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Abbreviations

ABC ATP binding cassette

ATP adenosine triphosphate

CFTR cystic fibrosis transmembrane conductance regulator
CsA cyclosporin A

ICL intracytoplasmic loop

MRP multidrug resistance protein
NBD nucleotide binding domain
NCS noncrystallographic symmetry
P-gp P-glycoprotein

SUR sulfonylurea receptor

TMD transmembrane domain

1.1

ABC Proteins — Structure and Function

1.1.1
ABC Proteins

A superfamily of membrane proteins involved in transport has been designated the
ATP binding cassette (ABC) family [1]. About 5% of the entire Escherichia coli genome
encodes components of ABC transporters [2]. Their existence across all the domains
of life is an indication of their wide physiological roles, and in humans they are
associated with several diseases [3]. The members of this superfamily bind ATP and
typically use the energy from hydrolysis to translocate a wide range of substances
(including sugars, amino acids, glycans, sterols, phospholipids, peptides, proteins,
toxins, antibiotics, and xenobiotics) across cytoplasmic and organellar mem-
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branes [4-8]. In addition to the export and import functions, ABC transporters are
known to function as receptors and channels and to mediate other physiological
phenomena [4, 9]. The transporters appear to be always unidirectional (see Ref. [10]);
but in bacteria, they are either importers or exporters while in eukaryotes they are
exclusively exporters (so far) [7].

1.1.2
Predicted Topology of ABC Proteins

Topology prediction indicates the existence of transmembrane domains (TMDs) with
between 4 and 10 (TM) o-helices and cytosolic ATP binding/hydrolysis domains
designated nucleotide binding domains (NBDs). The minimal structural require-
ment for an active prokaryotic and eukaryotic transporter is thought to consist of two
TMDs and NBDs each (Figure 1.1) [11-13]. This minimum requirement can be
satisfied by a single polypeptide chain (full transporter) or can be assembled from two
equal (homodimeric) or unequal (heterodimeric) polypeptide chains (half transpor-
ters). The assembly of one full transporter protein can be from four, three, two, or one
separate polypeptide. Some ABC transporters are observed to possess an additional
TMD and also soluble regulatory domains associated with the NBDs. Many bacterial
importers have an accessory substrate binding protein (SBP).

1.1.3
Nucleotide Binding Domains

ABC transporters use the energy of nucleotide hydrolysis to transport substances
across membranes against a concentration gradient [14]. All ABC proteins have

TMD1 TMD2
Membrane

Figure 1.1 Schematic depiction of the organization of ABC
proteins. The minimal structural unit appears to consist of two
integral transmembrane domains, each with (typically) six helical
transmembrane spans, and two extrinsic nucleotide binding
domains. At the amino acid sequence level, the nucleotide binding
domains are relatively well conserved across the domains of life
compared to the transmembrane domains.
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two cytoplasmic nucleotide binding domains containing conserved sequence
motifs for binding/hydrolysis of ATP; this can be thought of as a standard engine
that is bolted onto a specialized translocation pathway — formed by the TMDs [15].
In some prokaryotic NBDs, both are functionally identical and presumably contrib-
ute equally to the protein activity, whereas in eukaryotes, the NBDs are often
functionally nonequivalent. Deletion of either NBD abolishes transport [14, 16-24],
although recently Riordan and colleagues showed that NBD2 was partly dispens-
able for channel activity in mammalian CFTR [25]. Senior and colleagues proposed
that ATP hydrolysis at the two NBDs could take place in an alternate fashion
[26], and other workers have argued for functional symmetry [27-29] or asymmetry
[30-34].

1.1.3.1 Conserved Motifs of NBDs

ABC transporters translocate many different allocrites (transport substrates), but the
primary structures of the NBDs show ~25% sequence identity across the whole
superfamily [9]. Marked sequence conservation is observed over five short regions
found in the NBDs: (i) the Walker A and (ii) Walker B regions, which are separated by
approximately 90-120 amino acids and between which lie the (iii) “signature”
motif [2, 7,9, 35, 36] and (iv) the glutamine loop (Q-loop) [37]. The most C-terminal
motifis the histidine loop (H-loop) [2]. The signature, Q-loop, and H-loop seem to be
specific to ABC transporters [9], and the function of these is described in more detail
below. A recent description of the importance of a highly conserved aromatic residue
has led to the naming of an “A-loop” at the N-terminus of the NBD [38].

1.1.4
Transmembrane Domains

The primary function of the TMDs is to provide a pathway through which allocrites
can cross the membrane. It is not difficult to imagine how such a pathway could
readily be adopted for channel function (e.g., CFTR), but for receptor-type ABC
proteins (such as SUR1), the evolutionary step is less obvious. However, for all these
functions, the TMDs appear to be the main determinants of specificity [3, 39, 40].
TMDs are much more variable in their amino acid sequences than the NBDs [15, 41].
Hydropathy predictions, which have so far been borne out by later structural studies,
imply multiple transmembrane o-helices, typically six per domain (see Section 1.2),
but with many exceptions [3]. Eukaryotic ABC proteins in the C class (ABCC
subdivision) frequently contain a whole extra TMD with five predicted transmem-
brane spans [7].

1.1.5
Mechanisms of Transport

It is a general assumption that the TMDs provide the pathway for translocation of
allocrites. The crystal structure of a prokaryotic ABC transporter (BtuCD) revealed
that the TMDs create an outward-facing cavity at the interface between the two (BtuC)
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subunits. It was postulated that alternate opening and closing of this cavity to the
periplasmic and cytoplasmic sides could allow translocation [15, 42]. The recent
structure of a related Haemophilus influenzae ABC protein, which shows a similar
central cavity but is more open on the inner facing (cytoplasmic) side, has added
strength to this hypothesis. However, in neither case was allocrite bound to
the protein [43]. On the other hand, a structure with allocrite bound was first
published for the bacterial lipid A exporter/flippase MsbA [44]. In this structure,
the (two, NCS-related) lipid A molecules were situated on the outside of the protein
on the extracellular side, rather than at the interface between the two TMDs. Whether
this configuration represents an end point of the translocation pathway or perhaps
indicates translocation pathways on the outside rather than the inside of this
transporter remains to be established. It was possible that the location of the lipid
A molecules may be determined by crystal packing constraints rather than repre-
senting the physiological binding sites. However, this and earlier structures of
MsbA were removed from the protein data bank (www.rcsb.org), and the papers
describing them were retracted [45, 46]. Revised structures for MsbA were later
published [47], but in the new manuscript and deposited atomic coordinates,
the bound lipid A molecules were not present. Recently, however, the first informa-
tion on the mechanism and location of allocrite binding has emerged with
the publication of the structure of the maltose transporter MalFGK, [48] with its
cognate periplasmic substrate binding protein. These data show that maltose is
bound in an outward-facing crevice formed between the two transmembrane
proteins (MalF and MalG). This crevice is capped at the top by the SBP, the maltose
binding protein, thus forming a cavity in which the allocrite is sequestered. Low- and
medium-resolution structures determined for P-gycoprotein (P-gp) and MRP1 also
suggested the existence of a central cavity [3, 49-51]. However, findings indicating
the existence of two or three allocrite binding sites for P-gp suggest that a single
translocation pathway model may be too simplistic [40, 52-56]. That P-gp has a
common site for structurally unrelated allocrites may best be explained by allocrite-
induced fit [56-58], implying that the translocation pathway may be relatively
adaptable. P-gp has also been reported to possess at least one regulatory site [59, 60]
in the TMDs.

1.1.6
Energy for Translocation

Early structural studies of NBDs in isolation revealed at least three different
possibilities for dimer organization [9, 37, 61-63]. However, accumulating evidence
now strongly suggests that the NBDs form a sandwich dimer in which the two ATP
molecules are concertedly bound at the NBD interface formed between the Walker A,
B, and signature regions [15, 64]. The question remains, especially in eukaryotes, as
to the functional equivalence or asymmetry of the NBDs. Several findings suggest
that the two NBDs may be functionally equivalent, with one NBD undergoing
catalysis at any given point in time (see Section 1.3). However, biochemical and
mutational studies have indicated that NBDs of P-gp, MRP1, and CFIR are
functionally distinguishable [18, 19, 32, 65-69].
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1.1.7
Coupling of ATP Hydrolysis to Transport

The coupling of nucleotide binding/hydrolysis in the NBDs to allocrite transportin the
TMDs is envisaged as a coupling of conformational changes in each half of the ABC
proteins. Mutational analysis of homodimeric LmrA showed that disruption of NBD
inhibited not only the ATPase activity but also the transport function of the protein
suggesting interactions between NBDs and TMDs [70-73]. These findings are in
agreement with studies of P-gp where ATP binding/hydrolysis and vanadate trapping
have profound effects on allocrite binding affinities [40, 74-80]. The switch from high
tolow affinity for allocrite is probably an integral part of transport/release, and coupled
conformational changes could easily bring about such changes in affinity. High-
resolution studies of NBD-NBD interactions in the presence or absence of nucleotide
suggest small but significant adjustments in the crucial NBD helical regions that
interact with the intracellular loops of the TMDs [81]. Low-resolution electron
microscopic studies have implicated large conformational changes in the TMDs
upon nucleotide binding [50] suggestive of a significant gearing (or amplification) of
the nucleotide-induced conformational shifts as they propagate into the TMDs.

It has been observed that ATP binding decreases allocrite binding affinity [76, 77,
82] indicating the precedence of allocrite binding over ATP binding. Similarly,
allocrite binding was found to enhance NBD-NBD cross-linking [57, 83, 84]
suggesting crosstalk between allocrite binding at the TMDs and the proximity of
the NBDs. A model where allocrite binding promotes dimerization of the two NBDs
and increased ATP binding is attractive, since it allows allocrite regulation of
potentially wasteful ATPase activity [85]. Structurally, one might expect the signal
transmission interface between NBDs and TMDs to be highly conserved [15, 57, 83,
84], but so far there is no obvious switch region emerging from the few structures
available: For BtuCD and the related HI1470/1, a single loop extends down from the
TMDs into the NBDs. This “L-loop” (sometimes also termed the “EAA” loop) in BtuC
is close to the BtuD Q-loop, a proposed sensor for y-phosphate that might change its
conformation upon nucleotide binding/hydrolysis [15, 86, 87]. There is some
evidence that mutation around the signal transmission interface could perturb
assembly as well as the coupling of ATP binding/hydrolysis to allocrite transport [15,
21, 88, 89]. However, in the Sav1866 structure, and as far as we can tell in the MsbA
structures, the TMD/NBD interface is much more extensive and involves at least two
loops of the TMDs. In the Sav1866 structure, one of the loops is domain swapped with
the opposing NBD, inextricably linking the four components of the structure [90].

1.2
Structures of ABC Transporters

1.2.1
Tertiary Structure

Despite technical difficulties, a number of ABC transporters have now been over-
expressed and purified sufficiently for 3D crystallization trials [42, 82, 91-94]. The
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emergence of a wider range of crystallization techniques for membrane proteins
has also been a positive development [95, 96]. In addition, electron microscopy
approaches have yielded low- to medium-resolution structures.

The first high-resolution structure of the NBD domain of HisP (histidine perme-
ase) from Salmonella typhimurium was reported in 1998 [62]. In addition, high-
resolution structures of RbsA from E. coli [97], MalK from Thermococcus litoralis [37],
MJ0796 from Methanococcus jannaschii [87], MJ1267 Methanococcus jannaschii [98],
Rad50 from Pyrococcus furiosus [63], SMC from Thermotoga maritima [99], MutS from
E. coli[100, 101], human Tap1 [102], GlcV from Sulfolobus solfataricus [103], HlyB from
E. coli [104], and human CFTR [105] were determined shortly thereafter. A recent
survey of the protein data bank yielded >160 structures, nearly all for NBDs. For such
a large data set, structural bioinfomatic studies are now required, but in essence the
tertiary structures of the NBDs all have a two-domain organization consisting of
catalytic and signaling domains [61]. The catalytic domain houses the Walker A and B
motifs and a B-sheet region that interacts with and positions the base and ribose sugar
of the nucleotide as well as phosphate moieties [106]. The signaling subdomain
contains mostly a-helices that houses the C-loop or ABC signature sequence, and itis
this subdomain that has been thought to interact with the TMDs [61, 106].

However, as discussed above, functional insights from these structural studies
crucially depend on elucidating the quaternary structure of these proteins [107, 108],
and data on this level of structural organization are rare and significantly harder to
obtain. Nevertheless, the sheer abundance of ABC proteins has made them particu-
larly attractive for structural proteomics projects, and in many countries (the United
Kingdom being a notable exception), funding for structural proteomics of ABC
proteins has been forthcoming, leading to significant advances.

The first data for an entire ABC protein emerged from a structural proteomics
screen of ~50 E. coli ABC proteins [94] (revised in Ward et al. [47]). The data for a lipid
transporter/flippase termed MsbA revealed a homodimeric cone-shaped protein
with base dimensions 0of 120 A x 115 A x 64 A, with an unusual tilting of the six TMD
o-helices to about 30-40° from the normal to the membrane and making mono-
mer—-monomer contacts only at the extracellular side [94] (revised in Ward et al. [47]).
The resulting effect of this tilt is the wide separation of the NBDs by about 50 A. Being
the first crystal structure of an ABC transporter protein, several conclusions were
drawn [82, 106]. The structure not only confirmed several previous biochemical
findings, including the prediction of six transmembrane o-helices, but also raised
numerous questions [82, 106]. Most significant was the observation that the two
NBDs were separated by ~50A, which contradicted previously observed NBD
interactions (fluorescence resonance energy transfer measurements and other
cross-linking studies) [9, 109]. Subsequent searches for homologues led to crystal
structures of MsbA from Vibrio cholerae and S. typhimurium (see Figure 1.2), which
provided some explanations [44, 93, 94] (all revised in Ward et al. [47]). Structural
similarities within each MsbA monomer were immediately apparent, but the
quaternary structure differed considerably, especially in the orientation of NBDs
[93, 94] (both revised in Ward et al. [47]). The revised MsbA structures have been
corrected for handedness and tracing of the polypeptide chain in the TMDs, but the
E. coli MsbA structure still has widely separated NBDs.
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Figure 1.2 Comparison of high-resolution (b-i) homodimer [90]. (c) MalFGK; with the

and medium-resolution (a) structures of ABC  periplasmic maltose binding protein (cyan) [48].
proteins. The predicted transmembrane regions (d) ModABC, with the periplasmic binding

are indicated by the pink boundary for (a)—(f). protein (purple) [111]. (e) BtuCD [42].

(a) Medium-resolution model of P-gp with (f) Putative metal chelate transporter

o-helices placed in elongated elements identified H10796 [43]. (g—i) MsbA from S. typhimurium,
in the EM map [110]. NBDs are based on the  E. coli, and V. cholerae, respectively [47].
M]J0796 structure [87] that was manually docked Structural similarities are identifiable in the
into a bilobed density in the appropriate region of trans-membrane regions of (b) with (g), (c) with
the medium-resolution 3D map. (b) Sav1866  (d), and finally (e) with (f).

Another structural proteomics screening of 28 bacterial ABC transporter proteins
yielded a second structure (Figure 1.2): the vitamin B12 importer (BtuCD) from
E. coli [42]. The transporter consists of two subunits BtuC (TMD) and BtuD (NBD)
with overall dimensions of 90 A x 60 A x 30 A. Extensive contacts between the
subunits [42], and the juxtapositioning within the NBDs of the ABC signature
sequence and P-loop (involved in signal transduction and nucleotide binding,
respectively), suggested that the BtuCD structure was more consistent with the
available biochemical information for ABC proteins. Paradoxically, though, the
BtuCD protein with 10 transmembrane o-helices per TMD appears to be very
different from eukaryotic ABC proteins and hence has proven less amenable to
homology modeling than the MsbA structures and the recently published Sav1866
structure (Figure 1.2) [90]. The interface between the BtuC subunits is formed by the
antiparallel packing of two pairs of helices creating a cavity that opens to the
periplasmic space and closes on the cytoplasmic side by residues Thr142 and Ser143
in the loops connecting helices 4 and 5 [15, 42, 82]. In BtuC, there is a prominent
cytoplasmic loop between helices 6 and 7 folding into two short helices (L1 and L2)
making extensive contacts with BtuD (NBD) [15, 42]. Some sequence alignments
have suggested architectural conservation especially in helix L2 [15, 82]. For example,
this region has been proposed to correspond to the first cytoplasmic loop of drug
exporters and to intracellular domain 1 (ICD1) of EC-MsbA [15, 82]. This loop is also
often termed the “EAA” loop (see below).
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A surprising facet of ABC proteins is the structural plasticity of the transmembrane
regions. From the six ABC proteins for which high-resolution structures are
available, there are three almost entirely different “folds” for the transmembrane
domains (i.e., they are threaded through the membrane on different paths). Thisis in
stark contrast to the NBDs, where structural homology is very clear, and the
similarities extend even to the NBD-NBD association in the intact transporter
(with the exception of the lower resolution E. coli and V. cholerae MsbA structures)
(see Figure 1.2). In one group of exporters, exemplified by Sav1866 and S. typhimur-
ium MsbA (Figure 1.2b and g), two lots of six transmembrane o-helices form the
homodimeric ABC protein. Four of the six transmembrane o-helices (TM2-5) are
very long (~70A) and have significant helical extensions on the cytoplasmic side,
which constitute the so-called intracytoplasmic loops (ICLs). These loops contact the
NBDs, presumably act as an interface communicating structural changes in the
NBDs to the TMDs, and separate the NBDs from the membrane surface. Intrigu-
ingly, the second ICL, joining TM4 and TMS5 contacts the opposite NBD to the one
contacted by the first ICL. This “crossover” (sometimes termed a domain swap) is
mirrored on the extracellular side of the TMDs where the extracellular sides of TM1
and TM2 make contacts with the opposite polypeptide subunit [47, 90].

The second “fold” has been observed with the importers BtuCD and HI1470/1
[42, 43] where a large number (10) of short transmembrane o-helices exist for each
TMD. The ICLs for this fold are also very short, with only one loop making significant
associations with the underlying NBD. This loop has been termed the “EAA” loop on
the basis of this relatively three-residue motif conserved within it. Although there is
some “crossover” of contacts in the TMDs, there is no evidence for this in the ICLs.
This TMD fold seems (so far) the most distant from the eukaryotic ABC proteins, and
hence perhaps the least useful for homology modeling.

The third fold is exemplified by the importers ModBC, MetNI and MalFGK, [48,
111, 248]. Similar to the second type of fold, the helices are short and there is hardly
any ICL region apart from a single loop (similar to the EAA loop described above) that
contacts with the underlying NBD. At first sight, the MalFG subunits, with eight and
six transmembrane spans, appear quite different from the ModB subunit with six
transmembrane spans. (Note: The term “helix” is not used for this group as some of
the transmembrane spans are composed only partly of o-helices, and also regions of
the subunits apparently dip into the membrane without spanning it.) However, when
ModB is aligned with MalF and MalG using the “EAA” loop as an anchoring point,
the six ModB transmembrane spans superimpose with reasonable precision on the
equivalent regions in the MalF and MalG subunits. Hence, a core in the fold for
the TMDs of ModBC and MalFGK, can be identified. Davidson and colleagues have
also noted that the (substrate-lacking) ModBC structure appears to be more open on
the cytoplasmic side of the membrane, the reverse being the case for the substrate-
containing MalFGK, structure (Figure 1.3). Whether this reflects conformational
changes in the TMDs associated with substrate transport still remains to be
established.

Transmission electron microscopy (TEM) studies of ABC proteins have also
provided insight into the quaternary structure and also served as a useful tool
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Figure 1.3 Comparison of the transmembrane The ModBC structure (right) has a more
regions of the MalFGK; transporter (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 subunit is in green, the representation of the MalG (left) and
MalF subunit in black. For the latter, one ModB ModB (right) subunits in the same

subunit is highlighted in red. For both orientation as in the upper panels,
transporters, the NBDs (cytoplasmic side) are illustrating 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 transmembrane o-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 and S. 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

1



12 | 1 The ABC Transporters: Structural Insights into Drug Transport
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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 nucleotide- produced only slight changes compared to
free state (a) and in the presence of nucleotides the nucleotide-free form (a and c), and
(AMP-PNP) (b) and ADP/vanadate (c). These 2D so 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. Major in 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 state conformational rearrangements in the

was later confirmed by generating 3D structures protein.

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 crystalline E. coli
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Figure 1.5 Central section through the medium- the map have been fitted using the MJ0796 NBD
resolution 3D density map of P-gp in the dimer (with nucleotide bound). Note that
presence of nucleotide as determined by electron individual B-strands cannot be resolved at this
microscopy of 2D crystals. 1: The long cylindrical resolution (8 A). 3: Small regions of density
densities that extend down into the putative NBD  extending at the top of the map, presumably
region were fitted as simple o-helices. 2: The two extracellular loops and/or glycosylation, have
heart-shaped lobes of density at the bottom of been fitted using short o-helices.

MsbA structure where contacts between the two polypeptides are sufficiently
peripheral to suspect that this structure represents a state equivalent to half a
functional transporter [47]. However, noncrystalline specimens of eukaryotic and
prokaryotic ABC proteins appear to contain both monomeric and dimeric particles
[3,51, 110, 113-117]. Ni-NTA nanogold labeling of particles of these two proteins
was also carried out, allowing their C-terminal polyhistidine tags to be localized
within the low-resolution structures [113, 117]. This labeling was not able to directly
confirm the dimeric nature of the particles, however, since the gold labeling
efficiency (<25% of particles were labeled) ensures that few particles are doubly
labeled (see Figure 1.6).

Pdr5p, a multidrug exporter in yeast, when examined by EM and single particle
analysis, also revealed dimeric (i.e., dimer of homodimer) particles similar to the
arrangement observed for P-gp and CFTR [116]. Freeze-fracture electron microscopy
of cells expressing high levels of P-gp displayed the presence of large particles and
density gradient centrifugation indicated oligomers for the detergent-solubilized
protein, although to some extent these, and similar studies with CFTR, may be
criticized because of the assumptions made regarding the identity of the particles
observed by freeze-fracture and atomic force microscopies. Some oligomeric asso-
ciations that have been observed are unambiguously the product of the isolation
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Figure 1.6 Low-resolution structure of human,
recombinant, 6-His-tagged P-gp particles labeled
with 1.8 nm diameter Ni-NTA nanogold. The
structure (yellow netting) shows overall
dimensions of 120 A x 100 A x 70 A, sufficient to
enclose two P-gp molecules. Panels (a) and (b)
show side views orthogonal to each other, while
panel (c) shows a view from the top after rotation
by 90° around the horizontal axis. Panel (d) is the
same view as in panel (c), but with the top half of

the structure stripped away. Indicative of a
dimeric organization, symmetry-related “arms”
(blue arrows) protrude on either side of the
structure. The Ni-NTA nanogold (red netting,
green circle) breaks the twofold symmetry,
probably because the labeling efficiency is only
~25%; hence, few particles are double labeled.
The gold sphere is bound on the lower half of the
structure, allowing its designation as the NBD
region. Scale bar = 40 A.

procedure, such as the bacterial YvcC protein (now termed BmrA), which after partial
reconstitution with lipid forms a 24-membered ring with YvcC proteins forming
spokes emanating from the center of the ring [115]. On the other hand, the complex
formed between the Kir6.2 potassium channel and the SUR1 ABC protein, which has
been observed as an octameric complex (tetramer of heterodimers), seems reason-
able given the function of the complex, with four SUR1 proteins arranged around the
tetrameric potassium channel [118]. A tetramer of similar external dimensions, but
lacking the central potassium channel, has also been observed in EM studies of the
isolated multidrug transporter ABCG2R*¥2, otherwise known as the breast cancer
resistance protein [112]. The tetrameric association in both cases appears to be
mediated strongly by contacts between adjacent NBDs in separate monomers in the
complexes.

The only exception to the general observation of multiple association of purified
ABC proteins (so far) is the yeast ABC protein Mdll [119], where studies of
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noncrystalline specimens by EM were interpreted as showing single transporters
containing two polypeptides (each containing one TMD and one NBD). However, the
overall dimensions of these particles (~10nm x 10nm x 12nm) suggest that two
transporters (four polypeptides) could have been fitted to the 3D density map. A
major caveat with all these structural studies is that nonphysiological oligomeric
associations could form upon solubilization of the proteins from the membrane and/
or during purification in detergent micelles. The availability of structural data for
ABC proteins reconstituted back into a lipid bilayer system is very limited at
present [50, 115], and clearly there is a need for further structural studies of such
reconstituted systems if we are to understand better the true nature of conforma-
tional changes and oligomeric associations in ABC proteins.

13
Multidrug Resistance and ABC Transporters

Cellular resistance to antibiotic and anticancer drugs is considered to be a major
factor for the treatment of infectious diseases or cancers [120, 121]. Sometimes,
microorganisms and cancer cells exhibit cross-resistance to a wide variety of
functionally and structurally unrelated drugs [121, 122]. This phenomenon is termed
multidrug resistance (MDR), a concept introduced into scientific literature in the
1970s [123]. One of the most important mechanisms of multidrug resistance is via
active drug export from the cell mediated by membrane proteins [121, 124, 125].
The multidrug transporters are divided into two broad classes, primary and
secondary active transporters, although they both mediate the translocation of a
range of substances across membranes [121]. Secondary active transporters are
predominant in prokaryotic organisms and mediate the drug efflux reaction in a
coupled exchange with sodium ions or protons [125, 126]. Primary active transporters
use the energy of ATP hydrolysis to translocate compounds and play a key role in
eukaryotic drug resistance and to varying degrees in bacteria, fungi, and proto-
zoans [121]. One of the best characterized bacterial proteins, LmrA, shows about 34%
amino acid sequence identity with P-glycoprotein, which is probably the best
characterized eukaryotic ABC protein [70, 73, 127]. Since the completion of the
human genome sequence [128, 129], about 48 human ABC proteins have been
identified and as many as 12 might be implicated in drug transport [7, 121].

1.3.1
P-Glycoprotein

1.3.1.1 Historical Background

Biedler and coworkers [123] reported that Chinese hamster cells selected for
resistance to actinomycin D also showed cross-resistance to mithramycin, vinblas-
tine, vincristine, puromycin, dauromycin, democolcine, and mitomycin C. Thus,
upon selection with a single cytotoxic drug, mammalian cells became simultaneously
cross-resistant to a range of drugs with different chemical structures and molecular
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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 transmembrane o-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 subsequent findings 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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intracellular binding capacity > intracellular binding affinity > P-gp-mediated efflux
[131, 151]. It is the conclusion of the above-mentioned authors that the delivery of
paclitaxel to tumor cells rather than other mentioned factors determines intracellular
drug concentration. This report was supported by a study that showed intravenous
administration of radiolabeled daunorubicin to rats bearing bilateral tumors indi-
cated that P-gp accounted only for partial drug resistance [152]. Nevertheless, poor
brain penetration of radiolabeled drugs demonstrated a very significant role for
P-gp[152, 153]. Despite all these arguments, the general conclusion still remains that
P-gp is a major player in multidrug resistance. Therefore, the development of
relatively potent but nontoxic P-gp inhibitors could greatly reduce its effect on drug
accumulation in cells.

In addition to the significant role P-gp plays in multidrug resistance, multidrug
resistance protein 1 (MRP1) is another important ABC transporter protein with
similar properties. MRP1 was identified in 1992 as a second drug transporter in
humans [154]. It can confer resistance to a variety of drugs when overexpressed in
cells. MRP1 has been implicated in the transport of etoposide, teniposide, doxorubi-
cin, vincristine, leukotrienes, glutathione conjugates, glucuronides, and sul-
fates [155-157]. Like P-gp, MRP1 is thought to provide protection to normal
tissues [158, 159]. For other members of the MRP family, such as MRP2, MRP3,
MRP4, MRP5, MRP6, ABCC11, and ABCC12, links to multidrug resistance are less
well defined [158].

1.3.1.3 Tissue Distribution and Physiological Roles

MDR genes are expressed in normal tissues, prompting researchers to elucidate
their physiological roles. Mice lacking P-gp genes (mdrla and mdr1b) have a subtle
phenotype [160] indicating a role for P-gp in physiological defense against xenotoxins.
The polarized pattern of P-gp expression in many cells supports this probable role.
Thiebaut et al. [161] reported the localization of P-gp in the epithelial cells of excretory
organs such as the bile canalicular membrane of hepatocytes in the liver, proximal
tubules in the kidney, and enterocytes lining the wall of the intestines. The presence
of P-gp in the capillary endothelial cells in the brain and testes indicates other roles of
significance in biology [162-164] (Sugawara et al., 1990). The expression of P-gp in
tissues that partake in steroid hormone biosynthesis is suggestive of its importance in
production and secretion of cortisol and other steroids [161, 165-167]. P-gp also
occurs in the placental trophoblasts from the first trimester of pregnancy to full term
indicating a probable (protective) role in fetal development [167]. Hemopoietic
progenitor cells are also shown to contain P-gp [168] where a role in protection
against mutagens and teratogens seems likely.

13.2
Conformational Changes in the Mechanism of P-gp

It is apparent that if we are to circumvent the unwanted actions of P-gp in cancer
chemotherapy, we need to understand the molecular basis of multidrug export.
This requires us to understand both the structure and the mechanism of the
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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. Recent findings 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 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 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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1.3.3
Comparison of Sav1866 and P-gp Structures

The 3-4 A resolution structure of the S. aureus putative multidrug transporter is the
besthomologue available for constructing models of eukaryotic ABC proteins such as
P-gp[90, 177]. Similarly, the 8 A resolution map of P-gp 2D crystals represented, until
recently, the highest resolution data so far for any eukaryotic ABC protein, and thus a
comparison between the two is appropriate. Qualitatively, this has been addressed in
the preceding section’s discussion of the gaps on the side of the barrel of transmem-
brane o-helices, but here an overall appraisal of correspondence is attempted.
Sequence homology between Sav1866 and P-gp is low except in the conserved
regions of the NBDs (see Section 1.3.1). However, the length and spacing of the
hydrophobic transmembrane regions relative to the extracellular and intracellular
loops are generally well conserved, suggesting that the overall fold of the two proteins
may be qualitatively similar in the TMD regions. We therefore fitted the Sav1866
structure into the P-gp density map by hand using the xfit program within the
XtalView software package, initially using the well-conserved NBD regions to guide
the process, followed by fine-tuning the rotational and translational operations to give
a good fit for the rest of the structure. The results of this exercise are summarized in
Figure 1.7.

The views orthogonal to the long molecular axes in panels (a) and (b) confirm that
the overall dimensions of Sav1866 fit well to the P-gp map, as expected from the
sequence alignment. The distance from the bottom of the NBD (arrow 5) to the long
extracellular loop between TM helices 1 and 2 (arrow 3) is ~130 A. This latter loop fits
into a finger-like protrusion previously identified in the P-gp map as an extracellular
domain, but a gap in the density (arrow 4) that may be due to local disorder precluded
its assignment as a continuous loop. In contrast, the C2 symmetry-related loop on the
other half of the Sav1866 homodimer is a poor fit to the P-gp map (arrows 1 and 2). It
is tempting to use this observation to assign this section of the P-gp map to TMD2,
which lacks the large extracellular loop of TMD1. As expected, the well-conserved
NBD regions of Sav1866 dock into the lower portion of the map with a good overall fit
and in a similar position to the MJ0796 dimer that was employed in a previous
study [110]. The positions of bound ADP molecules in the Sav1866 structure are
indicated by the dashed ellipses. The five-stranded parallel B-sheet, viewed edge-on,
running between arrows 5 and 7, appears as a slightly curved slab of density in the
P-gp map in panel (a) and has a characteristic heart shape viewed face-on (panel (b),
arrow 8). A few discrepancies in this region are observed, however, such as the region
of short helices and turns between residues 430-480 that contribute to the signature
motif in Sav1866 (arrow 6a). Although this small region does not match density in
one half of the map, its C2 symmetry-related equivalent fits well in the other half (see
arrows 12a and 12b). Similarly, the region linking TM helix 6 to the start of the NBD in
Sav1866 is poorly fit on one side of the structure (arrow 9a), while a good match is
found on the other (arrow 9b). These various differences are probably due to the
evolutionary divergence from twofold symmetry in P-gp versus the homodimeric
Sav1866, although disorder in some regions is an alternative explanation. Presumably,
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Figure 1.7 Comparison of the Sav1866 structure the two ADP molecules in the Sav1866

(green polypeptide Co. trace) and the 8 A structure are indicated by the dashed
resolution map for P-gp (red and blue netting at ellipses. Note: One Sav1866 homodimer is
16 and 1.5 above the mean density level, shown docked into the center of a P-gp 2D

respectively). Each panel represents a 25 A thick crystal unit cell with a p1 plane group —
slice through the center of the molecule (panels additional densities around the edges of
(a) and (b)), or slices perpendicular to the long each panel arise from adjacent unit cells.
axis of the molecule, as indicated by the brackets See main text for description of the

and arrows relative to panel (b). The positions of numbered arrows.

the presence of a linker region between NBD1 and TMD2 in P-gp also imposes some
differences in the organization of the NBD region.

Slices through the map taken perpendicular to the long molecular axes further
illustrate the similarities and differences between Sav1866 and the P-gp map.
The extracellular transmembrane regions and loops that occupy two separate regions
at the top of the Sav1866 structure correspond to two regions of density in the P-gp
map (top right panel, arrow 10), which are separated by a low-density region. The
correspondence on one side (arrow 10a) is better than that on the other (arrow 10b)
where density is weak or lacking at the expected positions of two of the Sav1866
helices. There is a gap on one side of this region (arrow 11) that may allow access to the
lipid bilayer in P-gp, as discussed previously [110]. A slice through the cytoplasmic
side of the transmembrane region (center right panel) shows a good fit between
Sav1866 and the P-gp map. Asymmetry in this region in the P-gp map will arise from
additional density that is likely to be due to the longer N-terminal region preceding
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TM helix 1 as well as the long linker joining NBD1 with TMD2. The slice through the
NBD region (bottom right panel) also shows a good overall fit between the map and
the Sav1866 structure. Arrows 12a and 12b indicate regions of asymmetry in the P-gp
map corresponding to arrows 6a and 6b in panel (a).

The overall impression from this comparison is that Sav1866 probably represents a
reasonably good starting model for P-gp in the presence of AMP-PNP. There are
differences in the precise trajectories of transmembrane helical elements, but this is
to be expected given the low sequence identity between the two proteins in the
transmembrane region (~20%). A model of P-gp based on Sav1866 but using
“adjustments” or “constraints” from the EM-derived map would therefore be
informative.

1.3.4
Drug Binding Sites in P-Glycoprotein

The involvement of P-gp in the multidrug resistance phenotype has prompted
extensive study to uncover the mechanism of this polyspecificity. Two possibilities
are most likely: (i) the presence of a single domain to which drugs display a loose
association and (ii) multiple drug binding sites, each with a defined specificity.

The former option was proposed initially to take into account the nuances of P-gp-
mediated transport. It was suggested [178] that P-gp behaved as a “flippase.” The
model suggested that the protein extracted drugs directly from the lipid milieu rather
than the conventional wisdom of entering the translocation machinery through the
cytoplasm. This suggestion was supported by the drug transport studies using
acetoxymethyl esters (AM) of fluorescent probes (e.g., calcein-AM) [179]. The AM
derivatives were nonfluorescent substrates for P-gp transport and readily converted
to the fluorescent, nontransported compound by cytoplasmic esterases. Cells con-
taining P-gp did not display any fluorescence although it rapidly appeared following
P-gp inhibition. The results indicated that the drugs were expelled from the cell prior
to reaching the cytoplasm. Further support was provided by Raviv et al. who
demonstrated that photocross-linking of the membrane localized probe ['21]-INA
to P-gp through direct energy transfer from the substrates rhodamine 123 or
doxorubicin [180]. Another key premise of the “flippase” model suggested that the
“flip-flop” of drugs across the lipid bilayer was a slow process, yet this clearly was not
the case for a number of substrates and modulators of P-gp [181, 182]. Finally, it was
suggested by this model that drugs interact with the protein on a hydrophobic
interface, rather than via a “classical” binding site. As discussed below and in
subsequent sections of this chapter, there are clearly defined and specific sites for
drug interaction with P-gp. Although two tenets of the flippase model are flawed, the
suggestion that drug extraction occurs directly from the lipid bilayer is an accepted
and characteristic feature of P-gp-mediated transport.

The quest to determine whether P-gp contains multiple drug binding sites
employed a number of distinct approaches. For example, site-directed mutagenesis
revealed a multitude of residues that when mutated could alter the pattern of drug
resistance conferred by P-gp [183-185]. The effects of mutations on the activity were
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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,
the flexibility 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 Dey et al. [52] while
examining the effects of the inhibitor cis-flupentixol on [*I]-IAAP binding. P-gp
labeled with [*1]-TAAP and subjected to tryptic cleavage produced two polypeptides,
both of which contained covalently attached [**°I]-IAAP. Addition of cis-flupentixol
caused an increase in the affinity of ['’I]-IAAP binding at the C-terminal site.
However, there was no effect of the inhibitor on [ 1]-IAAP binding to the N-terminal
site. This finding 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 [*H]-
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 [*H]-azidopine binding by vinblastine demonstrat-
ed that these two compounds interact at pharmacologically distinct regions. In
contrast, the interaction between [*H]-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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number of substrates have been used for photolabeling of P-gp to define regions of
the protein that play a role in solute binding and transport. Initially, studies with
photoactive P-gp ligands were able to ascribe drug binding sites only to the C-terminal
ends of the 6th and 12th TM o-helices [189, 204] (Table 1.2).

However, recent advances in trypsin cleavage and subsequent mass spectrometric
identification of peptide fragments, coupled with the development of photoactive
derivatives of propafenones, have enabled Chiba and colleagues to identify specific
amino acids labeled during cross-linking [197]. Quantitative analysis of photolabeling
indicates major sites for reactivity within TM3 (methionine 197), TM5 (methionine
311), TM8 (methionine 769), and TM11 (methionine 951) (see Table 1.1 and
Ref. [197]). Minor peaks were identified within several other TM o-helices including
TM1 and 12 [197] (Table 1.2).

Rather than rely on endogenous residues for cross-linking, the groups of Clarke,
and to a lesser extent that of Callaghan, employed directed cysteine mutagenesis and
chemical labeling to determine residue accessibility in the TM regions. Both sets of
studies relied on the generation of functional cysteine-less versions of P-gp[212, 213].
The ATPase activity of this cysteine-less isoform was stimulated by the cross-linker
dibromobimane (Dbbr), and this property was employed by Loo and Clarke to
identify amino acids that when mutated to cysteine and then derivatized by Dbbr
showed inhibited ATPase activity that could be prevented by prior incubation with
another drug substrate (Table 1.1) [31, 196, 200]. Such residues are proposed to be
part of the drug binding site for the “protective” drug. Similarly, the synthesis of
sulfhydryl reactive rhodamine and verapamil analogues (methanethiosulfonates,
MTS), which caused persistent stimulation of ATPase activity, allowed the identifi-
cation of residues presumed to be involved in rhodamine or verapamil binding
[53-56, 195, 198, 199, 202]. In an alternative approach, the Callaghan group intro-
duced cysteine residues in a cysteine-free version of P-gp [213] and investigated their
accessibility in distinct states of the catalytic cycle to maleimides of differing
physicochemical properties (Table 1.1) [201, 214]. Residue 339 in TM6 appears to
be of particular interest as conflicting results have been obtained. C339 (residue 339
mutated to cysteine) is labeled by maleimides with subsequent effect on the ATPase
activity of P-gp. However, this is not a consequence of altered drug binding capacity
suggesting that 339 is not a direct contributor of the drug binding pocket [214]. In
contrast, C339 is labeled by Dbbr with concomitant inhibition of ATPase activity,
which is rescued by preincubation with verapamil, vinblastine, and colchicine [200].
This discrepancy is a reflection of the different criteria used to identify a residue
involved in drug binding — one of which is an indirect measure of drug binding.

1.3.5
Structural Interpretation of Drug Binding

Are the data in Tables 1.1 and 1.2 of sufficient consistency to predict where drug
binding sites might reside on a structural model of P-gp? To answer this question, we
have assigned two levels of certainty to a residue being directly implicated in drug
binding. In the first category, we place those residues that are heavily labeled in
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1.3 Multidrug Resistance and ABC Transporters

Figure 1.8 Drug binding site localization data in into two groups: those in green form a slide of
P-gp. Residues (in green, red, and yellow) thatare residues primarily on the lipid-exposed surface of
interpreted as contributing to drug binding in  the molecule (right-hand panel) and those in red
P-gp (see Table 1.1 and text) are mapped onto form a pocket open to the lumen of the structure.
the crystal structure of Sav1866. Residues cluster Three residues (yellow) do not fit this pattern.

propafenone photolabeling studies and residues that when altered to cysteine and
derivatized resultin altered ATPase activity that can be rescued by preincubation with
drugs (Table 1.1, indicated by an asterisk in the second column). Other residues listed
in Table 1.1 and all those in Table 1.2 are considered to be more indirect measures of
drug binding site identification. These former residues have been mapped to their
equivalents in Sav1866 [90] and are shown spatially in Figure 1.8.

The residues classified as robust indicators of substrate binding show two obvious
clusters on opposite wings of the Sav1866 dimer, with each site primarily contributed
by one homologous half. In P-gp this would translate as the first site being exposed to
the lumen of the protein, contributed by amino acids at the approximate centers of
TM3-6, and a small contribution from TM7 (red, Figure 1.8a). The second site, rather
than being a cluster of amino acids, is better portrayed as a slide of residues along the
lipid-exposed surface of TM10-12 (green, Figure 1.8b). Whether one of these sites
(site 2) represents a hydrophobic interaction site for lipophilic drugs, and the other
(site 1) represents a modifying site for hydrophilic ligands, is open to speculation.

1.3.6
Inhibitors of P-gp

The earliest investigations into the resistant phenotype in cancer revealed that cells
displayed reduced sensitivity to a large number of anticancer drugs [215, 216].
Moreover, the compounds were often unrelated chemically or functionally. This
suggested the presence of multiple mechanisms or perhaps a promiscuous contrib-
uting factor. In the case of P-glycoprotein, the latter is certainly true. So far, it has been
established that P-gp is capable of interacting with over 200 compounds that may be
classed as transported substrates or nontransported modulators [217]. The broad
spectrum of resistance and the poor prognosis for patients necessitated strategies to
circumvent the actions of P-gp. As a result, a great deal of effort has been directed
toward the development of chemical inhibitors of P-gp. During the early 1980s, the
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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 the first 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 took the mostrapid early ascentfrom such invitroassays to clinical 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 many first-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 use in 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, the p-isomer of verapamil produced consider-
ably lower calcium channel blockade than the t-isomer, whereas both forms produced
equivalent inhibition of P-gp [228]. Therefore, the use of b-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 to p-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 the first 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 by in 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 the first 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 displayed fixed spatial separation (e.g., type I inhibitors have
2.54 0.3 A 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 [*H]-vinblastine (substrate) and [*H]-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
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is a complex one, and as result, these strategies have focused on single classes of
compounds. Raad et al. used a 3D quantitative structure—activity (QSAR) analysis for
natural and synthetic coumarin derivatives [243]. The electrostatic and steric volume
factors provided the greatest predictive power in assessing potency of interaction with
P-gp. Moreover, a neutral hydrophobic group on the C4 position of the coumarin
group greatly affected potency. The nature of the aromatic ring substitution of
propafenone derivatives also greatly influenced the affinity of this class of com-
pounds. An e~ donating moiety was a positive factor, whereas a bulky substituent
(e.g., diphenyalkamine) weakened the interaction [244]. Labrie et al. [245] confined
their analysis to derivatives of the potent anthranilamide tariquidar and focused on
four distinct chemical regions of the molecule [245]. Once again, the affinity of
derivative interaction with P-gp was greatly influenced by steric effects, electrostatic
potential, and positioning of the hydrophobic moieties.

Thus, itis clear that two decades of structure—activity analyses have generated only
subtle alterations to the originally proposed pharmacophoric elements of drugs
interacting with P-gp. What has emerged is that the interaction is clearly a complex
one and highly specific at a local level, which is far removed from the earliest
suggestions based only on hydrophobicity. In addition, there are subtle, but impor-
tant, differences between classes of drugs interacting with P-gp as might be
expected given that the protein has multiple distinct binding sites. Two recent
investigations employing a larger number of compounds have revealed some more
specific requirements [245, 246]. Affinity of the drug—P-gp interaction is proportional
to the hydrogen bond strength and the specific distance between the hydrogen
bonding groups. Substrates may be more hydrophilic than originally proposed, and
in factthe K, for transport does not correlate with log P values. The emerging picture
from these investigations is that high-affinity compounds minimally contain (i) two
hydrophobic groups separated by 16.5 A and (ii) two hydrogen bond acceptor groups
that are 11.5 A apart. Fully exploiting these data will require data on the structure of
drug binding sites and the molecular basis underlying the “polyspecificity” of P-gp.

13.8
Postscript: Further X-Ray Crystallographic Studies and a Structure for the
Nucleotide-Free State of P-Glycoprotein

Just prior to the proof stage of this chapter, a report describing the structure of P-gp in
the nucleotide-free (apo) state appeared from the group of Chang [247]. Since this
happy event merits the short description below, it is also worth updating the chapter
with very recent structural insights emerging for other ABC transporters. Two
structures for entire bacterial ABC proteins have been added to the growing list:
(a) The structure of the methionine importer MetNI, from the laboratory of Rees [248],
displays a similar TMD fold to the ModBC and MalFGK2 structures. (b) A second
structure for MalFGK2 in the absence of nucleotide and in an apparently inward-
facing configuration [249] beautifully confirms the predictions of Davidson about the
likely conformational changes in the bacterial importers which were based on
comparison of the ModBC and (outward facing) MalFGK2 structures - see Figure 1.3.



References

Lastly, the P-gp structure: It is the first structure of a eukaryotic ABC protein
where the resolution is sufficient to trace most of the (single) polypeptide chain.
Moreover, Aller and his co-workers [247] were able to generate two further
structures of the nucleotide-free protein with different chiral forms of a cyclic
peptide inhibitor bound to the TMD portion of the protein. Although the structural
biology group were unable to generate a structure for the nucleotide-bound form of
the protein, the existence of a lower resolution EM map (Figure 1.6) and its strong
similarity to the nucleotide-bound Sav1866 structure will allow us insight into the
conformational changes undergone by P-gp when moving between nucleotide-
bound and nucleotide-free states: It seems likely that transmembrane helices 4 and
5inTMD1, and their equivalents in TMD2 (helices 10 and 11) rotate as pairs around
hinge regions in the extracellular loops of P-gp giving a tweezers-like opening and
closing of the TMDs. This motion is associated with a separation and coming
together of the NBDs, mediated by the intracytoplasmic loops 2 and 4 connecting
transmembrane helices 4 to 5 and 10 to 11 respectively. As predicted from the
Sav1866 structure, these intracytoplasmic loops cross over to the opposite side of
the molecule in P-gp.

1.4
Summary

Progress in the structural description of ABC transporters is beginning to reach the
stage where clinically relevant outputs may arise. A combination of low- and high-
resolution structural data, alongside molecular homology modeling, is giving us a
much clearer picture of transporters such as P-gp. Compared to even 10 years ago,
our knowledge has advanced enormously. Given a similar rate of progress, the
probability of designing novel inhibitors and drugs with input from structural data
seems high over the next decade. Knowledge of the structure of binding sites in P-gp
will be vital in the design of new inhibitors of the protein.
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