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The structural studies show that the TMHs of these ABC
exporters cross the membrane in two bundles (Fig. 4A).
Surprisingly, the bundles of six helices do not equate with the
TMD boundaries but comprise four helices from one TMD and
two helices from the other and they differ in the two distinct
conformations found for these proteins. Thus, in the apo struc-
ture of Abcbla, TMH 1, 2, 3 and 6 cross the membrane in
concert with TMH 10 and 11, and TMH 4 and 5 cross the mem-
brane in a bundle with TMH 7, 8, 9 and 12. In the closed,
nucleotide-bound conformation of Sav1866 (but maintaining the
TMH numbering of Abcbla), TMH 1 and 2 cross the membrane
with TMH 9, 10, 11 and 12, while TMH 7 and 8 cross with TMH
3,4,5 and 6.

One of the consequences of this arrangement is that the
TMHs are tilted significantly with respect to the plane of the
membrane, and that the long intracellular loops between TMHs 2
and 3, and TMHs 4 and 5 are able to interface through the
“coupling helices” with NBD 1 and 2, respectively (see following
sections for more detail on the coupling helices). This unexpected
interface observed in the crystallised exporters has also been con-
firmed with a functional ABCB1 in the cell membrane, again by
cysteine crosslinking experiments.?* Such “domain swapping”
with respect to the TMD helices is not common to all the TMDs
in the ABC transporter superfamily; crystal structures of bacter-
ial ABC importers with TMDs that are unrelated to the human
TMDs show no, or little, evidence of intermingling of their TMHs.
If, as argued above, all human TMDs are homologous and share a
common protein fold then domain swapping is likely to feature in
all of the human ABC transporters. The possible mechanistic
implications of this structural organisation, is discussed in the
following sections.

4.2.2 Allocrite binding to the TMDs

The Abcbla structures also offer insight into the multi-specificity
of the transporter as two of the three crystal forms solved have
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inhibitors bound in a non-productive conformation.'? Although
not an allocrite (i.e. not a transport substrate), the stereo-
isomers of these cyclic peptide inhibitors are bound in distinct
but overlapping regions of a large central cavity (measuring
6000A3), formed by the TMDs in the plane of the membrane (see
also Chapter 4). Ueda et al., had already speculated that ABCB1
should contain a large binding pocket in order to accept the vari-
ety of structurally distinct allocrites, and that some of the
remaining volume, especially with respect to the smaller all-
ocrites, would be occupied by cholesterol that presumably enters
the pocket directly from the lipid bilayer (discussed further in
Chapters 2 and 4).25 This offers not only an explanation for the
surprisingly large size range of allocrites handled by these drug
exporters but also, given the co-binding of cholesterol, provides
an explanation for why very closely related transporters (such as
ABCB4 and ABCB11; Chapter 3) can handle lipids and bile salts.

Taking a quite different approach, Tampé’s group (see
Chapter 6) gained insight into the nature of the peptide binding
pocket of the TAP transporter (TAP1/TAP2) by determining the
character of the peptides accepted by the transporter. Thus, it
became clear that while the three amino-terminal residues and
the carboxy terminal residue provided some specificity, there must
also be a certain amount of flexibility (either in the pocket or the
peptide) in order to accommodate the full range of 840 mers
transported, although peptides 8-12 amino acids in length are
favored. While the co-ordinating residues in the TMDs of TAP1/2
have not been identified, the simplest explanation, that the
amino- and carboxy- terminal residues of the transported pep-
tide are recognised by the different TMDs within a large and flex-
ible cavity, would be consistent with the structural data obtained
for Abcbla.

4.2.3 The energy transduction interface

In the ABC exporters, the TMHs of the TMDs extend well beyond
(approximately 20A) the likely position of the head groups of the
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inner leaflet of the lipid bilayer. The second and fourth TMH of
each TMD culminate in a tight turn, followed by a short helix and
another tight turn before extending into the third and fifth
helices of the intra-membranous domains. These inter-membra-
nous loops, the tips of which form the respective short coupling
helices 1 and 2, provide the most substantial contact with the
NBDs (Fig. 5A). While there is insufficient resolution to identify,
unambiguously, the key residues involved at the interface, cou-
pling helix 1 of TMD1 comes into close proximity with the Walker
A motif of NBD1. Coupling helix 2 of TMD1 fits into a groove
formed between the B-roll and the o-helical sub-domains of
NBD2. Thus, coupling helix 2 of each TMD, interfaces with the
Q-loop of the diametrically apposed NBD. These interfaces are
the sites of energy transduction that allow communication
between the TMDs and NBDs (thus coupling the allocrite bind-
ing sites to the ATP binding pockets). In the bacterial importers,
the TMHs are much shorter and the coupling to the NBDs is via
a single coupling helix per domain (equivalent, structurally, to
coupling helix 2 of the exporters, Fig. 5B). Thus, each TMD in the
bacterial importers only has significant contact with one NBD,
and in a further departure from the organisation found in the
exporters, the TMD of the importer contacts the NBD immedi-
ately below it and not the one diametrically opposite. The
coupling helices are not highly conserved in primary sequence
(except in a subset of more closely related importers)? but there
is conservation in the structural fold. The length of the TMHs
and the need for four coupling helices in the exporters is dis-
cussed in following sections in relation to molecular mechanism.
Interestingly, a comparison of the available crystal structures of
isolated NBDs already suggested in 200327 that a structural
diverse region was present in the helical subdomain of ABC-
ATPase. This region also covers for example, the X-loop that was
identified in the crystal structure of Sav1866!! as being a hall-
mark for MDR-ABC pumps and important for NBD-TMD
communication.
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(A) (B)

Fig. 5. The coupling helices of ABC transporters.

(A) The coupling helices of an ABC exporter. The NBD is shown as a transpar-
ent solid (cyan). The two coupling helices from both TMDs (cyan and green) are
highlighted in red. (B) The coupling helix of an ABC importer. The NBD is
shown as a transparent solid (magenta). The single coupling helix from the
TMD (green) is highlighted in red.

5. Conformational Changes During the
Transport Cycle

One of the curiosities of the crystal structure of Abcbla is the
large degree of separation of the NBDs (Fig. 4A). It was unex-
pected that the two NBDs would ever lose contact, let alone
separate by 304, and this finding remains controversial. It is pos-
sible that the TMDs (or perhaps the TMH bundles that cross the
membrane together) are relatively flexible in their relation to one
another, particularly in a detergent micelle from which the crys-
tal was grown, and that they are pulled apart by the strong
non-physiological crystal contacts made by the hydrophilic NBDs
in the three dimensional crystal lattice. If this is the case and the
crystal conformation is an artefact, it is not irreversible since the
protein is still able to regain drug-stimulated ATPase activity on
solubilisation from the crystal.
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Is there any evidence from biochemical or other biophysical
studies for conformational changes in ABC transporters, includ-
ing such a separation of the NBDs? The TMDs of human ABCB1
can undergo large conformational changes in response to trap-
ping with non-hydrolysable ATP analogues or with ADP and
vanadate.?® Unfortunately, these data, obtained by transmission
electron microscopy of 2D crystals of ABCB1, were not able to
address the question of conformational change at the level of the
NBDs. More recently, however, Rosenberg et al.,?® report that
the conformation of ABCC1 in the apo state, exhibits notable
separation of the NBDs in a 2D crystal array consistent with the
Abcbla 3D crystal structures. Nevertheless, while the crystal
contacts in these 2D and 3D crystals are likely to be very differ-
ent, and are analysed by different techniques, they are both
derived from transporters solubilised in detergent.

ABC transporters tend not to function in detergent and it is
possible that the detergent could be the cause of the wide sepa-
ration of the NBDs in the apo Abcbla and MsbA structures.
Fortunately, there is a technique, electron paramagnetic reso-
nance (epr), which allows the structure of a membrane protein to
be probed while the protein is functional within the lipid bilayer
of a proteoliposome. This technique is nicely described in a recent
review by Hellmich and Glaubitz,?® but essentially, pairs of para-
magnetic groups, usually nitroxide groups with an unpaired
electron, are used to label the protein of interest at introduced
cysteines. The electrons are excited by microwaves and their
interaction, akin to the interaction of two bar magnets in a class-
room experiment, can be measured in a magnetic field. The
strength of the interaction is directly proportional to the distance
separating the groups. MsbA has been studied extensively by epr
and, the evidence obtained is consistent with a large (water filled)
cavity formed by the TMDs in the apo state facing towards what
would be the cytoplasmic face of the cell membrane. Notably,
there is also significant separation of the NBDs (55-60A between
the spin labels) which closes by ~30A in the presence of ADP plus
vanadate.?! The data reporting the separation of the NBDs is
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derived from a single cysteine positioned towards the base of the
NBD in this homodimeric transporter (i.e. in a region furthest
from the membrane). We are therefore reliant, so far, on data
from just one mutant. Nevertheless, it is consistent with the
observations from the crystal structures.

6. The ATP Switch Hypothesis

The current data set suggests that ABC transporters switch
between the conformation described by the Abcbla structure in
the absence of nucleotide, representing an inwardly open all-
ocrite binding site and open, i.e., well separated, NBDs, and the
conformation described by the Sav1866 structure, in which the
allocrite binding site is open to the exofacial side of the mem-
brane and the NBD:NBD interface is closed around the bound
ATP (Fig. 4B). The inwardly open conformation has a large cav-
ity facing the cytoplasm for those transporters that can handle
more hydrophilic allocrites, such as TAP1/TAP2 and ABCC1 and
to the inner leaflet of the membrane for transporters like
ABCBI1 that transport hydrophobic allocrites. Some of the all-
ocrites transported by human ABC transporters are very large;
ergosterol, paclitaxel and phosphatidyl choline range from 400
to 850 Da and require a large binding pocket, and the smaller
molecular weight drugs may also bind to the cavity alongside
cholesterol. For ABCB1 and similar transporters, their promis-
cuous nature rules out any lock and key model for the
interaction of allocrite and transporter. We have already argued
that all of the human ABC transporter family likely share simi-
lar “domain swapping” between the TMDs, with helices from
one TMD associating with helices from the second TMD as they
cross the membrane. This architecture may be necessary to
physically open the large cavity to accommodate the larger size
range of allocrites. This may necessitate complete separation of
the NBDs and to achieve this, the TMDs may have evolved a sec-
ond coupling helix (i.e. four per transporter) to maintain direct
contact with both NBDs throughout the transport cycle. The
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Sav1866 structure gives us a snapshot of the ATP-bound struc-
ture (the protein is actually co-crystallised with ADPE but the
NBD:NBD interface closely resembles the ATP-bound closed
dimers of the bacterial NBDs solved at higher resolution). The
nucleotide-bound Sav1866 appears to be in a conformation in
which the putative allocrite binding cavity is open to the outside
of the cell. These observations therefore satisfy one of the
conditions of the “alternating accessibility” model for trans-
membrane transport originally postulated by Jardetzki in the
1960s. If the inwardly open and closed conformations also
equate with high and low affinities for allocrite then the second
condition of the “alternating accessibility” model of an exporter
will be satisfied. That this is indeed the case was definitively
shown for hamster Abcbl in 2001 when the inwardly open con-
formation (i.e. in the absence of ATP) was shown to have a high
affinity for the drug allocrite vinblastine, and the inwardly
closed conformation (i.e. in the presence of non-hydrolysable
ATP) was shown to have the same binding capacity for the drug,
but at much lower affinity.3? ATP binding and formation of the
closed NBD:NBD dimer should therefore be sufficient to efflux
allocrite (at least for the multidrug resistance ABCB1). This is
the crux of the ATP switch model proposed independently by
two groups®3* and summarized in Fig. 4B). However, the
in vitro affinity for ATP reported for many ABC transporters is
apparently lower than normal cellular concentrations, meaning
that ABCB1 in the cell membrane should either hydrolyse ATP
in a futile cycle, or be locked in a conformation with a low affin-
ity for allocrite! But, if the observations in the maltose transport
system, that the NBDs can bind ATE, but the TMDs prevent
NBD:NBD closed dimer formation in the absence of allocrite
represents a general phenomenon, (thus preventing futile ATP
hydrolysis or locking the transporter in a non-productive con-
formation) then this conundrum is circumvented.

The energy released by ATP hydrolysis, we presume, would
be required to resolve the NBD:NBD dimer and reset the
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transporter for the next cycle. In ABCB1 this appears to
require hydrolysis of both ATPs (as mutation of either of the
binding pockets results in the non-functional transporter). In
other ABC transporters, such as ABCC1 or TAP1/TAP2, one of
the nucleotide binding pockets contains non-canonical motifs
that allow ATP binding but a significantly reduced hydrolysis
rate.?536 Whether hydrolysis of one or two ATPs is required in
any ABC transporter may well depend on the nature of the
NBD:NBD interface (i.e. how much energy is required to
break the bonds formed during dimerisation), and the kinet-
ics/efficiency of transporter function required for a healthy
cell. Even in ABCB1, hydrolysis seems to be non-simultaneous,?”
and the protein can be trapped in a distinct conformation?®
when the liberated phosphate is replaced with vanadate to
trap one ADP in the nucleotide binding pocket.?® Thus, phos-
phate is released first following hydrolysis, then ADP to
restore the transporter to the apo state described by the
Abcbla structural model.

7. Future Perspectives

This is a particularly exciting time for those in the ABC trans-
porter field. The recent FEBS special meeting on ABC
transporters in Innsbruck had 300 delegates who research the
structure, biochemistry and genetics of diverse ABC transporters
from different species. To understand the molecular mechanism
of these proteins would have an immense impact on the field and
significant progress has been made in recent years. To drive this
forward would require higher resolution structures of full-length
transporters trapped in different conformations, with and with-
out substrate and allocrite, combined with biophysical analysis of
the transport mechanism, most likely in the form of the promis-
ing epr studies. Only then, will the detail emerge and surely
inspire biochemists to probe the transport cycle of these trans-
porters further.
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