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The metalloregulatory protein ArsR, which offers high affinity and selectivity toward arsenite, was overex-
pressed in Escherichia coli in an attempt to increase the bioaccumulation of arsenic. Overproduction of ArsR
resulted in elevated levels of arsenite bioaccumulation but also a severe reduction in cell growth. Incorporation
of an elastin-like polypeptide as the fusion partner to ArsR (ELP153AR) improved cell growth by twofold
without compromising the ability to accumulate arsenite. Resting cells overexpressing ELP153AR accu-
mulated 5- and 60-fold-higher levels of arsenate and arsenite than control cells without ArsR overexpres-
sion. Conversely, no significant improvement in Cd*>* or Zn>* accumulation was observed, validating the
specificity of ArsR. The high affinity of ArsR allowed 100% removal of 50 ppb of arsenite from contami-
nated water with these engineered cells, providing a technology useful to comply with the newly approved
U.S. Environmental Protection Agency limit of 10 ppb. These results open up the possibility of using cells
overexpressing ArsR as an inexpensive, high-affinity ligand for arsenic removal from contaminated

drinking and ground water.

Arsenic (As) is an extremely toxic metalloid that adversely
affects human health. Both highly toxic trivalent arsenite
[As(III)] and less-toxic pentavalent arsenate [As(V)] have
been associated with increased risk of skin, kidney, lung, and
bladder cancer (12). The toxicity of arsenic is attributed to the
substitution of As(V) for phosphate, affinity of As(III) for
protein thiol groups, and protein-DNA and DNA-DNA cross-
linking (20). Arsenic enters the water supply primarily from
geochemical sources, such as the mining of arsenopyrite gold
ores (16), which constitute about one-third of world gold re-
serves. Additional contaminations arise from anthropomor-
phic sources such as arsenical-containing herbicides, pesti-
cides, and the widely used wood preservative chromated
copper arsenic (17, 21). Untreated, highly toxic arsenic effluent
has been disposed of in rivers and ended up in groundwater.
An estimated 20 million Americans consume water containing
arsenic at levels presenting a potentially fatal cancer risk (9).
Worldwide, 57 million people have been exposed to arsenic
through contaminated wells in Bangladesh (18). These inci-
dents again serve as a reminder of the toxic consequences of
arsenic mobilization and the needs for efficient removal of
arsenic in aquatic systems (19).

Because of the toxicity, the regulatory limit on arsenic in the
United States is currently set at 10 ppb. There are a variety of
methods currently available for removal of arsenic from con-
taminated water. Conventional technologies, such as coagula-
tion, do not discriminate between arsenic and other elements
and involve alteration of the water chemistry and addition of
other chemicals (7). Current technologies, such as activated
alumina sorption, polymeric anion exchange, and polymeric
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ligand exchange (6), are more effective for As(V) than As(III),
and most commonly used methods require prior oxidation of
all of the As(III) to As(V) (10, 30). Biological methods are
gaining momentum because of their potential in providing a
cost-effective technology for heavy metal remediation. One
emerging technology that has received more attention in re-
cent years is the development of biosorbents with high affinity
and specificity. Unfortunately, very few reports on the use of
microorganisms for arsenic removal have been demonstrated
except for nonspecific binding to the cell walls (26). These
biosorbents, however, generally lack the high affinity and spec-
ificity. Although arsenic hyperresistant organisms have been
isolated from arsenic-contaminated sites (5, 15), their use for
arsenic bioremediation has not been reported.

It is well established that many microorganisms survive in
the presence of toxic metals or metalloids by inducing the
expression of an array of resistance proteins. The highly spe-
cific nature of these resistance mechanisms is the result of a
cleverly designed genetic circuit that is tightly controlled by
specific metalloregulatory proteins. The Escherichia coli chro-
mosomal ars operon, for example, confers resistance to arseni-
cals and antimonials (31). The regulatory protein of the
operon, ArsR, has been shown to be a frans-acting repressor
that senses environmental As(III) (32). The ArsR protein con-
tains a very specific binding site toward As(III) and can discrim-
inate effectively against phosphate, sulfate, cobalt, and cadmium
(28). ArsR has a strikingly high affinity, as even 10~> M As(III)
could induce the ars promoter (22). Although the high affinity and
specificity of ArsR have been exploited for development of
whole-cell biosensors (22), no one has taken advantage of ArsR
for arsenic remediation. In this work, we present a new method
for the selective removal of arsenic by using engineered E. coli
cells overexpressing ArsR. The resulting E. coli strain was en-
dowed with the ability to bind arsenic with high affinity and se-
lectivity similar to that exhibited by ArsR.



VoL. 70, 2004

As ACCUMULATION IN ENGINEERED BACTERIA EXPRESSING ArsR 4583

A: Double stranded oligonucleotide OLIOS8
5'-TATGGGTCCAGGTGTTGGCCCCGGGACCGGTATGCATCACCACCACCACCACTAACTAGTAAG-3"
3'- ACCCAGGTCCACAACCGGGGCCCTGGCCATACGTAGTGGTGGTGGTGGTGATTGATCATTC-5"

B: The multicloning site of pJANOS8

start

<----His6---> stop

5'-CCATATGGGTCCAGGTGTTGGCCCCGGGACCGGTATGCATCACCACCACCACCACTAACTAGT

NdeI PE£IMI

SmaI

Xmal Agel

NsiI Spel

AAGATTTCAGAATTCGGATCCTCTAGAGTCGACCTGCAGGCAAGCTTGG-3"

EcoRI BamHI XbaI Sall

PstI

HindIII

C: Double stranded oligonucleotide ELAS

(Only the upper strand is shown)
EcoRI PfIMT

5'-TCAGAATTCGTTCCAGGTGTTGGTGTACCGGGTGTTGGTGTGCCGGCTGTTGGTGTTCCG
GGTGTAGGCGTACCGGGCGTAGGCGTGCCGGGCETTGGCGTTCCGGGCGTGGGCGTACCGGGL
GTGGGCGTGCCCGGTGTTGGCGTCCCAGGTGTTGGTCACCACCACCACGAATTCGC-3 "

P£1MI

EcoRI

D. Schematic representation of plasmid ELP153AR
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s

FIG. 1. Oligonucleotide and cloning sequences used for the construction of expression vectors.

MATERIALS AND METHODS

Bacterial strains and molecular techniques. E. coli JM109 {A(lac-proAB)
ginV44 el4- gyrA96 recAl endAl thi hsdR17 [F' traD36 proA+ B+ lacl4
(lacZ)M15]} was used in all cloning steps. E. coli BLR(DE3) (Novagen, Madi-
son, Wis.), a common strain used for high-level expression from the T7 promoter,
was used for protein expression and arsenic-binding experiments. All molecular
biology techniques were carried out as described previously (23).

Expression vectors for ArsR and the elastin-like protein (ELP)-ArsR fusion.
Plasmid pMal-c2x (New England BioLabs, Beverly, Mass.) was digested with
PfIMI, blunt ended by removing the single-stranded overhangs with mung bean
nuclease, and religated, thus replacing the PAIMI site with a new Ndel site. The
resulting plasmid (6,645 bp) was digested with Ndel and XmnlI, and a 3,972-bp
fragment was ligated with a synthetic linker OLIO8 (Fig. 1A), creating the
4,037-bp vector pJANOS. This vector was constructed to facilitate subcloning by
providing the start and stop codons, a number of additional restriction sites, and
a C-terminal hexahistidine tag (Fig. 1B).

To construct an expression vector for ArsR, the arsR gene was retrieved from
plasmid pETR (donation by B. P. Rosen, Wayne State University, Detroit,
Mich.) by PCR using the primers arsfor, 5'-GCACCGGTGGCATGTCATTTC
TGTTACCC-3', and arsback, 5'-CCTCTGCAGTTAACTGCAAATGTTCTT-
3’. The amplified fragment was digested with Agel and Pstl and inserted into the
corresponding sites in pJANOS, creating p08-ArsR. To express ArsR under

control of a T7 promoter, the Ndel-Pstl fragment of p08-ArsR was cloned
directly into the expression vector pET38b+ (Novagen) to create pETAR.

To express ArsR as a fusion to ELP, the desired ELP sequence was con-
structed by concatenation of a basic DNA monomer coding for the VPGVG (13)
sequence of ELP. Two oligonucleotides were annealed, and the overhangs were
filled in with Pfu polymerase to create the 179-bp DNA monomer ELA9 (Fig.
1C). ELA9 was digested with EcoRI and inserted into the EcoRI site of pBlue-
script SK(+) (Stratagene, La Jolla, Calif.). Larger quantities of ELA9 were then
generated by PCR, using the primers KS, 5'-TCGAGGTCGACGGTATC-3’,
and SK, 5'-CGCTCTAGAACTAGTGGATC-3' [flanking the EcoRI site in the
original pBluescript SK(+)] and the plasmid pBluescript-ELA9 as the template.
The 239-bp product was digested with PIMI, and the resulting 130-bp fragment
was concatenated with T4 DNA ligase at a high DNA concentration (60 wg/ml).
The resulting high-molecular-weight (>10-kb) DNA fragments were partially
digested with PfIMI to yield products of the required sizes, which were then
inserted into the PAMI site of pJANOS to provide an in-frame fusion with the
start codon. One plasmid containing 153 repeats of VPGVG (17 copies of the
DNA monomer) was designated p08-ELP153 and was used for future work. The
resulting ELP sequence was excised as an Ndel-Xmal fragment and inserted into
corresponding sites of p08-ArsR, creating p08-ELP153-ArsR. The open reading
frame coding for the ELP-ArsR (ELP153AR) fusion was then transferred into
the expression vector pET38b+ (Novagen) as an Ndel-PstI fragment.
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Protein expression, purification, and characterization. E. coli BLR(DE23) cells
containing different expression vectors were grown for 2 days in Terrific broth
(TB) (23) at 30°C. Cells were harvested, washed, resuspended in TB74S buffer
(50 mM Tris, 150 mM NaCl; pH 7.4) to an optical density at 600 nm of ~10, and
lysed with a French press. Production of ELP153AR and ArsR was verified by
sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis gel (14), fol-
lowed by Coomassie blue staining (23).

Arsenic accumulation by growing cells. Cells were grown in TB as described
above in the presence of 10 uM sodium arsenite. One-milliliter samples were
taken at various time points for cell mass determination and for arsenic analysis.
Samples were harvested in a microcentrifuge and resuspended in fresh TB74S
buffer, and the supernatant was carefully removed by centrifugation. The cell
pellet was then air dried for 2 days at room temperature and dissolved in 200 pl
of concentrated nitric acid for 2 days at room temperature. As a control, cells
harboring pET38b+ were used for comparison.

Arsenic and heavy metal accumulation by resting cells. Cells were grown in
TB and harvested as described above. Cells were resuspended in prewarmed
TB74S buffer (30°C) to a final concentration of 2.2 mg/ml (dry cell weight) unless
stated otherwise. Sodium arsenite, sodium arsenate, cadmium chloride, or zinc
chloride was added as described in each experiment. Cells harboring pET38b+
without ArsR overexpression were used as a control for comparison. To study the
effect of ionic strength, various amounts of sodium chloride were added as
indicated. Samples were agitated at 30°C for 1 h or the indicated time period,
after which 1 ml of the suspension was used for analysis.

To evaluate the efficiency of resting cells to remove low levels of As(III),
contaminated water spiked with 50 ppb of As(IIT) was incubated with different
amounts of resting cells and the percentage of As(III) removed was determined
after 1 h of incubation.

Determination of metal content. Arsenic was determined by atomic absorption
spectrophotometry (Shimadzu AA6701) at 193.7 nm using a pyrolytically coated
graphite furnace tube with an inserted L’vov platform. Then, 0.054% palladium
and 0.011% magnesium were added as a matrix modifier prior to loading of the
diluted samples. All other parameters used were as recommended by the man-
ufacturer (Shimadzu). Zinc and cadmium were determined by atomic absorption
spectrophotometry at 213.9 and 228.8 nm, respectively, in the flame atomization
mode.

RESULTS

Overexpression of ArsR in E. coli and bioaccumulation of
arsenite. The arsR gene was placed under control of a strong
T7 promoter in p08-ArsR, allowing high-level synthesis of
ArsR without isopropyl-B-p-thiogalactopyranoside addition
(Fig. 1D). Overexpression of ArsR was demonstrated by de-
tection of a strong band corresponding to the expected size of
ArsR (Fig. 2A). The ability of engineered cells to accumulate
As(IIT) was investigated by the addition of 10 pM sodium
arsenite to the growth medium. Only a modest level of As(IIT)
accumulation occurred at 12 h, when ArsR expression was low
(Fig. 2A and C). However, the level of accumulation increased
by fourfold at 24 h, when the ArsR expression level was sub-
stantially increased. The specific As(III) content was 13-fold
higher than the control without ArsR expression after 48 h.
This level of As(III) accumulation (2.3 nmol/mg [dry weight])
is also higher than the value reported for arsenic accumulation
(1.47 nmol/mg [dry weight]) by E. coli cells producing phytoch-
elatins (PCs) (25).

High-level expression of ArsR was apparently toxic to the
cells, as a threefold reduction in the final cell density was
observed (Fig. 2B). This reduction did not appear to be the
toxic effect of As(I1I), as the same reduction was observed with
or without As(IIT). It has been shown that the addition of a
fusion partner could alleviate the toxic effect of protein over-
expression (8). To test this possibility, an ELP coding for 153
repeats of VPGVG, which has been shown to decrease single-
chain Fv fragment toxicity (13), was fused to ArsR to generate
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FIG. 2. Bioaccumulation of arsenite. (A) Expression of ELP153AR
and ArsR. Samples were harvested at different time points, and the
total cellular proteins were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (12.5% polyacrylamide). The desired
proteins are marked with arrows. (B and C) Growth profiles (B) and
arsenite contents (C) of E. coli BLR(DED3) cells expressing ArsR (O),
ELP153AR (4), or no protein ([J).

an ELP-ArsR fusion (ELP153AR). Production of ELP153AR
was again detected under the same growth conditions (Fig.
2A). More importantly, the final cell density was increased by
more than twofold (Fig. 2B). Although the level of expression
was lower than that of ArsR, the profile and the level of As(III)
accumulation were very similar to those of cells overexpressing
ArsR (Fig. 2C). This may be attributed to the inefficient
As(IIT) uptake, which limits the overall accumulation of
As(IIT). Owing to the similar level of As(I1I) accumulation and
the improved cell growth, cells expressing ELP153AR were
subjected to further investigation.
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FIG. 3. As(III) bioaccumulation by E. coli BLR(DE23) cells harbor-
ing pET-E153AR. (A) As(III) binding isotherm. As(III) binding was
determined at various concentrations after 1 h of incubation. (B) Time
profile of As(III) uptake by resting cells. Resting cells were resus-
pended in Tris buffer (pH 7.4) containing 20 uM As(III) and incubated
for the indicated lengths of time. Data shown are the mean values (*+
standard deviations) obtained from three independent experiments.

Arsenite accumulation by resting cells. One potential utility
of this technology is the use of resting cells as affinity ligands
for arsenic removal. To investigate whether resting cells could
accumulate As(III) to a similar level as growing cells, the
binding profile was determined over a range of As(III) con-
centrations. Overnight-grown cells were resuspended in buffer
to a concentration of 2.2 mg (dry weight)/ml, and the level of
As(IIT) that accumulated after 1 h was determined at various
As(IIT) concentrations (Fig. 3A). The binding level increased
quickly at low concentrations and reached a plateau of 1.9
nmol/mg (dry weight) around 50 wM arsenite. This maximum
accumulation level was virtually the same as the value obtained
with growing cultures. This represented a 60-fold increase in
As(IIT) accumulation, as resting cells not expressing
ELP153AR bound virtually no As(III) (0.03 nmol/mg [dry
weight]) under this condition.

To determine the rate of As(III) accumulation, a time
course experiment was conducted in the presence of 20 uM
arsenite. As shown in Fig. 3B, As(III) accumulation occurred
very rapidly, with maximum accumulation within 1 h. The same
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FIG. 4. Arsenic selectivity. (A) The intracellular metal or As con-
tents of resting cells with or without overexpression of ELP153AR
(control) were determined after 1 h of incubation with either As(III)
(10 M), As(V) (10 pM), cadmium chloride (25 uM), or zinc chloride
(65 wM). (B) Effect of sodium ion on As(III) binding. Resting cells
were resuspended in Tris buffer (pH 7.4) containing 10 M As(I1I),
and the indicated concentration of NaCl was added. As(III) binding
was determined after 1 h of incubation. Data shown are the mean
values (= standard deviations) obtained from three independent ex-
periments.
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level of As(III) accumulation was maintained over a 12-h pe-
riod, indicating that As(III) was stably bound to the cells. This
rapid accumulation rate and good stability suggest that these
resting cells may be suitable as an efficient ligand for arsenic
removal in contaminated water.

Binding selectivity. To demonstrate the selectivity of
ELP153AR toward arsenic, similar binding experiments were
conducted with arsenite, arsenate, cadmium, and zinc. For
cadmium and zinc, no significant increase in accumulation was
observed compared to control cells (Fig. 4A). Similar to
As(IIT), a significant increase in arsenate accumulation was
observed; however, the extent of improvement was only five-
fold. Although ArsR is known to be specific for As(III), re-
moval of As(V) from the supernatant may occur through the
initial conversion of As(V) into As(III) by the arsenate reduc-
tase and the subsequent sequestration by ArsR.

Many whole-cell sorbents for heavy metals are sensitive to
the Na® commonly found in contaminated waters (11). To
investigate whether the presence of Na™ has any effect on
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FIG. 5. Evaluation of arsenic binding by E. coli BLR(DE3) cells
harboring pET-E153AR. Water spiked with 50 ppb of arsenite was
incubated with different amounts of resting cells, and the percentage of
arsenite removed was determined after 1 h of incubation. Data shown
are the mean values (* standard deviations) obtained from three
independent experiments.

whole-cell binding of As(III), binding experiments were per-
formed at increasing concentrations of sodium chloride. As
shown in Fig. 4B, no decrease in As(III) binding was observed
at any Na™* concentration tested up to 250 mM.

Removal of arsenite from contaminated water. According to
the estimate of the U.S. Environmental Protection Agency, the
newly promulgated arsenic maximum contaminant level of 10
ppb from 50 ppb in drinking water would require corrective
action for over 4,000 water supply systems serving an approx-
imate population of 20 million (9). To utilize the recombinant
cells as an efficient ligand for arsenic treatment would neces-
sitate removal beyond the required regulatory limit. To inves-
tigate this possibility, resting cells were incubated with water
spiked with 50 ppb of arsenite, and the percent removal was
determined after 1 h. At a cell loading of 0.9 mg (dry weight)/
ml, only 54% of the added As(III) was removed from the
supernatant (Fig. 5). Increasing the cell loading resulted in
increased efficiencies, with 98% of the added As(III) removed
at a cell loading of 9 mg (dry weight)/ml. The high efficiency of
arsenic removal along with the high selectivity toward arsenic
suggest that these engineered cells may be very useful for
arsenic removal from municipal water sources.

DISCUSSION

The use of plant, algae, or microorganisms as biosorbents
for heavy metal removal from contaminated water is well doc-
umented (15, 24, 26). In recent years, enhanced biosorbents
have been engineered by genetic incorporation of metal-bind-
ing peptides such as metallothioneins (29) or synthetic PCs (2,
3) in different bacteria or yeasts. Arsenic, a metalloid, on the
other hand, does not bind well to these peptides. The only
exception is PCs, which are naturally occurring metal-binding
peptides found in plants and yeast (27). The presence of a vy
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bond between glutamic acid and cysteine in PCs perhaps allows
the required coordination for thiol-As complexation. Expres-
sion of PC synthase in E. coli resulted in production of PCs and
enhanced accumulation of arsenate (25). However, this strat-
egy lacked selectivity, as the engineered cells also demon-
strated enhanced binding to Cd*", Zn>**, Pb**, and Cu?".

The use of a metalloregulatory protein as a specific metal-
binding ligand has recently been reported for enhanced mer-
cury removal (1). The success of this strategy is based on the
physiological role of these metalloregulatory proteins as spe-
cific sensors toward the metals of interest (4). E. coli confers
resistance to arsenic by a specific efflux pump controlled by an
arsenite-inducible repressor, ArsR (31). In this work, both
growing and resting cells overexpressing ArsR accumulated 13-
to 60-fold-higher levels of As(IIT) and As(V) than control cells
without ArsR overexpression. The level of arsenic accumula-
tion (~2.2 to 1.47 nmol/mg [dry weight]) is also higher than
that reported for cells producing PC (25). In contrast to PCs,
the physiological role of ArsR as an As(III) sensor molecule
allows a high degree of specificity and affinity towards arsenic,
as no significant improvement in Cd** or Zn*" accumulation
was observed. This represents the first demonstration of en-
hanced intracellular accumulation of both As(III) and As(V)
by a genetically engineered microorganism. The increased ac-
cumulation suggests that the high levels of ArsR could com-
pete with the efflux pump for the available intracellular
As(I1T), thus rendering the bound As(III) in nontoxic forms by
sequestration. It is also possible that the overexpression of
ArsR results in repression of the ars operon, reducing the
efflux efficiency and further increasing the intracellular seques-
tration of As(IIT) by ArsR. More importantly, the high affinity
of these engineered cells toward As enables 98% removal of 50
ppb of As(III) from contaminated water. Therefore, overex-
pression of ArsR could be a promising strategy to increase the
cellular accumulation of arsenic and provide a highly selective
ligand for bioremediation processes. As a result of the selec-
tivity and affinity, the use of these engineered cells as arsenic-
binding ligands, either in biofilm reactors or biofilters, may be
an effective alternative to chemical ligands for treatment of
contaminated water.
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