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Abstract

The remarkable metal resistance of many microorganisms is related to the
presence of multiple metal resistance operons. Pseudomonas putida KT2440 can be
considered as a model for these microorganisms since its arsenic resistance is due to the
action of proteins encoded by the two paralogous arsenic resistance operons arsl and
ars2. Both operons contain the genes encoding for transcriptional regulators ArsR1 and
ArsR2 that control operon expression. We show here that purified ArsR1 and ArsR2
bind the trivalent salt of arsenic (arsenite) with similar affinity of 30 uM, whereas no
binding is observed for the pentavalent salt (arsenate). Furthermore, trivalent salts of
bismuth and antimony showed binding to both paralogues. The position of cysteines,
found to bind arsenic in other homologues, indicates that ArsR1 and ArsR2 employ
different modes for arsenite recognition. Both paralogues are dimeric and possess
significant thermal stability. Both proteins were used to construct whole-cell, lacZ-
based biosensors. Whereas responses to bismuth were negligible, significant responses
were observed for arsenite, arsenate and antimony. Biosensors based on the P. putida
arsBl1/arsB2 arsenic efflux pump double mutant were significantly more sensitive than
biosensors based on the wild-type strain. This sensitivity enhancement by pump
mutation may be a convenient strategy for the construction of other biosensors. A
frequent limitation found for other arsenic biosensors was their elevated background
signal and interference by inorganic phosphate. Biosensors constructed show no
interference by inorganic phosphate, are characterized by a very low background signal

and were found suitable to analyze environmental samples.
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Importance

Arsenic is top on the priority list of hazardous compounds issued by the US Agency for
Toxic Substances and Disease. The reason for the stunning arsenic resistance of many
microorganisms is the existence of paralogous arsenic resistance operons. Pseudomonas
putida KT2440 is a model organism for such bacteria and their duplicated ars operons
and in particular their ArsR transcription regulators have been studied in depth by in
vivo approaches. Here we present an analysis of both purified ArsR paralogues by
different biophysical techniques, and data obtained provide valuable insight into their
structure and function. Particularly insightful was the comparison of ArsR effector
profiles determined by in vitro and in vivo experimentation. We also report the use of
both paralogues to construct robust and highly sensitive arsenic biosensors. Our finding
that the deletion of both arsenic efflux pumps significantly increases biosensor

sensitivity, is of general relevance in the biosensor field.
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Introduction

Arsenic is omnipresent in nature and found in many environmental biotopes like
sea and fresh water, soils or rocks. It is either released through various natural processes
such as weathering or hydrothermal emissions or generated by a number of
anthropogenic activities like the use of arsenic containing pesticides, mining activities
or combustion of fossil fuels (1, 2).

Arsenic is very toxic and was found to be associated with an increased risk of a
wide range of health issues including cancers of the skin, lung, bladder, liver, and
kidney as well as neurological and cardiovascular disease (3). The toxicity of arsenic,
combined with its omnipresence in nature represents a world-wide health concern (4).
In fact, it was placed first on the priority list of hazardous compounds issued by The
United States Agency for Toxic Substances and Disease Registry
(http://www.atsdr.cdc.gov/SPL/index.html). Of particular relevance is the groundwater
contamination with arsenic in Asiatic countries (5, 6) and environmental arsenic
monitoring is thus of primary importance (7, 8).

At neutral pH, arsenic is mostly found as trivalent arsenite or pentavalent
arsenate. The principles of toxicity differ for both forms. Whereas arsenite toxicity can
be associated with its ability to react with sulfhydryl groups in proteins, the harmful
effects caused by arsenate are associated with its capacity to mimic phosphate groups in
a wide number of cellular reactions (9, 10). Bacteria have developed many strategies in
response to the environmental presence of arsenic (1). One of these strategies consists of
the extrusion of arsenic and the corresponding proteins are encoded by ars operons. The
minimal set of ars operon genes, consisting of the arsR regulator (11), the
transmembrane arsB arsenite efflux pump and the arsenate reductase arsC, has been

observed in a number of different bacteria (12). Interestingly, several strains like
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Pseudomonas putida KT2440 (13-15), Corynebacterium glutamicum (16) or
Ochrobactrum tritici (17) possess two functional copies of the ars operon providing
high arsenic resistance.

The present study was conducted using P. putida KT2440, which is a
metabolically versatile soil bacterium that serves as a model not only to study metal
resistance but also in the fields of bioremediation, plant-microbe interactions or
bacterial signaling (18-20). Strain KT2440 is highly resistant to arsenic but also to other
metaloids and heavy metals and genome analyses indicated that several resistance
systems are duplicated (21). The two ars operon copies of P. putida KT2440, termed
arsl and ars2, show a high degree of sequence identity and are extended by the arsH
gene encoding an organoarsenical oxidase (22) (Fig. 1). Different aspects of the two ars
operons in P. putida KT2440 have been recently reported. The ars2 operon was found
to be present in the core genome of P. putida strains whereas the existence of ars! is
specific to KT2440 and may have been acquired by horizontal gene transfer (14). The
gene products of both operons work synergistically which may account for the high
arsenite tolerance of the strain (14). Another study reported that the effects of ars/ and
ars2 are not additive at the optimal growth temperature of 30 °C, whereas at 15 °C the
contribution of ars2 to arsenite resistance was largely superior to that mediated by the
arsl system (15).

ArsR together with the SmtB regulator gives a name to a family of regulators
that can be associated with heavy metal resistance (23). Members of the ArsR/SmtB
protein family operate by a de-repression mechanism, where apo-repressors are DNA
bound and the binding of different heavy metals causes protein dissociation and
transcriptional activation. The ArsR protein of E. coli has been shown in vitro to bind

arsenite as well as the trivalent salts of bismuth and antimony (24, 25). In vivo studies
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show that arsenate, in addition to these three compounds, cause transcriptional
activation (24). The in vivo effect of arsenate is caused by its cellular conversion into
arsenite by the arsenate reductase ArsC (24). Members of the ArsR family share the
same overall structure (26). Arsenite binds to ArsR proteins via three cysteine residues.
However, experiments conducted with regulators from E. coli (27), Corynebacterium
glutamicum (28) and Acidithiobacillus ferrooxidans (29) has resulted in the
identification of three different arsenite binding modes, characterized by distinct
cysteine binding motifs that are located in different parts of the structures (Supp. Fig. 1).
The ArsR1 and ArsR2 paralogues of P. putida KT2440 share 56 % of sequence identity
amongst each other (Supp. Fig. 1). As indicated in Supp. Fig. 1 the position of cysteine
residues differs in ArsR1 and ArsR2 and is, in addition, different to the ArsR proteins
studied from E. coli, C. glutamicum or A. ferrooxidans. This indicates that arsenite
recognition at ArsR1 and ArsR2 occurs yet by another cysteine motif (Supp. Fig. 1). It
has been proposed that the evolution of spatially unrelated arsenite binding sites is the
result of convergent evolution (28).

The two ArsR paralogues of P. putida KT2440 is a model system to understand
the concerted action of paralogous regulators on metal resistance (14, 15). We report
here the generation of purified, recombinantly produced ArsR1 and ArsR2 and its
analysis by an array of biochemical and biophysical approaches. As mentioned above
environmental arsenic monitoring is of central importance and several ArsR-based
biosensors have been described (30, 31). In the second part of this work we describe the
construction of ArsR1 and ArsR2 based biosensors. We demonstrate that biosensors
based on a mutant of both arsenite efflux pumps, ArsB1 and ArsB2, possess a higher

sensitivity as compared to wild-type (wt) based sensors. The finding that efflux pump
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Materials and Methods
Materials: NaAsO, Na,HAsO,4 SbCls, Bi(NOs); and NaH,POy (referred throughout this
article as arsenite, arsenate, antimony, bismuth or inorganic phosphate, respectively)

were purchased from Sigma-Aldrich.

Strains and culture conditions: Strains and plasmids used in this study are listed in
Table 1. P. putida KT2440 and its isogenic double mutant in arsBl/arsB2 (14) were
grown in M9 with 5 mM glucose as a carbon source or LB medium at 30 °C with
shaking, unless otherwise stated. Escherichia coli DH5a, the host for gene cloning, was
cultured in LB medium at 37°C. When required, antibiotics were added to the following
final concentrations: chloramphenicol (Cm), 30 pg/ml; kanamycin (Km), 25 pg/ml;

gentamycin (Gm), 30 pg/ml; tetracycline (Tc), 10 pg/ml.

Construction of expression plasmids for ArsR1 and ArsR2, cell culture and protein
purification: The arsR1 and arsR2 sequences were amplified by PCR using specific
primers containing Ndel and Xhol restriction sites (Table 2). The PCR products were
digested with the corresponding enzymes and cloned into pET28a (Novagen) previously
cleaved with the same enzymes. Ligation mixtures were used to electroporate E. coli
DHS5a and colonies were selected on LB plates containing Km. Resulting plasmids
(pET _arsR1 and pET arsR2) were verified by sequencing the insert and flanking
regions. E. coli BL21 (DE3) was transformed with either pET arsR1 or pET arsR2.
Cultures were grown in 2 1 Erlenmeyer flasks containing 400 ml LB supplemented with
25 ug ml™ kanamycin, at 37 °C until the culture reached an ODgg of 0.6. At this point
protein expression was induced by the addition of 0.1 mM isopropyl B-D-1-

thiogalactopyranoside. Growth was continued at 18 °C overnight prior to cell harvest by
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centrifugation (15 min, 4 400 x g). All manipulations were carried out at 4 °C. The
pellet was resuspended in buffer A (20 mM Tris/HCI, 500 mM NaCl, 10 mM imidazole,
10 % (v/v) glycerol, 10 mM B-mercaptoethanol, pH 8.5), sonicated for cell rupture and
centrifuged at 20 000 x g for 1 hour. The supernatant was filtered and loaded onto a 5
ml HisTrap HP column (Amersham GE Healthcare) previously equilibrated with buffer
A. Proteins were eluted using an imidazole gradient (0 - 1 M) in buffer A. Protein purity
was assessed by SDS-PAGE and pooled fractions were dialyzed into analysis buffer (20
mM Hepes, 150 mM NaCl, 2 mM tris(2-carboxyethyl)phosphine) (TCEP), pH 7.2)
unless otherwise stated. Sample concentrations were determined by Bradford assay and
by measurement of the absorbance at 280 nm using the theoretical extinction coefficient
of 19730 M em™ determined for both proteins as by the Expasy ProtParam algorithm

(32).

Analytical size exclusion chromatography: Analytical size exclusion chromatography
experiments were conducted using an Akta FLPC system (Amersham GE Healthcare).
Purified protein (at 25 uM) was loaded onto a Superdex-200 10/300GL column
(Amersham GE Healthcare) previously equilibrated in analysis buffer. The elution was
performed at a constant flow rate of 0.4 ml/min and the absorbance of the eluate was
monitored at 280 nm. The molecular mass of the ArsR paralogues was estimated from a
calibration curve constructed from the analysis of the following standards: cytochrome ¢
(12.4 kDa), carbonic anhydrase (29 kDa), bovine serum albumin (monomer, 66 kDa,

and dimer, 132 kDa) and B-amylase (200 kDa).

Circular Dichroism (CD) spectroscopy: CD measurements were performed with a Jasco

J-715 spectropolarimeter (Tokyo, Japan) equipped with a thermostatized cell holder.
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Measurements of the far-UV CD spectra (260-200 nm) were made with a 1 mm path
length quartz cuvette at a protein concentration of 10 pM in analysis buffer. Spectra
were recorded at a scan rate of 100 nm/min, 1 nm step resolution, 1 s response and 1 nm
bandwidth. Spectra shown are averages of 5 scans. Spectra were corrected by baseline
subtraction using the buffer spectrum and the CD signal was normalized to mean
residue molar ellipticity ([0], in deg.dmol’lcm2). The spectra were deconvoluted to
determine the relative abundance of secondary structure elements using the CDNN

software package (33).

Differential scanning calorimetry (DSC): DSC experiments were carried out on a VP
capillary cell microcalorimeter (MicroCal Northampton, MA). The temperature range
from 5°C to 85°C was scanned at a rate of 180°C/h. The calorimetric cells (operating
volume 0.134 ml) were kept under an excess pressure of 60 psi bar to prevent
degassing. Several buffer-buffer baselines were obtained before each protein run to
ascertain proper instrument equilibration. Protein samples were exhaustively dialyzed at
4°C against analysis buffer. The protein concentration was 20 pM and arsenite and
arsenate were added at a concentration of 250 uM. Thermograms were normalized

using the concentration of protein monomers.

Intrinsic tryptophan fluorescence spectroscopy: Measurements were made on a PTI
QM-2003 fluorimeter with a Xenon lamp as a light source (Photon Technology
International, Lawrenceville, NJ) at 25°C using an excitation wavelength of 290 nm and
slit widths of 5 nm. Tryptophan emission spectra were recorded from 300 to 400 nm.
Spectra were taken in 1 nm increments with 1 s of integration per increment. Protein

samples of 5 uM were prepared in analysis buffer. Titrations were conducted with

10
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freshly prepared solutions of arsenite (1 mM stock solution), antimony and bismuth.
Due to the low solubility of antimony and bismuth, these stock solutions were prepared
in methanol at a concentration of 20 mM and 2 mM, respectively. Quenching of
tryptophan emission was performed by successive additions of the ligands to the
cuvette, followed by gentle sample mixing, incubation for 2 min and spectra recording.
The fluorescence intensities were corrected for absorption of the exciting light and
reabsorption of the emitted light to decrease the inner filter effect using the equation:

Fcorr: Fobs * 10(Aexc+Aem)/2

where F.; is the corrected fluorescence value, F,,s the measured fluorescence value,

Acxc the absorption value at the excitation wavelength, and A, the absorption value at
the emission wavelength (34). Spectra were then normalized by the total protein
concentration after each titration and the starting fluorescence signal was set to 100 %
fluorescence. Fluorescence titration curves were fitted in Origin using the equation for

one binding site to determine the dissociation constants.

Electrophoretic mobility shift assays (EMSA): DNA fragments of approximately 500 bp
containing the P, and P, promoter regions were amplified by PCR using the primer
pairs Parsl_for/Parsl_rev and Pars2 for/Pars2 rev, respectively (Table 2). Amplified
DNA was isolated from agarose gels and end-labeled with [y-**P] deoxy-ATP using T4
polynucleotide kinase. A 10 pl sample containing 2 nM labeled DNA (1.5 x 10* cpm)
was incubated at 30°C with various concentrations of purified ArsR for 15 min in
binding buffer (10 mM Tris/HCl, 20 mM NaCl, 100 mM Mg acetate, 0.02 mM EDTA,

0.2 mM DTT, 1 % (v/v) glycerol, pH 7.5) containing 20 pg/ml of poly(dI-dC) and 200

11
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pg/ml bovine serum albumin. The DNA protein complexes were resolved by
electrophoresis in 4 % (w/v) non-denaturing polyacrylamide gels at 50 volts for 3 hours
in 50 mM Tris/HCl, 20 mM glycine, pH 7.8. The gels were dried and analyzed with a

GS525 molecular imager (Bio- Rad).

Construction of arsenic biosensors: The arsl and ars2 genes besides their respective
promoter regions were amplified by PCR using primers arslbiosen_for (EcoRI) and
arslbiosen_rev (Pstl) (for arsl) and ars2biosen_for (EcoRI) and ars2biosen_rev (Xbal)
(for ars2). The Expand High Fidelity PCR System (Roche) was used on all PCR
amplifications. PCR products were cleaned using a QIAquick PCR Purification Kit
(Qiagen) and then cloned into pMP220 digested with the corresponding enzymes.
Ligation mixtures were electroporated into E. coli and clones were selected on Tc
containing LB plates. Clones were verified by plasmid restriction analysis and DNA-
sequencing. The resulting plasmids, pBiosen arsR1 and pBiosen arsR2, were

transferred into P. putida KT2240 and its arsB1/arsB2 double mutant.

p-galactosidase assays: Overnight cultures were diluted 50-fold in LB medium
supplemented with different ArsR ligand concentrations and incubated with shaking
until an ODggp of 0.8. Assays were carried out on permeabilized cells as previously
described (35). Data shown are means and standard deviations from three independent

experiments each conducted in duplicate.

Inductively coupled plasma-optical emission spectroscopy (ICP-OES): These analyses
were carried out by the scientific instrumentation service of the Estacién Experimental

del Zaidin (Granada, Spain, http://www.eez.csic.es/?q=es/node/1187).

12
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Results
Generation of recombinant ArsR1 and ArsR2

ArsR1 and ArsR2 of P. putida KT2440 were overexpressed in E. coli and
purified from the soluble fraction of the cell lysate by affinity chromatography.
Relatively modest average yields of 2 and 4 mg of pure protein per liter of E. coli
culture were obtained for ArsR1 and ArsR2, respectively. Far-UV circular dichroism
(CD) experiments of ArsR1 and ArsR2 were carried out to assess their secondary
structure (Fig. 2A). The spectra of both proteins were very similar indicating that ArsR1
and ArsR2 possess similar secondary structure content. The curves showed minima at
208 nm and around 220-222 nm characteristic of a-helical elements. The deconvolution
of spectra resulted in 42 and 41 % of a-helix for ArsR1 and ArsR2, respectively; as well
as 28 and 29 % random coil for both proteins. Attempts to make homology models were
only successful in the case of ArsR1 (Supp. Fig. 2), but the high degree of sequence
similarity suggests that both proteins share a similar secondary structure content. This
model shows 41 % a-helix assuming a non-helical conformation of the His-tag (not
modelled). The agreement of the experimentally determined a-helical contents with that
derived from the homology model, strongly suggests that proteins purified are in their

folded and active state.

ArsR1 and ArsR2 are dimeric in solution

To determine the oligomeric state of both proteins, analytical size exclusion
chromatography experiments were carried out showing that both proteins eluted as a
single symmetric peak (Fig. 3). Eluted proteins were submitted to SDS-PAGE which
resulted in the confirmation of the molecular integrity of both proteins (Supp. Fig. 3).

With the help of standard curves (Fig. 3) apparent molecular mass of 28 kDa and 26

13
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kDa were determined for ArsR1 and ArsR2, respectively. Considering the sequence
derived mass of ArsR1 and ArsR2 monomers (15 757 Da and 15 407 Da respectively),
we conclude that both proteins are dimeric in solution. To assess the effect of arsenite
and arsenate on the oligomeric state of both proteins, experiments were repeated in the
presence of 1 mM arsenite or arsenate, which was added to the protein sample and the
gel filtration buffer. The obtained chromatograms are highly similar to those recorded in
the absence of ligand (Fig. 3), indicating that ligand binding does not alter the protein

oligomeric state.

The ArsR paralogues unfold in a single event at temperatures beyond 60 °C

Protein stability of both paralogues was analyzed by Differential Scanning
Calorimetry (DSC). This technique permits the determination of the Tm value, which
corresponds to the temperature at which half the protein is unfolded and the remaining
part in its native state, as well as the enthalpy change upon unfolding. The DSC
thermograms of both proteins (Fig. 2B) show that both proteins possess significant
thermal stabilities and Tm values of 61.5 and 71.1 °C were determined for ArsR1 and
ArsR2, respectively (Table 3). At the end of the temperature up-scan, samples were
cooled to 5°C and no unfolding events were observed in the subsequent up-scan

indicating that protein unfolding is irreversible.

ArsR paralogues bind arsenite with similar affinities

In vivo the ArsR transcriptional regulators mediate responses to arsenate and
arsenite (12, 36). Since both compounds can be interconverted in the cell it is unclear
whether both compounds or only one of them is recognized by the regulators. Ligand

binding typically causes increases in the thermal stability of proteins and consequently

14
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the Tm value (37). To study ligand binding at ArsR1 and ArsR2, DSC studies were
repeated in the presence of saturating concentrations of arsenate and arsenite. Due to the
structural similarities between inorganic phosphate and arsenite/arsenate it has been
observed in the past that these ligands are recognized by the same receptor protein (38-
40). To assess this issue, DSC analyses were also carried out in the presence of
inorganic phosphate. The corresponding thermograms (Fig. 4) showed an increase in
Tm exclusively in the presence of arsenite. Apart from the increase in Tm (Table 3)
protein folding occurred in two sequential events. Importantly, the Tm of the major
unfolding event in the presence of arsenite was approximately 12 and 16 degree higher
than that of the ligand free protein. In marked contrast, the thermograms (Fig. 4) and
derived unfolding parameters in the presence of arsenate and inorganic phosphate
(Table 3) are almost identical to the apo-proteins. These data show that arsenite but not
arsenate nor inorganic phosphate bind to ArsR1 and ArsR2.

To determine the affinity of both regulators for arsenite, we conducted
Isothermal Titration Calorimetry experiments (41). However, titrations of both
paralogues with arsenite, conducted at several analysis temperatures, revealed only
minor binding heats changes, which did not permit the calculation of binding
parameters. We have therefore resorted to intrinsic tryptophan fluorescence
spectroscopy measurements (42). The inspection of the ArsR2 homology model
revealed the presence of a Trp residue (W79) in immediate vicinity of cysteines 43 and
45 that are involved in ligand binding (Supp. Fig. 1). Following excitation at 290 nm the
emission spectra showed maxima at 336 nm (Fig. 5). Addition of different
concentrations of arsenite caused fluorescence quenching. The plot of corrected

fluorescence at the maximum of emission as a function of arsenite concentration is
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shown in Fig. 5C. Data fitting resulted in Kp values of approximately 30 uM for both

paralogues (Table 4).

Evidence for ArsR1 and ArsR2 cross talk

The DNA segments encoding the ars! and ars2 operons are highly homologous.
However, the sequences of both target promoters, P,,; and P>, show significant
sequence divergence (Supp. Fig. 4). To assess whether ArsR1 and ArsR2 bind to both,
or to exclusively its cognate promoter we conducted EMSA assays using purified
ArsR1 and ArsR2 as well as DNA fragments covering both promoter regions. Although
a wide variety of experimental conditions were tested, satisfactory EMSAs could only
be obtained for promoter P, (Fig. 6). Interestingly, both proteins bound to the P,
fragment. A single protein-DNA complex with an estimated Kp in the sub-micromolar
range could be detected for ArsR2. In contrast, ArsR1 appears to form multiple DNA
complexes. No binding was observed to control DNA. Unfortunately, when experiments
were repeated in the presence of arsenite and arsenate, a smear and no distinct bands
appeared, which made an interpretation impossible. The fact that both paralogues bind

to P,.; suggests the existence of cross-talk between both systems.

Construction and validation of KT2440-based arsenic biosensors

To generate whole-cell biosensors, the arsRI and arsR2 sequences and their
respective promoter regions were cloned into pMP220 to generate the transcriptional
fusions Pus1_arsl lacZ and Py _ars2 lacZ respectively. The resulting plasmids were
inserted into P. putida KT2440 to give rise to biosensors Bs WtR1 and Bs_ WtR2. Beta-
galactosidase measurements were made to assess biosensor function. Initial experiments

were conducted to determine the influence of bacterial growth phase, temperature and
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time of response on the performance of the different biosensors. As shown in Fig. 7A
and B, cells induced in the logarithmic phase gave stronger responses than those
induced in the stationary phase. Paez-Espino et al. reported that at 15°C products of the
ars2 operon afforded a much higher resistance to arsenite than those of arsi (15). To
assess the influence of temperature, cultures were grown at 30 °C to early logarithmic
phase, arsenite was added and then cultures were continued at either 30 or 15 °C.
Figures 7 shows that the reduction in the temperature translated into a reduced response
for both sensors. Experiments at 30 °C showed that biosensor Bs_ WtR1 gave stronger
responses than the Bs. WtR2 counterpart (Fig. 7A). Responses were detected as early as
15 minutes after arsenite addition, whereas maximal readings were obtained following a
3 hour incubation. The onset of response was at approximately 10 ppb (parts per billion)
and the sensitivity of biosensors is studied in further detail below. Maximal responses
are obtained at a concentration of 10 000 ppb, whereas at a concentration of 100 000

ppb a very significant drop in activity was measured which is due to toxicity.

ArsB mutant based biosensors show higher sensitivity and higher magnitude of
response as compared to wt based sensors

It has been shown that a mutant in the arsenic efflux pumps ArsB1 and ArsB2
(Fig. 1) is more sensitive to arsenic than the wt (14), which is due to the cellular arsenite
accumulation. To verify whether this accumulation translates into higher biosensor
sensitivity, two additional biosensors were constructed in which both transcriptional
fusions were inserted into the ArsB1/ArsB2 double mutant to give rise to biosensors
Bs_MutR1 and Bs_MutR2. The dose-response curves of all four biosensors to arsenate
and arsenite are shown in Fig. 8 (A, B). We noted that mutant based biosensors caused a

higher magnitude of response as compared to the biosensors using the wt strain.
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Response pattern for arsenate and arsenite differed significantly. Whereas at 100 000
ppb arsenite a strong reduction in response was noted (due to toxicity), maximal
responses for arsenate were observed at an analyte concentration of 100 000 ppb.

A characteristic feature of any analytical tool is their sensitivity or the lowest
analyte concentration at which significant readings are obtained. To assess the
sensitivity of the four biosensors, their responses in the concentration window between
1-16 ppb arsenite were determined. Analysis of data (Fig. 8C) revealed that first
significant measurements were obtained at 8 ppb for the wt based sensors Bs_ WtR1 and
Bs_WtR2. In contrast, first statistically significant measurements were obtained at 1 or
2 ppb for both ArsB mutant based biosensors BS MutR1 and Bs MutR2, respectively.
These data thus demonstrate that the mutation of both arsenite efflux pumps not only
translated into higher magnitudes of response but also into a significant increase in
biosensor sensitivity. These results differ from analogous experiments using E. coli
where the mutation of the arsenite efflux pump did not cause an increase in biosensor

sensitivity (43).

Biosensors also respond to trivalent salts of antimony

In vivo gene expression studies have shown that E. coli ArsR responds next to
arsenate and arsenite also to trivalent salts of antimony and bismuth (24). To verify
whether this is also the case for the P. putida paralogues, we conducted a series of gene
expression studies. Data show that ArsR1 and ArsR2 mediate significant responses to
antimony (Supp. Fig. 5), which were particularly pronounced for ArsR1. Interestingly,
the response of wt and ArsB mutant based biosensors were similar, strongly suggesting
that antimony is not an ArsB pump substrate. Responses observed for bismuth (Supp.

Fig. 5) were negligible as compared to those measured for arsenate, arsenite and
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antimony. To verify whether antimony and bismuth bind to the purified ArsR
paralogues, we conducted fluorescence titration assays similar to those shown with
arsenite in Fig. 5. Antimony bound to both paralogues with affinities comparable to
those for arsenite (Table 4). Surprisingly, the tightest binding ligand was bismuth (Kp
values of 9 and 6 uM for ArsR1 and ArsR2, respectively), which contrasted with the

extremely weak response in vivo. This may be due to limitations in bismuth uptake.

Phosphate does not interfere with the performance of arsenite biosensors

A major limitation of other arsenic biosensors is the interference by inorganic
phosphate (38-40). To assess any possible interference of inorganic phosphate in the
functioning of the arsenite biosensors, the response of Bs-WtR1 and Bs-WtR2 to 1000
ppb arsenite in the absence and presence of up to 100 mM inorganic phosphate was
monitored. As shown in Supp. Fig. 5 the presence of inorganic phosphate did not cause
any significant interference with the biosensors. These data agree with the above

reported absence of inorganic phosphate binding to ArsR1 and ArsR2 in vitro (Fig. 4).

Use of the arsenic biosensors for the analysis of environmental samples

To assess the suitability of the biosensors developed to analyze environmental
samples, we carried out experiments with water recovered from a mine. This sample
was submitted to an Inductively Coupled Plasma-Optical Emission Spectroscopy to
precisely quantify the arsenic content. These measurements resulted in an arsenic
concentration of 596 + 32 ppb. The analysis of 1:10 diluted samples using the four
different biosensors is shown in Supp. Fig. 6, demonstrating that all biosensors were
able to detect arsenic. Strongest signals were obtained by the two ArsB mutant based

sensors confirming the above conclusions that these sensors possess higher sensitivities.
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These measurements illustrate the usefulness of the developed biosensors to detect low

concentrations of arsenic in environmental samples.

20



433

434

435

436

437

438

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

439

440

441

442

443

444

445

446

Microbiology

447

448

449

450

451

452

453

454

455

456

457

Microbiology

Discussion

As mentioned in the introduction the duplication of ars operons appears to be a
more general strategy of bacteria to enhance arsenic resistance and the double ars
operons in P. putida are a model system to study the coexisting ars resistance systems.
A number of in vivo studies have been published on this model (14, 15), which contrasts
with the absence of any biochemical or biophysical data on these proteins.

An unusual feature of ArsR regulators is that there are at least three different
modes by which arsenite is recognized. In all three cases a cysteine triad binds arsenite
but the location of these residues in the structure differ for proteins of E. coli (27),
Corynebacterium glutamicum (28) and Acidithiobacillus ferrooxidans (29) (Supp. Fig.
1). The sequence alignment shows that the P. putida proteins employ yet another
binding mechanism, since none of the identified cysteine triads are conserved. The
ArsR2 sequence motif C-X-C-(X);-C may correspond to a version of the E. coli binding
motif of C-X-C-(X),-C. ArsR1 has a C-X-C motif, but the position of the two other
cysteine residues is not conserved. We show here that despite this difference both
paralogues bind arsenite with a similar affinity of around 30 uM. These similarities in
affinities may at least partially account for the similarities in sensitivity of ArsR1 and
ArsR2 based biosensors (Fig. 8C).

To our knowledge these are the first direct binding studies in vitro, although
others reported arsenite binding to the regulators based on the capacity of arsenite to
trigger protein release from DNA. Using such an approach an apparent Kp of 12 uM
was reported for arsenite binding to ArsR of Acidithiobacillus ferrooxidans (29) or 150
uM for Corynebacterium glutamicum (28).

E. coli ArsR, the primary model protein, shows only a modest sequence

similarity between ArsR1 (40 % identity) and ArsR2 (42 % identity). However, there
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are clear parallels in their ligand susceptibilities suggesting that these are features
common to the family of ArsR proteins. 1) In vivo experiments of P. putida and E. coli
ArsR show strong comparable responses to arsenite, arsenate and antimony (Figs. 8 and
9) (24). In both cases very minor responses were observed for bismuth. 2) /n vitro and
in vivo data show that inorganic phosphate does not act on ArsR (Fig. 4, Supp. Fig.
5)(24) 3). Data show that arsenite, antimony and bismuth, but not arsenate, bind to the
ArsR proteins (Figs. 4, 5)(24). An unexpected finding was that bismuth, that caused
only weak responses in vivo, bound with significant affinities to ArsR1 and ArsR2
(Table 4). A similar discrepancy between in vitro binding and in vivo efficiency has
been observed for antimony binding to ArsR of C. glutamicum for which a Kp of 10 uM
was determined, a value lower than the corresponding one for arsenite (Kp=150 pM).
As suggested by these authors the differences may be caused by a relatively poor uptake
of antimony or bismuth as compared with arsenite.

Our demonstration that ArsR1 and ArsR2 are dimeric coincides with similar
findings of homologous proteins in E. coli and Acidithiobacillus ferrooxidans (29, 44),
suggesting that the dimeric state may also be a feature common to the ArsR protein
family. We have shown here that effector binding did not cause any alterations to the
oligomeric state of ArsR, which is an issue that has so far not been investigated.

The construction of a significant number of whole-cell arsenic biosensors has
been reported in the literature (30, 31) which hence raises the question why yet further
sensors were constructed. However, most of the biosensors use E. coli as host, whereas
none have been reported using P. putida strains. The choice of the latter organism was
based on its stunning resistance to a wide range of natural and anthropogenic stresses
like metals, organic solvents and pollutants and the ease to adapt to changing physico-

chemical parameters of the environment like water and oxidative stress or pH changes
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(21, 45-48). Considering that in situ arsenite detection will involve the analysis of
complex samples of different nature, the use of a robust bacterium is likely to confer
robustness to the analysis.

The World Health Organization (WHO) has fixed the maximum level of arsenic
in drinking water to 10 ppb and the Food and Agriculture Organization (FAO) has set a
maximum arsenic level of 100 ppb in irrigation water (49). As shown in Fig. 8C the
AsR1 and ArsR2 based biosensors can be used to assess the quality of drinking and
irrigation water. Both biosensors based on the native P. putida strain had a sensitivity of
8 ppb. In contrast, the biosensors based on the double mutant of the arsenic afflux
pumps were effective to detect 1 and 2 ppb. These data indicate that the intracellular
arsenic level is higher in the double mutant than in the wt strain, which is due to the
perturbation of arsenite efflux.

A biosensor based on the mutant of the ars operon in E. coli has also been
reported (43). However, in contrast to our findings the elimination of the arsenic efflux
pump did not translate into an improved of biosensor performance. The sensitivity of
our biosensors is superior to that for the majority of whole-cell arsenic sensors reported
(30).

A major hurdle for the successful construction of arsenic biosensors is the
interference with inorganic phosphate (30), which has been observed in a number of
cases (50-52). We show here that both ArsR paralogues do not bind inorganic
phosphate (Fig. 4) and that inorganic phosphate concentrations as high as 100 mM do
not interfere with arsenite sensing (Supp. Fig. 5). Another undesirable property of
biosensors is their elevated background signal (43, 51, 53-55). Biosensors described
here are characterized by very low background signals and a -galactosidase activity of

approximately 10 Miller Units was observed in the absence of ligand, translating into
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very favorable signal to noise ratios for arsenic measurements. Measurements
conducted were based on an analyte incubation time of 3 hours which is comparable to
most other sensors described (30).

These analytical parameters combined with the robustness of the host strain
make the biosensors constructed convenient and robust analytical tools for arsenite
detection in diverse and complex samples. The enhancement of biosensor sensitivity
and magnitude of response by deleting the efflux pump of the cognate analyte may be

an interesting strategy for the construction of biosensors for other analytes.
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Figure legends

Fig. 1) The two paralogous ars operons in P. putida KT2440. A) Genetic
organization. The transcriptional regulators ArsR are shown in red, arsB encodes an
arsenite efflux pump, arsH an organoarsenical oxidase and arsC an arsenate reductase.
Numbers below the arrows represent the intergenic distance between contiguous genes,
with negative numbers indicating overlapping genes. B) DNA sequence homology
between both operons. The alignments were performed using the wgVISTA (56)

algorithm.

Fig. 2) Comparison of the secondary structures and thermal stabilities of the ArsR
paralogues. A) Analysis of ArsR1 and ArsR2 by far UV circular dichroism
spectroscopy. B) Analysis of the thermal unfolding by differential scanning calorimetry.

Cp: heat capacity.

Fig. 3) Determination of the oligomeric state of both ArsR paralogues. Size
exclusion chromatography of ArsR1 (A) and ArsR2 (B) in the absence (black line) and
presence of 1 mM arsenite (grey line) or 1 arsenate (dashed grey line). The grey lines in
the inserts show the experimentally determined v./v, ratios as well as the corresponding

extrapolation of the molecular weight. v,: void volume, v.: elution volume.

Fig. 4) Stability studies of both ArsR paralogues. Differential scanning calorimetry

experiments of ArsR1 (A) and ArsR2 (B) in the absence and presence of arsenite,

arsenate and inorganic phosphate. Ligands were added at a concentration of 200 uM and
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the protein was at 20 pM. Derived thermodynamic parameters are given in Table 3. For

clarity reasons traces were moved arbitrarily on the y-axis.

Fig. 5) Binding studies of arsenite to ArsR1 and ArsR2. Intrinsic tryptophan
fluorescence spectra of 5 uM ArsR1 (A) and ArsR2 (B) in the absence (black line) and
presence (colored lines) of increasing concentration of arsenite (up to 230 uM). C)
Decrease in the maximum fluorescence intensity as a function of arsenite concentration.

Red: ArsR1, purple: ArsR2.

Fig. 6) Binding of ArsR1 and ArsR2 to promoter P,¢. Electrophoretic mobility shift
assays of both ArsR paralogues using a 476 bp DNA fragment spanning the P,
promoter. The control is a DNA fragment amplified from the genome of Serratia
plymuthica. The corresponding primers for the amplification of DNA probes are given

in Table 2.

Fig. 7) Assessment of the influence of growth phase, growth temperature and time
of arsenite exposure on biosensor performance. Cells were pre-grown at 30°C and
arsenite was either added to cells in the logarithmic phase (ODggo= 0.3-0.4, A and C) or
stationary phase (overnight cultures). Cultures were then incubated either at 30 °C (A
and B) or 15 °C (C). In all cases measurements were made 15, 60, 120 or 180 min after
arsenite addition. Shown are means and standard deviations from three independent

experiments.

Fig. 8) Biosensor response to different arsenite and arsenate concentrations. Cells

were grown at 30°C until ODgg=0.3-0.4 prior to the addition of either arsenite or
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arsenate. Measurements were made three hours after induction. A, B) Dose-response

curves for arsenite and arsenate. C) Determination of the onset of response. Shown are

means and standard deviations from three independent experiments. T-students test P-

values: *¥<0.05, **<0.01 (with respect to arsenite free samples).
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Table 1) Strains and plasmids used in this study.

Strains Characteristics Reference
Pseudomonas putida | Considered wild type in this study; spontaneous | (57)
KT2440 restriction-deficient derivative of strain mt-2 cured of
the TOL plasmid pWWO0
P. putida KT2440 Double mutant in arsBl/arsB2 pCHESI:arsl/ | (14)
arsBl/arsB2 miniTn5::ars2 (Km®; Gm®)
Escherichia coli | supE44 lacU169(@80lacZA M15) hsdRI17 (rx mg ) | (58)
DH5a recAl endAl gyrA96 thi-1 relAl
E. coli BL21(DE3) F—, ompl, hsdSg (r—s m—g) gal, dam, met (59)
Plasmids
pET28a protein expression vector; Km® Novagen
pET arsR1 pET28a containing arsR1; Km® This work
pET_arsR2 pET28a containing arsR2; Km® This work
pMP220 Transcriptional fusion vector; lacZ; Tc® (60)
pBiosen_arsR1 Transcriptional fusion P,y ars!_lacZ in pMP220; Tc® | This work
pBiosen_arsR2 Transcriptional fusion P, _ars2 lacZ in pMP220; Tc® | This work
Biosensors
Bs WtR1 P. putida KT2440 harboring pBiosen_arsR1 This work
Bs WtR2 P. putida KT2440 harboring pBiosen_arsR2 This work
Bs_MutR1 P.  putida  KT2440  arsBl/arsB2  harboring | This work
pBiosen_arsR1
Bs MutR2 P.  putida  KT2440  arsBl/arsB2  harboring | This work

pBiosen_arsR2

Antibiotics: Km: kanamycin; Gm: gentamycin; Tc: tetracyclin
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Table 2) Oligonucleotides used on this study. Restriction sites are underlined.

Oligonucleotide

Sequence (5’-3%)

Protein expression

arsR1His_for

AACATATGATGCGAGAAATACTGACTCC (Ndel)

arsR1His_rev

TTCTCGAGTCAAGCACAAGCAACAGGGCTC (Xhol)

arsR2His_for

AACATATGATGATCACACCGCCCGATGT (Ndel)

arsR2His rev

TTCTCGAGTCAGCAGCAGACGGAATCAC (Xhol)

Biosensor construction

arslbiosen_for

AAGAATTCGACCGCTTCCTTCAATGCCCCC (EcoRI)

arslbiosen_rev

AACTGCAGGCGAAGGGAAGTCTCAAGCACA (Pstl)

ars2biosen_for

AAGAATTCGCGTAGCCGGTGACACCGATCG (EcoRI)

ars2biosen_rev

AATCTAGAGGTGATGATCAGCAGCAGACGG (Xbal)

EMSA

Pars1_for GACCCTTGCGGCGATCCATCA
Pars]_rev AAGGTCTTGGGTCGGCAAGCC
Pars2_for TGGCGACTGATCTTGGGTTGGC
Pars2_rev GGAGACACCTTCAGCGTAGCCG

Primers for non -

specific fragments

AGAGGTAGCTCACATGAT*

CATGCCGCTTCCTTGGTTT*

*From Serratia plymuthica, strain A153.
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Table 3) Thermodynamic parameters of protein unfolding monitored by DSC in

the absence and presence of different ligands. The corresponding data are shown in

Fig. 4.

ArsR1 ArsR2
AH,, (kJ.mol AHy
T (°C)? T (°C)?

h (kJ.mol™)
Ligand-free 61.5 280+2 71.1 265+10
0.2 mM arsenite 67.5/73.4° | 239+10° | 77.8/87.4° | 274+6°
0.2 mM arsenate 61.2 282+9 71.5 266+ 6
1.0 mM inorganic phosphate 61.6 27713 71.0 251+£5

* Internal calibration of the DSC equipment gives an error of +/- 0.10°C in Tm.

® Protein unfolded in two events and both Tm values are provided

¢ Provided is the sum of both events
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779  Table 4) Interaction of different metal salts with ArsR1 and ArsR2. Shown are
780  dissociation constants derived from fluorescence titrations of protein with different
781  ligands (See materials section for further information). Data are means and standard

782  deviations from three independent experiments.
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