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INTRODUCTION these transporters, shared as much as 32% identity in amino

The ATP-binding cassette (ABC) systems constitute one of
the largest superfamilies of paralogous sequences. All ABC
systems share a highly conserved ATP-hydrolyzing domain or
protein (the ABC; also referred to as a nucleotide-binding
domain [NBD]) that is unequivocally characterized by three
short sequence motifs (Fig. 1): these are the Walker A and
Walker B motifs, indicative of the presence of a nucleotide-
binding site, and the signature motif, unique to ABC proteins,
located upstream of the Walker B motif (426). Other motifs
diagnostic of ABC proteins are also indicated in Fig. 1. The
biological significance of these motifs is discussed in Structure,
Function, and Dynamics of the ABC. ABC systems are wide-
spread among living organisms and have been detected in all
genera of the three kingdoms of life, with remarkable conser-
vation in the primary sequence of the cassette and in the
organization of the constitutive domains or subunits (203, 420).

ABC systems couple the energy of ATP hydrolysis to an
impressively large variety of essential biological phenomena,
comprising not only transmembrane (TM) transport, for which
they are best known, but also several non-transport-related
processes, such as translation elongation (62) and DNA repair
(174). Although ABC systems deserve much attention because
they are involved in severe human inherited diseases (107),
they were first discovered and characterized in detail in pro-
karyotes, as early as the 1970s (13, 148, 238, 468). The most
extensively analyzed systems were the high-affinity histidine
and maltose uptake systems of Salmonella enterica serovar
Typhimurium and Escherichia coli. Over 2 decades ago, after
the completion of the nucleotide sequences encoding these
transporters in the respective laboratories of Giovanna Ames
and Maurice Hofnung, Hiroshi Nikaido and colleagues noticed
that the two systems displayed a global similarity in the nature
of their components and, moreover, that the primary se-
quences of MalK and HisP, the proteins suspected to energize

acid residues when their sequences were aligned (171). Later,
it was found that several bacterial proteins involved in uptake
of nutrients, export of toxins, cell division, bacterial nodulation
of plants, and DNA repair displayed the same similarity in
their sequences (127, 196). This led to the notion that the
conserved protein, which had been shown to bind ATP (198,
201), would probably energize the systems mentioned above by
coupling the energy of ATP hydrolysis to transport. The latter
was demonstrated with the maltose and histidine transporters
by use of isolated membrane vesicles (105, 379) and purified
transporters reconstituted into proteoliposomes (30, 98). The
determination of the sequence of the first eukaryotic protein
strongly similar to these bacterial transporters (the P-glyco-
protein, involved in resistance of cancer cells to multiple drugs)
(169, 179) demonstrated that these proteins were not restricted
to prokaryotes. Two names, “traffic ATPases” (15) and the
more accepted name “ABC transporters” (193, 218), were
proposed for members of this new superfamily.

ABC systems can be divided into three main functional
categories, as follows. Importers mediate the uptake of nutri-
ents in prokaryotes. The nature of the substrates that are
transported is very wide, including mono- and oligosaccha-
rides, organic and inorganic ions, amino acids, peptides, iron-
siderophores, metals, polyamine cations, opines, and vitamins.
Exporters are involved in the secretion of various molecules,
such as peptides, lipids, hydrophobic drugs, polysaccharides,
and proteins, including toxins such as hemolysin. The third
category of systems is apparently not involved in transport,
with some members being involved in translation of mRNA
and in DNA repair.

Despite the large, diverse population of substrates handled
and the difference in the polarity of transport, importers and
exporters share a common organization made of two hydro-
phobic membrane-spanning or integral membrane (IM) do-
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FIG. 1. Conserved motifs in the ABC. Three characteristic motifs
found in all ABC ATPases are represented by hatched red boxes. The
Walker A motif and the Walker B motif form the nucleotide-binding
fold of the P-loop ATPase family. The signature motif, also called the
C loop, is unique to ABC proteins and also interacts with ATP. Other
characteristic motifs, including the Q loop and the H loop (also called
the switch region), contain just one highly conserved residue and are
represented by hatched green boxes. These residues make contacts
with the y-phosphate of ATP. In the context of the ABC dimer, the D
loop makes contacts with Walker motif A of the other monomer.
Sequences between the Q loop and the signature constitute a helical
domain, also referred to as a structurally diverse region (SDR), that
contains residues important for the interaction of ABC proteins with
their membrane partners.

mains and two hydrophilic domains carrying the ABC periph-
erally associated with the IM domains on the cytosolic side of
the membrane (26). In importers, these four domains are al-
most always independent polypeptide chains that come to-
gether to form a multimeric complex. In most exporters, in-
cluding the E. coli hemolysin exporter HlyB, the N-terminal
IM and the C-terminal ABC domains are fused as a single
polypeptide chain (IM-ABC). An inverted organization in
which the IM domain is C-terminal with respect to the ABC
domain (ABC-IM) exists, such as in the MacB protein, in-
volved in macrolide resistance in E. coli. No IM domain part-
ners have been identified for ABC proteins falling into the
third category, and these proteins consist of two ABCs fused
together (ABC2). Since more and more proteins are being
found to be related to the last category, we propose calling the
whole superfamily “ABC systems” rather than ABC transport-
ers, a term that should be restricted to systems containing
typical IM domains.

The tertiary structures of many ABC monomers and dimers
have been determined, and they display remarkable conserva-
tion in their global folding pattern, as expected from sequence
homology (268) (see Structure, Function, and Dynamics of the
ABC). IM domains are typically comprised of six TM a-heli-
ces, and several structures of intact transporters have been
determined (102, 205, 285, 343, 366, 518). Input from struc-
tural biology has greatly impacted our understanding of the
mechanism of action of ABC systems.

Overview of Prokaryotic Transporters

ABC transporters are one of many different types of trans-
porters operating in bacteria and other organisms. Transport-
ers are of critical importance for living organisms, and selective
permeability to nutrients and metabolites was probably the
first distinctive property of primitive cells. Functionally and
structurally different transporters have been identified in living
organisms (Fig. 2). It is customary to distinguish channels,
primary transporters, and secondary transporters with respect
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to the source of energy used (411). Channels catalyze the
facilitated diffusion of solutes down a concentration gradient,
an energy-independent process. In the outer membranes of
gram-negative bacteria, porin channels allow diffusion through
a TM-spanning aqueous pore (Fig. 2a). Cytoplasmic mem-
brane channels are gated, opening or closing in response to
voltage (396) or to membrane tension, as seen for McsS, which
plays a role in protecting bacteria from hypo-osmotic shock
(22, 276). Primary active transporters, including the ABC
transporters, couple transport against a concentration gradient
to the hydrolysis of ATP (Fig. 2b, diagrams E and F, and c,
diagram H). Secondary active transporters, including uniport-
ers, antiporters, and symporters (Fig. 2a, diagrams C and D),
use the energy stored in ion gradients to drive transport (411).
A novel family of secondary high-affinity transporters, the
TRAP (tripartite ATP-independent periplasmic) transporters
(Fig. 2a, diagram B) (159, 224), which primarily catalyze the
transport of C,-dicarboxylates (see reference 239 for a review),
although other substrates, including sialic acid, have been de-
scribed (442), was recently reported for prokaryotes. Another
family of transporters unique to prokaryotes, the phosphoenol-
pyruvate:sugar phosphotransferase (PTS) transporters (Fig.
2a, diagram A), catalyze the uptake of sugars. Energy coupling
to transport in these systems occurs via a series of phosphoryl
transfer reactions (116). Transporters belong to at least 300
different protein families, and the two largest of these are the
primary ABC superfamily and the secondary major facilitator
superfamily (MFES) (412).

Multiple Functions of ABC Transporters

ABC transporters have a great impact on bacterial physiol-
ogy, and their dysfunction can have strong deleterious effects.
While some ABC transporters are clearly dedicated to the
export of virulence factors, under appropriate conditions many
other bacterial ABC transporters can become important for
viability, virulence, and pathogenicity. An example is provided
by iron ABC uptake systems, which have long been recognized
as important effectors of virulence (191). Because iron exists
primarily in the insoluble Fe** form under aerobic conditions,
biologically available iron in the body is found chelated by
high-affinity iron-binding proteins (BPs) (e.g., transferrins, lac-
toferrins, and ferritins) or as a component of erythrocytes
(such as heme, hemoglobin, or hemopexin) (255). Pathogens
are able to scavenge iron from these sources by secreting high-
affinity iron-complexing molecules called siderophores and re-
absorbing them as iron-siderophore complexes (see reference
516 for a review). Another example of involvement in virulence
is the chvE-gguAB operon in Agrobacterium tumefaciens, which
encodes a glucose and galactose importer (61, 241). Sugar
binding to ChvE triggers a signaling response that results in
virulence gene expression. Finally, a potentially lethal upshift
in osmotic strength is counterbalanced by activation of osmo-
sensing ABC transporters that mediate uptake of compatible
solutes (375).

In addition to their importance in transport, ABC systems
are involved in the regulation of several physiological pro-
cesses. In this context, direct regulatory roles need to be dis-
tinguished clearly from indirect effects mediated through the
transported substrate. Well-documented examples of cases
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FIG. 2. Schematic view of the organization of transport systems. In gram-negative bacteria, substrates can cross the outer membrane by
facilitated diffusion through porins, which are trimeric channels. Red circles represent transported substrates, small green circles represent
cotransported ions, and small blue circles represent phosphates. (a) Group translocators and secondary transporters. (A) PTSs. PTSs consist of a
set of cytoplasmic energy-coupling proteins and various integral membrane permeases/sugar phosphotransferases, each specific for a different
sugar. The E. coli mannitol permease consists of two cytoplasmic domains (EIIA and EIIB) involved in mannitol phosphorylation and an integral
membrane domain (EIIC) which is sufficient to bind mannitol but which transports mannitol at a rate that is dependent on phosphorylation of the
EIIA and EIIB domains. The two other components are common to all PTS systems. The soluble enzyme I (EI) autophosphorylates in the presence
of Mg®". The histidine protein (HPr) is the energy-coupling protein and delivers phosphoryl groups from EI to the sugar-specific transporters
(Ells). (B) TRAP transporters. A periplasmic BP, which is unrelated to an ABC BP at the sequence level but similar in secondary structure,
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where additional regulatory domains (RDs) in the transporter
itself are involved are the C-terminal domain of MalK of the
maltose-maltodextrin transporter from E. coli and S. enterica
serovar Typhimurium, the tandem cystathionine-synthase do-
mains of OpuA from Lactococcus lactis and of other members
of the OTCN family, and the R domain of the human cystic
fibrosis protein CFTR (reviewed in reference 26).

Inventory and Classification of ABC Systems and
Evolution of the Superfamily

Computer-assisted methods have been applied to under-
stand the complexity and the diversity of the ABC superfamily.
The use of multiple sequence alignments was instrumental in
the first definition of the superfamily (196). In most cases,
ABC proteins of a given organism (44, 280, 385) or ABC
systems with clear functional similarity (144, 211, 259) were
compared. However, the presence of the highly conserved
ATPase domain also allows more global comparisons (359,
420). The last publication (420), which constitutes the first
global study specifically devoted to the ABC superfamily, was
updated to include about 600 ABCs (87). These sequences
segregate into 29 clusters or families (Table 1). A phylogenetic
tree derived from the comparison of these sequences is given
in Fig. 3.

The major finding of this study (Fig. 3 and Table 1) is that
ABC cassettes diverged very early into three main subdivisions
or classes that match fairly well with the three functional divi-
sions of ABC systems, i.e., importers, exporters, and others.
Class 1 is comprised of systems with fused ABC and IM do-
mains and contains the vast majority of export systems (Fig. 2c,
diagram H). Fusions can be either of the ABC-IM type or of
the IM-ABC type. There are two exceptions in this scheme,
since the ATPases of the CCM and MCM families cluster
within class 1, though their structural organization resembles
that of class 3 and class 2 proteins, respectively. The reason for
this misplacement may be due to a long-branch attraction
artifact of divergent sequences in the phylogenetic tree (48).
Class 2 is comprised of proteins with two tandemly repeated
ABC domains and no IM domains that likely do not function
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as transporters. Class 3 contains systems with IM and ABC
domains carried by independent polypeptide chains that cor-
respond to most binding-protein-dependent (BPD) importers
(Fig. 2b) (87). ABC importers generally depend on the pres-
ence of a separate extracellular substrate-BP that recognizes
substrates with high affinity. However, class 3 contains several
transporters that lack BPs and that cannot conclusively be
related to import. Such systems that are involved in drug and
antibiotic resistance or in the biogenesis of extracellular poly-
saccharides have been proposed to participate in the export of
such molecules. These transporters cluster with the BPD sys-
tems, suggesting either that their transport polarity has
changed during evolution or that they are not directly involved
in the export of these substances.

Similar studies were performed on the less conserved IM
domains and BPs of ABC importers. It is notoriously difficult,
if not impossible, to build multiple alignments of these proteins
or domains, due to the lack of overall homology. However,
clustering methods were applied to the scores of binary align-
ments to generate families of IM domains and BPs (421, 470).
There is good agreement between families derived from the
classifications of BPs, IM domains, and ABCs, suggesting that
components of ABC transporters coevolve with minimal shuf-
fling of their components (42, 259). A good correlation exists
between the sequences of the ABCs and the global substrate
specificity of ABC systems. This apparent relationship between
sequence and function could reflect constraints imposed by the
interaction of ABC proteins with their IM partners, which are
thought to carry substrate recognition sites (488).

The clustering of ABCs into three classes that correspond to
the topology of ABC systems is intriguing. The ABCs segregate
mostly according to sequence differences in a region that lies
between Walker motifs A and B and includes the helical do-
main (Fig. 1) (426). This region has been termed the structur-
ally diverse region (425). Using the maltose transporter, we
have demonstrated experimentally that this region is critical
for the interaction between the ABC and IM domains (216,
319). Recent insight from complete structural determinations
of ABC importers and exporters sheds further light on this

functions in association with two membrane components, namely, a large TM subunit involved in the translocation process and a smaller membrane
component of unknown function. The driving force for solute accumulation is an electrochemical ion gradient, not ATP hydrolysis. (C) Ion-driven
MES transporters. These transporters typically consist of a single cytoplasmic membrane protein with 12 TM segments that couples transport of
small solutes to existing gradients of ions, such as protons or sodium ions. Symporters pump two or more types of solutes in the same direction
simultaneously, using the electrochemical gradient of one of the solutes as the driving force. Antiporters (not shown) are driven in a similar way,
except that the solutes are transported in opposite directions across the membrane. (D) Uniporters transport one type of solute and are driven
directly by the substrate gradient. (b) ABC import systems. (E) Vitamin B,, importer. The vitamin B,, uptake system of E. coli includes a
high-affinity OMR, BtuB, that translocates the substrate through the outer membrane in an energy-dependent step that requires an active
TonB-ExbB-ExbD complex. Substrates are captured by the periplasmic BP BtuF in the periplasmic space and presented to a cytoplasmic complex
made of two copies each of BtuC and BtuD. This complex mediates the ATP hydrolysis-dependent translocation of vitamin B, into the cytoplasm.
(F) Maltose-maltodextrin importer. The transport of maltodextrins larger than maltotriose through the outer membrane requires the trimeric
maltoporin LamB. Substrates are captured by the maltose-BP MalE in the periplasmic space and presented to a cytoplasmic complex made of
MalF, MalG, and two copies of MalK. (¢) Comparison between secondary RND and primary ABC export systems. (G) AcrAB-TolC exporter. This
hypothetical model of the RND family AcrA-AcrB-TolC drug efflux pump is based on the trimeric structures determined for TolC and AcrB. TolC
is predicted to contact the apex of the AcrB trimer. Two molecules of the MFP AcrA are shown, but it is probable that this protein exists as
higher-order oligomers in the complex. Hydrophobic drugs are probably pumped out of the membrane lipid bilayer coupled to the downbhill
movement of protons across the cytoplasmic membrane. (H) Hemolysin HlyBD-TolC exporter. This hypothetical assembled model consists of a
TolC trimer, a dimer of the IM-ABC protein HlyB, and the MFP HlyD. The exact oligomeric state of HlyD is not known accurately, though it may
be trimeric. The TM and ABC domains of HlyB are represented by red rectangles and green circles, respectively. Hemolysin is translocated
through the envelope by an ATP hydrolysis-dependent process.



TABLE 1. Classes, families, and subfamilies of ABC systems”

Other name?

Family and subfamily” No Of‘ Definition Model* Domain(s)”
systems HCGN TC
Class 1 systems (transporters with
fused TM and ABC domains)
FAE 99 Very-long-chain fatty acid export ALD_HUMAN ABCD P-FAT B, E
DPL 1,569 Drugs, peptides, lipids A, B, E
BAE 83 Bacteriocin and peptide export MESD_LEUME Pep2E B
LAE 95 Lantibiotic export NIST_LACLA PeplE B
CHV 13 1,2-beta-glucan export CHVD_RHIME Glucan E B
SID 64 Siderophore uptake QY9R7V3_YERPE SIUT B
HMT 145 Mitochondrial and bacterial transporters 11 ATMI1_YEAST ABCB HMT B, E
MDL 65 Mitochondrial and bacterial transporters I MDLI1_YEAST ABCB MPE B, E
LIP 222 Lipid A or glycerophospholipid export MSBA_ECOLI Lipid E B
LLP 296 LIP-like exporters A, B, E
ARP 27 Antibiotic resistance or production Q54203_STRGA DrugE3 B
TAP 38 Peptide export TAP1_HUMAN ABCB TAP E
PED 53 Prokaryote drug export LMRA_LACLA DrugE2 B
HLY 158 RTX toxin export HLYD_ECOLI Prot1E B
PRT 69 Proteases, lipases, S-layer protein export PRTD_ERWCH Prot2E B
CYD 93 Cytochrome bd biogenesis CYDC_ECOLI CydDC-E B
p-gP 135 Eukaryote MDR and lipid export MDR1_MOUSE ABCB MDR E
OAD 190 Organic anion conjugates, anions, drugs E
CFTR 19 Chloride anion channels CFTR_HUMAN ABCC CFTR E
MRP 158 Conjugate drug exporters MRP1_HUMAN ABCC CT1-2 E
SUR 13 Potassium channel regulators SURI_HUMAN ABCC E
EPD 250 Eye pigment precursors and drugs B, E
WHITE 125 Eye pigment precursors and drugs WHIT_DROME ABCG EPP B, E
PDR 125 Pleiotropic drug resistance PDR5_YEAST PDR E
MCM 11 Unknown A
CCM 94 Cytochrome ¢ biogenesis CCMA_ECOLI HemeE A B E
Class 2 systems (nontransport cellular
processes and antibiotic resistance)
RLI 48 RLI ABCEI_HUMAN ABCE A E
ART 714 Antibiotic resistance and translation regulation A, B E
ARE 104 MLS antibiotic resistance MSRA_STAEP DrugRA2 B
REG 589 Gene expression regulation GCN20_YEAST ABCE B, E
EF3 18 Translation elongation EF3A_YEAST E
UVR 245 DNA repair and drug resistance UVRA_ECOLI A'B
Class 3 systems (separate TM and
ATP-binding domains)
CBY 269 Cobalt, nickel, and vitamin uptake
CBU 62 Cobalt and nickel uptake CBIO_SALTY N A'B
Y179 207 Biotin and hydroxymethyl pyrimidine uptake Q6GUBI_RHIET BIOMNY A'B
MKL 162 Organic solvent resistance Q97402_PSEPU HCH B, E
YHBG 129 Translocation of LPS to the outer membrane LPTB_ECOLI B
0228 893 Release of lipoproteins and drug resistance LOLD_ECOLI 6 A'B
CDI 126 Cell division FTSE_ECOLI B
ISB 167 Tron-sulfur center biogenesis SUFC_ECOLI A,B E
DRA 431 Drug and antibiotic resistance A, B E
NOD 31 Nodulation NODI_RHISM LOSE B
DRR 314 Polyketide drug resistance DRRA_STRPE DrugE1l A B
ABCA 86 Lipid transport ABCI_HUMAN ABCA CPR E
DRI 854 Drug resistance, bacteriocin and lantibiotic immunity A, B
BAI 44 Bacteriocin immunity BCRA_BACLI B
LAI 185 Lantibiotic immunity Q45404_BACSU PepSE B
DRB 441 Drug resistance (putative) A, B
YHIH 125 DRB-like systems YHIH_ECOLI NatE A, B
NOS 59 Nitrous oxide reduction NOSF_PSEST A'B
CLS 41 Capsular polysaccharide, LPS biogenesis KST1_ECOLI 1 A B
Class 3 systems (BPD importers)
MET 293 Metallic cations ZNUC_ECOLI MZT A B
MOS 599 Monosaccharides and deoxyribonucleosides RBSA_ECOLI CUT2 A'B
DLM 168 D- and L-methionine METN_ECOLI A, B
MOI 1,005 Mineral and organic ions POTD_ECOLI 2 A, B
PAO 708 Polar amino acid and opines HISP_SALTY PAAT A B
HAA 399 Hydrophobic amino acids and amides LIVG_ECOLI HAAT A'B
OSsp 744 Oligosaccharides and polyols MALK_ECOLI CUT1 A, B
OPN 883 Oligopeptides and nickel OPPD_SALTY PepT A, B
PHN 78 Phosphonates and phosphites PHNC_ECOLI PhnT B
OTCN 639 Osmoprotectants taurine, cyanate, and nitrate TAUB_ECOLI 3 A'B
ISVH 927 Iron-siderophores vitamin B, and hemin FHUC_ECOLI 4 A, B
NO 334 Unclassified systems A, B, E

“ The three classes of ABC systems are as follows: class 1, systems with fused ABC and IM domains; class 2, systems with two duplicated fused ABC domains and
no IM domains; and class 3, systems with IM and ABC domains carried by independent polypeptide chains. There are a few exceptions to this scheme, as discussed
in the text: ABC proteins of the CcmA and MCM families cluster with class 1 systems but belong to systems similar to those of class 3 and class 2, respectively.

 Family names are abbreviations of the substrate or the biological process handled by the systems. For families comprised of systems of unknown function, an

arbitrary name is given.

¢ For each family or subfamily, a typical ABC protein is indicated as an example, and when available, the Swissprot identification is given.
@ Cross-references to the nomenclatures of ABC systems adopted by the Human Gene Nomenclature Committee (HGNC) (http://www.genenames.org/genefamily
/abc.php) and by the Transport Commission (TC) (http://www.tcdb.org/tcdb/) are given. Some families described in this table are divided by the Transport Commission
into subfamilies according to substrate type, as follows: 1, CPSE + LPSE; 2, PhoT + MolT + SulT + FeT + POPT + ThiT + BIT; 3, QAT + NitT + TauT; 4, B12T
+ FeCT; 5, CoT + NiT + NiCoT + BIOMNY; and 6, LPT + MacB + Pep4E.

¢ A, archaea; B, bacteria; E, eukaryotes.
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FIG. 3. Simplified neighbor-joining tree of ABC domains. For clarity, only the main branches that point to ABC families are drawn. The major
subdivisions of the tree correspond to the three classes of ABC systems, whose schematic structural representations are given in the right part of
the figure. ABC domains are shown with green circles, and IM domains are shown with differently colored rectangles. For the sake of simplicity,
accessory proteins (BPs, MFPs, and OMFs) are omitted. Class 1 (red branches) systems have fused ABC and IM domains, corresponding mainly
to exporters. IM domains shown in purple represent ABC transporters with the IM domain at the N terminus, corresponding to IM-ABC and
(IM-ABC), topologies. N- and C-terminal domains are symbolized by N and C, respectively. IM domains shown in orange represent ABC
transporters with the IM domain at the C terminus, corresponding to ABC-IM and (ABC-IM), topologies. Class 1 contains two atypical families
of systems, CCM and MCM, with a different structural organization. Class 2 (blue branches) systems have tandemly repeated ABC domains and
no known TM domains (ABC2 topology), corresponding to proteins involved in nontransport processes. The UVR family was omitted during the
generation of the tree because large domain insertions within the ABC domains prevent the establishment of the multiple sequence alignment.
However, binary comparisons established the relationship between UVR proteins and class 2 systems. Class 3 (green branches) systems have IM
(red rectangles) and ABC (green circles) domains carried by independent polypeptide chains, corresponding mainly to importers. For class 3,
systems that could be exporters are shown in boxes. Family names are abbreviated according to the conventions used in Table 1 and throughout
the text. See Table 1 for the abbreviations of family names and for functional descriptions. OPN-D, OPN-F, HAA-F, and HAA-G correspond to
the two different ABC subunits of the OPN and HAA systems, respectively. MOS-N and MOS-C correspond to the N- and C-terminal ABC
domains of MOS family ATPases. The scale at the top of the figure corresponds to 5% divergence per site between sequences.

point. In class 1 transporters, whose prototype is Sav1866, it is
clear that the transmission interface between IM domains and
the ABC is dual, involving both IM intracellular loops 1 and 2
(ICL1 and ICL2), which make contact with the Q loop and
with a newly discovered TEVGERYV motif in the helical do-
main, respectively (102). This new motif is conserved only in
exporters. In contrast, in class 3 importers, exemplified by the
Archeoglobus fulgidus ModABC transporter and the E. coli
MalFGK, transporter, a single intracellular loop, known as the
EAA loop of the IM component, interacts with the Q loop of
the ABC as well as with helices 3 and 5 within the helical
domain (96, 205, 343). Class 2 proteins appear not to interact
with a TM domain, and as exemplified by the structure of RLI
(232), there is no cleft at the corresponding position to accom-

modate an EAA loop from an IM subunit. These differences
might account, at least in part, for the differential clustering of
ABC domains as importers, exporters, and others.

Proteins from all three kingdoms of life, i.e., Bacteria,
Archaea, and Eukarya, are found in each class of ABC systems,
and species-specific differences are observed at the very ends of
the branches of the tree. These observations suggest that ABC
systems began to specialize very early, probably before the
separation of the three kingdoms, and that functional con-
straints on the ABC domain are responsible for the global
conservation of sequences.

From this analysis, we propose a hypothetical scenario for
the evolution of ABC systems (87, 420) (Fig. 4). The ancestor
“progenote” cell or last universal common ancestor (LUCA)
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FIG. 4. Hypothetical scenario for the evolution of ABC systems. The figure uses the same topological representations and color coding as those
used in Fig. 3. The hypothetical LUCA is predicted to possess all classes of ABC systems. The cell membrane is represented as a thick black line
surrounding the intracellular medium (blue). The eukaryotic cell nucleus is a gray oval. The eukaryotic organelle is represented as a bacterium to
symbolize its endosymbiotic origin. The arrows symbolize the evolutionary relationships between archaea, bacteria, and eukaryotes. The question
mark under the arrow joining archaea and eukaryotes recalls the hypothesis that the ancestral eukaryotic cell arose by a unique endosymbiotic
event involving engulfment of an archaebacterium by a gram-negative eubacterial host prior to the other endosymbiotic events leading to the
appearance of organelles. Alternatively, eukaryotes may have arisen directly from the LUCA via an unidentified transient archaebacterium. A class
3 transporter, represented by a hatched pattern, recalls the hypothesis that these systems were acquired by eukaryotes and subsequently lost. See

details of the scenario in the text.

already had all classes of ABC systems. Prokaryotes inherited
all ABC classes. However, archaea are apparently devoid of
transporters of the ABC-IM type, though they have IM-ABC
transporters. An alternative scenario to account for the ab-
sence of ABC-IM systems in archaea is that these systems
arose in bacteria only. Eukaryotes probably acquired most
IM-ABC and ABC-IM (class 1) systems and ABC2 (class 2)
systems from the symbiotic bacteria that are the putative an-
cestors of organelles. It is noteworthy that most eukaryotic
IM-ABC transporters are specifically targeted to organelle
membranes, which probably descend from a prokaryotic an-
cestor. For instance, the mammalian TAP protein, an IM-ABC
exporter involved in the presentation of antigenic peptides to
the class I major histocompatibility complex, is inserted into
the endoplasmic reticulum (192). The ALD protein, putatively
involved in the export of very-long-chain fatty acids from the
cytosol into peroxisomes, is targeted to the peroxisomal mem-
brane (515). From genes encoding IM-ABC or ABC-IM trans-
porters, eukaryotes developed specific systems by several inde-
pendent duplication-fusion events, including those that led to
the formation of the PDR (plant and fungal pleiotropic drug
resistance) and P-glycoprotein-like families of proteins. Class 3
systems, particularly BPD transporters, are virtually absent

from eukaryotic genomes, though there is evidence that they
were acquired first and lost subsequently (see the next para-
graph). The reason for the absence of class 3 transporters in
eukaryotes is not clear, but it may be related to different bioen-
ergetic requirements and environmental constraints.

Comparative Genomics of ABC Systems

The complete nucleotide sequences of more than 500 ge-
nomes are presently available, and much effort has been put
forth to build complete inventories of ABC proteins in Sac-
charomyces cerevisiae (110), Escherichia coli (88, 280), Bacillus
subtilis (385), Mycobacterium tuberculosis (44), Arabidopsis
thaliana (417), Caenorhabditis elegans (449), Oryza sativa (165),
and many other organisms. Global comparisons of the ABC
protein contents of several genomes have also been made (161,
219, 356, 359, 485). In the course of the constitution of
ABCISSE, our database of ABC systems, we have analyzed the
compositions of more than 250 completely sequenced ge-
nomes.

When the total number of ABC systems is plotted against
the size of prokaryotic genomes (Fig. 5), a linear relationship
is seen, in agreement with the observation that the number of
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FIG. 5. Genomic distribution of ABC systems in living organisms. The plot shows the number of ABC ATPases versus the number of total
genes in completely sequenced genomes. The number of ABC ATPases per genome (which roughly reflects the number of ABC systems) is plotted
against the total number of genes (purple dots, archaea; blue dots, bacteria; green dots, eukaryotes). Selected genomes with exceptionally large
or small numbers of ABC proteins are indicated with circles on the graph and are discussed in the text.

transporters of all categories (ion gradient-driven, PTS, ABC,
and facilitator proteins) is approximately proportional to ge-
nome size (359). Bacteria with genomes in the range of 0.5 to
1.5 Mb have about 15 ABC systems. Most bacteria of this size
are intracellular parasites, and the availability of intracellular
metabolites or the presence of homologous host genes may
have rendered some ABC genes inessential, leading to their
subsequent disruption or deletion. It is therefore possible that
the subset of ABC systems that are common to these species
constitute the minimal requirement of ABC systems for life.
The relatively small, 1.86-Mb genome of Thermotoga maritima
has a very large number of ABC systems (68 systems) com-
pared with that of species of similar genome size. This is partly
due to the extensive amplification of operons encoding ABC
systems putatively involved in the uptake of oligosaccharides
(11 systems) and oligopeptides (12 systems). Escherichia coli
(4.6 Mb) and Bacillus subtilis (4.2 Mb) have 78 and 84 ABC
systems, respectively, which are typical numbers for this size of
genome. In contrast, the genome of Mycobacterium tuberculosis
(4.4 Mb) has only 38 systems. The lack of high-affinity import
systems might be related to the intracellular lifestyle of this
bacterium. This number is also significantly lower than that
found in soil bacteria, such as Agrobacterium tumefaciens and
Mesorhizobium loti (5.67 and 7.6 Mb, respectively), which have
more than 200 ABC systems. The large number of ABC sys-
tems in this instance is probably due to highly competitive
environmental conditions in the soil or within plant nodules.
Eukaryotes display a smaller number of ABC proteins with
respect to genome size than do prokaryotes, and this is partic-
ularly evident in the case of Saccharomyces cerevisiae, a free-
living microorganism which shares with bacteria almost the
same ecological niches. Indeed, ABC importers are lacking in
eukaryotes.

Class 1 ABC transporters (exporters with fused ABC and IM
domains) are underrepresented in the genomes of bacteria and
are virtually absent from the genomes of archaea. In contrast,
they represent the major fraction of ABC systems in eu-
karyotes. Class 2 ABC proteins (ABC2 organization, with no
IM domains) are found in all genomes, even the smallest ones.
This observation establishes the physiological importance of
this class, which contains proteins experimentally or putatively
involved in regulation of gene expression and in DNA-related
processes. The number of class 2 proteins per genome ranges
from 1 to 8 for genomes that vary from 0.58 to 132.5 Mb. Class
3 systems (mostly importers) are found quasi-exclusively in
prokaryotic genomes. Incomplete class 3 transporters are
found in the genomes of plants and algae. For example, genes
encoding putative thiosulfate/sulfate IM and ABC components
have been identified in the DNA sequences of the chloroplast
genomes of a variety of organisms, including the green algae
Mesostigma viride (272), Nephroselmis olivacea (492), and Chlo-
rella vulgaris (513) and the liverwort Marchantia polymorpha
(340). The sequences of these genes share high similarity with
the cysT and cysA genes of the cyanobacterium Synechococcus
sp. strain PCC 7942 (265). These genes are probable remnants
of BPD transporter-encoding genes present in the genome of
the ancestor of organelles. Recently, the genes for a complete
putative ABC-type sulfate transporter were found in the
nuclear genome of the model unicellular green alga Chlamy-
domonas reinhardtii. Four genes code for chloroplast envelope-
targeted TM proteins (SulP and SulP2), a chloroplast
stroma-targeted ATP-binding protein (Sabc), and a substrate
(sulfate)-binding protein (Sbp) that is localized on the cytosolic
side of the chloroplast envelope (309). Antisense mutagenesis
of the SulP gene demonstrated a role in chloroplast sulfate
uptake (67).
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FIG. 6. Structure of an ATP-bound ABC dimer. The structure of a
MalK homodimer with two ATPs bound (PDB accession no. 1Q12) is
shown. Each NBD consists of two subdomains, a RecA-like subdomain
(green) and a helical subdomain (blue). A C-terminal RD (not present
in all ABC proteins) is shown in yellow. Corresponding domains in the
second MalK subunit follow the same color scheme but are rendered
in lighter colors. Two ATPs, represented as a ball-and-stick model, are
bound between the NBDs. The Walker A motif is shown in red.

Very few families of ABC systems appear to be species or
kingdom specific (Table 1). For example, the MCM family of
proteins with unknown function is found only in methanogenic
archaea, and the PDR subfamily is found only in plants and
fungi. In general, most families have been identified in more
than one kingdom. Several families have been recognized from
sequence analysis but have not been characterized at the func-
tional level. All of the observations reported above establish
that the ABC constitutes an ancient and universal molecular
motor with a fascinating range of diverse applications.

In this review, we aim to discuss the most recent advances in
the understanding of structural and functional aspects of
model ABC transporters and to provide a wide overview of the
diversity and versatility of bacterial ABC systems. We offer our
apologies to those whose work we overlooked or were not able
to include.

STRUCTURE, FUNCTION, AND
DYNAMICS OF THE ABC

High-Resolution Structures of an ABC Module

Crystal structures of isolated ABC modules from many
members of the ABC superfamily are now available (reviewed
in reference 349). In addition, the structures of six full-length
ABC transporters have been reported (102, 205, 285, 343, 366,
518). Since many of these structures have recently been re-
viewed (96, 349), we focus here on key characteristics and their
implications in function.

All ABCs contain two domains (167), a larger domain sim-
ilar to the core structure found in many RecA-like motor
ATPases and a smaller, predominantly helical domain that is
unique to ABC transporters (Fig. 6). The RecA-like domain
typically consists of two B-sheets and six a-helices and includes
the Walker A motif (GxxGxGKS/T, where x is any amino acid)
and the Walker B motif (dédddD, where ¢ is a hydrophobic
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residue). The helical domain consists of either three or four
helices and a signature motif, which is also known as the
LSGGQ motif, the linker peptide, or the C motif. The two
domains are joined by two flexible loops, one of which contains
a highly conserved glutamine residue and is known as the Q
loop. In the structures of intact ABC transporters, the Q loop
mediates interactions between the ABC subunits and the TM
subunits (102, 205, 285, 366).

Like that of other RecA-like ATPases, hydrolysis requires
oligomerization. All ABC transporters have two ABCs, and
ATP binding is required to obtain the dimeric state of most
isolated ABCs, as first shown by Moody and coworkers (318).
To obtain crystals of the ATP-bound dimers, residues in the
active site were mutated (378, 457, 545) or EDTA was used
(68) to circumvent the ATPase activity. In each case, two ATP
molecules are bound at the interface of the dimer, interacting
with residues from the Walker A motif of one subunit and the
LSGGQ motif of the other (Fig. 6). This architecture for an
ABC-like protein was first seen in Rad50 (206), and these
structures are consistent with biochemical evidence demon-
strating that ATP is in close contact with residues in both the
Walker A and LSGGQ motifs during catalysis (156). Interest-
ingly, the nature of the dimer interface was correctly predicted
through an earlier analysis of the structure of the HisP mono-
mer and patterns of degeneracy in these conserved sequence
motifs (229). The adenosine ring of ATP is stabilized by a
ring-stacking interaction with a conserved aromatic residue
preceding the Walker A motif (12, 168). The conserved lysine
residue in the Walker A motif forms hydrogen bonds with the
oxygen atoms of the a- and y-phosphates, thereby holding both
phosphates in a defined orientation. A Mg>* ion is coordi-
nated by O atoms from the - and y-phosphates and residues
in the Walker A motif (167, 508). A highly conserved histidine
residue located in the H loop forms a hydrogen bond with the
v-phosphate and is required for hydrolysis (68, 545). The side
chain of the serine and the backbone amide groups of the
glycine residues in the LSGGQ motif coordinate the y-phos-
phate. It was suggested that the LSGGQ motif is reminiscent
of the “arginine finger” of other RecA-like ATPases, where an
arginine residue provided by one subunit extends into the
nucleotide-binding site of the other (540). In addition to nu-
cleotide binding, the conserved histidine residue also contacts
residues across the dimer interface in the Walker A motif and
the D loop, a conserved sequence following the Walker B
motif, suggestive of a tight coupling between ATP binding and
formation of the dimer (68, 206, 457, 545). The sharing of
nucleotide-binding sites between subunits explains why all
ABC proteins have two NBDs or subunits even though one site
has sometimes deviated from the consensus. Moreover, the
observation of positive cooperativity in ATP hydrolysis in some
systems (97, 176, 281, 463, 546) is consistent with a require-
ment that ATP must bind to both sites before the NBDs can
assume the closed, catalytically active conformation.

Conformational Changes

One of the essential tasks for ABC transporters is to harness
the energy of ATP binding and/or hydrolysis for mechanical
work. This task appears to be achieved through conformational
changes of the transporter. The dynamic nature of the ABCs
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FIG. 7. Three structures of the MalK dimer. In the absence of nucleotide, the two NBDs of MalK are separated from each other, held as a
dimer primarily through contacts between the C-terminal RDs. In the presence of ATP, the NBDs are closed, permitting ATP hydrolysis to occur.
In the ADP-bound state, the NBDs are again separated, suggesting a possible cycle for hydrolysis-driven conformational change. Coloring is the
same as that in Fig. 6. (Reprinted from reference 292 with permission of the publisher. Copyright 2005 National Academy of Sciences, U.S.A.)

has been revealed by comparison of structures of isolated ABC
modules in apo and ATP- and ADP-bound forms (96, 349) and
is supported by biochemical data sensing nucleotide-depen-
dent changes in parameters such as protease sensitivity, fluo-
rescence, and rates of hydrogen/deuterium exchange (427,
510). In the absence of nucleotides and TM subunits, the ABC
structures show high degrees of intrinsic flexibility. When the
structures of different ABCs are compared, the helical domain
shows rigid-body motion relative to that of the RecA-like do-
main (reviewed in reference 96). In addition, two different
conformations of the same protein in the apo form are re-
ported for both Sulfolobus solfataricus GlcV (508) and E. coli
MalK (68), and differences in domain orientations account for
these structural differences also.

In comparison with the apo form, the ATP-bound structures
in the monomeric form show that the helical domain rotates
toward the RecA-like domain upon ATP binding, moving the
LSGGAQ loop into a position where it contacts the nucleotide
across the dimer interface (68, 457, 545). It was suggested that,
upon hydrolysis, the helical domain rotates away from the
active site to facilitate nucleotide exchange (234). Since the
ABC protein functions as a dimer, it is important to analyze
the conformational changes of the dimeric structures in a
transporter cycle. The nature of these changes is illustrated by
the crystal structures of MalK in the resting, ATP-bound, and
ADP-bound states (68, 292). While other NBDs or nucleotide-

binding subunits display low affinity for each other in the ab-
sence of the TM segments, the MalK dimer is stabilized
through interactions of an additional C-terminal RD, and its
propensity to form a dimer in the cytoplasm was demonstrated
quite early (243). A tweezer-like motion, in which the two
monomers of MalK are held together at the base by the RDs
and the NBDs open and close like the tips of a pair of tweezers,
is revealed by crystal structures in three different dimeric con-
figurations (Fig. 7). In nucleotide-free structures, the N-termi-
nal NBDs are separated and the dimer is maintained solely
through contacts with the C-terminal RDs. In the ATP-bound
form, the NBDs make contact and two ATPs lie buried along
the dimer interface. The structure of MalK in a posthydrolysis
state shows that the two NBDs of the ADP-bound form are
separated, similar to the case for the resting form, indicating
that ADP, unlike ATP, cannot stabilize the closed form. The
three different conformations are achieved principally by a
rotation of the entire NBD relative to the RD about a hinge
region located in the loop connecting the NBD and RD. In
addition, a second rigid-body rotation within the NBDs, be-
tween the RecA-like and helical subdomains, results in inward
movement of the helical subdomain toward the nucleotide-
binding site on the same subunit. As we have already discussed,
this second rotation is also observed by comparison of different
monomer structures. In contrast to the changes at the NBD-
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NBD interface, the interaction between the RDs in all three
homodimer structures was essentially unchanged.

A similar catalytic cycle has been presented based on struc-
tures of the isolated NBD of HlyB, which has also been crys-
tallized in multiple liganded states (547). Comparison of nu-
cleotide-free and ADP-bound HlyB monomers suggests an
additional conformational change, not seen in the MalK dimer,
involving the Walker B motif and adjoining D loop as well as
helix 6 in this molecule, that may be involved in NBD-NBD
communication. Furthermore, comparison of ATP-bound and
Mg - ATP-bound HlyB dimers containing a mutation of the
catalytic His residue revealed the presence of a putative phos-
phate release channel in just one of the two subunits, suggest-
ing that the absence of Mg®", as is the case in the majority of
NBD dimer structures, may underestimate the complexity of
the catalytic cycle. The significance of potential asymmetry in
the nucleotide-binding sites is further addressed in “Role of
Two Nucleotide-Binding Sites.”

Molecular dynamics simulations based on structures of the
isolated HisP (59, 227), MalK dimer (344), BtuD (222), and
MJ0796 (60, 228) proteins largely recapitulate the conforma-
tional changes suggested by the structures of nucleotide-free
and ATP-bound subunits. These studies also offer insight into
the function of a “complete” ATPase active site, as H,O,
Mg**, and/or a key catalytic residue lacking in the structure
can be reinstated (545).

In vivo, the MalK dimer is stably assembled into a complex
with TM proteins MalF and MalG, and several lines of evi-
dence suggest that the conformational changes seen in the
crystal structures of isolated MalK subunits also occur in the
intact MalFGK, transporter. When a cysteine substitution is
introduced for Ala85 in the Q loop region, a cross-linked MalK
dimer is observed only upon addition of ATP (216). The failure
of ADP to induce cross-linking suggests that ATP, not ADP,
induces closure of the NBDs in MalFGK, (216). Photocleav-
age experiments using vanadate as a transition state analogue
indicated that ATP hydrolysis occurs via the closed dimer
(156), and the solvent accessibility of a fluorescent probe co-
valently attached to an amino acid in the Walker A motif is
reduced in the catalytic transition state compared to that in the
resting state (299), consistent with the closure of the interface
between the NBDs. We discuss how nucleotide-associated con-
formational changes in the ABC modules may be coupled to
conformational changes in the TM domains in a later section
[see “Coupling of transport to hydrolysis. (iii) Conformational
changes associated with transport”].

Mechanism of ATP Hydrolysis, Still an Open Question

The structures of ABCs in isolation and in the context of
intact transporters show a highly conserved fold, suggesting
that they hydrolyze ATP by a common mechanism. However,
the precise molecular mechanism of ATP hydrolysis is still
controversial. An acidic residue at the end of the Walker B
motif, a glutamate in most ABC transporters, has been pro-
posed to act as a general base polarizing the attacking water
molecule (168, 318). In the crystal structures, this residue ex-
tends into the active site and makes a hydrogen bond with the
putative hydrolytic water. In several ABCs, replacement of this
acidic residue with the corresponding amide abolishes the
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ATPase activity and triggers the formation of a trapped, ATP-
bound dimer (318, 347, 378). Since high-resolution structures
show that the attacking water is still well positioned in the
mutants (378, 457), an appealing explanation for the lack of
activity is that the substituted amide cannot act as a catalytic
base for hydrolysis. A very similar mechanism, by which gen-
eral acids coordinate the y-phosphate of ATP and a general
base polarizes the attacking water, has been suggested for
other RecA-like ATPases (540). However, some data in the
literature stand in opposition to the general base mechanism.
Mutation of the Walker B glutamate (E/Q) in Pgp, HlyB, and
GlcV leaves some residual ATPase activity (483, 493, 508,
545), leading some to question its role as a general base. In
addition, if the Walker B glutamate is the catalytic base, one
would expect a change in the pH dependence of ATPase ac-
tivity upon substitution of glutamine for glutamate, as glu-
tamine is a poor base, but the pH profiles of the wild-type HlyB
ABC module and the E/Q mutant both show maximal activity
near pH 7.0 (545). Thus, Schmitt and colleagues proposed an
alternative mechanism, namely, substrate-assisted catalysis
(545), in which the H loop histidine residue plays a relatively
greater role in catalysis, forming part of a catalytic dyad with
the Glu following the Walker B motif. In the substrate-assisted
catalysis model, the histidine acts as a “linchpin” to hold the
v-phosphate of ATP, the attacking water, Mg?*, and other
catalytically important amino acids together to support hydro-
lysis. In contrast to its function in the general base model, the
function of the Walker B glutamate proposed in this model is
to restrict the flexibility of the H loop histidine so that it adopts
a catalytically competent conformation (141, 349, 545). It
should be noted that in a different ABC module, mutation of
Asp to Glu in the catalytic dyad does alter the pH profile of
ATPase activity (141), though this result does not rule out
either model, as local changes in the environment at the active
site can alter the pK, of a side chain (141). While substitution
of the His eliminates ATP hydrolysis in the HlyB ABC module,
as demonstrated clearly by the ability to obtain crystals of a
Mg - ATP-bound dimer (545), 2% of the wild-type ATPase
activity is retained in the intact maltose transporter with sub-
stitution of arginine for histidine (99), suggesting subtle differ-
ences in architecture of the active sites of different ABC mod-
ules. Further research is needed before we can conclude that
substrate-assisted catalysis or general base catalysis is a uni-
versal mechanism underlying ATP hydrolysis of the ABC
transporter family, or even if there is a uniform mechanism.

Role of Two Nucleotide-Binding Sites

A question of great interest for all ABC transporters is the
role that the two nucleotide-binding sites play in the energiza-
tion of the translocation process. ATP is hydrolyzed with pos-
itive cooperativity in both the maltose and histidine transport-
ers (97, 283), indicating that the two sites interact. Since both
sites lie along the dimer interface of the ABCs, the simplest
explanation for the presence of cooperativity is that both sites
must be occupied before the NBDs can close and hydrolyze
ATP. Structural data so far are consistent with this hypothesis,
since nucleotide is bound at both sites in each of the structures
of ATP-bound ABC dimers (68, 457, 545). It is not yet clear,
however, whether one or both ATPs are hydrolyzed during a



VoL. 72, 2008

single cycle of conformational change. In some ABC transport-
ers, such as the ribose transporter (57), only one of the two
nucleotide-binding sites retains all of the highly conserved res-
idues thought to be essential for ATP hydrolysis, suggesting
that hydrolysis at just one site is sufficient for transport. In
support of this hypothesis, mutation of the catalytically impor-
tant histidine residue in the nucleotide-binding site of just one
of the two HisP subunits in the intact histidine transporter was
relatively well tolerated (335). However, the same substitution
in a single site of the maltose transporter severely impaired
both transport and ATPase activity, suggesting that hydrolysis
at both sites is important for function (99). Interestingly, even
the glutamate substitutions that promote stable formation of
the NBD dimer, when present in a single site, inactivate the
intact P-glycoprotein transporter (482), though it should be
mentioned that the isolated NBDs of GlcV and HlyB (509,
546), containing a similar single-site mutation, retain ATPase
activity. This seeming contradiction suggests that there may be
functionally important cooperative interactions between nucle-
otide-binding sites that are lost once the NBDs are stripped
from the IM domains, although noone has compared the ef-
fects of a single-site mutation in both intact and isolated ABC
subunits of the same transporter.

As first shown with P-glycoprotein, a mammalian multidrug
exporter (495), trapping of Mg - ADP and vanadate in the
maltose transporter occurs in just one of the two nucleotide-
binding sites (447). Vanadate replaces the P; that is formed
during ATP hydrolysis and prevents the dissociation of ADP
from the active site (94, 440). The Mg - ADP - V; complex is
very stable and mimics the transition state for the hydrolysis of
ATP. The observation that trapping occurs at just one site
suggests that hydrolysis can occur at only one site at a time.
Given that both sites can hydrolyze ATP in P-glycoprotein, it is
suggested that the sites alternate in catalysis and that just one
ATP is hydrolyzed each time a drug is transported (440, 494).
Implicit in this model is the assumption that the transporter
“remembers” which site hydrolyzed last. One way to envision
such a possibility is to suggest that ATP hydrolysis results in the
opening and release of ADP and P; from a single site, while the
second site remains closed, with ATP bound. Alternatively,
one ATP could still be hydrolyzed per catalytic cycle, but fol-
lowing hydrolysis at one site, ATP at the remaining site is not
bound strongly enough to sustain the closed conformation
during exchange of ADP for ATP in the other site. In this
model, catalysis would not be ordered strictly. Finally, if both
ATPs are hydrolyzed sequentially before the NBDs dissociate
(the progressive clamp model [226]), then two ATPs would be
expended for the transport of a single molecule. To date, no
single experiment is able to convincingly rule out any one of
these models. The sequential model was put forth to explain
the appearance of both trapped ATP and trapped ADP in an
NBD dimer stabilized by mutation of the Glu residue following
the Walker B motif, which is important for catalysis (226). It is
suggested that this dimer does not dissociate until ATP is
hydrolyzed at both sites, suggestive of sequential hydrolysis. It
is unfortunate, however, that this type of experiment can be
performed only in the presence of a mutation that greatly
stabilizes the ATP-bound dimer and hence may not recapitu-
late what occurs in the wild type.

Evidence in support of asymmetric behavior of ABC dimers
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whose cassettes have identical sequences has been reported.
The structure of the Mg - ATP-bound HlyB ABC dimer, sta-
bilized through mutation of His in the catalytic dyad, has a
4.4-A tunnel in one subunit, blocked by a conserved salt bridge
in the second subunit, that could allow P; to diffuse out of the
binding site prior to opening of the dimer interface (547).
Sequential hydrolysis and P; release may allow the energy of
ATP hydrolysis to be used in distinct steps, possibly for sepa-
rate purposes (547). Intriguingly, disruption of this salt bridge
results in the loss of cooperativity in ATP hydrolysis in the
isolated ABC (547).

In intact transporters, evidence for asymmetry has also been
detected. Thiol-specific reagents react more readily with a Cys
in one ABC in the histidine transporter than with a Cys in the
other, suggesting that structural asymmetry may exist before
the binding of nucleotide (257). In the maltose transporter,
asymmetries are seen in the pattern of cross-linking between
cysteines placed in the helical domains of the ABC MalK and
the IM proteins MalF and MalG (92, 216). In both cases, the
IM region is heterodimeric, which could contribute to differ-
ences. The Lol system, involved in export of lipoproteins, con-
tains two unique IM subunits, LolC and LolE, and a dimer of
the LolD ATPase. Suppressors of a dominant negative muta-
tion in a conserved motif of LolD map to LolC and LolE,
suggesting that this motif is involved in subunit interaction in
the Lol system (221). Interestingly, the suppressors are in a
cytoplasmic loop of LolE and a periplasmic loop of LolC,
raising the possibility of asymmetries in the way that LolD
interacts with the IM subunits.

In proteins that are essentially homodimers, including the
exporters MsbA and BmrA and the importer BtuCD, the pres-
ence of two identical ABCs would suggest that both are able to
hydrolyze ATP, even though asymmetries that restrict ATP
hydrolysis to just one of the two sites at a time may arise during
the catalytic cycle, as suggested by vanadate-trapping experi-
ments (347, 447, 495). BPD importers have a second potential
source of asymmetry because the BPs themselves are asym-
metric (388) and could impose functional asymmetries at the
nucleotide-binding sites, a possibility that has not been ex-
plored. Interestingly, the addition of the BP BtuF did induce
asymmetries in the most recent structure of BtuCD (217).

Molecular dynamics simulations and normal mode analysis
have also been used to investigate asymmetries in ABC trans-
porters. A simulation beginning with a Mg - ATP/Mg - ADP-
bound MJ0796 dimer, designed to mimic ATP hydrolysis at a
single site, revealed movement within one helical domain that
might loosen the interaction between the ADP-bound mono-
mer and the IM domain (228). Two different groups modeled
ATP into both sites in the structure of BtuCD and found that
only one ATP-binding site undergoes closure (222, 345), al-
though the idea that one site might close independently of the
other runs counter to the traditional interpretation of cooper-
ativity in nucleotide binding and hydrolysis observed in ABC
transporters. The work of a third group simulating BtuCD
suggests that only simultaneous opening of both ATP-binding
sites triggers appropriate conformational changes in the mem-
brane (520).

Efforts have been made to measure the stoichiometric ratio
of substrate transport to ATP hydrolysis in vivo and in vitro for
several ABC transporters in an effort to determine whether
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one or both ATPs are hydrolyzed, but no one answer is uni-
versally accepted as yet. Often, substantial levels of uncoupled
ATP hydrolysis, or possibly leakage of substrate from mem-
brane vesicles, complicate the determination. In the maltose
transporter, rates of 1.4 to 17 ATPs per transported sugar are
reported, varying with the concentration of ATP trapped inside
(98). Stoichiometries ranging from 5 to 25 ATPs per histidine
have been reported for the histidine transporter (30). In the
oligopeptide transporter, where the BP OpuA is tethered to
the membrane via a lipid moiety, ATP hydrolysis is tightly
coupled to transport and ratios approaching 2 ATPs per pep-
tide transporter are seen (354). In studies of maltose and
glycine-betaine transport in vivo, stoichiometries approaching
1 to 2 have been reported (316). Finally, a stoichiometric ratio
of 1 was reported for the maltose transporter, based on com-
parison of growth yields of bacteria grown on different sugars
under anaerobic conditions (321). Larger substrates may offer
other complications; long linear maltodextrins are transported
more slowly than maltose, leading to the suggestion that mal-
todextrins may be fed through the maltose transporter via a
ratchet-like mechanism that expends more ATP per sugar
transported (118).

IMPORT INTO THE CYTOPLASM (ABC IMPORTERS)

Most ABC importers rely on the presence of a high-affinity
extracytoplasmic BP for function and are also called BPD
transport systems. BPs are soluble proteins located in the
periplasmic space between the inner and outer membranes of
gram-negative bacteria. In gram-positive organisms, which lack
a periplasm, they are often lipoproteins bound to the external
face of the cytoplasmic membrane by N-terminal acyl-glyceryl
cysteines. BPs are also found fused to the membrane trans-
porter itself in some gram-positive organisms (497). In ar-
chaea, BPs either are lipoproteins or display a type III signal
sequence. The latter BPs are proposed to constitute an extra-
cellular multioligomeric organelle, the bindosome (553). All
BPD transporters belong to class 3 and have ABC and IM
domains on independent polypeptide chains. Some BP-inde-
pendent class 3 importers have been characterized, as well as a
few class 1 importers with a fused IM-ABC organization. Typ-
ically, the genes encoding a given transporter are carried in an
operon, but in some gram-positive organisms, a single ABC
subunit is shared by multiple transporters (385).

Transport across the Outer Membrane

To be transported efficiently into the cytoplasm in gram-
negative bacteria, substrates first pass through the outer mem-
brane, using one of three different pathways (see reference 333
for a comprehensive review).

Most small substrates, with molecular masses below 650 Da,
cross the outer membrane through the nonspecific (general-
ized) porins, such as the OmpF or OmpC porins of Enterobac-
teriaceae (Fig. 2a) (333). These trimeric porins vary in their
preferences for solutes of different sizes and charges. Their
importance in transport is highlighted by the observation that
mutants lacking these proteins are pleiotropically affected in
the utilization of several different substrates (23). Crystallo-
graphic analyses reveal that porins adopt a B-barrel conforma-
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tion with 16 B-strands spanning the outer membrane. A large
loop folds back into the barrel, forming a constriction zone
about halfway through the channel that contributes to the
exclusion limit and ion selectivity of the pore (251).

When the size of the substrate exceeds the size handled by
generalized porins, a specific or specialized porin is used. The
best example known so far is maltoporin, the lamB gene prod-
uct, which is essential for the transport of maltodextrins of
more than three glucose residues (Fig. 2b, diagram F) (466). In
contrast to the case for general porins, the genes coding for
specialized porins are often linked genetically to the regions
encoding the rest of the transporter, and their expression is
tightly coregulated (466). The crystal structure of maltoporin
reveals an 18-stranded PB-barrel with three inwardly folded
loops that constrict the diameter of the channel. Aromatic
residues lining the channel constitute part of a diffusion path-
way for maltodextrins through the channel, which appears to
be designed to facilitate translocation rather than to bind sug-
ars tightly (133, 424). LamB also functions as a general glyco-
porin, whose increased expression facilitates growth in carbo-
hydrate-limited chemostats, with glucose, lactose, arabinose, or
glycerol as the carbon source (108). ScrY, the sucrose porin of
Klebsiella pneumoniae, and OprB, the p-glucose and D-xylose
porin of Pseudomonas aeruginosa, constitute examples of other
specific porins in gram-negative bacteria (429, 490). Pseudo-
monas aeruginosa actually lacks general porins, and most nu-
trients are taken in through specific porins of the OprD family,
with OprD itself mediating the uptake of basic amino acids
(471, 489). The structure of OprD reveals a B-barrel with a
ladder of positively charged residues that funnel into a con-
striction site lined by residues which are not conserved in
the family (31). It is suggested that substrate specificity is
mediated by variation of residues at the site of constriction
in the channel.

Because the size and scarcity of certain nutrients, including
vitamin B,, and the Fe®"-siderophore complexes, exceed the
size limit of porins (516), these compounds are bound by high-
affinity outer membrane receptors (OMRs) that also function
as transporters to move the compounds into the periplasmic
space (Fig. 2b, diagram E) (523). An expenditure of energy is
required to release these compounds from the OMRs so they
can be transported, and studies with the E. coli ferrichrome
(Fhu) receptor indicate that translocation of the substrate is
dependent on the cytoplasmic membrane electrochemical gra-
dient (46). The transduction of energy from the cytoplasmic
membrane to the OMR is achieved by a set of three cytoplas-
mic membrane proteins, ExbB, ExbD, and TonB, that form a
complex in the inner membrane (377). TonB and ExbD are
proteins with single TM segments and large hydrophilic
periplasmic domains. It is postulated that these domains inter-
act with a conserved region of the OMR known as the TonB
box to trigger the release of the substrate and its diffusion
through a channel within the OMR. The OMRs FhuE, FhuA,
and IutA are highly specific for their individual siderophore
substrates, i.e., coprogen, ferrichrome, and aerobactin, respec-
tively, though all are transported into the cytoplasm by the
same BPD ABC transporter, FhuBDC (143, 255). It is also
remarkable that these OMRs display higher affinities for their
substrates than does the periplasmic BP FhuD (256). There are
currently crystal structures of the following six OMRs: FhuA
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(150, 286), FepA (55), FecA (149), BtuB (72), FpvA (77), and
FptA (78). They show a remarkably conserved organization
composed of two domains, a 22-stranded B-barrel and an N-
terminal globular domain called a plug that lies within the
barrel.

Some OMRs are also involved in the regulation of transcrip-
tion, signaling from the cell surface to the cytoplasm via a
signaling cascade (32, 186). A cascade signals the presence of
the inducer in the culture medium to the cytoplasm, where
gene transcription occurs. For example, when the OMR FecA
binds its substrate, iron dicitrate, signaling is mediated through
interaction between the N-terminal domain of FecA and the
cytoplasmic membrane signaling protein FecR. Activated
FecR interacts with the Fecl sigma factor, leading to initiation
of transcription of the fecABCDE transport genes (47).

New results are expanding the range of potential substrates
that can be transported by OMRs. A very peculiar system,
described for a Sphingomonas sp., was found to be expressed in
alginate-induced cells. Alginate is a high-molecular-mass poly-
saccharide (25,000 Da) which is thought to enter the cell intact,
since alginate-degrading enzymes are located exclusively in the
cytoplasm (188). A specific outer membrane organelle, called
the “pit,” is thought to mediate alginate uptake through the
outer membrane. Alginate-induced outer membrane proteins
are similar to TonB-dependent receptors, raising the possibil-
ity that some members of this family might be involved in
polysaccharide uptake (187). In addition, the outer membrane
protein SusC, similar to TonB-dependent receptors, is maltose
inducible and essential for maltose and starch uptake in Bac-
teroides thetaiotaomicron (395). More recently, transport of
maltose in Caulobacter crescentus was found to be mediated by
MalA, a homologue of high-affinity OMRSs, in an energy-de-
pendent, TonB-independent, and ExbBD-dependent fashion
(331).

Finally, mycobacteria possess an outer lipid bilayer with low
permeability, rendering them intrinsically resistant to many
antibiotics. Hydrophilic substances cross this membrane via
porins, whose importance in phosphate uptake was highlighted
recently (530).

BPD Uptake Systems

BPs bind their substrates with high affinities, in the range of
0.01 to 1 wM. This high-affinity binding is clearly responsible
for the efficiency of BPD transporters at low substrate concen-
trations; cells can concentrate nutrients up to 10°fold when
the nutrients are present at submicromolar concentrations in
the external milieu (118). However, BPs are still essential for
transport even at high substrate concentrations, as demon-
strated by deletion of the gene encoding the maltose-BP in E.
coli (451). BPs located in the periplasmic space of gram-neg-
ative bacteria can be released by a cold osmotic shock, and this
procedure also leads to inactivation of transport due to the loss
of the protein. In either circumstance, transport can be re-
stored if BPs are introduced back into the periplasmic space
(45).

The range of substrates that are transported by BPD trans-
porters is extremely diverse, including mono- and oligosaccha-
rides, organic and inorganic ions, amino acids and short pep-
tides (124), iron-siderophores, metals, polyamine cations,
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opines, and vitamins. Most transporters are specific for a single
substrate or for a family of structurally related substrates, such
as maltose and maltodextrins. However, some BPD transport-
ers are more versatile, handling structurally unrelated sub-
strates. Versatility can be achieved in two ways. First, a single
BP can have a wide substrate specificity, as illustrated by the
multiple-sugar transporter Msm of Streptococcus mutans,
which recognizes melibiose, sucrose, raffinose, isomaltotriose,
and isomaltotetraose (409, 474). Second, multiple BPs with
different binding specificities can interact with a single trans-
porter, as illustrated by the histidine, lysine, and arginine trans-
port system in Enterobacteriaceae (194) and the oligopeptide/
muramyl peptide transport system of E. coli (353).

BPs are monomeric; structural and kinetic analyses indicate
that there is only one substrate-binding site per BP (387), and
the structures of the ModABC, BtuFCD, and MalEFGK,
transporters reveal just one BP interacting with the membrane
protein complex (205). However, unusual BPD transporters, in
which either one (OpuA) (27) or two (GInPQ) (434) extracy-
toplasmic substrate-binding domains, analogous to BPs (497),
are fused to the termini of the inner membrane transport
proteins, have been described for Lactococcus lactis. These
transporters, which function as dimers, therefore have either
two or four substrate-binding domains tethered to the trans-
porter. This unique architecture offers the potential to enhance
rates of substrate delivery to the transporter via improvements
in proximity and orientation. While deletion experiments re-
vealed that just one substrate-binding domain is absolutely
required for transport in the OpuA system, if both substrate-
binding domains are present, they interact in a cooperative
manner to enhance transport activity (27). The transporter
displays positive cooperativity with respect to the transported
substrate concentration when both substrate-binding domains
are present and functional, and interestingly, transport rates
remain high when reversible substrate binding to one sub-
strate-binding domain is blocked through modification by a
covalent substrate mimic. It is possible that the physical pres-
ence of one domain facilitates either the docking of the second
substrate-binding domain or the transfer of the substrate to the
TM domain.

Research into BPs has been driven by the desire to under-
stand (i) how a BP recognizes its substrate, (ii) the thermody-
namics of the binding interaction, and (iii) the nature of the
conformational changes that take place upon substrate bind-
ing. Several excellent reviews discuss the structure and ligand-
binding interactions in detail (146, 388, 389, 524). More recent
work addresses these questions in greater detail and also be-
gins to address the question of how BPs interact with trans-
porters, as they are clearly integral to the mechanism of trans-
location.

Conformational changes in periplasmic BPs. Most of the
knowledge on substrate-BPs comes from the study of proteins
from gram-negative bacteria, as only a few substrate-binding
lipoproteins from gram-positive organisms and archaea have
been characterized, either biochemically or structurally (242,
275). High-resolution structures reveal that all periplasmic BPs
characterized to date adopt a similar folding pattern made of
two globular domains or lobes, called the N and C lobes since
they contain the N and C termini of the protein. These lobes
are connected by one or more polypeptide chains, and the
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FIG. 8. Structures of periplasmic maltose-BP. Structures of mal-
tose-BP in the open, unliganded (blue; PDB accession no. 1ANF) and
closed, maltose-bound (pink; PDB accession no. 10MP) conforma-
tions are aligned based on the positions of a-carbons in the C lobe. The
offset of the N lobes illustrates the domain rotation induced by ligand
binding to class I and class II BPs.

substrate binds between them (388, 524). Each lobe is com-
posed of an alpha-beta fold consisting of pleated B-sheets
surrounded by a-helices and connected by loops. Polypeptide
is distributed between the two domains and in the number and
order of strands in each domain (162). Type I BPs include
simple sugar (arabinose and ribose)- and branched-chain-
amino-acid-BPs, and type II BPs include the maltose-malto-
dextrin-, phosphate-, and sulfate-BPs (524). In the ligand-free
conformation, the domains are well separated, with an open,
solvent-accessible cleft between them. The ligand occupies this
cleft and induces a substantial domain rotation, resulting in
closure of the two domains (Fig. 8). More recently, a novel BP
type, type III, was recognized, encompassing both the divalent
cation (Mn*" and Zn?")-BPs and iron/siderophore/vitamin
B,,-BPs. In this class, the two lobes consist of a central five-
stranded B-sheet surrounded by «-helices and the domains are
connected by a single a-helix spanning the length of the pro-
tein (37, 271). While ligand binding in type III BPs also occurs
in the cleft, high-resolution structures suggest that binding is
not accompanied by a large domain movement (235, 435).
Molecular dynamics simulations, however, suggest that these
BPs undergo a breathing motion, similar to that seen in other
families, that may allow binding and release of ligand (231).
Intriguingly, a recent structure of BtuF, the vitamin B,,-BP,
determined in complex with the cognate transporter, reveals a
more open conformation (217).

A substantial body of evidence demonstrates that type I and
II BPs are open in the absence of substrate and closed in the
presence of substrate, undergoing a ligand-induced conforma-
tional change that is central to the mechanism of translocation.
In addition to crystal structures of proteins in open and closed
conformations, a variety of other techniques have been used to
monitor ligand binding and conformational change, including
the use of intrinsic (tryptophan) fluorescence (468, 519), ex-
trinsic fluorescent probes (113), and fluorescence energy trans-
fer (115). Recent developments in assaying conformational
changes by using fluorescence have been driven by the desire
to develop nanoscale biosensors (135). For example, the phos-
phate-BP, with an extrinsic fluorophore attached to Cys197, is
routinely used as a sensor for P; in ATPase assays (51, 200).
Changes in distance between domains have been measured
using site-directed spin labeling and electron paramagnetic
resonance (EPR) (184). Small-angle X-ray scattering detects
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changes in protein size associated with closure (341, 478), and
nuclear magnetic resonance (NMR) analysis can measure the
average angle between domains via dipolar couplings (456).

(i) Bending at the hinge. Several BPs have been crystallized
in multiple open conformations, making it possible to visualize
the trajectory of domain closure. For the leucine, isoleucine,
valine (LIV)-BP, comparison of open and closed forms reveals
that the conformational change is essentially a domain rotation
mediated almost exclusively by a change in the backbone tor-
sion angles of just two residues, Asp123 in the first interdomain
strand and Phe329 in the third interdomain strand (486). Both
the ribose-BP and the allose-BP have been crystallized in three
different open conformations (33, 298). In both examples, the
three structures lie along a single trajectory, indicating that the
multistranded hinge restricts the degrees of freedom of mo-
tion. In contrast to the LIV-BP, embedded H,O also partici-
pates in the torsional changes in the hinge associated with
movement in these proteins (33, 298). Despite 35% primary
sequence identity between ribose-BP and allose-BP, domain
opening occurs in different directions and involves torsional
changes in different residues in the hinges (298). This differ-
ence in direction may reflect constraints imposed by differ-
ences in the mode of ligand binding and/or the ligand struc-
ture. Because the hinge-bending motion consists of both a
rotation and a twist, the ligand is expected to bind initially to
just one lobe of the open BP, and the pathway of closure must
not dislodge the ligand from its binding site. The trajectory is
also likely to be important in the interaction of the BP with a
transporter, as the BP and transporter interact and may move
in unison during the transport process (69).

(ii) Energetics of domain closure. An interesting question is
whether BPs remain open until substrate binds or have open
and closed forms that are always in equilibrium. The crystal
structure of an unliganded BP in the closed conformation
suggests that at least some BPs can close in the absence of
ligand (158). The presence of multiple open conformations in
crystal structures of Liv], allose-BP, and ribose-BP also sup-
ports the notion of conformational flexibility in the absence of
ligand (33, 158, 298, 486). For maltose-BP, time-resolved tryp-
tophan fluorescence anisotropy analysis found substantial ori-
entational fluctuations of the two domains in the absence of
ligand that disappeared upon maltose binding (128). Using
paramagnetic NMR, Clore and colleagues were able to detect
a small fraction (5%) of a partially closed species of mal-
tose-BP in rapid equilibrium with open BP in the absence of
maltose (472). Compared to the closed liganded maltose-BP,
the N- and C-terminal lobes in this partially closed species are
offset by a 6° translation, avoiding highly unfavorable interac-
tions that would occur in the closed sugar-binding cleft in the
absence of maltose.

A thermodynamic cycle of BP similar to that shown in Fig. 9
is often presented for the ligand-induced closure of a periplas-
mic BP (94, 305). A key point to make is that the observed K,
(dissociation constant) for binding is the product of a binding
event and a conformational change. As a consequence of the
fact that the equilibrium between closed and open forms is
strongly influenced by ligand binding, the ligand will be held
less tightly by the open than by the closed form. In fact, be-
cause substrate is completely buried in the closed conforma-
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FIG. 9. Thermodynamic cycle for ligand binding to a periplasmic-
BP. Myiiganded @0d Myjgandeq are the equilibrium allosteric constants
for the interconversion of the open and closed forms of the BP in the
absence and presence of ligand (filled circles). K., and K .4 are the
theoretical equilibrium association constants for the binding of ligand
to open and closed forms of the BP. (Reprinted from reference 94.)
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tion, substrate binding is likely to precede closure in the bind-
ing pathway.

New insights into the energetics of domain closure have
been gained in recent years from studies directed at perturbing
the equilibrium between the open and closed forms of BPs. In
maltose-BP and ribose-BP, though not all BPs, a set of residues
located in both domains on the opposite side of the hinge from
the substrate-binding cleft have been identified that are closer
together in the open conformation and move apart in the
closed conformation to create a surface crevice (305), later
designated a “balancing interface” (478) (Fig. 10). Impor-
tantly, mutations in this region are distant from the site of
substrate binding and are not likely to perturb binding directly.
Placement of a fluorophore at position 95 in this interface
results in a strong fluorescence increase upon maltose binding
and closure (304), which was later traced to the loss of specific
hydrogen-bonding interactions between the fluorophore and
two tyrosine residues upon opening of the balancing interface
(90). Insertion of residues with side chains of increasing size
into the balancing interface created a set of maltose-BP mu-
tants that bound maltose with increasing affinities (94, 305),
leading to the suggestion that the bulkier residues destabilized
the open form and shifted the equilibrium from open to closed.
Since the ligand-binding affinity is a function of both ligand
binding and domain closure, a shift in the equilibrium toward
the closed state would be expected to increase the affinity for
maltose in this system (305). In an elegant NMR-based exper-
iment, Kay and colleagues clearly demonstrated that this series
of mutations dramatically affects the average degree of open-
ing of the cleft of the apo-maltose-BP and that there is a linear
relationship between the decrease in angle opening and an
increase in maltose-binding affinity (315). The orientation of
the two domains in solution relative to the applied magnetic
field was determined by examining residual dipolar couplings
and applying the data to the known X-ray crystal structures of
maltose-BP in the open or closed conformation (320, 456).
Intriguingly, there was also a decrease in stability of the apo-
proteins in this series of mutants, as judged by the AG of
unfolding, that correlated with the decrease in angle opening,
suggesting an energy cost associated with closure that is nor-
mally balanced by the gain in energy realized through in-
creased binding of maltose to both lobes of maltose-BP (315).
In the absence of the necessity to overcome this energy cost to
close, the mutant proteins bound maltose with a higher affinity,
a change that is clearly associated with a decrease in the rate of
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FIG. 10. Balancing interface in a BP. Cartoons of maltose-BP in
open (unliganded) and closed (liganded) conformations depict the
ligand-binding cleft and balancing interface. (Reprinted from refer-
ence 478 with permission of the publisher.)

dissociation of maltose from maltose-BP (305). Mechanisti-
cally, these observations may be quite important, as in the
absence of maltose, this energy cost would keep maltose-BP
predominantly in the open conformation, an important regu-
latory feature to avoid inappropriate activation of the trans-
porter in the absence of substrate. The stabilizing influence of
the balancing interface in maltose-BP was also compromised
by either deleting residues lining the cleft or substituting
smaller side chains at these positions (478). These mutations
also increased the affinity for maltose to the same degree as the
bulky substitutions that likely prevented full opening did, al-
though, somewhat surprisingly, they did not alter the average
conformation of the apo-maltose-BP, as judged by small-angle
X-ray scattering. As discussed above, it may be disruption of
the conformational equilibrium of the liganded maltose-BP
rather than the apo-maltose-BP that is most important, since
ligand cannot bind to closed maltose-BP (Fig. 9).

Specificity of substrate-BPs. Substrate-binding specificity is
mediated primarily by H bonding in most BPs (388, 524).
Some BPs display high specificity for one ligand over an-
other, as illustrated by the oxyanion-BPs, while others bind
a narrow range of similar substrates, as illustrated by the
amino acid-BPs.

Despite similarities between the oxyanions phosphate, sul-
fate, and molybdate, the respective BPs exhibit exquisite spec-
ificity for their substrates (209, 225, 297, 387, 511). In each of
the BPs, these molecules are accommodated through ion-di-
pole interactions consisting of hydrogen bonds with backbone
NH and side chain OH groups of the protein. These interac-
tions efficiently overcome the hydration energy of the ions, as
the ligands are desolvated when buried in the cleft (362). The
basis for discrimination between phosphate and sulfate relies
on the protonation of phosphate at physiologic pH. Phosphate-
BPs contain one or more negatively charged amino acids that
will accommodate only protonated oxygens, thereby excluding
sulfate, which is fully ionized at all pHs (387, 511). The basis
for discrimination between sulfate and molybdate relies on the
difference in size of these oxyanions (209, 266). An extended
array of hydrogen bonds serves to exactly position the dipoles
to bind just one substrate. An example of amino acid binding
is illustrated by the LIV-BP LivJ (486). Three separate struc-
tures have been determined, each with one of these three
branched-chain amino acids bound. In each case, the cleft has
closed, completely dehydrating and engulfing the ligands. Su-
perposition of the three closed structures reveals that the
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amino acids are bound in very similar configurations, with the
amino and carboxyl groups of the amino acids held by hydro-
gen bonds, with six donated from domain I and two donated
from domain II. In contrast, the aliphatic side chains lie in a
hydrophobic pocket, and 80% of the contacts are mediated by
nonpolar van der Waals interactions, mediated mainly through
contacts with domain I. The binding pockets are designed to
hold only L-amino acids, as shown experimentally (10).

The periplasmic maltose-BP binds and transports both mal-
tose and linear maltooligosaccharides. In structures of closed
liganded maltose-BP, the sugars are buried in the groove be-
tween the two domains, and binding specificity is mediated
through hydrogen bonding interactions with residues located
predominantly in one domain and through nonpolar interac-
tions with aromatic residues located in the other domain (446).
Structures of open ligand-bound maltose-BP reveal that the
sugars bind exclusively to the domain with the aromatic resi-
dues (130, 131). Initial binding of ligand to just one of two
lobes prior to closure is seen in a second example, where
crystals of an open BP were soaked in leucine (410), and may
be a general feature important for BP function. Simulation of
domain movement by molecular dynamics and normal-mode
analysis also predicts that the ligand remains bound to one
domain upon opening of a BP (486).

Oligopeptide-BPs are designed to accommodate peptides of
different compositions and lengths. In gram-negative organ-
isms, where peptides must first traverse the outer membrane
through porin proteins, dipeptide- and oligopeptide-BPs (Dpp
and Opp, respectively) optimally bind either dipeptides or pep-
tides of up to five amino acids in length (124). In contrast, a
nonapeptide was found in the crystal structure of the pep-
tide-BP AppA from a gram-positive organism (275). Peptides
are bound within the cleft via hydrogen bonds connecting the
main chain of the protein to the main chain of the peptide. In
AppA, the N-terminal a-amino group of the peptide is bound
by an Asp and the C-terminal a-carboxyl group interacts with
an Arg, positioned where it can also interact with the C termini
of shorter peptides. The side chains are hydrated and lie in
distinct “voluminous” pockets that make fewer direct contacts
with the peptide and do not restrict the type of side chain.
Residues that do contact substrate side chains can function as
both hydrogen bond acceptors and donors, increasing flexibil-
ity, and they can mediate contact directly or via H,O. These
binding sites function to combine high-affinity binding with
broad substrate specificity to transport almost any peptide. The
nonspecific nature of substrate binding was demonstrated
through binding of peptides generated as combinatorial librar-
ies to OppA of the gram-positive organism Lactococcus lactis
(114). In these experiments, almost all peptides were bound,
although some preferences for particular side chains were ob-
served, in particular at positions 4, 5, and 6 in a BP that favors
nonapeptides as substrates. In contrast to most BPs, the family
of oligopeptide-BPs contains a third domain and a portion of
the nonapeptide binding site in AppA extends into this region,
providing the first suggestion of a possible function for this
domain (275). OppA from L. lactis has only six pockets to
accommodate side chains (264) but can bind and transport
peptides of as large as 35 amino acids. Therefore, peptide
substrates are not always completely enclosed by the BPs
(123).
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Substrate recognition by membrane transporters. Does BP
specificity dictate transport specificity, or do the membrane
transporters also contribute to specificity? In in vitro assays
with the oligopeptide transporter OppA, every peptide that is
bound by OppA, even peptides of up to 35 amino acids in
length, is also transported, suggesting that the membrane
transporter imposes few or no further restrictions on specificity
(123). In vivo studies contradicting this conclusion for the Opp
transporter (65) have been challenged (123) on the basis that
the metabolic breakdown and release of some transported
peptides may have obscured their uptake. In several systems,
including the histidine system, two BPs with different substrate
specificities interact with the same transporter, demonstrating
that the membrane transporters accommodate greater sub-
strate diversity than the BPs do (194). In the maltose system, a
variety of maltooligosaccharides can bind to maltose-BP, and
transport specificity may be dictated by which ligands trigger
closure of maltose-BP (183, 184). There may also be a limit on
the length of maltodextrins that can be transported; while
maltose-BP can bind longer dextrins, transport has been dem-
onstrated only for sugars of up to seven glucose residues (147).

Evidence that the membrane components have a binding
site for substrates comes from the isolation and characteriza-
tion of mutant transporters that have gained the ability to
transport substrate in the absence of their BPs (451, 488).
These mutants were first isolated from the maltose system, and
the membrane transporter still displayed specificity for maltose
in the absence of BP. The apparent K, for maltose in the
transport reaction was, however, greatly increased, confirming
the importance of BPs for high-affinity uptake. BP-indepen-
dent mutants of the histidine transporter supported growth on
both histidine and arginine, and although rates of transport
were too low to measure, the affinity for histidine decreased
from 10 pM to 0.5 mM, suggesting the presence of a low-
affinity substrate-binding site in the membrane (459). Random
and site-directed mutagenesis of the membrane-spanning do-
mains of the maltose transporter has generated mutants with
altered specificities (137, 464, 475, 517), some of which trans-
port maltose but not maltodextrins and vice versa. In one of
the most remarkable alterations in substrate specificity, an
amber mutation that led to the premature termination of the
TM protein MalF permitted growth of genotypically Lac-neg-
ative cells on lactose (313). Transport required maltose-BP,
though lactose is not bound by maltose-BP, suggesting that the
truncation allowed access of lactose to the TM translocation
pathway. Intriguingly, residues responsible for maltose binding
in the TM subunits are found exclusively in MalF, not in the
second TM subunit, MalG (343).

Coupling of transport to hydrolysis. Since ABC transporters
functioning in efflux do not use BPs, BPs are sometimes viewed
as accessory proteins that impart upon bacteria the ability to
transport nutrients with a high affinity. BPs are, in fact, integral
parts of the translocation machinery for importers and are
essential for function because they play an essential role in
coupling of transport to ATP hydrolysis.

(i) Interaction of BP with transporter. The first step in
transport can be viewed as substrate recognition by the BP.
Since binding triggers a conformational change that generally
engulfs the substrate, features of closed BPs that are distinct
from those of open BPs are likely recognized by the transport-
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ers. The surface of maltose-BP that interacts with the trans-
porter has been defined by mapping mutations that affect
transport (134, 303, 467, 487) onto the structure of maltose-BP.
These residues lie on either side of the substrate-binding cleft,
defining a potential binding site for the transporter that would
differ in the open and closed forms. A genetic suppressor
analysis further suggested that the C lobe of maltose-BP inter-
acts with MalF and the N lobe of maltose-BP interacts with
MalG (80, 207, 487), which would position the substrate-bind-
ing cleft close to the interface between MalF and MalG. In-
deed, both the structures of ModA in complex with ModB,C,
and of maltose-BP in complex with MalFGK, reveal just such
an interaction (205, 343). The chemotactic response to maltose
is based on a similar recognition strategy.

Curiously, both His-BP and maltose-BP bind to their trans-
porters with similar affinities in the presence or absence of
substrate (14, 18, 312, 380), and excess free BP competes with
liganded BP, inhibiting transport (379). In early studies prob-
ing the interaction between His-BP and the transporter, the
extents of cross-linking with one reagent were similar for both
ligand-bound and ligand-free His-BP, while another reagent
cross-linked much more strongly with ligand-bound than with
ligand-free His-BP, suggesting a difference in the mode of
interaction (380). The pattern of immobilization of spin labels
attached to the surface of maltose-BP suggests that just the N
lobe mediates the initial interaction of maltose-BP with the
transporter, and this observation may account for the similar
affinities of open and closed BPs (18). Consistent with this
idea, the N lobe of maltose-BP could be cross-linked to MalG
in both the presence and absence of maltose (91).

(ii) BPs stimulate ATP hydrolysis. Insight into the interac-
tion between BPs and transporters comes from the observation
that the addition of BP stimulates the in vitro ATPase activity
of the transporters (100, 281). In the maltose and histidine
transport systems, rates of ATP hydrolysis are 6- to 10-fold
higher in the presence of the transported substrates than in
their absence, although the ligand-free BP can also stimulate
hydrolysis (100, 361). Maltose analogues that fail to induce
closure of maltose-BP do not stimulate ATPase activity and
fail to be transported, suggesting that maltose-BP needs to be
in the closed conformation to initiate a cycle of transport and
hydrolysis (183). The ability of ligand-free BP to stimulate
activity could reflect its ability to close in the absence of sub-
strate and indicates a potential for futile cycling of ATP hy-
drolysis in vivo if the BPs are expressed but not saturated with
substrate.

A transition state analogue for ATP hydrolysis, consisting of
Mg, ADP, and vanadate, traps a high-affinity complex of mal-
tose-BP and MalFGK,, suggesting that maltose-BP stimulates
ATP hydrolysis by stabilizing the catalytic transition state of
the nucleotide (69). In the absence of the analogue, the affinity
between maltose-BP and MalFGK, is estimated to be in the
range of 25 to 100 wM, based on the K,, for maltose-BP in the
transport reaction (106, 300). Hence, the transporter must pass
only transiently through this high-affinity conformational state
to stimulate hydrolysis. Maltose is most logically transferred
from maltose-BP to MalFGK, while these proteins are tightly
bound, thereby coupling transport to ATP hydrolysis.

(iii) Conformational changes associated with transport. A
considerable amount of data, both structural and biochemical,
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FIG. 11. Concerted model for maltose transport. In the absence of
maltose, the MalFGK, transporter rests in a conformation in which the
NBD dimer interface is open and the translocation pathway is exposed
only to the cytoplasm (P-closed conformation). On binding of maltose,
the periplasmic maltose-BP undergoes a conformational change from
open to closed, and interaction with the closed maltose-BP in the
presence of ATP triggers a global conformational change in which the
NBDs close to promote ATP hydrolysis, maltose-BP becomes tightly
bound to MalFGK,, and both maltose-BP and MalFGK, open at the
periplasmic surface of the membrane to facilitate the transfer of sub-
strate from maltose-BP to a binding site in the membrane (P-open
conformation). Following ATP hydrolysis, which destabilizes the NBD
dimer, the transporter returns to the resting state and maltose com-
pletes its translocation across the membrane. (Adapted from reference
69 with permission of the publisher. Copyright 2001 National Academy
of Sciences, U.S.A.)

supports a model in which nucleotide binding induces closure
of the NBDs. Distance measurements between lobes of mal-
tose-BP, obtained from spin-spin interactions in EPR experi-
ments (184), indicate that maltose-BP is open when it is tightly
bound to the transporter (18). ["*C]maltose is not tightly
bound in this conformation, consistent with the fact that mal-
tose-BP is open (18). From the accumulated data, a model for
transport by BPD ABC transporters evolves (Fig. 11), in which,
in the absence of substrate, maltose-BP is open and the trans-
porter rests in a periplasmic closed (P-closed) conformation,
even in the presence of ATP. We suggest that binding of
maltose triggers the closure of maltose-BP and that interaction
of the closed, liganded BP stimulates ATP hydrolysis by allow-
ing the NBDs to close. In our model, we believe that these
changes occur in one concerted action in which maltose-BP
becomes progressively more tightly bound to the transporter as
it opens and as the NBDs close. Though little is known about
the nature of conformational change in the TM domains, this
second conformation has been designated P-open, to indicate
that conformational changes known to occur in the peripher-
ally associated proteins (maltose-BP and the MalK dimer) may
promote movement of adjacent helices in similar directions. In
this way, a cytoplasmic exit from the translocation pathway
closes while the periplasmic entrance opens to receive the
substrate from the BP (Fig. 11). Tight binding between the BP
and transporter would ensure efficient transfer of maltose to
the transporter when maltose-BP is open. Schneider and col-
leagues have detected, by protease susceptibility analysis, con-
formational changes in the extracellular loops of MalF and
MalG associated with this conformational transition (93).

A site of interaction between the IM domains and the NBDs
in the maltose transporter was first identified by genetic and
biochemical approaches as a short, loosely conserved pattern,
the EAA motif, located in a cytoplasmic loop of MalF and of
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MalG (319). Secondary structure predictions suggested that
the EAA region is structured, forming two short a-helices
separated by a loop containing a highly conserved glycine res-
idue (421). Mutations in the EAA motif of either MalF or
MalG slightly affect or do not affect transport, but a synthetic
defective transport phenotype arises when both mutations are
present in the same transporter. The observation that MalK is
found in the cytosol in some of these maltose-negative mu-
tants, as seen in strains in which the malF and malG genes are
deleted, suggests a role in subunit interaction. Suppressor mu-
tations in malK that restore transport were selected from these
maltose-negative mutants, and they mapped mainly in the he-
lical domain of MalK, consistent with the idea that the EAA
regions constitute a recognition site for the helical domains of
ABC ATPases. The proximity of residues in the EAA motifs of
MalF and MalG to MalK was further confirmed through cross-
linking experiments (215). The hypothesis that the EAA motif
constitutes a site of interaction between the IM proteins and
the conserved ABC modules (89, 244) is clearly proven correct
by structural studies (205, 285, 343, 366).

The simplest model for coupling of ATP hydrolysis to con-
formational changes in the IM domains would involve the
movement of the EAA loops, in concert with the helical do-
mains of MalK, further apart and closer together as the MalK
dimer opens and closes. This type of loop motion may be
sufficient to mediate the gating of the IM region, although
other mechanisms, which may involve nucleotide-dependent
changes in the nature of the interaction of each individual
NBD with its corresponding IM domain, may also come into
play.

Intriguingly, incubation of ATP with the intact transporter in
the absence of Mg?" to prevent hydrolysis also triggers forma-
tion of a complex of transporter with maltose-BP bound in the
open conformation (18), though a stable complex is not
formed, as the addition of Mg?" will allow turnover and return
the system to the resting state. The nonhydrolyzable ATP an-
alogue Mg - AMP-PNP also triggers the formation of this con-
formational state (18). The conformational change from the
P-closed to P-open state is therefore not solely a property of
the catalytic transition state; the binding energy obtained
from both ATP binding under noncatalytic conditions and
maltose-BP binding is sufficient to stabilize the P-open
conformation.

If BPs and transporters are in contact when they open at the
periplasmic surface of the membrane, then binding of different
ligands could lead to subtle variations in the trajectory of
rotation of the BP or in the initial degree of closure, which
could affect the rate of transport. In the histidine transporter,
where both the histidine-BP (HisJ) and the lysine-arginine-
ornithine-BP bind multiple ligands, the K, for binding of sub-
strate to the BP does not correlate with the K, for substrate
transport (528), suggesting that other factors do influence
translocation (527). Although crystallization experiments do
not reveal differences in the conformational states of BPs
bound to different substrates (339, 554), conformational dif-
ferences in HisJ bound to different ligands are measurable by
several other criteria (258, 527). While no ligand-dependent
differences are found in the equilibrium between open and
closed forms of BP, one factor that correlates with the ability
of different ligands to stimulate ATPase activity is the rate of
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decay of intrinsic (tryptophan) fluorescence anisotropy, a mea-
sure of protein dynamics (258). It was suggested that there may
be only one orientation of the two domains that induces
ATPase activity and that different ligands alter the degree of
interdomain motion in the closed conformation, thereby af-
fecting the frequency with which the proper orientation is
achieved.

For type III BPs, those that do not obviously undergo ligand-
induced domain rotations, including BtuF (235) and FhuD2
(435), the mechanism of coupling of transport to hydrolysis
described herein may differ. In proteoliposome-based assays,
the first reported for a type III BP (38), the addition of the
BtuF protein does stimulate the ATPase activity of the trans-
porter, though only ~2-fold, as the transporter has a high basal
activity. BtuF displays a high affinity for the transporter, sug-
gesting that it may not cycle on and off the transporter as
depicted for maltose-BP. Also in contrast to the case for mal-
tose-BP, the presence or absence of vitamin B, has no effect
on the ability of BtuF to stimulate ATPase activity, a result that
is consistent with the idea that BtuF does not undergo major
conformational changes in response to substrate binding.

BP-independent mutants may mimic the P-open conforma-
tion. Several lines of evidence suggest that mutations in the
maltose and histidine transporters that allow transport in
the absence of BP have altered the conformational state of the
transporter. In contrast to the case for the wild type, where BP
stimulates ATPase activity, these mutant transporters have
gained the ability to hydrolyze ATP in the absence of BP (100,
361). The addition of substrate without BP does not affect the
rate of ATP hydrolysis, consistent with the hypothesis that the
conformational state of the BP, rather than the interaction of
the transporter with the transported substrate, influences the
rate of ATP hydrolysis (100). Fluorescence and protease sen-
sitivity studies of the MalF500 mutant revealed that the BP
rests in a conformational state that is more similar to that of
the vanadate-trapped transporter than to the nucleotide-free
conformation (93, 299). These mutations may allow the BP-
independent transporters to undergo conformational changes
necessary for transport (closure of NBDs and opening of the
periplasmic surface) without the added energy obtained from
BP interaction that is essential for the wild type. Maltose-BP
binds with higher affinity to the MalF500 transporter than to
the wild type in the absence of nucleotide (299). In keeping
with the model in Fig. 11, we suggest that the P-closed con-
formational state presents a low-affinity binding site for BP,
while the P-open conformation presents a high-affinity binding
site for BP. A functional consequence of the untimely exposure
of this high-affinity binding site in MalF500GK, is that mal-
tose-BP inhibits maltose transport by MalF500 (488) without
drastically altering the ATPase activity (100). The ability of
open maltose-BP to dock to the BP-independent transporter
may disrupt the design of the coupling mechanism. Interest-
ingly, reduced maltodextrins, which bind in a mode that favors
the open over the closed conformation of maltose-BP in solu-
tion, are transported by the BP-independent MalG511 trans-
porter but not by the wild-type transporter (130, 183). In this
example, partially or fully open maltose-BP may be accommo-
dated by the transporter either partially or fully in the P-open
conformation, thereby restoring a productive interaction.

BP-independent mutants of the histidine transport system
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also gain the ability to hydrolyze ATP in the absence of BP.
However, the addition of BP to BP-independent mutants con-
sistently restores high-affinity transport (459) and further in-
creases the rate of turnover of ATP (361). Since the rates of
transport by these mutants were too low to be measured
readily, they may represent a population of transporters in
which the energy barrier associated with conformational
change is just marginally overcome by mutation. Interestingly,
the point mutations leading to BP-independent transport in
this system are located exclusively in the ATPase subunit,
HisP, while those in the maltose system are located exclusively
in the TM subunits, MalF and MalG (80, 459). Another dif-
ference is that only single point mutations were observed in
HisP, while almost all BP-independent mutants in MalF/MalG
contained two point mutations. Several of the mutations in
HisP lie in a hinge between the helical domain and the RecA-
like domain that could affect the energetics of ATP-induced
closure of NBDs to allow transport in the absence of BP (227).
One distinction between the maltose and histidine systems may
lie in the presence of the RD of MalK, which could impact the
energetics of domain closure, requiring a different mechanism
to overcome the need for BP. Alternatively, the stringency of
the screen may have differed substantially, as the mutants for
maltose had mutations in the chromosome and displayed ro-
bust transport, while the mutants in the histidine transporter
had mutations in an overexpressing plasmid, and marginal
increases in ATPase activity might have been sufficient to allow
growth in the absence of BP.

Structures of BPD importers. The desire to obtain high-
resolution structural data has fueled an interest in archaeal
ABC transporters, as thermostable proteins may stand up bet-
ter to the rigors of crystallization than their bacterial counter-
parts do (177, 423, 508). Several recent reviews discuss the
unique properties of the archaeal transporters (4, 74, 270).
The molybdenum transporter from Archaeoglobus fulgidus is
the first such success for an intact ABC transporter (205).
Atomic-resolution structures of three other bacterial importers
have also been determined (285, 343, 366). All of these struc-
tures provide detailed pictures of how the IM domains interact
with the ABC domains and with each other. Furthermore, they
reveal two different conformations of the transporter, with
putative substrate pathways opening in two opposite directions
(Fig. 12). Structural comparison of these conformations pro-
vides invaluable information on how substrates are alternately
exposed to opposite sides of the membrane, a key feature
proposed for all transporters.

The IM subunit of BtuCD (285), the vitamin B,, importer,
contains 10 TM helices rather than the 6 TM helices seen in
most ABC families. Interestingly, the TM helices vary in
length, ranging from 12 to 35 residues in BtuCD. Three helices
are too short to span the membrane and are compensated for
by the presence of several hydrophobic loops folded into the
center of the predicted lipid bilayer. The main contacts be-
tween the IM and ABC subunits are through a cytoplasmic
loop between two TM helices and the Q loop in the ABC, as
first demonstrated by Dassa and colleagues (319). The two
ABC s are folded as expected from the structures of isolated
ABGCs, and the nucleotide-binding interface is open, as would
be anticipated in the absence of ATP (Fig. 7).

The crystal structure of a BtuCD homolog, the putative
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metal-chelate transporter of Haemophilus influenzae, HI1470/1
(366), was recently reported. The structures of BtuCD and
HI1470/1 appear to represent two different conformational
states of an ABC transporter (Fig. 12). The predicted translo-
cation pathway in BtuCD is open to the periplasm and closed
at the cytoplasmic side of the lipid bilayer, whereas the trans-
location pathway in HI1470/1 faces the opposite direction and
is open only to the cytoplasm. Intriguingly, this seemingly dra-
matic change in the orientation of the translocation pathway
actually involves rather small changes in the IM and ABC
subunits. Comparison of one IM subunit between the two
structures reveals that seven TM helices can be superimposed
and only three helices shift substantially in their orientation
(366). Comparison of both IM subunits in both structures
reveals an additional 9° twist of one IM subunit relative to the
other in one of the two structures. The two ABC subunits of
both structures are different from each other, though both
display open conformations compared to the closed, ATP-
bound form of MalK (68). The HI1470 dimer closely resembles
the semiopen form of MalK, and the BtuD dimer exhibits a
more closed conformation.

The complete structure of an archael importer, the putative
molybdate transporter ModB,C, from Archaeoglobus fulgidus,
has been determined in complex with its BP, ModA (205). This
structure lacks nucleotide, and in keeping with other structures
(68, 285, 366) and proposed models (457), its nucleotide-bind-
ing interface is open. Compared to the BtuCD and HI1470/1
structures, the IM ModB subunits are smaller, with just six TM
helices per subunit, and the architecture diverges from the
side-by-side architecture of the former in that TM helix 1 of
one ModB subunit crosses over to form part of the IM domain
that includes TM helices 2 to 6 of the second ModB subunit.
The presumed translocation pathway through the center of the
molecule is closed at the external surface and open to the
cytoplasm and is shielded from the membrane bilayer. Intrigu-
ingly, the BP is bound to the transporter in an orientation that
places the substrate-binding cleft over the presumed gate to
the translocation channel, and both lobes of the BP contact the
transporter, consistent with earlier predictions for maltose-BP
(80, 282, 303). Residues involved in gating access of the trans-
location channel to the outside of the cell reside in TM helix 3
and TM helix 5 and consist of two highly conserved motifs in
the MOI family of molybdate, sulfate, and phosphate import-
ers (205).

The structure of the maltose transporter MalFGK,, from E.
coli has been determined at 2.8-A resolution in an intermedi-
ate conformation that likely resembles the catalytic transition
state for ATP hydrolysis (343). Substitution of Gln for the
catalytically important Glu residue (E159Q) trapped a confor-
mation with ATP bound in a closed MalK dimer and mal-
tose-BP tightly bound on the opposite side of the transporter in
an open state, forming part of the boundary of an occluded,
water-filled cavity that reached halfway into the TM regions of
MalF and MalG (Fig. 12). Maltose was bound in a binding site
at the base of this cavity. Interestingly, a periplasmic loop of
MalG had inserted into the open substrate-binding cleft of
maltose-BP, obscuring the binding site for maltose in maltose-
BP, thereby ensuring that maltose was released into the cavity
as the nucleotide-binding subunits closed to hydrolyze ATP.
This structure is largely consistent with the experimentally
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FIG. 12. Structures of four importers. All transporters consist of four subunits, including a homodimer or heterodimer of IM subunits and a
homodimer of NBD subunits. The ModB,C, transporter is cocrystallized with ModA, a periplasmic BP in a closed, liganded conformation (cyan).
The ligand, molybdate, is represented with a space-filling model. Maltose-BP (purple) is trapped in complex with MalFGK, by using an E159Q
substitution in MalK to prevent ATP hydrolysis (343). Nucleotide (ATP) is present only in MalFGK,E. A space-filling rendition of MalFGK, is
cut away to reveal an occluded pocket containing bound maltose. (Lower panel modified from reference 343.)

derived model shown in Fig. 11 and reveals a conformation of
the TM helices which closes the translocation pathway facing
the cytoplasm and opens a translocation pathway facing the
periplasm. The structure offers a framework for understanding
the unidirectional nature of transport anticipated for ABC
transporters if the BPs block exit to the periplasm during ATP
hydrolysis. Likewise, it raises the question of whether a BP-
independent mutant functions in just one direction or if sub-
strate could exit during a cycle of ATP hydrolysis. Interestingly,
whole-cell assays monitoring uptake and efflux of radiolabeled
amino acids suggest that several BPD transporters are bidirec-

tional and may have a role in the secretion of amino acids
accumulating in the cell as a result of metabolism (208). It
remains to be seen how these results will be reconciled with
the emerging model for BPD uptake.

One feature that is conserved between transporters is the
placement of one helix in the EAA loop (319) in a cleft on the
surface of the NBDs. This portion of the EAA loop, also
referred to as the coupling helix (205), forms the major contact
between IM domains and NBDs in ABC transporters and
therefore must mediate the coupling of transport to hydrolysis.
A similar organization was found for the EAA regions of
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BtuCD (285), ModB,C, (205), MalFGK, (343), and HI1470/1
(366). Interestingly, the conserved Glu residue of the EAA
motif forms a salt bridge with an Arg located just after the
Walker A motif of MalK (343).

Further comparison of the structures of MalEFGK, and
ModAB,C, revealed very similar folds for the TM domains
(343), consistent with the close positioning of the OSP and
MOI families in the phylogenetic tree shown in Fig. 3. Given
this similarity, it is reasonable to assume that these two struc-
tures are representative of the two conformational states pre-
dicted for ABC transporters, namely, an inward-facing resting
state (Mod) and an outward-facing transition state (Mal).

Biased molecular dynamics simulations of BtuCD are con-
sistent with the idea that closure of the BtuD dimer, as seen in
the ATP-bound MalK dimer, would lead to an opening trend
of the IM BtuC dimer toward the periplasm, while further
opening of the BtuD dimer would lead to an opening trend
toward the cytoplasm (458). Interestingly, in separate simula-
tions of BtuCD with ATP bound (222), NBD closure did not
occur unless the BP BtuF was docked at the periplasmic sur-
face, and as alluded to earlier (see “Role of Two Nucleotide-
Binding Sites”), only one of the two ATP-binding sites actually
closed, though outward movement of the lobes of this type III
BP was coupled to this closure, as depicted in the model for
maltose transport (Fig. 11).

BP-Independent ABC Importers

While the vast majority of importers are class 3 BPD im-
porters, several exceptions have been discovered. In an earlier
bioinformatic analysis, we identified a family of ABC trans-
porters sharing similarity with the putative cobalt transporter
of Salmonella (87). These transporters form two subfamilies in
our phylogenetic classification, namely, CBU for cobalt trans-
porters and Y179 for transporters of unknown substrate spec-
ificity. In addition to sequence conservation, these transporters
share the overall organization of their subunits, justifying their
assignation to the same family (CBY). Their distinguishing
characteristic is that they apparently lack a typical extracyto-
plasmic BP. The union of functional genomics and experimen-
tal investigation has revealed an unexpected complexity in
these two subfamilies of systems, as discussed below.

Cobalt and nickel transporters (CBU subfamily). The pres-
ence of an ABC transporter for cobalt was recognized when
the complete sequences of the loci encoding cobalamin (vita-
min B,,) biosynthetic enzymes in Salmonella were determined
(407). The putative core transporter is comprised of an ATP-
binding protein, CbiO, and a cytoplasmic membrane protein,
CbiQ, with seven TM helices. In addition, a set of two mem-
brane proteins, CbiM and CbiN, are predicted to form a com-
plex with CbiO and CbiQ. While heterologous expression of
CbiMNOQ in E. coli catalyzes cobalt uptake, expression of the
CbiMN subunits by themselves also mediates significant cobalt
transport, suggesting that the CbiQO ABC transporter may
be required for additional energization of a core CbiMN
transporter (402).

In a systematic in silico analysis of transition metal trans-
porters, Rodionov and coworkers identified other genes simi-
lar to those encoding the CbiMNOQ transporters (402). Anal-
ysis of upstream regulatory elements revealed two groups of
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transporters, those that were likely to be controlled by the
availability of vitamin B, (cobalt transporters) and those that
were likely to be controlled by nickel. The putative nickel
transporters were renamed NikMNOQ. Heterologous expres-
sion of the nikMNOQ operon of Rhodobacter capsulatus in E.
coli confirmed the nickel transport activity (402). These trans-
port systems are different from the previously described
NikABCDF transporter, which is a “classical” BPD ABC im-
porter similar to the oligopeptide ABC importers (328).

Biotin and hydroxymethyl pyrimidine uptake systems (Y179
subfamily). In Sinorhizobium meliloti, mutations in the bioM
and bioN genes lead to reduced biotin uptake. These two genes
share strong similarity with the cbiO and cbiQ genes described
above (140). Disruption of the Rhizobium etli bioM gene results
in a mutant that takes up biotin at a lower rate than that of the
wild type. The R. etli bioMN operon comprises a third gene,
bioY, that encodes a putative membrane protein whose inacti-
vation also leads to reduced biotin uptake (181). Heterologous
expression of the bioMN-bioY operon and of the single bioY
gene of R. capsulatus confers biotin transport activity on re-
combinant E. coli cells (190). Kinetic analyses led to the notion
that although BioY alone displays significant transport activity,
the additional expression of BioMN leads to a transporter with
a higher affinity for biotin. The Rodionov group also detected
Y179 subfamily ABC transporters under the control of the
THI element, involved in thiamine regulation, predicted to be
involved in the transport of hydroxymethyl pyrimidine, a pre-
cursor in the biotin biosynthetic pathway (403).

Class I IM-ABC transporters that may be importers.
Yersinia pestis, the causative agent of plague, makes a siderophore
termed yersiniabactin that is used to obtain iron during growth
at 37°C. The genes required for the synthesis and utilization of
yersiniabactin are located within a chromosomal locus called
pgm that contains ybtP and ybtQ, two genes that encode pro-
teins similar in sequence and topology to MsbA and other drug
exporters with an IM-ABC organization. Strains containing
mutations in these genes are unable to grow on iron-deficient
media at 37°C and cannot be cross-fed by culture supernatants
from a yersiniabactin-producing strain of Y. pestis. They still
produce yersiniabactin, suggesting that YbtP and YbtQ are
needed for siderophore uptake (155). This would be the first
example of a bacterial importer with fused IM and ABC do-
mains. A very similar system has been found in Mycobacterium
tuberculosis, where IrtA and IrtB do not participate in sid-
erophore synthesis or secretion but are required for efficient
utilization of iron from Fe-carboxymycobactin (405). However,
the substrates and polarity of transport of such systems are still
open questions, since a recent report on IroC, which displays
the same structural organization as YbtPQ and IrtAB, strongly
suggests a role for this ABC transporter in the export of the
siderophore salmochelin (81).

EXPORT OUT OF THE CYTOPLASM BY
CLASS 1 TRANSPORTERS

Prokaryotic ABC exporters of class 1 (Fig. 2c, diagram H)
are abundant and have close homologues in eukaryotes. Two
types of systems have been studied extensively, one involved in
protein export and the other involved in drug efflux. In both
prokaryotes and eukaryotes, ABC proteins have gained noto-
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FIG. 13. Cytochrome c-type biogenesis through the CcmA to CcmH and CydDC pathways. CcmA and CemB (CemA,B,) may form an ABC
transporter for the transport of an as yet undiscovered molecule, and CemC was proposed to export heme (represented as a cross with a dot) into
the periplasm. Alternatively, a CcmA,BC complex may be involved in the export of heme. After transport, heme is transferred to the heme
chaperone CcmE. CemE is proposed to shuttle between CemC and CemF, and the protein CemD has been shown to facilitate the interaction
between CcmC and CemE. Heme is transferred from CemE to CemF, which, in association with CemG and CemH, forms a heme-lyase complex.
CemG and CemH maintain the apocytochrome (apo-cytc; green oval) in a reduced state. CemG interacts with a periplasmic domain of the DsbD
protein, which transfers electrons from the cytoplasm to the periplasm. Export of reductants such as cysteine or glutathione by the CydDC ABC
transporter would help to maintain periplasmic redox homeostasis. This figure is based on data summarized in references 75 and 480.

riety because they can contribute to the resistance of cells to
anticancer agents (66) and antibiotics by pumping them out of
cells. Proteins secreted from bacteria include toxins, hydrolytic
enzymes, S-layer proteins (28, 542), lantibiotics, bacteriocins,
and competence factors (350). They also play important roles
in biosynthetic pathways, including extracellular polysaccha-
ride biosynthesis (552) and cytochrome biogenesis (374).

Cytochrome biogenesis provides an interesting example of
how ABC proteins can be involved in bacterial metabolism in
unique ways. Two ABC systems impact the biogenesis of cy-
tochromes ¢ and/or bd in E. coli. While apo-cytochrome c is
secreted via the traditional Sec-dependent pathway, the heme
group required for function is transported separately and as-
sembly of the holoenzyme occurs in the periplasm (Fig. 13).
While early work implicated both CydCD and CcmAB ABC
transporters in heme export (374), more recent work has
shown that neither is essential for heme transport (79). CydCD
may mediate the export of reducing equivalents (cysteine and
reduced glutathione) into the periplasm, influencing biogene-
sis by maintaining a redox environment favorable to the as-
sembly of heme into the heme-binding motif (Cys-X-X-Cys-
His) in cytochrome ¢ (172, 173, 367, 368). In the Ccm system,
CcmE appears to act as a heme chaperone, and the most
recent hypothesis for function is that ATP hydrolysis by
CcmAB may mediate the release of holo-CcmE from CemC,
allowing transfer of heme to cytochrome c (145).

Protein Trafficking between and across Membranes

Components of a type I protein secretion system. Type I
secretion systems in gram-negative organisms consist of three
components, an IM-ABC-type ABC transporter, a membrane
fusion protein (MFP) (117), and an outer membrane factor
(OMF) (357), that function together to secrete virulence pro-
teins, including bacteriocins (protein toxins targeting other
bacteria), across both the inner and outer membranes, bypass-
ing the periplasm (Fig. 2c, diagram H). OMFs also interact
with other types of IM transporters, including resistance-nod-
ulation-cell division (RND) and MFS proteins, to mediate the

extrusion of low-molecular-weight hydrophobic substances, in-
cluding antimicrobials, from the cell (Fig. 2c, diagram G) (see
reference 138 for a review). Following substrate recognition,
the ABC transporter presumably transports the proteins across
the inner membrane and directly into a tunnel formed by the
OMF. Some of the most important new insights into function
have been obtained through high-resolution structures of these
accessory proteins, shown in Fig. 14 modeled in complex with
AcrB, an IM-RND-type transporter (199). Based on images
obtained by electron microscopy, the periplasm is thought to

FIG. 14. Model depicting export across two membranes. Both
RND and ABC transporters interact with OMFs and MFPs to form a
continuous translocation pathway across both the inner and outer
membranes of gram-negative bacteria. This model offers one possible
juxtaposition, using the structures of the OMF TolC trimer, the MFP
MexA, and the RND AcrB trimer. (Reprinted from reference 199 with
permission of the publisher. Copyright 2004 National Academy of
Sciences, U.S.A.)
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be 13 to 25 nm wide (132, 175), making the model in Fig. 14
feasible. Several excellent reviews on type I systems are avail-
able (111, 203, 204, 542).

Similar protein secretion systems are operative in gram-
positive bacteria. Although they lack an OMF, they often have
a protein similar to MFP that is essential for export (see ref-
erence 314 for a review). Competence-stimulating peptides are
one class of proteins secreted from gram-positive bacteria via
these systems (213). Lantibiotics, antimicrobial peptides con-
taining posttranslationally modified amino acids such as dehy-
drated amino acids and lanthionine residues, are secreted only
by gram-positive bacteria, and no MFP homologue has been
detected in operons carrying lantibiotic biosynthetic genes
(350).

In gram-negative organisms, three protomers of the OMF
protein join to form a single B-barrel that spans the outer
membrane and a channel of 30 A in diameter that is bounded
by long helical coiled coils and extends into the periplasm (1,
254) (Fig. 14, green section). In TolC, the B-barrel domain
appears wide open, whereas in the OprM structure, internal
loops constrain the size of the opening, suggestive of a gating
property. In both structures, the channels taper closed at their
periplasmic entrances. Opening of this entrance appears to be
achieved by an iris-like motion of the helices (1, 254); muta-
tions have been isolated that increase the current through
TolC, perhaps by loosening interactions between helices (16),
and disulfide cross-linking between helices designed to restrict
such a motion inhibits activity in vivo (142).

The MFP is thought to promote the attachment of the IM-
ABC protein to the OMF, though it may also form part of the
translocation channel. Crystal structures of the MFP MexA
reveal an elongated monomer with an extended «-helical
coiled-coil domain and two globular domains consisting pri-
marily of B-strands (2, 199). Substantial biochemical evidence
suggests that MFPs exist as oligomers (329, 334, 549), and in
crystals, MexA protomers oligomerize in spirals, forming the
basis for the model in Fig. 14 (blue section). In contrast to
earlier predictions that suggested that MFPs might span the
periplasm with their N and C termini bound to the inner and
outer membranes, respectively (548), the structures suggest
that both the N and C termini are likely to lie in close proximity
to the inner membrane. Mutagenesis and suppressor analyses
suggest that the C termini of the MFPs interact with the inner
membrane transporters (at least in the case of the RND trans-
porters Mex and Acr) (139, 329, 330), while the N terminus
may be involved in oligomerization of the MFPs (329).

The IM-RND-type transporter AcrB, which has 12 TM do-
mains and a large periplasmic domain, is a trimer in crystallo-
graphic form (323, 376, 544) (Fig. 14, white section). In con-
trast, IM-ABC components do not appear to have large
periplasmic domains, so substantial differences in the mode of
attachment with MFPs are anticipated. It may be that the
modular structure of MFPs aids in their ability to facilitate
interaction between IM proteins of different families and struc-
turally similar OMFs.

Mechanism of action of type I protein secretion. The path-
way by which proteins traverse the inner membrane is not well
studied, but two interesting possibilities can be suggested.
First, the translocation pathway may lay within the presumed
TM helix bundles, as proposed for BtuCD based on the pres-
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ence of a cavity along the dimer interface large enough to
accommodate the substrate (285). Alternatively, multiple ABC
proteins could come together in the membrane to form a
central translocation pathway, as seen for AcrB. In AcrB, a
translocation pathway through the periplasmic domain of the
monomer that releases substrates into a centrally located fun-
nel-shaped cavity formed by the trimer has been identified
(322, 436). This cavity is closed to the periplasm in the AcrB
structure and presumably opens in concert with TolC to pass
substrates into the exit channel. The appeal of such a model is
based on a symmetry argument, as it would be easier to dock
the TolC trimer to an inner membrane trimer of HlyB dimers
than to a single HlyB dimer.

(i) Signal for protein secretion. Most proteins and peptides
that are secreted from the cell contain a special signal se-
quence that allows for recognition by cell secretory systems.
For example, proteins destined for secretion by the general, or
Sec-dependent, secretory pathway in E. coli and other organ-
isms have a distinctive hydrophobic N-terminal signal sequence
that is cleaved off during the translocation process by a leader
peptidase (86). In type I secretion systems, secreted protein
toxins, including hemolysin (HlyA), have signal sequences at
the C terminus that are not cleaved during transport. HlyA
belongs to a repeat-in-toxin (RTX) family that is defined by a
conserved glycine-rich repeat. This repeat is located just before
the signal sequence in the linear sequence of the protein (111).
The C terminus of the HasA protein from Serratia marcescens,
which is involved in heme acquisition, is cleaved, but by se-
creted proteases after the transport step (223). While the struc-
ture and function of the C-terminal signal have been studied
extensively and some conserved primary and secondary struc-
tural elements have been identified in this region, a clear con-
sensus on what is required for substrate recognition has not
been reached (202, 212, 261); NMR analyses suggest that this
region of the protein is largely unstructured (223).

Smaller antibacterial proteins and peptides, including colicin
V, bacteriocins, and lantibiotics, carry a signal at the N termi-
nus that is cleaved either by cysteine protease activity associ-
ated with a cytosolic N-terminal extension of the cognate ABC
transporter or by a dedicated extracellular serine protease (9,
189, 314, 499). These sequences contain a double-glycine motif
surrounding the cleavage site.

(ii) Signal recognition by type I machinery. In contrast to
the case for periplasmic BPD transporters, where substrate
recognition is understood at the molecular level, the region(s)
of the type I secretion proteins that interacts with the signal
sequence is unknown. Genetic suppressors of a deletion within
the signal sequence of HIyA mapped to regions in the ABC
protein HlyB that appear to correspond to the intracellular
domain (ICD) of importers, suggesting that this region may be
involved in signal recognition (551). More recently, direct ev-
idence of binding between the isolated NBD of HlyB and a
truncated HlyA protein containing the C-terminal signal was
detected by surface plasmon resonance (24). Interestingly,
binding of the cytoplasmic N terminus of the MFP HlyD to
HIyA has also been hypothesized as an initial or early step in
recognition, since these proteins can be cross-linked in vivo,
even in the absence of HlyB (19, 479).

(iii) Protein substrates are unfolded during secretion. Given
the small size of a typical ABC transporter, it is unlikely that
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folded proteins pass through ABC proteins in the cytoplasmic
membrane. SecB, a cytoplasmic chaperone that functions to
slow the rate of folding of proteins destined for secretion by
the general secretory pathway, slows the folding of HasA and
is required for secretion of HasA, suggesting that HasA must
be unfolded to be transported (112, 418, 529). If HasA is
allowed to fold in the cytoplasm, it inhibits secretion of newly
synthesized molecules, suggesting that the folded protein re-
tains affinity for the transporter but is not competent for trans-
port (109). Most proteins that are secreted by type I systems do
not require SecB; instead, it has been proposed (204) that the
conserved glycine-rich repeat (RTX), present in most type I
substrates but absent from HasA, may serve the same function
by delaying the folding process. The glycine-rich motifs bind
Ca?", and the scarcity of Ca* in the interior of the bacterial
cell may prevent the folding of the repeat, facilitating the
initiation of the translocation process. Premature folding, as
judged by cytoplasmic disulfide bond formation, prevents
translocation (152). Furthermore, folding of the same disul-
fide-containing protein was not affected by the addition of
competing sulthydryl alkylating agents outside the cell, sug-
gesting that folding may commence as the protein traverses the
periplasm inside TolC (152). The dimensions of the TolC tun-
nel (140 A by 30 A) are similar to those of other protein folding
chambers, such as GroEL and GroES (202, 254). It has also
been suggested that Ca>* needed for folding might be ob-
tained from the lipopolysaccharide (LPS) present in the outer
membrane as the proteins leave the cell (204).

(iv) Interactions between components of the type I machin-
ery. The type I secretion apparatus is not a stable resident of
the cell envelope, but rather, it may assemble to allow trans-
port only following binding of the substrate to be transported.
A three-step model for translocation emerged from the HasA
system. Different combinations of secretory components were
coexpressed in E. coli and purified by affinity chromatography,
taking advantage of the high affinity of the transport substrate
HasA, a heme-binding protein, for heme. Expressed individu-
ally, only the ABC protein copurified with HasA, but in com-
bination, the MFP and ABC components copurified with HasA
on the heme column, and OMF was found in assembly with
HasA only if both the MFP and ABC proteins were also
present (274). A similar model was proposed for hemolysin
export. Binding of the substrate HlyA to the HlyB-HlyD as-
sembly recruits TolC to the secretion assembly (479). Deletion
of portions of the N-terminal cytoplasmic domain of HlyD
eliminated secretion concomitant with loss of both cross-link-
ing to HIyA and the resultant interaction with TolC, without
disrupting the HlyB-HlyD interaction (19, 365), suggesting that
the transport substrate-induced recruitment of TolC is medi-
ated directly through HlyD.

ATP hydrolysis by the ABC transporter HlyB is required for
transport but not for the HlyA-dependent recruitment of TolC,
since assembly still occurs in a mutant unable to hydrolyze
ATP (479). Documented strategies to lock TolC into a closed
conformation also did not interfere with transport substrate-
induced assembly (16, 142), leaving open the possibility that
ATP hydrolysis by HlyB might be harnessed to open the trans-
periplasmic tunnel to the outside of the cell. Mechanistically,
ATP binding and/or hydrolysis has been documented to dis-
rupt the binding of the isolated NBD to the C-terminal signal
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in HIlyA (24), and if this is true, it may serve to promote
translocation of HIyA across the membrane after the initial
binding step that recruits TolC. Translocation into the
periplasm is prevented in the absence of TolC (253), indicating
that a tight coupling of transport across the inner and outer
membranes is also a part of the regulatory mechanism of this
secretion machine.

Drug Efflux Pumps in Bacteria

Drug resistance in bacteria. Since the discovery of antibiot-
ics in the early 20th century, many pathogenic bacteria have
developed resistance mechanisms that abolish the efficiency of
therapies, and other species are intrinsically resistant to some
antibiotics (5). Bacterial drug resistance has become an in-
creasingly major health problem, reaching a crisis in the last 10
years (277, 514). Several sophisticated mechanisms are in-
volved in these resistance phenotypes, including (i) enzymatic
inactivation of antibiotics (101, 531), as seen for B-lactams
(43); (ii) modification of the antibiotic target (for example,
enterococci synthesize a cell wall precursor with a modified
terminal dipeptide, leading to vancomycin resistance) (399);
(iif) a decrease in membrane permeability to the antibiotic,
resulting from mutation or modification of porin expression
(104); and (iv) an increase of antibiotic efflux from the bacte-
rial cell.

Active efflux. In 1980, Levy and colleagues presented the first
evidence that antibiotic resistance was caused by active efflux
of a drug (308), although drug efflux mediated by the P-glyco-
protein in mammalian cancer cells was described even earlier
(230). Because P-glycoprotein is perhaps the best-studied ef-
flux pump and has offered important insights into the mecha-
nism of bacterial pumps (see references 8, 290, 419, 448, and
539 for a review), we will periodically refer briefly to work on
this eukaryotic system. Efflux systems are now thought to play
an important role in bacterial drug resistance (278, 288, 372).
Whereas some efflux pumps are selective for a given substrate,
many transporters are able to extrude a plethora of structurally
unrelated drugs, conferring a multidrug resistance (MDR)
phenotype (263, 278). In addition to a role in antibiotic resis-
tance, some drug efflux pumps also allow the bacterium to
survive in the presence of natural substances produced by its
host, including bile in the intestinal tract and molecules medi-
ating self-defense (363). Bacterial MDR transporters thus par-
ticipate in the persistence of bacteria in their ecological envi-
ronment. Furthermore, some transporters are involved in
pathogenicity and are suspected to export virulence factors
important for colonization and infection of mammalian cells
(363). Interestingly, some bacteria, such as the Actinomycetes,
produce antibiotics that target other bacteria. These antibiotics
are secreted through drug transporters, which also contribute
to self-resistance (or immunity) against the antibiotic (25, 310).

The overwhelming majority of MDR efflux pumps identified
and characterized to date are energized by proton motive
force, and depending on their size, similarity in primary struc-
ture, and topology, they fall into one of four distinct trans-
porter families (383), namely, the MFS (301), the SMR (small
MDR) family (358), the RND family (Fig. 2c, diagram G)
(413), and the MATE (multidrug and toxic compound extru-
sion) family (50). However, several ABC transporters mediat-
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ing MDR efflux in bacteria have also been identified. An ex-
cellent review on the distribution and physiology of these
bacterial transporters was recently published (294).

Drug transport and specificity: an overview of classical
methodologies. Export of drugs by ABC transporters is dem-
onstrated with several types of assays. A cellular resistance
assay is important to establish the physiologic relevance of a
drug transporter. The growth of cells expressing or overex-
pressing the putative MDR gene is compared to the growth of
“control” cells in the presence of increasing concentrations of
drug. The most appropriate control cells are generally the ones
that express a nonfunctional mutant of the MDR protein, but
cells that do not express the protein have also been used.

Whole bacterial cells have also been used to monitor in real
time the transport of ethidium, which is often a substrate of
both ABC (463, 504) and proton-dependent (35, 178, 332, 381,
416, 541) multidrug efflux pumps. Ethidium diffuses into the
bacterial cells, and its fluorescence is greatly enhanced when it
binds to intracellular nucleic acids. Therefore, in the presence
of an active efflux pump and under energized conditions (usu-
ally glucose is added to the cell suspension), the accumulation
of ethidium in the cells is reduced. As a supplementary control,
an inhibitor of the efflux pump, such as reserpine, can be used
in the experiment (11, 332, 463, 504).

Gene expression can be quantified by reverse transcription-
PCR for bacterial strains cultivated in the presence or absence
of select drugs. If a drug or several drugs are able to increase
the expression of a given ABC transporter, it is reasonable to
hypothesize that the drug(s) is a substrate for efflux. Also,
comparison of gene expression between drug-resistant strains
and wild-type strains can be very useful for identifying proteins
involved in drug resistance (293).

Many in vitro assays have been developed to monitor drug
efflux. Inverted membrane vesicles can be prepared from cells
overexpressing a drug pump, and transport of either radioac-
tive or fluorescent drugs can be assayed. In these vesicles, the
NBDs are facing out, and the efflux pump will transport radio-
active substrate into the vesicles in the presence of Mg + ATP.
By the use of rapid filtration techniques, the vesicles can be
retained and washed on a filter, and the radioactivity associ-
ated with the vesicles can be quantified. The alternative use of
fluorescent drugs offers the advantage of visualizing transport
in real time. One of the most commonly used compounds is the
fluorescent dye Hoechst 33342. Due to its hydrophobicity,
Hoechst 33342 concentrates in the membrane bilayer, where it
is highly fluorescent. In contrast, it is only weakly fluorescent in
aqueous medium (444, 445). When Mg - ATP is added to the
system, Hoechst 33342 is transported out of the membrane and
into the vesicle via the ABC protein, resulting in a decrease of
its fluorescence. As illustrated by the experiments with LmrA
discussed below (496), the choice of “control” membranes can
be critical to understanding the mode of transport. Anthracy-
clins, including daunomycin and doxorubicin, constitute an-
other class of fluorescent drugs. Their transport into DNA-
loaded inverted vesicles can be monitored, since their
fluorescence is quenched upon interaction with DNA (182).
Rhodamine 123 transport into inverted membrane vesicles is
monitored as a decrease in fluorescence due to a concentra-
tion-dependent self-quenching of fluorescence (445).

Inverted membrane vesicles have also been used to demon-
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FIG. 15. Schematic representation of the drug-binding sites in P-
glycoprotein, as proposed by Shapiro and Ling. Some drugs bind ex-
clusively in the H site (blue) or in the R site (yellow), while others may
be accommodated in both sites (red). This figure is based on data from
reference 445.

strate that, in P-glycoprotein, low concentrations of Hoechst
33342 stimulate the transport of rhodamine 123, and low con-
centrations of rhodamine reciprocally stimulate the transport
of Hoechst 33342 (445). This effect demonstrates that the
transporter can accommodate the simultaneous binding of sev-
eral drugs. Based on an analysis of drug-drug interactions,
Shapiro and Ling proposed a functional model of P-glycopro-
tein containing at least two positively cooperative sites, the H
site and the R site, for Hoechst 33342 and rhodamine 123,
respectively. The binding sites of some P-glycoprotein sub-
strates, including actinomycin D, appear to overlap the H and
R sites (Fig. 15). Reciprocal stimulation of transport by low
concentrations of drugs is also seen with a bacterial MDR
protein, LmrA, suggestive of at least two binding sites (503),
whereas at higher concentrations these drugs compete, sug-
gesting that they can bind to the other site, though with lower
affinity, as seen also for P-glycoprotein (445). This property
may be unique to MDR transporters and to their transcrip-
tional activators, and the nature of a multiple-drug-binding site
is revealed in the high-resolution structures of these activators
with different drugs bound (430-433, 543, 544).

The ATPase activity of an ABC transporter is usually,
though not always, stimulated by its drug substrates, so this
property is useful for identifying drug transporters as well as
putative substrates for a known drug transporter. The drug
stimulation of ATPase activity is relatively low for bacterial
MDR transporters, however, usually only up to twofold (500).
Furthermore, the ATPase activity of ABC transporters is well
known to be inhibited by orthovanadate. Orthovanadate is
often used to inhibit ATPase activity, to trap ADP in a catalytic
site, or to block a transporter in its transition-state conforma-
tion.

LmrA, the first bacterial ABC MDR transporter discovered.
In 1996, Konings’s group identified the first bacterial ABC
MDR transporter, LmrA (Lactococcus MDR ATP), in Lacto-
coccus lactis (504). LmrA (64 kDa) has a predicted topology of
six a-helical TM segments followed by a single ABC. The
transporter functions as a homodimer, with a topology similar
to that of the human MDR pump P-glycoprotein (503). The
primary sequence of LmrA shares 34% identity with each half
of the P-glycoprotein (25% in the IM domain and 45% in the
NBD). The homology between the two proteins was function-
ally confirmed, since transient transfection of LmrA in human
lung fibroblasts conferred an MDR phenotype (500). Cells
transfected with wild-type LmrA are resistant to many sub-
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strates of P-glycoprotein, including daunomycin, doxorubicin,
vinblastine, vincristine, ethidium, colchicines, and rhodamine
123. Interestingly, resistance is reversed by several P-glycopro-
tein modulators, including verapamil and cyclosporine. Over-
expression of LmrA in a drug-hypersensitive (TolC-negative)
E. coli strain (465) increases resistance to a large variety of
antibiotics (382). In addition, the rate of accumulation of
ethidium in whole bacterial cells is reduced by the expression
of LmrA (302, 504). Inverted membrane vesicles with and
without LmrA have been used to monitor the transport of
radioactive daunomycin (504) or fluorescent Hoechst 33342
(302). Daunomycin transport in vesicles was also inhibited by
compounds which are well known as inhibitors of P-glycopro-
tein (verapamil) and of many MDR pumps (reserpine) (11). In
addition to drugs, the purified, reconstituted LmrA protein has
been demonstrated to transport fluorescently labeled phos-
phatidylethanolamine but not fluorescently labeled phosphati-
dylcholine (302). Complementation of a temperature-sensitive
mutation in another bacterial lipid transporter, MsbA, also
suggests that LmrA has the capability to transport at least
some lipids (397).

Using radioactive vinblastine in conjunction with equilib-
rium binding and rapid filtration techniques, the drug-binding
sites of LmrA have been investigated in detail in a membrane
vesicle system (503). Based on these results, an “alternating
two sites (two-cylinder engine)” mechanism for transport was
proposed (for reviews, see references 501 and 502). In this
model, LmrA contains two drug-binding sites, each of which
alternates in accessibility, displaying high affinity in the inner
leaflet of the membrane and low affinity in the outer leaflet of
the membrane, from which the drug is released. The intercon-
version of these two sites is driven by ATP hydrolysis, and in
the transition state, the high-affinity site is occluded.

Recently, several studies on LmrA revealed the possibility of
a surprising alternative mode of transport. First, according to
van Veen’s group, LmrA can mediate the reverse transport (or
uptake) of ethidium in ATP-depleted cells in the presence of
an inwardly directed drug concentration gradient (20). This
reverse transport correlated with synthesis of ATP (20). The
authors proposed that the LmrA-mediated transport reaction
is not too far from equilibrium under ATP-depleted conditions
and can be driven in the forward or reverse direction depend-
ing on the direction of the substrate gradient.

Second, a truncated version of LmrA, lacking the NBDs
(LmrA-MD), was engineered to study protein-drug interac-
tions (506). Surprisingly, expression of LmrA-MD increased
the sensitivity of L. lactis to several drug substrates, including
ethidium, whose uptake was inhibited by both nigericin and
valinomycin, chemicals that dissipate the TM proton gradient
(ApH) and the TM potential (Ay), respectively. The authors
proposed that truncated LmrA-MD can function as a second-
ary active MDR system, using either ApH or Ays of the proton
motive force (Ap). Mutation of residue E314 in the truncated
LmrA-MD protein eliminated ApH-driven ethidium transport
in a proteoliposome-based assay (450, 506), although it still
allowed Ay-dependent transport of ethidium (450), supporting
the notion that ethidium uptake was mediated by LmrA-MD.
The authors suggested that LmrA may have evolved from a
secondary active transporter precursor by acquiring an NBD
and that ATP hydrolysis by full-length LmrA is able to drive
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the efflux of ethidium and protons from the cell against a
proton concentration gradient. Interestingly, a region of con-
servation, containing a Glu residue, between MDR efflux
pumps of the ABC and RND superfamilies has been identified
(246), although E314 is not located within this conserved
region.

van den Berg van Saparoea et al. (496) questioned whether
LmrA actually functions as a multidrug efflux pump in L. lactis
after they demonstrated that expression of LmrA in cells lack-
ing chromosomally encoded efflux pumps increased rather
than decreased the cytotoxicity of the commonly used efflux
pump substrate Hoechst 33342, whereas expression of a second
ABC transporter from L. lactis, LmrCD, did mediate resis-
tance. In addition, while transport of Hoechst 33342 in in-
verted membrane vesicles depended on both ATP and the
overexpression of LmrA, a mutation in LmrA eliminating ATP
hydrolysis had little impact on the rate of drug extrusion (496).
The observation that inhibition of ATP hydrolysis by vanadate
or by mutation eliminated transport in vesicles containing
LmrCD but not in those containing LmrA further suggested
that Hoechst 33342 transport was not dependent on ATP hy-
drolysis by LmrA. These researchers speculated that the ATP
dependence of Hoechst 33342 transport in vesicles containing
LmrA relates not to ATP hydrolysis by LmrA but rather to the
generation of a pH gradient via ATP hydrolysis by the F_F,
ATPase. The pH change, in turn, expels the drug from the
membrane via the proton-drug symport activity inherent in
LmrA. They also noted that changes in pH may alter the
protonation state of Hoeschst 33342 and hence its fluorescence
and solubility in the membrane. The group of van Veen later
suggested, using purified LmrA reconstituted into proteolipo-
somes, that either ApH or ATP hydrolysis supports Hoechst
33342 transport (507). These studies leave us with many un-
answered questions, including the physiological function of
LmrA and the preferential mode of action of this interesting
transport protein.

LmrCD from Lactococcus lactis. The ydaG and ydbA genes of
Lactococcus lactis are adjacent open reading frames (ORFs)
that encode two half-ABC transporters. Using a nisin-induc-
ible system, these proteins were either expressed separately or
coexpressed in L. lactis (295). Only when both proteins were
coexpressed were ethidium, daunomycin, and BCECF-AM [2'-
7'-bis-(2-carboxyethyl)-5,6-carboxylfluorescein-acetoxymethyl
ester] extruded from cells. Moreover, the two proteins could be
purified as a stable heterodimer, and only the heterodimer had
significant ATPase activity in detergent. Importantly, a Lacto-
coccus lactis strain lacking these genes is hypersensitive to
several toxic compounds (293, 294), and the genes are up-
regulated in MDR strains of L. lactis selected for growth in the
presence of several drugs. YdaG and YdbA were therefore
renamed lactococcal MDR proteins C (LmrC) and D (LmrD),
respectively. LmrCD is the first heterodimeric ABC MDR
transporter to be reported for bacteria. Interestingly, the two
NBDs differ with respect to the conservation of several impor-
tant residues, including the conserved glutamate following the
Walker B motif, which is known to be involved in ATP hydro-
lysis (347). Mutation of this residue suggested a structural
and/or functional asymmetry in the NBDs of LmrCD (296).
Residue Glu587 in LmrD proved to be essential for both drug
transport and ATPase activity of LmrCD, whereas mutation of
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the equivalent residue, Asp495, in LmrC has a less severe effect
on the activity of the heterodimer. Furthermore, photolabel-
ing/cross-linking with 8-azido-nucleotides shows a preferential
cross-linking of 8-azido-ATP to LmrC, while AlFx-induced
trapping of the hydrolyzed nucleotide induces cross-linking
mainly to LmrD. Given that AlFx, like vanadate, functions as
a transition state analogue for ATP hydrolysis, these results
strongly suggest that LmrD is more catalytically active than
LmrC. This observation is interesting because a similar cata-
lytic asymmetry occurs in eukaryotic ABC transporters, such as
MRP1, CFTR, SURI1, PDRS, and TAP (296, 347).

BmrA from Bacillus subtilis. In 1997, the complete sequence
of the Bacillus subtilis genome revealed a preponderance of
ABC transporters, and the functions of most of them are still
unknown (262). This bacterium has 78 transporters, 38 of
which are importers and 40 of which are exporters (385). A
primary sequence comparison performed with the BLAST pro-
gram (385) identified a previously unknown protein, YvcC, as
being most similar to LmrA (462). The 65-kDa YvcC protein
has 42% identity and 66% similarity with LmrA. Biochemical
characterization of YvcC demonstrated its capacity to trans-
port several structurally unrelated drugs, and it was accordingly
renamed BmrA (Bacillus MDR ATP) (463). BmrA is ex-
pressed constitutively in Bacillus subtilis, and a knockout mu-
tant had a lower rate of ethidium efflux than did the wild-type
strain. Overexpression of BmrA in E. coli allowed the prepa-
ration of highly enriched inverted membrane vesicles that
actively and specifically transport classical P-glycoprotein sub-
strates, including Hoechst 33342, doxorubicin, and 7-amino-
actinomycin D. Interestingly, each of these substrates binds a
different site in the P-glycoprotein multisite model of Shapiro
and Ling (445), and Hoechst 33342 reciprocally stimulates the
transport of doxorubicin, demonstrating that these two drugs
do not bind to the same site.

The transport of drugs by BmrA is strictly dependent on its
ATPase activity; either inhibition of ATPase activity by vana-
date or mutation of key catalytic residues in BmrA prevents
transport (463). BmrA has been purified to homogeneity as a
functional dimer in detergent (393) and can bind many P-
glycoprotein substrates and modulators (463). Upon reconsti-
tution into liposomes, BmrA displays positive cooperativity in
ATP hydrolysis (Hill number of 1.34), a property that was
previously described only for some ABC importers (463). Con-
sistent with this, time-resolved fluorescence energy transfer
experiments demonstrated that BmrA functions as a ho-
modimer in liposomes (84). The high basal ATPase activity of
reconstituted BmrA (6.5 pmol/min/mg) is vanadate sensitive
and slightly stimulatable by drugs, usually in the range of 25%.
This rather modest activation might be an intrinsic property of
the transporter, since similar extents of activation are observed
in proteoliposomes of different lipid compositions and in in-
verted membrane vesicles of E. coli overexpressing BmrA
(463).

Structural similarities noted between the ABC and helicase
superfamilies (168) triggered an examination of the role of the
conserved glutamate adjacent to the Walker B motif in BmrA
(347). This Glu was mutated to Asp, Ala, Gln, Ser, and Cys,
and all mutants were devoid of ATPase activity. Use of radio-
active 8-N5-ATP showed that the mutants were unable to per-
form hydrolytic turnover, consistent with a role of Glu as a
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catalytic base in ATP hydrolysis. Furthermore, upon addition
of the nucleotide that drives the closure of NBDs (348), the
mutant transporters reach a conformation in which one mol-
ecule of 8-azido-ATP per transporter is tightly trapped, a stoi-
chiometry in agreement with results obtained later with P-
glycoprotein (484). The importance of this residue in
hydrolysis is clear, although its exact role is still under debate.
As discussed above (see “Mechanism of ATP Hydrolysis, Still
an Open Question™), it may function either as a catalytic base
(347) or as a residue that stabilizes the orientation of a con-
served His also shown to be essential for catalysis (545).

A low-resolution (25 A) three-dimensional structure of
BmrA reconstituted into a lipid bilayer has been obtained (63).
Interestingly, the NBDs of BmrA lie far from the membrane,
separated by a stalk region that likely corresponds to the ICD
seen in the high-resolution structure of the Sav1866 drug ex-
porter (102). Fluorescence transfer experiments also suggested
a fairly long distance of 37 A between the Hoechst 33342
binding site in the inner leaflet of the membrane and the ATP
sites of P-glycoprotein (384). Sequence alignments suggest that
the ICD may be a general feature of all exporters, while NBDs
lie closer to the membrane in importers.

Spontaneous formation of an intramolecular disulfide bond
between cysteines introduced into the Q loop of the NBD, at
position 428, and the first intracellular loop of the IM domain,
at position 123, residues selected based on the modeling of
BmrA on other structures available at the time, indicates that
these loops are close together in the tertiary structure of BmrA
(85). Interestingly, formation of the disulfide bond prevents
both drug transport and ATPase activity, and the addition of
dithiothreitol restores function. The addition of Mg - ATP and
vanadate prevents formation of the disulfide bond in the wild
type, and Mg - ATP alone prevents disulfide bond formation if
the E504Q mutation is introduced to prevent hydrolysis. These
results are indicative of a substantial motion affecting the first
intracellular loop and the Q loop during a cycle of catalysis and
transport in BmrA.

Other class 1 ABC bacterial drug resistance proteins.
VcaM, a half-ABC transporter from Vibrio cholerae, was
cloned into the drug-hypersensitive E. coli strain KAM32,
which is deficient in the proton-dependent MDR pumps Ac-
rAB and YdhE (210). The transformed strain had elevated
levels of resistance to a number of dissimilar drugs, including
tetracycline, norfloxacin, and ciprofloxacin, which are com-
monly used for cholera treatments, doxorubicin and daunomy-
cin antibiotics, and the drug 4',6’-diamidino-2-phenylindole.
Fluorescence experiments demonstrate efflux of Hoechst
33342 and doxorubicin from whole cells, which is inhibited
when reserpine or sodium orthovanadate is added to the cell
suspension.

Using the same strategy, the same group identified EfrAB
as an MDR transporter in Enterococcus faecalis (269). Re-
sistance to several compounds, including norfloxacin, cipro-
floxacin, doxycycline, acriflavine, and tetraphenylphospho-
nium, increased four- to eightfold following transformation
of EfrAB into a drug-sensitive strain. In addition, energy-
dependent acriflavine efflux was detected as a decrease in
fluorescence, and this transport was inhibited by reserpine,
verapamil, and orthovanadate.

Serratia marcescens is a gram-negative bacterium that causes
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nosocomial infections and has a high level of intrinsic resis-
tance to many antimicrobial agents. Recently, a new hetero-
dimeric ABC transporter from this microorganism, SmdAB, was
cloned, and the plasmid harboring the genes was able to confer
resistance to several agents in a hypersensitive strain of E. coli
(307).

Lactobacillus brevis is a major contaminant in spoiled beer,
despite the presence of bacteriostatic compounds derived from
the hop plant that are added to beer to give a bitter taste.
These iso-a-acids act on most gram-positive bacteria and are
able to dissipate the proton motive force (414). A hop-tolerant
strain has been isolated and shown to carry a plasmid harbor-
ing the horA gene (415), which encodes an ABC transporter
whose sequence is 53% identical to that of LmrA. Unfortu-
nately, this transporter remains poorly characterized, although
a biochemical study is available (414).

Structure of the bacterial exporter Sav1866. The structure
of the bacterial exporter Savl866 from Staphylococcus aureus
was recently determined to 3.0-A resolution (102). While stim-
ulation of ATPase activity by several drugs has been demon-
strated, the ability of Sav1866 to mediate MDR still needs to
be confirmed. The transporter is a homodimer of two subunits,
each consisting of an N-terminal IM domain and a C-terminal
NBD. Although the protein was crystallized in the presence of
ADP, the two NBDs exhibit the ATP-sandwiched dimer con-
formation seen in the closed form of MalK, the ATP-bound
dimers of MJ0796(E171Q) and HlyB(H662A), and the intact
MalEFGK, complex (68, 343, 457, 545). It was suggested that
the purification and crystallization conditions may have shifted
the protein to the ATP-bound conformation. In fact, Sav1866
with bound AMP-PNP, a nonhydrolyzable ATP analogue, has
the same conformational state (103). The TM helices of
Sav1866 are 70 to 80 A long and extend beyond the lipid
bilayer. As a result, the NBDs are 25 A away from the mem-
brane (Fig. 16). The TM helices split into two “wings” in the
middle of the membrane, forming a putative outward-facing
translocation pathway between them. The cavity in the interior
of the protein, where drugs presumably bind, is largest in the
inner leaflet of the inner membrane, though it appears inac-
cessible to substrate from either the cytoplasm or the inner
leaflet of the inner membrane in this conformational state. It
was noted that the lining of this cavity is not very hydrophobic,
a feature that may help to expel drugs into the periplasm or the
outer leaflet of the membrane. Intriguingly, each wing consists
of TM helices from both subunits. One of the characteristic
features of Sav1866 is the way in which the two subunits twist
around each other. Not only do the TM helices twist with each
other, but the NBDs interact with both their own IM domain
and the IM domain of the second subunit. Despite these ad-
ditional contacts, the overall structure of the nucleotide-bound
dimer is much the same as that seen for importers (343). This
architecture is quite different from the “side-by-side” confor-
mation shown for the BPD importers (Fig. 12). As discussed
earlier (see “Inventory and Classification of ABC Systems and
Evolution of the Superfamily”), the transmission interface be-
tween the TM domains and the NBDs occurs mainly through
the intracellular loops ICL1 and ICL2, both of which contain a
small helix. The NBDs contact the IM domains through the Q
loop and a novel TEVGERYV motif, seen only in exporters,
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FIG. 16. Structure of an exporter. Savl866 is a homodimer of two
IM-ABC subunits. IM domain 1 (green) is fused to NBD1 (blue), and
IM domain 2 (red) is fused to NBD2 (yellow). Bound ADP is repre-
sented with a ball-and-stick model. The front view (left) reveals a cleft
in the IM region that would be exposed to the outer leaflet of the lipid
bilayer. TM helices are predicted to extend well into the cytoplasm,
creating an ICD. The side view (right) reveals the intertwisting of TM
helices that places the coupling helix of one subunit into the cleft of the
NBD of the second subunit in an example of domain swapping.

that precedes the ABC signature motif in the NBD.

The structure of Sav1866 has had a major impact in the
ABC field, because superimposition of the TM helices of
Sav1866 on another exporter structure, that of MsbA, re-
vealed an incompatibility of arrangement, leading Chang
and coworkers to retract earlier publications, notably three
X-ray structures of MsbA (64). New structures have now
been released (518), but a significant amount of work pub-
lished since 2001 that was based on the retracted structures
will require reevaluation.

Drug-binding site: localization and substrate recognition. A
striking characteristic of MDR ABC transporters is their abil-
ity to recognize a large variety of structurally unrelated sub-
strates. The observation that P-glycoprotein lacking NBDs
retains its capacity to bind substrates indicates that the drug-
binding sites are located in the IM domains (291). Loo and
Clarke undertook an extensive analysis of the drug-binding
sites of P-glycoprotein based on the cross-linking of thiol-
reactive substrates, such as dibromobimane, methanethiosul-
fonate-verapamil, and methanethiosulfonate-rhodamine, to a
series of single cysteine mutants of the transporter (290). The
results from these thiol modification studies, performed in
conjunction with drug substrate protection studies, show that
TM segments 4, 5, and 6 in the N-terminal IM domain and TM
segments 9, 10, 11, and 12 in the C-terminal IM domain con-
tribute residues to the drug-binding pocket. These results fur-
ther suggest that the drug-binding pocket may lie at the inter-
face between the two IM domains. Using a series of
propafenone-based photoaffinity substrates (propafenone is an
antiarrhythmic drug) and mass spectroscopy, Pleban and co-
workers showed that the most labeling was observed in TM
segments 3, 5, 8, and 11 (369). Applying the same methodology
to LmrA, Ecker et al. observed preferential labeling at TM
segments 3, 5, and 6 (136). In the structure of Sav1866 (Fig.
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16), the large cavity that is present at the interface of the two
IM domains is actually lined by residues from each TM helix,
and it was proposed that it constitutes the substrate transloca-
tion pathway (102).

Despite the fact that MDR transporters recognize a striking
variety of structurally unrelated substrates, Seelig and cowork-
ers suggested that a general pattern of P-glycoprotein sub-
strates consists of two or three electron donors (hydrogen
bonding acceptors) with a fixed spatial separation (437, 439).
In addition, the interaction of substrates with MDR transport-
ers strongly depends on their ability to interact with the lipidic
bilayer. Therefore, physical-chemical properties of the inter-
acting molecule and the membrane are critical for interaction
between the putative ligand and the transporter (154, 166).
Seelig and colleagues investigated the role of the membrane in
the interactions of P-glycoprotein with 15 structurally unre-
lated substrates. They determined the free energy of drug
binding from the lipid membrane to the activating binding site
of the transporter as the difference between the free energy of
drug binding from water to the binding site and the free energy
of drug partitioning into the lipid membrane. Thus, by taking
into consideration the lipid-water partition coefficients of these
compounds, they determined the membrane concentrations of
drugs at half-maximum P-glycoprotein activation, which were
180- to 16,000-fold higher than the corresponding aqueous
concentrations (166). These high drug concentrations in the
membrane suggest relatively weak interactions between the
substrates and the transporter. Analysis of the data suggested
a modular binding concept rather than a “key-lock” model,
where the binding module in drugs consists of two hydrogen
bond acceptor groups.

Recently, Omote and Al-Shawi used molecular dynamics to
study how substrates are recognized by P-glycoprotein in the
lipid membrane (346), giving new insight into membrane-me-
diated substrate-transporter interactions (438). They proposed
that substrates diffuse laterally in the cytosolic leaflet of the
bilayer, exchanging their H bonds with water molecules for H
bonds with the transporter as they bind. Importantly, molecu-
lar dynamics simulations were used to predict H bond inter-
action energies that are not directly measurable, and an inverse
relation was found between the rate of transport and the H
bonding potential of the substrates. Based on this study, a
solvation exchange mechanism was proposed in which both
polar and hydrophobic residues inside the drug-binding cham-
ber are involved in sequential drug dehydration, solvation
(with any solvent present in the drug-binding chamber of the
transporter), and rehydration to promote the translocation of
the drug across the membrane (346).

Translocation (Flipping) of Lipids and
Lipid-Linked Oligosaccharides

In addition to hydrophobic drugs, ABC transporters have
also been implicated in the transport (or flipping) of lipids and
lipid-linked oligosaccharides. At least two different ABC trans-
porters are involved in the complex process of LPS biosynthe-
sis. LPS is the major lipid component of the outer leaflet of the
outer membrane in gram-negative bacteria, serving essential
functions in the structure, protection, and virulence of the cell.
LPS consists of the following three parts: lipid A (a glucos-
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amine-based saccharolipid), core oligosaccharide (3-deoxy-D-
manno-octulosonic acid [KDOJ]), and O antigen (an extended
oligosaccharide chain). Separate ABC transporters “flip” the
undecaprenyl-linked O antigen precursor and the lipid A-linked
KDO core from the cytosol to the periplasm (Fig. 17). Several
excellent reviews describe the biosynthesis pathway in detail
(39, 119, 390, 391).

A gene (pglK) encoding an IM-ABC transporter has also
been discovered in a locus involved in the N-linked glycosyla-
tion pathway of Campylobacter jejuni (160, 512). PglK is re-
quired for glycan assembly (3, 240). The pglK gene is able to
complement a mutation in the wzx gene that encodes one of
the E. coli LPS O antigen flippases (391), and PgIK likely plays
a similar role, flipping the lipid-linked oligosaccharide precur-
sors of N-linked glycosylated proteins in C. jejuni (3).

Lipid A flippase MsbA. A role for MsbA in LPS biogenesis
was first realized when the msbA gene was isolated as a mul-
ticopy suppressor of a mutation that interfered with a late step
in lipid A biosynthesis (76, 233). The E. coli msbA gene is
essential for bacterial viability (371, 552), and a role in trans-
location of LPS was implied from an experiment in which
radioactivity from N-acetyl-[>H]glucosamine, a precursor of
LPS, accumulated in the inner membrane in an msbA condi-
tional lethal strain at the nonpermissive temperature. Trans-
location of the *H-labeled LPS precursor to the outer mem-
brane was restored when a wild-type copy of the msbA gene
was restored in trans (371). Likewise, LPS synthesized de novo
in E. coli spheroplasts cofractionates with the outer mem-
branes, and this proper localization is dependent on a func-
tional MsbA protein (477).

The observation that both lipid A and glycerophospholipids
accumulate in the inner membrane in E. coli strains in which
MsbA synthesis is selectively shut off at 42°C suggests that both
lipid A and glycerophospholipid transport to the outer mem-
brane may depend on MsbA (122, 552). The idea that MsbA
actually flips lipid A from the inner to the outer leaflet of the
inner membrane is supported by the observation that modifi-
cations to the lipid A head group known to occur in the cyto-
plasm still occur at the nonpermissive temperature, while mod-
ifications known to occur in the periplasm are blocked (120).

Although the role of MsbA in lipid A trafficking is well
accepted, its role as a general lipid flippase has been chal-
lenged by both in vitro studies suggesting that ATP is not
necessary for the TM movement of phospholipids across the
inner membrane of E. coli (214, 252) and in vivo experiments
on msbA mutants of Neisseria meningitidis (476). In contrast to
the case for E. coli, an N. meningitidis msbA mutant is viable,
although it contains very small amounts of LPS. Electron mi-
croscopy reveals the presence of an outer membrane in the
mutant that actually has higher levels of phospholipid than the
wild-type membrane does, showing that phospholipid trans-
port must occur (476). It is also notable that MsbA is found
exclusively in gram-negative bacteria that synthesize lipid A.
Therefore, the accumulation of phospholipids in the E. coli
msbA conditional mutant may be a secondary effect of a toxic
accumulation of lipid A precursor in the cytoplasm (119).

E. coli MsbA has been purified and reconstituted in E. coli
phosholipid vesicles (121). Its basal ATPase activity (~37
nmol/min/mg) was stimulated fourfold by hexa-acetylated lipid
A, supporting a role in transport of LPS precursors (121).



348 DAVIDSON ET AL.

MICROBIOL. MOL. BIiOL. REV.

LPS
flipping

A

LptA

re MizmWzm  Waal® LptF Lmte.%

WbdABC Wzt wazt LptB LptB
O-PS LPS
WbdD flipping export
O-PS Core-KDO-Lipid A
biogenesis 0-PS ligation

External medium

OM

Periplasmic
space

Haa CM

8
= LpxBH

MshA

Waa*
LpxACD proteins
Cytoplasm
Core-KDO-Lipid A
biogenesis

Core-KDO-Lipid A
flipping

FIG. 17. Undecaprenyl-linked O antigen polysaccharide precursors (O-PS), initiated by a WecA homologue and elongated at the nonreducing
end (black dots), are polymerized in the cytosol by the Wbd glycosyltransferases, shown in purple. The ABC transporter formed by Wzm and Wzt
is required for transfer of these undecaprenyl-linked polymers to the periplasmic face of the membrane (left side of the figure). The core-KDO-
lipid A complex is synthesized by the Lpx proteins, and the addition of sugar residues (blue dots) that constitute the core polysaccharide is catalyzed
by the Waa proteins. KDO-lipid A is flipped from the inner face to the outer face of the membrane by the MsbA ABC transporter (right side of
the figure). The WaalL ligase, shown in green, ligates O-PS to KDO-lipid A to form LPS. Export of LPS to the outer membrane is dependent on
the LptABC proteins (formerly called YhbN, YhbG, and YrbK), forming an ABC transporter with LptFG (formerly called YjgP and YjgQ)
(middle part of the figure). Additional proteins (?) might participate in this step. The LptDE proteins (formerly called Imp and Rlp) are required
to translocate LPS to the outer face of the outer membrane. This figure is based on data from references 41, 391, 408a, and 522.

Surprisingly, MsbA also exhibits drug binding and transport
abilities in vitro (397, 526), and the ImrA gene is able to com-
plement the temperature-sensitive allele of msbA (397), indi-
cating that LmrA and MsbA have overlapping specificities.
The corrected crystal structures of MsbA isolated from sev-
eral different bacterial species (518) reveal the following three
different conformations: an open-apo (nucleotide-free) confor-
mation, solved at 5 3-A resolution; a closed-apo form, solved at
55-A resolution; and a closed, nucleotide-bound form similar
to the Sav 1866 structure, with either one Mg - ADP - V; (at
42 A) or two AMP-PNP (at 3.7 A) species bound. In the
open-apo form, the NBDs are well separated and IM domains
are in contact only near the periplasmic surface of the mem-
brane, creating a V-shaped molecule. The large variations be-
tween the three structures suggest that substantial conforma-
tional changes may take place during the catalytic cycle of an
ABC exporter (518). There is strong interest in determining
whether the conformational states appearing in the crystals are
representative of those occurring in an efflux pump in vivo.
Site-directed spin-labeling and EPR spectroscopy experi-
ments (36, 52-54, 125), designed to examine the conformation
of MsbA, show that apo-MsbA exists in an equilibrium that
includes several conformers (125) and that ATP binding/hy-
drolysis promotes conformational changes during the transport
cycle (36, 53, 54, 125). These experiments are consistent with
the presence of an inward-facing chamber accessible to H,O in
apo-MsbA that closes upon ATP binding (125). ATP binding
also increases the accessibility of the periplasmic regions to
H,O0, and these differences are consistent with the idea of ATP
triggering an alternation in the exposure of a chamber from the
interior to the exterior side or leaflet of the membrane (125).

Aqueous solvation in the predicted IM domain was also de-
duced in previous studies on LmrA (370) and P-glycoprotein
(289). Furthermore, the distance between NBDs was estimated
to change as much as 33 A in both detergent-soluble and
reconstituted MsbA, consistent with the formation of an NBD
dimer from well-separated domains in the vanadate-trapped
species (36).

CLASS 3 ABC SYSTEMS THAT ARE
PROBABLY NOT IMPORTERS

To complete our discussion of efflux pumps, we now focus on
several subfamilies of class 3 proteins that appear to function
in export rather than import. Similar to the class 1 exporters we
have been discussing, these proteins mediate the export of
peptides, proteins, drugs, and polysaccharides, and many play
an important role in drug resistance and immunity to naturally
occurring bacterium-killing agents. In keeping with their clas-
sification, and in contrast to the bulk of exporters, the NBDs
and IM proteins are encoded by separate genes. In addition,
another well-studied class 3 system, the Lol system, functioning
in the trafficking of lipoproteins from the inner to the outer
membrane, is discussed.

Systems Involved in Resistance and Immunity to Antibiotics,
Drugs, Lantibiotics, and Bacteriocins

DrrAB proteins (DRA family) from streptomycetes and
their homologues. Several bacterial drug transporters have
been described to display a fairly restricted substrate specific-
ity, in contrast to the MDR ABC transporters already dis-
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cussed. Doxorubicin and daunorubicin are two antibiotics pro-
duced by Streptomyces peucetius that are also commonly used in
chemotherapy. S. peucetius itself is resistant to these drugs
because of an operon which encodes the DrrA and DrrB pro-
teins (180). DrrA consists of an ABC-type NBD, while DrrB is
an IM protein. Using gene fusions, a topology model has been
proposed for DrrB, consisting of eight membrane-spanning
segments with both N and C termini in the cytoplasm (164).
Cysteine cross-linking revealed a motif within the N-terminal
tail of DrrB that may be a modified version of the EAA motif
present in ABC importers (236, 392). These two components
are biochemically coupled and are thought to form an efflux
pump (236, 237). Several homologues of DrrAB have been
described for different species of drug-producing Streptomyces,
conferring resistance to oleandomycin, tetronasin, mithramy-
cin, and kasugamycin (151, 220, 279, 404).

Despite the general assumption that proteins in the Dra
family confer resistance to specific drugs, there is some
suggestion that they are also able to function as MDR de-
terminants. When expressed in the drug-sensitive species
Streptomyces lividans, the Streptomyces rochei msrAB genes
confer resistance to multiple unrelated drugs, such as ole-
andomycin, erythromycin, spiramycin, doxorubicin, and tet-
racycline (153).

Homologues of the DrrAB systems are present in mycobac-
teria, and the operons also contain a third gene, drrC, encoding
a protein with sequence similarity to DrrB. The drr genes are
located within a large, 50-kilobase fragment of the chromo-
some containing 13 genes involved in biosynthesis of the
phthiocerol dimycocerosate (PDIM). PDIM is a complex lipid
residing in the mycobacterial capsule and is an important vir-
ulence determinant. The drrC gene is important for the proper
localization of PDIM. In a drrC mutant strain, PDIM is local-
ized in the cytoplasmic membrane rather than in the cell wall.
The mutant also exhibits greater cell wall permeability and is
more sensitive to sodium dodecyl sulfate than the wild-type
strain is (58).

Expression of Mycobacterium tuberculosis DrrAB in E. coli
confers increased resistance to a number of structurally unre-
lated compounds, including ethidium bromide, doxorubicin,
daunorubicin, chloramphenicol, and puromycin. Expressed in
Mycobacterium smegmatis, DrrAB conferred resistance to tet-
racycline, erythromycin, ethambutol, norfloxacin, streptomy-
cin, and chloramphenicol. The MDR phenotype could be re-
versed by verapamil and reserpine, two inhibitors of ABC
transporters (73).

The DRI family, providing immunity to bacteriocins and
lantibiotics. Bacteriocins are protein or peptide toxins pro-
duced by bacteria that are designed to kill similar bacteria.
Lantibiotics are a special class of peptide antibiotics produced
by gram-positive organisms that target other gram-positive or-
ganisms and are posttranslationally modified (see reference
129 for a review). In regions determining the synthesis of
bacteriocins or lantibiotics, several transporters similar to
those found in antibiotic resistance clusters are present and
mediate immunity to the bacteriocin (400, 537) or lantibiotic
(248, 452). The lantibiotic epidermin kills bacteria by forming
membrane potential-dependent pores in cytoplasmic mem-
branes. Expression of the epiEFG genes, encoding an epider-
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min ABC transporter, confers immunity by extruding epider-
min from the membrane to the external medium (351).

ABC Transporters Mediating Antibiotic Resistance and
Lipoprotein Release from the Cytoplasmic Membrane

The 0228 family of proteins share strong primary sequence
conservation, including a highly conserved domain of unknown
function, DUF274, in the membrane protein (245). The most
well-studied members of this family are the MacAB and LolCDE
systems of E. coli. In addition, the family includes MbrAB of
Streptococcus mutans, a bacitracin resistance determinant
(491), and DevABC of Anabaena, a putative glycolipid ex-
porter (157).

The MacA-MacB-TolC system in Enterobacteriaceae. The
ybjYZ genes of E. coli conferred erythromycin resistance when
they were overexpressed in a hypersensitive strain lacking the
MDR pump AcrAB (250). Because the uptake of macrolides
was reduced in this strain, these genes were renamed macAB to
reflect the likelihood that they encode a macrolide-specific
ABC efflux pump. MacB is an integral membrane protein with
an N-terminal NBD fused to a C-terminal IM domain com-
posed of four TM segments (249). MacA is a peripheral mem-
brane protein that belongs to the MFP family. Remarkably, in
proteoliposomes, the ATPase activity of MacB is strictly de-
pendent on MacA, displaying a 45-fold increase in catalytic
efficiency. A similar MFP-mediated stimulation of ATPase ac-
tivity has never been detected in type I protein secretion sys-
tems, such as the hemolysin secretion system. In contrast, the
addition of macrolide antibiotics has no effect on the ATPase
activity (481). MacAB requires the outer membrane channel
protein TolC for its transport function in vivo, as do many
MFP-dependent efflux systems in E. coli (324, 373, 550), sug-
gesting that drug stimulation of ATPase, if it exists, may be
dependent on the presence of the entire transporter complex.

The importance of MacAB in drug resistance has been ques-
tioned in studies of other gram-negative bacteria. Deletion of
the macAB genes in S. enterica serovar Typhimurium has no
effect on erythromycin resistance, and overexpression of these
genes leads to only a modest increase in resistance (336).
Although overexpression of the gonococcal MacAB efflux
pump in an E. coli background leads to a twofold increase in
bacterial resistance to macrolides, its loss in a gonococcal clin-
ical isolate only slightly decreased bacterial resistance to
azithromycin and erythromycin (408). Thus, the relevance of
the MacAB system to clinical resistance appears to be mar-
ginal, bringing into question the role of an erythromycin efflux
pump in bacteria intrinsically resistant to this antibiotic.

Lol, an ABC transporter involved in lipoprotein trafficking.
An ABC system designated Lol (lipoprotein localization) is
essential for growth in E. coli and is responsible for mediating
the trafficking of lipoproteins from the inner to the outer mem-
brane (327, 535). The TM ABC complex LolCDE recognizes
lipoproteins attached to the periplasmic surface of the inner
membrane and transfers them to the LolA protein, a periplas-
mic carrier protein. LolB, a lipoprotein tethered to the inner
surface of the outer membrane, acts as a receptor for lipopro-
teins and releases them into the membrane. Both LolA and
LolB have a hydrophobic cavity consisting of a B-barrel and an
a-helical lid that sequesters the lipid moiety of the lipoprotein
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when it is outside the membrane (469). Since the lid of LolA is
closed in the crystal structure, it has been suggested that the
energy from ATP hydrolysis is used for both the opening of the
lid to receive the lipid moiety and the detachment of lipopro-
teins from the membrane (469). Intriguingly, a mutation pre-
venting lid opening results in high-affinity binding between
LolA and the LolCDE complex (317). A progressive increase
in affinity for the lipoprotein substrate ensures energy-inde-
pendent transfer from LolA to LolB and from LolB to the
outer membrane (473).

The Lol system also has the ability to sort lipoproteins des-
tined for the outer membrane from those that belong in the
inner membrane, and in E. coli, only lipoproteins lacking an
Asp at residue 2 in the mature sequence (residue 1 is always a
lipid-modified cysteine) are recognized as substrates and trans-
ferred to the outer membrane (443, 536). The Asp at position
2 is best visualized as an avoidance signal, since proteins con-
taining all other amino acids at position 2 are recognized as
substrates for transfer and compete for recognition, whereas
those with Asp do not compete (306). All lipoproteins tested,
with the exception of one containing the Asp residue at posi-
tion 2, stimulated the ATPase activity of LolCDE in the ab-
sence of LolA (306), suggesting that LolCDE carries the rec-
ognition site for the modified N terminus of the substrate.
Consistent with this hypothesis, a mutant LolC protein with a
C40P substitution has been isolated and shown to allow trans-
location of Asp-containing proteins (326).

Further characterization of the avoidance signal indicates
that positively charged lipids in the cytoplasmic membrane are
required if the Asp-containing lipoprotein is to avoid transfer
to the outer membrane by Lol and that a negative charge is
needed at a fixed distance from the «-carbon of residue 2, since
Glu will not substitute for Asp (185). The tight association of
Asp with positively charged phosphatidylethanolamine may
present an unrecognizable lipoprotein molecule, which ap-
pears to have five rather than the usual three acyl chains, to
LolCDE. Intriguingly, sorting signals in other bacteria appear
to differ from that in E. coli, suggesting that more than one
mechanism for recognition has evolved (327).

Biogenesis of Extracellular Polysaccharides

Polysaccharide transporters of the CLS family. Extracellu-
lar polysaccharides are important virulence determinants in
most bacteria. The biosynthetic regions for group 2 and 3
capsular polysaccharides (454), some O antigens (49), and
teichoic acids (267) have been shown to comprise genes en-
coding ABC transporters and to cluster within the CLS family.
Capsular polysaccharides are targeted to the outer membranes
of gram-negative bacteria. The minimal composition of these
transporters is one IM protein and one ABC protein that likely
dimerize to form the ABC transporter (454). Mutations in
either protein lead to reduced production of the polysaccha-
ride and to accumulation in the cytoplasm (34, 364).

Capsular polysaccharide-specific ABC transporters are com-
prised of KpsM (IM protein) and KpsT (ABC protein) and
require the following two additional proteins to function prop-
erly in gram-negative bacteria: KpsE, a cytoplasmic membrane
protein of the MPA2 family that is presumed to play the same
role as MFPs in exporters; and KpsD, an outer membrane
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protein of the OMA family (355, 521). Mutations in the genes
encoding KpsE and KpsD lead to an accumulation of the
polysaccharide in the periplasm, suggesting that these proteins
are involved in polysaccharide export through the outer mem-
brane (360, 453).

The rfb (Wb*) locus, which encodes the O antigen biogenesis
pathway in gram-negative bacteria, includes components re-
quired for transfer across the plasma membrane. O antigen
oligosaccharides that are polymerized at the nonreducing ter-
minus (for example, those of E. coli serotypes O8 and O9a) are
completely synthesized in the cytosol, and the fully elongated
chain is probably flipped across the membrane via an ABC
transporter comprised of Wzm (IM protein) and Wzt (ABC
protein) (Fig. 17) (522). In contrast, the first repeat unit of O
antigen oligosaccharides that are polymerized at the reducing
end (like those from Shigella dysenteriae type 1) is translocated
by the Wzx flippase, and subsequent polymerization is cata-
lyzed in the periplasm by Wzy (391). The actual role of these
ABC transporters is not known in detail, but mutagenesis and
heterologous expression experiments suggest that they are es-
sential for the constitution of fully assembled, smooth-type
LPS (49, 401). The O8- and O9a-specific Wzm/Wzt transport-
ers are specific for their cognate substrates, in contrast to
capsular polysaccharide KpsM/KpsT transporters, which can
export different types of polysaccharides. The IM Wzm com-
ponents of the O8 and O9a transporters are functionally in-
terchangeable, albeit with reduced efficiencies, but the cyto-
solic Wzt components are not, indicating a specific role for Wzt
in substrate specificity (83). The Wzt ABC proteins contain a
C-terminal domain not present in KpsT, and the region in-
volved in substrate specificity resides in this C-terminal domain
(82).

In gram-positive bacteria, genes highly similar to those in-
volved in the biogenesis of capsular polysaccharide and LPS
are found (267, 534). In B. subtilis, limited expression of the
tagGH genes leads to anomalous morphology and a decrease in
cell wall galactosamine and phosphate, two components of
teichoic acids. It has been suggested that the products of these
genes might be involved in the translocation of teichoic acid
through the cytoplasmic membrane (267).

In Bacillaceae, S-layer glycoproteins constitute the major
portion of the cell surface. S-layer glycans usually possess a
tripartite structure reminiscent of that known for the LPS of
gram-negative bacteria. This comprises an O-antigen-like poly-
saccharide chain, a core region, and a glycosylation site replac-
ing lipid A. The S-layer glycan biosynthesis region contains an
ABC transporter highly similar to the Wzm/Wzt transporters
of gram-negative bacteria (338).

Translocation of LPS to the outer membrane. In the course
of our phylogenetic analyses, we identified a putative class 3
ABC system belonging to the YHBG family that is highly
conserved in gram-negative bacteria. This system is comprised
of three genes, yrbK (encoding a putative TM protein with just
one TM segment), yhbN (encoding a putative periplasmic pro-
tein), and yhbG (encoding an ABC protein). These genes are
located just downstream of the genes encoding two enzymes
involved in the biogenesis of the KDO component of LPS, i.e.,
kdsD (yrbH) and kdsC (yrbl), encoding p-arabinose 5-phos-
phate isomerase and 3-deoxy-D-manno-octulosonate 8-phos-
phate phosphatase, respectively (311, 532). The yrbK, yhbN,
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and yhbG genes are essential for E. coli viability (461). Mutants
depleted of YhbN (LptA) and/or YhbG (LptB) produce anom-
alous LPS, are defective in LPS transport to the outer mem-
brane, and accumulate de novo-synthesized LPS in a novel
membrane fraction of intermediate density between the inner
membrane and the outer membrane. LptA is located in the
periplasm, and expression of the I[ptAB operon is controlled by
the extracytoplasmic sigma factor RpoE. When viewed in the
context of the global pathway for LPS biogenesis (Fig. 17),
these results are consistent with a model in which the LptA/
LptB complex is responsible for conveying newly synthesized
LPS through the periplasmic space to the outer membrane.
TM components LptF (YjgP), LptG (YjgQ), and LptC (YrbK)
are necessary to form a complete ABC transporter (408a, 460).
Alternatively, the LptABCFG system may guide the LPS mol-
ecule along putative membrane adhesion sites between the
cytoplasmic and outer membranes. Final insertion of LPS into
the outer membrane and its flipping to the outward face are
mediated by the Imp/RIpB complex (40, 533).

CLASS 2 ABC SYSTEMS INVOLVED IN
NONTRANSPORT CELLULAR
PROCESSES AND IN
ANTIBIOTIC RESISTANCE

An increasing number of cytosolic proteins carrying the
ABC signature are being discovered, and significant progress
has been made in understanding their functions. These pro-
teins share significant sequence similarity and consist of two
tandemly repeated ABC domains, but they lack detectable IM
domains. They belong to several families, whose members have
been shown to participate in several non-transport-related pro-
cesses.

The UVR Family, Involved in Nucleotide Excision
Repair and Drug Resistance

The UvrA protein is involved in the excision of damaged
DNA. In this system, a UvrA dimer binds to UvrB, and the
resulting complex interacts with the damaged site on the DNA
(see reference 174 for a review). Bacterial genomes carry sev-
eral paralogues of the UvrA protein. DrrC has been shown to
participate in the resistance of Streptomyces peucetius to dauno-
rubicin and doxorubicin (287). The drrC gene encodes a DNA-
binding protein whose expression is induced by daunorubicin.
ATP and daunorubicin, a DNA-intercalating agent, stimulate
DrrC DNA-binding activity. It is proposed that DrrC releases
the drug from DNA by using the energy of ATP hydrolysis
(163).

The crystal structure of Bacillus stearothermophilus UvrA
(352) reveals the presence of composite ATP-binding sites
containing residues from both NBDs, just like the case for
ABC transporters. UvrA also harbors two unique domains,
one of which is required for interaction with UvrB. Analysis of
the surface properties of UvrA in combination with biochem-
ical studies on mutant proteins led to the identification of a
DNA-binding surface that lies on the ventral side of the UvrA
dimer.
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The RLI Family, Involved in Ribosome Biogenesis

The RNase L inhibitor (RLI) family is conserved among
eukaryotes and archaea. No data are available on the archaeal
proteins. The mammalian RLI (ABCE1) binds to RNase L,
modulating interferon production and the stability of MyoD
and mitochondrial mRNAs (29, 273). Depletion of RLI1 in
vivo leads to a cessation of growth, a lower polysome content,
and a decrease in the average size of a polysome (126). In
independent studies, RLI1 was found to be associated with
both pre-40S particles and mature 40S subunits and with eu-
karyotic translation initiation factor 3 (eIF3), eIFS5, and elF2
(70, 538). Recent biophysical, biochemical, and yeast genetic
analyses suggested that RLI1 harbors two essential [4Fe-4S]
clusters. Only seven of the eight conserved cysteines coordi-
nating the [Fe-S] clusters are essential for cell viability (21).
RLII1 is associated with ribosomes and with Herlp, a protein
involved in rRNA processing and translation initiation. Deple-
tion of RLI1 causes a nuclear export defect of the small and
large ribosomal subunits and, subsequently, a translational ar-
rest (247). The crystal structure of the Pyrococcus furiosus
Mg - ADP-bound RLI at 1.9-A resolution, devoid of its [Fe-S]
binding sites, shows the canonical ABC dimer with two com-
posite active sites. The linker between the two ABC domains
and the C terminus of the protein constitutes a hinge at the
interface of the ABCs opposite the active site cleft, and mu-
tations in the linker eliminate function. The first ABC domain
contains a helix-loop-helix insertion in its helical domain. Be-
cause of its conformation in the crystal, the helix-loop-helix is
proposed to interact with the missing [Fe-S]-binding domain.
The residues constituting the signature sequence are 11 A
away from the computed position of the y-phosphate of ATP,
suggesting that RLI undergoes a large conformational change
upon ATP hydrolysis. RLI is likely an ABC mechanoenzyme,
whose ATP-driven conformational states mediate the assem-
bly, disassembly, and maturation of RNA-protein complexes in
the cell (232).

ART Family of Proteins with Diverse Functions

Phylogenetic analyses distinguish a large class 2 family of pro-
teins that can be subdivided into three subfamilies. The EF-3
subfamily is involved in translation elongation, REG subfamily
members participate in several nontransport processes, and the
ARE subfamily is involved in antibiotic resistance.

The EF-3 subfamily, involved in translation elongation. The
yeast elongation factor EF-3 is required for in vitro translation
and for in vivo growth. It interacts with ribosomes to stimulate
EF-1 alpha-dependent binding of aminoacyl-tRNA to the
ribosomal A site when the E site is occupied by deacylated
tRNA (see reference 62 for a review). The crystal structure of
EF-3 was recently solved, providing new information on how
this elongation factor interacts with the ribosome (17).

The REG subfamily. The yeast ABC protein GCN20 is an
essential protein that associates with the GCN1 protein and
stimulates the activity of GCN2, a kinase that phosphorylates
the translation initiation factor elF2, leading to increased
translation of the transcriptional activator GCN4 in amino
acid-starved cells (505).

Several ORFs detected in complete bacterial genomes are
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homologous to GCN20, implying a role in regulatory pro-
cesses. Indeed, the Agrobacterium tumefaciens ChvD protein
was inactivated in mutants selected for reduced transcription
of the vir4 and virG genes (284, 525).

Inactivation of the gene encoding Uup in E. coli leads to a
dramatic increase in precise excision of transposons and in
deletions of chromosomal sequences between short direct re-
peats. Uup putatively functions via a DNA polymerase slip-
page mechanism independent of RecA and transposase (394).
Purified Uup protein binds to DNA in a non-sequence-specific
fashion. This finding suggests that Uup protein might be in-
volved in helping the DNA replication machinery to correctly
copy DNA sequences located between direct repeats (325).

ARE subfamily proteins that confer resistance to MLS an-
tibiotics. Interestingly, class 2 ABC proteins homologous to
those just described are involved in antibiotic resistance (42,
87, 310). They confer resistance to macrolide, lincosamide, and
streptogramin (MLS) antibiotics (398). MLS antibiotics are a
large group of antibacterial agents used clinically against a
wide range of infectious bacteria, and they function by binding
to the 50S ribosomal subunit and inhibiting protein synthesis.
It is still not clear whether these ABC proteins mediate drug
resistance by interacting with as yet unknown membrane part-
ners to achieve efflux or whether they prevent the MLS anti-
biotics from binding their target site, the 50S ribosome (398).

Class 2 ABC proteins involved in MLS antibiotic resistance
differ in their specificities. The Msr(A) protein from Staphylo-
coccus epidermidis (406) is responsible for resistance to eryth-
romycin and type B streptogramins but not for that to lincos-
amides and 16-membered-ring macrolides (398). The VgaA
proteins from staphylococci (6, 7, 71) confer resistance to lin-
cosamides and streptogramin A compounds (71). Disruption
of the Isa(A) gene from Enterococcus faecalis increases suscep-
tibility to quinupristin (streptogramin B), dalfopristin (strep-
togramin A), and clindamycin (lincosamide) >40-fold (455).

Interestingly, a significant number of class 2 ABC proteins
have been found in antibiotic-producing organisms, especially
actinomycetes (310). These organisms need efficient resistance
mechanisms to protect them against the antibiotics they pro-
duce. Several macrolide resistance genes have been isolated,
including car(A) from Streptomyces thermotolerans, srm(B)
from Streptomyces ambofaciens, and tlr(C) from Streptomyces
fradiae, which confer resistance to the 16-membered-ring mac-
rolides carbomycin, spiramycin, and tylosin, respectively (428).
In Streptomyces antibioticus, which produces the 14-membered-
ring macrolide oleandomycin, the ole(B) gene confers resis-
tance to oleandomycin in the heterologous hosts Streptomyces
albus and S. lividans (342). In addition to class 2 ABC proteins,
organisms producing antibiotics often express ribosomal meth-
yltransferases that confer resistance by modifying the macro-
lide target site on the ribosome (310, 398).

Very few studies have attempted to address the molecular
mechanism of drug resistance in this family. Binding of olean-
domycin to a maltose-BP-OleB fusion protein was detected by
intrinsic fluorescence (56), but the apparent affinity for the
antibiotic was low, in the millimolar range, and no saturation of
the signal was reached due to competing absorbance of the
compound itself. Given that no interacting TM domains have
been identified in this family, substrate specificity may be de-
termined by the ABC proteins. Indeed, a Vga(A) variant with

MICROBIOL. MOL. BIiOL. REV.

a four-amino-acid substitution in the linker between the two
ABC domains shifted the drug resistance profile from strepto-
gramin A to lincosamides (337).

To our knowledge, just one study addresses the possibility
that these proteins function as efflux pumps. Cells expressing
Msr(A) exclude [**CJerythromycin, suggestive of active efflux
(398, 406). In these experiments, S. aureus cells transformed
with the S. epidermidis resistance gene msr(A) were incubated
with [**CJerythromycin, and time-dependent drug uptake was
measured. After an initial period of uptake, the radioactivity
associated with these cells decreased with time, while radioac-
tivity remained constant in control cells (406). It was suggested
that these proteins may be able to “hijack” the TM domains of
other ABC transporters to mediate efflux (398). Consistent
with this hypothesis, the Vga(A) protein colocalizes mainly in
the membrane fraction of its host cell (71). However, no mem-
brane partners for Msr(A) or related proteins have yet been
identified, nor has there been any analysis comparable to the in
vitro studies on class 1 efflux pumps to support a role for ARE
proteins in active efflux of drugs. Furthermore, reserpine, a
well-known inhibitor of multidrug pumps, has no effect on
Msr(A) (170). Since nonprotonated erythromycin is able to
diffuse through the cellular membrane down a concentration
gradient, displacement of erythromycin from its ribosomal
binding site might allow the antibiotic to simply diffuse out of
the cell. In this case, Msr(A) would undergo an ATP-depen-
dent conformational change that leads to dissociation of eryth-
romycin from the ribosome.

CONCLUSION

Bacterial ABC transporters are clearly involved in very di-
verse functions, as best illustrated by the class 2 proteins. We
are far from completing an overview of bacterial ABC systems,
since <30% of ABC systems identified so far have been char-
acterized functionally in even a cursory way. Among these, only
about 50 are actively investigated at the molecular level. In-
vestigation of the remaining uncharacterized ABC systems
constitutes a wide wild “terra incognita” for the discovery of
unprecedented functions in living organisms.

Common Themes Emerging from Studies of ABC
Transporters with Diverse Functions

Genomic analysis clearly indicates an early divergence of
exporters (class 1) from importers (class 3), which would per-
mit divergence in the mechanism of translocation between
these classes. However, there is also evidence for inversion in
the direction of translocation within classes, with at least one
example of a class 1 protein mediating import and several
examples of subfamilies within class 3 mediating export, sug-
gesting that the mechanisms of action will not be too different.
The homology of ABCs in all classes and their similarity in
structure strongly suggest that these components of ABC
transporters all work in the same way. The major global con-
formational change taking place in the ABC is a domain rota-
tion accompanied by closure of the nucleotide-binding inter-
face upon binding and hydrolysis of ATP. The diversity in
sequence and size of the IM regions, however, may allow for
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variation in the way that the motions of the ABC are coupled
to the actual translocation process.

For importers, it appears relatively straightforward to fit
models for translocation based on biochemical data into the
emerging structures. For example, structures of the BPD im-
porters show evidence of a central translocation channel that
alternates in exposure to the inner or outer face of the mem-
brane and that is positioned directly below a well-characterized
high-affinity binding site for substrate in the BP, a protein
whose substrate-dependent conformational changes are well
defined.

For exporters, this task may prove to be a far greater chal-
lenge. While alternating access is again likely to be a key
feature, the exporter structure is quite distinct from the im-
porter structures, with the addition of an extramembranous
domain that distances the ABCs from the membrane, an in-
tertwisting of TM helices, and a swapping of NBDs, features
that may permit distinct differences in the nature of conforma-
tional changes in the membrane region in response to closure
of the NBDs. The Sav1866 structure has a large internal cavity,
but it is not yet clear how hydrophobic substrates enter or exit
the cavity. In contrast to the case for importers, unambiguous
identification of the substrate-binding site may be challenging
due to the hydrophobic and polyspecific nature of the sub-
strates, which may also bind nonspecifically to the hydrophobic
ABC protein.

The Challenge of Membrane Protein Crystallography

While it is preferable to compare structures of the same
transporter captured in different conformational states, mem-
brane proteins are notoriously difficult to crystallize, and the
degree of structural conservation between BtuCD and
HI1470/1 or ModB,C, and MalFGK, suggests that it should be
possible to draw conclusions about the nature of global con-
formational changes taking place during the transport cycle.
However, several cautions are in order. First, as suggested by
Schmitt and colleagues (547), the finer details of mechanism,
including the physical nature of mechanical switches that op-
erate to mediate these larger global domain movements, may
well be specific to a given transporter, requiring structures of
the same protein in different conformational states for eluci-
dation. Second, as indicated by Rees and colleagues (366),
ABC transporters are crystallized following solubilization from
the native membrane environment with detergents and subse-
quent purification, and under these conditions, they may not
behave in the same way. Discrepancies between expectations
based on biochemical results and structures include the fact
that the translocation pathways in BtuCD and HI1470/1 face
opposite sides of the membrane despite the lack of bound
nucleotide in either structure, while it is the binding and hy-
drolysis of ATP that are thought to promote such a conforma-
tional change. In addition, two structures of Sav1866, with
ADP and AMP-PNP bound (102, 103), reveal essentially the
same closed ABC dimer, inconsistent with biochemical results
suggesting that ATP but not ADP promotes closure of the
ABC dimer interface. Finally, several of the reported struc-
tures of intact transporters are of limited resolution, highlight-
ing the difficulties associated with the crystallization of mem-
brane proteins. For these reasons, it will be important to find
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independent means to verify details revealed by new crystal
structures and to test hypotheses based on the structures. Bio-
chemical approaches carried out on transporters in their native
environment, combined with structural analysis, should pro-
vide validation of future structures, resulting in the elucidation
of the mechanism of ABC transporters.

Understanding the Mechanism: Areas for
Future Investigation

While great advances have been achieved in our understand-
ing of the mechanism of translocation by ABC transporters
over the last decade, there is still much work to be done before
we have a complete understanding of how ABC transporters
work. The fact that the ABC module is highly conserved raises
the possibility that the basic mechanism for hydrolysis is con-
served throughout the family. However, the existence of de-
generacy in the conserved motifs indicates that not all ABC
transporters require two functional hydrolytic sites. Several
mechanisms have been proposed, involving either sequential
or alternating hydrolysis at the two sites, and the events occur-
ring before, during, and after catalysis have not been corre-
lated with movements within the NBDs. For example, does the
ABC dimer open after a single hydrolytic event or after both
ATPs are hydrolyzed? Does the timing of the opening coincide
with phosphate release or ADP release? Do both nucleotide-
binding sites open simultaneously, or can they open indepen-
dently? What is the significance of the cooperativity between
ATP-binding sites?

There are still many open questions about the nature of the
translocation pathways and the identification of substrate-
binding sites in the IM domains. Evidence suggests that in
exporters, conformational changes lead to decreased affinities
for substrates, but no explanatory details are available.

As shown in Fig. 11, we propose a very simple two-state
model for coupling of transport to hydrolysis in which the
closure of the ABC modules to bind and hydrolyze ATP coin-
cides with the reorientation of the translocation pathway. Clo-
sure may be sufficient to promote ATP hydrolysis, and follow-
ing ATP hydrolysis, the closed ABC dimer may no longer be
stable, triggering a return to the initial conformational state.
Viewed in this way, the transport process may be no more
complicated than a G protein process, in which GTP hydrolysis
promotes the switch between two different conformations.
Schmitt and colleagues offer the possibility of a far more in-
tricate catalytic cycle, in which different steps are coupled to
different aspects of the translocation process (547). They em-
phasize the fact that the ATPase can function as a dual-mode
engine wherein ATP binding provides mechanical motion
(perhaps reorientation of TM helices) and the sequential hy-
drolysis of ATP and stepwise release of P; provide additional
chemical energy that can be used for separate (as yet unde-
fined) purposes. Is a simple two-state model adequate to ex-
plain transport, or are more complex mechanisms involved to
ensure unidirectional transport and efficient coupling of trans-
port to hydrolysis? These questions and more ensure many
more years of stimulating research and discussion in the field
of ABC transporters.
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