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Abstract

It is almost 40 years since the drug efflux pump P-glycoprotein (permeability glycoprotein or P-gp) was
shown to confer multi-drug resistance in cancer cells. This protein has been one of the most extensively
investigated transport proteins due to its intriguing mechanism and its affect in oncology. P-gp is known
to interact with over 300 compounds and the ability to achieve this has not yet been revealed. Following
the binding of substrate and nucleotide, a complex series of conformational changes in the membrane
and cytosolic domains translocates substrate across the membrane. Despite over 30 years of biochemical
investigation, the availability of structural data and a plethora of chemical tools to modulate its function,
the molecular mechanism remains a mystery. In addition, overcoming its activity in resistant cancer cells
has not been achieved in the clinic, thereby garnering some degree of pessimism in the field. This review
highlights the progress that has been achieved in understanding this complex protein and the value of

undertaking molecular studies.

What's the point of molecular detail?
Recently I overheard a conversation between a departmental
colleague and a graduate student regarding transport proteins.
The student stated that she would measure substrate
accumulation in a cell line and determine the Michaelis—
Menten parameters for the transport process. The academic
retorted: ‘I cannot understand why people measure Kys,
Vs and all that stuff. Why would you bother?’ I resisted
the temptation to pull out a soap box and harangue this
colleague, but the question remained implanted in my
thoughts.

Why do I bother pursuing molecular details on membrane
proteins using a fundamental biochemistry approach?
Perhaps recalling how 1 entered the fray may help.
Near the end of my PhD tenure I was conducting a
ritual browse through biochemical journals to pick a
research topic for post-doctoral studies. Suddenly, an article
in Scientific American on ‘primitive defence mechanism’
that had been hijacked by cancer cells to ensure their
survival caught my attention [1]. The article described
this phenotype from the point of view of a patient and
how the problem was being tackled at a molecular level.
Moreover, it displayed a captivating cartoon of a single
protein, permeability glycoprotein (P-glycoprotein/P-gp),
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which was able to ensure the survival of cancer cells in the
face of sustained attack from cytotoxic drugs. How could
this be I wondered, with vivid recall of ‘locks and keys’
from my undergraduate biochemistry course? This topic has
consumed my research career ever since and it was the thrill
of the unexplained that caught my attention all those years
ago.

I can understand that this topic is not high on everyone’s
list, but why the dismissive attitude towards fundamental
research displayed by this colleague? It seems that a
broader disinterest, disillusionment or dislike of fundamental
biochemical research has emerged in the last decade (Figure 1).
Are fundamental research questions and endeavours valued
anymore? Should all biomedical research have a near
immediate and tangible benefit from an economic standpoint?
Have scientists also become obsessed with ‘budget bottom
lines’ and pre-occupied with a desire for ‘bankable projects’
and ‘translational research’? Perhaps we have lost the desire to
explore and provide an understanding of complex biological
phenomena without justification on economic grounds?
Should we simply ignore the intricacies and complexity of
the natural world and merely view it as a tool to generate
profit? There is nothing wrong with translational research,
but surely it cannot completely replace fundamental research.
This review provides a brief (and far from exhaustive) account
of how research into the molecular mechanism of P-gp has
progressed since its discovery in 1976. It is important to note
that the field has also benefitted greatly from equally heroic
efforts with other ATP-binding cassette (ABC) proteins
and transporters from distinct families. This review cannot
provide a wide sweep of these efforts and is restricted to
studies exclusively with P-gp. Progress has been slow at times
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Figure 1| The frustrations of fundamental research
A schematic representation of the low-resolution structure of membrane bound P-gp to illustrate its ability to bind and
transport drugs in an ATP-dependent manner. The quotation bubbles represent a ‘rogue’s gallery” of statements from grant
and/or manuscript reviewers received over the years by fundamental biochemists.
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but the timeline demonstrates the creativity, resourcefulness,
stirring debate and co-operation of scientists in the field.
Hopefully it will provide an answer to the question posed
by my colleague!

Towards an experimental tool

Dano [2] demonstrated that a drug-resistant cancer cell line
was associated with an ATP-dependent reduction in the
accumulation of daunomycin. Juliano and Ling [3] took
this key observation further and demonstrated that the
phenotype was associated with expression of a 170000 Da
surface glycoprotein in cell lines selected for anti-cancer drug
resistance [3]. The identity of this P-gp was revealed by
labelling cells with radioactive saccharides, fractionating with
acumbersome polymer separation process and detection with
PAGE. Over the next few years, Ling and co-workers [4]
(plus a rapidly expanding series of competitors) painstakingly
revealed features of P-gp, such as its dependence on ATP, its
stable cellular half-life, plasma membrane localization, a rich
glycosylation pattern and extensive phosphorylation [5-7].
Today, many of these elements represent a throwaway line at
the start of most manuscripts on P-gp, yet their genesis was
born of numerous long outdated technologies.
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The cell biology and pharmacology of P-gp continued
to be investigated using an expanding number of cultured
cell lines and a great deal of information regarding the
substrate promiscuity of the protein was revealed. The
transport process was ATP-dependent and presumably this
was mediated by P-gp. In order to directly attribute
the ATP hydrolysis to P-gp a method of isolating the
protein was required. The first reported purification of P-
gp used sequential lectin columns to make use of the rich
glycosylation status of the protein [8]. However, this gallant
procedure required the use of harsh, denaturing detergents
and produced low yields. The protein was used to raise and
validate the first antisera to P-gp. The first published account
of active purified P-gp was obtained by Hamada and Tsuruo
[9],in 1988, using affinity chromatography with a monoclonal
antibody. The purified protein was not reconstituted into
lipid vesicles, but was demonstrated to hydrolyse ATP at a
rate of ~2 nmol-min~!-mg~! protein. This is roughly 500~
1000-fold lower than the generally accepted rate of ATP
hydrolysis by P-gp [10].

Progress was slow by current standards and two
reports in 1992 reveal that partially purified P-gp dis-
played considerably greater, and drug stimulated, ATPase
activity [11,12]. These procedures used mild detergents
and conventional chromatography such as ion-exchange.



By 1994-1995, the level of purification had been greatly
increased and the activities retained an upward surge. Recon-
stitution procedures remained difficult and the exhaustive
efforts of Rigaud et al. [13] with detergent adsorption by
BioBeads as a general procedure for reconstitution caught
the eyes of P-gp investigators. In addition, the importance
of crude lipid mixtures during extraction and purification to
prevent P-gp delipidation and inactivation were documented
[14]. By the late 1990s, purification and reconstitution of P-
gp from cancer cell lines using conventional chromatography
media became de rigueunr for the field. In 1995, a game-
changing purification procedure was reported by Loo and
Clarke [15]; namely the purification of P-gp containing
a poly-histidine tag using metal affinity chromatography.
The use of poly-histidine tags had only been developed
by the early 1990s and rapidly supplanted conventional
chromatography for routine protein purification, thereby
rendering membrane protein purification a relatively simple,
one-step procedure. Moreover, it is now possible to
characterize multiple mutations of P-gp and bears stark
contrast with the early heroic endeavours with a single
isoform and cumbersome procedures.

P-gp: a hungry beast

The ATP-dependent cellular transport of drugs by P-gp
suggested that the protein may be an ATPase, although the
proof was not obtained for 12 years. It was not until the early
1990s that preparations of partially purified P-gp were used
to show that anti-cancer drugs may stimulate ATP hydrolysis
by P-gp [11,12]. This finally demonstrated that P-gp was a
coupled, primary active transporter, which was only inferred
from cellular studies.

The presence of two nucleotide-binding domains (NBDs)
fostered considerable debate regarding the mechanism
of hydrolysis and its conformational coupling to drug
movement. The presence of endogenous cysteine residues in
the NBDs, proximal to the WalkerA/B motifs, enabled the
use of thiol-reactive compounds to covalently modify P-gp.
Full inactivation of ATPase activity by P-gp was achieved
with a stoichiometry of 1 mole covalent reagent per mole
of P-gp [16]. This was the first evidence that both catalytic
sites are essential to maintain P-gp function. Furthermore,
photoaffinity-labelling with ATP analogues demonstrated
equivalent distribution of label between the two NBDs;
this indicates that both NBD domains are also catalytically
active [17]. The use of vanadate to produce a highly stable
Pgp-VO;-ADP (post-hydrolytic) intermediate, again at a 1:1
stoichiometry, proffered a model of catalysis that involved
hydrolysis of nucleotide by the NBDs in an alternating
sequence. These findings were confirmed (and extended)
using isoforms of P-gp with one or more catalytic residues
mutated. For example, the mutation of the two catalytic
glutamate residues to alanine (E552A/E1197A) produced
protein with an ‘occluded” ATP molecule at one NBD
[18]. This occluded model suggests that two ATP molecules
are initially bound loosely by the NBDs. Dimerization
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ensues and one nucleotide is hydrolysed, with the other
remaining tightly bound and ‘earmarked’ for hydrolysis
in the subsequent translocation event. There are various
modifications of this catalytic model (i.e. switch and constant
contact) and the field continues to debate the exact mechanism
[19].

While this gradual illumination of the catalytic process
was underway, the field of structural biology endeavoured to
describe the dimeric interaction between NBDs. The ‘murky
waters’ of NBD dimerization were founded on the three
distinct dimer interfaces obtained for the HisP, MalK and
Rad50 proteins [20-22]. The three different dimer assemblies
gave rise to distinct roles for motifs such as the signature
sequence and the invariant histidine and D-loop. This was
despite similar protein folds, structural resolution and overall
topography of the monomer units. The accepted head-to-
tail arrangement of the NBDs was only confirmed once the
full-length structure of BtuCD was obtained [23]. The NBD
dimer arrangement was similar to that of Rad50, wherein an
ATP molecule is sandwiched between the Walker A/B motifs
of one NBD and the signature sequence of the alternate
NBD. The controversy with NBD dimer arrangement was
frustrating at that point in time since changes in the
structural model necessitated significant re-interpretation of
much mutagenesis data. In the long run, the incremental
development of our collective understanding stimulated new
avenues of investigation and produced an elegant model for
the structural disposition of ABC transporters.

The eternal question of how P-gp binds
such an array of drugs

At current count, P-gp has been estimated to bind over
300 compounds, which certainly renders the protein an
enigmatic one. Resolution of how P-gp interacts with so many
compounds will provide a paradigm shift for the molecular
basis of drug—protein interaction, applicable to transporters,
receptors and enzymes.

The use of panels of cell lines and different chemotherapy
agents ultimately led to the discovery of Mrp1 (ABCC1) [24]
and BCRP (ABCG2) [25], which also exhibit the promiscuity
of P-gp and together they form a triad of multi-drug efflux
pumps conferring resistance in cancer. The promiscuity of
P-gp led pharmacologists to posit that drugs unrelated to
cancer chemotherapy may ‘compete’ with anti-cancer drugs
for transport and thereby overcome the resistant phenotype,
providing a potential clinical strategy.

A model was proposed whereby P-gp could be thought
of as a ‘flippase’ that transports drugs between leaflets of
the bilayer in a manner similar to the lipid translocase
proteins [26]. This model could account for the broad
substrate specificity of P-gp, particularly since it was thought
that “...interactions with the substrate-binding site on the
transport protein would be of secondary importance’ to the
ability to intercalate into the bilayer. Another hypothesis was
that P-gp was akin to a ‘hydrophobic vacuum cleaner’ that
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cleansed the bilayer of hydrophobic drugs. The mechanism
relied on a hydrophobic surface and not the classical view
of specific interactions between drugs and amino-acids
(e.g., hydrogen bonds). These two proposals unleashed a
veritable army of biochemical pharmacologists to elucidate
the property of poly-specificity in P-gp.

One of the first attempts to address this issue used a
photolabile probe ['*I]-INA (iodonapthalene-1-azide) to
specifically label P-gp in resistant cells [27]. The key property
of this probe was that the photo-induced labelling could
only be triggered by energy transfer from a proximal
chromophore. The chromophores were doxorubicin and
rhodamine 123, both substrates of P-gp. This demonstrated
that substrates interact with P-gp or access the drug-
binding site, from the lipid milieu of the bilayer. The
second line of evidence was obtained with a series of
fluorescent cell indicators (of pH and Ca?™) conjugated to
an acetoxymethylester (AM) [28]. The AM derivatives of
calcein and Fura-2 rapidly enter cells where they are avidly
cleaved by esterases. The resultant free acid forms of probe
cannot cross the plasma membrane, effectively being trapped
within the cell. It was observed serendipitously that cellular
accumulation of calcein—~AM was considerably lower in P-gp
expressing cells and could be increased following inhibition
of the pump. Therefore, P-gp extrudes AM derivatives before
they reach the cytoplasm; in other words, directly from the
lipid milieu.

For receptor pharmacologists, there was a collective sigh
of relief when Tamai and Safa [29] revealed classical non-
competitive interactions on P-gp between azidpoine and
inhibitors of P-gp. Photolabelling of [*H]J-azidopine was
described by a single binding site; however, the labelling
was reduced by vinblastine and cyclosporine A in a non-
competitive manner. This demonstrated the presence of
multiple and discrete drug-binding sites on the transporter.

Over a 20-year period, photoaffinity analogues of P-gp
substrates were widely used to locate the drug-binding site(s)
[30-32]. Following photo-activation, P-gp was digested into
large fragments to determine which were labelled by probe.
Photolabelling was shown to occur in both halves of the
protein; perhaps indicating multiple binding sites for a single
ligand. An interesting study with flupentixol revealed that
this drug specifically enhanced the photolabelling of P-gp
by ['®I]-TAAP at the C-terminus, with no alteration of
labelling at the N-terminus [30]. This observation revealed
that the two labelling sites were non-equivalent and the
possible allostery between sites for flupentixol and TAAP
binding. Another study used ['?I]-IAAP photolabelling
with a combination of enzymatic and chemical digestion
of the protein to provide higher resolution of the region
of P-gp labelled. The investigation concluded that ['*1]-
IAAP labelled P-gp at a single site with multiple spatial
elements. Continuing the increasing sophistication of this
process, the binding of another photoactive compound, [*H]-
propafenone, was analysed by MALDI-TOF-MS [33]. This
compound appeared to bind at the interfacial regions between
the transmembrane domains and one mooted interpretation
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of the data is that the interface provides a ‘gate’ for substrate
entrance to the central binding cavity.

Classical radioligand saturation and displacement assays
also revealed reversible competitive or non-competitive
interactions on P-gp [34-36]. An extensive investigation using
multiple radioligands and modulators identified the presence
of at least four pharmacologically distinct binding sites on
P-gp [35]. Moreover, kinetic-binding assays demonstrated
that the sites were linked by negative heterotropic allostery.
Concurrently, investigations on drug transport and the drug
stimulation of ATP hydrolysis also pointed to the existence of
multiple drug-binding sites on the protein [37]. The transport
studies examined the interaction of transported substrates
and found positively co-operating interactions. The authors
named the sites H (Hoechst33342) and R (rhodamine 123)
based on their interacting ligands. Finally, using ATPase
assays, another series of investigations concluded the presence
of distinct sites for drug interaction on P-gp; some of which
interacted and generated synergistic stimulation of hydrolysis
[38,39].

Based on the number and distinct types of investigations
over a 20-year period, it is clear that P-gp does have distinct
sites for drug binding and does not simply rely on a non-
specific hydrophobic adsorptive surface. Moreover, P-gp
contains multiple sites for drug recognition or binding within
the TMDs. In addition, the binding sites are connected by an
allosteric communication network and drugs are extracted
directly from the lipid milieu.

What has the structure of P-gp ever done
for us?

‘Once we have the structure of the protein it will
reveal the mechanism of action’.... .... "Protein structures
are static and cannot inform without solid biochemical
evidence’. .. ... "Transporters live in membranes and X-ray
crystal structures are from a non-membranous environment’.

And so the seemingly eternal ‘battle’ between biochemists
and structural biologists continues. The truth is obviously
at the mid-point of these diametrically opposing views.
Obtaining the X-ray crystal structure of P-gp took almost
25 years from the time the amino-acid sequence was
published. Was it worth the wait, why did it take so long
and what has this process done for the field?

Back-to-back publication of the cDNA sequence for
the mdrl-gene from human and mouse indicated that P-
gp had considerable homology to a growing family of
membrane transporters [40,41]. The P-gp sequences revealed
the characteristic motifs of ABC proteins and consensus
sites for glycosylation and phosphorylation. A topological
model was developed for P-gp, subsequently known as
the standard model of two transmembrane (each with six
segments/helices) and two NBDs. Based on the topological
model and information from bacterial transporters, Kartner
and Ling [1] formulated what in retrospect was a prophetic
depiction of the structure of P-gp in 1989.



Over the period 1991-1996 a number of teams set about to
provide experimental verification of the standard model for
the topology of P-gp. The predominant approach was to use
a truncated protein containing various reporter groups (e.g.
enzymes, antibody epitopes and biotinylation sequences) at
the site of truncation. Functional assays for the truncated
proteins were undertaken to ascertain whether the reporter
was extra- or intracellular. Unfortunately, these investigations
yielded an array of possible topologies for P-gp with little
consensus and no agreement with the standard model [42].
Moreover, it was proposed that these topologies were in
equilibrium, presumably at enormous energetic cost. Data
began to emerge on the possible adverse effects of truncations
and the stitching of large reporter groups to a protein, adding
to the dilemma.

Loo and Clarke decided to adopt a relatively new
procedure involving site directed cysteine mutagenesis in
order to utilize the cell friendly chemistry of thiol-
modification [15,42]. They generated the first version of
a cysteine-less P-gp isoform that, crucially, retained full
function. Cysteine residues were added to predicted intra-
and extracellular loops and the relative accessibilities to
covalent modification by membrane impermeant biotin-
maleimide determined. The accessibility data were used
to construct a topology that was in agreement with the
standard model. A side-benefit of the tortuous path to
the topology of P-gp was the development of site-directed
mutagenesis studies; in particular, the development of
the cysteine-directed mutagenesis investigative strategy to
facilitate mechanistic studies.

In the mid to late 1990s, a number of X-ray crystal
structures of the nucleotide-binding domains of ABC
proteins were published. However, the first structure of a
full-length ABC protein was obtained for P-gp using an EM
approach [43]. P-gp was purified from hamster ovary cells
using a mixed detergent system and a combination of ion-
exchange and hydroxyapatite chromatography. The structure
of the purified protein was determined using EM and single
particle analysis. Although the structure was low resolution
[25 A (1 A = 0.1 nm)], it did provide overall dimensions of
the protein. A prominent feature of the structure was the
presence of a large central cavity, which was suggested to
contain an aqueous environment. At the time, the presence of
a central cavity in the structure caused considerable debate.
To improve resolution, the teams embarked on the use of
2D crystals for P-gp, which has the advantage of retaining
a membrane environment [44]. Continued improvements
in the quality of protein and increasingly sophisticated
analyses enabled improvement of resolution from 20 to 10 A.
New biochemical strategies enabled collection of structural
data from multiple conformations; namely the nucleotide-
bound and post-hydrolytic states of P-gp. This data revealed
considerable conformational changes in the transmembrane
domain of P-gp as it switched between the empty, ATP-bound
and ADP-vanadate trapped conformations.

Concurrent data using fluorescence and infrared spectro-
scopic analyses also demonstrated the major impetus for
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TMD conformational change was provided by ATP binding
to the NBDs [45,46]. The structural data prompted the
investigation of what affect the ATP-induced conformational
changes have on the transport process. Equilibrium-binding
assays with the transported substrate [PH]-vinblastine
demonstrated that the binding affinity (Kp) was markedly
reduced as P-gp transitioned to the ATP-bound conformation
[47]. The affinity was increased post-hydrolysis, but the initial
high-affinity binding was only restored following release of
inorganic phosphate. These data were used to generate a
model of substrate translocation for P-gp whereby the bind-
ing of nucleotide causes re-orientation of the drug-binding
site. The energy from ATP hydrolysis is used to reset P-gp
for subsequent transport cycles. Moreover, this translocation
model has also been demonstrated for the multi-drug efflux
pumps Mrp1 (ABCC1) [48] and BCRP (ABCG2) [49].

The final reported structure obtained using EM focussed
on P-gp trapped in the ATP bound configuration [50].
This state is highly stable and ensured homogeneous P-
gp preparations for 2D crystallization. The structure was
resolved to 8 A, which is near the maximum possible
with ‘conventional’ EM and direct evidence was provided
for a 2x6 TM helical bundle and a narrow central
cavity. In addition, this nucleotide bound conformation was
characterized by close apposition of the NBDs. This spawned
considerable debate on the mechanism by which NBDs
generate and transmit energy from ATP hydrolysis to the
translocation pathway. In particular, the reader is directed to
a review outlining the ‘NBD switch’, the ‘alternating sites’
and ‘occluded ATP’ models for P-gp [19].

In 2009, the first 3D X-ray crystallographic structure of
P-gp was published for the mouse isoform; a feat that was
highly anticipated and the subject of intense international
competition [51]. The structure of a Clostridium elegans
isoform of P-gp was subsequently published in 2012,
also in an nucleotide-free (basal) conformation [52]. The
resolution of these structures was in the range 3.4-4.3 A,
thereby providing a greater insight into the peptide backbone
organization of P-gp. Cross-over of helices between the
two transmembrane domains was observed, which is in
agreement with the structure of a bacterial multi-drug efflux
pump Sav1866 and reflective of the coupling of translocation
between domains. The NBDs are arranged in a head-to-tail
orientation and the protein has a large central cavity. The
dimensions of this cavity have caused considerable debate
and it is likely that the crystallographic conditions and the
location of the contact points between monomer units have
exaggerated the distance between the NBDs. The central
cavity is closed at the external face, a finding that was also
observed in the EM structures and from cross-linking data
for cysteine containing mutants of P-gp.

A consistent feature of research is that discoveries tend to
open more doors than they close and the structures for P-gp
are no exception. Recently, the initial mouse P-gp structure
was refined, based on observations from the C. elegans
structure [53]. Continued refinement of structural models
will continue as new and higher resolution data become
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available. In addition, the powerful forces of the modelling
fraternity have applied MD simulations to assess the stability
of crystal structures and continue the refinements necessary
to address key biochemical structures [54].

The structure obtained with mouse P-gp was also
obtained in the presence of drug; in this case, a hitherto
uncharacterized peptide. The resolution obtained does not
yet allow unequivocal assignment of interacting residues,
nor the forces that stabilize binding. However, the data have
provided residues proximal to the bound inhibitor within the
large binding domain. Many of these proximal residues have
already been identified from mutagenesis and biochemical
studies. These are exciting times as we progress towards
defining the precise locations and molecular interactions of
drug-binding sites in this enigmatic protein.

To date, the high resolution structure of nucleotide bound
P-gp continues to be elusive. Provision of this data will
generate a major leap in our understanding of the mechanism
of translocation and facilitate the reconciliation of divergent
biochemical observations.

Why bother?

This brief description of efforts to generate a molecular
mechanism of P-gp have demonstrated the progress made
since those initial experiments with cultured cancer cell lines
that demonstrated chemoresistance. P-gp was discovered
using methods long since consigned to history. Revealing
the gene sequence provided the first topology, this led to
topographical studies with EM and ultimately, to a high
resolution crystal structure. These efforts were underpinned
by the consistent improvements in the production of purified
P-gp. This has progressed from using a ‘natural’ source of
protein to the sophisticated expression systems that have
enabled the examination of over 200 mutant versions of
the protein. Early pharmacological studies identified the
promiscuity of P-gp with drugs and identified a number of
potential inhibitors. Many of these compounds ‘doubled-up’
as pharmacological tools and resulted in a steady progression
to recognize the complex allosteric nature of substrate
recognition by P-gp. This small list of achievements has
enabled us to inch ever closer to defining the location and
structural properties of drug interaction with P-gp.

The progression over 40 years reveals how disparate
groups of scientists and disciplines merged and borrowed
from each other to produce synergy in research. Technical
advances were developed, often in unpredictable ways
and avidly adopted to inexorably shift our understanding
forward. Being part of an international ‘team’ of curious
scientists embarking on a journey of discovery into the
molecular world of the cell are one of many reasons for
bothering with fundamental research.

Should we keep bothering?
We are far from done with this enigmatic transporter. The
precise residues involved in the binding site/cavity remain
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elusive. This information, coupled with higher resolution
structural data, will describe the molecular interactions
between drugs and the peptide chain; i.e., the much sought
pharmacophoric elements for interaction with P-gp. There
remains no plausible mechanism to describe the property of
multi-drug recognition, which is used by proteins throughout
nature. The number of ATP hydrolysed per compound
translocated remains frustratingly elusive and a higher level
kinetic description of the multi-drug process cannot be
provided without this information. The physical mechanism
of coupling drug-binding events and the ATP hydrolytic
machinery is tantalisingly close. Once again, this information
will be crucial for a detailed molecular mechanism. P-
gp expression differs between normal healthy tissue and
cancerous cells. The ability to regulate expression in either
or both settings will also have considerable affect in our
understanding of generic pharmacokinetics and potentially
in modulating disease.

Can P-gp be considered a ‘pharma target’? The answer to
this nebulous question is clearly dependent on perspective.
Currently, it does not appear to be of interest due to the
failures of past efforts. However, this may be a temporal
issue. The possibility that the drug-binding site structure
be elucidated and the pharmacophore for drug substrates
revealed will engender renewed interest. Similarly, the
ability to pharmacologically modulate its expression will
undoubtedly kick-start efforts on this track. This is where
fundamental science comes to the fore, i.e. by providing a
language for translation.

It is worth remembering how fundamental research in cell
biology can be slow and painstaking, but the journey towards
understanding mechanisms in biology at a molecular level is
rich in reward.
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