
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 were sufficient to confirm 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 andS. typhimurium 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 purified membrane proteins
can depend on a variety of factors such as the detergent used in the purification

Figure 1.3 Comparison of the transmembrane
regions of the MalFGK2 transporter (upper left
panel) and the ModBC transporter (upper right).
For the former, the MalG subunit is in green, the
MalF subunit in black. For the latter, one ModB
subunit is highlighted in red. For both
transporters, the NBDs (cytoplasmic side) are
toward the bottom, while the periplasmic
substrate binding subunits are uppermost.

The ModBC structure (right) has a more
� open� structure on the cytoplasmic side.
The lower panels show a simplified
representation of the MalG (left) and
ModB (right) subunits in the same
orientation as in the upper panels,
illustrating the similarity in the folds of the
two proteins when aligned on the basis of
the EAA loop (arrow).
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and the degree of overexpression of the recombinant protein that may facilitate
quaternary 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 crystallineE. coli

Figure 1.4 Low-resolution projection maps of
P-gp obtained from 2D crystals in the nucleotide-
free state (a) and in the presence of nucleotides
(AMP-PNP) (b) and ADP/vanadate (c). These 2D
maps suggest, but do not unequivocally
demonstrate, major conformational changes
associated with the binding of nucleotides. Major
molecular rearrangement between the AMP-
PNP-bound state and the nucleotide-free state
was later confirmed by generating 3D structures

for them. The binding of ADP/vanadate
produced only slight changes compared to
the nucleotide-free form (a and c), and
so far no 3D structure has been generated for
that condition. Hence, for the ADP/vanadate
trapped P-gp, it is possible that the changes
in the projection map are due to differences in
crystal packing rather than whole-scale
conformational rearrangements in the
protein.
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mechanisms of actions [123, 130–132], 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 significant body of literature on the biochemistry and pharmacology of
P-gp. The recognition that gene amplification 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 [136–140]. 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 transmembranea-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 subsequentfindings 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 [141–148].

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 difficult 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/underquantification 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 efflux rate, binding affinity to tubulins/microtubules, and intracellular contents
of tubulin proteins indicated that the role of P-gp in multidrug resistance might
be less significant 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. Recentfindings 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, 170],fluorescence quenching
[171, 172], IR spectra [173], and monitoring of changes in accessibility of extracellular
antibody (UIC2) epitope [50, 174–176]. 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 sequence (influenced by
allocrite) to Walker A is responsible for influencing 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), transmission 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 condition [50]. Changes in the transmembrane region
of the protein were particularly apparent. This work implicates major conforma-
tional rearrangements (i.e., observable even at�20–25 Å 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 significant, 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, although 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 can be used 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 drug–P-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 nonspecific covalent attachment [190]. The best photoaffinity labeling evidence for
the presence of multiple drug recognition sites was obtained by Deyet al. [52] while
examining the effects of the inhibitorcis-flupentixol on [125I]-IAAP binding. P-gp
labeled with [125I]-IAAP and subjected to tryptic cleavage produced two polypeptides,
both of which contained covalently attached [125I]-IAAP. Addition of cis-flupentixol
caused an increase in the affinity of [125I]-IAAP binding at the C-terminal site.
However, there was no effect of the inhibitor on [125I]-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 specificities 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 and [3H]-
azidopine [191]. The term �competitive inhibition� is often misused in biochemistry
and in its purest definition proves interaction at a common site. Consequently, the
noncompetitive displacement of [3H]-azidopine binding by vinblastine demonstrat-
ed that these two compounds interact at pharmacologically distinct regions. In
contrast, the interaction between [3H]-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 confirmed by a number of groups,
and the use of kinetic binding studies indicated that these sites were linked by a
negative heterotropic allostery [192–194]. 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 classification 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 identified 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 identifies 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 [218–223]. 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 tookthemostrapidearlyascent fromsuchinvitroassays toclinical trials [224,
225]. Unfortunately, achieving significant 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 nonspecific toxicity in
patients [224, 225]. A similar situation was observed for manyfirst-generation
compounds including the immunosuppressant cyclosporin A [226, 227]. In
hindsight, the fact that in vitro potencies of the drugs rarely reached submicro-
molar concentrations foreshadowed the lack of effectiveness of their usein vivo.

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 nonspecific toxicity. For example, theD-isomer of verapamil produced consider-
ably lower calcium channel blockade than theL-isomer, whereas both forms produced
equivalent inhibition of P-gp [228]. Therefore, the use ofD-verapamil was proposed to
raise the tolerated dosage of the drug to levels in the plasma that enabled efficient
inhibition of P-gp. Overall, the strategy did achieve lower (but not negligible) levels of
toxicity due toD-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 reach sufficiently
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 nonspecific toxicity
[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 III 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 thefirst 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 byin 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 significant 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 III trials has been presented for
tariquidar in combination with doxorubicin and taxane containing chemotherapy
regimes in breast cancer [237]. The results indicated that only a small subset of
patients exhibited benefit 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
potent inhibitors of P-gp. The earliest attempts [238, 239] failed to reveal any specific
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] classified P-gp modulators and
substrates into distinct subsections, but this provided only weak discrimination
between interacting drugs.

A comprehensive study by Seelig [241] was thefirst to produce a specific
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 displayedfixed spatial separation (e.g., type I inhibitors have
2.5� 0.3 Å spacing between two e� donor 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 [3H]-vinblastine (substrate) and [3H]-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 drug–P-gp interaction

1.3 Multidrug Resistance and ABC Transportersj29







Biochimica et Biophysica Acta, 1610 (1),
63–76.

142 Inaba, M. and Johnson, R.K. (1977)
Decreased retention of actinomycin D as
the basis for cross-resistance in
anthracycline-resistant sublines of P388
leukemia.Cancer Research, 37 (12),
4629–4634.

143 Beck, W.T. (1987) The cell biology of
multiple drug resistance.Biochemical
Pharmacology, 36 (18), 2879–2887.

144 Beck, W.T. (1990) Multidrug resistance
and its circumvention.European Journal
of Cancer, 26 (4), 513–515.

145 Horio, M., Gottesman, M.M., and Pastan,
I. (1988) ATP-dependent transport of
vinblastine in vesicles from human
multidrug-resistant cells.Proceedings
of the National Academy of Sciences of
the United States of America, 85 (10),
3580–3584.

146 Shapiro, A.B. and Ling, V. (1995)
Reconstitution of drug transport by
purified P-glycoprotein.The Journal
of Biological Chemistry, 270 (27),
16167–16175.

147 Inaba, M., Kobayashi, H., Sakurai, Y., and
Johnson, R.K. (1979) Active efflux of
daunorubicin and adriamycin in sensitive
and resistant sublines of P388 leukemia.
Cancer Res, 39, 2200–2203.

148 Schinkel, A.H. and Borst, P. (1991)
Multidrug resistance mediated by P-
glycoproteins.Semin Cancer Biol, 2,
213–226.

149 van Zuylen, L., Verweij, J., Nooter, K.,
Brouwer, E., Stoter, G., and Sparreboom,
A. (2000) Role of intestinal P-glycoprotein
in the plasma and fecal disposition of
docetaxel in humans.Clinical Cancer
Research, 6 (7), 2598–2603.

150 Efferth, T. and Osieka, R. (1993) Clinical
relevance of the MDR1 gene and its gene
product, P-glycoprotein, for cancer
chemotherapy: a meta-analysis.Tumor
Diagnostik und Therapie, 14, 238–243.

151 Jang, S.H., Wientjes, M.G., and Au, J.L.
(2003) Interdependent effect of
P-glycoprotein-mediated drug efflux and

intracellular drug binding on intracellular
paclitaxel pharmacokinetics: application
of computational modelling.The Journal
of Pharmacology and Experimental
Therapeutics, 304 (2), 773–780.

152 Hendrikse, N.H., de Vries, E.G.,
Eriks-Fluks, L., van der Graaf, W.T.,
Hospers, G.A., Willemsen, A.T.,
Vaalburg, W., and Franssen, E.J. (1999)
A new in vivo method to study
P-glycoprotein transport in tumors and
the blood–brain barrier.Cancer Research,
59 (10), 2411–2416.

153 Martin, C., Walker, J., Rothnie, A., and
Callaghan, R. (2003) The expression of
P-glycoprotein does influence the
distribution of novelfluorescent
compounds in solid tumour models.
British Journal of Cancer,89 (8), 1581–1589.

154 Cole, S.P., Bhardwaj, G., Gerlach, J.H.,
Mackie, J.E., Grant, C.E., Almquist, K.C.,
Stewart, A.J., Kurz, E.U., Duncan, A.M.,
and Deeley, R.G. (1992) Overexpression of
a transporter gene in a multidrug-
resistant human lung cancer line.Science,
258, 1650–1654.

155 Jedlitschky, G., Leier, I., Buchholz, U.,
Center, M., and Keppler, D. (1996)
Transport of glutathione glucuronate and
sulfate conjugates by the MRP gene-
encoded conjugate export pump.Cancer
Research, 56, 988–994.

156 Jedlitschky, G., Leier, I., Buchholz, U.,
Center, M., and Keppler, D. (1994) ATP-
dependent transport of glutathione
S-conjugates by multidrug resistance-
associated protein.Cancer Research, 54,
4833–4836.

157 Westlake, C.J., Payen, L., Gao, M.,
Cole, S.P., and Deeley, R.G. (2004)
Identification and characterization of
functionally important elements in the
multidrug resistance protein 1 COOH-
terminal region.The Journal of Biological
Chemistry, 279 (51), 53571–53583.

158 Bates, S.E. (2002) Solving the problem of
multidrug resistance: ABCtransporters in
clinical oncology, inABC Proteins: From
Bacteria toMan (eds K. Kuchler, S.P. Cole,

42j 1 The ABC Transporters: Structural Insights into Drug Transport







189 Greenberger, L.M. (1993) Major
photoaffinity labeling sites for iodoaryl
azidoprazosin in P-glycoprotein are
within or immediately C-terminal to
transmembrane domains 6 and 12.The
Journal of Biological Chemistry, 268,
11417–11425.

190 Glossmann, H., Ferry, D.R., Striessnig,
J., Goll, A., and Moosburger, K. (1987)
Resolving the structure of the Ca2þ

channel by photoaffinity labelling.Trends
in Pharmacological Sciences, 8, 95–100.

191 Tamai, I., and Safa, A.R. (1991) Azidopine
noncompetitively interacts with
vinblastine and cyclosporin A binding
to P-glycoprotein in multidrug resistant
cells.J Biol Chem, 266, 16796–16800.

192 Martin, C., Berridge, G., Higgins, C.F.,
and Callaghan, R. (1997) The multi-drug
resistance reversal agent SR33557 and
modulation of vinca alkaloid binding to
P-glycoprotein by an allosteric interaction.
British Journal of Pharmacology, 122,
765–771.

193 Ferry, D.R., Russell, M.A., and Cullen,
M.H. (1992) P-glycoprotein possesses a
1,4-dihydropyridine-selective drug
acceptor site which is alloserically coupled
to a vinca-alkaloid-selective binding site.
Biochem Biophys Res Commun, 188,
440–445.

194 Malkhandi, J., Ferry, D.R., Boer, R.,
Gekeler, V., Ise, W., and Kerr, D.J. (1994)
Dexniguldipine-HCl is a potent allosteric
inhibitor of [3H]vinblastine binding to
P-glycoprotein of CCRF ADR 5000 cells.
Eur J Pharmacol, 288, 105–114.

195 Loo, T.W., Bartlett, M.C., and Clarke, D.M.
(2006) Transmembrane segment 1 of
human P-glycoprotein contributes to the
drug-binding pocket.The Biochemical
Journal, 396, 537–545.

196 Loo, T.W. and Clarke, D.M. (2000)
Identification of residues within the drug-
binding domain of the human multidrug
resistance P-glycoprotein by cysteine-
scanning mutagenesis and reaction with
dibromobimane.The Journal of Biological
Chemistry, 275, 39272–39278.

197 Pleban, K., Kopp, S., Csaszar, E., Peer, M.,
Hrebicek, T., Rizzi, A., Ecker, G.F.,
and Chiba, P. (2005) P-glycoprotein
substrate binding domains are located
at the transmembrane domain/
transmembrane domain interfaces: a
combined photoaffinity labeling-protein
homology modeling approach.Molecular
Pharmacology, 67, 365–374.

198 Loo, T.W., Bartlett, M.C., and Clarke, D.M.
(2003) Permanent activation of the
human P-glycoprotein by covalent
modification of a residue in the drug-
binding site. The Journal of Biological
Chemistry, 278, 20449–20452.

199 Loo, T.W., Bartlett, M.C., and Clarke, D.M.
(2004) The drug-binding pocket of
the human multidrug resistance P-
glycoprotein is accessible to the aqueous
medium. Biochemistry, 43, 12081–12089.

200 Loo, T.W. and Clarke, D.M. (1997)
Identification of residues in the drug-
binding site of human P-glycoprotein
usinga thiol-reactive substrate.The Journal
of Biological Chemistry, 272, 31945–31948.

201 Rothnie, A., Storm, J., Campbell, J.,
Linton, K.J., Kerr, I.D., and Callaghan, R.
(2004) The topography of transmembrane
segment six is altered during the catalytic
cycle of P-glycoprotein.The Journal of
Biological Chemistry, 279, 34913–34921.

202 Loo, T.W., Bartlett, M.C., and Clarke, D.M.
(2006) Transmembrane segment 7 of
human P-glycoprotein forms part of the
drug-binding pocket.The Biochemical
Journal, 399, 351–359.

203 Loo, T.W. and Clarke, D.M. (1999)
Identification of residues in the
drug-binding domain of human
P-glycoprotein. Analysis of
transmembrane segment 11 by cysteine-
scanning mutagenesis and inhibition by
dibromobimane.The Journal of Biological
Chemistry, 274, 35388–35392.

204 Safa, A.R. (1993) Photoaffinity labeling of
P-glycoprotein in multidrug-resistant
cells.Cancer Investigation, 11, 46–56.

205 Taguchi, Y., Kino, K., Morishima, M.,
Komano, T., Kane, S.E., and Ueda, K.

Referencesj45





222 Tsuruo, T., Iida, H., Kitatani, Y., Yokota, K.,
Tsukagoshi, S., and Sakurai, Y. (1984)
Effects of quinidine and related
compounds on cytotoxicity and cellular
accumulation of vincristine and
adriamycin in drug-resistant tumor cells.
Cancer Research, 44 (10), 4303–4307.

223 Tsuruo, T., Iida, H., Tsukagoshi, S., and
Sakurai, J. (1981) Overcoming of
vincristine resistance in P388 leukemia
in vivo and in vitro through enhanced
cytotoxicity of vincristine and vinblastine
by verapamil.Cancer Research, 41,
1967–1972.

224 Benson, A.B., 3rd, Trump, D.L., Koeller,
J.M., Egorin, M.I., Olman, E.A., Witte,
R.S., Davis, T.E., and Tormey, D.C. (1985)
Phase I study of vinblastine and verapamil
given by concurrent iv infusion.Cancer
Treatment Reports, 69 (7–8), 795–799.

225 Cairo, M.S., Siegel, S., Anas, N., and
Sender, L. (1989) Clinical trial of
continuous infusion verapamil, bolus
vinblastine, and continuous infusion
VP-16 in drug-resistant pediatric tumors.
Cancer Research, 49 (4), 1063–1066.

226 Bartlett, N.L., Lum, B.L., Fisher, G.A.,
Brophy, N.A., Ehsan, M.N., Halsey, J., and
Sikic, B.I. (1994) Phase I trial of
doxorubicin with cyclosporine as a
modulator of multidrug resistance.
Journal of Clinical Oncology, 12 (4),
835–842.

227 Verweij, J., Herweijer, H., Oosterom, R.,
van der Burg, M.E., Planting, A.S.,
Seynaeve, C., Stoter, G., and Nooter, K.
(1991) A phase II study of epidoxorubicin
in colorectal cancer and the use of
cyclosporin-A in an attempt to reverse
multidrug resistance.British Journal of
Cancer, 64 (2), 361–364.

228 Plumb, J.A., Milroy, R., and Kaye, S.B.
(1990) The activity of verapamil as a
resistance modifier in vitro in drug
resistant human tumour cell lines is not
stereospecific. Biochemical Pharmacology,
39 (4), 787–792.

229 Bissett, D., Kerr, D.J., Cassidy, J.,
Meredith, P., Traugott, U., and Kaye, S.B.

(1991) Phase I and pharmacokinetic study
of D-verapamil and doxorubicin.British
Journal of Cancer, 64 (6), 1168–1171.

230 Kornek, G., Raderer, M., Schenk, T.,
Pidlich, J., Schulz, F., Globits, S., Tetzner,
C., and Scheithauer, W. (1995) Phase I/II
trial of dexverapamil, epirubicin, and
granulocyte-macrophage-colony
stimulating factor in patients with
advanced pancreatic adenocarcinoma.
Cancer, 76 (8), 1356–1362.

231 Twentyman, P.R. and Bleehen, N.M.
(1991) Resistance modification by PSC-
833, a novel non-immunosuppressive
cyclosporin [corrected].European Journal
of Cancer, 27 (12), 1639–1642.

232 Giaccone, G., Linn, S.C., Welink, J.,
Catimel, G., Stieltjes, H., van der Vijgh,
W.J., Eeltink, C., Vermorken, J.B., and
Pinedo, H.M. (1997) A dose-finding and
pharmacokinetic study of reversal of
multidrug resistance with SDZ PSC 833
in combination with doxorubicin in
patients with solid tumors.Clinical Cancer
Research, 3 (11), 2005–2015.

233 Boote, D.J., Dennis, I.F., Twentyman,
P.R., Osborne, R.J., Laburte, C., Hensel,
S., Smyth, J.F., Brampton, M.H., and
Bleehen, N.M. (1996) Phase I study of
etoposide with SDZ PSC 833 as a
modulator of multidrug resistance in
patients with cancer.Journal of Clinical
Oncology, 14 (2), 610–618.

234 Friedenberg, W.R., Rue, M., Blood, E.A.,
Dalton, W.S., Shustik, C., Larson, R.A.,
Sonneveld, P., and Greipp, P.R. (2006)
Phase III study of PSC-833 (valspodar)
in combination with vincristine,
doxorubicin, and dexamethasone
(valspodar/VAD) versus VAD alone
in patients with recurring or
refractory multiple myeloma (E1A95):
a trial of the Eastern Cooperative
Oncology Group.Cancer, 106 (4),
830–838.

235 Hyafil, F., Vergely, C., Du Vignaud, P.,
and Grand-Perret, T. (1993)In vitro and in
vivo reversal of multidrug resistance by
GF120918, an acridonecarboxamide

Referencesj47



derivative.Cancer Research, 53 (19),
4595–4602.

236 Roe, M., Folkes, A., Ashworth, P.,
Brumwell, J., Chima, L., Hunjan, S.,
Pretswell, I., Dangerfield, W., Ryder, H.,
and Charlton, P. (1999) Reversal of P-
glycoprotein mediated multidrug
resistance by novel anthranilamide
derivatives.Bioorganic & Medicinal
Chemistry Letters, 9 (4), 595–600.

237 Pusztai, L., Wagner, P., Ibrahim, N.,
Rivera, E., Theriault, R., Booser, D.,
Symmans, F.W., Wong, F.,
Blumenschein, G., Fleming, D.R.,
Rouzier, R., Boniface, G., and Hortobagyi,
G.N. (2005) Phase II study of tariquidar, a
selective P-glycoprotein inhibitor, in
patients with chemotherapy-resistant,
advanced breast carcinoma.Cancer, 104
(4), 682–691.

238 Pearce, H.L., Safa, A.R., Bach, N.J.,
Winter, M.A., Cirtain, M.C., and Beck,
W.T. (1989) Essential features of the
P-glycoprotein pharmacophore as defined
by a series of reserpine analogs that
modulate multidrug resistance.
Proceedings of the National Academy of
Sciences of the United States of America, 86
(13), 5128–5132.

239 Zamora, J.M., Pearce, H.L., and Beck,
W.T. (1988) Physical–chemical properties
shared by compounds that modulate
multidrug resistance in human leukemic
cells.Molecular Pharmacology, 33 (4),
454–462.

240 Scala, S., Akhmed, N., Rao, U.S., Paull, K.,
Lan, L.B., Dickstein, B., Lee, J.S.,
Elgemeie, G.H., Stein, W.D., and Bates,
S.E. (1997) P-glycoprotein substrates and
antagonists cluster into two distinct
groups.Molecular Pharmacology, 51 (6),
1024–1033.

241 Seelig, A. (1998) A general pattern for
substrate recognition by P-glycoprotein.
European Journal of Biochemistry, 251
(1–2), 252–261.

242 Seelig, A. and Landwojtowicz, E. (2000)
Structure–activity relationship of P-
glycoprotein substrates and modifiers.

European Journal of Pharmaceutical
Sciences, 12, 31–40.

243 Raad, I., Terreux, R., Richomme, P.,
Matera, E.L., Dumontet, C., Raynaud, J.,
and Guilet, D. (2006) Structure–activity
relationship of natural and synthetic
coumarins inhibiting the multidrug
transporter P-glycoprotein.Bioorganic and
Medicinal Chemistry, 14 (20), 6979–6987.

244 Kaiser, D., Smiesko, M., Kopp, S., Chiba,
P., and Ecker, G.F. (2005) Interactionfield
based and hologram based QSAR analysis
of propafenone-type modulators of
multidrug resistance.Medicinal
Chemistry, 1 (5), 431–444.

245 Labrie, P., Maddaford, S.P., Fortin, S.,
Rakhit, S., Kotra, L.P., and Gaudreault,
R.C. (2006) A comparative molecularfield
analysis (CoMFA) and comparative
molecular similarity indices analysis
(CoMSIA) of anthranilamide derivatives
that are multidrug resistance modulators.
Journal of Medicinal Chemistry, 49 (26),
7646–7660.

246 Cianchetta, G., Singleton, R.W., Zhang,
M., Wildgoose, M., Giesing, D.,
Fravolini, A., Cruciani, G., and Vaz, R.J.
(2005) A pharmacophore hypothesis for
P-glycoprotein substrate recognition
using GRIND-based 3D-QSAR.
Journal of Medicinal Chemistry, 48 (8),
2927–2935.

247 Aller, S.G., Yu, J., Ward, A., Weng, Y.,
Chittaboina, S., Zhuo, R., Harrell, P.M.,
Trinh, Y.T., Zhang, Q., Urbatsch, I.L., and
Chang, G. (2009) Structure of P-
glycoprotein reveals a molecular basis for
poly-specific drug binding. Science, 323,
1718–1722.

248 Kadaba, N.S., Kaiser, J.T., Johnson, E.,
Lee, A., and Rees, D.C. (2008) The high-
affinity E. coli methionine ABC
transporter: structure and allosteric
regulation.Science, 321, 250–253.

249 Khare, D., Oldham, M.L., Orelle, C.,
Davidson, A.L., and Chen, J. (2009)
Alternating access in maltose transporter
mediated by rigid-body rotations.MolCell,
33, 528–536.

48j 1 The ABC Transporters: Structural Insights into Drug Transport


