1.2 Structures of ABC Transportlel.s

5|

Figure 1.3 Comparison of the transmembrane The ModBC structure (right) has a more
regions of the MalFGKtransporter (upper left open structure on the cytoplasmic side.
panel) and the ModBC transporter (upper right)The lower panels show a simplified

For the former, the MalG subunitis in green, theepresentation of the MalG (left) and
MalF subunit in black. For the latter, one ModB/odB (right) subunits in the same
subunit is highlighted in red. For both orientation as in the upper panels,
transporters, the NBDs (cytoplasmic side) areillustrating the similarity in the folds of the
toward the bottom, while the periplasmic two proteins when aligned on the basis of
substrate binding subunits are uppermost.  the EAA loop (arrow).

for identifying conformational changes accompanying nucleotide binding (see
Figure 1.4).

However, only one of these TEM studies (for P-gp) has so far yielded data at a
resolution sufficient for the identification of transmembranea-helices and other
subdomains [51]. Nevertheless, these data werd®uiént to corfirm the conservation
of overall tertiary structure between prokaryotic and eukaryotic ABC proteins that was
predicted from the analysis of their primary structure (see Figures 1.2 and 1.5).
Indeed, a close examination of the structures suggests that while all display similar
NBD folds (Figure 1.2), the transmembrane region of the single eukaryotic example
(P-gp) has a closer similarity to Sav1866 afdiyphimurium MsbA (revised) than to
BtuCD, especially in the spacing of the NBDs from the TMDs by the cytoplasmic
helical loop regions.

1.2.2
Quaternary Structure of ABC Proteins

The oligomeric state of detergent-solubilized and ptfied membrane proteins
can depend on a variety of factors such as the detergent used in the foeation
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Figure 1.4 Low-resolution projection maps of for them. The binding of ADP/vanadate

P-gp obtained from 2D crystals in the nucleotidggroduced only slight changes compared to
free state (a) and in the presence of nucleotidetbe nucleotide-free form (a and c), and
(AMP-PNP) (b) and ADP/vanadate (c). These 28b far no 3D structure has been generated for
maps suggest, but do not unequivocally that condition. Hence, for the ADP/vanadate
demonstrate, major conformational changes trapped P-gp, it is possible that the changes
associated with the binding of nucleotides. Majoin the projection map are due to differences in
molecular rearrangement between the AMP- crystal packing rather than whole-scale
PNP-bound state and the nucleotide-free stateonformational rearrangements in the

was later confirmed by generating 3D structurgsrotein.

and the degree of overexpression of the recombinant protein that may facilitate
guaternary interactions [112]. There have been various oligomeric states assigned to
different eukaryotic ABC transporters, and no clear consensus is emerging; indeed,
entirely different oligomeric forms could exist for the same transporter protein.
Bacterial examples of crystallized ABC proteins exist in a form that would be
consistent with a single functional transporter equivalent to a monomer for most
eukaryotic ABC proteins where a single polypeptide encodes both TMDs and both
NBDs [42, 43, 47, 48, 90, 111]. Similarly, P-gp and CFTR form epitaxial crystals
grown in elevated salt and polyethylene glycol, which are composed of monomeric
proteins. The only possible exception to this uniformity is the crystalling coli
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mechanisms of actions [123, 13032], a phenomenon referred to as multidrug
resistance [123, 132]. Initially, it was believed that the resistance was due to a
membrane alteration that reduced the rate of permeation [133]. However, Juliano
and colleagues [133] revealed that drug-resistant Chinese hamster ovary cell mem-
branes contain a cell surface glycoprotein of about 170 kDa that was not observed in
drug-sensitive cells. This remarkable observation, achieved well before proteomic
analysis became possible, was possible because of the unusually high expression of
this protein, which was named P-glycoprotein (where P stands for permeability).

There is a signficant body of literature on the biochemistry and pharmacology of
P-gp. The recognition that gene amyfication and overexpression of the protein
could give rise to the multidrug resistance phenotype [134, 135] was followed by the
cloning and sequencing of the cDNA that encoded the protein [13@l0]. The
transfection of the cDNA into cells followed by selection for drug resistance provided
an early means of isolating P-gp for functional studies [141]. The deduced amino acid
sequence predicted 12 transmembrare-helices, 2 nucleotide binding domains,
and 3 potential glycosylation sites within the 1280 amino acid residues [88, 136].
Biochemical, biophysical, genetic, and microscopic analyses have all been used to
investigate the mechanistic behavior of the protein. Cross-linking experiments and
pharmacokinetic studies of the proximities of some transmembrane helices have led
to speculation on the location of drug binding sites and the number of sites. Some of
these studies are described in more detail below.

1.3.1.2 The Role of P-gp in Drug Resistance

One of the major difficulties in cancer chemotherapy is the development of multi-
drug resistance, a phenomenon of cross-resistance to an array of drugs. Since the
discovery of P-gp on the cell surfaces of tumor cells with a wide range of drug-
resistant phenotypes [133] and subsequdirdings from numerous other laborato-
ries, it has been considered that P-gp when overexpressed in tumor cells can mediate
the ATP-dependent extrusion of a variety of drugs, concomitantly reducing intracel-
lular accumulation [143+148].

It is indeed observable that P-gp expression contributes to multidrug resistance.
However, establishing a direct and simple relationship between P-gp expression and
multidrug resistance is dificult due to differences in populations of tumor cells and
methods of measuring P-gp expression [149]. The observation that most tumors
contain heterogeneous cell populations with varying degrees of P-gp expression may
lead to over/underquantfication in various cell populations [150]. Finally, it has been
emphasized that only some tumors express P-gp [131].

Although it is apparent that P-gp lowers the concentration of many anticancer
agents in tumor cells, the extent of the reduction due to P-gp function alone is often
unclear. A recent study investigating the role of P-gp in paclitaxel concentration in
tumor cells by comparing the relative importance of extracellular drug concentration,
P-gp eflux rate, binding afinity to tubulins/microtubules, and intracellular contents
of tubulin proteins indicated that the role of P-gp in multidrug resistance might
be less signficant compared to other biological factors [131, 151]. The rank order of
importance of these factors was reported to be extracellular drug concentration
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protein. It is widely accepted that the coupling of ATP binding and hydrolysis at the
NBDs to the transport of allocrite in the TMDs could be mediated by conformational
changes at different stages in the catalytic cycle. Redamtings seem to highlight the

role played by dimerization and dissociation of the two NBDs in bringing about a
change in conformation needed for translocation. For P-gp, several experimental
approaches have been used to establish the existence of these changes, for instance,
the use of differential tryptic digest patterns [169, 17dJuorescence quenching
[171,172], IR spectra[173], and monitoring of changes in accessibility of extracellular
antibody (UIC2) epitope [50, 17476]. The question remains as to what mediates
these changes. Recent reports indicate that two molecules of ATP interact at the
interface of the Walker A in one NBD and the LSGGQ signature motif in the other
NBD and also that allocrites that stimulate or inhibit ATPase activity can cause the
above-mentioned sequences to come closer or to move farther apart, respectively [83,
84]. These workers postulated that the LSGGQ sequence conveys the signal
of conformational changes from the allocrite binding site to the ATP binding sites.
This suggests that the architectural position of the LSGGQ sequencél(ianced by
allocrite) to Walker A is responsible for ifluencing the rate of ATPase activity that can

be viewed as allocrite-induced conformational crosstalk between NBDs and allocrite
binding site [57, 83, 84].

Even though a high-resolution crystal structure was not available for P-gp until
recently (see Section 1.3.8), transmissi electron microscopy of 2D crystals has
yielded low- to medium-resolution 3D structures of P-gp. Conformational rear-
rangements were indicated in the low-resolution studies where two 3D structures
were produced under different conditions- nucleotide-free and nucleotide-bound
states [50, 51] (Figure 1.4). Studies of vanadate-trapped P-gp in the presence of ADP
were also proposed to give a third conformational state, but no 3D structure has
been generated so far for this conditiop]. Changes in the transmembrane region
of the protein were particularly apparentThis work implicates major conforma-
tional rearrangements (i.e., observable even-a20-25 A resolution) in the trans-
port cycle of P-gp. Higher resolution data for the nucleotide-bound form of
P-gp [110] showed that asymmetry in the transmembrane region was mostly
caused by different tilts of two of the helices (the remaining 10 helices showed
roughly twofold symmetry). Since the nucleotide-free form of P-gp displayed a
strong twofold symmetry [50], the authors speculated that the asymmetric tilting of
the helices in the nucleotide-bound form could be a result of nucleotide binding at
the NBDs. This putative conformational shift could perhaps be sidigant, since
the asymmetry opens up one side of the transmembrane region that may allow
access from and to the lipid bilayer. Interestingly, the (ADP-bound) Sav1866
structure also displays similar gaps open to the lipid bilayer on the side of the
barrel of transmembrane helices, althah in this case, symmetry is retained [90,
177]. Returning to an earlier question, this work also provides a plausible explana-
tion for the evolution of receptor/switch functions of ABC proteins such as SUR1:
Presumably, large-scale conformational changes in the TMD regions associated
with nucleotide binding or release candused to induce changes in a transducer
protein (such as the Kir6.2 potassium channel).
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analyzed by cytotoxicity assays. However, this strategy could not attribute the residues
directly to the drug binding event, and the mutations could conceivably interfere at
any stage of the translocation process. In contrast, a number of investigators
employed a direct approach to the issue of the drdg-gp interaction. Early studies
employing the covalent labeling of P-gp with photolabile derivatives of recognized
substrates and subsequent proteolytic cleavage suggested that both halves of the
protein contributed to binding [186-189]. However, this does not preclude the
possibility that both halves contribute to a single site for drug binding. In addition,
theflexibility and high reactivity of photoactivated compounds generate a high degree
of nonspecfic covalent attachment[190]. The best photbaity labeling evidence for

the presence of multiple drug recognition sites was obtained by Deyl. [52] while
examining the effects of the inhibitorcis-lupentixol on f25]-IAAP binding. P-gp
labeled with }?1]-IAAP and subjected to tryptic cleavage produced two polypeptides,
both of which contained covalently attachetf§I]-IAAP. Addition of cis-flupentixol
caused an increase in the fifity of [*?%]-IAAP binding at the C-terminal site.
However, there was no effect of the inhibitor or#°l]-IAAP binding to the N-terminal

site. Thisfinding demonstrates the presence of nonidentical sites for drug interaction
on P-gp, and that for a subset of drugs, there are overlapping sfieities at these sites.

The first account of noncompetitive drug interactions on P-gp was provided
by Tamai and Safa using a radioligand binding assay with vinblastine afH]F
azidopine [191]. The term competitive inhibition is often misused in biochemistry
and in its purest déinition proves interaction at a common site. Consequently, the
noncompetitive displacement ofH]-azidopine binding by vinblastine demonstrat-
ed that these two compounds interact at pharmacologically distinct regions. In
contrast, the interaction betweeriH]-vinblastine and cyclosporin A was competitive
[191]. These two investigations demonstrated not only the presence of multiple
binding sites but also that these sites could interact with more than one compound.
The presence of multiple drug interaction sites was cirmed by a number of groups,
and the use of kinetic binding studies indicated that these sites were linked by a
negative heterotropic allostery [19294]. In their most comprehensive study, Martin
et al. outlined the presence of at least four binding sites [60]. Some of the sites bound
transported compounds only, while others were exclusive to modulators. However,
this type of clasdication was achieved with only a small number of compounds
compared to the spectrum of drugs recognized by P-gp. Although the interactions
described by these investigations do reveal pharmacologically distinct drug binding
sites, they do not inform on their precise locations or their spatial proximities.

Residues putatively involved in the drug recognition process have therefore
been identfied via a combination of direct photolabeling, cysteine scanning muta-
genesis, and chemical cross-linking (Table 1.1).

These techniques allow accessibility of residues in P-gp TM helices to be mapped
by covalent attachment of substrates. By their nature, these studies are not unbiased.
Photolabeling with propafenones idenfies accessible methionine residues that are
presumed to be at or near the drug binding sites, and cysteine scanning mutagenesis
also has an inherent bias. However, these techniques remain the closest we have to
definitive identification of the amino acids composing the drug binding sites. A
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emerging broad spectrum of possible inhibitors was greeted with a certain degree of
optimism since established, clinically used, compounds could restore some sensi-
tivity to chemotherapy, thereby bypassing the tortuous pathway of preclinical drug
development. This use of established drugs for the modulation of P-gp function
formed thefirst generation of inhibitors [218223]. The strategy was underpinned by
numerous biochemical investigations that revealed the successful inhibition of P-gp
in vitro using a wide range of approaches including cytotoxicity assessment, whole-
cell accumulation, and modulation of ATP hydrolysis. The calcium channel blocker
verapamil took the mostrapid early ascentfrom suébwitroassaysto clinical trials [224,
225]. Unfortunately, achieving sigfiicant inhibition of P-gp function required plasma
concentrations that were considerably higher than those needed for calcium channel
blockade. As a result, verapamil treatment was associated with nondjpetxicity in
patients [224, 225]. A similar situation was observed for maffiyst-generation
compounds including the immunosuppressant cyclosporin A [226, 227]. In
hindsight, the fact thatin vitro potencies of the drugs rarely reached submicro-
molar concentrations foreshadowed the lack of effectiveness of their useivo.

The second-generation P-gp inhibitor emerged directly from the previous genera-
tion and involved the use of chemical derivatives of the drugs with a view to eliciting
less nonspedic toxicity. For example, the-isomer of verapamil produced consider-
ably lower calcium channel blockade than thésomer, whereas both forms produced
equivalentinhibition of P-gp [228]. Therefore, the use pfverapamil was proposed to
raise the tolerated dosage of the drug to levels in the plasma that enablédieht
inhibition of P-gp. Overall, the strategy did achieve lower (but not negligible) levels of
toxicity due top-verapamil; however, there were reports of increased side effects of
anticancer drugs [229, 230]. As a result, the increased anticancer drug toxicity
required dose reduction of chemotherapy, thereby negating any positive effects
generated by the inhibition of P-gp activity. The nonimmunosuppresive cyclosporin
A (CsA) derivative PSC833 (valspodar) also offered the potential to reacficsemtly
high plasma concentrations to affect P-gp inhibition [231]. Unlike CsA, valspodar
displayed little inherent toxicity [232]; however, its addition caused a reduced
clearance and metabolism of anticancer drugs [232, 233]. The reason for this effect
was the competitive inhibition of anticancer drug metabolism by CYP3A isoforms,
thereby prolonging drug residence in the plasma and increasing nonsgectoxicity
[232, 233]. However, it was suggested that restricting the bioavailability of valspodar
and modification in the dosage of anticancer drugs could overcome these effects and
warranted further clinical assessment. Two recent phase lll trials reported pharma-
cokinetic interactions that were overcome; however, the combined treatment with
valspodar and anticancer drug did not positively impact patient survival [234].

The problems associated with thrst two generations of P-gp inhibitors necessi-
tated an alternative approach to P-gp inhibition. This was achieved through the use
of combinatorial chemistry to discover novel classes of lead compounds. The two
most notable success stories of this third-generation P-gp inhibitor were GF120918
(elacridar) [235] and XR9576 (tariquidar) [236]. Both drugs were characterized by
nanomolar potencies for interaction with P-gp resulting in a high degree of opti-
mism. This was further enhanced byn vivo studies demonstrating that the phar-
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macokinetic interaction between anticancer drugs and these two modulators at the
level of CYP3A metabolism was not as sidigant as with the earlier generations.
Inherent toxicities are also less pronounced and both drugs remain in late-stage
clinical trials. The only available data from phase Il trials has been presented for
tariguidar in combination with doxorubicin and taxane containing chemotherapy
regimes in breast cancer [237]. The results indicated that only a small subset of
patients exhibited benfit with combined administration of anticancer drug and
tariquidar. Further clinical trials in a variety of cancer types and chemotherapy
regimes are required to elucidate the true worth of tariquidar in the restoration of
chemotherapy in resistant cancer.

In summary, over 30 years of research into P-gp inhibitors has generated only a
handful of clinically usable compounds. Clearly, there is a pressing need for
development of new inhibitors. The use of more rational or directed drug develop-
ment has not yet been exploited and thus the provision of structural information on
the drug binding sites of P-gp will prove instrumental.

1.3.7
What Properties Are Shared by Drugs that Interact with P-Glycoprotein?

A number of attempts have been made to compare physicochemical properties of a
large number of compounds capable of interacting with P-gp. This comparative
analysis would ideally generate a set of pharmacophoric rules to facilitate design of
potentinhibitors of P-gp. The earliest attempts [238, 239] failed to reveal any djeci
criteria; however, they did suggest that substrates and inhibitors shared the following
physicochemical properties: (i) planar aromatic rings, (ii) a basic nitrogen atom, and
(iii) lipophilicity. Subsequent functional studies [240] clag#d P-gp modulators and
substrates into distinct subsections, but this provided only weak discrimination
between interacting drugs.

A comprehensive study by Seelig [241] was tl®st to produce a spe€ic
pharmacophoric pattern for recognition by P-gp and used a strategy involving
examination of functional groups capable of hydrogen bonding to P-gp [241]. The
strongest interacting compounds contained two or three electron donor groups, and
moreover, these groups displayetked spatial separation (e.g., type | inhibitors have
2.5+ 0.3 A spacing between two edonor groups). The data were supported by the
high degree of hydrogen bonding donor and acceptor moieties within the trans-
membrane helices of P-gp. A follow-up study [242] proposed that substrates and
inhibitors varied in their propensity to form hydrogen bonds and that this was a key to
defining the affinity for interaction. Inhibitors were proposed to display higher
affinity due to stronger and more numerous hydrogen bonds with P-gp. This would
result in slower dissociation rates for inhibitors, a property that was supported by
radioligand binding studies with $H]-vinblastine (substrate) and3H]-XR9576
(inhibitor) [60].

During the past 5 years, an increasing number of more sophisticated bioinformatic
or modeling approaches have been employed in the quest to generate a detailed map
for the pharmacophore of P-gp substrates and inhibitors. The drdg-gp interaction
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