Just How and Where Does P-glycoprotein
Bind All Those Drugs?
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Abstract P-glycoprotein (P-gp) was one of the first discovered, and most highly
investigated, multidrug efflux pumps. P-gp was discovered in drug-resistant cancer
cells and its ability to mediate adenosine triphosphate (ATP)-dependent efflux of
drugs can confer resistance to cancer cells. The protein contains two sites for the
binding and hydrolysis of ATP to power the active transport process. Drugs are
known to bind within the transmembrane domain that comprises 12 membrane
spanning a-helices. Biochemical, pharmacological and biophysical investigations
continue to strive towards generating a molecular mechanism for drug transport. In
addition, X-ray structures are available for the mouse and Caenorhabditis elegans
isoforms at resolutions of 3—4 A. However, one of the central issues related to the
transport process remains elusive. A detailed understanding of how the protein is
capable of binding its astonishing variety and number of compounds, remains
unsolved. The hydrophobic vacuum cleaner and drug flippase models have been
generated to describe this enigmatic property and some of their proposals remain
intact. The majority of data supports the presence of a large binding domain that
contains individual sites for drug interaction. These interaction sites are linked by
an intricate allosteric network and binding to the sites is in close communication
with the ATP hydrolytic machinery. This review provides a detailed account of our
current understanding of how one membrane transporter is able to bind over 300
compounds.
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Introduction

Resistance to chemotherapy is either inherent to the cancer type or it is acquired in
response to the chemotherapy regimen. The earliest reports of multidrug resistance
used cancer cell lines selected for drug resistance by continuous exposure to anti-
cancer drugs (Dano 1973). The resistant phenotype was characterised by a reduced
accumulation of chemotherapeutic agents in cancer cells, which reduces the efficacy
of cytotoxic anticancer drugs. The accumulation deficit was recognised as an
ATP-dependent, protein mediated process and the culprit identified as the
Permeability glycoprotein, or P-glycoprotein (Ling and Thompson 1974).

P-glycoprotein (P-gp; also known as ABCB1 or mdr1) is a polyspecific membrane
transporter belonging to the ATP-Binding Cassette superfamily (Higgins 1992;
Riordan and Ling 1985). It functions by actively effluxing compounds from within
the cytosol and lipid bilayer to the external environment. Of the 48 known human
ABC transporters, P-gp is arguably the most extensively researched as the expression
of this protein in cancer cells plays a significant role in conferring multidrug resis-
tance to cytotoxic anticancer drugs. P-gp has a molecular weight of 140 kD and is
comprised of 1280 amino acids that are encoded as a single polypeptide (Chen et al.
1986; Ling et al. 1983). The protein is comprised of two homologous halves each
containing a transmembrane domain (TMD) and a cytosolic nucleotide-binding
domain (NBD). The former provides the conduit for drug transport and the latter
generates energy from ATP hydrolysis for the process. Each transmembrane domain
consists of six membrane spanning helices that display domain swapping and facil-
itate energetic coupling between nucleotide binding, substrate binding and nucleotide
hydrolysis, by virtue of their direct contact to the catalytic sites, the NBDs.

Despite the extensive amount of information available on P-gp, there is a limited
mechanistic understanding of its function. Of particular importance is how the
protein can mediate the transport of such a large array of chemically and func-
tionally unrelated drugs. P-gp appears to violate many of the “rules” of specificity
that govern receptor, enzyme and transporter biology. It is by no means the only
promiscuous member of the ABC superfamily of proteins and multidrug efflux
systems exist throughout the biological world. The focus of this chapter is to outline
the many different strategies that have been employed, in the 40 years since the
discovery of P-gp, to address the key concept of how one protein is able to interact
with such an extraordinary number of compounds.

Using Site-Directed Mutagenesis to Locate
Drug-Binding Sites

The explosion of molecular biology techniques from the late 1980s was embraced
in the search to define functionally important regions of P-gp; in particular, the
drug-binding site. P-gp was mutated at specific amino-acid residues and the
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functional consequence measured in order to attribute a specific role in the transport
process. P-gp function may be measured at multiple levels; for example, cell
cytotoxicity assays reveal the effects on the overall resistant phenotype. Cellular
accumulation of radiolabelled or fluorescent drugs, provided an insight into the
transport process. The effects of mutations on drug-stimulated ATPase activity and
photo-affinity labelling techniques both demonstrate a direct interaction of drugs
with P-gp. Finally, and perhaps most relevantly, the binding of drug to mutated
protein can be measured with equilibrium assays to provide the true affinity con-
stant (Kp) for the interaction.

Alanine Mutagenesis: An Early Approach

A theoretical study suggested that hydrophobic drug substrates of P-gp were likely
to intercalate between phenylalanine (Phe) residues in the transmembrane
(TM) helices (Pawagi et al. 1994), and in an early mutagenesis approach, the 31
intrinsic Phe residues were targeted. A total of 31 mutant versions of P-gp were
generated, each containing a single Phe mutation to alanine and the proteins
expressed in mouse NIH-3T3 cells (Loo and Clarke 1993). The mutant P-gp iso-
forms were analysed to assess whether the Phe — Ala mutation affected their
ability to confer resistance to drugs (i.e. phenotypic assay) including vinblastine,
actinomycin D, colchicine and adriamycin. A significantly different drug resistance
profile was observed in only three of the mutants, while the other 28 resulted in
protein products which were functionally and structurally indistinguishable from
wild-type P-gp (Loo and Clarke 1993). The F777A (TMS8) mutant exhibited a
2-fold decrease in the relative resistance to all four drugs and its effect was
attributed to perturbed biosynthesis of P-gp due to lower level expression of this
isoform. Mutant F335A (TM6) retained the ability to confer resistance to colchicine
and adriamycin but conferred little resistance to actinomycin D or vinblastine. In
contrast, mutant FO78A (TM12) displayed little to no resistance to adriamycin or
colchicine but was able to confer resistance to vinblastine or actinomycin D.
Overall this investigation suggested that drugs may interact at distinct sites on the
protein and that both halves of the polypeptide were involved in drug binding.

A number of other similar investigations were reported at this time, but with
1280 amino-acid residues, the possible permutations of amino-acid substitutions are
daunting to say the least. A more systematic and directed mutagenesis approach
was clearly required.

Cysteine Mutagenesis: A Widely Used Approach

The cysteine-scanning mutagenesis approach provides a systematic and flexible
approach to elucidating the biochemical pharmacology of P-gp. The key requirement
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to adopt this approach is that mutation of the intrinsic cysteine residues does not
significantly perturb the function of P-gp. The seven intrinsic cysteine residues (at
positions 137, 431, 717, 956, 1074, 1125 and 1227) were each mutated to alanine
and generated a cysteine-less (cys-less) P-gp that was functioned identically to
wild-type protein (Loo and Clarke 1995a). Another team substituted the intrinsic
cysteines to serine and produced a fully functional cys-less P-gp isoform (Taylor
et al. 2001).

The use of a cysteine-mutagenesis strategy provides twofold benefit (Frillingos
et al. 1998). First, the effects of replacing a residue with cysteine in a specific region
of the protein may perturb the overall transport capability of P-gp. This will provide
insight into the “native” function of that specific residue and establish the local
region for further mutagenesis. Alternatively, the mutation of a “native” residue to
cysteine does not cause significant perturbation of function. This will enable the
investigator to utilise the chemistry of cysteine; in particular, the ability to cova-
lently modify the sulphydryl moiety under physiological conditions (e.g. pH 7.4,
37 °C). There are numerous sulphydryl-reactive compounds (e.g. maleimide or
methanethiosulphonate (MTS) containing) with fluorescent, radiolabelled or
spin-labelled probes attached. Covalent attachment of more bulky compounds may
provide further local perturbation of function and the use of spectroscopic probes
will enable biophysical investigation of local environment or structural changes in
the protein. The focus of the subsequent four sections is the identification of resi-
dues within several transmembrane segments that may be involved in binding of
drugs by P-gp.

Dibromobimane and Protection from Inhibition

P-gp contains a central cavity (see Sect. “Can Structural Information Locate Drug
Binding Sites?”) that is presumed to form the drug-binding domain and undergoes
alternating access across the membrane during the transport process. The
cysteine-scanning mutagenesis approach was used to identify residues lining the
cavity that contribute to drug binding. In particular, the thiol-reactive compound,
dibromobimane (dBBn), was reacted with a series of P-gp isoforms containing
cysteine insertion into positions within TM6 and TM12 (Fig. 1) (Loo and Clarke
1997, 2000, 2002). Treatment of the mutant protein isoforms with dBBn impaired
the drug-stimulated ATPase activity of P-gp, although this perturbation may be due
to alteration of any of the multiple steps in the process (e.g. conformational change
or drug binding). Consequently, the single-cysteine isoforms were pre-incubated
with one of the substrates/modulators of P-gp prior to the addition of dBBn. If the
drug pre-treatment prevented dBBn-induced inhibition of ATP hydrolysis (i.e.
protection), then it may be inferred that the introduced cysteine residue is situated
proximal to the binding site. Using the substrates vinblastine and colchicine, and the
modulator verapamil, the authors concluded that residues mutated in TM6 (L339C
and A342C) and in TM12 (L975C, V982C and A985C) were involved in the
interaction of substrates with P-gp (Loo and Clarke 1997).
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Fig. 1 Construction of Cys-less P-glycoprotein and cysteine-directed mutagenesis studies with
dibromobimane (dBBn). Wild-type P-gp contains seven endogenous cysteine residues which were
mutated to alanine resulting in a Cys-less P-gp construct. Residues in a number of transmembrane
helices were mutated to cysteine and purified using nickel affinity chromatography by virtue of a
C-terminal polyhistidine tag. Inhibition of verapamil-stimulated ATPase activity in the presence of
the thiol-reactive cross-linking agent dBBn was measured to identify various residues important in
drug binding

These initial studies prompted larger investigations to identify potential residues
within TM segments that interact with substrates of P-gp and thereby refine the
topography and the environment of the drug-binding pocket. A study published in
2000 analysed 189 cysteine mutations scattered around the TM segments of P-gp
predicted to line the central cavity (i.e. TMs1-5 and 7-10) (Loo and Clarke 2000).
The mutant isoforms were analysed for inhibition of drug-stimulated ATP
hydrolysis by dBBn. Seven mutants, Y118C and V125C (TM2), S22C (TM4),
1306C (TM5), S766C (TM9), and I868C and G872C (TM10), displayed consid-
erable inhibition of verapamil-stimulated ATPase activity upon treatment with
dBBn. However, protection from inhibition by dBBn following pre-treatment with
vinblastine, colchicine or verapamil was only seen for mutants S222C (TM4),
1306C (TM5), 1868 (TM10) and G872C (TM10). These results and related inves-
tigations (Loo and Clarke 1997, 1999, 2000, 2002) conclude that transmembrane
helices 4, 5, 6, 10, 11 and 12 are implicated in drug binding by P-gp.
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Methanethiosulphonate Analogues and Protection Assays

Concurrent to the investigations with dBBn, an alternative strategy to elucidate
residues within the binding site adopted a thiol-reactive derivative of verapamil
(MTS-verapamil). The premise was to use a compound more similar to a substrate
to achieve covalent modification and ensure specificity for the drug-binding
domain. The methanethiosulphonate group was attached by an ethyl linker arm to
the methylamine group in verapamil and the ATPase activity was measured in
cys-less P-gp. MTS-verapamil produced a similar degree of ATPase stimulation,
with equivalent potency, thereby retaining the ability to interact with P-gp (Loo and
Clarke 2001).

MTS-verapamil was used initially to generate a covalent modification within the
drug-binding domain and the effects of 252 single-cysteine mutations on the
labelling were investigated (Loo and Clarke 2001). The covalent attachment of
MTS-verapamil to P-gp caused a reduction in the ATPase activity of several mutant
isoforms. Specifically, the reduction in ATPase activity was found in only 15 of the
252 mutants: Y118C (TM2), V125C (TM2), S222C (TM4), L339C (TM6), A342C
(TM6), A729C (TM7), A841C (TM9), N842C (TM9), 1868C (TM10), A871C
(TM10), F942C (TM11), T945C (TM11), V982C (TM12), G984C (TM12), and
A985C (TM12). It was argued that the use of a substrate with an attached MTS
moiety was more likely to identify residues specifically within the binding domain.
However, the possibility of the MTS-cysteine affinity driving the labelling cannot
be unequivocally excluded. Why should attachment of MTS-verapamil cause a
reduction in ATPase activity? This is presumably related to the need for dissoci-
ation of drug from the TMD to enable completion of the ATP hydrolytic process.

In order to further support the specificity of this approach, the authors also used a
“verapamil protection” strategy to differentiate cysteines that are proximal to
drug-binding sites from those that are not (Loo and Clarke 2002; Loo et al. 2003a,
20064, b). This strategy was possible since both verapamil and its thiol-reactive
analogue have similar K, values (substrate affinity) for cys-less P-gp. Therefore,
incubation with verapamil prior to addition of MTS-verapamil should protect the
mutant from inactivation by MTS-verapamil if it is proximal to the binding site in
question. Significant protection from inhibition by MTS-verapamil was found in four
mutants (compared to 15 above); namely, S222C (TM4), L339C (TM6), A342C
(TM6) and G984C (TM12). A lesser degree of protection was observed in mutants
1868C (TM10), F942C (TM11) and T945C (TM11), which may indicate partial
overlap of binding sites or a more peripheral location of the residues to the interaction
site of verapamil. Overall, the results using MTS-verapamil have refined the number
of helices putatively involved in the binding domain, but have strengthened the
evidence that TMs 4, 6, 10, 11 and 12 contribute to the drug-binding pocket.

Verapamil is a well-established inhibitor of cytotoxic drug transport by P-gp and
its administration with anticancer drugs is able to overcome the drug-resistant
phenotype in vitro. It has been purported to be a transported substrate of P-gp,
although the data is not conclusive to support this. Consequently, verapamil should
be considered a “modulator” of P-gp function. In contrast, it is clear that several
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rhodamine derivatives are direct substrates for P-gp mediated transport (Shapiro
and Ling 1997b). Moreover, it may transpire that substrates and allosteric modu-
lators bind at distinct sites on P-gp. Therefore an MTS derivative of rhodamine was
also used to identify the drug-binding domain of P-gp. In a similar approach to that
outlined in the preceding paragraph, 252 single-cysteine mutants were generated,
reacted with MTS-rhodamine and their ATPase activities measured (Loo and
Clarke 2002). Of these mutations only 28, which were located in TMs 2-12, were
markedly inhibited following covalent attachment of MTS-rhodamine.
Subsequently, pre-treatment with the parent compound rhodamine significantly
protected the activities of five mutants, 1340C (TM6), A841C (TM9), L975C
(TM12), VO81C (TM12) and V982C (TM12), implicating TMs 6, 9 and 12 in the
binding of rhodamine dyes.

The “Herculean” efforts involving site-directed mutagenesis of the TM domains
of P-gp have significantly narrowed the search for the location of drug-binding sites
on P-gp. A number of helices and their constitutive residues, have been implicated
using distinct investigative strategies. None of the studies identified precise loca-
tions for drug binding, but this is hardly surprising given the promiscuity of P-gp
and the large number of helices involved in lining the binding domain or cavity.
However, these biochemical investigations will be vital in conjunction with
structural data. There remains a clear need for further, and multiple, approaches to
locate and define drug binding on this transporter.

A Proposed “Substrate-Induced Fit” Model

The data described in the previous sections clearly demonstrate that multiple
helices, presumably those lining the central cavity, contribute to drug binding or the
formation of a binding domain. In addition, data obtained with dBBn and
MTS-cross-linking substrates have revealed a number of common residues from
these helices that interact with distinct P-gp substrates. Conversely, the data also
indicated that distinct classes of drugs interact with different residues. This point
was also supported from a series of investigations, also using a
cysteine-mutagenesis strategy, that focussed specifically on the involvement of TM
helices 6 and 12 (Rothnie et al. 2004; Storm et al. 2008; Crowley et al. 2009,
2010a). In summary, these investigations potentially generate a hypothesis that
drugs bind at “common, but different, sites” on the protein, or that binding sites may
have some overlap of residues.

Can this rather confusing observation be reconciled to a unifying description of
drug binding to P-gp? Such a model does exist and has been termed the “substrate-
induced fit” hypothesis (Loo et al. 2003c). According to this hypothesis, a common
binding site exists for drugs in the central cavity of P-gp. Following interaction at
the common residues, a combination of residues from different transmembrane
helices is moulded by the substrate to form its specific drug binding site.
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Such a model would require that the cavity and its lining helices are mobile and a
disulphide cross-linking study suggests helical mobility is present in P-gp and that
there is a great deal of evidence to support this. For example, electron microscopy
(EM)-based structural studies (Rosenberg et al. 2001, 2003, 2004) and biophysical
approaches with “H/'H exchange kinetics (Sonveaux et al. 1996, 1999) revealed
that drugs and nucleotides generate considerable rearrangement of the TMD
structure. It is the nature of contributing residues from each TM helix that deter-
mines the affinity for the substrate (Loo and Clarke 2002). Another investigation
using cysteine mutagenesis to explore the nature of cross-linking between helices in
the presence and absence of drugs provides further support (Loo et al. 2003c). P-gp
isoforms were constructed, each with a pair of cysteine residues introduced at
distinct helices. Cross-linking was induced by addition of the oxidant copper
phenanthroline in the absence or presence of the drug, whereby the two conditions
generated markedly different cross-linking patterns. For example, in the presence of
colchicine and demecolcine, cross-linking was observed between residues P350C
(TM6)/V991C (TM12), whereas cyclosporin A promoted cross-linking between
P350C (TM6)/G939 (TM11) only. The addition of progesterone produced a number
of cross-links; namely, P350C (TM6)/A935C (TM11), P350C (TM6)/G939C
(TM11), and between P350C (TM6)/V991C (TM12). In contrast, other modulators
and substrates such as verapamil and vinblastine did not promote cross-linking for
any of the mutant pairs investigated. This study showed direct evidence of
re-packing of TM segments to form an ‘induced’ drug-binding site upon addition of
particular substrates, to help explain how the protein accommodates such a vast
range of compounds.

Evidence of Simultaneous Binding

Evidence presented thus far has suggested that P-gp has a central cavity that
mediates substrate and modulator binding. The binding domain comprises several
TM helices and has a malleable structure to accommodate the interaction with drugs
of distinct chemical composition. Can this binding domain interact with more than
one drug simultaneously?

To address this issue several mutant isoforms of P-gp were investigated for their
interaction with the thiol-reactive substrate tris-(2-maleimidoethyl)amine (TMEA),
which will cross-link to any cysteine close to its binding site (Loo et al. 2003b). If a
second drug was to bind at the same time at an overlapping site (e.g. competitive
binding), then it would inhibit binding and cross-linking of TMEA to the protein.
However, if the second substrate was to bind at a distant site (i.e. allosteric), then
the cross-linking caused by TMEA would be unaffected, or possibly enhanced.
Using verapamil as the second substrate, it was shown that cross-linking could be
induced between TM6 (F343C) and TM12 (V982C). This is in contrast to the
absence of any cross-linking in the presence of TMEA alone and evidence of
inter-site allosteric communication. This cross-linking study using a mutagenesis
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approach therefore provided evidence in support of simultaneous binding of two
substrates, each occupying a distinct region within the binding pocket (Loo et al.
2003b). However, this is not the only report of simultaneous binding of substrates
to P-gp. Lugo and Sharom demonstrated that two fluorescent substrates
(Rhodamine 123 and LDS-751) bound simultaneously to P-gp since they exhibited
a spectral interaction upon binding to the protein (Lugo and Sharom 2005). In
addition, classical receptor pharmacology studies demonstrated that the binding of
one drug can accelerate the dissociation of another (Ferry et al. 1992; Martin et al.
1997). Altered dissociation rate constants can only occur with an allosteric inter-
action and therefore further proof of simultaneous drug interaction at the binding
domain.

Photo-Affinity Labelling of Drug-Binding Sites

As described above, a vast amount of data has been acquired from the systematic
insertion of cysteine mutants, followed by reaction with thiol-reactive substrates
and cross-linking agents to characterise the large binding domain of P-gp. The data
also identified the TM helices involved in mediating binding, provided an insight
into some of the residues involved, and revealed the existence of multiple sites.
However, the data on their own have not provided precise information on the sites
of drug interaction. At the same time, a number of investigations used
photo-activated probes and drugs in an attempt to find the drug-binding site(s) on

P-gp.

The Anatomy of a Photo-Affinity Probe

The use of photo-affinity labelling to identify specific regions of a protein obviously
requires a photo-active probe that binds to the target region. Following incubation
of the photo-active probe with protein and binding equilibrium has been reached;
the ternary complex is irradiated with light. Post-irradiation, the photo-active probe
(bound at its target site) is converted to a short-lived, highly reactive nitrene
intermediate that covalently attaches to the polypeptide chain. Due to a short
half-life, these probes should efficiently label only specific sites that are in close
proximity. The photo-affinity probes must be of high affinity to the target site, stable
in an aqueous environment and display high specific radioactivity. Moreover, the
photo-active compounds need to retain the activity or binding characteristics of the
parent compound (Safa 1999). Once the photo-cross-linking has been achieved,
there are a number of approaches to ascertain the site of labelling. However, great
interpretive care must be exercised with this approach since the photo-active moiety
may lie on a flexible region of the molecule and potentially label regions that lie
external to the absolute binding site (Glossmann et al. 1987).



162 R. Mittra et al.

The first applications using photo-affinity labelling were to establish whether
drug substrates and inhibitors bound to P-gp and to ascertain the potencies for drug
binding to the protein (Greenberger 1993; Bruggemann et al. 1989; Hafkemeyer
et al. 1998; Isenberg et al. 2001; Safa 1988; Zhang et al. 1995). Amongst the first
photo-affinity probes to be used with P-gp were analogues of the well-characterised
substrate vinblastine; N—(p—azido[3—1251]salicyl)—N’—aminoethylvindesine ([1251]
NASV) and N—(p-azido[3,5-3H]benzoyl)—N’-(beta-amino—ethyl)vindesine ([3H]
NABYV) (Beck et al. 1988; Naito et al. 1989). The photo-affinity analogues of
vinblastine were incubated with purified plasma membranes, mixed membrane
vesicles or intact cells, and then irradiated for activation. Photo-affinity labelled
protein samples were then analysed using SDS-PAGE followed by autoradiogra-
phy to show that only resistant cell lines (overexpressing P-gp) were labelled with
[lZSI]NASV. It was demonstrated that in the presence of 100 uM vinblastine, [1251]
NASYV photo-labelling was abrogated. This was the first demonstration that anti-
cancer drugs bound directly to P-gp. In contrast to vinblastine, the anthracycline
doxorubicin only produced partial inhibition of ['*’IINASV labelling, whereas
colchicine and methotrexate (a drug to which MDR cells are sensitive) did not show
any blocking of photo-labelling. This was interpreted to suggest that colchicine
binds at a separate site to the vinblastine analogue. Alternatively, it merely
demonstrates that colchicine has a lower affinity for the vinblastine-binding site and
arank order of potency was defined as vinblastine > vincristine > doxorubicin > acti-
nomycin D > colchicine (Safa 1988; Safa et al. 1989).

Photo-Labelling and Protease or Chemical Cleavage
Approaches to Locating the Drug-Binding Site of P-gp

An early photo-affinity labelling study (Bruggemann et al. 1989) attempted to
identify the regions of P-gp that were labelled by [*H]-azidopine. Azidopine is a
photo-active dihydropyridine analogue that was initially developed to label L-type
calcium channels (Ferry et al. 1985). The compound also inhibits the active
transport of vinblastine in P-gp expressed in plasma membrane vesicles from the
drug-resistant human carcinoma cell line, KB-V1 (Bruggemann et al. 1989). P-gp
was photo-labelled with [*H]-azidopine, the protein was then digested with trypsin
and V8 protease to enable the identification of the labelled fragments using specific
antibodies. P-gp was digested and two major fragments were detected by
immunoblotting. A 38-kDa fragment containing one-third of the labelled [*H]-
azidopine was derived from the amino half, and a 30-kDa fragment containing
two-thirds of the [*H]-azidopine, from the carboxyl half (Bruggemann et al. 1989).
Immunoprecipitation and endoglycosidase treatments were used to define that the
38-kDa tryptic fragment contained TM helices 1-6 and that the 30-kDa V8 frag-
ment contained TM helices 7-12. Since two different regions of P-gp were labelled
by [*H]-azidopine, it is possible that the protein contains two binding sites for the
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compound, one in the carboxyl half and the other in the amino half. The alternative
interpretation was that P-gp contains one binding site that is formed by the two
homologous halves of the protein and that these two regions come together to create
a single binding pocket for [*H]-azidopine.

A subsequent study used both [?H]-azidopine and ['**I]-iodoaryl azidoprazosin
(["**1]-IAAP) ligands and a similar protein digestion protocol (Greenberger et al.
1990). Both photo-affinity probes bound to highly related, if not identical, domain
on the protein despite the chemical dissimilarity of the compounds. One expla-
nation was that although both molecules were structurally diverse, they both
contained the reactive arylazido group and thereby labelled the same protein
region. Alternatively, P-gp could accommodate structurally diverse molecules in
its binding site. In a follow-up study, the 40-kDa photo-affinity labelled domain in
the C-terminal half of P-gp (predicted to reside within TM11) was shown to
contain a major 4-kDa photo-labelling site. Its identity was deduced by
antibody-based precipitation and consisted of approximately 29 residues, located
between residues 979 and 1048 (Greenberger 1993). Further analysis of protein
fragments using protease and chemical cleavage approaches had begun to identify
numerous regions of drug attachment. For example, a 6-kDa trypsin fragment
(found using antibody 1) in a predicted location within TM4 and up to (but not
including) TM6, and a minor 40-kDa photo-labelled fragment between TM7 and
TMS, were identified. In addition, a 25-kDa cyanogen bromide fragment was
generated, containing an azidopine-labelled domain spanning the region from
TM4 to the Walker A motif, (Bruggemann et al. 1992). Therefore, this molecular
dissection revealed numerous attachment sites, a finding that may be related to the
flexibility of [*H]-azidopine.

P-gp was also photo-labelled with [*H]-azidopine in the absence or presence of
other substrates or inhibitors. [°H]-azidopine labels two distinct locations previously
identified in P-gp: the site within the carboxy half and the one within the amino half
between residues 198 and 440 (Bruggemann et al. 1992). Vinblastine strongly
inhibited azidopine labelling of P-gp at both photo-labelling sites and the authors
suggested that this supported the existence of a common binding site for azidopine
and vinblastine. Given the subsequent investigations with equilibrium binding
assays (Sect. “Classical Receptor-Drug Analysis of Multidrug Binding to P-gp”), the
data are more likely explained by the presence of multiple binding sites linked by a
negative heterotropic allostery (Ferry et al. 1992, 1995; Martin et al. 1997). These
two investigations clearly demonstrated an allosteric interaction between vinblastine
and several 1,4-dihydropyridines; the latter including azidopine.

To determine the binding site of paclitaxel, Wu et al. developed a
photo-affinity analogue bearing a 3’-BzDC group and used site-directed antibodies
to identify the labelled residues (Wu et al. 1998). The domain mapping identified
residues 985-1088 in mouse mdrlb P-gp, which includes half of TM12 and
terminates immediately after the Walker A motif of NBD2. Another study using a
7-DzDC group photo-affinity analogue of paclitaxel highlighted the importance of
residues 683760, a region that includes TM7 and half of TMS. In a third
investigation, Safa et al. used the analogue ['*’I-NAST to localise the
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paclitaxel-binding sites (Safa 2004). The sites were identified with site-directed
antipeptide antisera raised against ten different domains. Following labelling,
protease digestion revealed four major photo-labelled fragments of 12, 10, 8 and
6.5 kDa, which were immunoprecipitated by an antibody directed against
amino-acid residues N-terminal to TM3. A short, five amino-acid intracellular
sequence that was C-terminal to TM4 was found to be common across all these
peptides. ['*’T]-NAST was found to be associated with another 6.5-kDa peptide
that located C-terminal to TM segment 6. The data suggests an overlap in the
binding domain of paclitaxel with vinblastine, verapamil and azidopine (Safa
2004) that includes amino-acid residues in TM segments 4 and 6.

It appears that three investigations using photo-active analogues of paclitaxel
label P-gp at three distinct sites. A possible interpretation is that all the three regions
comprise the paclitaxel-binding site and that they are proximal in the 3-D structure
of P-gp. However, the orientation of the photo-active moiety on paclitaxel will
dictate which of the regions is labelled. In addition, the photo-active moiety may be
located on a highly flexible region of the probe and that regions distal to the “true”
binding site are labelled (Glossmann et al. 1987).

P-gp was labelled with ['*’T]-TAAP, a photo-affinity analogue of the modulator
prazosin (Dey et al. 1997) and subsequently subjected to proteolytic cleavage with
trypsin to separate the two halves of P-gp. The ratio of ['*I]-IAAP bound between
the N-terminal and C-terminal halves of the P-gp molecule was 2:3. The effect of
cis(Z)-flupentixol, an antipsychotic modulator of P-gp, on labelling of the two
halves by ['*’I]-TAAP was also measured. There was an approximately 10-fold
increase in photo-labelling of ['*’I]-IAAP at the C-terminal half of P-gp with no
change at the N-site. This supported two separate “events” of drug interaction rather
than simply two covalent attachment sites for ['*’I]-IAAP within a single site.
Conceivably, the two photo-labelled sites are spatially distinct substrate interaction
pockets that exist within a larger drug-binding domain. In addition, the concen-
trations of vinblastine and cyclosporin A required to inhibit ['*°I-IAAP
photo-labelling at the C-terminal site were increased 5—-6-fold in the presence of cis
(Z)-flupentixol. In contrast, the potency for reducing ['*’I]-IAAP labelling at the
N-terminal site was unaffected by cis(Z)-flupentixol. The photo-labelling of the
N-terminal site by ['*°I-IAAP was also less susceptible to vanadate trapping of
P-gp. This study supports the existence of at least two non-identical substrate
interaction sites in P-gp, at least [125 I]-IAAP (Dey et al. 1997).

Finally, these early attempts at locating the drug-binding sites suffered from an
inability to generate precise and small fragments of P-gp and could thereby only
proffer regions of interaction. However, collectively the data supported the
hypotheses that P-gp contained a large binding domain comprising segments from
multiple regions/helices.
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Enhanced Detection of Photo-Alffinity
Labelled Regions of P-gp

Several novel photo-affinity ligands generated from propafenone were used to
photo-label P-gp, aiming to identify the binding site for drugs (Ecker et al. 2002;
Pleban 2004). Propafenones were previously shown to inhibit the transport of the
P-gp substrates thodamine 123, doxorubicin, vinblastine and mitoxantrone (Chiba
et al. 1995; Ecker et al. 1996). In addition, a radioactive propafenone analogue
[*H]-GPV51 was used to specifically photo-label plasma membrane vesicles
expressing P-gp, confirming its direct interaction with the transporter. Following
photo-labelling with [*’H]-GPV51, membrane proteins were separated by SDS—
PAGE and visualised by silver staining. The core-glycosylated 140 kDa P-gp band
was excised and proteolytically degraded by chymotrypsin “in-gel”. The fragments
were eluted from the gel and the ligand-labelled peptides identified with
matrix-assisted laser desorption/ionisation time-of-flight (MALDI-TOF) mass
spectrometry (Ecker et al. 2002). This procedure gave considerable advantages to
the earlier studies involving antibody precipitation. First, the exact peptide and
amino-acid residues could be identified and second, the coverage of peptide frag-
ments was ~90 % in the TMDs and ~ 80 % for the NBDs. The mass-spectrometry
data identified significant [3H]-GPV51 labelling in TM helices 3, 5, 8 and 11,
which, like the antibody studies, suggests the binding site comprises multiple
protein segments.

Another investigation by the team (Pleban 2004) made use of the emerging
structures of ABC proteins, in particular, the MsbA lipid transporter from Vibrio
cholera (Chang 2003). The MsbA structure was used as a template to produce a
homology model for P-gp. The homology model predicts that the helices labelled
by [*H]-GPV51 lie at the interfacial regions between the two transmembrane
domains of P-gp. One interface comprises TM3/11 and the other TMS5/8.
Although this homology model was eventually proven inappropriate due to
retraction of the original structure, the interfacial location of the helices remains a
valid assumption. The involvement of these helices has been borne out with
models of P-gp based on the structure of Sav1866, mouse P-gp and a C. elegans
homologue of P-gp.

An interpretation of this key finding was that the interfaces (TM3/11 and
TMS5/8) operate as a “gate” for substrates to enter the large binding domain in the
central cavity (Pleban 2004; Crowley and Callaghan 2010). This interpretation is
in broad agreement with results from double-cysteine mutant cross-linking studies
(Loo and Clarke 2005). The findings are also compatible with both simultaneous
binding of drugs on P-gp. Moreover, the gate model implies that any drug will
bind sequentially at the interface and then within the central binding domain.
However, there is no evidence from equilibrium binding studies for a
two-component binding isotherm to describe drug interaction with P-gp.
Potentially, the interfaces are not gates for entry to the cavity, but may exist as
allosteric modulatory sites on the protein.
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Multiple Fluorescence-Based Strategies to Locate
Drug-Binding Sites

Spectroscopic techniques provide a key experimental tool for molecular bio-
chemists and reveal an astonishing amount of information on protein structure and
function. Fluorescence spectroscopy is widely used due to its general accessibility
and the array of compounds and applications available. The technique has been
widely used to facilitate our understanding of the molecular mechanism of P-gp.
The field has taken advantage of the number of fluorescent substrates of P-gp, the
presence of intrinsic tryptophan residues in key locations and the ability to attach
fluorophores to target regions of the protein. Fluorescence spectroscopy has pro-
vided modest advances in our search to identify the location of binding sites on
P-gp, but it has generated a wealth of functional data. In particular, the approach has
informed on the nature of bioenergetic coupling in P-gp and the conformational
changes that underlie its complex mechanism of drug translocation.

Fluorescence Quenching of Covalently Attached Probes
to Characterise Drug Binding

The team headed by Frances Sharom developed a fluorescence quenching technique
to investigate the direct binding of substrates and inhibitors of P-gp. One of these
fluorescence techniques involves the use of the sulphydryl-reactive fluorescent probe,
2-4’-maleimidylanilino-naphthalene-6-sulphonic acid (MIANS) for site-directed
labelling (Liu and Sharom 1996, 1997; Qu and Sharom 2001). In particular,
MIANS has been shown to preferentially form a covalent attachment to P-gp at the
cysteine residue located in the Walker A motif of each NBD. MIANS attached at the
NBDs display a saturable quenching of its fluorescence upon binding of ATP, ade-
nosine diphosphate (ADP) or its non-hydrolysable analogues. The binding of the
nucleotide likely affects the local environment of the MIANS group which is located
close to the ATP-binding sites in the NBDs. This results in the fluorescence quenching
observed as a decrease in the emission intensity and/or the maximum emission
wavelength. This approach has demonstrated the binding affinity of ATP/ADP, the
co-operativity between NBDs, the ability of P-gp to bind two ATP molecules and the
kinetics of ATP hydrolysis (Liu and Sharom 1997; Qu and Sharom 2001).
Quenching of MIANS fluorescence has also been demonstrated in response to
the binding of P-gp substrates and modulators. The quenching profile follows a
saturable and hyperbolic relationship with drug concentration, which enables an
indirect estimation of an affinity for the interaction with drug at the TMDs (Liu and
Sharom 1996). It is important to note that the affinity comprises two events; initial
drug binding to P-gp and a component consisting of the conformational change
required to alter the fluorescent signal. Therefore, the affinity from such measure-
ments may only be considered an apparent Ky, value. Nonetheless, the apparent Kp



Just How and Where Does P-glycoprotein Bind All Those Drugs? 167

for MIANS quenching has been determined for over 80 structurally different P-gp
drugs with values ranging from 25 nM to 260 uM, demonstrating that P-gp dif-
ferentially binds substrates with an affinity over four orders of magnitude (Sharom
1997).

This long-range crosstalk between the TMDs where drugs bind, and the NBDs,
where the MIANS is attached, demonstrates coupling between the two domains (Liu
and Sharom 1996). Moreover, this inter-domain coupling, and subsequent confor-
mational change, is a critical step in the ability of substrates to stimulate ATPase
activity. In addition, the presence of bound drug reduces the rate and extent of
MIANS labelling of P-gp, which is further proof of the specific conformation changes
elicited in the NBDs. Numerous investigations have demonstrated communication in
the opposite direction and the process of drug translocation is considered to be driven
by the steps involved in ATP hydrolysis. Clearly, this communication occurs in both
directions and is consistent with a high level of coupling.

Fluorescence of Intrinsic Tryptophan Residues
to Characterise Drug Binding

Another approach to investigate binding makes use of the intrinsic fluorescence of
P-gp afforded by its tryptophan residues. Both human and hamster P-gp isoforms
contain 11 intrinsic tryptophan residues that are distributed throughout the protein.
In addition, the tryptophan residues are highly conserved across the P-gp family and
an involvement in substrate interaction and recognition has been suggested given the
hydrophobic nature of substrates (Liu et al. 2000). Hydrophobic substrates such as
vinblastine or rhodamine 123 contain multiple aromatic rings and these undertake
n—7 stacking interactions with the side chains of aromatic-rich TM helices. These
stacking interactions with tryptophan residues will alter the spectral properties of the
latter and may provide evidence for binding of drug to the protein (Fig. 2).
Interestingly, there are several tryptophan residues (and other aromatic residues) in
TM3/11 and TM5/8, located at the TMD/TMD interface (Pawagi et al. 1994). As
described in Sect. “Enhanced Detection of Photo-Affinity Labelled Regions of
P-gp”, these helices mediate the binding of several substrates/modulators of P-gp.
Consequently, drug binding to P-gp in these helices may directly alter tryptophan
fluorescence, rendering the assay a useful reporter for binding.

One of the advantages of fluorescence spectroscopy is the intimate relationship
between the fluorescent profile and its local physical and chemical environment.
Consequently, tryptophan fluorescence kinetics may reveal whether the residue is
subject to any steric hindrance to its motion and report changes in the polarity of the
local environment. Measurement of fluorescence lifetime for the intrinsic trypto-
phan residues revealed the presence of two components (Lugo and Sharom 2009).
The fast component is solvent exposed (i.e. aqueous) and likely to be located in
exposed cytoplasmic loops. The location of this fast component in an aqueous
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Fig. 2 Using intrinsic tryptophan fluorescence to identify substrate-binding sites. a The molecular
dynamic (MD) equilibrated P-gp model indicating the 11 intrinsic tryptophan residues. Quenching
(decrease in intensity) of the fluorescent spectrum profile of P-gp in the presence of particular
substrates can indicate drug binding to the protein. Binding results in a conformational change
which likely alters the environment of the tryptophan residues changing the fluorescent profile.
b A representative tryptophan fluorescence spectrum profile of intensity as a function of P-gp
substrate concentration

environment was demonstrated by the use of various hydrophobic and hydrophilic
quenching agents (e.g. acrylamide, iodide, benzene) to gauge their relative effects
on fluorescence (Liu et al. 2000; Lugo and Sharom 2005). The quenching profile
and the emission maximum for fluorescence suggested that the tryptophan residues
located in a polar environment did not appear to contribute to the observed
fluorescence. This may suggest that the tryptophans residing in an aqueous region
are located within a very tightly folded domain of the protein, or that they are
internally quenched (Liu et al. 2000).

The slow component of the tryptophan fluorescence decay is localised within the
lipid membrane; again verified with the use of a number of chemical quenchers. In
addition, the fluorescent drug LDS-751 affects the slow component of tryptophan
fluorescence decay, which is achieved due to either direct intercalation with the
amino-acid or via allosteric conformational changes.

Fluorescent P-gp Substrates and the Kinetics of Transport

P-gp mediated transport of the fluorescent substrate Hoechst 33342 was measured
in plasma membrane vesicles isolated from Chinese hamster ovary cells (CH?B30).
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When sequestered in the lipid environment of the membrane, the fluorescence of
Hoechst 33342 is enhanced and then lost upon moving into aqueous solution.
Transport by P-gp in the inside-out plasma membrane vesicles was initiated fol-
lowing addition of Mg-ATP and observed as a reduction in fluorescence (Shapiro
and Ling 1995). This assay system enables continuous fluorescent monitoring,
thereby allowing accurate measurement of transport rates. The kinetics of Hoechst
33342 transport was measured in the presence, or absence, of another fluorescent
P-gp substrate, thodamine 123 (Shapiro and Ling 1997b). Conversely, the transport
of rhodamine 123 was also measured in the P-gp-rich vesicles in the presence or
absence of Hoechst 33342. Each substrate was able to stimulate the transport of the
other, which is not possible if they interacted at a single binding site; such an
interaction would have resulted in one substrate competitively inhibiting transport
of the other. Both dyes were transported simultaneously and the stimulatory effect
could not be attributed to the presence of one site for transport and the other for
allosteric regulation. The positively co-operative manner in which each substrate
stimulated the transport of the other is best explained by the presence of at least two
transport-competent drug-binding sites on P-gp.

This is further supported by the observation that colchicine and quercetin
stimulated the transport of rhodamine 123, but inhibited the transport of Hoechst
33342 (Shapiro and Ling 1997a). In contrast, the anthracyclines doxorubicin and
daunorubicin inhibited rhodamine 123 transport, but stimulated Hoechst 33342
transport. The two sites were designated the H-site which preferentially binds and
transports Hoechst 33342, quercetin and colchicine, and the R-site, which is the
preferential binding site for rhodamine 123 and the anthracyclines. Overlapping
specificity of these two distinct sites has been suggested for some drugs, given that
vinblastine, actinomycin D and etoposide were all able to inhibit the transport of
both dyes (Shapiro and Ling 1997a, b).

A flow-through system was used to measure daunorubicin efflux or accumula-
tion from P-gp expressing cells and represented one of the only documented reports
showing that the transporter works against a considerable concentration gradient
(Lankelma et al. 1990). In a subsequent investigation, the interaction between the
transported substrate daunorubicin and the modulator verapamil was examined
(Spoelstra et al. 1994). At low concentrations of daunorubicin, verapamil caused a
non-competitive inhibition of its transport; however, at high substrate concentration
this inhibition became competitive. This curious finding can be explained with a
model of P-gp wherein daunorubicin may bind at two pharmacological sites with
different affinities. At low daunorubicin concentrations it bound at the high affinity
site and the effects of verapamil on transport kinetics occurred through an
allosterically linked process (i.e. non-competitive). However, daunorubicin binds to
both the high and low affinity sites on P-gp at high concentrations. The low affinity
site is also the location for verapamil binding. Consequently, under these conditions
the verapamil effect on daunorubicin transport was partly due to a competitive
interaction. Similar observations have been described for the interaction between
anthracyclines and the transport of Hoechst 33342 (Shapiro and Ling 1997b). At
lower concentrations, the anthracyclines bound at the R-site, which is linked to the
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H-site (Hoechst 33342) by a positive heterotropic allostery. When administered at
higher concentrations, the anthracyclines also competed for binding with Hoechst
33342 at the H-site; thereby inhibiting its transport.

Further studies with the fluorescent substrates and modulators discovered the
existence of a third binding site on P-gp (Shapiro et al. 1999). This was termed the
P-site by virtue of the fact that prazosin and progesterone both interacted at this
pharmacological location. Previous investigations had suggested that although
progesterone was capable of modulating the transport function of P-gp, it was
unlikely to be a substrate (Ueda et al. 1992). Prazosin and its analogues had been
previously demonstrated to bind directly to P-gp, stimulate its rate of ATP
hydrolysis, and alter substrate transport rates; however, it was classified as a weak
transport substrate, or a modulator (Greenberger 1993). Consequently, it was
suggested that the P-site acts primarily as an allosteric site and that compounds
bound to it are not transported. In support of this, it was shown that drug binding to
the P- and R-sites stimulated the transport of Hoechst 33342. In contrast, binding to
the P-site alone stimulates the transport of either Hoechst 33342 or rhodamine 123.
Finally, binding of drug to both the H- and P-sites appears to stimulate rhodamine
123 transport, although the effect is lower than that produced by binding to the sites
individually. However, later studies using BODIPY-FL-prazosin indicated that this
fluorescent derivative was a substrate for P-gp mediated transport (Gribar et al.
2000). Consequently, the P-site should be reclassified to a transport-competent one,
although non-transported modulators (e.g. progesterone) were also capable of
interaction (Shapiro et al. 1999).

These kinetic investigations with fluorescent substrates not only defined the
existence of multiple substrate transport sites, but they also revealed complex
allosteric interactions and the possibility that drugs may bind at more than one site
on P-gp. Multiple factors such as this can synergise to produce the renowned
substrate promiscuity of P-gp.

Fluorescence Resonance Energy Transfer to Characterise
Drug Binding

Fluorescence resonance energy transfer (FRET), which is the transfer of energy
from a fluorescent donor to the excited state of an acceptor fluorophore, depends on
the distance between the two and only occurs if separated by 10-75 A. This enables
the technique to be used as a ‘spectroscopic ruler’ measuring intra- and
inter-molecular distance.

The fluorescent probe 4-Chloro-7-Nitrobenz-2-Oxa-1,3-Diazole (NBD-CI) was
inferred to covalently attach to Cys428 and Cys1071, both of which are in the
catalytic site of P-gp (Qu and Sharom 2001, 2002). Labelling at these two sites
facilitates the examination of inter-domain communication in P-gp and the use of
FRET to define intra-molecular distances. The fluorescent substrate H33342 bound
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to P-gp and exhibited an increase in fluorescence intensity, coupled with a large
blue shift in its emission maximum (i.e. lower A,,y), indicating a non-polar envi-
ronment. The spectral properties of H33342 render it a FRET donor to NBD-CI and
this was demonstrated as a marked reduction in its emission intensity. The degree of
FRET was used to estimate a distance of 38 A between the bound H33342 and the
NBD-C1 bound at the catalytic site of P-gp (Qu and Sharom 2002). H33342 binds to
the “H-site” of P-gp (Shapiro and Ling 1997b) (Sect. “Fluorescent P-gp Substrates
and the Kinetics of Transport”), and the FRET data also indicates that this site is
found 1014 A below the external surface of the membrane, within the cytoplasmic
leaflet (Qu and Sharom 2002).

A FRET strategy was also used to identify a broad location for the “R-site” of
drug binding on P-gp (Shapiro and Ling 1998). The ligand for the “R-site” was
LDS-751 and it displayed a marked increase in the fluorescence intensity on
binding to P-gp, indicative of a hydrophobic environment. LDS-751 was chosen as
the “R-site” ligand since it is a FRET partner for the intrinsic tryptophan residues
and it caused a 40 % reduction in the fluorescence of the latter. FRET was proposed
to occur with the cytosolic, solvent exposed tryptophan residues and an approxi-
mate location for the “R-site” was also placed in the cytoplasmic leaflet of the
membrane. That the location of both the “R- and S-sites” is found in the cyto-
plasmic leaflet of the bilayer was used to support a role for P-gp as a flippase that
translocates lipids between leaflets of the bilayer.

Although not a FRET interaction, there was also a spectral interaction between
H33342 and LDS-751 upon binding to P-gp, which again demonstrates that the
protein is capable of binding more than one substrate or modulator simultaneously.
This observation is in agreement with the photo-affinity and mutagenesis data
presented in previous sections. It also highlights the utility of biochemical
approaches and how molecular understanding can be reached with a combination of
approaches. Moreover, the investigations with fluorescence spectroscopy have
provided not only information on the location of binding sites, but the properties
and characteristics of them.

Can Structural Information Locate Drug-Binding Sites?

The preceding sections have detailed how our understanding of the nature of drug
binding to P-gp, and the location of this binding, has improved in the last three
decades. The availability of structural data would boost our understanding further
and reconcile some of the contradictory observations from biochemical and bio-
physical studies. In order to reveal the sites of drug binding, this structural data will
need to be obtained in the presence of bound substrate. Furthermore, provision of
data to fully describe the mechanism of drug translocation will require structural
information in multiple conformations such as nucleotide-free, nucleotide-bound,
post-hydrolytic and post-dissociation of drug. In order to reveal the chemical nature
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of drug interaction with the protein (i.e. hydrogen bonding versus n—x stacking) we
will need structural data at high resolution; near or below the 2 A level.

Overview: Structure of P-gp

The availability of purification procedures that provided high yields of fully func-
tional P-gp begun to surface in the mid-1990s, although they used classical multiple
step chromatographic methods (Liu and Sharom 1996; Callaghan et al. 1997). The
use of affinity tags (i.e. polyhistidine) from the late 1990s improved the quality and
purity of the protein, and the ease of its purification (Lerner-Marmarosh et al. 1999;
Taylor et al. 2001; Loo and Clarke 1995b). The first attempts at obtaining structural
data for P-gp also begun in earnest soon after these milestones. Initial attempts used
electron microscopy (EM) with single particle analysis (SPA) and eventually pro-
gressed to 2-D crystals in a membrane environment. It was not until 2009 that the
first structure of P-gp (mouse) using an X-ray crystallography approach was pub-
lished (Aller et al. 2009), following considerable effort by multiple teams in the
field. The structure (3.8 A resolution) continues to generate debate amongst
researchers and has now undergone rounds of refinement and reinterpretation.
Another structure (Jin et al. 2012), of a P-gp homologue in C. elegans, has been
obtained to higher resolution (3.4 A), however it was in an identical conformation
and generated in the absence of bound substrate/modulator. Progress has been
steady and the information has illuminated our understanding of drug binding to the
protein. However, like most scientific endeavours, it has raised several new
questions.

The First Structure of P-gp: Electron Microscopy

The first structure of any full-length ABC protein was obtained in 1997 (Rosenberg
et al. 1997) using electron microscopy-single-particle analysis (EM-SPA) of ham-
ster P-gp purified from drug selected CH®B30 cells (Callaghan et al. 1997). The
structure was obtained to 2.5 nm (25 A) resolution and the SPA technique was done
with P-gp in detergent micelles. The resolution of EM-SPA will not provide high
resolution for a protein of this size and was intended merely to generate a pre-
liminary view of the gross organisation and dimensions of P-gp. The protein dis-
played a cylindrical geometry with a diameter of 10 nm and a height of 8 nm. Given
that the average height of a bilayer is ~4 nm, the authors posited that half of the
structure in the “vertical” plane was found within the membrane. Based on the
dimensions of other proteins and the size of membrane spanning helices, it
appeared that the TMD of P-gp was somewhat loosely packed. Perhaps the standout
feature, and at the time the most controversial one, was the central pore of diameter
~5 nm. Based on the staining properties of the particles it was suggested that the
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pore was aqueous. Lectin-gold labelling of the extensively glycosylated hamster
P-gp isoform was used to orientate the particles and thereby identify the NBDs. The
central “aqueous” pore of the P-gp particles was suggested to be open to the
extracellular environment. The final observation from this structure was that the
TMDs also contained a discontinuity (or gap) within the plane of the membrane that
may provide access for substrates to the central cavity. The latter point was
intentionally speculative, but it is in agreement with the photo-affinity/ MALDI-TOF
data proposing that P-gp contains gates for substrates (Ecker et al. 2002).

Gradual Evolution of the EM-Derived Structure
of P-glycoprotein

The structural efforts with EM evolved to higher resolution over the next few years
and the next data was obtained for 2-D crystals of P-gp, reconstituted into mem-
branes (Rosenberg et al. 2001). The key feature of this manuscript was the pre-
sentation of data for P-gp trapped in multiple conformations; namely AMP-PNP
bound (i.e. nucleotide bound) and ADP.Vi trapped (i.e. post-hydrolytic).
Comparison of the TMD regions revealed extensive conformational transitions
during passage between the three catalytic states. This observation would be the
spur for numerous pharmacology studies on the effects of events at the NBDs on
drug binding. Moreover, it provided direct evidence that events at the NBDs
instigate the major conformational transitions essential to the drug translocation
process. A subsequent publication obtained resolution improvements and focussed
on comparison between the nucleotide-free and -bound conformations (Rosenberg
et al. 2003). The investigation provided confirmation of the central pore with
dimensions of 5-6 nm in diameter and 5 nm depth. The central pore was open to the
extracellular space and closure at the cytoplasmic face was produced by the NBDs.
Significant structural transformation occurs in this region in the presence of
nucleotide, and the TM helices rearrange to support a “helix rotation” motion. This
results in the opening of the internal cavity along the length of the membrane,
which may enable the entry of hydrophobic drugs to the putative drug-binding
pocket.

The final instalment of EM-based structures for P-gp was resolved to approxi-
mately 8 A for protein trapped in the nucleotide-bound state (Rosenberg et al.
2005). The structure was obtained from cryo-EM of 2-D crystals of P-gp to provide
further resolution of the overall topography and packing of the transmembrane
helices. The structure displayed a pseudo-2-fold symmetry within two blocks of six
TM helices, showing the presence of the 12 putative membrane spanning helices
and some evidence of inter-domain cross-over facilitated by the sixth helix in each
domain. With the integration of available biochemical data, the authors speculated
the location of numerous TM helices. However, due to the low resolution, definite
identifications could not be assigned. Although only limited predictions of the
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location of helices were possible from the structure, the comparison between
conformations of P-gp provided crucial information on the molecular mechanism of
drug translocation.

Crystal Structure of a Nucleotide-Bound P-gp Homologue;
Sav1866

As is often the case in structural biology, structures are obtained from some unlikely
sources and often for uncharacterised proteins. In keeping with this theme, the first
full-length structure generated using X-ray crystallography for an ABC export
pump was obtained for the S. aureus exporter Sav1866 (Dawson and Locher 2006).
Little was known about this pump prior to the structure and ensuing biochemical
studies confirmed it was a multidrug efflux pump. The structure was obtained to
3.0 A and contained 12 transmembrane helices, six from each of the monomers.
Unlike the import proteins, there was considerable cross-over of TM helices
between the two monomers in the structure. The structure was obtained in the
absence of any bound substrate, however successful crystallisation was obtained in
the presence of ADP. Consequently, the two NBDs were arranged in close appo-
sition in the standard “sandwich dimer” configuration of the Walker A/B and
signature motifs. This post-hydrolytic structure also contained a central aqueous
cavity in an externally facing configuration.

The same research team published a subsequent structure for Sav1866 (3.4 A)
determined in the presence of AMP-PNP, a non-hydrolysable analogue of ATP
(Dawson and Locher 2007). The latter structure was obtained to investigate the
physiological relevance of the earlier structure, as in the ADP-bound state the
dimerised half-transporter, adopted an outward-facing conformation (Dawson and
Locher 2006). The apposition and arrangement of the NBDs was similar between
the two structures and the structure obtained in the presence of AMP-PNP also
showed an outward-facing conformation with the central cavity open to the
extracellular surface of the membrane. The outward-facing configuration subse-
quent to nucleotide binding or hydrolysis is substantiated by considerable evidence
with ABC proteins. However, the lack of difference between the AMP-PNP and
ADP-bound states is more puzzling given the reported differences with P-gp
(Rosenberg et al. 2001; Martin et al. 2001). It may transpire that only following
dissociation of ADP will the protein adopt an inward-facing conformation,
exposing a central cavity (binding site) to scan the inner leaflet of the lipid bilayer
and bind substrates with high affinity (Higgins and Linton 2004; Smith et al. 2002).
That bound ADP was sufficient for the transporter to adopt the outward-facing
conformation was interpreted to suggest that the detergent solution, (in which the
protein was obtained), shifted the conformational equilibrium of the protein and
may not reflect in vivo conditions. The crystal structure provided a molecular basis
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for Sav1866 mechanism as it clearly showed a coupling between the ATP-bound
state and drug release as a result of the outward conformation.

X-Ray Crystal Structure of Mouse P-gp

In 2009 the first X-ray crystal-based structure of a mammalian ABC transporter,
namely mouse P-gp, was resolved to 3.8-4.4 A (Aller et al. 2009). Mouse P-gp has
87 % sequence identity to human P-gp and from a pharmacological perspective is
indistinguishable from the human isoform (Taylor et al. 1999). Three distinct struc-
tures were solved in the publication and included one in the absence of
nucleotide/drug, and two structures in the absence of nucleotide, but in the presence of
two cyclic hexapeptide stereoisomers. The presence of bound drug was greeted with
enthusiasm for its potential to provide a molecular basis for substrate promiscuity of
the transporter; however, the resolution remains short of atomic level detail.

The P-gp structure, obtained in the absence of both nucleotide and substrate or
inhibitor, showed an inward-facing conformation resolved to 3.8 A (PDB 3G5U).
The model was generated using multiwavelength anomalous dispersion mapping.
A striking feature, and one that has engendered considerable debate (Gottesman
et al. 2009; Li et al. 2014), is the physical separation of the two NBDs by a distance
of 30 A. It remains unclear if this is the “native” configuration of empty P-gp, or
whether it is an artefact of crystallisation. The latter is likely given that protein is in
detergent micelles (i.e. relaxed) and the crystal unit—unit contact is conferred by the
NBDs. Due to the large separation of NBDs, the two blocks of TMs were observed to
adopt a conformation forming a large internal cavity. The presence of a central cavity
is in agreement with previous structural and biochemical data, albeit with different
dimensions. The characteristic “domain swapping” of helices was consistent with
that first documented for Sav1866. Moreover, the central cavity is open to the
cytoplasmic face of the membrane, but closed to the extracellular surface by TM
helices. The volume of the pocket within the central cavity was estimated at 6000 A,
This is an extraordinary dimension that renders it capable of facilitating the simul-
taneous binding of drugs at different regions within the cavity. This is evident by the
molecular surface area of established P-gp substrates; vinblastine 154 A?, paclitaxel
221 A, and doxorubicin 206 A”. It was also suggested that two pairs of TM helices
may form putative portals in the inner leaflet of the membrane to enable substrate
passage from the lipid bilayer into the central pore. Furthermore, solvent accessible
amino-acid residues lining the internal cavity were investigated and showed the
majority of the residues contributing to binding of the cyclic peptides are
hydrophobic and aromatic (58 of the 73 solvent accessible residues). Within the
drug-binding pocket, it was found that hydrophobic and aromatic residues are pre-
sent at the upper (extracellular) region, whereas polar and charged residues are more
frequent in the lower or cytoplasmic region. This supports data obtained for the
topology of TM6/12, both of which contribute to cavity lining (Crowley et al. 2010b;
Rothnie et al. 2004; Storm et al. 2008).
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Unfortunately, it appears that the mouse P-gp could not co-crystallise in the
presence of any of the well-characterised arrays of substrates and modulators. The
authors did have success in co-crystallising P-gp with two stereoisomeric cyclic
peptide inhibitors, cyclic-tris-(R)-valineselenazole (QZ59-RRR) and cyclic-tris-
(S)-valineselenazole (QZ59-SSS). This was the first report using these two
uncharacterised compounds that appear to act as inhibitors, or modulators, of
P-gp. It is unclear if they are substrates for transport and whether their binding
overlaps with any of the established substrates/modulators. Co-crystallised P-gp
adopted the expected inward-facing conformation and the stereoisomers surpris-
ingly appeared to bind at distinct sites. QZ59-RRR was observed to bind in the
“centre of the transporter” and may interact with TMs 1, 5, 6, 7, 11 and 12.
Conversely, QZ59-SSS simultaneously binds at two distinct sites at the “upper”
and “lower” regions of the central cavity facilitated by TMs 1, 2, 6, 7, 11 and 12.
A portion of QZ59-SSS at the upper site was observed in a disordered state and
there is no available explanation for this. At the resolution obtained for the
structure, assigning directly interacting residues or the points of interaction
between peptide and drug remains speculative. There was high structural simi-
larity of crystallised P-gp in the absence of inhibitor, co-crystallised with
QZ59-RRR or co-crystallised with two molecules of QZ59-SSS. This is in con-
flict with the proposed induced fit mechanism for substrate transport by P-gp,
which would cause conformational changes upon drug binding. Biochemical data
will be essential to ascertain stoichiometry of binding and to elucidate which
residues directly interact with the cyclic peptides and more established substrates
and inhibitors.

In 2013, three crystal structures of mouse P-gp were published (Ward et al.
2013) (see Sect. “Crystal Structure of a P-gp Homologue from C. elegans™) in a
follow-up study, and in response to the structure obtained from C. elegans (Jin et al.
2012). All the structures were in the inward-facing conformation and obtained in
the absence of nucleotide. Two of the structures were crystallised in the absence of
inhibitors, however one was obtained in the presence of a nanobody bound to the
C-terminal side of NDB1, preventing the dimerisation of the NBDs and thereby
inhibiting ATP hydrolysis of the protein. The three structures presented different
separation distances between the NBDs, which was suggested as proof of confor-
mational flexibility of the inward-facing conformation of P-gp. In particular, two
crystal structures (in the absence of inhibitor or drug) diffracted to 3.8 and 4.0 A,
corresponding to NBD separations of 31 and 36 A, respectively; which is different
to the original structure by the consortium. The final structure was co-crystallisation
with a nanobody inhibitor Nb592 to a resolution of 4.1 A and an NBD separation of
30 A. It was suggested that the observed conformational changes to the presence of
a “TM-hinge region” formed by extracellular loops between the TM helices. The
conformational flexibility of the inward-facing conformation, most drastically
noticed in the cytosolic domains, is therefore a consequence of small movement at
this pivot point. Another highly plausible interpretation is that the use of detergent
micelles enables considerable conformational freedom compared to the more rigid
environment of a phospholipid bilayer. In fact, the literature is replete with
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biochemical studies demonstrating the difference in activity and functional prop-
erties of P-gp between lipid- and detergent-based milieu.

Crystal Structure of a P-gp Homologue from C. Elegans

Shortly following the publication of the mouse P-gp crystal structure, the X-ray
crystallographic derived structure of a P-gp homologue from Caenorhabditis ele-
gans was resolved to 3.4 A (PDB 4KSB) (Jin et al. 2012). The P-gp structure from
C. elegans was obtained in the absence of nucleotide or drug, and with the trans-
porter in an inward-facing conformation. The substrate profile and amino-acid
sequence vary considerably between C. elegans and mammalian P-gp, with only
46 % identity to the murine isoform. However, the authors argue that that structural
information from the C. elegans isoform can provide mechanistic insight into the
function of the protein.

The C. elegans version of the structure of P-gp displayed separation between the
NDBs of 53 A, which is considerably larger than that observed in the crystal
structures of mouse P-gp (Aller et al. 2009; Ward et al. 2013). Another difference
was that the structure contained only one portal formed by the TMs and a dis-
continuity in the helical structure of TM10/12, which line the portal. The greater
preponderance of disordered loops in this region was thought to increase the
number of contact points, or interactions, between drugs and amino-acid residue.

The interactions between TMDs and NBDs are observed in this structure with
four intracellular helices (IH1-IH4), providing a domain interface that may be
involved in communication. To further support the significance of this interface, the
sequence identity between amino-acid residues in this region for C. elegans and
human P-gp was high. Additionally, a highly conserved collection of amino acids in
IH1, ITH4 and NBDI1 were proposed to form a salt bridge at the TMD-NBD1
interface. A similar structure was observed in the TMD-NBD?2 interface, with
conserved residues in IH2, IH3 and NDB2.

The crystal structure of C. elegans P-gp, and of the murine isoforms, has pro-
vided a wealth of information on the functional organisation of the transporter,
tantalising glimpses into the drug-binding domain/sites and testable hypotheses
regarding the inter-domain communication that transduces drug binding to provi-
sion of energy.

Bioinformatics Approaches to Reveal Drug-Binding Sites

The generation of a high-resolution protein structure should not be considered the
closure of a research field; it is more often the instigator of considerable further
investigation. The structures of helices, sheets and loops, that we view, are actually
models built from the primary data—i.e. X-ray diffraction patterns. Advances in
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bioinformatics, in particular protein molecular modelling, enable rigorous interpre-
tation of the structures, their stability and facilitates their refinement. Currently, we do
not have structural data of sufficient resolution to unequivocally determine which
residues are involved in mediating drug—P-gp contact. Molecular modelling, drug
docking and further biochemical data, will build on the solid foundation of structural
data to provide this. The following sections describe how bioinformatics and bio-
physical approaches have begun to unravel the mysteries of drug binding to P-gp.

Human P-gp Homology Modelling

Following the release of Sav1866 X-ray structure in 2006, O’Mara and Tieleman
investigated the suitability of this template for homology modelling. Homology
models of P-gp were generated to represent different stages in the transport cycle;
namely, closed and open (O’Mara and Tieleman 2007). The ADP-bound Sav1866
structure was used to render the closed state (i.e. nucleotide bound). To produce a
model in the absence of nucleotide (i.e. open), insights were used from the importer
protein BtuCD and the NBDs from the maltose importer (i.e. MalK subunits). The
open state model of P-gp was verified for orientation and energy minimisation.
Significant conformational changes were observed in the TMDs that altered the
geometry and residue distribution of the central cavity. The authors reported a
rotation of the TM helices to re-orientate polar residues lining the central cavity in
the closed state to inter-helical regions, thereby exposing hydrophobic residues.
This supports previous data of the closed state representing a low affinity extrusion
pore that becomes a high affinity binding site for recognition and transport of
substrates (Dawson and Locher 2006).

Another study, by Ravna et al. also investigated the use of Sav1866 as a template
for the structure of P-gp (Ravna et al. 2007). This model strongly supported bio-
chemical data that attributed specific TM helices to drug binding since the orien-
tation and nature of the residues lining the central cavity would support the
interaction of hydrophobic substrates. The authors reported that although the
sequence identity between Sav1866 and P-gp was only 31 %, the conserved sec-
ondary structures and overall geometry between the two proteins suggest that the
Sav1866 may be a realistic template for the structure.

These fledgling attempts at providing molecular models of P-gp structure were
used in a number of publications to facilitate reconciliation of biochemical data
from a structural perspective (Crowley et al. 2009, 2010b; Storm et al. 2007, 2008).
This strategy was vital in not only interpretation of results, but it provided a focus or
direction for subsequent mutagenesis studies, and therein lies the true value of the
technique. Subsequently, a molecular model of human P-gp was generated from the
murine structure and the effects of ATP and Mg>* binding were investigated
(O’Mara and Mark 2014). The inclusion of Mg:ATP was associated with a highly
stable structure of P-gp and confirmed the asymmetry of NBD organisation. The
model was subsequently used with electron paramagnetic resonance spectroscopy
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to demonstrate alternating access of TM6/12 during the translocation process (van
Wonderen et al. 2014). Recently, molecular dynamic simulations have been used
with the model to propose sites for binding and translocation of morphine and
nicardipine (Subramanian et al. 2015).

Refinement of the Murine Crystal Structure of P-gp

Figure 3 presents a comparison of the NBD separation in mouse (3G5U, 4KSC and
4M1 M) and C. elegans (4F4C) structures with the distances between the Ca atoms
of the last resolved residue in the C-terminus of both NBD1 and NBD2 shown.
Clearly, the separation between these catalytic sites is highly variable between the
four P-gp structures and the incongruity of this value may highlight the significant
conformational flexibility of the protein.

Comparison of the structure from murine and C. elegans P-gp revealed con-
siderable differences, most notably possible registry shifts. Consequently, in 2014,
Li et al. published a refined model (4M1M) of the murine P-gp structure (Li et al.
2014) as an update to the original structure (Aller et al. 2009). The refined structure
was generated using single-wavelength anomalous dispersion (SAD) phasing of the
original mouse Pgp structural data. The initial dataset was produced using
multi-wavelength anomalous dispersion (MAD) phasing, which has largely been
superseded by SAD (Li et al. 2014). To refine the original model, SAD phasing was
conducted on a previously collected dataset free of radiation damage. Registry shift
corrections were made to the TM helices forming the central cavity, intracellular
helices and elbow helices, amongst other corrections. The refinements resulted in a
significant increase in the percentage of residues present in the favourable
Ramachandran region (95 % in the refined model compared to 56 % in the original
structure). The SAD-phased map showed improvement in many criteria and
revealed features of the protein that were not resolved in the original model. Finally,
the figure of merit (FOM) value for the refined structure improved from a MAD
score classified as unacceptable to a SAD score that is.

The refined structural model for murine P-gp identified nine aromatic residues
within the TMDs that are also present in human P-gp, but not in the C. elegans
isoform (Jin et al. 2012; Li et al. 2014). The authors speculated that evolutionary
differences in residue composition are indicative of different functions and account
for the significant substrate promiscuity observed in mammalian P-gp isoforms.
Significant changes in the position of TM4 were observed in the refined structure,
and this helix is implicated in formation of the portal for drug entry. The improved
murine structure is a superior template to generate new homology models in order
to investigate the molecular basis for polyspecific drug recognition. The continued
travails with the structure of P-gp provide considerable evidence for stringent and
rigorous assessment of data, moreover, investigators should ensure equal quantities
of care and of course, patience, in the fact that structural biology is a long journey.
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4KSB NBD2 gmim  NBD1

Fig. 3 Separation of nucleotide-binding domains for mouse (3G5U, 4KSB and 4M1M) and C.
elegans (4F4C) P-gp crystal structures. The distance between the final residue in the C-terminus of
each NBD was measured and denoted by grey residues connected by a grey line (where visible).
For mouse P-gp structures the separation was measured between residues 626 and 1271, while the
distance of separation for C. elegans was measured between residues 659 and 1250. Mouse P-gp
3G5U (purple) shows a separation of 14.90 A while other mouse structures 4KSB (blue) and
4M1M (green) show a separation of 31.06 and 16.56 A, respectively. The distance measured
between the NBDs in the C. elegans structure, 4F4C (orange) was 34.27 A

Portals and Drug Accessibility to the Central Cavity

Structural data has consistently shown the presence of portal(s) in the TMD formed
by pairs of TM helices. The topography of these pairs is such that substrates present
in the lipid bilayer can enter the binding pocket through the interface between the
two TMDs. Extensive biochemical data has suggested gates are formed by the
interaction of one TM helix in one TMD with another TM helix in the second
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TMD. The X-ray structures of mouse P-gp have shown the presence of two portals
formed by TMs 4 and 6 in TMD1 and TMs 10 and 12 in TMD?2 (Aller et al. 2009;
Ward et al. 2013). Only one portal capable of acting as a drug entry site was
observed in the C. elegans structure, with the other portal sterically hindered by an
N-terminal helical hairpin (Jin et al. 2012).

Do these portals merely provide an open entry point to the central cavity for
drugs? Are the portals simply sites of interactions for modulators to regulate the
translocation process? If the portals represent an initial binding site, then why do
pharmacological studies on drug binding display a single association step?
Structural investigations with P-gp have revealed information regarding the location
of binding sites, the presence of a central cavity, and the identification of putative
substrate portals. However, many fundamental questions regarding the
drug-binding site remains, and several new questions posed in this paragraph have
emerged. Only through an iterative process that combines biochemical, structural
and computational studies will we finally reveal this enigmatic process.

Describing the Nature of Drug-Binding Sites

In addition to identifying their location, the nature and biophysical properties of the
drug-binding sites have been studied extensively. Describing the nature of the
drug—protein interactions will also shed light on the pharmacophoric features
essential for high affinity binding, and reveal differences between substrates and
modulators. Such essential fundamental information may also translate into
improved design of anticancer drugs to avoid the clutches of P-gp, or inhibitors to
halt its effect on chemotherapy efficacy. Finally, understanding how the binding
sites alter their interaction with drug in multiple conformations of the protein will
facilitate a molecular description of multidrug recognition and translocation.

Substrate Recognition

From the earliest investigations, the ability of P-gp to interact with an astonishing
number of compounds was a “standout feature”. P-gp is one member of the triad of
multidrug efflux pumps that prevent cytotoxic drug accumulation in cancer and
regulate pharmacokinetic profiles in healthy individuals. However, the three pumps
have distinct substrate profiles, albeit with some inevitable overlap. Clearly, there
must be chemical-physical features of a drug that render it as a substrate or
modulator of P-gp; in other words, the elusive pharmacophore. The most widely
observed features are the hydrophobicity of substrates, a planar aromatic ring
system and a cationic nitrogen moiety. A number of investigations have attempted
to generate a detailed list of pharmacophoric features (Stouch and Gudmundsson
2002; Montanari and Ecker 2015; Ueda et al. 1997; Demel et al. 2008; Orlowski
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and Garrigos 1999); although to date, a widely accepted and definitive set is
unavailable.

Hydrogen bond formation has oft-been considered a staple requirement for high
affinity binding and to maintain selective drug interaction with enzymes, receptors
and transporters. With this established dogma, Anna Seelig analysed a large number
of compounds known to interact with P-gp and characterised the number and
location of functional groups capable of participating in hydrogen bonding (Seelig
1998). The author described three chemical units based on a fixed spatial separation
of electron donor groups, and possessing any one of these features would classify a
molecule as a P-gp substrate. The three chemical units were categorised as pos-
sessing a spatial separation of: (1) 4.6 = 0.6 A between two electron donor groups,
(2) 2.5 £ 0.3 A between two electron donor groups, or, (3) 4.6 = 0.6 A between
three electron donor groups. Binding strength (i.e. affinity) of the compound,
positively increased with the number of hydrogen donor features it exhibited.
A review of structure—activity relationships (SAR) (Stouch and Gudmundsson
2002) concluded that the reliance on hydrophobicity may be an over-simplification
of the drug—P-gp interaction and may simply reflect the degree of membrane
intercalation. Of course, this property is a key element of the hydrophobic vacuum
cleaner models of P-gp (Homolya et al. 1993; Raviv et al. 1990), which demon-
strate that drugs are “extracted” from the lipid milieu. This review also suggested
that the examination of hydrogen bond donor/acceptor moieties on substrates gave
the most successful determinants of binding. Moreover, they stated that the pres-
ence of multiple binding sites would cloud the issue and experimental discrimi-
nation between them was an essential step; unfortunately, this has not yet been
possible to achieve experimentally. Another article (Raub, 2005) also indicated that
the experimental tools were not yet available to discriminate between sites and that
considerably greater sophistication in SAR investigations was required. In partic-
ular, strategies to improve our understanding of the structural determinants for P-gp
binding/transport will require “...reducing molecular size, replacing electronega-
tive atoms, blocking or masking H-bond donors with N-alkylation or bulky flanking
groups, introducing constrained conformation, or by promoting intramolecular
hydrogen bonds...”. These are indeed important investigative strategies. However,
the current pessimism by funding councils and the pharmaceutical industry towards
generating P-gp inhibitors may render this goal unattainable.

Due to the vast number of structurally different compounds P-gp can recognise,
it is widely accepted that the protein—drug interactions are intricate and complex.
A general pharmacophore model of P-gp drugs was hypothesised from a genetic
algorithm similarity program (GASP) and relates to the verapamil-binding site.
GASP analysis was used to examine a highly diverse set of compounds from a
number of drug classifications, to derive a general pharmacophore for P-gp sub-
strates (Pajeva and Wiese 2002). Multiple pharmacophore elements were proposed
including: two hydrophobic regions, three hydrogen bond acceptors and one
hydrogen bond donor. Interaction points for individual drugs were analysed and
compared with the wide variations in specific interactions attributed to different
binding modes for the compounds within the defined verapamil site. Furthermore,
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the authors found the binding affinity of P-gp substrates and inhibitors was influ-
enced by the number of pharmacophore points simultaneously involved in the
interaction. The verapamil-binding site contains multiple points for hydrophobic
and hydrogen bond interactions, and different drugs interact with a specific subset
of these points.

Another study that focussed on understanding how P-gp recognises such
chemically and structurally distinct compounds, utilised a combination of bio-
chemical (primarily ATPase assays with multiple drugs) and molecular modelling
techniques (Garrigues et al. 2002). The investigation revealed that, for the com-
pounds tested, there were two regions for drug interaction on P-gp. On one site,
drugs including cyclosporin A, verapamil, actinomycin D and peptides would
compete for binding. The alternate site was exclusively for vinblastine; although it
must be remembered that drugs not tested in this investigation may interact at this
site. This study also concluded that the binding region of P-gp contained multiple
individual sites located near to each other. Moreover, the binding affinity of drugs
will depend on the distribution of recognition elements such as hydrogen bond
donors and hydrophobic moieties in the site. The presence of more than one site
capable of drug recognition in the overall binding region provided P-gp with its
characteristic promiscuity.

Another investigation, prior to the publication of the X-ray structure of murine
P-gp, generated a molecular model to examine drug binding (Vandevuer et al.
2006). The model was developed using data from a wide range of sources including
electron microscopy, cysteine-disulphide cross-linking and mutagenesis data.
Molecular docking programs were used to assess the binding of selected drugs, with
energetics of the interaction used to assign relative potencies. Seven drugs were
docked to the cavity within the centre of the protein and the nature of their inter-
actions with the polypeptide was analysed. A number of different types of inter-
actions between drug and P-gp were identified, which included hydrogen bonding,
n—7 stacking, and cation—r interactions. The findings were general support for the
pharmacophore model described by Pajeva and Wiese (Pajeva and Wiese 2002).
The ligands were found to bind at different positions within the cavity and multiple
binding locations were observed for a single ligand. Taken together, this study
provided evidence of multiple drug-binding sites and information describing the
drug—protein interactions at these locations.

Do Modulators and Substrates Bind at Distinct Sites on P-gp?

The descriptions presented thus far indicate that P-gp is likely to have a large
binding domain, which is likely to reside within the central cavity. A number of
helices from the TMDs line the cavity and it has been proposed that substrates may
enter this cavity directly from the lipid milieu through defined portals. A number of
compounds have been identified that inhibit the transport of anticancer drugs by
P-gp and thereby restore the efficacy of chemotherapy. Often these “inhibitors” are
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classified as competitive, despite the lack of formal data to indicate binding at the
identical site to substrate. In addition, many “inhibitors” of the transport of anti-
cancer drugs are themselves substrates for transport. A classical inhibitor would
prevent the transport of a true substrate, but not be translocated across the mem-
brane per se. The interaction of two compounds that are both transported would be
revealed as an apparent inhibitory effect on the compound whose transport was
being measured. As will be shown in subsequent sections, there is a vast amount of
data to indicate that P-gp allosteric binding sites can influence binding and transport
of drugs. This intricate and complex network of interactions necessitates clarifi-
cation of nomenclature. The term modulator will be used to indicate a compound
that interferes with the transport process for a substrate. Moreover, the modulator
must bind to P-gp at a site distinct from the substrate in question; i.e. at an allosteric
site.

Photo-affinity labelling approaches demonstrated distinct binding sites for the
P-gp substrate ['**T]-IAAP and the modulator () cis(Z)flupentixol (Dey et al. 1997,
1999; Maki et al. 2003). ['**T]-IAAP was shown to photo-label P-gp at two sites on
the protein and that the presence of cis(Z)flupentixol was able to enhance the
binding. The enhancement of photo-labelling (and presumably binding) is clear
evidence for a positive allosteric interaction. In addition, cis(Z)flupentixol displayed
a differential ability to alter the photo-labelling of ['*’I-IAAP at the N- and
C-terminal sites. Also, ATP-bound and vanadate-trapped P-gp displays consider-
ably reduced photo-labelling by ['*’I]-IAAP and the high affinity binding site is
only “regenerated” following dissociation of nucleotide (Maki and Dey 2006).
However, cis(Z)flupentixol binding to P-gp in the ATP or vanadate-trapped con-
figuration (without nucleotide dissociation) is also able to “regenerate” ['*’I]-IAAP
binding, suggestive of an allosteric site that is essentially unaffected by events at the
NBDs (Maki and Dey 2006). cis(Z) flupentixol treatment of P-gp generated pro-
teolytic cleavage patterns that were identical to those obtained following trapping of
the protein with ADP-vanadate or ATP-y-S (Ghosh et al. 2006). It appears that
either binding site for cis(Z)flupentixol may be located in TM12, since mutation of
the phenylalanine residue to alanine (F983A) affects the tryptic digestion pattern
observed in the presence of modulator. Alternatively, the residue may be involved
in the conformational changes accompanying cis(Z)flupentixol binding. The data
using this strategy clearly demonstrates alternate binding sites for a modulator and
substrate; in addition, binding at the two sites confers distinct conformational
transitions in P-gp.

One of the X-ray structures of mouse P-gp (Aller et al. 2009) was obtained in the
presence of two enantiomeric modulators that showed inhibitors bound within the
central cavity. This has led to efforts aimed at localising the H- and R-sites. One
investigation focussed on the ability of the two enantiomers (QZ59-RRR and
QZ59-SSS) to modulate substrate transport from the H-site (Hoechst 33342) and
the R-site (Daunorubicin) (Martinez et al. 2014). The SSS-enantiomer was found to
alter transport of both the H- and R-site substrates in a competitive manner. The
RRR-enantiomer also interacts with transport of Hoechst 33342, but with a lower
potency than the SSS-enantiomer. In addition, the RRR-enantiomer inhibits
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daunorubicin transport in a non-competitive manner. The data may demonstrate that
the QZ59-SSS binding overlaps with both the H-site and the R-site. In addition, the
binding of QZ59-RRR may occur at the H-site, but may allosterically affect the
R-site. It is worth noting that the competitive and non-competitive interactions were
measured exclusively with transport, and not binding assays. Binding is the first
step of transport and the unequivocal attribution of the location of QZ59-SSS or
QZ59-RRR binding requires alternative assay systems. Nonetheless, the data reveal
that modulators and transported substrates can bind at distinct sites on P-gp;
however, some sites may be competent for both transport and allosteric modulation.

Complex Interactions Between Substrates
and Modulators on P-gp

The data summarised in Sect. “Do Modulators and Substrates Bind at Distinct Sites
on P-gp?” (and elsewhere) clearly demonstrate that the nature and location of drug
binding to P-gp is a complex one and involves an intricate network of sites on the
protein. This was further illustrated by an investigation of the effects of 34 P-gp
interacting drugs (i.e. substrates and modulators) on the characteristics of ATP
hydrolysis (Litman et al. 1997). They then examined the interactions between these
drugs by studying them in pairs; for example, using verapamil and a series of
transported substrates. This ambitious study led to the identification of at least four
major types of drug interactions on, or with, P-gp. These four types comprise
classical competitive and non-competitive inhibition, allosteric inhibition and
co-operative stimulation of ATP hydrolysis.

Another series of manuscripts also examined the effects of pairs of compounds
on the ATPase activity of P-gp in order to deduce the nature of drug binding
(Orlowski and Garrigos 1999; Pascaud et al. 1998; Garrigos et al. 1997). For
example, Pascaud et al. measured the alteration of P-gp ATPase activity in the
presence of vinblastine, azidopine, verapamil and five dihydropyridine modulators;
nicardipine, nimodipine, nitrendipine and nifedipine (Pascaud et al. 1998). ATPase
activity was stimulated by verapamil and nicardipine but not by vinblastine.
Amongst the dihydropyridines, the potency to stimulate activity was greatest for the
more hydrophobic compounds. The authors painstakingly measured and assessed
the nature of interaction between the drugs. They generated a “sticky paper model”
for the drug binding to P-gp based on the ATPase assay effects. The binding
“domain” consisted of a series of individual sites for drugs; one class of site was
specific for transported substrates, and others for modulators. The modulator sites
affected ATPase activity of a substrate independently, while others worked in
tandem. Some sites were exclusive to a class of compounds, whilst others displayed
broad specificity to a number of drugs.

Collectively, the enzymatic assay results described in this section were in
agreement with the concept of a multiple-site binding model for drugs. Moreover,
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the sites are involved in a complex allosteric network of either positive or negative
heterotropic interactions. Interpretation of the data is complex due to the use of a
functional assay. ATPase activity consists of drug/nucleotide association, instiga-
tion of conformational change, ATP catalysis, nucleotide/drug dissociation and
resetting. Drug interactions may affect one or more of these steps in the process.

Classical Receptor-Drug Analysis of Multidrug
Binding to P-gp

As alluded to in the previous section, it is difficult to assign binding sites for drugs
based on assays that involve multistep functional activity. Direct binding of drugs
to proteins can be measured using radioligand-binding assays. Simple equilibrium
assays provide affinities of ligands (Kp), binding capacity (Byax), the inhibition
constant for modulators (Kj) and the nature of interaction between two drugs readily
demonstrated by the relative effects on Kp/Byax using classic Schild plots
(Larazeno and Birdsall 1993; Kenakin 1997). The use of kinetic assays to determine
the association and dissociation rate constants will provide definitive proof of
allosteric interactions as defined by the law-of-mass action.

Several teams used the radioligand approach to examine the binding of drugs to
P-gp, both to discover novel “inhibitors” of the protein, and to reveal information
on the binding interaction (Ferry et al. 1992, 1995; Martin et al. 1997). The dis-
sociation constant (Kp) was measured for several substrates of P-gp and revealed
considerable differences in the affinities of ligands to bind to P-gp. The presence of
distinct binding affinities argues against one of the assumptions of the hydrophobic
vacuum cleaner model, which suggested that interaction is purely based on
non-specific adsorption to a hydrophobic interface. Assays measuring the heterol-
ogous displacement of radiolabelled substrates were used to estimate the potency
(ICsp) of displacing compound to bind to P-gp. However, the ICs, value is only a
relative measure of affinity that may be converted to an inhibition constant (i.e. K;)
using the Cheng—Prusoff equation (Larazeno and Birdsall 1993). This transforma-
tion is only applicable in cases where the displacing compound and radioligand
share a competitive interaction. Consequently, the dissociation rate constant was
also measured for the radioligand and the ability of displacing compound to affect
this rate was determined. Several dihydropyridines, Hoechst 33342 and Tariquidar
(to name a few), were able to increase the rate of [3H]-vinblastine dissociation from
P-gp (Ferry et al. 1995; Martin et al. 1997; Pascaud et al. 1998). According to the
law-of-mass action, this can only occur through an allosteric effect; thereby, con-
firming the presence of multiple drug-binding sites.

Another approach to discriminate between competitive and non-competitive
interaction involves the use of Langmuir Adsorption (Saturation) Isotherms to
analyse radioligand-binding assays (Kenakin 2004). Saturation isotherms were
generated for [*H]-vinblastine in the presence of increasing concentrations of other
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substrates or modulators (Martin et al. 2000). An alteration in the Byax for [PH]-
vinblastine was observed in the presence of the substrates Rhodamine123, Hoechst
33342 and the modulators XR9051, XR9576 (Tariquidar) and GF120918
(Elacridar). The reduced Byax, in the absence of any alteration in the apparent Kp
for [3H]-vinblastine, was indicative of a non-competitive interaction. The
non-competitive interaction was confirmed as a negative allosteric heterotropic one
following demonstration of an elevated dissociation rate constant (k.g). Based on
the data with [°H]-vinblastine, it appears that other transported substrates bind at
distinct sites on P-gp. Similarly, the modulators also interact at a site distinct from
that of [*H]-vinblastine. Is there any overlap, or does the binding site on P-gp
contain a distinct interaction “zone” for all compounds?

To address this question, similar analyses were undertaken using a tritiated
version of the most potent P-gp modulator, XR9576 (i.e. Tariquidar) (Martin et al.
2000). In the presence of vinblastine, the Byjax for [PH]-XR9576 was unaffected,
however there was a dose-dependent shift to the right in its saturation binding
curves. The data was analysed using a Schild plot, which was characterised by a
slope significantly different to 1.0, which is indicative of a non-competitive inter-
action. This is in full agreement with data obtained for [*H]-vinblastine in the
presence of XR9576. Hoechst 33342 also produced a shift in the saturation binding
curves of [3H]-XR9576 to the right. However, in the case of Hoechst 33342, the
slope was not significantly different to 1.0 and revealed a competitive binding
interaction with [3H]—XR9576. Whole cell accumulation assays indicated that [3H]—
XR9576 was not a substrate for transport by P-gp and the unlabelled compound
also inhibited the ATPase activity of purified protein (Martin et al. 1999). The
binding data revealed that XR9576 and the transported substrate, vinblastine, bound
at distinct sites on P-gp. However, since XR9576 interacts with P-gp at the same
location as the transported substrate Hoechst 33342, their shared site is indeed
capable of transport. Why is [PH]-XR9576 not transported by P-gp? The rate of
[*H]-XR9576 dissociation from P-gp was considerably slower than that observed
for vinblastine or paclitaxel. The high affinity binding of [?H]-XR9576, in particular
the slow k. rate, may prevent efficient transport across the bilayer since rapid
dissociation from the external facing binding site is essential for transport. This
suggests that it is the nature of the ligand and its interaction with the binding site
that determine whether transport across the bilayer occurs.

The data in the preceding paragraph demonstrate that the modulator XR9576 and
the substrate Hoechst 33342 bind at the same site. Is this a generic property of the
binding sites; namely that they are capable of interacting with either class of
compounds? This would confirm that the nature of the ligand, rather than the site
properties, dictates whether transport occurs. To address this, the interaction of a
number of other modulators with [3H]-XR9576 was investigated.

In particular, the effects of nicardipine, XR9051 and GF120918 (Elacridar) on
the saturation isotherms and the dissociation rate of [PH]-XR9576 were measured.
Both nicardipine and XR9051 increased the apparent Kp, of [°’H]-XR9576 without
any effect on the Byjax, which is suggestive of competition. XR9051 did not alter
the dissociation rate of [3 H]-XR9576, thereby confirming a competitive interaction;
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which is not unexpected given the structural similarity of the two ligands. In
contrast, nicardipine caused an increase in the dissociation rate, indicating a
non-competitive allosteric interaction. Consequently, nicardipine must bind at a site
distinct from the binding site shared by XR9576, XR9051 and Hoechst 33342.
GF120918 caused a dose-dependent decrease in the Byax of [*H]-XR9576 and
[*H]-vinblastine without a change in the Kp, indicating that GF120918 does not
bind to the same sites as either. Another study had demonstrated a non-competitive
interaction between GF120918 and, which suggests the presence of a fourth site on
P-gp.

Collectively, the evidence collected from these investigations was used to
classify at least four distinct drug-binding sites on P-gp. This provided crucial
support not only for the existence of multiple binding sites on P-gp but also insight
into the complex ways in which the binding sites communicate with each other. The
data also demonstrated that substrates and modulators can bind at equivalent sites. It
is therefore the nature of interaction at the site that demonstrates whether a drug will
be transported.

Summary and Perspectives

Over more than three decades, scientists have attempted to localise drug-binding
sites and to provide detail on the molecular interactions with P-gp. These attempts
have involved biochemistry, pharmacology, structural and bioinformatics approa-
ches. The purpose of this article was to summarise the numerous sources of data for
this key question in the ABC transporter field. We have moved on considerably
since the early hydrophobic vacuum cleaner and drug-flippase models. However,
drugs do appear to enter the binding domain directly from the lipid milieu and do so
via portals or gates formed at the interface between the two TMDs. The binding
domain is located in the central cavity of P-gp, which is lined by multiple helices.
The precise dimensions of this cavity remain the source of considerable debate
within the structural biology field. The binding domain contains multiple sites for
interaction with drugs and the drug—protein interactions involve a combination of
hydrogen bonding and m—m stacking, particularly with phenylalanine residues.
Initial binding of a drug causes local conformational changes leading to a
substrate-induced fit that generates high affinity. The individual sites are proximal
and each appears capable of interacting with transported substrates and modulators.
Moreover, it is the molecular interaction between drug and site that determines
whether translocation of drug across the membrane occurs.

The primary objective remains to unequivocally determine the residues involved
in the interaction with drugs at the individual sites within the domain.
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