0.05 mM M4M cross-linker. Samples were then subjected to
immunoblot analysis. The positions of mature (170 kDa) and cross-linked
(X-link) P-gps are indicated.
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The results of the mouse cross-linking study showed that fur-
ther separation of the NBDs was not an essential step in the
catalytic cycle. Similar results were observed with the maltose
transporter as a cross-linking study (45) showed that the C-ter-
minal ends of the NBDs (MalK) stayed together during the
entire transport cycle. By contrast the opposing Walker A
(N-terminal ends) and LSGGQ (central region) sites in MalK
are widely separated in the inward-facing conformation but in
close proximity in the outward-facing conformation (46).
In contrast to the mouse cross-linking study, we observed

that cross-linking of the NBDs of human P-gp highly activated
basal ATPase activity to levels normally observed with vera-
pamil, one of the most potent activators of ATPase activity. An
explanation for the increased activity is that P517C and I1050C
are located at the N-terminal end and central segments of the
NBDs close to the LSGGQ and Walker A sites of NBD1 and
NBD2, respectively. Cross-linking P517C/I1050C (or D177C/
N820C) withM4Mwould hold theWalker A and LSGGQ sites
in close proximity (Fig. 7A) to increase the probability of gen-
erating the ATP-bound sandwich conformation and therefore
increase the basal ATPase activity. The longer cross-linker
M17Mmaynot have highly activatedATPase activity because it
could have still allowed the cross-linked protein to adopt an
open conformation with separation of the opposing LSGGQ
andWalker A segments (Fig. 7B).
Mutagenesis (47) and nucleotide trapping experiments (12,

13, 48) suggests that ATP hydrolysis occurs in an alternating
fashion with the NBDs staying associated for at least two
hydrolysis steps. The observation that cross-linked mutants
P517C/I1050C, D177C/N820C, and L175C/N820C showed
high levels of ATPase activity indicates that the protein does
not have to adopt an inward-facing conformation with separa-
tion of the NBDs for ATP hydrolysis to continue after the first
two hydrolysis steps.
Fluorescence resonance energy transfer (FRET) spectros-

copy studies showed that vanadate trapping of nucleotide,ATP,

and the drug substrates could modulate proximity of the NBDs
(49). Pairs of cysteines were introduced into NBD1 and NBD2
for ensemble and single molecule FRET spectroscopy after
labeling with fluorescent dyes. In ensemble FRET, it was found
that addition of drug and ATP promoted association of the
NBDs, while vanadate trapping of nucleotide further decreased
the donor to acceptor ratio. Single-molecule FRET spectros-
copy showed that a drug substrate that highly stimulated
ATPase activity (verapamil) displayed a higher FRET efficiency
compared with a drug substrate that caused a smaller stimula-
tion of ATPase activity (cyclosporine). These results suggested
that a substrate that promotes ATPase activity enhances
the ability of P-gp to adopt the ATP-bound sandwich
conformation.
In themodel of the P-gp reaction cycle (49), it was postulated

that binding of drugs and 2ATPmolecules causes the protein to
adopt an inward-facing conformation that differs from the apo
form inwhich the TMDs andNBDs aremore closely associated
(49). ATP hydrolysis at the first site would convert the high
affinity drug-binding site to low affinity site by lateral move-
ments or rotation of the helices and exposure to the extracellu-
lar surface in an outward-facing conformation would cause
release of the drug. Evidence that ATP hydrolysis appears to
cause lateral movement or rotation of the helices were the
observations that ATP hydrolysis was required for cross-link-
ing of mutant L332C(TM6)/L975C (50) and ATP hydrolysis
shifted cross-linking of V982C in TM12 from L339C to F343C
inTM6 (51). ATP then replaces ADP at the first site and closing
of the first site induces tightly bound ATP at the second site to
enter a transition state. Hydrolysis of a second ATP has been
postulated to reset P-gp to the ground state with separation of
the NBDs (52, 53).
Our results suggest that separation of the NBDs after one

NBD catalytic cycle (hydrolysis of a pair of ATP molecules) is
not required to begin another NBD catalytic cycle. Why then
does P-gp need to hydrolyze ATP at two different sites? One
possibility is that P-gp contains multiple drug-binding sites (9,
23, 54) and that hydrolysis at each ATP-binding site only dis-
rupts a subset of the drug-binding sites. In support of this pre-
diction, it has been reported that hydrolysis of ATP at the dif-
ferent ATP-binding sites causes different conformational
changes (55, 56). It was proposed that each ATP hydrolysis
eventmight be linked to different conformational changes (55).
The results of this study suggests that P-gpmay be trapped in

a futile ATP hydrolysis cycle if rotation of the helices does not
cause release of a tightly bound drug substrate after hydrolysis
of the first ATPmolecule. Evidence that P-gp can be trapped in
a futile reaction cycle if a drug substrate cannot be releasedwere
the observation that covalent attachment of thiol-reactive sub-
strates to cysteines introduced into the drug-binding pocket
will highly activate ATPase activity. For example, covalent
labeling of F728C (TM7) (22), L65C (TM1) (57), or I306C
(TM5) (24) with a thiol-reactive derivative of verapamil
increased basal ATPase activity of P-gp by 7–12-fold. Covalent
labeling of T199C (TM3)with a thiol-reactive derivative of rho-
damine increased basal activity 7-fold (58). Since covalent
attachment of the drug substrates to the drug-binding domain
prevents drug release, P-gp may be locked in a futile ATPase

FIGURE 7. Models based on open and closed crystal structures showing
relative locations of NBD1 LSGGQ and NBD2 Walker A sites. A, model of
P-gp in the closed conformation showing the N-terminal LSGGQ sequence
(residues 531–535) to be in close proximity to the C-terminal Walker A
sequence (residues 1070 –1077) if the P517C/I1050C or D177C/N820C pairs of
cysteines were cross-linked with M4M. B, P-gp in the open conformation in
which these residues are far apart.
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cycle where the N-terminal and central regions of the NBDs
remain closely associated.
The workingmodel in Fig. 8 incorporates the alternating site

models proposed previously (12, 13, 15, 49) and includes the
finding that P-gp can be trapped in an outward-facing confor-
mation with highly activated ATPase activity. The model pre-
dicts that hydrolysis at each ATP-binding site causes altered
conformational changes in the TMDs. In support of this pre-
diction, we observed that E556Q and E1201Qmutations to the
catalytic carboxylates had different effects on cross-linking
between TM segments 6 and 12 (59). We predict that covalent
attachment of thiol-reactive drug substrates to cysteines in the
TMDs (or M4M cross-linking of mutants P517C/I1050C,
D177C/N820C, or L175C/N820C) traps P-gp in states IV-VI
(Fig. 8) that show a high rate of ATP hydrolysis.
Could noncovalent attachment of a drug substrate lock P-gp

into a conformation that highly activates ATP hydrolysis with-
out drug release? Tariquidar appears to be a candidate since it is
not transported by P-gp (25, 40), yet it highly activates human
P-gp ATPase activity (this study). Kannan et al. (40) reported
that P-gp expressing cells actually accumulated 2-fold more
[3H]tariquidar than parental cells not expressing P-gp. It was
postulated that P-gp expressing cells accumulated [3H]tariqui-
dar due to its binding to P-gp in the drug resistant KB cell line.

By contrast tariquidar was found to be a substrate of the breast
cancer resistance protein (BCRP/ABCG2) as it stimulated its
ATPase activity and BCRP transported [3H]tariquidar (40).

Tariquidar has been reported to act as a noncompetitive
inhibitor of P-gp (25). Tariquidar may resemble modulators
such as flupentixols that appear to modulate ATPase activity
but bind outside of the drug-binding sites (60, 61). Perhaps
binding of tariquidar traps P-gp in an outward-facing confor-
mation that mimics cross-linking (states IV-VI, Fig. 8).
Inhibitory antibodies have also been identified that bind to

the TMDs outside the drug-binding sites but activate ATPase
activity (62). It was found that both antibodies MRK16 and
UIC2 block drug efflux without inhibiting ATP hydrolysis after
binding to epitopes on the extracellular surface. Binding of
MRK16 activated ATPase activity 2-fold. It was proposed that
binding of the antibodies allowed the NBDs to cycle through
the conformations required for ATP hydrolysis but the anti-
bodies sterically blocked drug release.
By contrast we found that cross-linking between the extra-

cellular loops inhibitsATPase activity andmight lockP-gp in an
open conformation such that the NBDs are too far apart to
carry out efficient ATP hydrolysis. It cannot be ruled out how-
ever, that cross-linking between TM segments 6 and 12 indi-
rectly blocks ATP hydrolysis by inhibiting rotation of one or
both of these segments. We previously showed that ATP
hydrolysis appeared to cause rotation of TM segments 6 and 12
because of the way it altered the cross-linking pattern between
the helices (51). The effectsmay be transient as no crystal struc-
ture of a drug transporter to date has shown rotation of a TM
segment. Other evidence to support the prediction that TM6
and TM12 (as well as TM11) can rotate was the observation
that different drug substrates altered cross-linking between
these TM segments (proposed induced fit mechanism for drug
recognition) (63).
The requirement for rotation or motion of the TM segments

during the catalytic cycle may explain why direct cross-linking
of the cysteines in mutant C137/A935C (TM2/TM11) (39)
inhibited activity whereas cross-linking withM4Mdid not (this
study). M4M is a flexible cross-linker that can span distances
from about 5 to 8 Å. Restriction of protein motion by cross-
linking may also explain why we only observed a small activa-
tion of ATPase activity when mutant L175C(ICL1)/
N820C(ICL3) was cross-linked with M1M (spans about 4 Å
with low flexibility) (38) while it was highly activated when
cross-linked with M4M (Fig. 3C).
The effects on ATPase activity of cross-linking mutant

L443C(NBD1)/S909C(TMD2) were very similar to those
observed with mutant C137(TM2)/A935C(TM11). In both
cases, cross-linking with the flexible M4M cross-linker had lit-
tle effect on basal or verapamil-stimulated ATPase activities
(Fig. 4), whereas direct cross-linking of the introduced cysteines
using oxidant (copper phenanthroline) inhibited activity (27,
39). One explanation is that some movement is required at the
C137/A935C and L443C/S909C interfaces during the catalytic
cycle. For example, residues Cys137 and Ala935 are predicted to
be 6.55 Å apart in the closed conformation (Fig. 7A) but 5.02 Å
apart in the open conformation (Fig. 7B). Residues Leu443 and
Ser909 are predicted to be 8.34 Å apart in the closed conforma-

FIGURE 8. Models of P-gp catalytic cycle and constitutive activation of
ATPase activity. For clarity, only TM6 and TM12 of TMD1 and TMD2 are
shown since we previously showed that hydrolysis of ATP or binding of drug
substrate can promote rotation or conformational changes with these TM
segments (19, 51). The cycle starts with P-gp in an open conformation (I).
Although binding of drug substrate is shown as the first step for discussion,
binding of drug substrate and ATP can bind in a random order. Binding of
drug substrate can alter packing of the TM segments by an induced-fit mech-
anism (II) (19). Binding of ATP has been shown to cause repacking of the TM
segments (III) (66) and cause a decrease in affinity for some drug substrates
(67). Binding of ATP also promotes formation of the nucleotide-sandwich
conformation and an outward-facing conformation (IV). ATP hydrolysis at
one site causes rotation or movement of the TM segments (51). If drug is
released, then hydrolysis of the second ATP would reset P-gp to a resting
state. If the drug substrate is not released, then hydrolysis of an ATP molecule
at the second site causes additional conformational changes to promote drug
release (V). If the substrate is not released (example would be covalent attach-
ment of a thiol-reactive drug substrate to a cysteine in the TM segments) (VI)
or the NBDs are held in close proximity by cross-linking then P-gp will con-
tinue to hydrolyze ATP at a high rate.
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tion (Fig. 7A) but 12.04 Å apart in the open conformation (Fig.
7B). Direct cross-linking of cysteines in themutants would trap
C137/A935C or L443C/S909C at a distance of about 5.6 Å, the
average distance between � carbons in a disulfide bond (64).
A similar scenario was observed in a cross-linking study of

the lactose transporter (65). It was found that cross-linking
between cysteines in helices with short cross-linkers inhibited
activity, whereas full or partial activity was observed when the
mutants were cross-linked with long, flexible cross-linkers.
Another plausible explanation as to why direct cross-linking

of mutants C137/A935C or L443C/S909C inhibited activity is
that cross-linking may have trapped the protein in an inactive
conformation with the sites closer than normal. In the closed
conformation, residues Cys137 and Ala935 or Leu443 and Ser909
are predicted to be 6.55 Å or 8.34 Å apart, respectively. Direct
cross-linking would reduce the distance to about 5.6 Å.
In summary, our findings show that cross-linking to bring

the central region of NBD1 (close to the LSGGQ site) close to
the N-terminal region of NBD2 (close to the Walker A site)
highly activates ATPase activity and suggests that these regions
undergo significant motion with respect to one another during
the catalytic cycle. By contrast, a cross-linking study of the
C-terminal ends of P-gp suggests that the protein resembles the
maltose transporter (MalK subunit) where the C-terminal ends
stay together during the entire reaction cycle. Our findings also
suggest that separation of theN-terminal and central regions of
theNBDs as observed in themouse crystal structure (Fig. 1A) is
not required to reset P-gp after one cycle of ATP hydrolysis
(hydrolysis of one ATP molecule at each NBD). Cross-linking
may increase the probability of generating anATP-bound sand-
wich conformation to highly activate ATPase activity, an effect
that may mimic stimulation of ATPase activity by potent stim-
ulators such as verapamil and tariquidar but reduced by inhib-
itors such as the P10 pyrylium compound.
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