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Abstract. P-glycoprotein (P-gp) is an ATP-dependent
drug pump that can transport a broad range of
hydrophobic compounds out of the cell. The protein
is clinically important because of its contribution to
the phenomenon of multidrug resistance during
AIDS/HIV and cancer chemotherapy. P-gp is a
member of the ATP-binding cassette (ABC) family of
proteins. It is a single polypeptide that contains two
repeats joined by a linker region. Each repeat has a
transmembrane domain consisting of six transmem-
brane segments followed by a hydrophilic domain
containing the nucleotide-binding domain. In this
mini-review, we discuss recent progress in determin-
ing the structure and mechanism of human P-glyco-
protein.
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Introduction

During cancer chemotherapy, it was found that tu-
mors were capable of developing resistance to a
broad range of cytotoxic agents (multidrug resis-
tance) (Biedler & Riehm, 1970; Dano, 1972). Drug-
resistant mammalian cell lines were then established
for studying the phenomenon of multidrug resistance.
Cell lines that were initially selected for resistance to
one cytotoxic drug were later shown to display cross-
resistance to other structurally unrelated cytotoxic
compounds (Biedler & Riehm, 1970; Riordan & Ling,

1985; Shen et al., 1986). In nearly all cases, the drug-
resistant cell lines showed over-expression of a 170
kDa glycosylated plasma membrane protein when
compared to the drug-sensitive parent cell lines (Ling
& Thompson, 1974; See et al., 1974). The protein was
termed P-glycoprotein (P-gp) because it appeared to
affect the permeability of the membrane to cytotoxic
compounds (Juliano & Ling, 1976). It was subse-
quently shown that P-gp is an ATP-dependent drug
pump that can transport a broad range of structurally
unrelated compounds out of the cell (Gottesman &
Pastan, 1993).

In 1986, three groups reported the cloning and
sequencing of the gene responsible for P-gp-mediated
drug resistance from hamster (Gerlach et al., 1986),
human (Chen et al., 1986) and mouse (Gros et al.,
1986) cell lines. The human P-gp (product of the
MDR1 gene; ABCB1) has 1280 amino acids that are
arranged as two homologous halves joined by a lin-
ker region. Each half begins with a transmembrane
domain (TMD) containing six transmembrane (TM)
segments followed by a hydrophilic region containing
a nucleotide-binding domain (NBD) (see Fig. 1)
(Chen et al., 1986; Kast et al., 1996; Loo & Clarke,
1995b). The presence of four domains and conserved
sequences in the NBDs are characteristic of the ATP-
binding cassette (ABC) family of transporters
(Higgins, 1992). Sequencing of the human genome
has shown that there are 48 members in the ABC
family of transporters (Dean, Rzhetsky & Allikmets,
2001).

Expression of P-gp in humans is quite variable,
with the highest levels found in the apical membranes
of the blood-brain/testes barrier, intestines, liver and
kidney (Thiebaut et al., 1987). The physiological role
of P-gp in humans is unknown. It probably prevents
cytotoxic compounds in the environment and diet
from entering the body and removes them by excre-
tion into the bile and urine. Studies on P-gp knockout
mice show the protein is not essential for viability or
fertility and does not confer any obvious phenotypic
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abnormality other than hypersensitivity to drugs
(Schinkel et al., 1994).

P-gp, however, can be a ‘‘double-edged’’ sword.
While it can protect us from exogenous toxins, it can
also affect the bioavailability of drugs during che-
motherapy (Gottesman & Pastan, 1988). Overex-
pression of P-gp in cancer cells can undermine cancer
chemotherapy regimens because of its ability to
transport many of the drugs used in the treatment.
For example, in most clinical trials in patients with
acute myelogenous leukemia, there is good correla-
tion between expression of P-gp and reduced remis-
sion rate and a greater incidence of refractory disease
(Leith et al., 1999; van der Kolk et al., 2000). P-gp
expression can also greatly affect the penetration of
hydrophobic drugs into solid tumors (Martin et al.,
2003). Similarly, the presence of P-gp in the intestine
and the blood-brain barrier can affect the therapeutic

levels of drugs in patients with HIV/AIDS (Lee et al.,
1998). Therefore, the study of P-gp has been the
subject of much research because of its clinical rele-
vance. The ability of P-gp to transport a very broad
range of unrelated compounds also makes the study
of its mechanism very interesting.

Many excellent comprehensive reviews on P-gp
have been published that describe the range of com-
pounds that are substrates of P-gp, its contribution to
multidrug resistance in cancer, P-gp polymorphisms
and pharmacogenetics (Sharom, 1997; Hrycyna,
2001; Ambudkar et al., 2003; Schwab, Eichelbaum &
Fromm, 2003). Although the P-gps from human,
mouse and hamster are very similar with respect to
their amino acid sequences, it is important to be
aware that their transport properties are not identi-
cal. For example, it has been shown that human and
mouse P-gps have different drug resistance profiles
and sensitivities to modulators (Tang-Wai et al.,
1995). Therefore, the focus of this review will be to
summarize recent progress in understanding the
mechanism of drug efflux by P-gp, with particular
emphasis on the results obtained using cysteine
mutagenesis and thiol-modification techniques on
human P-gp.

The steps in the predicted transport cycle of P-gp
are shown in Fig. 2. The first step in active efflux of
drug substrate is binding of the compound to P-gp. P-
gp differs from most other transport proteins (such as
SERCA1) in that it interacts with substrates that
have entered the lipid bilayer (Raviv et al., 1990;
Homolya et al., 1993). The drug-binding domain
appears to be located at the interface between the two
TMDs of P-gp. The NBDs are not required because a
truncated P-gp molecule that lacks both NBDs re-
tains the ability to interact with drug substrates (Loo
& Clarke, 1999b). The N-terminal- or C-terminal
TMD alone cannot bind substrates, but co-expres-
sion of both TMDs results in a complex that can bind
drug substrate (Loo & Clarke, 1998). Although P-gp
can exist as monomers, dimers and higher oligomers
(Poruchynsky & Ling, 1994), the minimum unit re-
quired for activity is a monomer (Loo & Clarke,
1996b). Similarly, CFTR has been reported to func-
tion as a monomer (Ramjeesingh et al., 2001; Chen
et al., 2002; Zhang et al., 2005), while half -trans-
porters such as ABCG2 (BCRP) (Allikmets et al.,
1998; Doyle et al., 1998; Alien et al., 1999; Miyake et
al., 1999), ABCG5 and ABCG8 (Graf et al., 2003)
function as homo-or heterodimers.

Characterization of the Drug-binding Domain

Several different approaches have been used to
identify the location of the drug-binding site(s) in P-
gp. In one method, P-gp was photolabeled with a
photoactive analogue of a drug substrate and then

Fig. 1. Schematic models of P-gp. (A) The white cylinders repre-

sent the TM segments in TMD1, while the grey cylinders represent

TM segments within TMD2. The branched lines represent the

glycosylation sites and the rounded rectangles represent the NBDs.

The residues shown in the TM segments are predicted to be part of

the drug-binding pocket because cysteines introduced at these

positions in TMD1 can be cross-linked to cysteines introduced at

the indicated positions in TMD2 with MXM cross-linkers that are

substrates of P-gp (Loo & Clarke, 2001c). (B) Model of the orga-

nization of the TM segments based on cross-linking and cysteine-

scanning mutagenesis studies. The common drug-binding pocket is

at the interface between the TMDs.
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peptides were generated from the labeled protein by
chemical or proteolytic cleavage. The labeled peptides
were identified using immunological methods
(Bruggemann et al., 1992; Greenberger, 1993;
Demmer et al., 1997; Demeule et al., 1998). The re-
sults from such studies suggested that several TM
segments in TMD1 and TMD2 might play a role in
substrate binding. Labeling of different TMs with the
various substrate analogues suggested that different

substrates might bind to different or overlapping
binding sites on P-gp. Indeed, several studies have
suggested that P-gp may have as many as four dif-
ferent drug-binding sites. Therefore, it was proposed
that substrates occupy different sites during transport
or that each type of substrate has a distinct binding
site (Dey et al., 1997; Shapiro & Ling, 1997; Pascaud,
Garrigos & Orlowski, 1998).

Alternatively, others have used quantitative
structure-activity relationship (QSAR) studies with a
series of compounds to define a distinct region
(pharmacophore) of P-gp that bound certain types of
substrates (Seelig, 1998; Wiese & Pajeva, 2001; Ekins
et al., 2002; Garrigues et al., 2002; Penzotti et al.,
2002; Dearden et al., 2003; Wang et al., 2003). Cer-
tain types of drug substrates could then competitively
bind to the same pharmacophore in P-gp. For
example, Garrigues et al. (2002) characterized two
different but partially overlapping pharmacophores
in P-gp. Some substrates such as verapamil bound to
one site (pharmacophore 1) in P-gp while others such
as vinblastine bound to another region in P-gp
(pharmacophore 2). The authors postulated that it
was possible for two smaller substrates to bind at the
same time, whereas a large substrate could occupy
both pharmacophores. These types of studies could
potentially provide insight into the nature of the
interaction of substrate with residues in the drug-
binding site(s).

To identify specific residues that line the drug-
binding pocket, we used the Cys-less mutant of hu-
man P-gp to generate single cysteine mutants that
were then reacted with a thiol-reactive substrate. P-gp
contains seven endogenous cysteines (positions
137,431, 717, 956, 1077, 1125 and 1227) and removal
of all the cysteines (Cys-less P-gp) still results in an
active protein. Cysteines can then be introduced into
the protein at most positions without significant loss
of activity. Mutations that cause misfolding of P-gp
such that they are retained in the endoplasmic retic-
ulum (misprocessed) can be ‘‘rescued’’ with drug
substrates such as cyclosporin A or verapamil, that
act as specific chemical/pharmacological chaperones.
The rescued proteins are correctly targeted to the
plasma membrane and are active (Loo & Clarke,
1997a; Loo, Bartlett & Clarke, 2004d). Initially, we
generated a library of 252 single cysteine mutants that
represented every position in each TM segment of P-
gp. Each mutant was then reacted with a thiol-reac-
tive drug substrate such as dibromobimane (Loo &
Clarke, 1997c, 1999a, 2000b), or a thiol-reactive
analogue of a drug substrate, such as methanethio-
sulfonate (MTS)-verapamil (Loo & Clarke, 2001b) or
MTS-rhodamine (Loo & Clarke, 2002a). The thiol-
reactive compound was removed and the modified
mutant was then assayed for drug-stimulated ATPase
activity and compared to a sample that was not
treated with thiol-reactive compound. Binding of

Fig. 2. Proposed transport cycle of P-gp based on the cross-linking

pattern of Cys332(TM6). (A) In the absence of ATP or drug sub-

strate (resting state), Cys332(TM6) can be cross-linked to

Cys856(TM10) with the thiol-reactive cross-linker M8M that is

also a substrate of P-gp. (B) When drug substrates (DRUG) are

added, they diffuse into the lipid bilayer and enter the solvent-filled

common drug-binding pocket through gates/portals formed by

TMs 2 and 11 at one end and TMs 5 and 8 at the other end of the

pocket. The cross-linking pattern is affected by the structure of the

drug substrate (induced-fit mechanism). Binding of drug substrate

changes the structure of the NBDs (circles), resulting in stimula-

tion/inhibition of ATP hydrolysis. (C) ATP binding and hydrolysis

cause rearrangement of the drug-binding pocket such as rotation/

lateral movement of the TM segments and simultaneous efflux of

drug substrate out of the cell or possibly into the outer leaflet with

very hydrophobic substrates. ATP hydrolysis promotes interaction

between the extracellular ends of TM6 and TM12 such that

Cys332(TM6) can be cross-linked to Cys975(TM12) with a zero-

length cross-linker. After efflux of substrate, P-gp returns to the

resting state (A). It is not known whether ATP hydrolysis at the

second NBD is required to return P-gp to the resting state. (D)

Vanadate (Vi) trapping of nucleotide inhibits P-gp activity late in

the transport cycle. In this conformation Cys332(TM6) can be

cross-linked to Cys976(TM12) with the M6M cross-linker.
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drug substrate to P-gp can be easily tested because
substrates can stimulate the ATPase activity of P-gp
up to 20-fold (Loo & Clarke, 2001b). Finally, the
mutants that were inhibited by reaction with thiol-
reactive compounds were tested for protection by
drug substrates. The rationale was that if a residue in
the drug-binding pocket was modified by the thiol-
reactive analogue of a drug substrate, then the pres-
ence of the drug substrate in the drug-binding pocket
should protect the residue from being labeled. Simi-
larly, different drug substrates could also inhibit
labeling of a particular residue(s) in the drug-binding
pocket if those residues are involved in the binding of
many different drug substrates. The results from these
thiol-modification and protection studies show that
TMs 4,5,6 in TMD1 and TMs 9,10,11 and 12 in
TMD2 contribute residues to the drug-binding
pocket. An interesting observation was that some
common residues in these TMs were labeled by di-
bromobimane, MTS-verapamil or MTS-rhodamine
and protected by drug substrates. These results point
to the presence of a common drug-binding pocket at
the interface between TMD1 and TMD2 and that
some residues could commonly be used in the binding
of different drug substrates. Recently, Pleban et al.
(2005) used a series of propafenone-type substrate
photoaffinity ligands in conjunction with matrix-as-
sisted laser desorption/ionization time-of-flight mass
spectrometry to confirm that the drug-binding pocket
is at the interface between TMD1 and TMD2.

We then proposed the ‘‘substrate-induced fit’’
mechanism to account for studies that predicted the
presence of multiple drug-binding sites in P-gp (Loo
& Clarke, 2000b). In this mechanism, a substrate
could create its own binding site in the common drug-
binding pocket by using a combination of residues
from different TMs. Evidence for such an ‘‘induced-
fit’’ mechanism has been obtained from cross-linking
studies that show that some substrates promote cross-
linking between particular residues in TMD1 and
TMD2 while others either inhibit or have no effect on
cross-linking (Loo, Bartlett & Clarke, 2003e; Loo &
Clarke, 2000c). Inherently, the affinity of P-gp for a
particular substrate would depend on the number and
types of residues involved in its binding. Also, the
TMs contributing to the drug-binding pocket must be
quite mobile for a drug substrate to be able to form
its own binding site. This is supported by cross-
linking studies that showed that the number of cross-
links between the TM segments was significantly
reduced when thermal motion was decreased (4�C)
(Loo & Clarke, 2000c).

The presence of a relatively large common drug-
binding pocket formed at the interface between the
TMDs and drug binding through an induced-fit
mechanism may explain results from earlier muta-
tional analysis studies of P-gp. These studies showed
that discrete mutations within the TMs could alter

affinity of P-gp for one drug substrate and not an-
other. For example, mutation of Pro223 to alanine in
TM 4 decreased the affinity of P-gp for colchicine but
not vinblastine (Loo & Clarke, 1993b) while mutation
of Phe335 to alanine decreased the affinity of P-gp for
vinblastine but not for colchicine (Loo & Clarke,
1993a, 1994b). Similarly, mutation of residues outside
the TMs that contribute to the drug-binding pocket
also affected the affinity of P-gp. Mutation of Glyl85
(Choi et al., 1988) and other glycines in the intracel-
lular loops (Loo & Clarke, 1994a) increased the
affinity of P-gp for colchicine but not vinblastine.
These discrete mutations likely affect the binding
affinity through subtle changes in the TM segments
such that different residues are exposed to the binding
pocket and/or alter the mobility of a particular TM
segment and thus restricting or enhancing (Omote
et al., 2004) the ability of the drug substrate to fit into
the pocket. Drug substrates that are not affected by
these mutations likely do not use these residues/TMs
for binding.

It was interesting that labeling of residues
I306C(TM5) and F343C(TM6) by MTS-verapamil
(Loo, Bartlett & Clarke, 2003c) and MTS-rhodamine
(Loo, Bartlett & Clarke, 2003b) respectively, resulted
in permanent activation of ATPase activity. These
results were interpreted as covalent attachment of
verapamil to Cys-306 or rhodamine to Cys-343,
mimicking binding of verapamil or rhodamine to P-
gp during the transport cycle, but vectorial transport
has now been uncoupled from ATPase activity. Re-
cently, Tran et al., (2005) determined that only 1 in
10,000 aprenavir, 1 in 30,000 quinidine and 1 in
5,000,000 loperamide that entered the drug-binding
pocket was effluxed. The authors concluded that
many molecules of drug substrates enter the drug-
binding site/pocket but only the occasional bound
substrate is transported. These results would then
support the idea that a substrate can bind in more
than one orientation in the common drug-binding
pocket, but binding in only a particular orientation
causes activation of ATPase activity and initiation of
drug efflux. This may also explain why modification
of some residues results in inhibition of ATPase
activity, while modification of other residues results
in activation of ATPase activity (Loo & Clarke,
2000b, 2001b, 2002a). Similar findings have been re-
ported for the human xenobiotic nuclear receptor
PXR. Crystal structure studies of PXR complexed
with drug substrate showed that the substrate could
assume multiple orientations in a large drug-binding
pocket (Watkins et al., 2001).

What is the nature of the common drug-binding
pocket? A model of the sites of interaction between
the two TMDs is shown in Fig. 1B. This model is
based on the results from disulfide cross-linking
analysis of the drug-binding domain. These studies
suggest the presence of a relatively large drug-binding
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pocket that is surrounded by a ring of TM segments
(Loo, Bartlett & Clarke, 2004a, Loo & Clarke, 2004c,
2000a, 2000c). The drug-binding pocket is funnel
shaped—narrow at the cytoplasmic end, 9–15 Å in
the middle and wider still at the extracellular side
(Loo & Clarke, 2001c). Similarly, Sauna et al. (2004)
showed that stipiamide dimmers of 11–33 Å could fit
in the drug-binding pocket. Results from low-reso-
lution cryo-electron microscopy structures of P-gp
indicate the presence of a relatively large chamber
within P-gp when viewed from the extracellular side
(Rosenberg et al., 1997).

The presence of such a large chamber suggested
that the drug-binding pocket could accommodate
more than one drug molecule. Cysteine-scanning
mutagenesis and thiol-reactive compounds have been
used to show that the P-gp drug-binding pocket can
bind two different compounds simultaneously (Loo,
Bartlett & Clarke, 2003d). A high-resolution crystal
structure of a mammalian ABC-type multidrug
transporter is unavailable. The high-resolution
structure of the Escherichia coli proton-motive AcrB
multidrug efflux pump, however, may provide clues
about the structure of the drug-binding domain of P-
gp (Murakami et al., 2002; Yu et al., 2003). The
crystal structure of AcrB shows the presence of a
large cavity (500 cubic Å) surrounded by a-helices.
The chamber was large enough to bind several mol-
ecules at the same time.

The crystal structures of drug-binding regulatory
proteins such as Bacillus subtilus transcriptional
activator BmrR (Heldwein & Brennan, 2001) and
Staphylococcus aureus represser QacR (Schumacher
et al., 2001) also provide clues about the structures of
multidrug-binding domains. The crystal structures of
QacR showed the presence of separate but linked
binding sites within one extended, multifaceted drug-
binding domain (Schumacher et al., 2001).

How do substrates enter the common drug-
binding pocket of P-gp? It has been proposed in the
‘‘vacuum cleaner’’ model for P-gp that the drug
substrate becomes dehydrated as it diffuses from the
extracellular medium into the lipid bilayer. P-gp then
extracts the substrate from the lipid bilayer (Homolya
et al., 1993; Raviv et al., 1990). Therefore, there must
be portals/gates for entry of drug substrate from the
lipid bilayer into the drug-binding pocket. It has been
postulated that the drug substrates enter the drug-
binding pocket through ‘‘gates’’ formed at the inter-
face between TMD1 and TMD2 (Loo & Clarke,
2005; Pleban et al., 2005). The predicted gates/portals
are formed between TM2 (in TMD1) and TM11 (in
TMD2) at one end of the drug-binding pocket and
between TM5 (in TMD1) and TM8 (in TMD2) at the
other end. These TM segments were predicted from
cross-linking studies to be close to each other (Sten-
ham et al., 2003; Loo et al., 2004a, 2004c). In studies
involving modification of cysteine residues with thiol-

reactive substrates, it was found that the majority
(>75%) of the residues that could not be protected
from thiol-modification by drug substrates were
concentrated in TMs 2, 5, 8 and 11. When the resi-
dues in TMs 2, 5, 8 and 11 are arranged as a-helical
wheels, these non-protectable residues faced away
from the common drug-binding pocket (Loo &
Clarke, 2005). It was possible that these residues were
not protected by substrates because of continuous
flow of substrate past these residues. This would be
consistent with the results from a recent study indi-
cating ‘‘free flow’’ of drug substrates into the drug-
binding pocket and subsequent transport of very few
of these molecules (Tran et al., 2005). The drug
molecules that were not transported were postulated
to escape back into the apical membrane inner
monolayer (Tran et al., 2005). The presence of gates/
portals is also suggested from the studies of the
bacterial ABC lipid transporter, MsbA (Reyes &
Chang, 2005).

Coupling of ATP Hydrolysis to Drug Efflux

The next step in the transport cycle is ATP-dependent
release of drug substrate into the extracellular med-
ium. That P-gp has the ability to efflux drug sub-
strates out of the lipid bilayer has been shown
because purified hamster P-gp can actively generate a
5.6-fold concentration gradient of colchicine in
reconstituted lipid vesicles (Sharom, Yu & Doige,
1993). Similarly, P-gp could transport spin-labeled
verapamil into vesicles and generate at least a 13-fold
gradient between the luminal and outside aqueous
phases (Omote & Al-Shawi, 2002).

P-gp contains two NBDs. Both NBDs can bind
and hydrolyze ATP (Loo & Clarke, 1994d; Urbatsch
et al., 1995a). Both ATP-binding sites of hamster P-
gp have low affinities for ATP (Km for Mg.ATP is
about 0.8 mM) (Urbatsch, al-Shawi & Senior, 1994).
Covalent modification of the cysteine residue within
the Walker A site (GNSGCGKS in NBD1 and
GSSGCGKS in NBD2) of either NBD (Doige, Yu &
Sharom, 1992; al-Shawi & Senior, 1993; Loo &
Clarke, 1995a), however, inhibits the activity of P-gp.
Similarly, vanadate trapping of nucleotide by either
NBD inactivates P-gp (Urbatsch et al., 1995b). Re-
cent thermodynamic calculations indicate that
hydrolysis of one ATP molecule is sufficient to efflux
drug substrate (Al-Shawi et al., 2003) thus supporting
the proposal that ATP hydrolysis occurs through an
alternating site mechanism (Senior et al., 1995).

It has been proposed that the ATP sites of hu-
man P-gp are not identical (i.e., are asymmetric)
(Hrycyna et al., 1998, 1999). This conclusion was
based on the observation that the NH2- and COOH-
halves of P-gp were differentially labeled with [a- 32P]-
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8-azido-ATP. There were, however, technical prob-
lems with these studies, as the amount of ATP used
and the amount of photo-cleavage obtained (about
10%) were substoichiometric.

Evidence from disulfide cross-linking studies
(Loo & Clarke, 2000a; Urbatsch et al., 2001; Loo,
Bartlett & Clarke 2002, 2003a), fluorescence reso-
nance energy transfer (FRET) studies (Qu & Sharom,
2001) and cryo-electron microscopy studies (Lee
et al., 2002; Rosenberg et al., 2001) of P-gp suggests
that the two catalytic sites are close to each other.
Such close proximity can be demonstrated by cross-
linking the endogenous cysteine residue within each
Walker A site with a cysteine introduced into the
‘‘LSGGQ’’ signature sequence in the opposing NBD
(Loo et al., 2002). Therefore, the two ATP molecules
appear to bind at the interface between the two
NBDs. The crystal structures of several bacterial
ABC-type proteins, such as the DNA repair enzyme
Rad50 (Hopfner et al., 2000), the bacterial vitamin
B12 transporter BtuCD (Locher, Lee & Rees, 2002),
the bacterial lipid transporter MsbA (Chang, 2003)
and the inactive NBD of Methanococcus jannaschii
MJ0796 (Smith et al., 2002) also show that the sig-
nature sequences are close to the Walker A sites and
contribute to ATP binding. Analysis of the contact
sites between the NBDs of BtuCD (Locher et al.,
2002) shows that few interactions occur outside the
Walker A/LSGGQ signature sites. Because these
structures are only snapshots of a particular (resting)
state, it is possible that other interactions between the
NBDs may occur during the transport cycle.

P-gp has low basal ATPase activity in the ab-
sence of any drug substrate (Sarkadi et al., 1992).
Several studies have suggested that P-gp may be able
to transport certain lipids such as phosphatidylcho-
line, phosphatidylethanolamine, phosphatidylserine
or sphingomyelin (Romsicki & Sharom, 2001).
Thermodynamic studies on P-gp, however, suggest
that the basal ATPase activity is an intrinsic property
of the protein and is not due to transport of an
endogenous lipid (Al-Shawi et al., 2003).

The basal ATPase activity of P-gp can be stim-
ulated more than 20-fold upon binding of a drug
substrate (Ambudkar et al., 1992; Doige et al., 1992;
Sarkadi et al., 1992; Loo & Clarke, 1999a). Coupling
of ATPase activity to drug binding indicates cross
talk between the drug-binding pocket and the ATP-
binding sites. To test for cross talk between the
TMDs and NBDs, we examined the effect of drug
binding on disulfide cross-linking between the cyste-
ines located in the opposing Walker A and LSGGQ
signature sites. It was shown that substrates that
stimulated the ATPase activity of P-gp (e.g., verap-
amil, demecolcine and calcein-AM) increased the rate
of cross-linking at both ATP-binding sites compared
to cross-linking in the absence of drug substrate. By
contrast, substrates such as Hoechst 33342 and cy-

closporin A that inhibited ATPase activity, decreased
the rate of cross-linking (Loo et al., 2003a). These
results show that binding of drug substrate in the
TMDs causes long-range conformational changes at
the interfaces between the NBDs and thus controls
the rate of hydrolysis. Such long-range conforma-
tional changes are supported by FRET analysis
measurements that show that the ATP-binding sites
and the drug-binding sites are at least 38 Å apart
(Lugo & Sharom, 2005; Qu & Sharom, 2002).

ATP binding and hydrolysis then cause confor-
mational changes in the TMDs (Loo & Clarke,
1997b, 2001a, 2002b; Mechetner et al., 1997;
Sonveaux et al., 1999; Druley, Stein & Roninson,
2001; Rosenberg et al., 2001, 2005). It is still con-
troversial whether ATP binding or ATP hydrolysis
causes the greatest conformational changes in the
TMDs. Several groups have used biochemical meth-
ods to show that ATP hydrolysis rather than binding
of nucleotide causes conformational changes (Loo &
Clarke, 1997b; Vigano et al., 2002; Al-Shawi et al.,
2003; Qu, Chu & Sharom, 2003; Loo, Bartlett &
Clarke, 2005). Cryo-electron microscopy of P-gp,
however, shows that binding of AMP.PNP can cause
large conformational changes in the TMDs (Rosen-
berg et al., 2005; Rosenberg et al., 2003). It is possible
that both ATP binding and hydrolysis may cause
distinct conformational changes in the TMDs. Both
nucleotide binding and vanadate trapping of nucle-
otide by P-gp can affect labeling of residues in the
drug-binding pocket (Rothnie et al., 2004; Loo &
Clarke, 2002b). Therefore, it is possible that ATP
binding together with substrate binding (through the
induced-fit mechanism) may close the gates/portal to
the drug-binding pocket while ATP hydrolysis causes
rearrangement of the TM segments that facilitates
release of drug substrate from P-gp.

MsbA, an ABC transporter from Escherichia coli
is a lipid flippase. Its primary sequence shows 30%
homology with P-gp. The initial crystal structure of
MsbA showed that the NBDs were relatively far
apart (50 Å; open state) and it was suggested that
ATP hydrolysis brings them close together (Chang &
Roth, 2001). More recent studies on the MsbA of
Vibrio cholera, however, indicate that the two NBDs
are close together (closed state) in the absence of
nucleotide (Chang, 2003). How do these states cor-
relate with that found in P-gp? Recent results from
cross-linking studies indicate that the NBDs are close
together in the absence of nucleotide. The conserved
cysteine residue in the Walker A site in one NBD can
be cross-linked to cysteines introduced into the
Walker A site in the second NBD (Loo & Clarke,
2000a; Urbatsch et al., 2001). Cryo-electron micros-
copy studies of P-gp crystals in a lipid bilayer also
indicate that the two NBDs are close together in the
closed conformation in the absence of nucleotides
(Lee et al., 2002). Therefore, the evidence clearly
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favors the NBDs of P-gp being close together (closed
conformation) in the absence of nucleotide. In this
respect, the orientation of the NBDs of P-gp may
more closely resemble the crystal structure of the
ABC transporter from Escherichia coli, BtuCD,
which mediates vitamin B12 uptake (Locher et al.,
2002). BtuCD consists of two TMDs (BtuC) and two
NBDs (BtuD). The crystal structure of BtuCD in the
nucleotide-free state shows that the two NBDs are
aligned in a side-by-side arrangement in which the
Walker A site of one subunit is directly across from
the LSGGQ signature sequence of the second
opposing subunit. This arrangement places the two
ATP-binding sites between the NBDs. The formation
of the correct interface between the NBDs appears to
be critical for function. For example, mutation of the
serine residues in the LSGGQ signature sequences
affects the enzyme activity not by inhibiting Mg.ATP
binding or release of Mg.ADP, but by hindering the
formation of a catalytically productive NBD dimer
(Loo et al., 2002; Tombline et al., 2004a). Mutation
of each serine residue to alanine reduced the ATPase
activity by 25%, while mutation of both serine resi-
dues resulted in almost complete inhibition of activity
(Tombline et al., 2004a). Therefore, it appears that
there is ‘‘co-operativity’’ between the NBDs to
accommodate the two ATP molecules at the NBD
dimer interface (Tombline et al., 2004a).

Some mutations in the NBDs appear to inhibit P-
gp activity by promoting formation and stabilization
of the NBD dimer, which then occludes nucleotide.
An example is mutation of the putative ‘‘catalytic
carboxylate’’ glutamate residues (E556 in NBD1 and
E1202 in NBD2 of P-gp) within the Walker B sites.
Mutation of residues E556 and E1202 to alanines
inhibited P-gp ATPase activity (Sauna et al., 2002).
Similarly, mutation of the equivalent residues in
mouse MDR3 (E552A/E1197A) essentially abolished
the activity of the enzyme (Tombline et al., 2004b,
2004c). It appears that the mutations inhibited
activity by stabilizing dimer formation so that there is
occlusion of bound nucleotide. Mutation of the
equivalent glutamate residue in other ABC trans-
porters, such as MJ0796 and MJ1267 from
Methanococcus jannaschii (Karpowich et al., 2001;
Yuan et al., 2001; Moody et al., 2002) and mito-
chondrial Mdl1p (Janas et al., 2003) also caused
ATP-dependent dimerization of the NBDs.

Conformational Changes During the Transport Cycle

Interaction of ATP at the NBDs leads to drug efflux
by shifting the drug-binding sites from a high-affinity
to a low-affinity state. Since the common drug-bind-
ing pocket is relatively large and substrates bind
through an induced-fit mechanism, the release of
drug substrate will require conformational changes in

the drug-binding pocket. Global changes in P-gp
structure upon nucleotide binding have been detected
spectroscopically (Sonveaux et al., 1999) and by cryo-
electron microscopy (Rosenberg et al., 2005).

Conformational changes in the TM segments
surrounding the common drug-binding pocket have
also been detected using cysteine-scanning mutagen-
esis and thiol-reactive compounds. Initial studies on
conformational changes in P-gp were concentrated
around TM 6 and TM12 because both TMs con-
tribute residues to the drug-binding pocket (Loo &
Clarke, 1997c; Loo et al., 2003b). During ATP
hydrolysis, conformational changes between TM6
and TM12 were detected by disulfide cross-linking
between cysteines introduced at the extracellular ends
of these TMs (residue L332C in TM6 and L975C in
TM12) (Loo & Clarke, 1996a, 1997b). Cross-linking
between L332C/L975C prevented conformational
changes during ATP hydrolysis, resulting in inhibi-
tion of ATPase activity. The activity was restored,
however, when the disulfide bond was broken with
the reducing agent, dithiothreitol. Involvement of
TM12 in conformational changes was also detected
using a monoclonal antibody (Mechetner et al.,
1997). It was subsequently shown through trapping
of intermediates with the cross-linker substrate Tris-
(2-maleimidoethyl)amine (TMEA), that ATP hydro-
lysis moved TM6 with respect to TM12 (Loo &
Clarke, 2001a). In this study, it was shown that a
cysteine in TM12 (Cys982) could be cross-linked to
Cys339 in TM6 with TMEA. In the presence of ATP
however, Cys982(TM12) could now be cross-linked
to Cys343(TM6). The residues in TM6 and TM12
when arranged in a-helical wheels indicate that ATP
hydrolysis caused TM6 to rotate and/or move later-
ally with respect to TM12.

Vanadate trapping of nucleotide also affected the
pattern of cross-linking between cysteines in TM6
and other TMs (see Fig. 2). In the absence of nucle-
otide, residue Cys332(TM6) was cross-linked to
Cys856(TM10) with a methanethiosulfonate (MTS)-
type cross-linker substrate (M8M) (Loo & Clarke,
2002b). The cross-linking was inhibited upon vana-
date trapping of nucleotide. Instead, Cys332(TM6)
was now cross-linked to Cys976(TM12) with a
smaller length MTS-type cross-linker substrate
(M6M). Similarly, Rothnie et al. (2004) used fluo-
rescence labeling to show that the pattern of labeling
of cysteine residues introduced into TM6 changed in
the basal state, when bound to AMP.PNP or during
vanadate trapping of nucleotide. The results from
these studies are consistent with the proposal that
ATP binding causes changes in the TMs, while ATP
hydrolysis results in rearrangement of the TMs sur-
rounding the drug-binding pocket. Rearrangement of
the TMs may shift the drug-binding site(s) to a low-
affinity state with concomitant release of drug
substrate.
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Another reason that ATP hydrolysis may lead to
drug release is because of potential hydration of the
drug substrate. It has been postulated that the drug
substrate becomes dehydrated upon entering the lipid
bilayer (Raviv et al., 1990). The drug substrate dif-
fuses into the common drug-binding pocket where it
may be rehydrated before release into the extracellular
medium. Recently, it was shown that the drug-binding
pocket is accessible to the aqueous medium (Loo,
Bartlett & Clarke, 2004b). This is consistent with
cryo-electron microscopy studies that show the pres-
ence of a large chamber within P-gp that is open to the
extracellular medium (Rosenberg et al., 1997) and the
finding that a residue predicted to be within the drug-
binding pocket (Cys343 in TM6) could be labeled with
a hydrophilic thiol probe (Rothnie et al., 2004).
Labeling of residues in the drug-binding pocket with
the hydrophilic compound MTSES was enhanced
during ATP hydrolysis (Loo et al., 2004b). This result
suggested that the drug-binding pocket becomes more
accessible to water during ATP hydrolysis. Rehydra-
tion of substrate must be an important step during the
transport cycle, as it may prevent diffusion of the
substrate back into the lipid bilayer and prepares the
substrate to be released into an aqueous environment.
Recent studies onMsbA also indicate that the entry of
substrate into a solvent-filled internal chamber is a
critical for transport (Dong, Yang & McHaourab,
2005; Reyes & Chang, 2005).

The exact mechanism of drug release by P-gp
remains controversial. It was initially shown that
photo-labeling of P-gp with the substrate analogue
[125I]-iodoarylazidoprazosin (IAAP) was signifi-
cantly reduced in the vanadate-trapped state (Ra-
machandra et al., 1998; Sauna & Ambudkar, 2000).
A model was then proposed whereby ATP hydrolysis
moved the drug substrate from an ‘‘ON’’ to an
‘‘OFF’’ site in P-gp (Ramachandra et al., 1998; Sauna
& Ambudkar, 2000). By contrast, Qu et al. (2003)
reported that the vanadate-trapped P-gp showed little
change in affinity for a variety of drug substrates
when compared to P-gp in the resting state. These
authors proposed that P-gp operates by a concerted
transport mechanism whereby release of drug sub-
strate from the transporter precedes formation of the
transition state. The results from studies using cross-
linkable drug substrates supports the notion of an
‘‘ON to OFF’’ state during ATP hydrolysis because
of significant rearrangement of the TMs surrounding
the common drug-binding pocket, resulting in a
change in the binding of the drug substrate (Loo &
Clarke, 1997b, (2002b).

Another aspect of the mechanism of P-gp that
needs resolving is the controversy of whether the drug
substrates are transported directly out of the lipid
bilayer or P-gp merely acts as a flippase to transport
the substrate from the inner leaflet to the outer leaflet
of the bilayer (Higgins & Gottesman, 1992). It has

been demonstrated through electron paramagnetic
resonance (EPR) studies with spin-labeled verapamil
that P-gp reconstituted into vesicles can actively
generate up to a 25-fold aqueous phase gradient
(Omote & Al-Shawi, 2002). These results suggest that
substrate is being actively transported out of the lipid
bilayer. The results from FRET studies with nitro-
benzo-2-oxa-1,3-diazole-labeled glycosphingolipids
and phospholipids, however, suggest that P-gp acts as
an outwardly-directed flippase (Romsicki & Sharom,
2001; Eckford & Sharom, 2005). Perhaps, P-gp
functions both as a transporter and a flippase. It may
be possible to reconcile both functions of P-gp. It is
possible that P-gp transports glycosphingolipids/
phospholipids out of the inner leaflet and into the
extracellular medium. The transported glycosphin-
golipids/phospholipids in the external medium,
however, may exist very transiently. Their hydro-
phobic nature may result in immediate diffusion back
into the outer leaflet of the bilayer and thus making
P-gp appear to function as a flippase. Therefore,
stopped-flow methods and methods to capture the
transiently exported lipid will have to be developed to
test for these possibilities.

A potential problem with the studies using la-
beled glycosphingolipids and phospholipids is that
the label (e.g., nitrobenzo-2-oxa-1,3-diazole) may
convert the glycosphingolipids/phospholipids into a
substrate of P-gp. If P-gp is indeed involved with lipid
through transport or flippase activity, its interactions
with lipid must be quite different from those involv-
ing drug substrates. For example, mutations can be
introduced throughout different domains of P-gp that
result in misfolding of the protein. The misfolded
protein is recognized by the quality control mecha-
nism in the endoplasmic reticulum (ER) and retained
in the ER as a core-glycosylated intermediate with a
shortened half-life (Loo & Clarke, 1994c). Addition
of drug substrates during synthesis of the misfolded
proteins rescues the proteins such that they become
properly folded and are transported to the plasma
membrane in an active form (Loo & Clarke, 1997a;
Loo et al., 2004d). A possible mechanism for rescuing
the misfolded mutants is that the drug-binding pocket
is formed early in the folding intermediate during
biosynthesis. The presence of drug substrate in the
binding pocket may stabilize the folding intermediate
in a ‘‘near-native� conformation to allow proper
folding of the complete molecule and thus allowing it
to escape the cell�s quality control mechanism. The
transient drug-binding pocket collapses in the ab-
sence of drug substrate and results in misfolding. This
may explain why misfolded P-gp mutants, when iso-
lated by nickel-chelate chromatography, cannot be
rescued with drug substrate (unpublished data).
Therefore, if natural lipids were indeed substrates of
P-gp, then misfolded P-gp mutants should not have
been detected.
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In summary, many aspects of the structure and
mechanism of P-gp have been determined. Many
important goals, however, still need to be addressed.
These include:

1. Determining why ATP hydrolysis occurs at
alternating sites. Other ABC transporters such as
MRP only seem to require ATP hydrolysis at one site
(Borges-Walmsley, McKeegan & Walmsley, 2003),
although more work is needed on this subject.

2. Determining the conformational changes in
the drug-binding site during ATP binding and ATP
hydrolysis.

3. Determining the contribution of the large
intracellular loops to the transport mechanism.

4. Determining the interactions among the dif-
ferent domains of Pgp during the transport cycle.

5. Determining the crystal structure of P-gp.
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