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Abstract The ATP-binding cassette family is one of the

largest groupings of membrane proteins, moving allocrites

across lipid membranes, using energy from ATP. In bacteria,

they reside in the inner membrane and are involved in both

uptake and export. In eukaryotes, these transporters reside in

the cell’s internal membranes as well as in the plasma

membrane and are unidirectional—out of the cytoplasm. The

range of substances that these proteins can transport is huge,

which makes them interesting for structure–function studies.

Moreover, their abundance in nature has made them targets

for structural proteomics consortia. There are eight inde-

pendent structures for ATP-binding cassette transporters,

making this one of the best characterised membrane protein

families. Our understanding of the mechanism of transport

across membranes and membrane protein structure in general

has been enhanced by recent developments for this family.
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Introduction

ATP-binding cassette (ABC) transporters play a crucial role

in eukaryotes, bacteria and archaea. These proteins consti-

tute a very ancient family of transporters with phylogenetic

evidence supporting the idea that the ABC transporter

family diversified before bacteria, archaea and eukaryotes

diverged on separate evolutionary paths [1]. ABC systems

can be divided into three main functional categories which

include importers mediating the uptake of nutrients;

exporters involved in secretion; and those which are not

involved with transport but in other cellular processes such

as in ion flux, translation of mRNA and in DNA repair. For

the purpose of this review, the focus will be on the ABC

transporters, which are integral membrane proteins that

actively transport molecules across the lipid membrane

against a concentration gradient, hydrolysing ATP to ADP

to generate energy to complete the transport process.

In the mid-1980s, the ABC-transporter superfamily was

identified when sequence homology was detected between

a eukaryotic multidrug efflux pump and a prokaryotic

binding-protein-dependent importer [2, 3]. Defects in ABC

transporters are responsible for a number of human dis-

eases including cystic fibrosis and Tangier disease [4].

They have also been implicated in multidrug resistance in

both human cancer cells and bacteria, as they pump diverse

anti-cancer drugs and antibiotics into the extracellular

space [5]. Genome sequencing has given us an indication

of the importance of ABC transporters in normal cellular

processes and *52 ABC transporters have been identified

in the human genome [4] and *70–90 in that of different

Escherichia coli strains [6–8] (see http://www1.pasteur.fr/

recherche/unites/pmtg/abc/database.iphtml).

Basic structure of ABC transporters: the TMDs

and NBDs

All ABC transporters share a common basic structure

which consists of four domains: two transmembrane
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domains (TMDs) and two nucleotide-binding domains

(NBDs). The four domains may be organised in several

ways (Fig. 1). In many eukaryotic transporters, the four

domains are contained within a single polypeptide, while

in bacteria the four domains are typically found as four

separate polypeptides.

The TMDs of the ABC transporter form the pathway

across the membrane, through which substrate (allocrite) is

transported. Low sequence similarities have been found

between TMDs of various transporters reflecting the large

diversity of substrates transported. For the eight ABC

proteins for which crystal structures have been obtained,

three distinct folds can be identified (types I, II, III), a

surprising structural plasticity (Fig. 2). A recent study of

the structural data and phylogenetic classification available

on TMDs by Rees et al. [5], would also suggest that there

may be many uncharacterised folds still to be revealed. In

comparison, photosynthetic reaction centre proteins, which

rival the ABC transporters in terms of available structural

information, and out-do them in terms of the antiquity of

their pedigree, all display a similar core fold [9]. Hence the

ABC transporters could be a surprisingly rich source of

novel transmembrane folds. The TMDs of ABC exporters

are thought to require at minimum two TMDs with five to

six transmembrane helices each, although TMDs with

fewer than five transmembrane helices are predicted, and

TMDs with more than six membrane-spanning helices have

been characterised in structural terms (Fig. 2: MalF of the

MalFGK2 importer [10], BtuC [11], the metal chelate

transporter [12] and by biochemical topological studies). A

conserved characteristic of TMDs found in importers and

not exporters is the EAA motif or L-loop (see Fig. 4),

which provides an interaction site between the NBD

domain and the TMD [11, 13].

The NBDs of ABC transporters have highly conserved

characteristic ‘cassettes’ or short defining sequences within

a *200 amino acid residue region (Fig. 3). All ABC-

NBDs have a two-domain architecture which consists of a

RecA-like catalytic domain [14] and a second, smaller

helical domain. The overall general appearance of the NBD

subunit is an L-shape. Both structural and biochemical

evidence has led to proposals concerning the function of

the conserved ABC motifs in ATP hydrolysis and the

mechanism by which ATP hydrolysis is coupled to sub-

strate transport. The signature motif, linker peptide, or

LSSGQ motif is used to identify ABC transporters and is

found between the Walker A and B motifs [15]. In the

well-conserved NBD 3D structures, the signature sequence

is located some distance from the ATP-binding site formed

by the Walker A and B motifs, an observation of consid-

erable significance for structure–function considerations,

since it is only when a NBD dimer is formed that the

signature sequence comes into play, interacting with the

ATP bound by the opposing NBD Walker A and B motifs.

This so-called sandwich dimer of NBDs gives a structural

explanation for the highly conserved signature motif and

implies that the dimeric structure of the ABC proteins

probably emerged at a very early stage in the evolution of

these proteins. In contrast to the signature motif, the

Walker A motif is found in a huge variety of ATP- and

GTP-hydrolysing proteins and makes contact with the

phosphate moieties [16]. The A-loop located approxi-

mately 25 residues N-terminal to the Walker A motif

contains a relatively well-conserved tyrosine residue

involved in interactions with the adenine moiety of ATP

[17, 18]. The Walker B motif also interacts with ATP and

is involved in contacts with both the c-phosphate of ATP

Fig. 1 Topology of ABC transporters, which consist of two trans-

membrane domains (TMDs), typically with six transmembrane spans

per domain, and two cytoplasmic nucleotide-binding domains (NBDs)

which catalyse nucleotide hydrolysis. The figure shows a version of

this arrangement where all four domains are fused together as a single

polypeptide, which is typical for eukaryotic ABC proteins. However,

apart from the basic requirement for two TMDs and two NBDs,

almost any arrangement of these can be found. In bacteria, some ABC

transporters are encoded as a single polypeptide, where a TMD and an

NBD are fused together, and a homodimer of the protein is the active

form. In other cases, bacterial ABC transporters are encoded by two

polypeptides—the TMD and NBD subunits—and a homodimer of

heterodimers is formed. More complex versions also exist where

either the TMD or NBD subunits are non-identical, i.e. three separate

polypeptides are expressed to form the active transporter. Simi-

larly, fused TMDs and NBDs are also possible. The sequence of

N-terminus–TMD–NBD–C-terminus is the most common for trans-

porters with fused TMD and NBD, but in some cases the sequence is

reversed. The topology appears to be universally held, however, with

the NBDs located in the cytoplasm. The membrane in which the ABC

proteins are found is usually the plasma membrane (inner membrane

in bacteria), but in eukaryotes some ABC transporters are found in

organellar membranes, in which case the NBDs are still situated on

the cytoplasmic side of the organelle membrane. Finally, ABC

proteins have evolved with various additions and adaptations.

Bacterial transporters in this family often have regulatory domains

associated with the NBDs, whilst the TMDs may have several

additional transmembrane spans. Fewer than six spans are also

predicted for some prokaryotic TMDs, but so far no structures of this

type have been solved with fewer than five transmembrane spans per

TMD
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and the Mg2? cofactor through water molecules. A gluta-

mate residue directly following the Walker B motif has

also been suggested to act as the general base in the ATP

hydrolysis reaction [19]. However, in another proposed

mechanism for this reaction, ATP hydrolysis may be

assisted by substrate-assisted catalysis [20]. In this case, the

conserved histidine in the H-loop is thought to be

important.

The D-loop contains the consensus sequence SALD and

is located on the C-terminal side of the Walker B motif.

The D-loop was found to contact residues from both the cis

and trans NBD monomers in the ATP-binding sites. It may

therefore function in communication between the two

ATP-binding sites in the NBD dimer [20–22]. The Q-loop

contains a single conserved residue, a glutamine, which

like the Walker B motif contacts the c-phosphate of ATP

[23, 24].

Between the Q-loop and the ABC signature sequence, a

structurally diverse region exists and is thought to target

the NBDs to the cognate TMDs [25]. In bacteria where

there are many ABC proteins (for example cyanobacteria,

with[100 ABC proteins) and where many have their TMD

and NBD subunits expressed as separate polypeptides,

docking to the correct TMD by freshly synthesised NBD

may represent a challenging molecular recognition prob-

lem. Hence diversity in the primary and tertiary structures

of this region will be important for recognition. Confor-

mational changes in the NBDs are thought to be

transmitted to or from the TMDs via non-covalent inter-

actions at this shared recognition interface through amino

acid side chains around the Q-loop (Fig. 3). Despite the

differences between TMDs of various ABC transporters,

all so far are thought to feature ‘coupling helices’ which

dock into cavities on the interfacial surface of the NBDs

[26]. Differences between the contacts of these helices do,

however, exist between importers and exporters, as

exemplified in the eight ABC transporters for which high-

resolution structural data have been produced to date.

Exporter structures (thus far) display two intracellular

loops from each TMD that dock into cavities in the NBDs,

Fig. 2 Family portrait: structures of ABC transporters. a Sav1866

homodimer [27]. b MalFGK2 with the periplasmic maltose-binding

protein (cyan) [10]. c ModBC, with the periplasmic-binding protein

ModA (purple) [28]. d BtuCD [11]. e Putative metal chelate

transporter H10796 [12]. f MetNI methionine transporter [29]. g–i
MsbA from S. typhimurium, V. cholera and E. coli. respectively [43].

j Murine P-glycoprotein a.k.a. ABCB1 [30]. The approximate

location of the lipid bilayer is indicated by the pink band, as

estimated by the boundaries of the outward-facing hydrophobic amino

acids. Structures a and g–j are thought to be exporters, b–g are

thought to be importers. a and g–i are homodimers with one TMD and

one NBD fused together. Structures b–e consist of four polypeptide

chains, forming the basic domain structure, whilst some have an

accessory periplamic substrate-binding protein (b, c). In j, all the

domains are fused as a single polypeptide, with the N-terminal half

coloured green. The nucleotide-binding domain structures are

strongly conserved (with the exception of h and i). Some structures

(b, c, f) have an additional extension of the NBD, probably involved

in regulation of transport activity. In contrast, the transmembrane

domain structures are variable. At least three separate folds are

apparent, and primary structure is hardly conserved at all. The

unusual structure shown in i displays limited contacts between the

two halves of the unit, which may be a product of the purification or

crystallisation process. Some of these structures were determined in

the presence of ATP (or another nucleotide), some in the absence of

nucleotide. However, only two structures so far (b, j) show the

allocrite (transported molecule) bound. All are ‘static’ structures that

may need to be considered together to gain insights into the transport

mechanism
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whilst importers appear to mainly interact via one loop

(L-loop) per TMD containing the ‘EAA’ motif. Moreover

in exporters such as Sav1866, the rough equivalent of the

coupling helix found in the importer structures is swapped

over, such that it interacts in a pocket of the NBD that is

part of the opposing polypeptide [27].

In the crystal structures of the importers ModABC [28],

BtuCD [11], HI1470/71 [12], MalFGK2 [10] and MetNI

[29], there is no obvious equivalent of this swapping-over

of contacts, but in all these cases, the NBDs are expressed

as separate polypeptides, so the judgement of ‘swapping’ is

somewhat arbitrary (see Table 1 below). Data from muta-

genesis and cross-linking of eukaryotic ABC proteins have

recently provided evidence that the same swap-over of

TMD intracellular loops may exist, recently confirmed by

the crystal structure of a eukaryotic ABC transporter [30].

NBD structures

The NBDs are considered to be the motor or energy-uti-

lising domains of the ABC transporters. The first high-

resolution structural data that emerged for the ABC family

was for these more soluble domains. The first complete

NBD subunit to be resolved at atomic resolution was that

of the histidine transporter HisP [31]. HisP was first

described as a dimer in which hydrophobic interactions

between each monomer formed the dimer interface. An

alternative model for the HisP dimer was later proposed

[32]. In this new model, two bound ATP molecules were

coordinated by residues from each monomer. From one

monomer the ATP was in contact with the Walker A region

and from the other monomer, it would have contact with

the LSGGQ signature motif. This organisation is also

commonly known as the ‘head-to-tail’ conformation. The

structure of the catalytic domain of Rad50, a member of the

ABC superfamily involved in double-strand DNA break

repair, provided additional support for the second HisP

dimer model [23]. The structure of Rad50 was solved in the

presence and absence of ATP. Dimerisation was postulated

to be ATP-dependent, and residues from each monomer

were found to coordinate each of the two bound ATP

molecules.

The next structure of a NBD to be reported was that of

MalK, the maltose importer of Thermococcus litoralis [33].

Only the position of the pyrophosphate moiety with resi-

dues from the Walker A motif was seen in the MalK

monomer, even though it had been crystallised in the

presence of ADP. A dimer conformation for MalK was

selected from a number of possible dimers based on the

largest buried surface area at the dimer interface. This

dimer showed a different organisation than both those

previously suggested for HisP and Rad50. This surprising

diversity in the quaternary organisation of the first NBD

structures led to some confusion in their interpretation in

terms of the hydrolysis mechanism and their potential

interaction sites with the TMDs. We will return later in this

review to consider the promiscuity of NBD–NBD inter-

actions, and what this may tell us about the transport

mechanism in these proteins.

The model represented by the Rad50 dimer is now

generally accepted as the correct model for the physio-

logical NBD dimer. Structural as well as biochemical data

from other NBDs support this model, as well as the mul-

tiple structures for intact ABC transporters. A catalytically

inactive mutant of MJ0796 from Methanococcus janna-

schii showed a stable dimer when two bound molecules of

ATP were coordinated between the Walker A motif of one

Fig. 3 Conserved regions of the nucleotide-binding domains viewed

from the transmembrane region (top) or from the side (parallel to the

membrane plane). The signature region (orange atoms) and the

Walker A and B regions (yellow and red atoms) all form the ATP-

binding pockets, whilst the Q-loop (green atoms), D-loop (purple
atoms) and H-loop (blue atoms) also contribute to the binding of two

ATP molecules. Residues around the Q-loop may be involved in

transmission of conformational changes to and from loops extending

down from the TMDs and are placed appropriately for this interaction

(top view). The BtuD NBD dimer is shown [11]
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monomer and the signature sequence of the other mono-

mer, presenting a sandwich dimer [22]. Biochemical

studies of vanadate-trapped MalK, demonstrated that both

the Walker A and signature motifs were located adjacent to

the ATP molecule during hydrolysis [34]—a result that was

consistent with the sandwich dimer model. The transition

state structure/conformation is thought to be trapped with

vanadate, which mimics the c-phosphate of ATP after

cleavage. Following UV irradiation, specific cleavage of

the residues adjacent to the trapped vanadate ion occurs

[35–37]. Biochemical evidence for the location of ATP

within the NBD dimer was also obtained for the eukaryotic

multidrug exporter P-glycoprotein using oxidative cross-

linking of engineered cysteine residues [38]. Since then,

many biophysical and biochemical studies have confirmed

the validity of the sandwich dimer configuration proposed

by Jones and George.

It is accepted that the structures of NBDs are highly

conserved between various ABC transporters and that they

comprise the ‘engine’ of the transport process, binding and

hydrolysing ATP, whilst the Walker A and Walker B

motifs, H-loop and signature motifs are responsible for the

binding and hydrolysis of ATP [39]. The Q- and D-loops

are thought to couple the allocrite-binding sites within the

TMDs to the ATP-binding sites of the NBDs, as well as

having a role in NBD–NBD interactions [39, 40]. The free-

energy change brought about by the hydrolysis of ATP

evidently drives substrate translocation, but there is still

considerable debate about whether ATP is needed to ini-

tiate transport events or whether its role is merely to re-set

Table 1 Does the tail wag the dog? Theoretical free-energy change upon dissociation for various domains in ABC transporters, calculated using

the PISA server of the European Bioinformatics Institute

ATP-binding cassette protein

complex or PDB ID

Co-factors

bound

DG dissociation (kcal/mol)

TMD–TMDa
DG dissociation

(kcal/mol) NBD–NBDa

MalBP–MalFGK2 ATP, Mal 84.9 13.0

MalF0GK2 – 62.1/62.0 3.2/2.8

ModABC WO4/PO4 80.6, 79.4 11.6, 11.5

ModBC WO4 83.5 8.8

Sav1866b ADP 86.8 22.3

Sav1866b AMP-PNP 84.4 14.8

MsbA (S. typhimurium)b AMP-PNP 90.6 11.6

BtuCD VO4 20.1 -0.3

BtuCDF SO4/PO4 41.4 3.2

MetNI – 22.8, 24.8 3.0, 3.8

Putative metal chelate transporter – 26.7 17.8

ABCB1 (P-glycoprotein)b – 124.4 No contacts

ABCB1 (P-glycoprotein)b QZ59-RRR 110.1 No contacts

ABCB1 (P-glycoprotein)b QZ59-SSS 111.6 No contacts

HlyB ATP 14.4,13.7

Rad50 – 28.4

UvrA ADP 6.7

CFTR–NBD1c ATP 5.5

TAPc ATP 6.2,3.5

MalK ADP 0.7, -0.6

MalK – 6.9

Multi-sugar transporter 1vci ATP 0.8

MJ0796 ATP 3.5, 3.6

Unknown function 2ihy SO4 4.9

ArtP 2q0h ADP 0.1

Average DG dissociation 69.7 8.0

The large positive values for the TMDs imply that these represent dimeric structures with high thermodynamic stability. In contrast, the generally

low values for the NBDs suggest that NBD–NBD interactions are only weak (in one case a negative free energy, or favoured dissociation, is

predicted). Unconventional hypotheses emerge when considering these theoretical calculations
a When two values are shown, there are more than one non-equivalent dimer in the crystallographic asymmetric unit
b Separate coordinate files for the TMDs and NBDs were generated
c Non-physiological NBD–NBD homodimeric complex
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the transporter to a resting state. Whether the NBDs

operate at the start (initiation) or end (re-setting) of the

transport cycle, is inconsequential from a thermodynamic,

hence evolutionary perspective, but in either scenario, the

coupling of the NBDs’ activity to TMD configuration is

key. Hence the NBDs can be considered as ATP-regulated

switches that can be coupled to a variety of different

functions, and not necessarily restricted to energy-requiring

roles such as the transport of substances against a con-

centration gradient.

Structures of intact ATP-binding cassette transporters:

models of the transport mechanism

To date, structures for eight intact ABC transporters are

currently available. These include three exporters,

Sav1866, MsbA and P-glycoprotein (ABCB1), and five

importers, BtuCD, HI1470/HI1471, ModABC, MalFGK2

and MetNI [10–12, 27–30, 41–44]. In addition, there are

lower-resolution structural studies of ABC proteins using

transmission electron microscopy [45–54] and small-angle

X-ray scattering [55].

The high-resolution structures of intact ABC transport-

ers reveal different interactions between the TMD proteins

and the NBD proteins. However, the structures do not

immediately suggest a substrate-specific channel formed

by the helices in the TMD proteins. All the structures are

closed off on either the cytoplasmic or extracytoplasmic

side of the transporter, implying that significant confor-

mational reorganisation is required for transport to occur

(see Figs. 2, 4). Associations of the NBD monomers in the

complete transporter structures range from the tight sand-

wich dimer to a configuration where almost no NBD–NBD

contacts exist. Although the ATP-binding sites are clearly

exposed in the view from the transmembrane region of the

NBD sandwich dimer (Fig. 3), when the TMDs are present,

the sites are almost entirely buried, as illustrated in Fig. 4a

and b. In the Sav1866 structure, the nucleotide molecules

are almost invisible from the outside when a space-filling

model of the structure is employed (Fig. 4a). It is only

when the front half of the structure is stripped away that we

can observe the buried nucleotides. This view through the

centre of the structure illustrates the closing off of the

TMDs on the cytoplasmic side. There is no hint of a

channel through which allocrite might move. For the

MalFGK2 transporter (Fig. 4b), the situation is similar. In

the sandwich NBD dimer, the ATP molecules are almost

buried. The view with the front half of the complex strip-

ped away reveals a tightly packed TMD region with no

visible channel for allocrite (maltose). This is the only

ABC importer structure (so far) with the allocrite bound.

The maltose is bound in a small pocket on the extracellular

side of the TMDs (Fig. 4b) that is almost completely

occluded from the exterior by the maltose-binding protein

Fig. 4 Secreted substrates: buried co-factors and allocrites in ABC

transporters. a The Sav1866 transporter (blue and yellow atoms

representing the two polypeptides) in the presence of nucleotide

(green atoms, AMP-PNP). The nucleotide-binding site is almost

buried in the structure, as revealed when the front half of the structure

is removed [91]. There is no pathway large enough to allow entrance/

exit of nucleotide without significant conformational movements

allowing the opening up of the NBD dimer. Note how the two

polypeptides in Sav1866 both contribute to each nucleotide-binding

pocket, a characteristic feature of the nucleotide-binding domains of

ABC proteins. b The maltose transporter (MalFGK2) is the sole ABC

protein structure where maltose, the allocrite (red atoms), is present.

The maltose-binding pocket in the transmembrane region, formed by

the F (blue) and G (yellow) TMD polypeptides, is completely

occluded by the periplasmic maltose-binding protein (MBP, orange),

and there is no obvious pathway to the cytoplasmic region, as

revealed when the front half of the structure is removed [91]. In this

view of the MalK dimer, there is a glimpse of the ATP-binding pocket

from the outside, but this window is too narrow to allow exit/entrance

of co-factor. The impression (perhaps false, see Table 1) gained from

such images is of a very tight dimer of NBDs that concertedly bind

the nucleotides
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that sits on top of the MalF and G subunits like a lid. The

only exporter structure with allocrite bound is the recently

released murine P-glycoprotein (ABCB1) multi-drug

transporter, which was generated in the absence of nucle-

otide [30]. This crystallographic study shows drugs bound

at separate sites within a large internal cavity. This cavity is

produced by an opening up of the structure and a separation

of the two NBDs (see later sections).

The general conclusion from these structures is that

major conformational changes must occur during the

transport cycle. In order for ATP to bind and for ADP to be

released in the Sav1866 and MalFGK2 protein complexes,

the NBDs must move apart to create a route into and out of

the binding sites. The extent of this movement is the sub-

ject of debate, but we know that the NBDs in the ModABC

and particularly MetNI and P-glycoprotein structures are

sufficiently far apart to allow easy access to the ATP-

binding sites. For these transporters, the reverse is the case:

significant conformational changes have to be invoked in

order to bring the NBDs close together to form a catalyt-

ically active NBD dimer. Any NBD–NBD interactions in

P-glycoprotein over such a signifcant distance must be

long-range charge–charge interactions, as suggested by

recent mutagenesis studies of the TAP NBDs [56]. Sig-

nificant, though probably more local, conformational

changes have to be hypothesised for the TMDs. In some

fashion, the transport of allocrites will require the creation

of a transient pathway through the TMDs (the MalFGK2

structure argues against the possibility that allocrite is

passed around the outside of the TMDs). However, the

creation of such a path must not lead to channel-like

properties (which would lead to uncoupling of the mem-

brane), implying that allocrite could be important in the

control of this process, as well as acting as a molecular

‘bung’. Moreover, ABC transporters are active, not passive

transporters, usually transporting substances against a

concentration gradient. Thus the conformational changes

generating the transport pathway in the TMDs must be

tightly unidirectional, by being coupled to the hydrolysis of

ATP.

Differences may also exist between the mechanisms of

transport based on the fact that there are transporters that

serve as importers and those that serve as exporters. A

recent review of the structures of ABC transporters avail-

able, categorised the structures as belonging to three

groups: small importers having TMDs with a five-helix

core, large importers with 20 membrane-spanning helices,

and exporters [57]. Most of the information that is avail-

able is for the structures of the small importers which

include MalFGK2. The structure of the nucleotide-free

maltose transporter in conjunction with the crystal structure

of the transporter in two different conformations provides

supporting evidence for a alternating access model of

transport [58]. More information on how exporters work,

which includes how they would bind substrate is required

before a general transport mechanism can be applied to all

ABC transporters.

Based on biochemical and structural information, mod-

els have been proposed for transport by ABC proteins [26,

59–61]. The models differ in a number of aspects,

including the number of ATP molecules hydrolysed per

transport event, when the ATP molecules are hydrolysed,

and the point in the transport cycle at which substrate is

translocated. The models suggest mechanisms for the

coupling of conformational changes to the transport of

allocrites, all stressing the importance of two discrete states

of the transporter: the inward-facing and outward-facing

configurations of the TMDs. Examples of these configu-

rations were suspected to exist in the structural database of

the ABC transporters (e.g. Sav1866 = outward facing,

ModABC = inward facing), but the folds of the TMDs

from these proteins were entirely different, preventing an

unambiguous interpretation.

It was, finally, the generation of the MalFGK2 structure,

which appeared to be in an outward-facing configuration,

that allowed further insight into the mechanism of trans-

port. Davidson and her co-workers noticed that MalFGK2

shared the same basic fold in the TMD region as ModABC

(and more recently, MetNI) but that the ModB TMDs were

noticeably more open towards the inner, cytoplasmic face

(see Fig. 5). Aligning together one TMD from each

transporter using the EAA loop (which interacts with the

Q-loop region of the NBD, Fig. 3), it became clear that, in

ModABC, the first membrane-spanning helix subtends a

much larger angle versus the rest of the TMD than in the

maltose transporter structure (arrows, Fig. 5). This helix

reaches across to interact with the bundle of five helices

from the opposing TMD, suggesting that such conforma-

tional shifts in one helix would be coupled to global shifts

in the TMD configuration.

Although the TMD configuration in the ModABC

structure appears very open on the inward-face, the oppo-

site is not particularly apparent for MalFGK2—in this case

the TMDs do not appear very open on the external face.

However, the presence of maltose in an external-facing

pocket in the MalFGK2 structure is strongly persuasive,

suggesting that this does indeed represent an outward-

facing configuration for this protein complex. Whether the

MalFGK2 structure represents an intermediate state or the

most overtly outward-facing state possible for this trans-

porter is debatable. The Sav1866 structure, for example,

shows a much more starkly outward-facing profile than

MalFGK2. Similarly, the Hl.1470/1471 structure [12],

which has an inward-facing cavity in the TMDs, is not as
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starkly inward-facing in configuration as that seen for

the ModABC, MetNI and P-glycoprotein structures. Any

lingering questions about the validity of Davidson’s

comparison of the outward-facing MalFGK2 with the

inward-facing ModABC structure were answered recently

by the publication of the structure of MalFGK2 in the

absence of both nucleotide- and periplasmic-binding pro-

tein [58]. This structure is very similar to the ModABC

structure, with a distinctive inward-facing configuration

with a central cavity open to the cytoplasmic side of the

protein, but closed off on the periplasmic side.

A schematic picture of the inward- and outward-facing

configurations of the ABC importers is displayed in Fig. 6.

What is not resolved in such schemes is the question of

dynamics of the allocrite. We see two before-and-after

snapshots of the process, but what is the nature of the

pathway between these two states? There are no clearly

conserved residues in the centre of the TMD helices that

might point to a gate-like role. We could postulate that the

allocrite is an integral part of the global conformational

changes in the TMDs rather than acting as a relatively

passive passenger molecule. TMDs of many ABC trans-

porters, including P-glycoprotein and MsbA have been

mapped using fluorescence spectroscopy showing sub-

strate-binding pockets located in the TMD component

[62–65]. Binding studies with MsbA with both lipid A

(thought to be its native substrate), and daunorubicin, a

chemotherapy drug, show separate binding sites within the

TMD which were able to communicate with one another as

well as the NBDs.

Accessory domains: how do they help the transport

process?

It is also important to mention that the specificity and

regulation of the transport process can be complicated by

accessory domains present in many importers as well as

Fig. 6 Working model: schematic representation of the inward- and

outward-facing conformations proposed for the transport mechanism

of ABC proteins. The left panel presents the inward-facing confor-

mation, typified by the ModABC structure. The NBDs (red) have

moved apart in the nucleotide-free state, and the TMDs (blue) are

open to the cytoplasm. The right panel shows the outward-facing

configuration typified by the structure of MalFGK2. The NBDs have

moved together and concertedly bind ATP (black pentagons). The

TMDs are more open to the extracellular medium, and a channel

communicating between the periplasmic-binding protein (MBP) and

the TMDs is partly occupied by the transported allocrite (maltose,

hexagon)

Fig. 5 Dance of the TMDs. Comparison of the transmembrane

regions of the MalFGK2 (left) and the ModBC [91] transporters,

which share the same basic topological fold. Alignment of MalG

(grey) and ModB (black) using the ‘EAA’ loop (dashed ellipse) which

connects to the NBDs shows that the ModBC structure is more open

to the cytoplasmic side due to an increased tilting of two alpha helices

indicated by the white arrows which splay out the TMDs. Since the

MalFGK2 structure is for the nucleotide-bound state, whilst the

ModBC structure lacks nucleotide, this has led to the suggestion [92]

that these structures could represent outward and inward facing

conformations, i.e. snapshots of crucial stages in the transport cycle of

ABC transporters [57]
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some exporters. These accessory domains can be divided

into four groups: extracytoplasmic domains, membrane-

embedded domains, cytoplasmic regulatory domains and

cytoplasmic catalytic domains [66]. MalFGK2 has some of

the best characterised accessory domains, one of which is a

periplasmic substrate-binding domain. The periplasmic

substrate-binding protein involved in maltose uptake is

known as the maltose-binding protein (MBP). The MBP is

the main determinant of substrate specificity of the maltose

uptake system and confers a high affinity on the transport

process. Recent evidence suggests that the periplasmic

maltose-binding protein is required to stimulate ATPase

activity in the MalFGK2 transporter [67]. In the absence of

the MBP, ATP hydrolysis is prevented as both binding of

ATP and the MBP are required to initiate a concerted

conformational change that opens the MBP as MalK closes

to hydrolyse the bound ATP. In order for the necessary

conformational changes to occur in both the MBP and the

transporter (MalFGK2), this complex must be relatively

unstable [68]. A similar mechanism for the BtuCD trans-

porter involved in vitamin B12 uptake has also been

described where the substrate-binding protein, BtuF, is

required for ATP hydrolysis [69].

A second accessory domain of the MalFGK2 is located

C-terminal to the NBD. This domain interacts with MalT,

the transcriptional regulator (activator) of the mal operon

[70]. MalT is sequestered by MalK in the absence of the

transporter substrate, maltotriose. In this resting state, the

MalK subunits of the transporter are bound to ATP leaving

the MalK subunits in an open conformation and bound to

MalT, resulting in only basal level expression of the mal

genes [71]. The interactions of the two proteins are thought

to occur between two domains of MalT (DT1 and DT3)

and the nucelotide-binding domain and regulatory domain

of MalK [72–74]. MalK is also found to bind to an enzyme

participating in the transport and phosphorylation of glu-

cose, GlcIIA, which results in the inhibition of maltose

transport when glucose is readily available [75, 76].

Specificity of the ABC transporters has also been

characterised for exporters such as that involved in the

secretion of haemolysin A by the ABC transporter HlyB.

Using surface plasmon resonance, it has been demonstrated

that the NBD of HlyB interacts with the C terminus of

HlyA, the transporter substrate [77]. Another export system

which has been characterised is the O-polysacchairde

exporter of Escherichia coli O9a. The NBDs in this case

(Wzt polypeptides) have an extended C-terminal region

which has been crystallised and shown to be specific in

binding the completed O-antigen [78]. The structure of the

C-terminal domain (C-Wzt) showed a fold which is found

in a number of carbohydrate-binding molecules. It is

thought that this may serve as some type of accessory

domain aiding in the transport of the mannose

polysaccharide. Mutational analysis of C-Wzt suggests that

the proximity of the C-terminal domain to the more con-

served structure of the N-terminal portion of the NBD may

allow for interaction of the substrate with this portion of

Wzt as well [78]. In the polysaccharide export system an

unresolved question remains as to whether the TMD Wzm

has any role in substrate recognition as is seen in many of

the eukaryotic exporters.

Another question that is of interest when looking at

these transporters is how large molecules such as poly-

saccharides are transported. How does a concerted

mechanism moving from an inward-facing to an outward

facing conformation account for the activity of ABC

transporters which transport large molecules and polymers

where the substrate must be slowly threaded through the

transporter? So far there is no information on structures of

the transmembrane domains of such transporters in the

ABC family. The NBD structures available for such

transporters (e.g. for HlyB and TAP1) do not provide any

clues about how large allocrites are handled in the ABC

transport mechanism.

Wasteful hydrolysis of ATP

A further question that remains is why ATP hydrolysis

does not run amok in cells containing ABC transporters. In

multi-drug-resistant cancer cells which express high levels

of ABC exporters such as ABCB1, ABCC1 and ABCG2, it

is surprising that these cells can proliferate at all given the

potential of the ABC proteins for ATP hydrolysis. Indeed,

the same quandary could be argued to apply for the

majority of cells, since ABC transporters are abundant and

their Km for ATP is usually well below the cellular ATP

concentration. Hence in the absence of a controlling factor,

most ABC transporters would spend most of the time in the

nucleotide-bound, sandwich dimer state and be hydrolysing

ATP at significant basal rates. According to the models of

the transport cycle, this would imply that the allocrite-

binding site would be exposed on the external side of the

cell membrane (outward-facing configuration) for most of

the time. For importer ABC proteins such as MalFGK2, this

could be a desirable state of affairs, but for exporters such

as Sav1866, the configuration would be entirely wrong. In

order for an ABC exporter to work, bound ATP would have

to be hydrolysed and released, restoring the transporter to a

high affinity/inward-facing configuration. Then allocrite

would have to bind very rapidly before ATP could re-bind

to the NBDs and convert the transporter back to its

unproductive configuration. Since the allocrite is generally

at a much lower activity than ATP in the cell, one would

have to postulate many unproductive cycles of ATP bind-

ing and hydrolysis before a single translocation event

would, by chance, occur. Data for the stoichiometry of
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ATP hydrolysis versus allocrite translocation are not

abundant, but there is no indication from the available data

that very high ratios of ATP per transported substrate are

required for export [79]. Hence there are consequences of

the current structure–function model that are inconsistent

with the experimental data as well as being somewhat

counter-intuitive for a protein family that has been subject

to evolutionary pressure for perhaps billions of years.

In consequence, one of the models for transport which is

becoming more generally accepted is the Switch Model,

which divides transport into four different steps [40, 60,

80]. Substrate-binding sites in the TMDs are empty and the

NBDs are in an open-dimer conformation in the basal state.

When substrate binds the TMDs, transport is initiated. This

leads to a conformational change in the NBDs, which in

turn allows for ATP binding and closed dimer formation.

Formation of the closed dimer results in a conformational

change in the TMDs to facilitate substrate translocation.

ATP is then hydrolysed, initiating the transition back to

the open-dimer conformation in the NBDs. ADP and

phosphate are released, resulting in the resetting of the

transporter.

The Alternating Catalytic Site Model may also provide

some solutions to the problem. This model suggests that the

ATP binding at two different sites is coordinated with the

binding of the substrate and essentially leads to the con-

formational changes required for substrate translocation

and ATP hydrolysis [61]. However, isolated NBDs gener-

ally show high rates of ATPase activity, implying that tight

sandwich dimer formation is not a pre-requisite for ATP

hydrolysis. Hence some further regulatory mechanism

separate from sandwich dimer formation is required in

order to understand the mechanism of ABC transporters.

TMD versus NBD: Dog (NBD) wagging tail (TMD)

or tail wagging dog?

These various concerns about the models of transport in

ABC proteins suggest that an alternative conceptualisation

is required that is still consistent with the structures

observed by crystallography. One train of argument that

could be considered arises from the structural database

itself.

There are now many structures for bacterial ABC pro-

teins in the protein databank (PDB), the large majority

being for isolated NBD subunits of the proteins. Moreover

there are a few structures for isolated NBD domains of

eukaryotic ABC proteins, where the NBD has been sepa-

rated from the TMD region by genetic engineering. A

quick examination of the structural database for NBDs of

ABC proteins shows that the majority of these structures

are for monomeric NBDs. Of course, some of these NBD

‘monomer’ structures do show protein–protein interactions

as part of the crystallographic packing, but these interac-

tions are different from the NBD dimer configuration

determined for intact ABC proteins, as we have discussed

previously. This lack of correct NBD dimer structures in

the database is somewhat surprising if one considers the

formation of the sandwich dimer with ATP bound as an

energetically favoured state, i.e. a state that drives trans-

location of allocrite across the membrane. It is reasonable

to suppose that the crystal trials that were set up for the

isolated NBDs will have included various nucleotides, and

indeed some of the monomer structures are with nucleotide

bound. An example of this behaviour is HisP, the first ABC

protein polypeptide for which a structure was determined

[31]. Showing non-physiological protein–protein contacts,

this protein also had nucleotide bound in the crystal

structure. Hence the presence of nucleotide does not nec-

essarily favour the so-called sandwich dimer configuration

of the NBDs, at least under the conditions of crystallisation

of HisP and various other NBD subunits.

Analysis of the available structures for intact ABC

transporters as well as for NBD–NBD dimers gives rise to

some unexpected predictions. Using the Proteins Interfaces

Surfaces and Assemblies (PISA) server of the European

Bioinformatics Institute [81], theoretical free energies for

dissociation of ABC subunits can be calculated (Table 1).

TMD–TMD interactions are robust, with DG for dissocia-

tion averaging ?70 kcal/mol over the available structures

(range ?124.4 to ?20.1 kcal/mol). In contrast, NBD–NBD

interactions are predicted to be much weaker, with DG for

dissociation averaging ?8 kcal/mol over the 29 structures

analysed (range ?28.4 to -0.3 kcal/mol). Indeed, the

highest value for NBD–NBD interactions is for the Rad50

dimer [23], which, along with UvrA [82], has distinct

function–structure relationships compared to the rest of the

NBD–NBD dimers listed. These two proteins are not

involved in transport processes. The theoretical calcula-

tions in Table 1 provide no support for the hypothesis that

a NBD–NBD dimer is stabilised by the presence of

nucleotide. For NBD–NBD dimers as a whole, there

appears to be no obvious relationship between the presence

of nucleotide and the predicted stability of the dimer. For

example, MalK dimers are predicted to be slightly more

stable in the absence rather than the presence of nucleotide.

It seems more likely therefore from these structural

databases, that it is the TMDs that hold the complex

together and dictate the movement of the NBDs towards

the formation of the sandwich dimer configuration. This

alternative conceptualisation leads to hypotheses about the

mechanism of transport that emphasises the crucial cou-

pling role of the TMDs over the NBDs: in this hypothesis,

the TMDs in the absence of allocrite display an inward-

facing configuration and prevent, or disfavour, formation of

a sandwich dimer. It is only upon allocrite binding and a
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change in the TMDs to an outward-facing configuration

that the formation of the NBD–NBD dimer and concerted

nucleotide binding is allowed. Controlled hydrolysis of

ATP and the release of products can occur, re-setting the

inward-facing configuration of the TMDs. The coupling of

conformational changes in the NBDs to the TMD region

occurs only at the end of the cycle where ATP hydrolysis

and release of ADP and phosphate re-set the transporter to

an inward-facing configuration.

This model differs only marginally from the Switch

model but emphasises the role of the TMDs and the allo-

crite in driving the conformational changes in the ABC

transporters. How unproductive hydrolysis of ATP is pre-

vented is, however, not explained by this conjecture. Single

NBD subunits can hydrolyse ATP at significant rates,

hence we must propose that in vivo, the TMDs in the

allocrite-free ABC transporter not only separate the NBDs

but also change their conformation into an inactive state for

ATP hydrolysis.

Eukaryotic ABC transporters

Most of this review has been concerned with data obtained

from prokaryotic members of the ABC transporter family.

Eukaryotic ABC transporters are also very widespread,

although it appears, so far, as though only exporters are

present in these higher organisms [83]. Whilst structural

data for eukaryotic ABC proteins are restricted, what has

been obtained until now appears to be consistent with the

data from prokaryotes. The NBDs of eukaryotic ABC

transporters are highly similar to their bacterial counter-

parts [84–86], and a medium resolution structure for a

eukaryotic multi-drug transporter (ABCB1) in the presence

of nucleotide bears a strong resemblance to the Sav1866

structure [50, 55] (see Fig. 7). Very recently, the X-ray

crystal structure of the same protein (ABCB1), but in the

nucleotide-free state, has been published [30]. Hence for

the first time, we are able to compare the structures of an

export ABC transporter in both inward-facing and outward-

facing conformations. Figures 7 and 8 imply that large

conformational changes are associated with the transition

from nucleotide-free to nucleotide-bound states.

Closer examination of the comparison, as well as

extension of the exercise to the apparently outward-facing

conformation of the Sav1866 structure, as shown in Fig. 8,

implies that the closing up of the TMDs and NBDs is

triggered by a change in the angle of the transmembrane

helices, akin to that proposed by Davidson [57] for the

ABC importers (see also Fig. 5). In this case, it is helices 4

and 5 of the Sav1866 structure (equivalent to helices 4, 5

and 10, 11 in ABCB1) that change their angle relative to

the rest of the TMD. The hinge or hinges for this change of

angle appear to be on the extracellular side of the TMD

region, just as for the motion proposed for the ABC

importers. The importance of TM helices 4 and 5 (and in

ABCB1, the pseudo-symmetry related TM helices 10 and

11) in manifesting, or perhaps coordinating, the confor-

mational change is paramount in exporter ABC proteins. It

is these TM helices that extend down to connect on the

cytoplasmic side via an intracytoplasmic loop that crosses

over to contact the opposing NBD. Hence the structural

data for ABCB1 and Sav1866 go a long way to explaining

the exquisite coupling between the TMDs and NBDs in the

transport cycle of the ABC proteins. Data from biochem-

ical, biophysical and low-resolution structural studies had

previously indicated that major conformational changes are

present during the transport cycle of the eukaryotic ABC

transporters [46, 48, 49], but the details of this change

could only be guessed at. With the publication of the

nucleotide-free structure of ABCB1 [30], we now have a

useful framework describing the precise nature of the large

conformational changes. This framework can now be tested

Fig. 7 Family resemblances. Green netting shows the Coulomb

density map of the eukaryotic ABC transporter P-glycoprotein

(ABCB1) obtained in the presence of nucleotide using *8-Å

resolution electron crystallography data which have recently been

combined with small-angle X-ray scattering data [50, 55]. The front

of the map is removed in the right panel, and the netting has been

made semi-transparent, allowing the interior and back of the map to

be observed. When compared with the closest current homologous

structure—that of Sav1866 ([27], yellow ribbon trace)—there is a

striking similarity in overall shape and size as well as in the opposing

tilts of the helices on the front and back sides of the map. The interior

view (right panel) also shows some density matching with the

intracytoplasmic loop II of Sav1866 that crosses over from one TMD

to the opposing NBD (as indicated by the white dashed ellipse). These

structural data therefore imply that ABCB1 probably possesses a

similar overall architecture to the Sav1866 bacterial ABC exporter

with ‘domain-swapping’ within the TMDs and NBDs. Tracing the

polypeptide chain is not possible at the current resolution of the

ABCB1 map
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by mutagenesis and other biochemical and biophysical

approaches where systems closer to the in vivo state can be

probed.

Influence of the lipid bilayer

All the structural data discussed so far for the ABC

transporters were from detergent-solubilised complexes

that have been crystallised at high protein and solute con-

centrations, rapidly frozen and then subjected to structural

analysis using X-ray diffraction at temperatures close to

77 K. It is reasonable therefore to wonder whether struc-

tural insights from such a non-physiological set of

conditions can be of any use to us. The answer to this, for

proteins in general at least, is almost certainly ‘yes’, since

the correspondence between the structures of proteins

obtained in this fashion and information about their bio-

logical activity (both in vitro and in vivo) is exquisitely

correlated. However, for membrane proteins, we must

acknowledge that the conditions required for their crys-

tallisation are even less physiological than for soluble

proteins, and moreover that the measurement of full bio-

logical activity of the purified membrane protein is often

impossible. More often than not, the activity of a mem-

brane protein can only be manifested once it is present in a

membrane—either a sealed vesicle across which concen-

tration gradients can be studied—or in a membrane patch

forming an electrical barrier where electrophysiology

measurements can be made. So far no one has succeeded in

forming 3D crystals of such a complex system in the

absence of detergent, but two-dimensional crystals of

membrane proteins embedded in lipid bilayers and vesicles

have been studied for several decades using electron

microscopy. Where comparisons are possible between

structures derived from lipid-embedded and detergent-

bound proteins, few differences have been noted [87–89],

but the database for such comparisons is very small and is

biased towards very stable and readily crystallisable

membrane proteins. Hence, it will continue to be important

for structural models of membrane proteins derived from

X-ray crystallography to be validated and tested using

separate biochemical and biophysical methods.

Fig. 8 Dance of the TMDs, part 2. Conformational changes associ-

ated with allocrite-binding and nucleotide-binding, as suggested by

comparison of the structures of ABCB1 (P-glycoprotein) in the

absence of nucleotide and Sav1866 in the presence of nucleotide [91].

One half of each transporter is highlighted in black for clarity. The

positions and identities of the intracytoplasmic loops of the TMDs are

indicated by the dashed ellipses and numbers. The approximate

orientations of transmembrane helices 4 and 5 (TM4, TM5) versus the

rest of the TMD in each transporter are indicated by the double

arrows. As in Fig. 5, nucleotide binding is apparently giving rise to a

change in the angle between transmembrane a-helices in the TMD.

TM helices 4 and 5, which are linked via intracytoplasmic loop 2,

subtend a wider angle with the rest of the TMD in the nucleotide-free

state. Because the intracytoplasmic loop 2 crosses over to connect to

the opposing NBD, the change in angle of the transmembrane helices

readily suggests a mechanism for controlling the formation of the

sandwich dimer of NBDs as well as linking this to the generation of

an outward-facing conformation of the transporter
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Influence of the lipid bilayer: ‘Mind the gap’

Several of the current structures of ABC transporters dis-

play gaps on the sides of the TMDs that would potentially

allow access to and from the lipid bilayer (see Fig. 9). The

Sav1866 structure and S. typhimurium MsbA structure, for

example, display ‘V’-shaped openings to the presumed

outer leaflet of the lipid membrane. In contrast, the sus-

pected inward-facing configurations of the recently

published MetNI structure, as well as the A. fulgidus

ModABC and the trans-inhibited M. acetovirans ModBC

structures clearly show inverted ‘V’-shaped gaps that pre-

sumably open to the inner leaflet of the membrane. Finally,

the recent ABCB1 multi-drug exporter structure, obtained

in the absence of nucleotide, also displays two inverted

‘V’-shaped gaps to the presumed inner leaflet of the

membrane [30]. Such gaps into the lipid milieu are puz-

zling, and they are, by no means, commonly occurring

features in the transmembrane regions of membrane pro-

teins in general (where structures are available). Hence it is

perhaps worth discussing the potential significance of the

gaps for the functioning of these transporters.

For ABC transporters that move water-insoluble com-

pounds across membranes, the gaps at first hand seem

entirely reasonable. Access of allocrite to the transporter

could, for example, be via gaps through to the hydrophobic

lipid bilayer since it is likely that hydrophobic compounds

will tend to partition mostly into the hydrophobic interiors

of cellular membranes. Similarly, many ABC transporters

that act as lipid flippases (e.g. MsbA) move the allocrite

from one leaflet of the lipid bilayer to the other. Here, a

movable gap communicating with the lipid environment

would seem to be an essential component of such a system.

However, ABC proteins, such as MetNI and ModABC,

transport methionine and molybdate, which are water-sol-

uble compounds. Hence there may be some other rationale

for the presence of a gap connecting to the lipid bilayer.

If we imagine what might happen at the lipid–gap

interface, two possibilities spring to mind: Firstly, flexible

lipid molecules might diffuse into the centre of the trans-

porter, filling both the gap and the internal chamber of the

transporter molecule. In this way, a simple extension of the

lipid leaflet would occur. However, conformational shifts

from inward-to-outward facing modes would presumably

require the expulsion of these bulky lipid molecules, which

could be energetically costly and take significant time

periods to occur. Also, in the publications describing the

structures, bound lipid or detergent molecules in the ‘gap’

regions were not reported. Alternatively, the internal

chamber could be water-filled, and therefore the gap would

expose nearby hydrocarbon lipid tails to a polar aqueous

environment. This could create an energetic tension in the

system, rather like a spring. Here, closing off the gap

during a conformational rearrangement would appear to be

energetically favoured and could occur rapidly. Closer

examination reveals that in Sav1866, ABCB1, MsbA,

ModABC and MetNI, the internal cavities are lined with

polar groups. This implies that the second scenario is more

likely, i.e. a water-filled cavity will exist, contacting lipid

chains via the gaps. Whether the gaps have a functional

role in ABC transporters in general is therefore a moot

point (particularly as the third ABC TMD fold, represented

by the BtuCD and the HI1470/71 structures, does not dis-

play these gaps, and neither the inward- nor outward-facing

structures for MalFGK2 display gaps to either lipid leaflet).

These discussions emphasise the need to take into account

the role of the lipid membrane for our understanding of the

transport mechanism.

‘In-membrano’ structures

For ABC transporters, there are only a few reports of

structural studies of 2D crystals generated in a lipid

membrane [47, 54, 90], and only projection data or limited

3D information was available from these previous studies.

However, a recent study of MsbA in tubular 2D crystals

[51] generated 3D information to a resolution of about

1/20 Å-1. Comparison with the available X-ray crystal

structure for S. typhimurium MsbA [43] indicated a good

agreement—at least at the resolution indicated for the

electron microscopy study. The overall conclusion so far is

Fig. 9 Mind the gap. Structures of Sav1866 (left) and MetNI (right)
[91] using space-filling representations for the non-hydrogen protein

atoms. Hydrophobic amino acid residues are coloured white and polar

residues are coloured black. A clear delineation between the

transmembrane region and the extramembraneous regions is evident

for each protein. A ‘V’-shaped gap extending towards the putative

lipid bilayer (grey region) is present for each protein (arrows). For

Sav1866, the gap would contact the outer leaflet of the lipid bilayer,

whilst for MetNI [91] it would be the inner leaflet
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that the X-ray crystallography-derived configurations of

ABC transporters in detergent appear to be similar to the

corresponding state in a lipid bilayer. The only caveat to

this statement is for the E. coli MsbA structure in detergent

and in the absence of nucleotide [43], where the NBDs are

widely separated and the TMDs form a very open inverted

‘V’ shape [43] with limited contact between the two bun-

dles of six transmembrane helices in each half of the 3D

structure (see Fig. 2i). Unfortunately, the nucleotide-free

state of MsbA did not generate large enough 2D crystals in

the membrane to allow a structure to be determined [51],

and hence the unusual X-ray crystal structure remains to be

confirmed or ruled out [51].

Conclusions

Structural analyses of the various transporters available

from prokaryotes have allowed for the development of

various models of the transport process; however, there are

still many parts of the process that remain to be explained

due to limitations in the methods currently available. Much

remains to be characterised about the eukaryotic ABC

transporters: the intermediate conformations of the trans-

port process, the hydrolysis of ATP, and the communication

process between TMD and NBD remain to be further por-

trayed. Nevertheless, the structural data available on ABC

transporters have greatly advanced our understanding of

this protein family and further endeavours should continue

to surprise, fascinate and enlighten us.
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