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Abstract Sulfur is an essential element for microor-

ganisms and it can be obtained from varied compounds,

sulfate being the preferred source. The first step for

sulfate assimilation, sulfate uptake, has been studied in

several bacterial species. This article reviews the

properties of different bacterial (and archaeal) trans-

porters for sulfate, molybdate, and related oxyanions.

Sulfate uptake is carried out by sulfate permeases that

belong to the SulT (CysPTWA), SulP, CysP/(PiT), and

CysZ families. The oxyanions molybdate, tungstate,

selenate and chromate are structurally related to sulfate.

Molybdate is transported mainly by the high-affinity

ModABC system and tungstate by the TupABC and

WtpABC systems. CysPTWA, ModABC, TupABC,

and WtpABC are homologous ATP-binding cassette

(ABC)-type transporters with similar organization and

properties. Uptake of selenate and chromate oxyanions

occurs mainly through sulfate permeases.

Keywords Sulfate permeases � Molybdate

transport � Tungsten transport � Selenate transport �
Chromate transport

Introduction

Sulfur (S) is an essential element that is widely

required by living organisms because it plays several

important roles in cells. Sulfur is a component of the

amino acids cysteine and methionine as well as of

cellular cofactors including biotin, coenzyme A,

S-adenosylmethionine, thiamine, glutathione, lipoic

acid, and iron-sulfur clusters (Scott et al. 2007).

Sulfate (SO4
2-) is the preferred sulfur source for the

majority of organisms and is the second most

abundant soluble oxyanion, after phosphate, in the

bacterial cell (Silver and Walderhaug 1992). Sulfur in

sulfate is in the ?VI oxidation state, thus sulfate

belongs to the group VI of oxyanions, which includes

other structurally similar members such as molyb-

date, tungstate, selenate, and chromate (Markovich

2001). Another pathway of sulfur assimilation

involves thiosulfate (S2O3
2-). Sulfate and thiosulfate

are taken up by membrane transporters called sulfate

permeases (Fig. 1). Once inside the cell, sulfate is

first reduced to sulfite and then to sulfide, which is
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utilized to synthesize cysteine; thiosulfate reacts with

O-acetylserine to give S-sulfocysteine, which is then

reduced to cysteine (Sekowska et al. 2000; Guédon

and Martin-Verstraete 2007) (Fig. 1). Bacterial sul-

fate permeases belong to several protein families

such as ATP-binding cassette (ABC)-type and SulP,

PiT or CysZ transporters. Due to their similar

structural characteristics, related oxyanions can be

transported inside the cell by the same type of

carriers.

The molybdate (MoO4
2-) and tungstate (WO4

2-)

oxyanions are the main sources of essential metals

molybdenum (Mo) and tungsten (W) in bacterial cells

(Hille 2002). Molybdenum is an essential trace

element for the majority of living organisms. Molyb-

denum-containing enzymes are ubiquitous in nature

and play important roles in the global cycles of

nitrogen, carbon, and sulfur (Kisker et al. 1997).

Tungsten has been also reported as an essential trace

element for some bacteria and archaea (Johnson et al.

1996). Molybdate and tungstate are taken up by high-

affinity ABC-type transporters (Schwarz et al. 2007).

Selenium is an essential element for microorgan-

isms and its common biological forms are selenocys-

teine (the so-called twenty-first amino acid) and

selenomethionine (Stolz et al. 2006). Selenate

(SeO4
2-) and selenite (SeO3

2-) are the predominant

inorganic forms of selenium in aerobic environments.

High concentrations of selenium oxyanions are highly

toxic and mutagenic for bacteria and mammals.

Selenate is taken up by the sulfate permeases and by

an alternative system that also transports selenite

(Lindblow-Kull et al. 1985; Turner et al. 1998).

In contrast to essential sulfur, molybdenum, tung-

sten, and selenium, chromium is a controversial

element (Stearns 2000). Chromium (III) is considered

an essential nutrient required by humans and animals

(Vincent 2004). However, chromium essentiality is

challenged because no specific enzyme or cofactor

containing chromium has been identified (Stearns

2000; Vincent 2010). Chromium is considered as

nonessential for microorganisms. Chromate (CrO4
2-)

and dichromate (Cr2O7
2-) are Cr(VI) derivatives that

are highly toxic for the majority of cells. Chromate is

transported inside bacterial cells mainly by sulfate

transporters (reviewed in Ramı́rez-Dı́az et al. 2008).

Due to the toxicity of chromate, some bacteria

possess the CHR transport system, which extrudes

chromate out of the cell (Cervantes et al. 2001).

Because sulfate, molybdate, tungstate, and sele-

nate are the principal sources of the essential

elements sulfur, molybdenum, tungsten, and sele-

nium, respectively, it is important to understand how

these oxyanions are transported inside the cells. This

review is focused on bacterial sulfate transporters

Sbp/CysPTWA, SulP, CysP and CysZ, some of

which have not been considered in detail in other

reviews (Kertesz 2001). In addition, a comparative

description of the bacterial transporters for molyb-

date, tungstate, selenate, and chromate is presented.

When available, information on oxyanion transport

by archaeal species is also described.

Sulfate transport

Sulfate is transported inside bacterial cells by carriers

belonging to the SulT family, to the SulP family

(Kertesz 2001), by the CysP transporter, that belongs

to the phosphate inorganic transporter (PiT) family

(Mansilla and de Mendoza 2000), and by the CysZ

Sulfite (SO3
2-)

Sulfide (S-)

Cysteine S-sulfocysteine

Thiosulfate

SO4
2 - S2O3

2 -

Sulfate

Sulfate 
permease

ATP ADP + Pi

S2O3
2-SO4

2 -

Serine

O-acetylserine

Acetyl-CoA

acetate

Fig. 1 Sulfate and thiosulfate transport and assimilation in

Salmonella typhimurium and Escherichia coli. Sulfate is first

taken up by the sulfate permease and then is reduced to sulfite

and sulfide, which reacts with O-acetylserine to produce

cysteine. O-acetylserine is formed by the reaction of serine

with acetyl-CoA. Thiosulfate is taken up by the sulfate

permease and then reacts directly with O-acetylserine to

produce S-sulfocysteine, which is subsequently transformed

into cysteine
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putative sulfate transporters (Rückert et al. 2005)

(Table 1) (Fig. 2). Sulfate can also be transported by

the ModABC molybdate transport system (Table 2).

These transporters are described in the following

sections.

Sulfate permeases of the SulT family

The sulfate-thiosulfate permease belongs to the sul-

fate/tungstate uptake transporter (SulT) family (TC#

3.A.1.6) of the ABC superfamily of transporters. The

SulT family is constituted by sulfate and tungstate

porters, according to the Transporter classification

database (TCDB) (Saier 2000; Kertesz 2001; Saier

et al. 2006), a system that classifies transporters

according to mode of action and phylogeny.

Sulfate and thiosulfate transport is an energy-

dependent process carried out by the same transporter

(Fig. 1), which is inhibited by sulfite, molybdate,

selenite, selenate, and chromate (Furlong 1987; Silver

and Walderhaug 1992). The SulT sulfate-thiosulfate

permeases from Salmonella typhimurium and Esche-

richia coli are constituted by: (i) one of two periplas-

mic proteins, Sbp, the sulfate-binding protein

(Pflugrath and Quiocho 1985), or CysP, the thiosul-

fate-binding protein (Hryniewicz et al. 1990);

(ii) membrane proteins CysT and CysW; and (iii) the

Table 1 Bacterial transporters of sulfate

Transporter Family TC numbera Organisms References

Sulfate-thiosulfate

permease (CysPTWA)

Sulfate/tungstate uptake

transporter SulT

3.A.1.6 Salmonella typhimurium Ohta et al. (1971)

Escherichia coli Sirko et al. (1990)

Mycobacterium tuberculosis Wooff et al. (2002)

Synechococcus elongatus Laudenbach and Grossman

(1991)

Burkholderia cenocepacia Farmer and Thomas (2004)

SulP Sulfate permease SulP 2.A.53 Acidithiobacillus ferrooxidans Valdés et al. (2003)

Mycobacterium tuberculosis Zolotarev et al. (2008)

CysP/(PiT) Inorganic phosphate

transporter PiT

2.A.20 Bacillus subtilis Mansilla and de Mendoza

(2000)

CysZ Putative sulfate transporter 9.B.7 Escherichia coli Parra et al. (1983)

CysZ Putative 4-toluene sulfonate

uptake permease (TSUP)

9.A.29 Corynebacterium glutamicum Rückert et al. (2005)

a According to the Transport Classification Database (TCDB)

Sbp/CysP

MoO4
2-

SO4
2-

S2O3
2-

CrO4
2-

CysA

CysT

CysA

CysW

SO4
2-

CrO4
2-

SO4
2-

CysP

(PiT)

CysZ

ATPADP + Pi

A

SulT
permease

Inner
membrane

Cytoplasm

C D

SeO4
2-

Several
anions

SulP

SO4
2-

B

SeO4
2-

SulP

Fig. 2 Bacterial sulfate transporters. a Sulfate-thiosulfate

SulT permease constituted of the sulfate- or thiosulfate-binding

proteins Sbp or CysP, respectively, the membrane proteins

CysT and CysW, and the CysA ATPase. b SulP transporter.

c CysP/(PiT) transporter. d CysZ transporter. The oxyanions

transported by each system are indicated. Sulfate (SO4
2-),

thiosulfate (S2O3
2-), molybdate (MoO4

2-), selenate (SeO4
2-),

chromate (CrO4
2-). Details for each system are provided in the

text
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ATP-binding protein, CysA (Fig. 2a). SulT subunits

are encoded by the cysPTWA operon and by the sbp

gene, located either in another chromosomal region or

instead of cysP in the same operon (Table 1). Also as

part of this operon, can be found the cysM gene that

encodes O-acetylserine sulfhydrylase B, which is not

involved in transport but participates in the central

anabolic pathway of bacteria to produce cysteine

(reviewed in Silver and Walderhaug 1992).

Periplasmic sulfate (Sbp)- and thiosulfate

(CysP)-binding proteins

The Sbp protein of S. typhimurium (accession number

P02906) was the first periplasmic substrate-binding

protein identified and crystallized. Sbp shares struc-

tural similarities to numerous periplasmic binding

proteins of Gram-negative bacteria (Pflugrath and

Quiocho 1988; Tam and Saier 1993). Sbp is an

ellipsoid that consists of two similar globular domains

with the ligand-binding site located deep in a cleft

between the domains, in which sulfate is held tightly in

place by seven hydrogen bonds in a completely

desolvated state (Pflugrath and Quiocho 1985, 1988).

There are no positively-charged residues nor cations or

water molecules within van der Waals distance to the

sulfate dianion, and stabilization of the isolated

charges of sulfate in the Sbp-sulfate complex involves

local dipoles (He and Quiocho 1993). The Sbp protein

exhibits high specificity for sulfate (Km of 0.1 lM) and

for other tetrahedral fully ionized oxyanions, and can

discriminate for the structurally similar oxyanion

phosphate (Jacobson and Quiocho 1988; Quiocho

1996). Sbp of E. coli displays 94% identity, the same

size and antigenicity to the S. typhimurium protein,

and probably binds sulfate by a similar mechanism

(Jacobson et al. 1991).

CysP, the thiosulfate-binding protein, shows 44%

sequence similarity with Sbp from both E. coli and

S. typhimurium; they belong to two different but related

protein families (COG4150 and COG1613, respec-

tively). Interestingly, the amino acid residues essential

for sulfate binding are conserved in Sbp and CysP

proteins (Hryniewicz et al. 1990). Sbp and CysP have

partially overlapping activities, and it has been

suggested that both proteins interact with membrane

proteins CysT and CysW of the SulT permease, which

explains the failure to isolate transport-defective

mutants affected in either sbp or cysP (Hryniewicz

et al. 1990). The presence of two alternative substrate-

Table 2 Bacterial transporters of molybdate and tungstate

Transporter Family TC

numbera
Substrates Organisms References

ModABC Molybdate uptake

transporters MolT

3.A.1.8 Molybdate Escherichia coli Maupin-Furlow et al.
(1995)Tungstate

Sulfate

Sulfate/thiosulfate permease

(CysPTWA)

Sulfate/tungstate uptake

transporter SulT

3.A.1.6 Sulfate Escherichia coli Rosentel et al.
(1995)Chromate

Molybdate Turner et al. (1998)

Selenate

Nonspecific anion transport

system

N.R.b N.R. Molybdate Escherichia coli Rosentel et al.
(1995)Sulfate

Selenate

Selenite

TupABC Sulfate/tungstate uptake

transporter SulT

3.A.1.6 Tungstate Eubacterium
acidaminophilum

Makdessi et al.
(2001)

WtpABC Sulfate/tungstate uptake

transporter SulT

3.A.1.6 Tungstate Pyrococcus furiosus Bevers et al. (2006)

Molybdate

a According to the Transport Classification Database (TCDB)
b N.R. no reported in the TCDB (gene not identified)
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binding proteins in the SulT permease whose function

overlaps may be an adaptive advantage for bacterial

cells under certain environmental conditions.

CysT and CysW membrane proteins

Membrane proteins CysT (also called CysU, acces-

sion number P16701) and CysW (accession number

P0AEB0) constitute the transport channel of the SulT

permease (Sirko et al. 1990) (Fig. 2a). CysT and

CysW belong to two different but related protein

families (COG0555 and COG4208, respectively).

Both proteins display six putative transmembrane

segments (TMSs) (Sirko et al. 1990). In E. coli and

several other bacteria, mutations in the cysTWA gene

cluster confer a requirement for cysteine or for a

sulfur source different from sulfate, but in the

b-proteobacterium Burkholderia cenocepacia, trans-

poson insertions in the cysW gene do not result in

cysteine auxotrophy (Hryniewicz et al. 1990; Farmer

and Thomas 2004). cysW mutants of B. cenocepacia

have similar growth properties as the wild-type strain

in the presence of C0.5 mM of sulfate, even when

sulfate uptake by the mutants was 50-fold less

efficient. Because the genome of B. cenocepacia

apparently does not possess additional copies of cysW

genes, it was proposed that CysT may partially

substitute for CysW in sulfate uptake by this bacte-

rium (Farmer and Thomas 2004).

CysA, the ATPase subunit

CysA (COG1118), the ATPase subunit of the SulT

transporter, couples the hydrolysis of ATP to the

translocation of sulfate (Sirko et al. 1990) (Fig. 2a).

The crystal structure of CysA from the Gram-positive

thermoacidophilic bacterium Alicyclobacillus acido-

caldarius has been solved to a resolution of 2.0 Å

(Scheffel et al. 2005); this is the only CysA protein that

has been structurally analyzed to date. CysA displays

two different dimer forms in the asymmetric unit: the

well-defined CysA-1 dimer, and the CysA-2 form,

which is fairly flexible. In the CysA functional dimer,

each monomer is composed of a regulatory domain,

which is present only in some ABC-ATPases, and the

nucleotide-binding domain (NBD), which has a fold

similar to that of other ABC-ATPases. The regulatory

domain has also a similar fold in all the ABC-ATPases

in which it is present, and it has been suggested that

this might function as a signal-transduction module

(Scheffel et al. 2005). The NBD of CysA is subdivided

into a catalytic subdomain and a helical subdomain.

NBDs of the ABC-ATPases possess three highly

conserved motifs, the ‘Walker’ A motif, with consen-

sus sequence GXXGXGKS/T, in which X can be any

residue, the ‘Walker’ B motif, with sequence hhhhD,

in which h stands for hydrophobic amino acids, and the

ABC signature motif LSGGQ (also called C-loop),

which is unique to the ABC transporter superfamily.

NBDs also possess several motifs with only one

highly-conserved residue, such as the Q-, Pro-, D- and

H-loops (Oswald et al. 2006). All of these motifs are

well conserved in CysA proteins.

Distribution of the cysPTWA operon

The cysPTWA operon is widely distributed among

bacteria and displays two different alternative forms,

depending on the gene encoding the substrate-binding

protein, the sbp-containing operons and the cysP-

containing operons (Fig. 3). The sbp-containing

operon is unique in some members of a-, b-, and

c-proteobacteria, and appears to be the only operon in

all d-, e-proteobacteria, actinobacteria, firmicutes and

cyanobacteria. A few members of a-, b-, and

c-proteobacteria, such as Silicibacter sp. and Hermi-

niimonas arsenicoxydans, possess only the cysP-

containing operon. However, the two alternative

operons are present in several members of a-,

b-, and c-proteobacteria, such as Agrobacterium

tumefaciens, Janthinobacterium sp., and Pseudomo-

nas mendocina (Fig. 3).

The sbp- and the cysP-containing operons show

distinct gene arrangements among the different

taxonomic groups. Both operons have a minimum

of four genes: sbp, cysT, cysW and cysA. Exceptions

are the a-proteobacterium Magnetospirillum magnet-

icum and H. arsenicoxydans, which show only three

genes: cysP, cysT and cysW. In various bacteria, such

as E. coli, the sbp gene is located in another region of

the chromosome. The cysPTWA operons of some

bacteria also contain genes involved in sulfur metab-

olism (Fig. 3).

The prevalence of the sbp-containing operon is

probably due to the preference of sulfate vs. thiosul-

fate as a sulfur source. The presence of two operon
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forms in several bacterial taxa indicates the impor-

tance of the redundancy of the uptake systems, and a

possible advantage for these organisms. In E. coli

EC2541, a mutant affected in a gene encoding a

transcriptional factor that regulates expression of

genes required for sulfonate-sulfur utilization, the

level of the Sbp protein is greatly diminished;

however, this mutant can grow on sulfate probably

because CysP acts as a functional backup for Sbp

(van der Ploeg et al. 1997; Han and Lee 2006).

Sulfate permeases with similar characteristics to

the SulT system have been described in Actinobac-

teria. Such is the case for Mycobacterium tuberculo-

sis, in which the sulfate permease components are

encoded by a cluster formed by the subI and cysTWA

genes. subl encodes a sulfate-binding protein that

displays 36% identity (54% similarity) to Sbp. The

Km for sulfate uptake of the M. tuberculosis perme-

ase is 36 lM (Wooff et al. 2002), a value identical

to the Km of the S. typhimurium SulT permease. In

B. cenocepacia, the sulfate transporter is encoded by

the sbp cysTWA gene cluster (Farmer and Thomas

2004), which forms part of an operon that is probably

expressed from a promoter located upstream of the

sbp gene (Iwanicka-Nowicka et al. 2007).

A sulfate-thiosulfate SulT permease has been also

described in the Cyanobacterium Synechococcus

elongatus PCC 7942 (Green and Grossman 1988;

Laudenbach and Grossman 1991). Sulfate transport in

S. elongatus is light- and energy-dependent, and, as

occurs in S. typhimurium, is inhibited by thiosulfate,

selenate and chromate. The genes that encode

S. elongatus sulfate permease (cysA-sbpA-cysT-orf81-

cysR-cysW) have a different arrangement from those of

E. coli and S. typhimurium operons (Laudenbach and

Grossman 1991) (Fig. 3). Mutations on cysT and cysW

decrease the Vmax for sulfate transport ca. 25 times

compared to the wild-type strain. Neither the cysR gene

Fig. 3 Distibution and

organization of the

cysPTWA operon and cys-

related genes. The clades of

the different analyzed

species are shown to the

left. The name of the

representative species and

the distribution of the sbp-

and cysP-containing

operons for each are

indicated. Open arrows
represent the genes and

direction of transcription.

Genes with the same

shading encode proteins

with similar functions. The

code name for each gene is

provided in the bottom.

Distribution of the different

operons was constructed

with the STRING database

(von Mering et al. 2007)

using the sequences of sbp
and cysP genes
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nor the orf81 products are required for growth on

sulfate or thiosulfate, but mutant strains affected in

these genes are unable to grow on thiocyanate as a

sulfur source.

Regulation of the cysPTWA operon

Sulfate and thiosulfate uptake varies according to the

availability of cysteine or other sulfur sources.

Sulfate transport is repressed when cells are grown

in the presence of cysteine and is derepressed in the

absence of sulfate. Gene products required for

transport of sulfate and thiosulfate are regulated as

part of the cysteine regulon (Hryniewicz and Kredich

1991), which includes the genes involved in the

biosynthesis of cysteine from sulfate (Kredich 1992).

Maximal expression of the cysteine regulon requires

both sulfur limitation and the presence of the inducers

O-acetylserine, which is a precursor in the biosyn-

thesis of cysteine (Fig. 1), or N-acetylserine, which is

derived nonenzymatically from O-acetylserine by an

intramolecular O-to-N-acetyl shift. Repression of the

cysteine regulon by growth on cysteine, or other

readily utilizable sulfur sources, is due to the

inhibition of serine acetyltransferase by cysteine, that

results in a decrease in the synthesis of the inducer

O-acetylserine (Kredich 1992).

In E. coli, excess of sulfate in the growth medium

reduces the expression of cys genes by 40–50% of

fully derepressed values, whereas in the presence of

cysteine gene expression is completely repressed (van

der Ploeg et al. 1996). A similar regulation occurs in

Pseudomonas aeruginosa, in which the sbp and

cysTWA genes are overexpressed when cells are

grown in the absence of sulfate (Hummerjohann et al.

1998; Tralau et al. 2007).

CysB is the global regulator for sulfur assimilation

from inorganic sulfate (Kredich 1992; Kertesz 2001;

Guédon and Martin-Verstraete 2007). CysB is a

homotetramer of 36-kDa subunits, which possesses

several functional domains for DNA binding, inducer

response, and oligomerization (Lochowska et al.

2001). CysB belongs to the LysR family of regulators

(Kredich 1992), and acts with a dual function capable

of either activating or repressing transcription from

different target promoters (Lochowska et al. 2001).

Inducers O-acetylserine and N-acetylserine, which

are essential for maximal expression, stimulate

binding of CysB to promoters of the cysJIH operon

(that encodes the enzymes involved in the reduction

of sulfate and sulfite from the route of cysteine

biosynthesis), and of the cysK, cysP, and cysB genes

(Monroe et al. 1990; Hryniewicz and Kredich 1991;

Ostrowski and Kredich 1991). In S. typhimurium,

several different types of CysB-binding sites (CBS)

have been identified, which are categorized by

function and by their responses to the inducer

(Hryniewicz and Kredich 1995). The cysB gene is

negatively autoregulated by the binding of CysB to

positions -10 to ?36 relative to the major cysB

transcription start site (Ostrowski and Kredich 1991).

In this case, the inducer N-acetylserine inhibits

binding of CysB to the cysB promoter and partially

reverses inhibition of transcription initiation caused

by CysB; this means that CysB has the ability to

respond to acetylserine with either an increase or a

decrease in affinity for different DNA sequences

(Ostrowski and Kredich 1991). In contrast, in

B. cenocepacia and Pseudomonas putida the function

of CysB appears to be independent of the presence of

O-acetylserine, indicating that CysB action may vary

with respect to the recognition of an inducer (Iwanicka-

Nowicka et al. 2007; Kouzuma et al. 2008).

The function of CysB is not restricted to regulation of

the assimilatory sulfate reduction pathway, it also

controls sulfur assimilation at a global level. When the

preferred inorganic sulfur compounds are not available,

bacteria produce a set of proteins known as sulfate-

starvation-induced (SSI) proteins, which include meta-

bolic enzymes, regulatory proteins, and transport sys-

tems, for scavenging sulfur from organosulfur

compounds (Kertesz et al. 1993; van der Ploeg et al.

1996; Hummerjohann et al. 1998; Scott et al. 2007).

Sulfate permeases of the SulP family

The sulfate permease SulP superfamily (TC# 2.A.53)

is a large and ubiquitous protein family with hundreds

of sequenced members derived from the three life

domains (Table 1); however, only a few proteins

belonging to this family have been functionally

characterized (Saier 2000; Kertesz 2001; Saier et al.

2006). The SulP proteins contain from 430–900 aa

(Saier 2000), but the bacterial members are of

434–573 residues, with some exceptions. In contrast

to the SulT-type sulfate permeases, which transport

sulfate and related oxyanions, SulP family members

are inorganic anion uptake carriers or anion:anion
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exchange transporters (Felce and Saier 2004)

(Fig. 2b). Some proteins of the SulP family may be

fused to different catalytic or ligand-binding domains

or may be associated with enzymes. The fused

domain can determine substrate specificity for many

of these proteins. If the carrier is fused to enzymes

related to sulfur metabolism, for example, this

suggests that it may function in sulfate uptake (Felce

and Saier 2004).

The genome of the c-proteobacterium Acidithio-

bacillus ferrooxidans contains the sulP gene that

encodes a SulP-type sulfate permease, which exhibits

11 predicted TMSs (Valdés et al. 2003). The sulP

gene is separated by 10 base pairs from the upstream

gene cab1 encoding a carbonic anhydrase. The

juxtaposition of cab1 and sulP in A. ferrooxidans

suggests that SulP functions as a SO4
2-:HCO3

-

antiporter (Valdés et al. 2003).

SLC26 anion exchangers are a protein family that

is a part of the large SulP superfamily; they transport

a wide number of monovalent and divalent anions

such as sulfate, chloride, iodide, formate, oxalate, the

hydroxyl ion, and bicarbonate (Mount and Romero

2004). SLC26 proteins are predicted to have 10–14

TMSs and a C-terminal extension, which appears to

play a role in the function/regulation of transport

activity (Shibagaki and Grossman 2006). The SLC26

proteins appear to be assembled as homodimers with

the amino and carboxyl termini at the intracellular

membrane side (Detro-Dassen et al. 2008), which

suggests that all SulP family members are dimers

(Fig. 2b).

The genome of M. tuberculosis encodes the SulP-

type protein Rv1739c, which is related to SLC26

(Zolotarev et al. 2008). Expression of Rv1739c in

E. coli increased the uptake of sulfate but not of chloride,

formate, or oxalate; sulfate uptake was inhibited by

sulfite, thiosulfate, and selenate. In Mycobacterium

bovis BCG with the cysA gene deleted, expression of

Rv1739c did not complement sulfate auxotrophy,

suggesting that Rv1739c requires the cysA gene product

for sulfate transport (Zolotarev et al. 2008).

Several proteins annotated as probable sulfate

transporters of the SulP family have not been

functionally characterized and may be carriers of

other ions. For example, the BicA protein of the

Cyanobacterium Synechococcus sp. PCC 700 is a

HCO3
- ion transporter that was initially reported as a

sulfate transporter (Price et al. 2004).

The CysP sulfate permease from gram-positive

bacteria

Contrary to the extensive knowledge available for

sulfate transport in Gram-negative bacteria, mainly

through the studies in E. coli and S. typhimurium,

there is little detailed information reported in Gram-

positive bacteria. One of the sulfate transporters

analyzed is the Bacillus subtilis sulfate permease

CysP, encoded by the cysP gene (previously denom-

inated ylnA) (Mansilla and de Mendoza 2000)

(Fig. 2c). Although they share the same name, this

permease is unrelated to the CysP thiosulfate-binding

protein from E. coli and S. typhimurium (described in

‘‘Periplasmic sulfate (Sbp)- and thiosulfate (CysP)-

binding proteins’’ section). Expression of the cysP

gene from B. subtilis in E. coli mutants affected in

cysA97, cysT or cysP-sbp genes restored the ability of

the strains to grow in minimal medium with sulfate

as sole sulfur source; moreover, an E. coli mutant

strain carrying a plasmid with the B. subtilis cysP

gene accumulated more sulfate, as compared to the

E. coli strain without the cysP gene, indicating that

B. subtilis CysP is a sulfate transporter (Mansilla and

de Mendoza 2000).

The B. subtilis CysP permease is predicted as a

membrane protein with 11 TMSs and two homolo-

gous domains that might have arisen by means of a

tandem internal gene duplication event (Mansilla and

de Mendoza 2000; Salaun et al. 2001).

Relation of CysP with PiT phosphate transporter

family

CysP has no sequence homology with SulT- or SulP-

type sulfate permeases, but shows similarity with

phosphate permeases of the inorganic phosphate

transporter (PiT) family (TC# 2.A.20) (Table 1).

CysP possesses the Pho4 domain (COG0306) present

in all PiT family members, confirming its relationship

with this family (Mansilla and de Mendoza 2000).

However, it is not known whether, in addition to

functioning as a sulfate permease, CysP is also able to

transport inorganic phosphate. To obtain additional

insights on this latter possibility, a phylogenetic tree

was constructed with 786 protein sequences that

belong to the PiT family (including the CysP

permease). Genes encoding PiT family transporters

are widespread throughout the three life domains,
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suggesting an ancient origin for this protein group.

Archaeal and bacterial proteins are 300-550 aa in

length, whereas the larger eukaryotic proteins range

from 500–1,100 aa in length because they have an

additional intracellular domain.

Three major clusters are observed in the phyloge-

netic tree for the PiT family (Fig. 4a). Cluster I, on

the right side of the tree, is the most numerous group

(374 sequences) and is mainly represented by a

mixture of archaeal and bacterial clades. The inor-

ganic phosphate transporters reported in E. coli, PitA

and PitB, are included in this cluster (Harris et al.

2001). Cluster II (bottom left side of the tree) is

nearly as numerous as cluster I (340 sequences) and

comprises members of the three life domains. This

group includes the following characterized eukaryotic

phosphate transporters: mPit-2 from mouse (Bai et al.

2000), Pht2;1 from potato (Rausch et al. 2004);

Pht2;1 from Arabidopsis (Daram et al. 1999), and Pit-

1 and Pit-3 from human (Ravera et al. 2007). Cluster

III (top left side of the tree) comprises 72 proteins (41

from archaea and 31 from bacteria). The sulfate

permease CysP from B. subtilis is included within

this group, but no additional characterized sequences

belong to the cluster.

Figure 4b depicts a detailed view of cluster III.

The group comprises two branches: subgroup III-A is

formed mainly by members of the bacterial clade

Firmicutes (including B. subtilis CysP) and the

archaeal clade Euryarchaeota, whereas subgroup III-

B is made up of members of the bacterial clades

Thermotogae, Cyanobacteria and Proteobacteria, and

the archaeal clades Euryarchaeota and Crenarchaeota.

CysP from B. subtilis belongs to an operon that

comprises four genes encoding enzymes involved in

sulfur metabolism (Dam et al. 2007). This genetic

arrangement is also present in Bacillus licheniformis;

several other species included in subgroup III-A

possess orthologous cysP genes associated with

sulfur metabolism genes, which suggests that CysP

from B. subtilis is not the only PiT family member

involved in sulfate transport.

Bøttger and Pedersen (2005) identified inside PiT

family sequences two related motifs containing highly

conserved aspartate residues critical for phosphate

transport. Indeed, replacement of these aspartates with

asparagines severely impaired transport function, but

did not perturb overall protein architecture. However,

further analysis showed that aspartate residues critical

for phosphate transport are not strictly conserved in all

PiT family members (Bøttger and Pedersen 2005). For

example, CysP from B. subtilis possesses the two

conserved motifs, but the aspartate residues are

replaced by glycine and asparagine. This finding

agrees with the fact that CysP is a sulfate permease

and suggests that it is not able to transport inorganic

phosphate. It is noteworthy that the two motifs are

conserved without exception in all 786 sequences

shown in Fig. 4a as members of the PiT family.

In order to compare these motifs among PiT

family members protein sequences, we performed a

sequence logos analysis (Fig. 4c). The motif logos of

clusters I and II (that comprise 714 sequences,

including all the experimentally characterized phos-

phate transport proteins), demonstrate that both

critical aspartate residues are strictly conserved, with

no exception. This suggests that all members of

clusters I and II are phosphate transporters. In

contrast, logos analysis of cluster III-A (comprising

30 sequences, including CysP from B. subtilis) shows

that no acidic residues are conserved in both N and C

motifs, suggesting that the members of this cluster are

not phosphate transporters and probably they function

as sulfate permeases. Logos analysis of cluster III-B

(41 sequences with no characterized protein) shows

that the acidic residues are present, but not strictly

conserved; therefore their transport function is uncer-

tain. Additional experimental data are needed to

prove the above mentioned hypotheses. Interestingly,

indels analysis of cluster III-A sequences revealed

that archaeal sequences possess a specific insertion

(41–71 aa) located between the last two TMSs, which

is absent in the rest of PiT family members.

The CysZ sulfate permeases

The genome of E. coli possesses a gene that encodes

the CysZ protein (Table 1), reported as a sulfate

transporter in the TCDB database (TC# 9.B.7)

(Fig. 2d). CysZ is a membrane protein with five

putative TMSs and belongs to the DUF540 or CysZ

protein family (COG2981). Members of this protein

family exist only in bacteria. In E. coli, S. typhimu-

rium, and other Proteobacteria, the cysZ gene is

located upstream of the cysK gene, which encodes

O-acetylserine sulfhydrylase A, an enzyme involved

in the biosynthesis of cysteine. cysZ mutants of E. coli

are deficient in sulfate transport (Britton et al. 1983;

Biometals (2011) 24:687–707 695

123



Parra et al. 1983). Thus, CysZ from E. coli is described

as a sulfate permease, although S. typhimurium cysZ

mutants can grow normally in 1 mM sulfate (Byrne

et al. 1988). No additional CysZ homologous proteins

have been experimentally tested.

The genome of the Gram-positive soil bacterium

Corynebacterium glutamicum lacks sulfate permeases

similar to SulT, SulP, or CysP; instead, C. glutamicum

has a CysZ protein, which is proposed as the principal

sulfate permease in this microorganism (Rückert

et al. 2005). This protein is not homologous to CysZ

from E. coli, sharing only 13% identity. CysZ from

C. glutamicum belongs to the putative 4-Toluene

sulfonate uptake permease (TSUP) family, also

known as the DUF81 or COG0730 protein family

(TC# 9.A.29) (Table 1). These proteins are mainly

A C

B
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present in bacteria and archaea, only a few are found in

eukaryotes, and have been described as 4-toluene

sulfonate carriers (Mampel et al. 2004), sulfite export-

ers (Weinitschke et al. 2007), as well as sulfate

permeases (Rückert et al. 2005). CysZ from

C. glutamicum, predicted to possess six TMSs, is

encoded by the cysZ gene of the cysIXHDNYZ operon.

Enzymes encoded by cysIHDN genes catalyze similar

reactions to those of the known orthologous ones in

E. coli (Rückert et al. 2005). In contrast, cysXYZ genes

were described for the first time. Strains of

C. glutamicum with deletions in each of the cys-

IHDNYZ genes were unable to grow in a medium

containing sulfate or sulfite as sulfur sources, showing

that they are involved in the transport or reduction of

inorganic sulfur compounds (Rückert et al. 2005).

CysZ is a high-affinity sulfate transporter because a

C. glutamicum mutant strain affected in cysZ was

unable to grow with \5 mM sulfate as sole sulfur

source. Growth of the mutant was restored by increas-

ing sulfate, and at[30 mM sulfate growth was similar

to that of the wild-type strain, suggesting the presence

of a low-affinity sulfate transporter that functions at

high sulfate concentrations. CysX and CysY proteins

are probably involved in electron transfer and in the

biosynthesis of the siroheme cofactor of sulfite reduc-

tase, respectively; they probably participate in the

sulfite into sulfide reduction (Rückert et al. 2005).

Molybdate and tungstate transport

Molybdenum is a transition trace metal that is required

by nearly all living organisms, including microorgan-

isms, plants, and animals. The few species that do not

require molybdenum use tungsten. Molybdenum-con-

taining enzymes, or molybdoenzymes, are found in all

aerobic organisms, whereas tungsten-containing

enzymes are mainly found in anaerobic prokaryotes,

such as hyperthermophilic archaea, which are obli-

gately tungsten-dependent; tungstoenzymes have been

also identified in aerobic proteobacteria (Hille 2002;

Schwarz et al. 2007). Molybdenum and tungsten are

incorporated into pterin molecules, thus generating the

molybdenum cofactor (Moco or molybdopterin) and

the tungsten cofactor (Wco or tungstopterin), respec-

tively, which are required for assembly and function of

molybdoenzymes (except for the Fe-Mo cofactor in

nitrogenase) and tungstoenzymes, respectively (Hille

2002; Schwarz et al. 2007).

Molybdenum and tungsten are transported in the

form of the oxyanions molybdate (MoO4
2-) and

tungstate (WO4
2-), respectively, which are taken up

through the membrane by high-affinity ABC-type

transporters. These transporters allow bacteria to

scavenge the less abundant molybdate or tungstate

ions in the presence of sulfate, whose concentration in

sea water is ca. 105 times higher than that of molybdate

(Schwarz et al. 2007). Due to the similarity between

molybdate and tungstate oxyanions these may be

transported by the same carrier (Grunden and Shan-

mugam 1997; Bevers et al. 2006). Some bacteria

produce small cytoplasmic molybdate/tungstate Mop

proteins (ca. 7 kDa), which are reported to be involved

in oxyanion storage or homeostasis (Wagner et al.

2000; Makdessi et al. 2004).

In E. coli, molybdate may be taken up through

three transport systems (reviewed in Self et al. 2001;

Pau 2004) (Table 2) (Figs. 2, 5): (1) the high-affinity

ModABC system (Maupin-Furlow et al. 1995); (2)

Fig. 4 Phylogenetic analysis and sequence logos of the CysP/

(PiT) protein superfamily. a Phylogenetic tree constructed with

the Minimum evolution (ME) method using an alignment of 786

protein sequences from the CysP/(PiT) protein superfamily.

Sequences are distributed in three main clusters (see text).
Similar topologies were obtained using the Neighbor-joining

(NJ) and Maximum parsimony (MP) methods. Bacteria,

Archaea, and Eukarya domains are indicated with blue, green
and red lines, respectively. Scale bar represents 0.2 amino acid

substitutions per site. Trees were calculated with MEGA 4.0

(Tamura et al. 2007) using the TJJ amino acid substitution

model. b Detailed phylogenetic tree of cluster III (CysP/(PiT)

family) that comprises two branches: subgroups IIIA and IIIB. A

red arrow signals the location of Bacillus subtilis CysP(PiT).

Circles indicate nodes with bootstrap values of[70% (white),

80% (purple) or 90% (red) in 1,000 random replicates in all

methods employed. Bootstrap values for critical nodes are

explicitly shown utilizing NJ/MP/ME methods. Entries include

sequence access number and species name. C, Sequence logos

of conserved N- and C-terminal motifs of PiT family members.

The sequences of PiT family were sorted into clusters according

to the results of phylogenetic analysis. Numbering is according

to the sequence of CysP from B. subtilis (accession number:

NP_389441); residues 14–26 and 178–190 correspond to the N-

and C-motifs, respectively. Sequence logos were constructed

using WebLogo (http://weblogo.threeplusone.com/). Each logo

consists of stacks of amino acid letters, one stack for each

position in the sequence. The overall height of the stack indi-

cates the sequence conservation at that position, while the height

of letters within the stack indicates the relative frequency of

each amino acid at that position (Crooks et al. 2004). A Pro-

fileGrid (Roca et al. 2008) is provided as supplementary mate-

rial (Figs. 1s, 2s, 3s). (Color figure online)

b
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the CysPTWA (SulT) sulfate-thiosulfate permease,

with lower affinity (Rosentel et al. 1995), and (3) a

non-specific low-efficiency anion transport system

that requires high molybdate concentrations, and

which also transports sulfate, selenate, and selenite;

this transporter, however, has not been further

characterized (Rosentel et al. 1995). Recently, a

novel permease that takes up molybdate at micromo-

lar concentrations was identified in the a-proteobac-

terium Rhodobacter capsulatus (Gisin et al. 2010).

This permease, denominated PerO, seems to import

also sulfate, tungstate, and vanadate, suggesting that

functions as a general oxyanion transporter. PerO

belongs to the ArsB/NhaD ion transporter family,

which has mostly uncharacterized members from all

three life domains (Gisin et al. 2010).

The ModABC molybdate transporter

The high-affinity ModABC molybdate system, which

also transports tungstate and sulfate (Grunden and

Shanmugam 1997; Self et al. 2001) (Table 2)

(Fig. 5a), belongs to the Molybdate uptake transporter

(MolT) family (TC# 3.A.1.8). In E. coli, the ModABC

transporter is encoded by the modABC operon. The

modA gene encodes the periplasmic molybdate-bind-

ing protein ModA (COG0725), which specifically

binds molybdate or tungstate with a Kd of ca. 20 nM

(Imperial et al. 1998). A lower affinity is shown by

ModA from the phytopathogen bacterium Xanthomo-

nas axonopodis pv. citri (Kd of 0.29 lM for molyb-

date and 0.58 lM for tungstate) (Balan et al. 2006).

The crystal structure of ModA proteins from the

bacteria E. coli, Azotobacter vinelandii and X. axo-

nopodis (Hu et al. 1997; Lawson et al. 1998; Balan

et al. 2008), and the ModA/WtpA molybdate- or

tungstate-binding proteins (see ‘‘The TupABC and

WtpABC tungstate transporters’’ section for tungstate

transport) from the archaea Archaeoglobus fulgidus,

Methanosarcina acetivorans, Methanocaldococcus

jannaschii, Pyrococcus horikoshii and Pyrococcus

furiosus have been solved to high resolution (Hollen-

stein et al. 2009). The conformation of ModA is

ellipsoidal and binding of molybdate is through seven

hydrogen bonds, similar to the sulfate-binding Sbp

protein. Bacterial and archaeal ModA proteins have a

highly similar fold, the main structural differences of

archaeal proteins include an additional b-sheet located

on the protein surface and, most notably, an oxyanion-

binding site with octahedral coordination for molyb-

denum and tungsten atoms (Hollenstein et al. 2009); in

contrast, bacterial ModA proteins possess tetrahedral

coordination (Hu et al. 1997; Lawson et al. 1998;

Balan et al. 2008). These differences suggest distinct

oxyanion-binding modes of ModA/WtpA proteins

from archaea and bacteria.

The modB gene encodes the integral membrane

protein ModB, which builds the membrane channel of

the ModABC transporter (Fig. 5a). Crystallization of

ModB proteins from A. fulgidus and M. acetivorans

has shown that ModB possesses six TMSs (Hollen-

stein et al. 2007; Gerber et al. 2008). ModB functions

as a homodimer to form the channel for molybdate

transport (Fig. 5a) (Grunden and Shanmugam 1997).

ModB proteins have several conserved motifs also

conserved in CysT, CysW, and in the phosphate

permeases PstA and PstC (Self et al. 2001).

ModC, encoded by the modC gene, is the ATPase

subunit of the ModABC complex that energizes

molybdate transport. The crystal structures of ModC

proteins from A. fulgidus and M. acetivorans showed

that these have similar folds and that they contain the
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2-

WO4
2- MoO4

2-
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membrane

CrO4
2-

ATP ADP + Pi
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TupB

TupB

ATP
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TupC
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ModB ModB

MoO4
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Fig. 5 Bacterial oxyanion transporters. a Molybdate trans-

porters. The ModABC transporter is formed by ModA, the

molybdate-binding protein, ModB, the membrane protein, and

ModC, the ATPase. b Tungstate transporters. TupABC and

WtpABC systems are constituted by TupA and WtpA, the

substrate-binding proteins, TupB and WtpB, the membrane

proteins, and TupC and WtpC, the ATPases. c Chromate efflux

systems. Bidomain ChrA and paired Chr3N-Chr3C transporters

are shown. The oxyanions transported for each system are

indicated. Molybdate (MoO4
2-), tungstate (WO4

2-), sulfate

(SO4
2-), chromate (CrO4

2-). Details for each system are

provided in the text

698 Biometals (2011) 24:687–707

123



highly-conserved motifs of ABC ATPases (Hollen-

stein et al. 2007; Gerber et al. 2008). The two ModC

subunits exhibit a ‘‘head-to-tail’’ arrangement, with

the conserved phosphate-binding loop (P-loops) jux-

taposed to the ABC signature motifs (LSGGQ) of the

opposite subunit. Even when ModC proteins exhibit a

similar fold, only ModC from M. acetivorans

possesses a regulatory domain; this is a region of

about 120 aa appended to the C-terminus, which is

also present in the CysA protein (Gerber et al. 2008).

Structure of the ModABC complex

Crystal structures of putative ModABC transporters

of A. fulgidus, with ModA bound to molybdate or

tungstate (Hollenstein et al. 2007) (Fig. 6), and of

M. acetivorans, were recently solved (Gerber et al.

2008). The A. fulgidus ModABC transporter is made

up of a single ModA protein with the molybdate

oxyanion bound to the external side of a ModB2C2

complex. Molybdate or tungstate oxyanions are

bound in a cleft between two lobes in ModA; both

lobes interact with ModB and there are several

charged residues localized on the interface. ModA

aligns the substrate-binding cleft with the entrance to

the translocation pathway on ModB, which is consti-

tuted of two identical subunits that create a large

cavity, the translocation pathway. The ModB–ModC

interface transmits critical conformational changes,

thus coupling ATP binding and hydrolysis to trans-

port. Based on the structure of the ModAB2C2

complex, a stoichiometry of two ATP per imported

molybdate has been proposed (Hollenstein et al.

2007).

Distribution of the modABC operon

Characterized modABC operons encoding molybdate

transport proteins include those of R. capsulatus

(Wang et al. 1993), A. vinelandii (Mouncey et al.

1995), Staphylococcus carnosus (Neubauer et al.

1999), Klebsiella pneumoniae (Grunden and Shanmu-

gam 1997), Anabaena variabilis (Zahalak et al. 2004),

Bradyrhizobium japonicum (Delgado et al. 2006),

X. axonopodis pv. citri (Balan et al. 2006), and

Campylobacter jejuni (Smart et al. 2009; Taveirne

et al. 2009). A comparative genomic analysis to

examine the occurrence of molybdenum utilization

showed the presence of molybdate transporter mo-

dABC genes in 294 genomes of bacteria, which

accounts for 90% of molybdenum-utilizing bacteria

identified, and 14 genomes of archaea, which repre-

sent 39% of molybdenum-utilizing archaea identified

(Zhang and Gladyshev 2008).

Regulation of the modABC operon

In E. coli, transcription of the modABC operon is

negatively controlled by the molybdate-responsive

ModE protein (Mouncey et al. 1995; Walkenhorst

et al. 1995; Grunden et al. 1996). The active form of

ModE, which binds to the modA operator, is the

ModE-molybdate complex (ModE-Mo) (Anderson

et al. 1997). The apparent Kd for interaction between

the modA operator and ModE-Mo is 0.3 nM, and this

value increases [25 times in the absence of molyb-

date (Self et al. 2001). E. coli ModE functions as a

homodimer and binds two molecules of molybdate

Fig. 6 Structure of the ModABC transporter from Archaeo-
globus fulgidus. Front view of the ModAB2C2 complex. The

complex in ribbon representation displays the ModA binding

protein colored blue, the ModB subunits colored yellow and

green, and the ModC subunits colored red and magenta. The

oxyanion bound to the center of ModA is shown as green
(tungsten) and red (oxygen) spheres. The lipid bilayer is also

shown. The figure was constructed with VMD and PyMol V

0.99, using data from Hollenstein et al. (2007). (Color figure

online)
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with high affinity (Kd = 0.8 lM); ModE may also

bind tungstate (Anderson et al. 1997). Molybdate or

tungstate binds directly to ModE without the require-

ment of an additional component; binding of the

oxyanion induces a conformational change in the

protein (Anderson et al. 1997; Gourley et al. 2001;

Schüttelkopf et al. 2003). Each ModE monomer

consists of two domains: the N-terminal domain,

which possesses the HTH motif for DNA binding and

is primarily responsible for ModE dimerization, and

the C-terminal domain, which is the putative molyb-

date-binding component (Hall et al. 1999). ModE

discriminates among oxyanions based on size and

charge, binding molybdate or tungstate but not other

tetrahedral oxyanions such as phosphate, sulfate, or

vanadate (Gourley et al. 2001).

A molybdenum cofactor (Moco)-sensing ribo-

switch candidate has been recently identified in

several bacteria (Regulski et al. 2008). The highly-

conserved RNA motif (Moco RNA) is located

upstream of genes encoding the molybdate trans-

porter, molybdenum cofactor (Moco) biosynthesis

enzymes, and other enzymes that utilize Moco as a

coenzyme. Moco RNA selectively senses Moco and

controls the expression of adjacent genes in response

to changing levels of the coenzyme. The location of

Moco RNA upstream of the modABC operon sug-

gests an additional level of regulation of the trans-

porter. A structural variant of Moco RNA has been

identified in bacteria that use a tungsten cofactor

(Tuco), suggesting that these RNA types allow the

selective recognition of either Moco or Tuco (Reg-

ulski et al. 2008).

The TupABC and WtpABC tungstate transporters

The tungstate oxyanion (WO4
2-) is taken up by

bacterial cells through three ABC-type transporters

(Table 2) (Fig. 5): (1) TupABC, which is highly

specific for tungstate (Makdessi et al. 2001); (2)

WtpABC, which transports both tungstate and

molybdate (Bevers et al. 2006), and (3) the already

described molybdate ModABC transporter (Grunden

and Shanmugam 1997).

TupABC, the first tungstate-specific transporter

described, is encoded by the tupABC operon identified

in the Gram-positive anaerobic bacterium Eubacte-

rium acidaminophilum (Makdessi et al. 2001; Andree-

sen and Makdessi 2008). TupA, a tungstate-binding

protein, is highly specific for tungstate and does not

bind molybdate, sulfate, chromate, selenate, phos-

phate, or chlorate. TupB is an inner membrane protein

that possesses five TMSs and has low similarity

(\20%) to the ModB protein. TupC is the ATPase

subunit of the complex (Fig. 5b). TupABC homologs

have been also characterized from the Gram-negative

microaerophile C. jejuni (Smart et al. 2009; Taveirne

et al. 2009). Other homologs to this transport system

have been localized in 85 genomes of bacteria and in 12

genomes of archaea (Zhang and Gladyshev 2008).

The WtpABC transporter, identified in the archa-

eon P. furiosus, is able to take up both tungstate and

molybdate (Table 2) (Fig. 5b). WtpA binds tungstate

with higher affinity (Kd = 0.017 nM) than TupA

(Kd = 500 nM) and ModA (Kd = 20 nM) (Bevers

et al. 2006). Affinity for molybdate (Kd = 20 nM) is

similar to that of ModA (Kd = 11 nM). WtpA has a

low level of identity/similarity with ModA (18/30%)

and TupA (16/31%), indicating that this is a new

class of tungstate- and molybdate-binding proteins.

Sequence similarities of WtpB with ModB and TupB

are 53 and 50%, respectively, and those of WtpC with

ModC and TupC are 51 and 56%, respectively

(Bevers et al. 2006). The WtpABC system is present

in some archaea that do not express homologs of

TupA or ModA, such as P. furiosus and Methano-

coccus jannaschii (Bevers et al. 2006). Some archaea

and bacteria have homologous genes for more than

one type of tungstate transporter systems, such as M.

acetivorans, which possesses ModA and WtpA

transporters, and the sulfate-reducing bacterium

Desulfovibrio vulgaris, which has TupA and ModA

homologs (Bevers et al. 2006). Homologs of

WtpABC transport system have been identified in

10 genomes of bacteria and in 23 genomes of archaea

(Zhang and Gladyshev 2008), emphasizing that TupA

and ModA occur predominantly in bacteria whereas

WtpA appears to be an archaeal tungstate transporter.

Selenate transport

Selenium is an analog of sulfur and may substitute for

sulfur in certain thiols. Although selenium is an

essential element for microorganisms, it is toxic at

elevated concentrations. The common organic forms

of selenium are the selenocysteine and selenomethi-

onine amino acid analogs (Stolz et al. 2006). In
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E. coli, a single carrier has been described that can

transport selenate (SeO4
2-), selenite (SeO3

2-) and

sulfate. Sulfate is the preferred substrate, with an

affinity (Km = 2.1 lM) ca. eight times higher than

that for selenate (Km = 17.1 lM) and ca. 50 times

higher for selenite (Km = 102 lM). All three oxya-

nions compete with each other for their transport

(Lindblow-Kull et al. 1985).

Transport of selenate also occurs through the SulT

sulfate permease system (Turner et al. 1998)

(Fig. 2a). An E. coli mutant strain affected in the

cysA ATPase gene showed impaired selenate reduc-

tion due to its inability to take up selenate (Bébien

et al. 2002). Selenate uptake into E. coli cells also

requires the YbaT protein, a putative transporter of

amino acids or other metabolites, and the outer-

membrane porin NmpC, because mutations of the

corresponding genes inhibited selenate reduction with

no change in growth rate (Bébien et al. 2002).

Selenate transport through a sulfate permease has

been also reported in the b-proteobacterium Cupri-

avidus metallidurans CH34 (previously Alcaligenes

eutrophus or Ralstonia metallidurans) (Avoscan et al.

2009). Cells grown under sulfate-limited conditions

(0.3 mM sulfate) accumulated up to six times more

selenate than cells grown in sulfate-rich (3 mM)

medium, probably due to induction of sulfate perm-

eases (Avoscan et al. 2009). These findings indicate

that C. metallidurans takes up selenate utilizing a

sulfate permease. Sulfate transport by the previously

mentioned SulP-type Rv1739c permease of M. tuber-

culosis, expressed in E. coli, was inhibited by selenate

and selenite (Zolotarev et al. 2008), which suggests

that both selenium oxyanions can also be taken up

through this permease (Fig. 2b).

Chromate transport

Chromium, a non-essential metal for microorganisms

and plants, exists in nature as two main chemical

species: the trivalent form, Cr(III), which is relatively

innocuous because it is water-insoluble at physiolog-

ical pH, and the hexavalent form, Cr(VI), considered

a more toxic species. Inside the cell, Cr(VI) is readily

reduced to Cr(III) by the action of various enzymatic

and non-enzymatic activities; Cr(III) generated may

then exert diverse toxic effects in the cytoplasm

(reviewed in Ramı́rez-Dı́az et al. 2008).

Chromate uptake

Chromate, an analog of sulfate, is transported into the

cells through sulfate transport systems (Fig. 2), and

chromate has been identified as a competitive inhib-

itor of sulfate transport (reviewed in Cervantes et al.

2001). Genes encoding sulfate transporters and

enzymes involved in sulfur metabolism are strongly

induced when bacteria are under chromate exposure,

which mimics intracellular sulfur limitation (Brown

et al. 2006; Henne et al. 2009). The previously

described sulfate permease CysP from B. subtilis also

transports chromate inside the cell (Fig. 2c). E. coli

cysteine-auxotroph mutants with altered cysT, cysP,

sbp or cysA97 genes are chromate-resistant, probably

due to their inability to transport the toxic ion inside

the cell. Expression of B. subtilis CysP in these

chromate-resistant strains conferred sensitivity to

chromate, confirming that this oxyanion can be

transported inside B. subtilis cells by the CysP

permease (Mansilla and de Mendoza 2000).

Chromate efflux

The most studied chromate transport system is the

ChrA protein, which is encoded by the P. aeruginosa

pUM505 plasmid (Cervantes et al. 1990). P. aeru-

ginosa ChrA is a 416-aa protein that displays a

topology of 13 TMSs (Jı́menez-Mejı́a et al. 2006).

The ChrA transporter functions as a chemiosmotic

pump that extrudes chromate from the cytoplasm

using the proton-motive force (Alvarez et al. 1999;

Pimentel et al. 2002) (Fig. 5c). Efflux of chromate by

P. aeruginosa cells shows typical saturation kinetics

with an apparent Km of 82 lM chromate and a Vmax

of 0.13 nmol chromate min-1 mg protein-1. Sulfate

and molybdate inhibit chromate efflux in a concen-

tration-dependent fashion, which suggests that the

ChrA protein also binds these oxyanions (Pimentel

et al. 2002).

In C. metallidurans, two ChrA proteins have been

identified: ChrA1 encoded by the pMOL28 plasmid,

and ChrA2 encoded by a chromosomal gene; these

proteins confer chromate resistance by a similar

efflux mechanism to that of the P. aeruginosa

transporter (Juhnke et al. 2002). A ChrA homolog

has been also identified in the facultative anaerobic

Gram-negative bacteria Shewanella sp. ANA-3; in

contrast with ChrA proteins from P. aeruginosa and
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C. metallidurans, which are functional only in their

respective hosts (Cervantes et al. 1990; Nies et al.

1990), ChrA from Shewanella conferred chromate

resistance when expressed in both E. coli and

P. aeruginosa (Aguilar-Barajas et al. 2008). ChrA

transporters with a similar function in chromate efflux

were recently identified in a chromosomally located

transposon of the a-proteobacterium Ochrobactrum

tritici strain 5bvl1 (Branco et al. 2008) and in a

plasmid from the Gram-positive Arthrobacter sp.

strain FB24 (Henne et al. 2009); both strains were

isolated from chromate-polluted environments. The

pANL plasmid from S. elongatus PCC 7942 encodes

a CHR homolog (named SrpC); interestingly, this

homolog was located in an island rich in sulfur-

related genes regulated by sulfate (Chen et al. 2008).

Synechococcus SrpC confers chromate resistance on

E. coli, probably by an efflux mechanism (Aguilar-

Barajas, unpublished results).

ChrA proteins belong to the CHR superfamily of

chromate ion transporters, which currently comprises

hundreds of homologs from all three life domains

(Nies et al. 1998; Nies 2003; Dı́az-Pérez et al. 2007).

The CHR superfamily is constituted of members of

two sizes: short-chain proteins (the SCHR family) of

ca. 200 aa with only one domain and that are

commonly encoded by adjacent gene pairs, and long-

chain proteins (the LCHR family) of ca. 400 aa with

homologous N- and C-terminal halves. LCHR pro-

teins are proposed as having derived from gene

duplication/fusion events of ancestral SCHR-encod-

ing genes (Dı́az-Pérez et al. 2007). The ChrA proteins

characterized from P. aeruginosa, C. metallidurans,

Shewanella, O. tritici, Arthrobacter, and Synecho-

coccus described above all belong to the LCHR

family.

The function of the SCHR proteins ChrN (denom-

inated as the amino domain) and ChrC (the carboxyl

domain) from B. subtilis was recently demonstrated

(Dı́az-Magaña et al. 2009). These short-chain pro-

teins are encoded by adjacent paired genes, chr3N–

chr3C, which are transcribed as part of a bicistronic

mRNA probably forming an operon. Expression of

the Bacillus paired chr genes in E. coli conferred

chromate resistance, whereas expression of single

chr3N or chr3C genes did not confer this, indicating

that both genes are required for function. Also,

expression of B. subtilis chr3N–chr3C genes caused

diminished chromate uptake by E. coli cells. It was

proposed that SCHR proteins form oppositely-

oriented heterodimers in the membrane that

efflux chromate ions from cytoplasm by a similar

mechanism as that of long-chain LCHR proteins

(Dı́az-Magaña et al. 2009) (Fig. 5c).

The genomes of some bacteria, such as

C. metallidurans and several Burkholderia species,

encode multiple SCHR and LCHR homologs. Dra-

matic examples of the possession of redundant genes

encoding CHR homologs are Burkholderia vietnami-

ensis TVV75 (five LCHRs and two pairs of SCHRs)

and Burkholderia xenovorans LB400 (four LCHRs

and two pairs of SCHRs) (Dı́az-Pérez et al. 2007).

The six CHR genes from B. xenovorans LB400 have

been shown to confer chromate resistance when

expressed in E. coli, although each homolog does this

under different growth conditions (M. Luna-Luna,

unpublished results).

Conclusions

Sulfate is used preferentially as a sulfur source by

bacterial cells, and probably for this reason, bacterial

sulfate permeases constitute a diverse set of mem-

brane transporters grouped into several different

protein families. Nevertheless, the number of sulfate

permeases biochemically tested remains low, includ-

ing transporters of the SulT, SulP, CysP/(PiT), and

two CysZ families. Sulfate-thiosulfate SulT permeas-

es of the ABC transporter superfamily are the most

widely distributed and characterized sulfate trans-

porters. Interestingly, the CysP sulfate permease from

B. subtilis belongs to the PiT family of phosphate

transporters, and phylogenetic and logos analysis

strongly suggest that other PiT members in Gram-

positive bacteria may also transport sulfate. Perm-

eases for molybdate and tungstate belong mainly to

the ABC-type transporter family, which, unlike

sulfate permeases, are more specific for their sub-

strates. In contrast, there are no specific uptake

systems for selenate and chromate; instead, these are

taken up by transporters of structurally related

oxyanions, such as sulfate or molybdate. Because

chromate ions are highly toxic for bacteria, they can

be extruded from the cytoplasm through the widely

distributed efflux systems of the CHR superfamily.

702 Biometals (2011) 24:687–707

123



Acknowledgments This work was supported by grants from

Coordinación de Investigación Cientı́fica (UMSNH; 2.6),

Consejo Nacional de Ciencia y Tecnologı́a-México (Conacyt,
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