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Maintaining adequate intracellular levels of transition metals is fundamental to the survival of all

organisms. While all transition metals are toxic at elevated intracellular concentrations, metals such as

iron, zinc, copper, and manganese are essential to many cellular functions. In prokaryotes, the concerted

action of a battery of membrane-embedded transport proteins controls a delicate balance between

sufficient acquisition and overload. Representatives from all major families of transporters participate in

this task, including ion-gradient driven systems and ATP-utilizing pumps. P-type ATPases and ABC

transporters both utilize the free energy of ATP hydrolysis to drive transport. Each of these very

different families of transport proteins has a distinct role in maintaining transition metal homeostasis:

P-type ATPases prevent intracellular overloading of both essential and toxic metals through efflux while

ABC transporters import solely the essential ones. In the present review we discuss how each system is

adapted to perform its specific task from mechanistic and structural perspectives. Despite the mechanistic

and structural differences between P-type ATPases and ABC transporters, there is one important

commonality: in many clinically relevant bacterial pathogens, transporters of transition metals are

essential for virulence. Here we present several such examples and discuss how these may be exploited

for future antibacterial drug development.

Introduction

It is estimated that 30–45% of known enzymes are metallo-

proteins that depend on a metal co-factor for their function.1,2

Often, the co-factor is a transition metal such as iron,

manganese, zinc, or copper. As a result, many essential

physiological processes including respiration, photosynthesis,

replication, transcription, translation, signal transduction, and

cell division depend on the presence of transition metals.1

However, transition metals are toxic at elevated intracellular

concentrations as they can perturb the cellular redox potential,

produce highly reactive hydroxyl radicals, and displace functionally

important metal co-factors from their physiological locations.
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Moreover, other non-essential transition metals (e.g., cadmium,

lead, silver, and mercury) exhibit acute toxicity by binding to

macromolecules and perturbing their physiological inter-

actions/functions.3,4

In both eukaryotes and prokaryotes, a diverse ensemble of

membrane-embedded transporters participates in metal trans-

location across cell membranes. In gram-negative bacteria, these

included ion gradient- and ATP-driven transport systems belonging

to the RND, ABC, CDF, and P-type ATPase superfamilies.5

As depicted in Fig. 1, each of these superfamilies has a unique

architecture and composition: RND transporters are comprised

of multiple subunits spanning the inner membrane, periplasm,

and the outer membrane. A substrate may enter the translocation

pathway either at the cytoplasm or at the periplasm6 (Fig. 1), but

in both cases the substrate will be expelled to the cell exterior.

ABC transporters are embedded in the inner membrane, and

through interactions with their cognate substrate-binding

proteins,7 outer membrane receptors8 (e.g., BtuB in Fig. 1),

and the ExbB/ExbD/TonB system9,10 they participate in metal

uptake through the outer membrane, the periplasm, and the

inner membrane, delivering transition metals to the cytoplasm.

P-type ATPases and CDF transporters catalyze metal trans-

location across the inner membrane, and in both systems the

substrate is transported from the cytoplasm to the periplasm.

In this review, we compare the two ATP-driven super-

families: ABC transporters and P-type ATPases. As discussed

below, these two superfamilies exhibit complementary physio-

logical functions in maintaining transition metal homeostasis,

diverge in their structural and mechanistic organization, and

play distinct roles in bacterial virulence.

Physiological roles of bacterial transition

metal transporters

In many enzymatic reactions, the limited chemical reactivity of

the side chains of the 20 amino acids is supplemented by the

heightened reactivity of transition metal co-factors.11–14 It is

however the same heightened reactivity that makes transition

metals potentially toxic. As such, a delicate intracellular

balance is required to maintain the essential supply of these

metals while preventing toxic overload. One mechanism by

which bacterial (and mammalian) cells maintain this balance is

through a combination of sequestration and controlled release.

Since the toxic form of transition metals is their unliganded

ionic form, the metals may be stored as bound moieties by

specialized sequestering proteins. Examples of such storage

proteins include the iron-storage protein ferritin15 and the zinc

and copper-storing metallothioneins.16 Metal coordination by

Fig. 1 The different transporter types participating in transition metal translocation in gram-negative bacteria. Arrows indicate the directionality

of transport of protons and transition metals, and proteins are colored according to chains. From left to right: RND transporters have a trimeric

organization and traverse both the inner and outer membranes. They utilize the energetically downhill movement of protons across the inner

membrane (DmH+) to drive metal efflux from the cytosol and the periplasm to the cell exterior. ABC transporters have a dimeric organization and

are embedded in the inner membrane. They use the energy of ATP hydrolysis and require a cognate substrate binding protein for their function

(e.g., BtuF). ABC transporters partner with the energy-transducing ExbB/ExbD/TonB complex (schematic model composed of PDB IDs 2PFU

and 1ENV) and high affinity outer membrane transporters (e.g., BtuB) to deliver essential trace elements from the environment to the cytosol.

P-type ATPases are monomers (schematic model from PDB ID 3RFU), and like ABC transporters, are powered by ATP to catalyze metal efflux

from the cytosol, across the inner membrane, to the periplasm. A similar task is performed by the dimeric CDF transporters (PDB ID 2QFI) that

utilize the energy of DmH+ to drive metal efflux across the inner membrane.
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the sequestering protein neutralizes the metals’ reactivity. The

sequestered metals are then released in a controlled manner as

the need arises, thereby providing the mechanisms of both

protection and storage.

An additional mechanism that bacteria have evolved to

control their intracellular transition metal concentrations is

by active uptake and extrusion. Given the low passive membrane

permeation of transition metals, the net change in intracellular

metal concentrations is determined by the rates and directionality

of active transport. In this respect, the roles of P-type ATPases

and ABC transporters are readily distinguished: transition

metal P-type ATPases function as detoxifiers through their

efflux activity17,18 while their ABC counterparts function

exclusively as high-affinity importers.7,19,20 P-type ATPases

export both essential transition metals (e.g., Zn, Cu, and Co)

and metals that are exclusively toxic (e.g., Ag, Cd, Pb, and

Hg).21 Such a recognition spectrum is beneficial since all

transition metals (including the essential ones) are toxic at

elevated intra-cellular concentrations. In contrast, ABC trans-

porters of transition metals import only the essential ones

(e.g., Fe, Zn, Mn, Ni, and Co). Clearly, it is disadvantageous

to invest energy in the import of non-essential toxic compounds.

Several reports have implicated P-type ATPases as having

roles in influx, rather than efflux, of transition metals.22–24

However, P-type ATPases that function as importers are

uncommon, and the great majority of P-type ATPases

characterized to date operate as efflux pumps.

In addition to their role in maintaining the balance between

influx and efflux, prokaryotic transition metal transporters

appear to be involved in other cellular processes. Many

bacterial genomes contain more than one gene encoding a

Cu+-transporting P-type ATPase.21,25 Of these, usually only

the copA1 gene is essential for copper tolerance. In Rhizobia,

copA2 (fixI) has been proposed to be important for nitrogen

fixation,26 through its role in supplying copper to copper-

containing enzymes such as cytochrome c oxidase and nitrous

oxide.27–29 In P. aeruginosa copA2 has been shown to be

involved in cuproprotein assembly: disruption of copA2 had

no effect on copper tolerance yet resulted in an increased

sensitivity to oxidative stress (as a result of decreased cellular

oxidase activity) and reduced virulence in a plant model.30 In

the photosynthetic bacteria Synechocystis, the complementary

action of two P-type ATPases has been shown to be important

to respiration and photosynthesis24,25 through the supply of

copper to plastocyanin.

Substrate recognition by transition metal

transporters

Bacterial P-type ATPases contain a single membrane-

embedded metal recognition site and 1 to 3 soluble

Metal-Binding Domains (MBDs) located in the cytoplasm.21

The membrane-embedded site is essential for transport activ-

ity, and mutations of conserved residues in this site inhibit

transport.31–33 The soluble MBDs are not essential for trans-

port per se, as P-type ATPases where only the membranous

site is functional are still transport-competent.34,35 Substrate

specificity appears to be fully dictated by the membrane-

embedded recognition site: when the soluble copper-binding

MBD of a Cu+1 P-type ATPase was fused to a Zn+2 P-type

ATPase (replacing its endogenous MBD), the resulting

chimera retained its activity towards Zn+2 but displayed no

transport activity towards Cu+1.36 The role of the soluble

MBDs seems to be regulatory, controlling the kinetics of the

transport cycle, or serving as intermediate metal binding sites

shuttling the substrate to the membranous site.34,35,37,38

Metal transport by a Cu+1-transporting P-type ATPase is

often facilitated by soluble cytoplasmic metal (mostly copper)

chaperones. This phenomenon has been recognized in both

eukaryotes39 and prokaryotes. In most cases, the copper

chaperones deliver their substrate to the soluble MBDs of

the transporter. Such an interaction between human Atox1

(chaperone) and Wilson’s disease protein (P-type ATPase)

results not only in transfer of the metal but also in the

stimulation of the pump’s ATP hydrolysis activity.40 The

chaperones are substrate specific and pump specific:

the bacterial copper chaperone Atx1 interacts with two copper-

transporting P-type ATPases but not with zinc or cobalt

P-type ATPases.24 A somewhat different mode of interaction

has been described between CopZ (copper chaperone) and

CopA (copper pump) of A. fulgidus. Here, CopZ delivers

Cu+1 not only to the soluble MBDs, but perhaps more

importantly it delivers copper directly to the transport-

competent, trans-membrane metal binding domain.41

The regulation of transport kinetics by cytoplasmic

substrate binding domains has also been observed in ABC

transporters: In both the methionine and the molybdate/

tungstate transporters a regulatory cytoplasmic substrate-

binding domain is fused to the ATPase domain of the

transporter.42,43 When the intracellular substrate concentration

exceeds a certain threshold, the substrate binds to the regulatory

domain and inhibits both ATP hydrolysis and transport.

Unlike P-type ATPases, substrate recognition by ABC

importers of transition metals does not occur in the membrane

but rather by a soluble, periplasmic Substrate Binding Protein

(SBP). It is the SBP that defines the system’s substrate

specificity and conveys it with its characteristic high

affinity.44–46 The trans-membrane domains offer little in terms

of substrate recognition: from observations of BtuCD–F,47 the

intrinsic affinity of the membrane-embedded permease

towards the substrate is very low (i.e., in the mM range as

compared to the nM range of the SBP). This weak binding

likely explains why ABC importers are unable to transport

their substrate in the absence of their cognate SBP

(e.g., ref. 48).

Almost without exception, P-type ATPases will transport

either monovalent metals (e.g., Cu+1 and Ag+1) or the divalent

ones (e.g., Zn+2 and Cd+2).21 A highly conserved C–P–C motif

in trans-membrane (TM) helix 6 of Cu+1/Ag+1 and Zn+2/Cd+2

P-type ATPases is essential for metal binding and transport. In

addition to this central motif, residues engaged in metal coordi-

nation have also been identified in TM helices 4–8. The recently

solved structure of the L. pneumophila copper pump CopA49

reveals that residues involved in metal binding are clustered in

three main sites of the membrane domain: an entry site accessible

from the cytoplasm, a central, high-affinity site centered around

the conserved CPC motif, and an exit site accessible to the

periplasm.
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Several key residues engaged in metal coordination are con-

served within each substrate specific subgroup (i.e., mono- or

divalent recognition) but differ between them. For example, a

conserved Asn in TM7 of Cu+1/Ag+1 pumps is essential for their

function.50 This Asn is replaced by an essential Lys in Zn+2/Cd+2

pumps. Similarly, a conserved and essential Asp in TM8 of Zn+2/

Cd+2 51 pumps is replaced by a Pro in pumps of Cu+1/Ag+1.

A blend of such conserved residues from both mono- and

divalent recognizing subgroups is observed in HmtA of

Pseudomonas aeruginosa. This pump has been proposed to

function as an importer, rather than an exporter.23 HmtA’s

substrate recognition profile is unique in the sense that it

recognizes Cu+1 and Zn+2 but not Ag+1 or Cd+2, thus

importing only the essential transition metals and not their

toxic counterparts. In accordance with its distinctive substrate

selectivity, HmtA harbors metal recognition motifs borrowed

from both Cu+1/Ag+1 and Zn+2/Cd+2 pumps.

Whether an importer or an exporter, P-type ATPases are

able to recognize and transport metals in their free, ionic form.

Cysteines and other thiols have been repeatedly reported to

stimulate ATP hydrolysis and transport by transition metal

P-type ATPases, presumably due to metal chelation.17,32,52

Nevertheless, P-type ATPases will also efficiently transport

metals in the complete absence of any thiols.

Conversely, ABC transporters often transport a complex of

a transition metal bound to a chelator.7,20,53 Examples of such

substrates are the cobalt-containing vitamin B12 and various

chelated iron species (Fig. 2). An important class of iron

chelators is the siderophores: these low molecular weight cyclic

peptides are synthesized and secreted by many bacteria.

Siderophores bind Fe+3 with some of the highest affinities found

in nature (Kd E 10�30 M,54), and are thus able to scavenge

iron under the most dilute conditions and strip host’s

iron-containing proteins of their cargo. Other important iron

chelates are heme and hemin, often harvested by symbionts

and pathogens from their hosts. In addition to recognition and

transport of chelated metals, substrate-binding proteins of

ABC transporters can bind Zn+2 and Mn+2 in their ionic

form.55,56 In these cases the transported moiety is the metal

itself and not a metal–chelate complex.

Molecular organization of ATP-driven transporters

The molecular organization and structural fold of prokaryotic

P-type ATPases and ABC transporters are very different

(Fig. 3). The functional unit of prokaryotic transition metal

transporting P-type ATPases (also referred to as heavy metal

or type P1B ATPases) is a monomer, composed of a single

polypeptide chain, encoded by a single gene. They contain a

membrane-spanning domain and three cytoplasmic domains:

A (actuator), P (phosphorylation) and N (nucleotide) domains

(Fig. 3). The N-domain binds the nucleotide and phosphory-

lates the conserved aspartic residue in the canonical DKTGT

sequence of the P-domain. The role of the A domain is to

dephosphorylate the P-domain, thus completing the ATPase

cycle. The membrane-spanning domain serves two functions:

it creates the permeation pathway through the membrane and

is responsible for substrate binding and selectivity.

ABC transporters of transition metals are minimally

comprised of three subunits, each encoded by a different gene:

a nucleotide binding domain (NBD), a trans-membrane

permease (TM), and a soluble, periplasmic Substrate-Binding

Protein (SBP). The three genes are transcribed as an operon,

sometimes with overlapping open reading frames. At the

protein level, both the NBD’s and TM’s function as homo-

dimers, resulting in a functional unit that is composed of two

copies each of the ATPase and permease, and one copy of the

substrate-binding protein (Fig. 3). Unlike P-type ATPases, the

membrane translocation pathway, formed by the homo-

dimeric permease, offers little in terms of substrate selectivity,

which is almost entirely determined by the periplasmic

substrate binding protein.

Mechanisms of transport and ATP hydrolysis

The catalytic cycle of P-type ATPases is traditionally described

by the Albers-Post model.57,58 The model defines two

conformations/states that have high or low affinity toward

the transported substrate (E1 and E2, respectively). Both

states also have a high-energy phosphor-enzyme intermediate,

denoted E1P and E2P. Phosphorylation (and de-phosphorylation)

of the pump drive conformational changes that result in

vectorial substrate translocation.52,59 The structure of CopA

(Cu+1 P-type ATPase) shows that key catalytic and metal

coordinating residues align very well with the corresponding

Fig. 2 Structures of metal–chelate complexes that are substrates of

ABC importers. Shown are the siderophores Fe-ferrichrome (PDB ID

1FCP) and Fe-enterobactin (PDB ID 3CMP), heme (PDB ID 1EHJ),

and vitamin B12 (PDB ID 2YCL), as indicated. Scale bar is 0.25 nm.
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residues of the SR Ca+2-ATPase,49 further suggesting

conservation of the mechanism between P-type ATPases of

alkali- and transition metals.

The single ATP hydrolysis site of P-type ATPases is absolutely

essential for activity, and mutations in conserved residues

completely abolish transport. Following ATP binding by the

N domain, the g-phosphate of ATP is transferred to a conserved

aspartic residue in the P domain yielding a covalently

phosphorylated transporter. The last step of the hydrolysis cycle

is the de-phosphorylation of the P domain by residues of the A

domain. ATP binding, phosphorylation, and de-phosphorylation

are tightly coupled to conformational changes of the transporter

that result in changes in affinity toward the substrate, and

changes in substrate occlusion and inward/outward facing

accessibilities. This mechanism is supported by a large body of

experimental data and has been comprehensively described

elsewhere (for detailed descriptions see ref. 60–62).

The ATPase/transport cycle of ABC transporters has not

yet been as precisely described as it has for P-type ATPases.

Nevertheless, available data strongly suggest considerable

mechanistic variation among ABC transporters of different

substrate specificities. For example, in the histidine ABC

importer and in the osmoregulated ABC transporter for

glycine betaine ATP hydrolysis and substrate translocation

are coupled: efficient ATPase rates are only observed in the

presence of substrate-loaded binding proteins.63,64 In contrast,

in BtuCD–F and in the E. coli D/L-methionine importer the

substrate-loaded binding proteins have modest effects on ATP

hydrolysis and substantial ATP hydrolysis is also observed in

the complete absence of a substrate.42,48 Considerable

mechanistic variation among ABC transporters also exists

with respect to the roles of the two ATP hydrolysis sites. In

ABC transporters two symmetric ATPase sites are formed due

to the dimeric, head-to-tail organization of the NBDs. ATP

binding and hydrolysis occur at the dimer interface and

necessitate dimer closure. It is unclear whether both sites are

necessary for transport and whether both are functionally

equivalent. Evidence from ABC transporters of transition

metals is yet unavailable, but data from ABC transporters of

other compounds suggest several different mechanisms: in the

Salmonella typhi histidine ABC importer the two NBDs are

functionally symmetric as both NBDs hydrolyze ATP and

activate one another. However, when one of the NBDs is

rendered non-functional by mutation, the remaining NBD will

still hydrolyze ATP and support transport at half maximal

rates.65 The situation is quite the opposite in the archetypical

human multi-drug exporter Pgp (MDR1): both NBDs are

essential to support efficient transport, and the two NBDs are

functionally asymmetric having different roles in the transport

cycle.66 Another variation is observed in the yeast multi-drug

exporter Pdr5: Like in Pgp, the two NBDs are functionally

non-equivalent, having different catalytic roles. However,

unlike Pgp, efficient ATP hydrolysis occurs only at one of

the NBDs and only this site is essential for transport.67 It thus

seems that within the large family of ABC transporters there is

quite a variation in the mechanism and role of ATP hydrolysis.

Fig. 3 Comparison of the structural folds of an ABC transporter (BtuCD–F) and a P-type ATPase (CopA Cu+-ATPase 1). Proteins are colored

by chain, and co-factors are shown as ball and stick models. Left: BtuCD (PDB ID 1L7V) displays a dimeric organization of the NBDs and TMs.

One molecule of vitamin B12 is bound by the monomeric BtuF (PDB ID 1N4A). Two cyclo-tetrametavanadate (blue spheres) molecules are bound

at the interface of the NBDs, indicating the location of the binding site for two ATP molecules. Right: P-type ATPases of transition metals are

monomers, as exemplified by the class IB Cu+-ATPase, CopA (PDB ID 3RFU).
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In the absence of a substrate, P-type ATPases show very low

ATP hydrolytic activity.32,52 This is generally not true for

ABC transporters that are notorious for their high basal ATP

hydrolysis rates in the absence of a substrate.

Upon addition of a substrate, the ATPase activity of P-type

ATPases is stimulated 20 to 30-fold.17,32,52 Conversely, the

maximal substrate-induced stimulation of BtuCD’s basal ATP

hydrolysis is only 1.5 to 2-fold.48 Remarkably, despite these

very different substrate-stimulatory effects, and despite the

very different mechanisms for ATP hydrolysis, the maximal

ATPase rates of P-type ATPases and ABC transporters are

quite similar: CopA, the E. coli Cu+1 efflux ATPase, has a

maximal ATPase rate of 0.2 mmol mg�1 min�1 in the presence

of Cu+1, very similar to its A. fulgidus homologue.18,32,68

Roughly similar rates, 0.3–0.4 mmol mg�1 min�1, were

observed for the vitamin B12 ABC importer BtuCD.48 The

highest ATPase rates observed to date are 3 mmol mg�1 min�1

for the E. coli Zn+2/Cd+2 efflux ATPase ZntA.17

BtuCD–F as a model for ABC transporters of

transition metals

ABC transporters comprise one of the largest protein families

of any proteome, with B80 representatives in E. coli and

human.69–71 Sequence alignments and structural conservation

divide this superfamily of proteins into several sub-groups,

each with its distinct sequence divergence and unique structural

elements.72–74 ABC transporters of iron-siderophores and

vitamin B12 share a high degree of sequence similarity, and

comprise one of these subgroups. From a structural perspec-

tive, the fold of the E. coli vitamin B12 transporter BtuCD is

highly comparable to the fold of the H. influenza putative

metal transporter H11470/1,75 and the structures of the

substrate binding proteins (SBPs) for vitamin B12,

Fe+-ferrichrome, and heme are very similar (Fig. 4). Another

unique feature that is shared between BtuCD–F and H11470/1

is the formation of highly stable, high affinity transporter–SBP

complexes, contrasting with the low affinity complexes formed

by other types of ABC transporters.47 ABC transporters for

ionic Fe+, dicitrate-Fe+, Mn+2, and Zn+2 form another

distinct phylogenetic branch, closely related to the branch of

BtuCD. Again, from a structural perspective, the fold of SBPs

of these systems is quite similar to the fold of the vitamin B12

binding protein (Fig. 4 and ref. 72). Unfortunately, we

currently have very little structural and mechanistic information

on ABC transporters of Fe+-siderophores, Fe+, Mn+2, and

Zn+2. Therefore, we use the data available from structure–

function studies of BtuCD–F to construct a plausible mechanistic

framework of transition metals ABC transporters.

Mechanism of vitamin B12 transport

The first step of active uptake of vitamin B12, iron (and iron

complexes), and zinc occurs across the outer membrane, and is

mediated by specific, high affinity transporters (i.e., BtuB in

Fig. 1 and ref. 8). Regardless of their substrate specificity,

these outer-membrane transporters share a common archi-

tecture, composed of a 22-stranded b-barrel plugged by a

hatch domain.76 A common mechanistic feature is their high

substrate affinity, dictated by the scarcity (or insolubility in the

case of iron) of the target substrate. For example, the outer-

membrane transporters BtuB (vitamin B12) and FepA

(Fe-enterobactin) have a KD of 0.2–0.3 nM towards their

substrates.77,78

Since there is no ATP in the periplasm and no ion gradients

across the outer membrane, conventional bacterial energy

currencies cannot be used to drive active transport across

the outer membrane. Therefore, the energy utilized by outer-

membrane transporters is transduced from the inner

membrane by the ExbB/ExbD/TonB complex79 (Fig. 1), by

a mechanism that is poorly understood. Once in the periplasm,

the substrate is captured by the system’s substrate binding

protein, often with a KD in the nM range (the KD of BtuF to

vitamin B12 15 nM45).

To complete the uptake of vitamin B12 into the cytoplasm,

BtuF must associate with its inner-membrane partner and

Fig. 4 Structural similarity between the periplasmic substrate binding proteins for vitamin B12 (BtuF, PDB ID 1N4A), for coprogen Fe-

siderophore (FhuD, PDB ID 1ESZ), for heme (PhuT, PDB ID 2R7A), and for ionic zinc (TroA, PDB ID 3MFQ) (top row). Shown for

comparison are the unrelated substrate binding proteins for histidine (HisJ, PDB ID 1HSL), sialic acid (SiaP, PDB ID 3B50), peptides (OppA,

PDB ID 3DRF), and maltose (MBP, PDB ID 1ANF) (bottom row). Proteins are rainbow colored from blue (N-terminus) to red (C-terminus).
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deliver its bound cargo. Formation of the BtuCD–F transport

complex occurs spontaneously, and does not require an energy

input.47 Upon formation of the ultra-stable BtuCD–F complex,

vitamin B12 is released into the cytoplasm, again in an

energy-independent manner (Fig. 5, ref. 47). In the maltose

ABC import system these two steps, complex formation and

substrate release, are not spontaneous and do require energy.80

In the vitamin B12 system the sub-nM affinity of the initial step

of translocation across the outer membrane, followed by the

spontaneity of the two down-stream events (complex forma-

tion and intracellular substrate release), provide a ‘de-facto’

unidirectional inwardly directed substrate flux. Only after the

substrate is released to the cytoplasm does the system require

energy (Fig. 5). Perhaps non-intuitively, the role of energy

input (ATP binding) in BtuCD–F is to break the complex,

rather than to stabilize it. Whether this phenomenon is specific

to the vitamin B12 system or is a general mechanism of

high-affinity uptake of trace metals has yet to be determined.

However, it is noteworthy that in the absence of ATP, the

H. influenza putative transition metal transporter Hi1470/1

also spontaneously forms a high-affinity complex with its

substrate binding protein.47

Another unique (and counter-intuitive) feature of vitamin

B12 import is that the substrate reduces the equilibrium affinity

(KD) between the transporter and the binding protein

B105-fold. The seeming paradox of this substrate effect is

better understood by examining the effects of vitamin B12 on

the non-equilibrium kinetics of complex formation: vitamin

B12 accelerates both complex formation and complex dissocia-

tion rates, by 15- and B107-fold respectively (resulting in the

observed decreased equilibrium affinity). Such a substrate

effect may prove detrimental to a receptor or an enzyme, but

not for a transporter. In order for the transport reaction to

proceed in a cyclic manner, the binding protein and the

transporter must continuously associate and dissociate in a

cyclic manner. Slow association rates are unfavorable as are

slow dissociation rates. In a sense, vitamin B12 exerts a positive

feedback on its own transport by increasing both the kon and

koff. This effect is so pronounced that in the absence of a

substrate, the dissociation rate (koff) of the BtuCD–F complex

is reduced to 10�8 s�1, an infinity in terms of bacterial life

cycle. Whether similar substrate effects occur in additional

transition metal ABC import systems is unclear. However,

it seems that also in the ABC import system for

Fig. 5 Proposed catalytic cycle of vitamin B12 transport by BtuCD–F. The pie chart in the background indicates which part of the cycle is ATP-

dependent. As vitamin B12 is transported into the periplasm by the combined action of BtuB and the ExbB/ExbD/TonB complex, it is captured by

BtuF. BtuF has the highest affinity towards the nucleotide-free BtuCD, and once the BtuCD–F complex is formed, vitamin B12 is released from

BtuF and is not retained by the complex. The now substrate- and nucleotide-free complex is extremely stable (KD E 0.1 pM) and will only

dissociate in the presence of ATP and free vitamin B12, with both the nucleotide and the substrate contributing towards complex dissociation. ATP

binding, hydrolysis, and release of ADP and phosphate reset the system for a subsequent cycle of transport. In the absence of periplasmic vitamin

B12, BtuF will remain bound to BtuCD, essentially plugging the permeation pathway.
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iron-siderophores FhuBC-D, and in the Fe-citrate system

FecCD-B substrate reduces the equilibrium affinity between

the transporter and the binding protein (Fig. 6 and 7 in ref. 46

and 81).

Transporters of transition metals and bacterial

virulence

When present at elevated concentrations, transition metals are

toxic to bacteria. As a defense mechanism, the innate immune

system employs transition metal overload in a tissue-specific

manner. Accordingly, several examples of bacterial P-type

ATPases with roles in virulence have been reported: CueA, a

putative P-type copper ATPase (exporter), has been demon-

strated to have a role in Pseudomonas aeruginosa virulence.

Strains with mutations of the cueA gene exhibited a 20-fold

attenuated virulence (compared to wild-type strains) in spleens

of mice.82 Similar findings were reported for the Mycobacterium

tuberculosis putative P-type ATPase (copper efflux) CtpV. Mice

infected with the DctpV mutant displayed decreased lung

damage, reduced immune response to the bacteria, and a sig-

nificant increase in survival time.83

In contrast to the small number of examples of P-type

ATPase transition metal exporters with roles in bacterial

virulence, the involvement of transition metal ABC importers

appears to be a very common phenomenon84–95 (Table 1).

In order to propagate in the host’s environment a bacterial

pathogen must acquire the essential transition metals. Consequently,

to fight infection, one of the first lines of defense of the innate

immune system is to sequester transition metals in specialized

storage proteins. Perhaps the best-characterized example of

such a protein is ferritin, a 450 kDa complex capable of

sequestering approximately 4500 Fe3+ ions. Ferritin is

constitutively used for iron storage; however, its human serum

levels rise dramatically upon infection.96 Elaborate inter-

actions between hosts and pathogens surrounding transition

metal limitation also occur within macrophages. Following

phagocytosis, bacteria are confined in the phagosome, where

acidic pH, reactive oxygen species (ROS), and iron/manganese

depletion combine to create bacteriostatic/bacteriolytic conditions.

To deplete iron and manganese (the latter is essential for

bacterial defense against ROS attacks), the mammalian trans-

porters Nramp1 and Nramp2 pump these metals out from the

phagosome.97 To compete for phagosomal manganese and

iron, bacteria employ high affinity transporters, predominantly

ABC importers. Since many bacterial pathogens pass through

the phagosome, their ABC import systems of transition metals

play a key role in their intracellular survival, and hence in

Table 1 Examples of P-type ATPases and ABC transporters of transition metals with roles in bacterial virulence and pathogenesis

Superfamily Organism
Direction of
transport

Transport
system

Substrate
specificity Role in virulence and pathogenesis

P-type ATPase Pseudomonas
aeruginosa

Efflux CueA Cu In a murine model of systemic infection, the DcueA strain
had a 50-fold higher LD50 relative to the wild-type
strain.82

P-type ATPase Listeria
monocytogenes

Efflux CtpA Cu The DctpA strain showed restricted growth in mouse
liver.22

P-type ATPase Mycobacterium
tuberculosis

Efflux CtpV Cu Mice infected with the DctpV strain had a 16-week
increase in time-to-death and displayed consistently
lower levels of tissue damage.83

ABC transporter Mycobacterium
tuberculosis

Uptake IrtA/B Fe-siderophores The knockout strain has B100-fold reduction in its
ability to multiply in mice lungs.94

ABC transporter Bacillus anthracis Uptake MntABC Mn, Fe The DmntA strain has B104 reduction in lethality
relative to the wild-type strain in guinea pigs infection
model.89

ABC transporter Streptococcus
pneumoniae

Uptake pit1 Fe The double knockout strain has an B103 reduced
lethality in a murine pulmonary infection model.87

ABC transporter Streptococcus
pneumoniae

Uptake pit2 Fe

ABC transporter Streptococcus
pneumoniae

Uptake psaBCA Mn Deletion of any component of the transport system
results in a 104 higher LD50.

91

ABC transporter Streptococcus
mutans

Uptake sloABC Mn, Fe The DsloA strain is a-virulent in a rat model for
endocarditis.92

ABC transporter Streptococcus
pyogenes

Uptake MtsABC Mn, Fe Deletion strain has 30-fold higher LD50 relative to the
wild-type strain in a murine model of infection.90

ABC transporter Yersinia
enterocolitica

Uptake irp6/7 Fe-siderophores Deletion strain had a 105 and 103 reduction in its ability
to propagate in mice spleens and livers, respectively.86

ABC transporter Yersinia pestis Uptake YbtP/Q Fe-siderophores Deletion strain is a-virulent in a murine model of
infection.88

ABC transporter Yersinia pestis Uptake yfeABCD Mn, Fe Deletion strain is a-virulent in mice infected
intravenously.85

ABC transporter Salmonella
enterica

Uptake ZnuABC Zn The deletion strain has an B103 higher LD50

relative to the wild-type strain in a murine model of
infection.84

ABC transporter Salmonella
enterica

Uptake sitABCD Mn, Fe Both transport systems are required for full
virulence in mice.95

ABC transporter Salmonella
enterica

Uptake MntH Mn, Fe

ABC transporter Salmonella
enterica

Uptake sfaABC Fe Deletion strain is a-virulent in a mice model.93
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virulence. A central role for transition metal ABC importers

has been demonstrated for numerous important human

pathogens (Table 1). In most cases, these are Mn+2 and

Fe+2/3 (in its chelated or ionic form) transporters, although

there are also examples for Zn+2 importers. In many cases, the

effects of deleting the genes encoding the transport system

have been quite dramatic, ranging from 103 to 106 increases in

LD50 (Table 1). In several cases, the deletion strains are

practically a-virulent,85,88,89,91–93 even less virulent than the

strain presently used for vaccination. These studies point to

the potential of using such deletion strains for vaccine develop-

ment, an approach that is being actively pursued.98

ABC importers of transition metals play a role in the

virulence of gram-positive and gram-negative bacteria, of

bacilli, enterococci, firmicutes, blood-born, extra-cellular,

and intra-cellular pathogens (Table 1). In light of the

generality of this phenomenon, and in conjunction with the

present-day antibiotic crisis, it is tempting to speculate that

perhaps we can use this dependence of pathogens on

transition metal ABC transporters to develop novel anti-

biotics. If we are able to identify/develop inhibitors toward

these transport systems, we may be able to generate similar

effects to the ones achieved in the deletion studies, i.e.

dramatic attenuation in virulence. In our group, we are

currently pursuing this goal by trying to develop small-

molecule inhibitors that will prevent the association between

the membrane-embedded transporter and its cognate sub-

strate binding protein. Since complex formation between

these two components is essential for transport, such an

inhibitory molecule is expected to inhibit transition metal

uptake and as a direct result reduce bacterial virulence.
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