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MINIREVIEW

Mechanism of Coupling of Transport to Hydrolysis in Bacterial
ATP-Binding Cassette Transporters

Amy L. Davidson*
Department of Molecular Virology and Microbiology, Baylor College of Medicine, Houston, Texas 77030

Studies of periplasmic binding protein-dependent transport-
ers date to the 1960s when it was realized that the transport of
certain solutes was inhibited following an osmotic shock that
released the contents of the periplasm (8, 80). The ATP-bind-
ing cassette (ABC) superfamily (52) was defined in 1986 when
homology was detected between a binding protein-dependent
transporter and a multidrug efflux pump cloned from human
cancer cells (21, 42). These proteins, also known as traffic
ATPases (4), number 80 in the Escherichia coli genome (13,
23) and 48 in the human genome where many have been linked
to human disease (29). In addition to the periplasmic binding
protein-dependent transporters that mediate uptake, bacterial
cells also contain ABC transporters lacking a binding protein
that mediate efflux of compounds such as lipopolysaccharides
(15, 56, 95, 133), capsular polysaccharides (87, 90), antimicro-
bial agents (7, 98, 126), and toxins (35, 47, 57). A few ABC
proteins also lack a transmembrane region and use the same
architecture to perform alternative functions such as DNA
repair (34).

A typical ABC transporter has four domains or subunits, two
of which are hydrophobic and are predicted to span the mem-
brane multiple times in an alpha-helical conformation and two
of which bind nucleotide and are exposed to the cytoplasm.
This domain architecture is clearly established in the recent
structure of MsbA (20), an ABC transporter that mediates the
export of lipid and lipid A in E. coli (32, 133). MsbA is a
homodimer, and the intracellular loops between transmem-
brane-spanning helices of each monomer unit constitute a
novel intracellular alpha-helical domain that physically sepa-
rates the nucleotide-binding domain from the transmembrane
domain. The nucleotide-binding domains and subunits share
considerable sequence homology across the entire family (45)
and assume a similar three-dimensional fold that consists of a
core nucleotide-binding subdomain that is common to other
ATPases and an alpha-helical subdomain that is specific to
ABC proteins (50). The nucleotide-binding subdomain con-
tains the canonical Walker A and B motifs (128) that are
involved in nucleotide binding, while the helical subdomain
contains the ABC family signature or LSGGQ motif the func-
tion of which is still debatable (31, 48, 53).

This minireview summarizes recent work using vanadate to
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stabilize the transition state for ATP hydrolysis that has pro-
vided new insight into the mechanism of action of this family of
proteins.

BINDING PROTEIN-DEPENDENT
UPTAKE SYSTEMS

In the periplasmic binding protein-dependent transport sys-
tems, the soluble binding protein is the first component to
interact with the substrate to be transported, acting as a high-
affinity receptor for the substrate in the periplasm (93) (see
Fig. 1). Interaction of the ligand-bound binding protein with
the transporter stimulates the ATPase activity of the trans-
porter and initiates transport (27, 88). A fuller understanding
of how these binding proteins function in transport was real-
ized following our recent observation in the maltose transport
system that the periplasmic maltose binding protein (MBP)
becomes tightly bound to the membrane transporter (MalFGK,,
a complex of MalF, MalG, and two MalK proteins) in the
presumed catalytic transition state for ATP hydrolysis (22). In
the transition state conformation, the affinity of the binding
protein for maltose is reduced (22) and the sugar is presum-
ably transferred to the transporter and ultimately into the cell

(Fig. 1).

EVIDENCE THAT VANADATE TRAPS
THE TRANSITION STATE

The tight interaction between MBP and the maltose trans-
porter was discovered during a study of the mechanism of
inhibition of maltose transport by vanadate (22, 107). Vana-
date is an analogue of inorganic phosphate that can mimic the
gamma phosphate of ATP in the transition state for ATP
hydrolysis (114). In the structure of the vanadate-inhibited
myosin ATPase, Mg and ADP are present, and vanadate oc-
cupies the position of the gamma phosphate, having assumed
the trigonal bipyrimidal conformation characteristic of the tran-
sition state (114). As was observed in myosin (41), vanadate
inhibition results in the tight binding of ADP to MalFGK,,
meaning that ADP does not dissociate following removal of
free vanadate and free nucleotide from solution (107). Since
ABC proteins normally do not bind nucleotide with high af-
finity (86, 124), the tight binding exhibited in the presence of
vanadate likely reflects its ability to stabilize the transition state
of the maltose transporter. Further evidence that vanadate
traps the transition state in the maltose transport system comes
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FIG. 1. Model for maltose transport. (A) MBP binds maltose, un-
dergoing a change from an open conformation to a closed conforma-
tion, generating a high-affinity sugar-binding site. In the closed con-
formation, MBP binds MalFGK, to initiate transport and hydrolysis.
(B) In the transition state for ATP hydrolysis, MBP becomes tightly
bound to MalFGK,, and internal sugar-binding sites are exposed to each
other. This opening of MBP in the transition state reduces the affinity of
MBP for maltose, facilitating the transfer of sugar to MalFGK,. (C) Mal-
tose is transported, and MBP is released after reexposure of the mem-
brane-binding site to the cytoplasm. MBP activates the ATPase activity of
MalK by bringing the two MalK subunits into close proximity, completing
the nucleotide-binding site(s) at the MalK-MalK interface with residues
donated from the opposing subunit. Reprinted from reference 22.

Transition State

from the observation that ATP hydrolysis is required for van-
adate inhibition (107). This requirement is demonstrated first
by the observation that both Mg and ATP are required for
stable inhibition by vanadate and second by the fact that the
wild-type transporter does not hydrolyze ATP in the absence
of MBP (27), and neither stable inhibition of ATPase activity
by vanadate nor trapping of nucleotide occurs in the absence of
MBP (22, 107). Finally, even though ADP is trapped by van-
adate, ADP will not substitute for ATP in formation of the
inhibited species, indicating that vanadate trapping occurs af-
ter ATP has been hydrolyzed but before ADP is released (107).
This result also suggests that there is an ADP-bound species
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formed following ATP hydrolysis and P; release that has a
higher free energy than the species formed when ADP binds to
the transporter (Fig. 2) (107). In Fig. 3, we indicate that the
free energy of ATP hydrolysis may be released in incremental
steps that are tied to different conformational changes in the
transporter (107). For example, for the mammalian P-glyco-
protein, it has been suggested that P; release may be coupled to
transport (123). Structural comparisons of ATP-bound and
ADP-bound ABC subunits from bacteria have revealed a con-
formational difference that may be important for nucleotide
exchange in the active site (130).

IMPORTANCE OF CONFORMATIONAL CHANGE IN
PERIPLASMIC BINDING PROTEINS

The finding that vanadate traps a complex of MBP and
MalFGK, underscores the central importance of the binding
protein to the transport process; it is an integral part of the
translocator, not just a peripheral component. Binding pro-
teins undergo a ligand-induced conformational change that has
been detected by many techniques, including fluorescence (67,
71, 135), nuclear magnetic resonance (17, 37, 46), X-ray scat-
tering (82, 108), electron paramagnetic resonance (44), and
cross-linking (18). The nature of this conformational change is
evident from the structures of these proteins, which have been
determined both in the presence and absence of ligand (70, 76,
77, 81, 85, 89, 97, 106, 116, 119, 134). These binding proteins
have two globular domains attached by a flexible hinge, and in
the ligand-bound structures, the ligand is buried deep within
the cleft between the two domains. In the absence of ligand,
the cleft between the domains is more open and exposed to
solvent. The gain in entropy resulting from desolvation of the
ligand in the binding cleft is likely to provide the driving force
for domain closure (65).

The influence of conformational change on ligand-binding
affinity can be understood in terms of the thermodynamic cycle
shown in Fig. 4. Since the conformational equilibrium of a

k

+1 +2
AN .
MalFGK,, + MgATP ) MalFGKoy'MgATP T MalFGKo'MgADP-P;

k

kall*:3

k

+5 +4
P . L« .
MalFGKy + MgADP T MalFGKo'"MgADP <= i MalFGKo'MgADP + F’i

+

Vi

N
ki6' K6

*MalFGKo"MgADPV;

FIG. 2. Scheme for ATP hydrolysis and vanadate inhibition. In this scheme for ATP hydrolysis by MalFGK,, ATP binding (step 1) and ATP
hydrolysis (step 2) are followed by the ordered release of P; (step 3) and then ADP (steps 4 and 5). Release of ADP is predicted to be a two-step
process in which the transport complex undergoes a conformational change that is not readily reversible, from a high-energy species (*) to a
low-energy species (step 4) prior to ADP release (step 5). Vanadate will inhibit ATPase activity (step 6) only if it binds to the high-energy species
formed immediately following ATP hydrolysis and P; release (steps 1 to 3). Once formed, the vanadate-bound species is quite stable in the maltose
system (107). Reprinted from reference 107 with permission of the publisher.
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FIG. 3. Free energy changes for MalFGK, during ATP hydrolysis.
For illustrative purposes, we have constructed this hypothetical energy
diagram (G, Gibbs free energy) for MalFGK, (FGK) during ATP
hydrolysis. Binding of both ATP and MBP (E) to FGK will trigger
ATP hydrolysis. E becomes more tightly bound to FGK as the complex
approaches the transition state (EFGK"S), passing through an inter-
mediate conformation that may resemble the binding protein-indepen-
dent MalF500 mutant (63, 121). Following ATP hydrolysis, dissocia-
tion of P; is likely to precede dissociation of ADP, allowing vanadate to
bind and stabilize the complex in the transition state (TS) conforma-
tion. The ADP-bound intermediate may exist in both a high-energy
and low-energy conformation, since ADP plus vanadate cannot trap
the transition state.

binding protein strongly favors the open form (P,,.,) in the
absence of ligand and the closed form (P,,,..q) in the presence
of ligand (65, 93) (M 1iganded < Miiganaea in Fig. 4), the equi-
librium constant describing the binding of ligand to the closed
form (K, oseq) must be greater than the equilibrium constant
describing the binding of ligand to the open form (K.,)
meaning that the closed conformation has a higher affinity for
ligand than the open conformation. Because the ligand is bur-
ied in the closed conformation, it is assumed that ligand binds
and dissociates only when binding protein is in the open con-
formation (59, 71). Since this interconversion occurs rapidly in
the presence of ligand, binding proteins display both high-
affinity binding and high on and off rates (59, 71).

This conformational change also plays an important role in
signal transduction as illustrated in the maltose transport sys-
tem. Mutational studies have identified two regions on either
side of the ligand-binding cleft in MBP that appear to interact
with the transporter MalFGK, (36, 49, 66, 120). Opening and
closing the cleft will alter the positions of these regions relative
to each other, providing a means of signaling to the transporter
that maltose is present. Although both ligand-free and ligand-
bound forms of the binding proteins interact with the trans-
porters (5, 69, 109), ligand-bound binding protein more effi-
ciently stimulates the ATPase activity of the transporter (5,
27), suggesting that the closed form of the binding protein
binding initiates a transport event. The relatively high concen-
tration of binding protein required to achieve one-half maxi-
mal transport activity (25 to 100 uM) (28, 64, 91) suggests that
the binding protein and the transporter initially interact with
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FIG. 4. Thermodynamics of ligand and ligand-binding protein in-
teractions. Myjiganded 304 Mijgandeq are the equilibrium allosteric con-
stants for the interconversion of the open and closed forms of the
binding protein in the absence and presence of ligand (L), respectively.
Kopen and K oe.q are the equilibrium association constants for the
binding of ligand to the open and closed forms of the binding protein,
respectively (see equations 1 to 4).

1 Mliganded

Muiigandea = [Petoseal/[Popen] (1)
Miginaea = [PLctoseal/[PLopenl 2
Kiosea = [PLetoscal/ [Petoseal [L] 3)

Kopen = [PLopenl/[Popen] [L] 4

As discussed in the text, ligand binding induces conformational change
from the open form to the closed form, hence the open conformation
predominates in the absence of ligand and the closed form predom-
inates in the presence of ligand, or M, jisandea < Miigangea- Since
Munliganded X Kclosed :Kopen X Mliganded’ then Kclosed = Kopen and
ligand is bound more tightly by the closed form than by the open form
of the binding protein.

low affinity, which progresses to a high-affinity interaction in
the transition state.

Finally, this conformational change is likely to be an integral
part of the translocation process itself. MBP displays a remark-
able ability to retain ligand during gel filtration (38), yet mal-
tose is absent in the vanadate-trapped complex (22). These
data suggest that MBP is trapped in the low-affinity, or open,
conformation by vanadate. If, as generally believed (27, 66, 93),
binding proteins initiate interaction with the transporters when
in the closed conformation, then a cycle of opening and closing
coincides with a cycle of ATP hydrolysis (Fig. 1). The opening
of the binding protein and the complementary changes in the
transporter that generate the tight-binding interaction stabilize
the transition state of ATP and promote catalysis (22). Open-
ing of the binding protein in the transition state will also couple
transport to ATP hydrolysis because the simultaneous de-
crease in the affinity of the binding protein for ligand and in-
crease in the affinity of the binding protein for the transporter
will trigger the release of ligand from the binding protein
directly into the transporter and hence into the cell (Fig. 1).

CONFORMATIONAL CHANGE IN THE
TRANSMEMBRANE DOMAINS

The transient nature of the tight-binding interaction be-
tween MBP and MalFGK, (22) suggests that both proteins
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undergo conformational changes during the catalytic cycle. We
have predicted the nature of the conformational change in the
binding protein based on its structure and ligand-binding in-
teractions. However, there is little foundation upon which to
model conformational changes in the transmembrane region
of this transporter. Mutant transporters that are independent
of the binding protein still transport substrate specifically, al-
beit with lower affinity, indicating that there is a substrate-
binding site in the membrane (111, 115, 121). Peter Mitchell
has suggested that transporters may employ a central binding
site that is alternately exposed to each side of the membrane
(73, 74). This mobile barrier hypothesis has been incorporated
into the model in Fig. 1. We suggest that in the ground state,
before and after ATP hydrolysis, this low-affinity binding site is
accessible only from the cytoplasm and in the transition state it
is accessible only from the periplasmic surface (22). With bind-
ing protein tightly bound at the periplasmic surface of the
transporter, accessibility to the membrane-binding site may be
limited to substrate that is released by the binding protein in
the transition state complex. If true, then substrate transloca-
tion may be complete before ADP dissociates from the trans-
porter, since maltose is absent from the vanadate-trapped spe-
cies (22). Since the binding protein is locked onto the
transporter in the transition state, it is also conceivable that a
channel that spans the membrane region opens, analogous to
the maltoporin channel in the outer membrane (31, 33, 103).
At least one ABC protein, the cystic fibrosis transmembrane
regulator (CFTR), functions as a channel (10). Now that it is
possible to trap the transporter in the transition state, these
models can be tested. For example, cysteine-scanning mu-
tagenesis can be used to determine the exposure of residues in
presumed transmembrane regions to the aqueous environment
(39, 129).

MECHANISM OF ACTIVATION OF
ATPase ACTIVITY

Several nucleotide-binding subunits from bacterial uptake
systems have been crystallized in the absence of their trans-
membrane partners (31, 50, 54, 130), providing valuable infor-
mation about the nature of the nucleotide-binding site. Unlike
most ATPases, bound nucleotide is highly exposed on the
surface of the monomer, suggesting that residues from another
subunit in the transport complex may complete the active sites
(48, 53). Since the nucleotide-binding subunits can form
dimers in the absence of the membrane components (55, 84),
the active sites could be completed with residues from a second
nucleotide-binding subunit. This suggestion, first introduced by
Jones and George (53), was confirmed in the structure of
Rad50cd, an ABC protein involved in DNA repair, where
residues from the conserved family signature or LSGGQ motif
of one ATPase subunit complete the active site in the second
subunit (48). There is still uncertainty as to whether the Rad50
dimer is representative of a true ABC transporter, since sev-
eral different dimer interfaces have been observed in different
structures (31, 50, 130). In the structure of the MsbA dimer,
which includes the transmembrane domains, the monomers
contact each other only in the region presumed to span the
outer leaflet of the membrane bilayer and the two nucleotide-
binding domains are separated by 50 A, yielding no informa-
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tion about how they might interact (20). Arguments in favor of
the universality of the Rad50 dimer structure are, however,
mounting. The high degree of conservation of the LSGGQ
motif in ABC proteins argues that it will have the same func-
tion in all ABC proteins. The contacts between the LSGGQ
motif and the nucleotide in Rad50 perfectly correct deficien-
cies in the monomer subunits that would be expected to pre-
vent ATP hydrolysis (48, 130), and mutations in the LSGGQ
motif inhibit ATPase activity even in the absence of the trans-
membrane subunits (104). Finally, the idea that the nucleotide-
binding sites are shared between subunits explains the require-
ment for two nucleotide-binding domains in these systems
(48). Even in those cases where the sequence of one nucleoti-
de-binding site has diverged from the consensus sequence and
is assumed to be nonfunctional (53), two domains or subunits
are still required to generate a single functional site.

The ATPase activity of Rad50 appears to be controlled
through the dimerization of the two catalytic domains and ATP
promotes dimer formation (48). In Fig. 1, we proposed a sim-
ilar mechanism for the activation of ATPase activity, with the
degree of subunit association being controlled by the interac-
tion of the binding protein with the transporter (63). Consis-
tent with this hypothesis, we have detected a decrease in the
solvent accessibility of the Walker A motif that is associated
with activation of the ATPase activity in MalFGK, (63). By
comparing the structures of ATP-bound and ADP-bound ABC
proteins, Yuan and colleagues discovered a possible switch
mechanism that rotates the alpha-helical subdomain relative to
the nucleotide-binding subdomain when a conserved glu-
tamine residue interacts with the gamma phosphate of ATP
(130). When the ATP- and ADP-bound species were fitted into
the Rad50 dimer, the nucleotide-binding site was more ex-
posed in the ADP-bound structure than the ATP-bound struc-
ture, leading the researchers to suggest that the switch may be
important to exchange ADP for ATP (130). In our view, this
switch could also be a component of the conformational
change that brings the LSGGQ motif into the nucleotide-
binding site and activates the ATPase activity. In the intact
complex, this switch may be controlled by the interaction be-
tween the binding protein and the transporter, thereby pre-
venting ATP hydrolysis in the absence of binding protein.

BINDING PROTEIN-INDEPENDENT MUTANTS
STABILIZE INTERMEDIATES IN
HYDROLYSIS CYCLE

Our model in Fig. 1 predicts that residues in the Walker A
motif will become less accessible to solvent as a result of
activation of the ATPase activity by MBP. Mutants capable of
transporting maltose in the absence of MBP have gained the
ability to hydrolyze ATP in the absence of MBP (27). A flu-
orophore attached to the Walker A motif is in fact less solvent
accessible in the binding protein-independent MalF500 mutant
than in the wild type (63), suggesting that the MalF500 mutant
is already in an activated conformation. In contrast to the wild
type, where vanadate trapping of the transition state results in
a decrease in solvent accessibility of the Walker A motif, the
solvent accessibility of the MalF500 mutant is unchanged by
vanadate trapping (63). Similarly, the MalF500 mutant binds
tightly to MBP both in the presence and absence of vanadate
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(63). Thus, it appears that the conformation of the MalF500
mutation resembles the transition state both in terms of the
conformation of the nucleotide-binding site and the increased
affinity for MBP. MBP can inhibit the activity of the binding
protein-independent transporters (49, 120, 121), and it has
been suggested that the increased affinity between MBP and
the binding protein independent transporters leads to inhibi-
tion through the formation of nonproductive complexes (28,
110). In the case of the MalF500 mutant, the failure of MBP to
dissociate and rebind maltose may explain why it inhibits trans-
port activity. In the energy diagram in Fig. 3, we indicate that
the MalF500 mutant may resemble an intermediate that lies
between the ground state and the transition state in the reac-
tion pathway of the wild type. We further suggest that this
intermediate exists only transiently, as we have been unable to
stabilize an intermediate resembling the MalF500 transporter
by adding MBP to the wild-type transporter. At this point in
the pathway, MBP would be tightly bound to the transporter
and could be in either an open or closed conformation. It has
been suggested that MBP need not close completely to trigger
a productive transport interaction with another of the binding
protein-independent mutants (43).

INTERACTION BETWEEN NUCLEOTIDE-
BINDING SITES

ABC transporters have two nucleotide-binding domains or
subunits and hence two distinct nucleotide-binding sites, both
of which can bind ATP (3). ATP is hydrolyzed with positive
cooperativity by the periplasmic binding protein-dependent
transporters, suggesting that the two sites interact (24, 61).
Mutation or modification of a single nucleotide-binding site
usually inhibits the function of both sites in both prokaryotic
and eukaryotic transporters, providing further evidence that
the two sites interact (2, 9, 26, 62). A possible exception is
reported for the bacterial histidine transporter where mutation
of a conserved histidine that eliminates activity if present in
both subunits (112) reduces activity by only 50% if present in
just one of the two nucleotide-binding subunits (83). This re-
sult was interpreted to mean that one intact nucleotide-binding
site is sufficient to mediate transport (83); however, the effect
of only one mutation was studied in this report and the re-
searchers state that the apparent difference between the histi-
dine transporter and other ABC transporters may be a func-
tion of the particular mutant studied (83). Based on vanadate-
trapping experiments in the mammalian P-glycoprotein, it is
suggested that the two nucleotide-binding sites alternate in
ATP hydrolysis (123, 124). Both sites can hydrolyze ATP, since
ADP can be found in either site when vanadate is used to trap
the transition state for ATP hydrolysis (123); however, trap-
ping of one site in the transition state prevents the second site
from turning over (124). In the maltose transport system, van-
adate inhibition was also associated with a one-to-one stoichi-
ometry of binding of ADP to the transporter, indicating that
the binding protein-dependent transporters may function by a
similar mechanism (22, 107).

The question of whether both nucleotide-binding sites per-
form the same function in transport has not been fully ad-
dressed. No stoichiometric measurements have been accurate
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enough to determine unequivocally whether one or two ATP
molecules are hydrolyzed for each substrate molecule trans-
ported (12, 25, 61, 72). However, comparison of the growth
yields of bacteria under anaerobic conditions for different sug-
ars indicates that only one ATP is expended per maltose or
maltodextrin transported (78). In the bacterial transport sys-
tems, asymmetries between the nucleotide-binding subunits
have been detected both in the intact complex (58a) and in the
isolated subunits (31); however, these differences may be a
manifestation of alternating catalytic sites rather than of func-
tional differences between the two nucleotide-binding sites. In
several of the mammalian ABC proteins including CFTR (1,
19, 51), sulfonylurea receptor protein 1 (68, 122), and multi-
drug resistance protein 1 (79), nucleotide interacts differently
with the two nucleotide-binding sites, whereas in P-glycopro-
tein, the nucleotide binding sites appear to behave identically,
leading to the suggestion in the alternating catalytic sites
model for P-glycoprotein (105) that substrate is transported
each time ATP is hydrolyzed. However, this hypothesis has
recently been challenged (99).

EFFLUX OF PROTEINS, CARBOHYDRATES,
AND ANTIBIOTICS

ABC transporters also mediate the efflux of several different
classes of compounds from the bacterial cell. Despite the fact
that some transporters mediate uptake and some efflux, the
fundamental mechanism by which ATP hydrolysis is coupled to
transport may be the same. Excellent progress has been made
in several different model systems, as discussed in recent re-
views (57, 92, 113). Of special interest is the recent work on the
ABC multidrug transporter LmrA from Lactococcus lactis
(127). This protein, like many of the efflux proteins in bacteria
(100) including MsbA (20) has the transmembrane domain
fused to the ATP-binding cassette domain and has been shown
to function as a homodimer (127). LmrA exports a variety of
cytotoxic compounds including vinblastine, a substrate of the
human P-glycoprotein (126, 127). Like P-glycoprotein, it may
extrude amphiphilic substrates from the inner leaflet of the
lipid bilayer (14), and evidence of allosteric interactions be-
tween at least two substrate-binding sites has been reported
(126). Vinblastine binds to LmrA with positive cooperativity;
binding to the first site (K, = 150 nM) initiates a second higher-
affinity binding event (K, = 30 nM). LmrA is inhibited by vana-
date, and only one vinblastine molecule binds to the vanadate-
trapped intermediate, at a low-affinity site (K, = 160 nM) that
is exposed to the extracellular surface (127). Based on this and
other data, the researchers suggest that LmrA has two drug-
binding sites each of which can convert from a high-affinity
inward-facing site to a low-affinity outward-facing site. Trans-
port is likened to a two-piston engine in which hydrolysis at one
nucleotide-binding site resets one low-affinity binding site to a
high-affinity site as the second high-affinity site is converted to
a low-affinity site. Subsequent hydrolysis at the second nucle-
otide-binding site would return the protein to the original
conformation and result in the transport of two drug molecules
at the expense of two ATP molecules. In the vanadate-trapped
intermediate, the high-affinity site is temporarily occluded as it
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switches from inside to outside and the low-affinity site is still
accessible from the outside of the cell (127).

The parallels between drug efflux and solute uptake are
striking. Evidence for both low-and high-affinity substrate-
binding sites is present in both systems (121, 127), and trapping
of the transition state results in the ablation of high-affinity
binding (22, 94, 127). The models proposed for binding pro-
tein-dependent uptake (Fig. 1) (22) and efflux (127) differ in
two significant ways. First, in the maltose transport system, the
high- and low-affinity sites are clearly distinct, a high-affinity
site is seen in the crystal structure of MBP (116), and a low-
affinity site(s) is present in MalFGK,, as evidenced by the
substrate specificity of a binding protein-independent mutant
(121). As discussed, ablation of high-affinity binding is likely
achieved through opening of the substrate-binding cleft in
MBP after which the substrate is transferred to the low-affinity
site in the membrane (Fig. 1). In the two-cylinder model for
LmrA, there is no transfer of substrate from one site to an-
other, rather, substrate is translocated while bound to a single
site whose affinity and orientation changes. Second, in the
maltose transport system, only one path across the membrane
is illustrated (Fig. 1); in LmrA, two distinct paths are proposed
(127). An alternate model for drug efflux, more similar to the
model for maltose transport, has been proposed for the mam-
malian P-glycoprotein in which drug initially binds to one site
near the cytoplasmic surface and is transferred to a second
(release) site when the affinity of the first site is reduced as a
result of ATP hydrolysis (30, 94, 125). In the structure of
MsbA, considered to be a homolog of the multidrug efflux
pumps, the region of the protein predicted to be in the inner
membrane leaflet contains a cluster of positively charged res-
idues, while the region contacting the outer leaflet is largely
hydrophobic (20). It has recently been proposed that hydrolysis
of ATP may promote conformational changes in the trans-
membrane region that generate unfavorable interactions be-
tween the lipid substrate and the charged cluster, causing the
lipid molecule to flip from the inner leaflet to the outer leaflet
(20). However, more structural information will be required to
determine exactly how lipids interact with this site and whether
there are two separate pathways for translocation across the
membrane.

The secretion of some protein toxins from gram-negative
organisms requires an ABC transporter and two accessory
proteins, one from the membrane fusion protein family and
one from a family that includes the outer membrane protein
TolC (6, 11, 16). The structure of TolC has been elucidated
(58); it forms a channel that has the potential to span both the
outer membrane and the periplasmic space, explaining how
toxin secretion from the cytoplasm bypasses the periplasm.
These three proteins can be detected as a complex if the
substrate is present, even in the absence of ATP hydrolysis (60,
118). By analogy to the systems discussed here, ATP hydrolysis
should result in release of either all or some portion of the
toxin protein into a channel that spans both membranes. It is
theoretically possible that trapping of the transition state of
these exporters with vanadate may capture the open-channel
conformation of this export apparatus. TolC is predicted to
undergo a conformational change that open and closes the
channel at its periplasmic orifice (58).
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SIMILAR MECHANISMS FUNCTION
IN DIVERSE SYSTEMS

Just as the ATPase activity of the maltose transporter is
stimulated by MBP, G proteins have a very low intrinsic GTPase
activity that is stimulated either by a GAP (GTPase-activating
protein) or a RGS protein (regulator of G-protein signaling)
(40, 117). Aluminum fluoride, like vanadate, can mimic the
transition state of the gamma phosphate of a nucleotide
triphosphate during hydrolysis and stabilizes these normally
transient interactions between the G proteins and their activa-
tors (75). The three-dimensional structures of the aluminum
fluoride-stabilized complexes reveal that RGS proteins pro-
mote catalysis by repositioning residues in the active site and
that an arginine side chain from the GAP proteins is inserted
into the active site of the G proteins to help stabilize the
transition state for hydrolysis (101, 117). Similar to RGS or
GAP, MBP stimulates the ATPase activity of MalFGK, by
stabilizing the transition state and is tightly bound to MalFGK,
in the presence of a transition state analogue (22).

Mechanistically, the maltose system may bear an even closer
resemblance to the nitrogenase system, a multiprotein enzyme
that catalyzes biological nitrogen fixation in an ATP-depen-
dent fashion (102). During fixation, electrons are transferred
from the metal cluster of the Fe-containing protein to the
FeMo-containing protein in an ATP-dependent fashion. As in
the maltose system and in the G proteins, a transient interac-
tion between these two proteins promotes nucleotide hydroly-
sis and aluminum fluoride will trap an inhibited complex con-
taining nucleotide and both proteins. Examination of the
crystal structure of this presumed transition state complex re-
veals that, during ATP hydrolysis, the electron-donating FeS
cluster of the Fe-containing protein is positioned close to the
electron-receiving metal center of the MoFe-containing pro-
tein to facilitate the transfer reaction. Additional structural
changes surrounding the nucleotide-binding sites that stabilize
the transition state (102) are visible. In contrast to the G
proteins, where the primary purpose of the hydrolysis event is
to alter the signaling state of the molecule (GTP- versus GDP-
bound states) (96), a key physiological event for nitrogenase
(electron transfer) occurs during hydrolysis, as we have pre-
dicted for the maltose transport system.

The recent finding that the nucleotide-binding component of
the arsenic transporter ArsA (131, 132) has the same fold as
the Fe-containing protein of nitrogenase strengthens the con-
nection between nitrogenase and the ABC transporters. The
ArsA protein binds arsenic with high affinity, and it is tempting
to predict that, in the transition state, loss of high-affinity
binding will promote the transfer of the metal from ArsA to
the membrane-spanning subunit ArsB.

CONCLUDING REMARKS

Work with the inhibitor vanadate has already provided a
wealth of information about the mechanism of action of ABC
proteins and is likely to continue to do so. These experiments
have provided a framework for understanding the mechanism
by which transport is coupled to ATP hydrolysis and the op-
portunity to hypothesize further on what may occur in other
bacterial transport systems. This minireview has only briefly
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touched upon the large body of work devoted to the charac-
terization of vanadate inhibition in eukaryotic ABC proteins,
in particular those such as CFTR and sulfonylurea receptor
that may function differently from a classical transporter (1, 79,
122). Recent structural information on the ATP-binding com-
ponents has provided a wealth of detail for investigating the
mechanistic aspects of ATP hydrolysis by this relatively new
class of transporters. One day soon, the structures of the
ground state and transition state of a complete ABC trans-
porter can be compared to gain an understanding of the nature
of the translocation pathway across the membrane.
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