
JB Review J. Biochem. 123, 16-23 (1998)
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Resistance to antibiotics and other chemotherapeutic agents is becoming a wide spread
health issue. The biochemical mechanisms of resistance vary, but active efflux of the toxic
agents is one of the most common. Bacterial resistances to metals provide good model
systems for transport-related resistances. One of the best understood metal resistance
systems is the product of the ars operon, which provides resistance to arsenicals and
antimonials. As a reflection of the ubiquity of arsenic in the environment, ars operons are
found in all species of bacteria, carried in chromosomes, plasmids, and transposons. This
review focuses on the biochemistry of the proteins of the ars operon of .R-factor R773. The
system is novel in several respects. First, it is regulated at the transcriptional and allosteric
levels, and regulation is effected through cysteine thiol interaction with As(III) or Sb(III).
Thus soft metal-thiol chemistry provides a high affinity digital switch to turn the regulated
protein on with rapidity. The transport system that provides resistance, on the other hand,
uses oxyanions of arsenic or antimony as substrates. This nonmetal chemistry allows for
low affinity interactions of the membrane transporter with substrate, conductive with
translocation and release of substrate on the outside of the cell membrane. Second, the
transporter is uniquely capable of coupling to either electrochemical energy as a secondary
carrier protein or the chemical energy of ATP when binding of a catalytic subunit converts
it into an anion-translocating ATPase.
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1. Introduction
Resistance has become a serious threat to the use of drugs

for both antibacterial and anticancer chemotherapy (I). A
variety of mechanisms produce resistance, but one of the
most frequent is the development of transport systems that
extrude drugs and toxic metals from the cell, reducing the
intracellular concentration to subtoxic levels (2). Arseni-
cals and antimonials have long been used medicinally and
were among the first chemotherapeutic agents used to treat
infectious diseases. Paul Ehrlich introduced organic arseni-
cal into clinical use for the treatment of syphilis and
trypanosomal diseases. For his development of these drugs
Ehrlich was awarded the Nobel Prize in 1908. His most
famous arsenical drug was his silver bullet, Salvarsan.
However, cells rapidly became resistant to Salvarsan,
leading Ehrlich to postulate that first, arsenicals must be
taken up by cells via a cell surface arsenical receptor in
order to be effective, and second, that resistance could
ensue from the loss of ability to take up the arsenical drug.
Over the last fifteen years our laboratory has been inves-
tigating the mechanisms of resistance to arsenic and
antimony (3, 4). We have shown that both prokaryotes and
eukaryotes have extrusion systems for the salts of the
metalloids As(III) and Sb(III), and that extrusion corre-
lates with resistance (5).
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Although resistance is becoming a major clinical prob-
lem, bacterial metal resistances were more common in the
pre-antibiotic era than were resistances to antibiotics (6),
perhaps because heavy metals are common in minerals,
soil, and water and enter readily into the food chain (7, 8).
The metal and metalloids salts to which bacterial resis-
tances have been reported include arsenate, arsenite,
antimony, lead, cadmium, zinc, bismuth, and mercury (3,
9, 10). The determinants for these resistances have been
found on transmissible plasmids (11, 12), transposons
(13), and chromosomes (14). One such is the .R-factor
R773, a large conjugative plasmid that carries a number of
resistance determinants for antibiotics and metals (21).
We cloned the arsenical resistance operon (ars) from R773
and have shown that it has five genes, arsRDABC. The first
two, arsR and arsD, encode regulatory proteins (15, 16).
The arsA and arsB genes encode the actual resistance, a
pump that extrudes salts of trivalent arsenic or antimony
(17). This pump exhibits no evolutionarily relationship to
other families of transport ATPases. The last gene of the
operon, arsC, encodes a reductase that catalyzes the
conversion of As(V) to As(III), expanding the range of
resistance to include pentavalent arsenicals (18, 19). In
this review we will describe in detail the mechanism of the
arsenical extrusion system and its regulation.

2. Metalloregulation by arsenic and antimony
A. The ArsR and ArsD repressors. Resistance to the

metalloids arsenic and antimony in both Gram-positive and
Gram-negative bacteria is associated with five-gene or
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Bacterial Resistance to Arsenic and Antimony 17

three-gene ars operons (11, 20, 21) (Fig. 1). The first gene,
arsR, in all operons encodes a trans-acting repressor
protein (12, 22, 23). The ArsR protein of the Gram-
negative plasmid R773 is the first identified member of a
novel family of small metalloregulatory proteins (22, 24,
25). These include subgroups of proteins that respond to
As(III)/Sb(III) [ArsR], Cd(II)/Zn(II) [CadC] (26), or
Zn(II) [SmtB] (27) (Fig. 2). As a metal-repressive repres-
sor protein that negatively regulates the transcription of a
detoxification and/or metal efflux operon, each member of
the ArsR family should have at least three domains, a metal
binding domain, a DNA-binding domain, and a dimerization
domain. A putative helix-turn-helix DNA-binding motif
from residues 38 to 54 has been identified in ArsR protein
(25). The ArsR sequence ELC32VC34DLC37 has been
proposed to form a portion of the metal binding domain, in
which residues Cys32, Cys34, and Cys37 are ligands for
As(III) and Sb(III) (28). Interestingly, while Cys37 is
capable of interacting with As (III), it is not required for
induction and is not conserved in all ArsRs. Using genetic
and biochemistry assays, it was found that in the ArsR

protein residues 1-8 and 90-117 are not required for ArsR
dimerization, and a core sequence of about 80 residues has
all of the information necessary for dimerization, repres-
sion and metal recognition (29).

How is the information from the sensing of environmen-
tal metals transduced into transcription of pump genes? We
hypothesize that formation of the As-S bonds distorts the
first putative helix of the DNA binding domain such that it
can no longer interact with the operator site (Fig. 3).
Preliminary computer modeling of the metal and DNA
binding domains of ArsR suggests that for Cys37 to be able

. to be the third As(III) ligand, the first part of the DNA
binding domain must go from a helix to p sheet. Thus the
initial event in derepression would be As(III) binding to the
thiolates of Cys32 and Cys34. The distortion produced by
this binding may force the Cys37 thiolate into proximity
with As (III), allowing Cys37 to be a third ligand to the
arsenic without being involved in induction.

In five-gene ars operon the product of the second gene,
arsD, that is missing from the three-gene arsenic resis-
tance system, is also a irans-acting repressor (16).

pars

arsA

Fig. 1. Bacterial ars operons. In the
top line the five genes of the are operon of
plasmid R773 are shown with the direc-
tion of transcription indicated by the
arrow, starting with the promoter, pars-
Genes are indicated by boxes, with the
intergenic spaces as single lines. The
genes of homologous ore operons of plas-
mid R46 (62), the E. coli chromosomal
operon (14), and staphylococcal plasmids
pI258 (12), and pSX267 (23) are aligned below. The similarities of the gene
products to the R773 proteins are given as % identity.
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Fig. 2. The ArsR family of metalloregulatory
proteins. Highly conserved regions are shaded.
The shaded box shows the putative metal binding
box, with a vicinal cysteine pair in all but the SmtB
protein. Shown are the ArsR repressors of plasmids
R773, the E. coli chromosomal operon, plasmid
R46, pI258, pSX267, and M. jannaschii, the CadC
repressors of plasmid pI258, chromosomally encod-
ed CadC from B. firmus, the staphyloccocal CadX
protein and the SmtB protein of Synechococcus
PCC 7942. The locations of the helix-turn-helix
DNA binding motif and the histidine pair of SmtB
are indicted.
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H2N NH2

H2N NH2

Fig. 3. Model for metalloregu-
lation by the ArsR repressor.
The ArsR homodimer binds to the
operator/promoter region through
a helix-turn-helix domain in each
monomer, repressing transcription
of the ars operon. Inducers, includ-
ing arsenite, antimonite, and phe-
nylarsine oxide, bind to Cys32,
Cys34, and Cys37 through soft
metal-thiol bonds, producing a
conformational change in the DNA
binding domain that results in
dissociation of the repressor from
the operator/promoter.

HOOC COOH

Although both ArsR and ArsD are 13 kDa homodimers,
they share no sequence similarity. From DNase I footprint-
ing analysis, it was found that ArsD binds to the same site
on the ars promoter element as the ArsR protein but with
two orders of magnitude lower affinity (30). It was also
found that ArsD is released from the ars DNA promoter by
phenylarsine oxide, sodium arsenite, and potassium anti-
monyl tartrate, the same inducers to which ArsR responds,
but in vivo repression by ArsR can be fully relieved with 10
//M sodium arsenite, while ArsD repression requires
approximately 100 /*M sodium arsenite for induction (30).
These results suggest that ArsR has higher affinity for
inducer than ArsD. Therefore a low level of environmental
metalloid would cause dissociation of ArsR, resulting in
transcription of the operon, increasing the amount of ArsD.
As the intracellular concentration of ArsD exceeded the Kd

for ars DNA, it would fill the ars operator site. Since its
affinity for inducer is less than that of ArsR, the relatively
low level of inducer present in the cell would not prevent its
binding. On the other hand, exposure to high levels of
environmental metalloid would cause dissociation of ArsD,
effecting further expression of the ars genes and increased
synthesis of the Ars extrusion pump. Synthesis of high
levels of the pump proteins is itself toxic (31), so that there
must be a balance between detoxification of the metalloid
and expression of the pump genes. Thus action of the two
repressors forms a homeostatic regulatory circuit that
maintains the level of ars expression within a narrow
range, with ArsR controlling basal level of expression, and
ArsD controlling maximal expression.

B. Other members of the ArsR family: the CadC
and SmtB repressors. While ArsR was the first identified
member of a new family of metalloregulatory proteins,
other metal-responsive repressors have since been identi-
fied. The Cd(II)/Zn(II) resistance (cad) operon from the
staphylococcal plasmid pI258 has two genes, cadA and
cadC (32). The cadC gene encodes CadC, the transcrip-
tional regulator of the cad operon (26) and a member of the
ArsR family. Silver and coworkers have mapped the

operator site for CadC binding to the cad promoter (33) and
have shown that there are two retarded species in gel
mobility shift assays. They showed that CadC dissociated
in the presence of high concentrations of Cd(II), Bi(III), and
Pb(II) but not Zn(II). Since zinc is an inducer in vivo, the
lack of a zinc effect in vitro is unexplained. From the
deduced amino acid sequence, although CadC contains the
metal binding motif having a consensus sequence of
ELCVCDL, it does not respond to As(III)/Sb(III) (33).

SmtB is another member of the ArsR family. SmtB is a
trans-acting repressor encoded by a divergently tran-
scribed gene smtB of a metallothionein locus, smt, from the
cyanobacterium Synechococcus. SmtB is required for
Zn(II)-repressive expression of the metallothionein gene
smtA (27). Recombinant SmtB has been expressed in
Escherichia coli and purified (34). Based on gel mobility
shift assays, methylation interference and molecular size
calculations it was proposed that recombinant SmtB binds
to the smt DNA promoter in multimeric fashion. At low
concentrations of SmtB a single complex formed, and with
higher concentrations of recombinant SmtB multiple com-
plexes were detected in gel mobility shift assays (34). It
was also shown that SmtB is capable of directly interacting
with Zn(II), and complex formation was inhibited in the
presence of ionic forms of various metals including zinc,
copper, cadmium, cobalt, nickel, and chromium (34).
Although SmtB is a member of the ArsR family of
metalloregulatory proteins, it contains only one of the
conserved cysteines within the proposed metal binding
domain of ArsR family members. A different metal binding
motif involving a vicinal histidine pair HislO5/HislO6 in
the C-terminal region of the protein that is absent in ArsR
and CadC has been suggested (35).

3. The Ars pump
Plasmid-mediated arsenical and antimonial resistance in

E. coli cells is conferred by the operation of an ATP-driven
efflux system that pumps the toxic compounds out of the
cells (2). This pump is composed of two types of subunits
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(Fig. 4A), the products of arsA and arsB genes in the R773
ars operon {17).

A. ArsA, the catalytic subunit of the Ars pump.
From its predicted amino acid sequence, the 63 kDa ArsA
protein has two homologous halves, the N-terminal Al half
and the C-terminal A2 half (36). Each contains the signa-
ture sequence of an ATP-binding site {37). Although
functionally a peripheral membrane protein, when overex-
pressed ArsA can be purified from the cytosol of E. coli cells
{38). Soluble ArsA exhibits As(III)/Sb(III)-stimulated
ATPase activity.

1) Mechanism of ATP hydrolysis: Considering the
presence of duplicated consensus sequences for nucleotide
binding sites in Al and A2, it was reasonable to ask whether
both sites bind ATP; whether they interact with each other;
and what the roles each plays in catalysis. These questions
have been investigated by a variety of genetic, biochemical
and biophysical approaches.

From the increase in fluorescence of the ATP analogue
2',3'-O-(2,4,6-trinitrophenylcyclohexadienylidene)adeno-
sine-5'-triphosphate (TNP-ATP), it was shown that both
consensus nucleotide binding sites were capable of binding
a nucleotide. Substitutions of residues in either site by
mutation of codons in the correspond DNA led to inactiva-
tion of ATPase activity and loss of arsenite resistance {39,
40). The purified proteins similarly lost the ability to bind
TNP-ATP at the substituted site but could still bind at the
nonaffected site {41). Thus loss of binding at either site
inactivated the enzyme, demonstrating that both are
required for catalysis. Another assay for ATP binding
involved photoactivation of the nucleotide with ultraviolet
light, resulting in adduct formation between the adenine
ring of ATP and ArsA. From analysis of peptides UV
photolabeled with o>-[32P]ATP, a small peptide in the
linker region connecting the Al and A2 halves of the protein
must be in contact with the adenine ring {42). It appeared
that the nucleotide bound in the Al site formed the
photoadduct with a- [32P] ATP. Thus it is possible that the
Al and A2 sites are not identical. However, since photoad-
duct formation requires the presence of a specific type of
amino acid residue in the vicinity of the photoactivated

adenine, the lack of interaction at the A2 site may simply
reflect the lack of an appropriate residue nearby.

Genetic analyses have indicated that the Al and A2 ATP
binding sites functionally interact with each other. Two
ars A genes, one with a mutation in the Al site and the
second with a mutation in the A2 site, complemented each
other when expressed from compatible plasmids {43).
Individually neither conferred arsenite resistance; when
the two mutant genes were co-expressed in the same cells,
those cells were resistant to arsenite. This suggests that
two inactive ArsAs, one with a defective Al ATP binding
site and the other with a defective A2 site, can form an
active ATPase complex. Biochemical reconstitution experi-
ments confirmed this idea {44). Individually expressed
peptides corresponding to the Al and A2 halves were
purified. By themselves they had no catalytic activity. If
simply mixed together, they still had no activity. However,
if denatured and refolded together, the resulting complex
had ATPase activity. The results of recent studies utilizing
intragenic suppression lend further support to the model of
interacting Al and A2 ATP-binding sites {45). A G15C
substitution in the Al ATP binding site resulted in a
defective ArsA and reduced arsenite resistance. This
mutant arsA gene was chemically mutagenized, and ar-
senite resistant strains selected. One mutant had both the
original G15C substitution in the Al site and a second
A344V alteration just adjacent to A2 ATP binding site.

Several lines of evidence suggest that ArsA is a func-
tional homodimer, including crosslinking experiments and
light scattering {46). Since the results from both intergenic
and intragenic complementation support the concept of
interacting Al and A2 ATP binding sites, we have hypoth-
esized that there are two active catalytic sites in an ArsA
dimer, each formed by a pair of interacting Al and A2 ATP
binding sites. This concept is similar to the mechanism of
the H+-translocating Fi-ATPase, in which residues from
the a and /? subunits form a catalytic site (47). It is not
known whether the Al and A2 ATP binding sites are from
facing ArsA monomers or the same monomer. An experi-
ment to test intersubunit interaction involved mixing of
purified inactive and active Ars As. The assumption was

ATP ADP + Pi
Fig. 4. Dual energy coupling mecha-
nisms of the Ars oxyanion-translocating
system. A: The complex of the ArsA and
ArsB proteins forms an oxyanion-translo-
cating ATPase that catalyzes extrusion oxy-
anions of As(III) or Sb(III). ArsA has two
homologous halves, Al (N-terminal) and A2
(C-terminal). Two subunits of the ArsA
protein are indicated to reflect its structure in
solution. ArsA is the catalytic subunit, ex-
hibiting oxyanion-stimulated ATPase activ-
ity. The primary sequence of the two phos-
phate loops of the nucleotide binding domains
in the Al and A2 halves are shown. The ArsB
protein is an inner membrane protein in E.
coli and serves both as the membrane anchor
for the ArsA protein and as the anion conduct-
ing subunit .of this obligatory ATP-coupled
pump. B: The ArsB protein also is capable of
functioning in a second mode, as a .d^-driven
carrier protein. When the ArsA protein is
absent, the ArsB protein translocates arsenical and antimonial oxyanions, with energy derived from the proton pumping respiratory chain or
F0F! ATPase. When the ArsA protein is bound to the ArsB protein, the complex is an anion-translocating ATPase that is unable to utilize Aijr.

AsO,

A: Primary pump

AsO,

B: Secondary carrier
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that formation of a dimer between active and inactive
subunits would decrease the overall activity of the mixture,
that is, the inactive subunit would "poison" the active ones.
This was not observed (J. Li and B.P. Rosen, unpublished).
Although a negative result, it is consistent with intrasub-
unit interaction of Al and A2 sites within each monomer
(Fig. 5). Finally, it remains to be determined whether both
sites in the ArsA monomer are catalytic or one of them is
regulatory.

2) Allosteric regulation: ArsA ATPase activity is ac-
tivated by the oxyanions arsenite or antimonite (38).
However, there is no obvious oxyanion binding motifs in
the ArsA. What is the mechanism of allosteric activation?
Cysteine modifying reagents such as methyl methane-
thiosulfonate and iV-ethylmaleimide have been shown to
inhibit ATPase activity, indicating the involvement of
cysteines in catalysis (48, 49). ArsA has four cysteines,
Cys26, Cysll3, Cysl72, and Cys422 (49). To investigate
the role of cysteine residues in the regulation of ATPase
activity, each of the four cysteines was mutated to a serine
residue. The C26S ArsA has the same properties as wild
type. Cells expressing the other three mutant enzymes lost
their resistance to arsenite and antimonite. The purified
C113S, C172S, and C422S enzymes have the same Kms for
ATP as wild type. However, the magnitude of stimulation
and the affinity for arsenite and antimonite were reduced to
different extent. These results suggest that Cysll3,
Cysl72, and Cys422 are each involved in the metallostim-
ulation of the ArsA ATPase. As soft metals As(III) and
Sb(III) can inhibit the activity of enzymes via binding to
two or three thiol groups in proteins. Usually this requires
vicinal thiols, but in ArsA the thiols are spatially distant
from each other in the primary sequence. For soft metal-

thiol bond formation, ArsA must be folded so that Cysll3,
Cysl72, and Cys422 are in close proximity in the tertiary
structure. From the known structure of As(III)- or Sb(III)-
thiol compounds, it can be predicted that the cysteine
thiols should be 3-4 A apart. To determine the distance
between the cysteines residues, wild type ArsA and mutant
ArsAs with cysteine to serine substitutions were treated
with the bifunctional alkylating agent dibromobimane,
which reacts with thiol pairs within 3-6 A to form a
fluorescent adduct. ArsAs with single cysteine mutation
formed fluorescent adducts, as would be expected since
those proteins retained two cysteine thiols. However,
ArsAs with two of the three essential cysteines substituted
did not form fluorescent adducts. These results demon-
strate that Cysll3, Cysl72, and Cys422 are within in 6 A
in the native enzyme, consistent with their forming a novel
trigonal three-coordinate As(III) or Sb(III) structure (50)
(Fig. 5). While this resembles the As (III)-thiol structure in
ArsR (Fig. 3), the two are clearly evolutionarily unrelated.
Thus As-thiol structures involved in metalloregulation
have evolved independently more than once.

3) The allosteric transition: the pathway of information
transduction: How does filling of the allosteric site with
As(III) or Sb(III) activate catalysis? There must be com-
munication from the allosteric domain to the ATP binding
domain(s). Recently, a 12-residue consensus sequence
(DTAPTGHTIRLL) has been identified among ArsA
homologues from eubacteria, archebacteria, fungi, plants,
and animals (Fig. 6). The high degree of conservation
implies that this DTAP motif has a conserved function.
Intrinsic tryptophan fluorescence has been proven of value
in the study of ArsA ATPase (51). To determinate the
conformational change of the DTAP domain during the ATP

A1

A2

P-site

P-site

C113 F141

C422____—

W159

-

C172

_ — • - - '

ATP

(
A1

- - N

s

A s

> -y- -
A2

ADP

)

Fig. 5. Metalloregulation of the ArsA
ATPase. Top: The 583 amino acid residue ArsA
protein consists of two homologous halves, N-ter-
minal Al and C-terminal A2. The aligned boxes in
the two halves indicate the regions of greatest
sequence similarity. Each half has a consensus
sequence for the binding site of phosphoryl groups
of ATP (P-site). The location of the three cysteine
residues in the allosteric binding site are indicated,
as are the location of the residues used for spectro-
scopic probes of catalysis, Trpl59 and F141.
Middle: The structure of the soft metal-thiol
complex in ArsA is postulated from the bond
angles and distances found by crystallographic
analysis of small molecules containing As-S or Sb-
S bonds. This trigonal pyramidal structure con-
tains three sulfur thiolates liganded to As(III) or
Sb(III), with the metal at the apex. In ArsA the
three sulfurs are the thiolates of Cysll3, Cysl72,
and Cys422. Bottom: ArsA ATPase activity is
allosterically regulated by binding of the As(III) or
Sb(III) to the allosteric site. This is hypothesized
to bring the Al and A2 into contact to make a
catalytic site at the interface between the two ATP
binding sites.
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" 6 FDHIIJFtep;(f|IBimQLPC/ffl
440 KRFWMKirAaEgHItiLMDATCAY
144
160
152 FDWIFdUg
231 FTRIVF
152 FDVWF
125 YDALVL
125 YDVLII
225 FDVCLI

SLPDTL
QLQNTL
CMPEVM
SLPDFL
QFPTLL
FPTIV

SLPEVC
LCVCLAAALFAAD

ArsAl
ArsA2
Chlorobium vibrioforme
Saccharomyces cerevisiae
Methanococcus jannaschii
Arabidopsis thaliana
Caenorhabditis elegans
Homo sapiens
Synechocystis sp.
incC, piasmid RK2

Fig. 6. DTAP consensus sequence in ArsA homologs. Highly
conserved residues are shaded. Conserved residues are shaded.
Shown are sequences from the Al and A2 halves of ArsA, and from
homologs from C. vibrioforme, S. cerevisiae, M. jannaschii, Arabidop-
sis, C. elegans, H. sapiens, Synechocystis sp., and plasmid RK2.

hydrolysis, two single tryptophan-containing ArsA protein
were constructed and expressed, one with a tryptophan
residue located at position 141, the N-terminal side of the
DTAP domain and the second with a tryptophan residue
located at position 159, the C-terminal side of the domain
(52). From the results of fluorescence spectroscopy Trpl41
is in a hydrophobic environment, while Trpl59 is located in
a relatively hydrophilic environment. During ATP hydroly-
sis the C-terminal end of the DTAP domain moves into a
less polar region. As product is formed the N-terminal end
enters a more hydrophilic environment. These results
suggest that this conserved domain experiences a "rotation-
al" or "flipping" movement during the catalytic cycle.

A distant homologue of ArsA is NifH, the iron protein
subunit of the nitrogenase complex (53). NifH is a 32 kDa
protein with a consensus ATP binding site. It functions as a
64 kDa homodimer with ATPase activity. Thus NifH is
equivalent to an ArsA Al or A2 domain, and the homo-
dimer is equivalent to a whole ArsA. NifH passes electrons
to the molybdenum-iron protein of nitrogenase, using the
energy from ATP hydrolysis to lower the reducing potential
of the [4Fe-4S] cluster in NifH. The cysteines that anchor
the [4Fe-4S] cluster are equivalent to Cysll7 and Cys422
in ArsA. It is instructive to consider the relationship of the
ATP binding domain and [4Fe-4S] cluster in NifH. It has
been proposed that in NifH the sequence between Asp 125
and Cysl32 is a MgATP signal transduction pathway, which
spans the shortest distance between the MgATP binding
site and the [4Fe-4S] cluster. Binding of MgATP results in
a movement of this peptide chain and causes changes in
environment of the [4Fe-4S] cluster (54). Similar se-
quences (commonly designated as the "Switch II" region)
also exist in a class of GTPase signal transduction proteins
(55); in those proteins nucleotide-binding and hydrolysis-
induced conformational changes appear to provide kinetic
triggers for other functions of the proteins. Strikingly, our
preliminary results also showed that Aspl42, located at the
position corresponding to Aspl25 in NifH, is important to
the function of ArsA ATPase, possibly one ligand to the
ATP bound Mg2+ (T. Zhou and B. P. Rosen, unpublished
result). Preliminary modeling of ArsA on the crystal
structure of NifH (53) leads us to hypothesize that the
DTAP domain of ArsA and its homologues is a transduction
domain that may be involved in the transmission of the
energy of ATP hydrolysis to other functions of the Ars
pump, such as transport of arsenite through the ArsB
subunit or transmission of information from an allosteric to
a catalytic domain.

B. The ArsA-ArsB complex is an obligatory ATP-
coupled efflux pump for arsenicals and antimonials.
As described above, ArsA is the catalytic subunit of the Ars
pump and exhibits As(III)/Sb(III) stimulated ATPase
activity. ArsB is a 45 kDa inner membrane protein which
serves as a membrane anchor for the ArsA protein and
functions as an anion-conducting pathway. To function as a
primary pump, ArsA and ArsB form a tight membrane
bound complex that can only be dissociated in the presence
of high concentrations of urea or KC1 (56). We have
developed an in vitro assay for the quantitative determina-
tion of ArsA bound to ArsB-containing membrane vesicles
(17). ArsA binds to the vesicles in saturable manner and
the binding was stimulated in the presence of the substrate
of the pump, arsenite or antimonite. As mentioned above,
ArsA functions as a homodimer. Thus, ArsA-ArsB complex
is expected to contain the ArsA homodimer (Fig. 4A),
although this has not been directly demonstrated.

From in vivo and in vitro studies, we have demonstrated
that the ArsA-ArsB complex is an obligatorily ATP-cou-
pled primary pump (17, 57). In cells expressing both the
arsA and arsB genes chemical energy was shown to be both
necessary and sufficient for extrusion of arsenicals, while
electrochemical energy was neither (58, 59). A unc strain
of E. coli lacking the H+-translocating ATPase that cata-
lyzes the equilibrium between ATP and the electrochemical
proton gradient was used. When starved for endogenous
energy reserves, this strain will produce only chemical
energy when given glucose in the presence of an inhibitor of
respiration such as cyanide. On the other hand, it will
generate only electrochemical energy when given a respira-
tory substrate such as succinate. This allows the establish-
ment of intracellular conditions where either chemical
energy or electrochemical energy is available for transport
(60). In such experiments arsenical extrusion was conclu-
sively demonstrated to be linked to chemical energy. While
there was a temporal relationship of extrusion with ATP
levels, the identity of the compound used as the energy
source could not be determined from in vivo experiments.
However, direct coupling of ATP to 73As02~ transport was
demonstrated in vitro using everted (inside-out) mem-
brane vesicles. Everted membrane vesicles have an orien-
tation opposite to that in intact cells, so, while cells extrude
arsenite, vesicles accumulate it. The vesicles were made
from E. coli cells defective in the unc genes, so that
coupling of the ArsA-ArsB complex to ATP hydrolysis was
direct. Thus the R773 ArsA-ArsB complex is clearly an
obligatorily ATP-coupled pump. ATP could not be replaced
with other nucleoside triphosphates nor by nonhydrolyz-
able ATP analog, ATPyS. ATP-dependent transport by the
ArsA-ArsB complex was insensitive to uncouplers. Trans-
port in vesicles prepared from unc strains could not be
driven by oxidation of lactate or NADH, demonstrating
that electrochemical energy was neither necessary nor
sufficient for the Ars pump. As with other transport
ATPases, arsenite transport has an absolute requirement
for divalent cation specifically Mg2+ or Mn2+. Neither
vanadate, an inhibitors of P-type ATPases, nor azide, an
inhibitor of F-type ATPases, inhibited arsenite accumula-
tion.

C. Dual modes of energy coupling of ArsB. While
the ArsA-ArsB complex is clearly an ATP-coupled pump,
several observations suggest that the situation is more
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complicated. First, the secondary structure of the 429
residue ArsB protein, with twelve membrane spanning
a-helices (31), is more similar to that of secondary carrier
proteins than a pump subunit. Second, almost a dozen ars
operons have been sequenced to date. Some have the same
five gene arsRDABC operon structure, while others have
only arsRBC (23, 36, 61). Third, expression of the R773
arsB gene in the absence of the arsA gene confers an
intermediate level of arsenite resistance in E. coli, showing
that it functions in the absence of an arsA gene (60). These
quite surprising observations raise the question of how a
transport ATPase could function without a catalytic sub-
unit.

We therefore considered the possibility that ArsB could
function as a secondary arsenite carrier in the absence of
the ATPase subunit. The mode of energy coupling of ArsB-
catalyzed efflux was determined in the presence and
absence of an ArsA subunit (62). A primary pump would
show dependency on chemical energy, while a secondary
porter would require electrochemical energy. When arsA
and arsB were co-expressed, the system required chemical
energy, consistent with our previous observations (60).
However, when the cells expressed only arsB, transport
required electrochemical energy and became uncoupler
sensitive. The results strongly indicate that, by itself, ArsB
is a secondary carrier coupled to the proton motive force
(Fig. 4B).

Again, the in vivo experiments were confirmed by uptake
experiments in everted membrane vesicles (62). In con-
trast to vesicles containing the ArsA-ArsB pump, which
used ATP for arsenite transport, ArsB-containing everted
membrane vesicles accumulated 73As02~ dependent on
formation of an electrochemical gradient, positive interior.
With only ArsB no transport was observed with ATP.
Accumulation was uncoupler sensitive but insensitive to
weak bases that would dissipate only the chemical gradient
of protons. These results suggest that ArsB catalyzes
arsenite transport coupled to the membrane potential,
perhaps as an electrophoretic uniporter.

Most likely the substrate is an oxyanionic form of As (III)
or Sb(III). Soft metal chemistry is involved in the regu-
latory functions of the operon, with ArsR, ArsD, and ArsA
each containing critical cysteine residues that interact with
the metalloid. In contrast, ArsB has no critical cysteine
residues. It has a single cysteine residue that was shown by
site-directed mutagenesis experiments not to be essential
for ArsB function. This illustrates the point that the system
can use different types of chemistries for different func-
tions. Soft metal-thiol interactions are very strong, ap-
proaching the strength of covalent bonds. This provides an
excellent way to sense arsenic and to turn on the genes
transcriptionally or the ArsA ATPase allosterically. How-
ever, for a transport system to be effective, it must be able
to bind substrate on one side of the membrane and release
it on the other; low affinity oxyanion binding is much
appropriate for this type of reaction.

Why should there be two modes of energy coupling? If
ArsB alone is sufficient for providing the resistance to
arsenite and antimonite through a secondary transport
mechanism, why is this not sufficient? Expression of arsB
by itself confers a level of resistance that is lower than the
ars A and arsB genes together (60), which probably reflects
the fact that thermodynamically secondary carriers are less

efficient mechanisms for creating concentration gradients
than are primary pumps (2). It is reasonable to speculate
that an arsRBC operon would have evolved first. Later
capture of an ancestral arsA gene would have then allowed
evolution of the more efficient pump. We have proposed
that other multisubunit transport ATPases may have
evolved similarly, with the catalytic and translocation
sectors evolving independently as soluble ATPases and
secondary transporters (63).
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