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The ArsA and ArsB proteins encoded by the ars operon of
R factor R773 are subunits of an ATP-coupled extrusion pump
that produces resistance to arsenicals and antimonials in Escherichia coli (for recent reviews, see references 10 to 12). Arsenic and antimony are semimetals that can react with sulfur
thiolates as soft metals. For example, in the complex of the
product of the reaction of arsenite with dithiothreitol, the
arsenite oxygens are displaced by the two sulfur thiolates and
one hydroxyl oxygen of dithiothreitol (6). In this tricoordinate
complex there are three heterocyclic rings, with an As-O bond
of 1.83 Å (0.183 nm) and two As-S bonds of 2.24 and 2.25 Å
(0.224 and 0.225 nm). The ars operon is transcriptionally regulated by the ArsR repressor, with arsenite and antimonite
serving as inducers (16). Two cysteine residues, Cys-32 and
Cys-34, have been identified as part of the inducer binding site,
leading to the conclusion that release of the ArsR repressor
from the operator site on the DNA results from a conformation change in the protein produced by coordination of As31
or Sb31 with the cysteine thiolates (15). Thus, transcriptional
activation involves metal chemistry, not oxyanion binding. The
ArsA subunit of the pump is an ATPase that is allosterically
activated by coordination of As31 or Sb31 as soft metals to
three cysteine thiolates, Cys-113, Cys-172, and Cys-422 (1). In
the absence of the ArsA protein, the ArsB protein alone functions as a secondary carrier coupled to the proton motive force
(9). However, the chemical nature of the transported species
has not been determined. One possibility is that the oxyanions
arsenite and antimonite are electrophoretically transported in
response to the positive exterior membrane potential. Another
possibility is that the transported species is a thiol conjugate of
the soft metal. However, the results of in vitro transport studies
in membrane vesicles eliminate that possibility (8). A third
possibility is that As31 or Sb31 binds to cysteine thiolates in the
ArsB protein and is transported as a soft metal (11). For that
reason the role of the single cysteine, Cys-369, of the ArsB
protein in transport and resistance was examined in this study.
Plasmids used in this study include the vector pBR322 (Apr
and Tcr) (2), pBC101 (arsRDBC Apr) (4), and plasmid pArsA3
(arsA Knr), which was derived from plasmid pArsA (arsA,
Cmr) (4) by insertion of the kanamycin resistance gene from

plasmid pJBS633 (3) into the chloramphenicol resistance gene
of pArsA. Plasmid pArsA was digested with NdeI, and the ends
were made flush with the Klenow fragment of DNA polymerase I. The linearized plasmid was then digested with
EcoRI, and the 6.2-kb fragment was recovered. Plasmid
pJBS633 was digested with NcoI, the ends were made flush, the
product was digested with EcoRI, and the 2.3-kb fragment was
recovered. The two DNA fragments were ligated to produce
plasmid pArsA3.
Using plasmid pBC101 as the template, the codon for Cys369 of the arsB gene was changed to serine and alanine codons
by site-directed mutagenesis by double-stranded DNA mutagenesis with two mutagenic primers (7) to introduce the
codon changes in arsB and an additional primer to remove the
unique StyI site in the vector, allowing for enrichment and
selection of mutants. The resulting plasmids were termed
pBC102 (arsBC369S) and pBC103 (arsBC369A). The mutagenic
primers (with the changes underlined) were GTCATTGG
CAGCGATCTGGG and CAACGTCATTGGCGCCGATCT
GGGGC for the serine and alanine changes, respectively, and
AAACCAACCCCTGGCAGAACA for removal of the StyI
site. The identity of the mutations was confirmed by DNA
sequencing. Double-stranded plasmid DNA was sequenced
(14) with the Wizard Minipreps DNA purification system (Promega) and the Sequenase version 2.0 DNA sequencing kit
(United States Biochemical). Plasmid isolation, DNA restriction endonuclease analysis, ligation, and transformation were
performed as described elsewhere (5, 13). For assays of resistance to arsenite, cultures of E. coli AW10 (Dars::cam) (4)
were grown overnight in Luria-Bertani (LB) medium (13) containing the appropriate antibiotics and diluted 100-fold into
fresh medium without antibiotics and with various concentrations of sodium arsenite. The cultures were incubated at 378C
with shaking for 8 h, and the optical density at 590 nm was
determined. For assays of the arsenite uptake in whole cells,
cultures of E. coli AW10 containing various plasmids were
grown for 8 h in LB medium at 378C with shaking and diluted
100-fold into fresh LB medium containing 0.1 mM NaAsO2.
The cultures were incubated at 378C with shaking overnight.
Arsenite uptake assays were performed as described previously
(9).
Cells bearing both plasmids pBC101 (arsRDBC) and pArsA
(arsA) exhibited high-level resistance to arsenite (Fig. 1).
When pBC101 bearing the wild-type arsB gene was replaced
with either pBC102 or pBC103 bearing the mutant arsBC369S
or arsBC369A gene, the level of arsenite resistant in the cells was
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The single cysteine in the ArsB protein subunit of the arsenite resistance pump was changed to serine and
alanine residues. Resistance in cells expressing the two mutant arsB genes was the same as in the wild type,
and the serine substitution had no effect on the arsenite transport properties. These results eliminate possible
thiol chemistry in translocation. Thus, the pump uses soft metal chemistry for metalloactivation and nonmetal
chemistry for oxyanion transport.
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unchanged. While expression of the R773 arsA and arsB genes
confer high-level resistance, expression of the arsB gene in the
absence of the arsA gene has been shown to confer an intermediate level of resistance to arsenite and antimonite (9). Cells
with either pBC101, pBC102, or pBC103 alone exhibited the
same intermediate level of arsenite resistance (Fig. 1). Thus,
Cys-369 is not required for resistance.
The physiological response to arsenite results from the catalytic activity of the pump in extruding the toxic compound
from the cell, and resistant cells exhibit reduced accumulation
of arsenite compared with sensitive cells (10). The uptake of
arsenite by intact cells expressing wild-type and mutant arsB
genes was examined by using 73AsO22 (Fig. 2). Cells with
pBC101 and those with pBC102, both in the absence of the
arsA gene, had equivalently reduced accumulation of 73AsO22.
When the arsA gene from plasmid pArsA was expressed in
trans with either the wild-type or the mutant arsB gene, the
level of accumulation decreased further than with arsB alone,

FIG. 2. ArsB-mediated arsenite exclusion. Accumulation of 73AsO22 was
measured in cells of E. coli AW10 bearing the following plasmid(s): pBR322
(vector) and pArsA3 (arsA) (â); pBC101 (arsBC) (u); pBC101 and pArsA3 (h);
pBC102 (arsBC369SC) (U); or pBC102 and pArsA3 (E).

consistent with our previous observation that the ATP-coupled
Ars pump, with both the ArsA and ArsB subunits, is a more
efficient transport system than the ArsB secondary carrier (9).
It is clear from these results that sulfur thiolate of the single
cysteine residue in ArsB protein is not required for the arsenite
transport activity of either the two-subunit pump or the singlesubunit carrier.
In summary, the Ars anion transport system can be either an
obligatory ATP-coupled primary pump or a secondary carrier
coupled to the proton motive force, depending on the subunit
composition of the transport complex (9). The ArsB protein
can function as a secondary porter in the absence of the ArsA
protein, and its topological structure is similar to those of many
secondary porters (17). The ArsB protein contains a single
cysteine residue, Cys-369, that has been predicted to be located
in the 11th transmembrane membrane-spanning region. That
residue was altered by site-directed mutagenesis to a serine or
alanine residue. The arsBC369S and arsBC369A genes conferred
resistance to the same levels of arsenite or antimonite as the
wild-type protein, and the cells expressing the serine substitution exhibited the same arsenite transport properties as cells
with the wild-type arsB gene. These results suggest that transport of arsenite by the ArsB protein does not involve metal
thiol chemistry; electrophoretic anion transport is the most
likely alternative. In contrast, the ArsR and ArsA proteins bind
As31 or Sb31 as soft metals through interaction with cysteinyl
residues in the transcriptional regulation by the ArsR repressor and activation of the ArsA ATPase (1, 12, 15). Consequently, the molecule of arsenite that interacts with the ArsA
protein to allosterically activate is most likely not the molecule
of arsenite translocated by the ArsB protein. We conclude that
the Ars pump uses two distinct arsenic (or antimony) chemistries: soft metal binding for environmental recognition of arsenic and antimony compounds by the ArsR repressor and for
metalloactivation of the ArsA ATPase subunit, and nonmetal
chemistry for oxyanion transport catalyzed by the ArsB protein.
This work was supported by U.S. Public Health Service grant
AI19793.
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