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Assessing the functional selectivity of an arsenic
sensing protein in vitro and in vivo
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The homodimeric bacterial ArsR proteins respond to AsIII and SbIII. Binding of the metalloids at coordi-

nation sites formed by three cysteine residues triggers an allosteric mechanism, leading to the release of

the repressor ArsR protein from the operator DNA. Our study is focussed on the functional selectivity of

ArsR from Acidithiobacillus ferrooxidans (AfArsR) both in vitro and in vivo. Binding of the inducers AsIII and

SbIII, as well as non-cognate metal ions HgII, PbII, CdII and ZnII to AfArsR was characterized by UV absorp-

tion titrations, 199mHg Perturbed Angular Correlation (PAC) of γ-rays spectroscopy, and Electrospray

Ionization Mass Spectrometry (ESI-MS). The data indicate that metalloid binding at the two metalation sites is

sequential. Correspondingly, Electrophoretic Mobility Shift Assays (EMSA) demonstrated that ca. 1.0 equivalent

of AsIII per protein dimer leads to a significant dissociation of the protein–DNA complex, suggesting that the

activation of the protein dimer requires the binding of only one AsIII. Contrary to this, an SbIII : AfArsR dimer

concentration ratio higher than 1 was required to induce dissociation of the DNA from the DNA–protein

complex. The divalent thiophilic metal ions bind strongly to the protein, but do not induce dissociation of the

DNA–protein complex. This demonstrates that the inherent, molecular-level metalloid selectivity of AfArsR is

not achieved via binding affinity differences. Interestingly, when combined with the inducer AsIII, HgII was able

to prevent the dissociation of the AfArsR dimer–DNA complex; however, this inhibiting effect of HgII was

reversed by the addition of dimercaptosuccinic acid (DMSA). Selective AsIII/SbIII response of AfArsR was also

observed in vivo in a bioreporter construct. The divalent metal ions, even HgII, did not compromise this effect,

presumably due to the presence of competing thiol-containing HgII-binders in the cell, in analogy to the pres-

ence of DMSA in vitro. Experiments on mutant proteins confirmed that Cys95 and Cys96 are essential for and

that C102 affects the protein function. Moreover, our data indicate that the His97Asp mutation also affects the

metalloid response of the protein in vivo.

Introduction

ArsR metalloregulators play a key role in arsenic (and anti-
mony) resistance in bacteria by controlling transcription1–3

through a derepression mechanism. Members of the ArsR
protein family form homodimers1,4 that are required for DNA-
binding and thus for the repression of transcription.4–8 The
homodimeric ArsR protein is bound to the operator/promoter
region of the ars operon (DNA). Metalloid binding to ArsR
exerts a negative allosteric effect on the stability of the repres-
sor protein–DNA complex, leading to the dissociation of ArsR
from the regulated DNA and ultimately to the transcription of
the regulated genes.1

Across the ArsR/SmtB family, the three cysteine residues
that constitute the AsIII binding sites are located in different
regions of the proteins.1 The C32, C34 and C37 residues in
EcArsR (E. coli) and in the R773 plasmid-related ArsR (of
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E. coli) are part of the DNA-binding domain and constitute an
intradomain α3 type site.1,9 The three coordinating cysteines,
C95, C96 and C102, are also located in the same monomer in
AfArsR (A. ferrooxidans), making up a α5 type site.9 SpArsR,
identified from S. putrefaciens, has a similar structure to that
of AfArsR; however, it lacks a third coordinating residue that
would correspond to C102 in AfArsR and displays only two Cys
residues near its C-terminus for a two-coordinate binding site
with a selectivity for MeAsIII.10 A third type of metalloid
binding site was identified in CgArsR (C. glutamicum), formed
by the C15 and C16 residues from one monomer and the C55′
cysteine from the other monomer in a non-typical interdomain
α2-N site.9 Finally, a very recent study described a possibly new
type of AsIII and MeAsIII responsive ArsR-family transcriptional
regulator with 6 cysteine residues (3 × 2 in nearby positions).11

Based on site directed mutagenesis, it was reported that only
C41, C80 and C82, and C41 and C82 from the same chain are
required for the protein to retain its responsiveness to AsIII

and MAsIII, respectively.11 Despite the different spatial
locations of the Cys units, the local structures of these metal-
loid sites are highly similar, shaping a trigonal pyramid
around the AsIII centres. Interestingly, the superimposition of
the crystal structures of AsIII-AfArsR and AsIII-CgArsR reflects
that the congruent metal sites are placed very similarly in the
3D structures of these different types of effector binding sites.9

Clearly, it is interesting to elucidate how ArsR proteins
achieve selectivity for the cognate effector trivalent metalloids.
We have approached this problem in a recent study, using the
metalloid binding oligopeptide fragment of the AfArsR protein, to
compare the AsIII and HgII binding features.12 Our data suggested
that the peptide in itself is disordered, while binding of AsIII

locks it into a (or a few) well-defined structure(s) with a trigonal
pyramidal AsS3 metalloid binding site. HgII also binds to the
three cysteine residues, but in a distorted trigonal planar struc-
ture, and the peptide remains significantly disordered.12

Surprisingly, beyond our peptide mimicking efforts, no detailed
in vitro study on the functional selectivity of ArsR proteins has
been reported so far. In vitro studies have focussed mainly on the
binding of different metalloid forms (AsIII, AsV, SbIII, SbV, MeAsIII,
PhAsIII) to the proteins and their impact on the repressor–DNA
complex,10,13–17 but other potentially efficiently coordinating
metal ions were very rarely involved in these studies (except for
BiIII (ref. 13) and CdII (ref. 15)). A gel mobility shift assay, investi-
gating the AsV, AsIII, SbIII and BiIII promoted dissociation of E. coli
R773 ArsR from a specific DNA, containing the ars promoter,
indicated that AsV is not a natural inducer of the regulator and
BiIII was also significantly less efficient than AsIII and SbIII.13 In
addition, AsIII- and SbIII-binding affinities were reported for some
of the investigated ArsR proteins, such as E. coli R773 ArsR,14

AfArsR,15 CgArsR16 and CviArsR.17

The interaction of ArsR proteins with their effectors has
been investigated under cellular conditions with bioreporter
systems, using a reporter gene positioned within the ars
operon. Various signalling proteins (encoded by the reporter
gene) were applied in these studies, most commonly the
green,18–23 yellow,24 or the mCherry25 fluorescent proteins, the

luciferase enzyme21,25,26 for luminescence detection, or the
β-galactosidase enzyme,21,27,28 which produces electrochemical
or colour signals by cleaving a designed substrate. Other
sensors detect AsIII-induced conformational change of ArsR
based on fluorescence resonance energy transfer29,30 or via
altered fluorescence properties31 as a consequence of the con-
formational change of the ArsR protein upon AsIII binding.
These constructs were developed and optimized for AsIII detec-
tion in analytical samples. Most of them displayed significant
signal induction in the presence of AsIII and SbIII as compared
to the non-treated samples, while negligible signal enhance-
ment was observed for other metal ions.18–20,23,25,26,29

Nevertheless, further efforts are needed to improve the selecti-
vity of the AsIII biosensors through smart, engineered genetic
logic circuits.32

With this work, we advance from AfArsR peptide model
studies to the actual protein and compare the binding of
different metalloids and metal ions to this metalloregulator.
The selection of the investigated non-cognate metal ions was
based on coordination/bioinorganic chemistry considerations.
All three divalent ions from group 12 (ZnII, CdII, HgII) bear a
certain level of thiophilic character, with an increasing affinity
to thiolate donors from ZnII to HgII. ZnII is an essential metal
ion, whereas CdII is highly toxic; nevertheless, both display a
preference for coordination numbers over 3. Thiolate-rich
metal sites are typical in metalloregulators responding to ZnII

(such as Zur33) and CdII (such as CadC34). HgII is known to
prefer a bis-thiolate coordination environment35 but can easily
adopt tris-thiolate coordination in a trigonal planar geometry,
as exemplified by MerR,36 being notably different from the tri-
gonal pyramidal environment around the metalloids dictated
by their stereochemically active lone pair.37 The main group
metal ion PbII shows similarities to AsIII/SbIII with regard to its
preference for tris-thiolate coordination (see e.g. the PbII-
centre in PbrR38), as well as the usual hemidirected geometry
in low-coordination PbII-structures owing to the stereochemi-
cally active lone pair,37 but displays a lower (+2) charge.

We also explore the influence of the metalloids and the
selected non-cognate metal ions on the interaction of AfArsR
with its DNA target (see Scheme 1) by correlating the results of
in vitro experiments (UV-absorbance, perturbed angular corre-
lation of γ-rays spectroscopy and electrophoretic mobility shift
assay) with in vivo data of I-Block bioreporter assays.39 Such a
comparison may shed light on how significantly the different
protein binding affinities and coordination geometry prefer-
ences may dictate the selection of the appropriate effector by
the AfArsR protein. Scheme 1 provides a simple overview of the
investigated metalloid regulation process, highlighting the pre-
viously explored details and the aims of the present work.

Results and discussion
Monitoring the metal(loid) interaction with AfArsR

The His-tagged AfArsR protein, identical to that crystallized in
its AsIII-bound form in an earlier study,9 was successfully over-
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expressed and purified. Protein samples were titrated by solu-
tions of AsIII, SbIII and divalent transition metal ions, with an
aim to monitor the binding of these ions via evolution of thio-
late to MIII/MII LMCT bands in the wavelength range of ca.
200–360 nm.12,40–44 The absorbance increase observed along
with the increasing concentration of HgII or PbII up to two
metal ion equivalents per protein dimer molecule clearly
follows a linear trend (see Fig. 1 and Fig. S2A), indicating very
efficient metal ion binding and complete metalation at both
metal sites of the protein dimer. Electrospray Ionization Mass
Spectrometry (ESI-MS) spectra recorded in samples with
increasing HgII : AfArsR concentration ratios support this con-
clusion (Fig. S3C). A linear trend in the change of absorbances
was observed up to 1.5 equivalents of CdII per AfArsR dimer
(Fig. S2B) beyond which the recorded spectra showed a
gradual baseline increase, pointing to the formation of aggre-
gates or precipitates.

Titration by ZnII, accompanied by a very weak absorbance
change in the studied UV-range (presumably because the thio-
late-ZnII transitions occur at higher energies42), was terminated
around a 1 : 1 metal ion to protein dimer ratio because of the
same baseline increase phenomenon (Fig. S2C).

Note that the protein bears a His-tag, which may have an
influence on the binding scheme of the latter two ions, though
one could expect a substantially larger affinity to the Cys-rich
sites, in particular regarding CdII. The recorded absorbances
exhibited large scattering above 2.0 HgII equivalents per
protein dimer. Although precipitation was evident only above
∼3 HgII equivalents, aggregation may be suspected already
from a 2 : 1 HgII : AfArsRdim concentration ratio.

AsIII and SbIII binding to AfArsR also leads to a gradual
absorbance change in the recorded UV-spectra and the for-
mation of the AsIII/SbIII-bound protein complexes was demon-
strated by ESI-MS, as well (Fig. S3A and B). However, the
observed trends in absorbance increase follow a distinctly
different pattern, as compared to the effect of the divalent

Scheme 1 Upper panels: a simplified scheme depicting the derepression mechanism of operation of the wild type AfArsR, promoted by the
cognate metalloids AsIII and SbIII,9,15 and the lack of response for non-cognate thiophilic ions (a phenomenon addressed by our work). Bottom
panels: the influence of single amino acid mutations in the metalloid binding domain on the repressor activity as well as the metalloid regulation
efficiency of the mutant proteins. The impact of substituting the metalloid binding cysteine residues (C95, C96, C102) has already been explored15

and the present study is targeted at studying how the exchange of other residues (R85, D101, R100, H97) near the metalloid site potentially affects
metalloid recognition.

Fig. 1 Absorbances at 255 nm recorded in the titration of AfArsR by a
solution of HgII at pH = 7.5 (cAfArsR = 40.0 μM (for monomers) in 0.01 M
phosphate buffer containing 120 μM TCEP). The symbols (averages of
four independent series) and the dashed line represent the experimental
data and the observed trend up to 2.0 equivalents of HgII per AfArsR
dimer (data are corrected for dilution). The dotted frame denotes points
with poor reproducibility, though there was no clear indication of pre-
cipitate formation up to 3 equivalents of HgII per AfArsRdim. The inset
shows a selected series of recorded spectra, corrected for dilution.
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metal ions (Fig. 2 and 3). We employed a model involving the
dimeric protein that participates in two consecutive metalation
steps, leading to the MIII-AfArsRdim and (MIII)2-AfArsRdim

species. These steps are characterized by the following
equations and the related apparent stability constants (for pH
= 7.5), log KpH7:5

1 and log KpH7:5
2 :

AfArsRdim þMIII Ð MIII-AfArsRdim ð1Þ

MIII-AfArsRdim þMIII Ð ðMIIIÞ2-AfArsRdim ð2Þ
In these equations, AfArsRdim stands for the dimeric

protein and MIII represents AsIII or SbIII, in their unbound
form under the current conditions. The presented absorbance-

change profiles indicate a rather strong binding of the first
metalloid, preventing unambiguous fitting of data. Thus, we
had to fix log KpH7:5

1 to an estimated value (= 7.0) in order to
complete the fittings and obtain affinities for the binding of
the second metalloids. The choice of log K1 = 7.0 was partially
based on our own data and literature data from other groups
on the AsIII-binding affinity of multiple cysteine/thiol contain-
ing ligands.

We have previously determined an apparent stability of
log KpH7.5 = 6.35 for the AsIII binding of the peptidic model of
AfArsR12 and other studies with peptides displaying more sep-
arated Cys residues also indicated that the AsIII-binding
affinity to tris-thiol sites could be near log K = 6.45 Besides, the
simple heavy metal ion chelator bis-thiol compound dimerca-
prol (2,3-dimercaptopropanol, BAL) is an even stronger binder
of AsIII (log KpH7.0–8.1 = 6.6–6.9).46,47 In a recent study, Stillman
and colleague determined surprisingly high affinities for the
consecutive binding of six AsIII to the human metallothionein-
3 protein spanning the range from log K = 10.2 to 8.3 (from the
first to the sixth binding event)40 which hints that at certain
protein sites, metalloids may be substantially more tightly
bound than it is reflected by stability data determined for
model compounds.12,41,45 The applied log K1 = 7.0 value is also
in accord with the observed linear trend in the change of
absorbances up to a 1 : 1 MIII : protein dimer concentration
ratio, suggesting that at 1 equiv. of MIII per AfArsR dimer, the
vast majority of the added metalloid is transformed into its
bound form. (Details of the model selection and the fitting
procedure are explained in the SI; see also Fig. S4 and S5.)

The stability difference for the two consecutive binding
steps of both AsIII and SbIII is small but statistically significant
(log K1 − log K2 ∼ 1.3 and 1.1 for AsIII and SbIII, respectively,
when using the estimated log K1 = 7.0). It is also noteworthy
that the saturating segments of the absorbance trace curves,
levelling off rather close to 2 equivalents of metalloids per
AfArsRdim (Fig. 2 and 3), may be described only if the contri-
bution of the second bound metalloid to the absorbance is
remarkably weaker as compared to the effect of the first co-
ordinated AsIII or SbIII, suggesting that the coordination
environment, in particular the number of coordinated thio-
lates, may not be identical at the two sites. Similarly, different
apparent molar absorbance values were attributed to the first
and second CdII-filled sites in the homodimeric AztR.48

The above data indicate that metalloid binding at the two
sites is not fully independent and that the coordination of the
second metalloid is less favoured when the first site is loaded,
i.e. there may be a negative cooperativity, which is also corro-
borated by EMSA studies, vide infra. The possibility of coopera-
tivity in AsIII-binding has been raised in the crystallographic
study of the AsIII-bound forms of AfArsR and CgArsR, as in
contrast to CgArsR, only one of the two sites was found to be
populated by AsIII in the AsIII-AfArsR structure.9 In addition,
Giedroc et al. demonstrated a cooperative effect in the ZnII

binding by another ArsR-family metalloregulator, S. aureus
CzrA, displaying a ca. 2 orders of magnitude higher affinity for
the first ZnII over the second one.49–51 Finally, there are a

Fig. 2 Absorbances at 255 nm recorded in the titration of AfArsR by a
solution of AsIII at pH = 7.5 (cAfArsR = 40.0 μM (for monomers) in 0.01 M
phosphate buffer containing 120 μM TCEP). The symbols (averages of
three independent series) and the solid line represent the experimental
data and their fit, respectively (data are corrected for dilution). The inset
shows a selected series of the recorded spectra, corrected for dilution.

Fig. 3 Absorbances at 255 nm recorded in the titration of AfArsR by a
solution of SbIII at pH = 7.5 (cAfArsR = 40.0 μM (for monomers) in 0.01 M
phosphate buffer containing 120 μM TCEP). The symbols (averages of
three independent series) and the solid line represent the experimental
data and their fit, respectively (data are corrected for dilution). The inset
shows a selected series of the recorded spectra, corrected for dilution.

Research Article Inorganic Chemistry Frontiers
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couple of other known examples of negative cooperativity
observed for metal ion binding in other metalloregulatory pro-
teins, such as the MerR family P. putida CadR52 and the Fur
family B. subtilis Zur.33

It is also conceivable that the different affinities to the two
sites are related to the asymmetry of the homodimer and
differences in the structures of the two protein monomers
within the dimer, as reflected also by the AsIII-AfArsR crystal
structure.9 Asymmetry is a known structural feature in a
number of homodimeric proteins, resulting in e.g. functional
asymmetry in ligand binding or half-site reactivity.53–56

Interestingly, previous data on the AsIII/SbIII-binding of
various ArsR regulators, such as those related to the E. coli
R773 plasmid14 and the C. glutamicum,16 C. violaceum17 and
also A. ferrooxidans15 bacteria, obtained by different experi-
mental techniques and often under notably different experi-
mental conditions, indicated significantly weaker binding
affinity for both metalloids (for AsIII: Kd ∼ 10–150 μM; for SbIII:
Kd ∼ 2–10 μM).14,15 However, a single dissociation step, charac-
terizing an equilibrium between the protein monomer and
AsIII/SbIII, was considered in the calculation of the above cited
Kd values. This can obviously lead to different constants as
compared to the affinities obtained by the two-step model
used in our study.

In summary, our data suggest that the binding of the two
AsIII and two SbIII to the AfArsR dimer is sequential and the
relative affinities for the first and second binding steps are
largely similar for AsIII and SbIII. Titrations of the protein by
divalent soft transition metal ions also indicate very efficient
metalation processes with no sign of cooperativity, possibly as
a consequence of the higher overall affinities. This is in line
with our previous results comparing the HgII and AsIII-coordi-
nation features of the oligopeptide model of the metalloid
binding site of AfArsR, reflecting a many orders of magnitude
higher affinity for HgII as compared to AsIII.12

Characterization of the HgII binding mode to AfArsR by
199mHg PAC spectroscopy

The local coordination environment of the AfArsR bound HgII

was also investigated by perturbed angular correlation of γ-rays
(PAC) spectroscopy using the metastable 199mHg isotope (see
the experimental details in the SI).57–59 Two short series of
spectra were recorded by varying (i) the pH at a constant, sub-
stoichiometric HgII–protein concentration ratio (Fig. 4A) and
(ii) the HgII–protein concentration ratio at a constant pH (pH =
7.4) (Fig. 4B). Parameters fitted to the PAC data are presented
in Table S3. All the recorded spectra can be analyzed with one
or two Nuclear Quadrupole Interactions (NQIs). These two
NQIs are essentially the same throughout the entire dataset:
NQI1 (νQ ≈ 1.10 GHz and η ≈ 0.7) displays a coupling constant,
νQ, close to previous reports of trigonal planar HgS3 coordi-
nation, but a significantly higher asymmetry parameter.60–62

Within the semi-empirical AOM applied to calculations of
NQIs,57 ideal trigonal planar HgS3 and T-shaped HgS3 coordi-
nation geometry63–67 give the same coupling constant, but the
axially symmetric trigonal planar structure has η = 0, while the

T-shaped structure has η = 1. Thus, the observed NQI1 may
reflect a HgS3 structure with unusual, distorted geometry.
NQI2 (νQ ≈ 1.50 GHz and η ≈ 0.1) exhibits high similarity to
previously reported linear or distorted linear HgS2
coordination.44,60–62,68,69 High level quantum chemistry calcu-
lations indicate that the electric field gradient (EFG) changes
surprisingly little upon bending HgCl2,

70 so although it is
likely that NQI2 reflects HgS2 coordination, it may not be poss-
ible to discriminate whether the structure is linear or bent
based on the 199mHg PAC data (see additional notes and the
fitted parameters in Table S3).

pH series. The change of pH in samples containing HgII and
AfArsRdim in a 0.5 : 1 concentration ratio shows the gradual

Fig. 4 A pH series (A) and HgII concentration series (B) of 199mHg PAC
data for the AfArsR protein (Fourier transformed data). (A) The pH series
was recorded at a 0.5 : 1 HgII : protein dimer concentration ratio. (B)
Equiv. HgII denotes molar equivalents of metal ion per protein dimer.
Coloured lines represent the experimental data and black lines are the
fits. The red and blue vertical lines indicate the approximate positions of
the three peaks for each of the two NQIs present in the data, interpreted
as (see the text) distorted HgS3 (red) and HgS2 (blue) structures. The
bottom (red) spectrum in panel (A) is the Fourier transform of the sum of
the data for the three pH values (the NQIs change slightly with pH).
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shift in the relative contribution of the two NQIs, vide supra. At
pH = 9.0, the data display exclusively NQI1, i.e. a distorted
HgS3 structure. At pH = 7.4, the NQI1 still strongly dominates,
and at pH = 6.2, both species are present to a significant
extent, and the relative amplitudes imply that the HgS2 struc-
ture dominates; see Table S3 and Fig. 4A. Thus, the 199mHg
PAC data imply that there is a pH-dependent change from a
mixed HgS2 and HgS3 coordination at low pH to pure HgS3
coordination at high pH, with a tentative estimate of the pKa

around 6.4. A similar change from HgS2 to HgS3 coordination
was observed as a function of pH in other systems offering
three possible coordinating thiols,61 including the metal site
model peptide of AfArsR, reflecting a very similar transform-
ation between the two NQIs with a pKa value falling also
within the 6.0–7.0 range.12 The low pH form, HgS2, presum-
ably reflects that one of the three cysteines at the metal
binding site is protonated, and exhibits limited interaction
with HgII. The HgS3 coordination may reflect a planar struc-
ture in-between trigonal planar and T-shaped, vide supra,
which is not unprecedented for HgII and was also proposed for
the HgII-bound E. coli CueR protein at substoichiometric HgII

concentrations,44 as well as for the HgS3-type HgII complex of
the AfArsR model peptide based on PAC and EXAFS data.12

Indeed, the fitted parameters for the HgS3 species formed with
the model peptide12 and the protein are nearly the same, indi-
cating that HgII achieves a very similar coordination environ-
ment to that formed with the flexible peptide.

Effects of changing the HgII : AfArsR dimer concentration
ratio. At a low HgII-to-protein concentration ratio (= 0.50 HgII

per AfArsR dimer), the 199mHg PAC signal is strongly domi-
nated by NQI1, reflecting HgS3 coordination; see Table S3 and
Fig. 4B. Increasing the HgII : AfArsRdim ratio to 2.4, i.e. to more
than one HgII per binding site, changes the balance between
HgS3 and HgS2 coordination towards the latter, which can be
qualitatively observed in Fig. 4B by a decrease of the intensity
of the peak at 1.9 rad ns−1 and a concomitant increase of the
intensity of the peak at 2.8 rad ns−1. This most likely reflects
that some of the AfArsR binding sites remain in the HgS3
structure, while others bind more than one HgII, disrupting
the HgS3 structure and forming dinuclear HgII species with
the three cysteinates, e.g. Hg2S3 clusters with one bridging
cysteinate. A further increase of the HgII : AfArsRdim ratio to
3.8 : 1, which converts to almost two HgII equivalents per
binding site, leads to essentially pure HgS2 coordination and
very little HgS3 coordination. The almost pure HgS2 coordi-
nation observed under such conditions may be due to Hg2S3
clusters at both binding sites, but the formation of Hg3S3 struc-
tures, with alternating S and HgII in a six-membered ring might
also be a possibility. The decrease of coordination number
around HgII upon increasing the HgII-to-ligand ratio was also
observed for the AfArsR model peptide, reflecting an interligand
HgII-bridge between two cysteine residues of two peptide mole-
cules in a Hg3L2 complex. It is conceivable that a similar process
occurs for the protein, leading to the precipitation described in a
previous section, and indeed the PAC data display slower
rotational diffusion (smaller λ, see Table S3) for the high HgII to

protein ratio experiment, although the error bar is relatively large.
Our findings based on the 199mHg PAC-data for the AfArsR
protein are also in analogy to observations based on UV-absorp-
tion spectroscopy for a metallothionein, M. acuminata MT3,
where the metal ion at a low HgII-to-protein ratio “accepts” the
HgS4 coordination, commonly observed for ZnII binding, while
overloading the protein with HgII (i.e. excess HgII with respect to
the 4-coordinate clusters observed with ZnII) leads to the for-
mation of HgS2 structures.

71

The proposed transformation from HgS3- to HgS2-type
species of AfArsR, indicated by PAC spectroscopy, cannot be
fully correlated with the UV data. The UV-titration of AfArsR by
HgII (Fig. 1) does not indicate the expected change in the UV-
pattern, i.e. the decrease of absorbance above ∼230 nm where
signature LMCT transitions for HgS3 species tend to
occur,44,72–74 and the increase of absorbance at higher energies
characteristic of the LMCT bands for HgS2 complexes.44,72–75

However, the variability of the measured absorbances during
the UV-titration above 2 equivalents of HgII per AfArsR dimer,
and the ultimate appearance of a precipitate around a 3 : 1
HgII : AfArsRdim concentration ratio may indicate that excess of
the HgII ions leads to the formation of sparingly soluble
species or aggregates.

Effects of AsIII, SbIII and divalent metal ions on the stability of
the DNA–AfArsRdim complex

Electrophoretic Mobility Shift Assay (EMSA) experiments were
conducted to investigate the functional selectivity of the
AfArsR protein under in vitro conditions by comparing the
effect of AsIII, SbIII and several divalent metal ions on the
binding of the AfArsR dimer to a specific DNA (see the experi-
mental details in the SI). We also carried out EMSA by increas-
ing the AfArsRdim : DNA concentration ratio at a constant DNA
concentration and estimated the affinity of the AfArsR dimer
to the DNA using a model that involved also the dimerization
equilibrium of the AfArsR monomers to the protein dimer (see
Fig. S6 and other details in the SI). The obtained log K ∼ 5.6
(Kd ∼ 2.5 μM) for dissociation of the protein dimer from the
DNA is in the same range as, but indicates a somewhat weaker
affinity than, the value reported for AfArsR based on fluo-
rescence anisotropy titrations using a fluorophore labelled
DNA fragment (Kd ∼ 0.9 μM).76

Concentration series of AsIII and SbIII, using constant
AfArsRdim and DNA concentrations with a 6-fold protein excess
(Fig. 5A), indicated the dissociation of the DNA from AfArsR at
surprisingly low metalloid concentrations. AsIII turned out to
induce a significant release of the DNA already at 1.0 equi-
valent of AsIII per protein dimer (lane #4 in Fig. 5A), while a
notable excess of SbIII was needed for the same effect (lane
#14 in Fig. 5A). On one hand, these data imply strong binding
of both metalloids to the DNA-bound protein, and the conco-
mitant release of the DNA, correlating well with the results of
UV-titrations. But they also indicate some deviations from pre-
vious literature results both in terms of the observed overall
affinities and the relative effect of the two metalloids,
suggesting AsIII to be a slightly better inducer. Previous DNA
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gel shift studies showed that in the presence of 0.1 mM AsIII,
AfArsR is completely dissociated from the 199 bp DNA, and
based on fluorescence anisotropy experiments, using a much
shorter fluorescein labelled DNA, SbIII was found to be a more
efficient inducer than AsIII.15 From these fluorescence an-
isotropy assays, Kd ∼ 12 μM was estimated for the binding of
AsIII and an ∼6 times higher efficiency (lower Kd) for SbIII.15

These values reflect notably weaker affinities relative to our
estimates, as well as a much larger difference between the
binding strength of the two metalloids, as compared to what
we propose based on UV-titrations. In addition to the differ-
ence in the applied methodologies, our model describes the
AsIII/SbIII–AfArsR interaction with no DNA present, involving a
two-step association/dissociation process of the metalloids
from the protein dimer. In contrast to our experiments, the
fluorescence anisotropy study is an indirect approach, estimat-
ing the metalloid binding affinity via monitoring the dis-
sociation of the DNA from the protein dimer, but this process
involves two interlinked equilibria, i.e. the interaction between
the metalloids and the DNA-bound protein and the dis-
sociation of the metalloid bound protein dimer from the DNA.
Such differences between the applied approaches might
explain the deviation between the binding constants.

It is, however, interesting that our EMSA experiments
reflect a weaker efficiency of SbIII in promoting the dis-

sociation of the protein from the DNA, contrasting the rather
similar AfArsR-binding profiles of AsIII and SbIII monitored by
UV. We speculate that while there may not be significant differ-
ences in the affinities of AsIII and SbIII to the metalloid sites in
AfArsR, the induced conformational impacts can be different
and SbIII seems to destabilize the AfArsR–DNA complex less
efficiently. An alternative explanation may be that while the
coordination of the first AsIII to the protein dimer is sufficient
for promoting the release of the DNA from AfArsR, both
binding sites need to be loaded by SbIII for a comparable
effect. Indeed, the possibility that a half-populated AsIII-bound
protein dimer might be a functional derepressor is in accord
with the fact that the AsIII-AfArsR crystal structure displays
only one coordinating AsIII to the protein dimer.9 Although
reactivity with partially filled metal binding sites is a known
feature in several metalloenzymes displaying homodimeric or
homotetrameric structures,53 results on metalloregulatory pro-
teins do not show a coherent picture. It was shown that both
sites in the CadC homodimer have to be occupied by the
inducer CdII, PbII or ZnII ions to promote the dissociation of
DNA from the protein,77 and comparison of the structures of
the one ZnII- and two ZnII-bound SmtB dimers also reflected
that coordination of the second metal ion was necessary for a
complete structural transition to the effective conformer.78 As
opposed to these data, coordination of the second PbII ion to

Fig. 5 Electrophoretic Mobility Shift Assays following the effect of increasing concentrations of the cognate inducers AsIII and SbIII (A), as well as the
non-cognate divalent ions HgII, PbII, CdII and ZnII (B) on the stability of the DNA–AfArsRdim complex using cDNA = 1.55 μM and cAfArsR = 18.6 μM (for
monomers) corresponding to a 6 : 1 AfArsR dimer : DNA concentration ratio. (C) EMSA of samples containing AfArsRdim, DNA (in a 6 : 1 concentration
ratio) and various non-cognate metal ions in the absence and presence of AsIII. (D) The effect of the bis-thiolate type heavy metal ion chelator
dimercaptosuccinic acid (DMSA) on the DNA–AfArsRdim complex formation in the presence of 2.0 equivalents of AsIII or HgII or both (cDMSA = 28 μM
and 93 μM). Equiv. of metalloids, metal ions and DMSA denote molar equivalents per protein dimer. Conditions of the EMSA experiments are
described in detail in the SI.
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the CmtR homodimer could not be observed and the single
metalated form was capable of allosterically regulating DNA-
binding.79 Similarly, filling one of the two metal sites by ZnII

induced asymmetry in the homodimeric structure of CzrA, sig-
nificantly affecting DNA binding.49 Obviously, further studies
are needed to answer these questions.

The effects of the divalent metal ions, HgII, CdII, ZnII and
PbII, on the AfArsR–DNA complex were also tested using
varying MII : AfArsRdim concentration ratios (Fig. 5B and C
lanes #1–9). Remarkably, none of the samples containing com-
parable amounts of the protein dimer and metal ions showed
significant dissociation of the DNA from the protein dimer,
despite the fact that our UV-data indicated efficient binding of
these divalent metal ions to AfArsR. While this is a central and
so far missing observation for the inherent functional metal
ion selectivity of the AfArsR protein, detected under in vitro
conditions, it also implies that metal binding affinity is not a
decisive factor in the mechanism of operation of these metal-
loid selective transcriptional regulators. Competition experi-
ments were also carried out to investigate whether the effect of
AsIII on the DNA–protein complex is maintained when
samples containing 2 equivalents of AsIII per protein dimer, as
well as the DNA, are incubated for 30 minutes with divalent
metal ions (Fig. 5C lanes #11–14). Interestingly, the DNA
remains dissociated from the protein after the addition of 2
equivalents of PbII, CdII or ZnII (see lanes #12–14 in Fig. 5C)
but most importantly, the DNA–AfArsRdim complex forms
again when HgII is added (lane #11). It reflects that the effect
of AsIII is not reversed with PbII, CdII or ZnII, despite their
reported strong affinities to cysteine-rich metal sites,80–83 but
HgII, which is known to be bound extremely tightly to sites
containing 2 or 3 Cys units,12,73,75 fully eliminates the effect of
AsIII and allows the re-formation of the DNA–AfArsRdim

complex. The latter finding also indicates that the protein is
shaped by the coordinated HgII into a repressor-like structure.
The inefficiency of PbII, CdII or ZnII to interfere with the AsIII

response by the protein might be of kinetic origins (slow dis-
sociation of AsIII), but the observed effect of the added HgII

appears to be in conflict with this interpretation. However,
HgII displays a preference for linear bisthiolato-coordination,
and might coordinate to two of the thiolates, forming a (dis-
torted) linear structure, perturbing the binding site to an
extent that it eliminates the effect of AsIII, even if AsIII would
remain bound. The other metal ions usually require higher
coordination numbers, and are more promiscuous in terms of
coordination geometries, and might therefore not have this
effect. In conclusion, the most interesting facet of these results
is the diminished functional selectivity of the protein for AsIII

in the presence of HgII under in vitro conditions, and this is
elaborated further in the following section.

Effect of AsIII, SbIII and divalent metal ions on the stability of
the DNA–AfArsRdim complex studied by the I-Block assay
in vivo in bacterial cells

The development of biosensor/bioreporter constructs for
arsenic has been a focus of bioanalytical research for many

years. Several whole-cell based approaches have been utilized,
such as those based on the regulation of the luciferase gene,
the lacZ gene (gene of β-galactosidase) or the (e)gfp gene as
reporter elements.84 In this study, the purpose of using a
recently developed and further optimized bioreporter system,
the I-Block assay,39,85 was to compare the results of in vitro
EMSA experiments with the intracellular influence of AsIII and
SbIII, as well as HgII, CdII, ZnII and PbII on the stability of the
DNA–AfArsRdim complex. This assay is based on the detection
of β-galactosidase activity, resulting in a colour reaction in the
modified E. coli cells, when the dimeric AfArsR protein is
bound to its target DNA sequence. On the other hand, the
expression of the β-galactosidase enzyme is prevented by the
LacI inhibitory protein that is expressed in these cells if AfArsR
dissociates from the target DNA, e.g. as a consequence of the
coordination of the inducers to the metalation sites. The pro-
duction of the bioreporter and control DNA constructs and
details of their operation, as well as the conditions of the
I-Block experiments executed either with pre-incubated cells in
test tubes or with bacterial cultures grown on Luria agar
plates, the statistical analysis of the obtained results and sup-
plementary discussion with figures in addition to those pre-
sented in the article below are all found in the SI.

Fig. 6 displays the relative inhibitory effect of the studied
metalloids and metal ions on the β-galactosidase activity
(reflecting the ability of these to disrupt the DNA–AfArsRdim

complex), as compared to cells grown in a metalloid/metal ion
free nutrient broth and to the control system expressing LacI
but not AfArsR. (Detailed concentration profiles for AsIII and
SbIII are presented in Fig. S9.) Images of Luria agar plates with
bacterial cultures grown in media in the absence and presence

Fig. 6 Variation of the relative β-galactosidase activities (given in rela-
tive Miller units) measured in I-Block assays for an AfArsR bioreporter
construct in the presence of metalloids and metal ions added to the
nutrient broth at an identical concentration (20 μM). The right side of
the chart presents “competition” experiments for AsIII or SbIII combined
with a divalent metal ion, both used in 20 μM concentration. The pre-
sented data are averages of 4–12 independent experiments (varied
between systems). Experimental details of the I-Block assays and statisti-
cal analysis of the data, indicating the significance of activity changes at
a p = 0.05 confidence level (Table S4), are found in the SI.
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of metalloids/metal ions carry similar information (Fig. S8).
Note that in comparison with in vitro studies, the operation of
a bioreporter is affected by much more laboriously controllable
factors, such as the uptake of the metal ions and their trans-
port inside the cells, as well as the distribution and binding of
the metal ions to other possible intracellular binders, i.e. the
available metal pool inside the cells after incubation using a
certain metal ion concentration, etc.

Nonetheless, the presented relative induction values are in
accord with the expected response for the added metalloids,
and reflect no significant response for the divalent metal ions,
in correlation with the in vitro observations. Similar to the
EMSA experiments, the metalloids display functional selecti-
vity by allowing the binding of AsIII and SbIII and thereby the
inhibition of the β-galactosidase enzyme (i.e. promoting the
expression of LacI) even in the presence of an identical concen-
tration of the non-cognate CdII, ZnII, PbII and HgII ions. Thus,
the only difference between the two assays is seen in the
system where AsIII and HgII are combined. This suggests that
despite the presumably enormous difference between the
affinities of HgII and AsIII to the effector binding sites of
AfArsR,12 HgII-binding to the protein is rather unlikely because
of the very limited available HgII-pool, as a consequence of the
competitive effect of a number of cellular thiol containing
molecules, such as Cys-rich proteins, glutathione, etc. (though
other intracellular factors, such as pH or ionic strength, may
also affect the in vivo findings).

To test this assumption, we carried out an additional EMSA
assay, vide supra, where the effect of AsIII and HgII on the
DNA–AfArsRdim complex was compared in the presence and
absence of dimercaptosuccinic acid (DMSA), a well-known and
clinically recommended chelator of HgII (ref. 86 and 87) that
also possesses a notable affinity for AsIII (ref. 88 and 89)
(Fig. 5D). These competition type EMSA experiments showed
that HgII is not able to restore the DNA–AfArsRdim complex in
the presence of the inducer AsIII and 3 equivalents of DMSA
(lane #7 in Fig. 5D), due to the high stability of the HgII–DMSA
complexes86,87 (note the large discrepancies in the published
stabilities of HgII complexes formed with bis-thiol type chela-
tors, especially DMSA).86,87,90,91 Based on this observation,
even a small excess of DMSA over HgII protects the protein
from the competing HgII ions. A small excess of DMSA, relative
to the concentration of AsIII, does not attenuate the effect of
the metalloid on the DNA–AfArsRdim complex (see lanes #3
and #5 in Fig. 5D), most likely because of the notably weaker
AsIII-binding affinity of DMSA88,89 as compared to the binding
strength of AsIII at the AfArsR binding sites. However, one may
notice that the band of the DNA–protein complex becomes
slightly stronger when DMSA is used in a 10-fold excess over
AsIII, independently of the presence of HgII (lanes #8 and #10
in Fig. 5D), indicating that DMSA, at higher concentrations,
may start withdrawing a fraction of AsIII from the protein.

Several mutants of AfArsR were established within the
I-Block bioreporter DNA constructs to gain further insight into
the mechanism of metalloid recognition at the molecular
level, in terms of the role/importance of selected amino acids.

The potential structural roles of the mutated amino acids are
depicted in the SI in Fig. S12. In addition to single and double
mutations at the metalloid binding Cys residues (C95A, C96A,
C102A, C95A/C96A), the positively charged R100 and the nega-
tively charged D101 amino acids were replaced for the neutral
alanines in separate constructs (R100A, D101A) to explore
whether these charged residues, in the proximity of the metal-
loid binding sites, play a role in the recognition event. As
Fig. S13 demonstrates, mutations of C95 or C96, but especially
the former, completely block the β-galactosidase activity, that
is, the interaction between the DNA and the protein is dis-
rupted. This is in line with previous data about the role of
these residues indicating that they are not only essential for
accepting the metalloids, but are also important for the
binding of the apo protein to the DNA.15 Indeed, metalloid
coordination to these residues may interfere with or prevent
this function of the C95/C96 residues; hence the protein dis-
sociates from the DNA. Rosen et al. also proposed that C102 is
not as crucial for the binding of AsIII, but it is needed for
forming a high(er) affinity site.15 Our data indicate that the
C102S mutant is indeed a functional repressor protein that
responds both to AsIII and SbIII, but the inhibition of the
β-galactosidase activity was found to be somewhat less
effective compared to the wild type AfArsR (Fig. 7, Fig. S13 and
Table S6), and this is also in accord with the reported data.15

The impact of three further mutations in the protein was
tested for the functionality of the repressor and its responsive-
ness to the inducers. A closer look at the metalloid site in the
crystal structure of the AsIII-bound AfArsR9 highlights possible
weak interactions between R85 from the α5 dimerization helix
and the A105 carbonyl within the metalloid binding segment.
The introduced R85A mutation resulted in a perfectly func-

Fig. 7 Fraction of the relative β-galactosidase activities, showing ratios
of the activity values measured for the bioreporter constructs of
different AfArsR variants in the absence and presence of metalloids
added to the nutrient broth at a concentration of 20 μM. The presented
data are averages of 4–12 independent experiments (varied between
systems). Experimental details of the I-Block assays and statistical ana-
lysis, indicating the significance of the deviations as compared to the
data measured for the WT system at a p = 0.05 confidence level
(Table S5 and S6), are found in the SI.
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tional repressor showing the same efficient response to AsIII

and SbIII as the WT protein (Fig. 7 and Fig. S13), suggesting no
specific role of the R85 arginine in the metalloid recognition
event. Finally, the H97 residue within the metalloid binding
segment was replaced first by Ala (H97A) and then by the nega-
tively charged Asp unit (H97D). Based on the crystal structures
of AsIII-AfArsR9 and AsIII-CgArsR9 and our DFT optimized
small models of the AsIII- and HgII-bound structures of the
metal site, we hypothesized that the amide NH between C96
and H97 might form a H-bond with the last carbonyl oxygen of
the α2 helix,12 or else, a potentially protonated sidechain imid-
azole may also form a link towards the negatively charged end
of the helix dipole. With the latter mutations, we aimed to test
whether such interactions are realistic and could be part of the
signalling pathway from the metal site to the DNA binding
domain.92 The H97A mutation has no noticeable effect on the
functionality of the protein and accordingly, participation of
the sidechain imidazole group of the H97 histidine in metal-
loid recognition is unlikely. However, the H97D mutant, carry-
ing a negatively charged aspartate, displays a notably weaker
sensitivity in responding to the metalloids (Fig. 7, Table S6).
This receives further support from in vitro EMSA experiments,
carried out in samples of the purified H97D AfArsR mutant
(see the SI), following the AsIII promoted release of the H97D
AfArsR from the DNA (Fig. S7). As reflected by the data, the
complete dissociation of the mutant requires a slightly larger
AsIII excess (2.0–6.0-fold) over the H97D AfArsR dimer than
that needed for the dissociation of the WT protein (Fig. 5A).
While the various data collected for the wild type and the
H97A and H97D variants do not allow suggesting a specific
mechanism for the signaling event, they indicate that modifi-
cations at position 97 may affect the efficiency of the protein in
responding to AsIII and SbIII and ultimately influence the met-
alloid recognition process.

Conclusions

Binding of the inducers AsIII and SbIII and the non-cognate
ions HgII, PbII, CdII and ZnII to the AfArsR protein, as well as
their influence on the release of the regulated operator DNA
from the protein–DNA complex was investigated with an aim
to explore selectivity in metalloid sensing. Data from UV-titra-
tion experiments point to a sequential AsIII and SbIII binding
scheme at the two effector binding sites in the homodimer
and possibly differences in the coordination environment of
the two bound metalloids.

The divalent metal ions were shown to bind very efficiently
to AfArsR, providing support for our previous argument that
the metalloid selectivity of these regulators is not an affinity-
based feature.12 The propensity of AsIII and SbIII to weaken the
binding between AfArsR and the regulated specific DNA was
monitored by Electrophoretic Mobility Shift Assays, suggesting
AsIII to be the more efficient inducer. Indeed, the nearly com-
plete release of DNA was observed at AsIII concentrations
corresponding to one AsIII equivalent per AfArsRdim, indicating

that even a half AsIII-loaded protein dimer may be a functional
complex. Whether the binding of only one AsIII to AfArsRdim

also induces a structural switch to a derepressor form, as
implied by our EMSA data, needs further elucidation.

As a clear in vitro indication of the intrinsic functional
selectivity of AfArsR, allowing the protein to discriminate
between cognate and non-cognate ions, EMSA experiments
were carried out with various divalent metal ions, demonstrat-
ing only minor dissociation of the DNA–AfArsRdim complex,
clearly contrasting the effect of the metalloids. In competition
EMSA measurements, HgII was the only ion that could prevent
AsIII from inducing the release of DNA from the protein.
However, similar inhibitory action of HgII was not observed
inside bacterial cells via a bioreporter assay, nor upon the
addition of the heavy metal chelator DMSA in a repeated
EMSA experiment, indicating that inhibition by HgII may not
be significant within the cells.

Intracellular bioreporter constructs, based on the I-Block
system utilizing AfArsR as the sensory element, responded
only to AsIII and SbIII and remained “silent” for the studied
divalent metal ions. Selected mutations were introduced in the
arsR gene to tune the metalloid response of the bioreporter
constructs, potentially alluding to roles of the replaced amino
acid residues of AfArsR in the metalloid selection/derepression
event. We confirmed the essential roles of Cys95 and Cys96
and the assistance of C102 in the protein function, and also
showed that the His97Asp mutation affects both DNA binding
and the metalloid response of the protein.
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