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ABSTRACT

ArsR is a well-studied transcriptional repressor that regulates microbe-arsenic interactions. Most microorganisms have an arsR
gene, but in cases where multiple copies exist, the respective roles or potential functional overlap have not been explored. We
examined the repressors encoded by arsR1 and arsR2 (arsl operon) and by arsR3 and arsR4 (ars2 operon) in Agrobacterium tu-
mefaciens 5A. ArsR1 and ArsR4 are very similar in their primary sequences and diverge phylogenetically from ArsR2 and ArsR3,
which are also quite similar to one another. Reporter constructs (lacZ) for arsR1, arsR2, and arsR4 were all inducible by As(III),
but expression of arsR3 (monitored by reverse transcriptase PCR) was not influenced by As(III) and appeared to be linked tran-
scriptionally to an upstream lysR-type gene. Experiments using a combination of deletion mutations and additional reporter
assays illustrated that the encoded repressors (i) are not all autoregulatory as is typically known for ArsR proteins, (ii) exhibit
variable control of each other’s encoding genes, and (iii) exert variable control of other genes previously shown to be under the
control of ArsR1. Furthermore, ArsR2, ArsR3, and ArsR4 appear to have an activator-like function for some genes otherwise re-
pressed by ArsR1, which deviates from the well-studied repressor role of ArsR proteins. The differential regulatory activities sug-
gest a complex regulatory network not previously observed in ArsR studies. The results indicate that fine-scale ArsR sequence
deviations of the reiterated regulatory proteins apparently translate to different regulatory roles.

IMPORTANCE

Given the significance of the ArsR repressor in regulating various aspects of microbe-arsenic interactions, it is important to as-
sess potential regulatory overlap and/or interference when a microorganism carries multiple copies of arsR. This study explores
this issue and shows that the four arsR genes in A. tumefaciens 5A, associated with two separate ars operons, encode proteins
exhibiting various degrees of functional overlap with respect to autoregulation and cross-regulation, as well as control of other
functional genes. In some cases, differences in regulatory activity are associated with only limited differences in protein primary
structure. The experiments summarized herein also present evidence that ArsR proteins appear to have activator functions, rep-
resenting novel regulatory activities for ArsR, previously known only to be a repressor.

n reaction to arsenic in their environment, microorganisms or-

chestrate an organized response that may involve arsenite
[As(IIT)] oxidation, arsenate [As(V)] reduction, or both. These
redox reactions serve to detoxify or protect the organism or to
generate energy, depending on the organism and the genes in-
volved. Current models depict As(III) being taken up into the cell
via aquaglyceroporins (e.g., reviewed in references 1, 2, and 3),
where it then interacts with a DNA-binding repressor protein,
ArsR, resulting in a conformational change in ArsR and causing it
to disassociate from the DNA, thereby allowing the DNA to be
transcribed (reviewed in references 1, 2, and 3). The arsR gene is
autoregulated by its product, ArsR, and is typically part of an
operon that contains other ars genes involved in arsenic detoxifi-
cation. Operon composition usually is comprised of at least arsR,
arsC (encoding arsenate reductase), and either an arsB or acr3
gene [coding for different proteins involved in As(III) extrusion
from the cytoplasm]. Depending on the organism, additional ars
operon elements can include arsA, which codes for an ATPase that
associates with ArsB, enabling the latter to use ATP to energize the
extrusion of As(III) (4); arsD, coding for a protein that can exhibit
weak repressor activity, but with a primary function currently
viewed as arsenic metallochaperone activity (5-7); arsH, which
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was recently shown to encode an organoarsenical oxidase capable
of oxidizing trivalent methylated and aromatic arsenicals (8); arsI,
encoding an alternative As(V) reductase that differs from ArsC
(9); another arsI gene, encoding a C-As lyase (10); arsO, encoding
a putative flavin-binding monooxygenase (11); arsP, encoding a
putative membrane permease (12, 13); and arsTX, encoding a
thioredoxin system transcribed along with an arsRC2 fusion gene
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FIG1 Gene composition and organization of the arsI and ars2 operons in Agrobacterium tumefaciens 5A in relation to the nearby aio operon and the pst/pho gene
cluster. Black dumbbell lines indicate the approximate regions of DNA used to construct the different arsR-lacZ fusions. The gray dumbbell line indicates the part
of the arsR3-lysR region in the ars2 operon examined in the RT-PCR experiments. The black line connecting phoU1I and “reg. protein” is not drawn to scale and
does not depict actual distance but illustrates the physical connectivity of the genes. The open reading frame denoted by a boldly outlined arrow represents a
modification from prior depictions of the arsR1 locus. (Modified from reference 20.)

(14). Gene duplication within these operons has been observed
(15), as is the case with Agrobacterium tumefaciens 5A (Fig. 1).
Additionally, though not part of the ars operon, arsM codes for an
arsenic methyltransferase that confers As(III) resistance (16, 17).

As more genomes are sequenced, it has become increasingly
apparent that many ars genes are reiterated, with some microor-
ganisms containing two or more ars operons (18-26). The relative
importance of such reiteration has been examined only sparingly.
Gene disruption experiments in Corynebacterium glutamicum il-
lustrated the relative contributions of the arsB (18) and acr3 genes
to arsenic resistance (27), and the Ramos group explored the func-
tional importance of two ars operons in Pseudomonas putida. Both
operons provide protection against arsenic toxicity, although
there is a temperature dependence that suggests that there are
different ecological niches for different ars operons (15, 18, 28).

In studies aimed at examining the regulatory controls of
As(IIT) oxidation in A. tumefaciens strain 5A, we showed that it has
two distinct ars operons (e.g., see reference 29). Each ars operon is
bracketed by arsR annotated genes oriented in opposing direc-
tions (Fig. 1). We designated these arsR genes the arsRI and arsR2
genes (bracketing the arsI operon) and the arsR3 and arsR4 genes
(bracketing the ars2 operon). ArsR1 is autoregulatory and exerts
control over the operon in which it resides (29). ArsR1 also re-
presses the expression of the nearby phoB1 and pstSI genes (Fig.
1), which are both required for optimal expression of aioBA
[structural genes encoding As(III) oxidase] (20) and are also con-
trolled by the phosphorus stress response (20). In the current
study, we examined the contributions of the four ArsR proteins to
regulating each arsR gene, phoBI, and pstS1, and we briefly as-
sessed their structural similarities.

MATERIALS AND METHODS

Strains, constructs, plasmids, and primers. Strains, constructs, plas-
mids, and primers used in this study are listed in Table 1. The A. tumefa-
ciens strains were cultured at 30°C in a defined minimal mannitol medium

3472 aem.asm.org

Applied and Environmental Microbiology

(MMNH,) (29) containing a high (1 mM) or low (0.05 mM) phosphate
level and mannitol as a carbon and energy source, with aeration by shak-
ing. As(III) (100 M) was added for induction experiments. Escherichia
coli strains were grown at 37°C in lysogeny broth (LB). Bacterial growth
was monitored via measurements of the culture optical density by use of a
SpectraMax microtiter plate reader (Molecular Devices, CA). Plasmid iso-
lation, gel electrophoresis, transformation, PCR amplification of DNA,
and reporter gene assays were conducted as previously described (20, 30).
When required, the MMNH, agar medium was supplemented with 500
pg/ml kanamycin (Km) for selection and maintenance of reporter con-
structs derived from pLSP-KT2lacZ or with 80 pg/ml gentamicin (Gen),
20 pg/ml tetracycline (Tc), or 15% sucrose to select for/against pJQ200SK
for the generation of deletion mutations (see below). E. coli was grown
with 50 pg/ml Km, 20 pg/ml Gen, or 20 pg/ml Tc, as required. Constructs
were mobilized into A. tumefaciens strains by conjugation with E. coli
S17-1 (20, 30).

Deletion mutations were introduced separately into the arsR1, arsR2,
arsR3, and arsR4 coding regions by crossover PCR and the levansucrase
selection procedure, which we described previously (20, 29, 31). For this
purpose, the PCR primers were designed to (i) leave the 5" and 3’ ends of
the deleted gene intact and (ii) avoid polar effects on downstream gene
expression by leaving the Shine-Dalgarno sequence and the translational
start of the downstream gene untouched. Transcriptional lacZ reporter
fusions were also constructed using previously described procedures
wherein the promoter regions of the different genes were PCR amplified
and then directionally cloned into the multicloning site of pLSP-KT2lacZ
containing a promoterless lacZ coding region.

Protein modeling. Homology modeling and computational studies
were undertaken to explore the structural similarities and differences of
the four ArsR molecules. As previously described by the Rosen group for
the modeling of Acidithiobacillus ferrooxidans or Corynebacterium glu-
tamicum ArsR (32, 33), we used the crystal structure of one of the well-
characterized members of the ArsR/SmtB family of proteins (34), SmtB
(PDB code 1RI1T), as the template to construct homology models of the
four ArsR proteins. While Staphylococcus aureus pI258 CadC (35) was also
a potential template for the current modeling studies, it was not used
owing to the availability of a higher-resolution structure of SmtB (note
also that CadC and SmtB share high structural identity). The homology
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TABLE 1 Bacterial strains, plasmids, and primers used in this study

Function of arsR Genes in Agrobacterium tumefaciens

Primers

arsR2-1f/1r (455 bp)
arsR2-2f/2r (469 bp)
arsR3-1f/1r (396 bp)
arsR3-2f/2r (395 bp)
arsR4-1f/1r (352 bp)
arsR4-2f/2r (353 bp)
ParsR1-f/r (394 bp)
ParsR2-f/r (410 bp)
ParsR3-f/r (397 bp)

ParsR4-f/r (395 bp)

CGCGGATCCAGACGAGGCGCAATAGAGTGACAT/
CCCATCCACTAAACTTAAACAGACAGTGCGGCAAAAGAAGTTAGG
TGTTTAAGTTTAGTGGATGGGATTGCTGCTCGGGACATC/
CGCTCTAGACGACAAGGGCTGCGAACG
CGCGGATCCTGATGTCCGGCCACTATGTT/
CCCATCCACTAAACTTAAACAAGCAAATGCCGAAAGAGCCTGATG
TGTTTAAGTTTAGTGGATGGGGTCCGGCTGGCACTTCGTC/
CGCTCTAGAGCGGCCTGATACTGCACCATTCC
CGCGGATCCGCGCGTGAGCCGAACAGAA/
CCCATCCACTAAACTTAAACATGCCGCACCAGAAGCCGAAAAG
TGTTTAAGTTTAGTGGATGGGCCACACGCGGGAAAGTC/
CGCTCTAGACTGGTCAGCGGGAAGATAGG
CGCGAATTCTGTGCCTCAAGTCCTGCCATCGTT/
CGCGGATCCAATTGCCTGTTCCTGTTCCATA
CGCGAATTCCGGAGACCTTGCGAATGATG/
CGCGGATCCCAACCACGAGCGCACGCACGATAG
CGCGAATTCTGATGTCCGGCCACTATGT/
CGCGGATCCCAGCAAATGCCGAAAGAGC
CGCGAATTCAAGGGCGGCGCAACCATCATC/
CGCGGATCCGCCAAAGCGAGAATAGCCTGTT

Deletion of arsR2 gene
Deletion of arsR2 gene
Deletion of arsR3 gene
Deletion of arsR3 gene
Deletion of arsR4 gene
Deletion of arsR4 gene

Construction of
ParsR1-lacZ fusion
Construction of
ParsR2-lacZ fusion
Construction of
ParsR3-lacZ fusion
Construction of
ParsR4-lacZ fusion

Reference
Strain, plasmid, or primer Relevant markers and characteristics Primer use or source
Bacterial strains
Agrobacterium tumefaciens strains
5A Wild type, soil isolate, As(III) oxidizer Lab stock
AarsRI mutant arsR1 gene deletion mutant Lab stock
AarsR2 mutant arsR2 gene deletion mutant This study
AarsR3 mutant arsR3 gene deletion mutant This study
AarsR4 mutant arsR4 gene deletion mutant This study
5A (ParsRI) Km'; 5A with pLSP-ParsR1 This study
5A (ParsR2) Km'; 5A with pLSP-ParsR2 This study
5A (ParsR3) Km"; 5A with pLSP-ParsR3 This study
5A (ParsR4) Km'; 5A with pLSP-ParsR4 This study
AarsR1 (ParsR2) Km'; AarsR1 mutant with pLSP-ParsR2 This study
AarsR1 (ParsR4) Km'; AarsR1 mutant with pLSP-ParsR4 This study
AarsR1 (PphoBI) Km"; AarsR1 mutant with pLSP-PphoB1 This study
AarsR1 (PpstS1) Km'; AarsR1 mutant with pLSP-PpstS1 This study
AarsR2 (ParsR1) Km'; AarsR2 mutant with pLSP-ParsR1 This study
AarsR2 (ParsR4) Km'; AarsR2 mutant with pLSP-ParsR4 This study
AarsR2 (PphoBI) Km*; AarsR2 mutant with pLSP-PphoB1 This study
AarsR2 (PpstS1) Km'"; AarsR2 mutant with pLSP-PpstS1 This study
AarsR3 (ParsR1) Km'; AarsR3 mutant with pLSP-ParsR1 This study
AarsR3 (ParsR2) Km'; AarsR3 mutant with pLSP-ParsR2 This study
AarsR3 (ParsR4) Km'; AarsR3 mutant with pLSP-ParsR4 This study
AarsR3 (PphoBlI) Km"; AarsR3 mutant with pLSP-PphoB1 This study
AarsR3 (PpstS1) Km'; AarsR3 mutant with pLSP-PpstS1 This study
AarsR4 (ParsR1) Km'; AarsR4 mutant with pLSP-ParsR1 This study
AarsR4 (ParsR2) Km'; AarsR4 mutant with pLSP-ParsR2 This study
AarsR4 (PphoBI) Km"; AarsR4 mutant with pLSP-PphoB1 This study
AarsR4 (PpstS1) Km'"; AarsR4 mutant with pLSP-PpstS1 This study
Escherichia coli strains
S17-1 Pro~ Mob™; conjugation donor Lab stock
BL21(DE3) F~ ompT hsdSy(ry~ my ) gal dem rne-131 (DE3)pLysS Cam” Invitrogen
Plasmids
pJQ200sk Gen" traj oriT sacB; suicide vector Lab stock
pLSP-KT2lacZ Km* 0riV; lacZ fusion vector used for lacZ fusion constructs Lab stock
pPROEX Hta Amp*; Hisg N-terminal protein expression vector Invitrogen
pJQ200sk-arsR2 pJQ200sk with arsR2-deleted region This study
pJQ200sk-arsR3 pJQ200sk with arsR3-deleted region This study
pJQ200sk-arsR4 pJQ200sk with arsR4-deleted region This study
pLSP-ParsR1 pLSP-KT2lacZ with arsR1 promoter region This study
pLSP-ParsR2 pLSP-KT2lacZ with arsR2 promoter region This study
pLSP-ParsR3 pLSP-KT2lacZ with arsR3 promoter region This study
pLSP-ParsR4 pLSP-KT2lacZ with arsR4 promoter region This study

models were constructed using the software tool MODELLER (36) inter-
faced to Discovery Studio (37). To identify potential DNA binding regions
of the ArsR proteins, the electrostatic surfaces of the molecular models
were calculated using the APBS (38) plug-in to PyMol (PyMol molecular
graphics system, V1.7.2; Schrédinger, LLC). Multiple-sequence align-
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ments were made using the Clustal Omega server and plotted using the
ESPRIPT Web server (39; http://espript.ibcp.fr), and phylogenetic analy-
sis was conducted in MEGA 6.0 (40). For construction of the phylogenetic
tree, the selected ArsR sequences represent various bacterial phyla in order
to provide reasonable phylogenetic information, as well as to compare
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FIG 2 Multiple-sequence alignment of ArsR sequences. Secondary structure information on the top layer corresponds to ArsR1 and ArsR4; that on the bottom
layer corresponds to ArsR2 and ArsR3. Strictly conserved sites are represented by bold black letters. Blue letters indicate sequence identity within the similar pairs
(ArsR1/ArsR4 and ArsR2/ArsR3). Bold blue letters indicate that three of the four sequences are identical. Cysteine residues are highlighted in yellow, while
conserved cysteine residues are indicated by red triangles below the sequence block. The fine changes in the sequences at the potential DNA binding region are
highlighted in green. The shaded bars above and below each sequence block show schematic representations of hydropathy analyses of ArsR1 and ArsR3,
respectively. Hydropathy indices are shown in various shades of gray, with hydrophilic regions shown in pale gray and hydrophobic regions shown in black.

multiple ArsR proteins within the same organism. Beyond being anno-
tated as an ArsR protein, sequences were also screened for the following
three properties: (i) the location of the encoding arsR gene is clearly asso-
ciated with an ars operon, (ii) the protein contains Cys residues located in
positions that have been recognized as likely As(III) binding sites, or (iii)
the arsR gene is associated with an lysR-type gene (as with arsR3) (see
below). Hydropathy analysis was performed on the basis of the Kyte and
Doolittle method (41), with a window size of 3 amino acids, using in-
house programs. The hydropathy analysis values were plotted on a scale of
1 to 10, with 1 representing a highly hydrophilic region (white) and 10
indicating a hydrophobic region (black), and were plotted with appropri-
ate gray percentages for intermediate values.

RESULTS

Primary structural features and phylogenetic relatedness of
ArsR proteins. The current study initiated work designed to begin
characterizing the expression of multiple arsR genes, structural
predictions for the encoded ArsR proteins, and their role in
As(III)-linked gene regulation. ArsR1 and ArsR4 are quite similar
in terms of amino acid sequence homology, sharing 93% identity
and 96% similarity (Fig. 2). ArsR2 and ArsR3 are likewise more
similar to each other (78% identity and 86% similarity) than to
ArsR1 and ArsR4, e.g., ArsR1 and ArsR3 are 44% identical and
57% similar. As would thus be expected, amino acid alignments
clearly distinguish these pairs of proteins (Fig. 2). Sequence differ-
ences between ArsR1/ArsR4 and ArsR2/ArsR3 translate to differ-
ences in calculated hydrophobicity in a few regions (Fig. 2). For
example, the hydrophobicities of the N-terminal and B-turn-3
regions of the proteins are quite comparable, while the other re-
gions show significant variations.

Given these differences, it is not surprising that these proteins
also separate phylogenetically (Fig. 3). ArsR1 and ArsR4 cluster
closely with ArsR proteins from another A. tumefaciens strain and
an Agrobacterium species but are quite distinct from ArsR2 and
ArsR3, as well as from two ArsR proteins in Agrobacterium alber-
timagni AOL15 (Fig. 3). Comparisons with other ArsR proteins
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from other genera illustrate interesting patterns, ranging from
near identity for two ArsR proteins in P. putida and Acidiphilium
multivorum (with one encoded by a plasmid-borne gene) to two
ArsR proteins in an Achromobacter arsenitoxydans strain that are
quite distinct from one another, which implies differing phyloge-
netic histories (Fig. 3).

To attain structural insight into the four A. tumefaciens ArsR
proteins, as with all other ArsR proteins published to date, homol-
ogy models were constructed (see Fig. S1A in the supplemental
material) by using the crystal structure of the zinc regulatory pro-
tein SmtB (34) as the template (26 to 32% identity and 44 to 46%
similarity). A few unpublished ArsR-like structures in the Protein
Data Bank (PDB codes 20QG, 3F6V, etc.) that crystallized as
dimers or monomers were incomplete or unavailable for viewing
or did not have characteristic arsenic binding sites and hence were
not considered suitable templates for modeling the A. tumefaciens
ArsR structures. All four structures were modeled as homodimers
with helix-turn-helix (HTH) winged folds, following the template
used. Least-square superposition of the Ca atoms in these struc-
tures (see Fig. S1B) showed high structural identity, with only
fine-scale changes in the structures. Among the four structures,
the maximum root mean square deviation (RMSD) of 2.7 A was
observed between ArsR3 and ArsR1, whereas ArsR2 and ArsR3
showed a low RMSD value (0.873 A), and ArsR1 and ArsR4 were
identical in their Ca positions. Small differences in length and
location of the beginning or end of the secondary structures could
be artifacts of computational tools and hence are not emphasized
here. However, subtle differences in the conserved secondary
structure regions may be important in determining the specific
DNA sequences that the ArsR proteins recognize and bind (Fig. 2).
To aid in identifying the potential DNA binding regions of the
ArsR proteins, electrostatic surfaces were calculated (see Fig. S2).
As could be expected, the electrostatic surfaces of ArsR1 and
ArsR4 were very similar and clearly exhibited a positive surface on
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FIG 3 Phylogenetic relatedness of the A. tumefaciens 5A ArsR proteins (shown in bold) and ArsR proteins from other bacteria. The neighbor-joining tree was
generated using MEGA (version 6.06). Bootstrap values of >50 are shown and were generated from 1,000 samplings, with the archaean Pyrococcus furiosus ArsR
protein designated as the outgroup. The scale bar shows the number of amino acid substitutions per site. Accession numbers are provided in parentheses. The
asterisk denotes an ArsR protein encoded adjacent to a gene annotated as an lysR gene, as with arsR3 in A. tumefaciens 5A.

one side of each protein depicting the potential DNA binding
region of the protein. The charge distributions on ArsR2 and
ArsR3 were more discrete across the protein surface, but as with
Ars1/ArsR4, the distributions of charge were very similar for the
pair. The different patterns suggest that there may be functional
differences between the pairs.

An inspection of the location of the helices along the positively
charged region of the surfaces is consistent with a4 being the rec-
ognition helix in all four of these ArsR proteins, as generally found
in HTH winged helix proteins (42), and is in accordance with the
nuclear magnetic resonance (NMR)-based structure of the zinc-
dependent transcriptional repressor CzrA in the DNA-bound
state (43). The al and a4 amino acid sequences in ArsR1 and
ArsR4 show significant conservation, except for the I55V differ-
ence. Similarly, ArsR2 and ArsR3 show high sequence identity; the
only change in this region is at the start of a4, with a proline in
ArsR2 but an alanine in ArsR3. An examination of the B-turn-
region reveals that position 67 is highly variant: H in ArsR1, Q in
ArsR4, E in ArsR2, and I in ArsR3 (Fig. 2). From further inspec-
tion, it can be assumed that the arsenite binding sites are com-
prised of C91, C92, and C109, which are conserved in all four ArsR
proteins. However, there are two additional cysteines that exhibit
various levels of conservation. C99 is conserved only in ArsR1 and
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ArsR4, and C110 is conserved in all except ArsR3. The locations of
the cysteine residues in these structures indicate that these pro-
teins have simple type 2 arsenic binding sites located at the dimer
interface (32, 33).

Autoregulatory and cross-regulatory features of the differ-
ent ArsR proteins. We then examined the expression and regula-
tion of the different arsR genes. To construct lacZ reporters, the 5’
region of each coding region was PCR amplified along with at least
166 nucleotides of upstream DNA and directionally cloned into
the plasmid pLSP-KT2lacZ carrying a promoterless lacZ gene. Ex-
pression profiling of arsR1, arsR2, and arsR4 showed that all were
upregulated in response to arsenite (Fig. 4A), illustrating that their
regulation is similar to that published for all other arsR-sensitive
repressors of which we are aware (32, 44). They did differ with
respect to their basal expression levels as well as their induced
levels of reporter activity (Fig. 4A). For example, basal expression
of the arsR2::lacZ construct was the highest and indeed exceeded
the induced level of arsRI:lacZ (Fig. 4A). Maximal As(III)-in-
duced expression levels for arsR2:lacZ and arsR4::lacZ were sim-
ilar and were 4-fold higher than that for arsR1:lacZ. In contrast to
the case for aio gene expression (20), phosphate levels had no
effect on arsR expression (results not shown). Also, even though
the arsR3::lacZ construct utilized 363 bp of upstream DNA, its
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FIG 4 Characterization of arsR gene expression in wild-type A. tumefaciens
strain 5A. (A) Expression of arsR1, arsR2, and arsR4 was monitored using lacZ
transcriptional fusions. Data are examples from reproducible experiments and
represent the means for duplicate cultures, with error bars illustrating the data
ranges. (B) Expression of the 16S rRNA and arsR3 genes as monitored using
qualitative RT-PCR with an induction period as shown for panel A. Gel images
were obtained for separate gels. In all cases for both panels, cultures were
incubated with 200 uM P;, with (+) or without (—) 100 .M As(III).

expression did not change as a function of added As(III) (results
not shown). Consequently, qualitative reverse transcription-PCR
(RT-PCR) was then used to assess arsR3 expression in relation to
As(III) exposure. There was no detectable change in arsR3 expres-
sion when the cells were exposed to As(III) (Fig. 4B), in sharp
contrast to the bold upregulation of the arsR1-arsCI gene region
(Fig. 4B). It may be important that background arsR3 expression
was evident, as opposed to the case for arsR1-arsCI (Fig. 4B). The
RT-PCR experiments also showed that the arsR3 coding region is
cotranscribed with at least the 3’ region of the upstream open
reading frame, annotated as an IysR homolog (see Fig. 1 for primer
locations).

Expression levels were then investigated in different regulatory
backgrounds to determine if these ArsR proteins autoregulate
their respective genes and/or are capable of regulating one an-
other. When the genes were expressed in wild-type cells, single-
time-point assays generated results similar to those observed in
the above-described transcriptional profiling (compare the last
time point in Fig. 4 with the data in Fig. 5). However, when the
genes were expressed in the various AarsR mutant backgrounds,
important differences were readily apparent. ArsR1 is clearly au-
toregulatory, as we reported previously (20). When the arsR1::lacZ
reporter was carried in the AarsR1 mutant, there was essentially no
difference in expression levels with or without As(III), but the
levels significantly exceeded that in the uninduced wild-type strain
(~8-fold) (Fig. 5). ArsR1 also appears to exert a weak regulatory
influence over arsR4, since arsR4::lacZ reporter expression levels
in the AarsRI mutant [without As(III)] were >8-fold greater than
those in the wild-type cells (503 versus 58 Miller units [MU]) (Fig.
5). ArsR2 is likewise autoregulatory. Expression levels of arsR2:
lacZ in the AarsR2 mutant were similarly high regardless of As(III)
exposure [i.e., lack of As(III) induction] and greatly exceeded ex-
pression without As(III) (3,159 versus 275 MU) and As(III)-in-
duced expression (3,906 versus 810 MU) in the wild type. Regu-
lation of arsR2::lacZ reporter activity appeared to be unchanged in
all other arsR mutants (Fig. 5), implying that the other ArsR pro-
teins do not participate in arsR2 regulation. Expression of arsR1::
lacZ was also very significantly enhanced in the AarsR2 mutant,
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FIG5 Characterization of arsR1 (R1), arsR2 (R2), and arsR4 (R4) expression in wild-type A. tumefaciens strain 5A and in the AarsR1, AarsR2, AarsR3, and AarsR4
mutants. Data are examples from reproducible experiments, with the data representing the means for triplicate cultures and the error bars illustrating 1 standard
deviation. Cultures were incubated with 200 uM P;, with or without 100 M As(III). The induction period was 7 h.

3476 aem.asm.org

Applied and Environmental Microbiology

June 2016 Volume 82 Number 12

1senb Aq 8102 ‘0z Jeqwierdes uo /610 wse war//:diy woly papeojumoq



Function of arsR Genes in Agrobacterium tumefaciens

B - Asll
1600 1 W +Asll
>
£
£
. 1200 -
© 2
5
T = B
S5 800
o=
g2
= 400 - I
%
@
o—.."’..........ﬁ. ...ﬁ...ﬁ....ﬂ..ﬁ.iﬂ
phoB1  pstS1 phoB1  pstS1 phoB1 pstS1 phoB1  pstS1 phoB1 pstS1
L J L J L J L J L J
Wild type AarsR1 AarsR2 AarsR3 AarsR4

FIG 6 Comparison of levels of regulatory control of phoBl and pstSI in the wild-type and AarsR mutant strains. Data are examples from reproducible
experiments, with the data representing the means * ranges (n = 2). Cultures were incubated for 7 h with 50 uM P;, with (black bars) or without (gray bars) 100

wM As(III).

with levels 29- and 10-fold greater than those in wild-type cells
without and with As(III), respectively (Fig. 5). Furthermore, en-
hanced arsR1:lacZ expression was also observed in the AarsR3
and AarsR4 mutants, similar to that seen in the AarsR2 mutant in
the presence of As(III). Given the autoregulatory patterns ob-
served for ArsR1/arsR1 and ArsR2/arsR2, we expected greatly en-
hanced expression of the arsR4::lacZ reporter in the AarsR4 mu-
tant; however, this was not the case, even though the effects of the
AarsR4 mutation could be seen on arsR1:lacZ expression (Fig. 5).
In summary, the arsR1, arsR2, and arsR4 reporters exhibited sen-
sitivity to As(III) but displayed a range of expression levels that
differed as a function of the regulatory background. In contrast,
arsR3 was found to be expressed constitutively at low levels and
did not increase in response to As(III).

Functional gene regulation. Given the observed temperature
niche potential for the two ars operons in P. putida (15), we ex-
amined the transcription of arsR1::lacZ and arsR4:lacZ as proxies
for estimating the expression of the arsI and ars2 operons, respec-
tively, which contain the acr3, and acr3, As(III) antiporter genes
(Fig. 1). Expression of arsRI:lacZ at 30°C [1 mM As(III)] was
roughly 3-fold greater than that at 15°C (190 = 15 versus 70 *+ 4
MU), whereas expression of arsR4:lacZ was reduced by only
about 35% at the lower temperature (477 = 6 versus 353 = 30
MU). However, as measured by growth in 1 mM As(III) (24 h at
30°C and 72 h at 15°C), this did not translate to changed As(III)
resistance for either the Aacr3, mutant [relies on Acr3, for As(III)
resistance] or the Aacr3, mutant [relies on Acr3, for As(III) resis-
tance] in comparison to the wild-type strain, which uses both
Acr3; and Acr3, for As(III) resistance (results not shown).

Previously, we reported that ArsR1 behaves as an As(III)-sen-
sitive repressor of the nearby divergently expressed phoBl and
pstSI genes (Fig. 1) (20), so we were interested in determining
whether any of the other ArsR proteins would similarly regulate
phoB1 and pstSI. Accordingly, phoB::lacZ and pstSI::lacZ con-
structs were mobilized into all four arsR deletion mutants and the
wild-type parental strain. Significant As(III)-independent expres-
sion of phoBl::lacZ was observed in the AarsR1 mutant (Fig. 6),
whereas phoB1:lacZ reporter profiles in the absence and presence
of As(IIT) for the other arsR mutants were similar to those re-
corded for the wild-type strain (Fig. 6). ArsR1 control of pstSI was
also evident and consistent with our previous efforts (20). Inter-
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estingly, while pstS1::lacZ expression in the AarsR2, AarsR3, and
AarsR4 mutants was increased in response to As(III), the degree of
induction was 3- to 5-fold lower than that in the wild type (Fig. 6),
implying that the corresponding proteins may normally exert
some type of activator function for this gene.

DISCUSSION

The occurrence of multiple ars genes and ars operons in the A.
tumefaciens genome is not necessarily novel, as such redundancy
has been reported previously (mentioned above), although this is
not the most common scenario (15). Thus far, the functional im-
portance of ars operon redundancy has been explored primarily in
P. putida KT2440, which has two ars operons. Both are required
for optimal arsenic resistance (15, 45), although they differ with
respect to temperature optima, with the activity and resistance
function of one operon reduced at 15°C (15). In A. tumefaciens
strain 5A, the ars operons are not structurally identical (Fig. 1), but
they cover the same ground with respect to As(III) resistance, i.e.,
methylarsenite oxidase (arsH) production, As(V) reduction en-
coded by one or more arsC genes, and As(III) extrusion via acr3.

Phylogenetic analysis of the four ArsR proteins in strain 5A
revealed that ArsR1 and ArsR4 differ from ArsR2 and ArsR3. The
consistent orientations of arsRI relative to arsR2 and of arsR3
relative to arsR4 imply nonrandomness in associating arsR1/arsR4
with arsR2/arsR3. The event(s) encompassing and selecting for the
incorporation and orientation of arsR2 and arsR3 in their respec-
tive loci is unclear. There is less uncertainty as to how strain 5A
acquired one of the ars operons. Prior work reported evidence of
the arsl operon being acquired as a gene island via horizontal
transfer (46), as previously suggested for P. putida (15) and
annotated as a plasmid acquisition in Acidiphilium multivorum
(GenBank accession no. BAJ83095).

Regardless of the origin of the ars operons and their respective
gene complements, the occurrence of multiple arsR genes poses
interesting questions about regulatory organization, i.e., is there
cross-regulation, and if so, is there a regulatory hierarchy? The
significant homologies between ArsR1 and ArsR4 and between
ArsR2 and ArsR3 spurred our interest in assessing their structural
differences and/or similarities in relation to their regulatory func-
tion. At present, crystal structures of only a few members of the
ArsR/SmtB family are known, but they do not include one for a
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published ArsR protein known to regulate an ars operon. In an
approach similar to that used by the Rosen group (32, 33), mod-
eling of strain 5A ArsR proteins based on SmtB showed them all to
be structurally similar. SmtB is one of the best-characterized
members of this family of proteins. The Staphylococcus aureus
pI258 cadmium repressor CadC, another characterized member
of this family of proteins, shares 79% structural identity with
SmtB (determined using SABERTOOTH [47]), with an RMSD of
2.3 A in the positions of common atoms, despite only 48.4% se-
quence identity (48). Such dissimilar sequences sharing similar
structures reinforces the view that the ArsR proteins are homodi-
meric molecules with an HTH DNA binding motif having a
winged helix fold.

Potentially, at least, the fine differences in the A. tumefaciens 5A
ArsR amino acid sequences may confer sequence specificity in
DNA recognition, and thus it was of interest to determine if the
different ArsR proteins might participate in regulating each oth-
er’s encoding genes, e.g., for cross-regulation between highly sim-
ilar ArsR proteins, such as ArsR1 and ArsR4. Expression of three of
the arsR genes was enhanced by As(III) and thus was consistent
with known regulatory responses of arsR genes. This is important
in the context of demonstrating the fidelity of the reporters but
also to illustrate that expression of these arsR genes indeed re-
sponds to cellular As(IIT) and would be an essential determinant
of the arsenic resistance response. The exception concerns arsR3,
which exhibited no apparent influence of As(III) (Fig. 4B) and
indeed appears to be cotranscribed with the upstream open read-
ing frame, annotated as an lysR gene. This implies that the latter
also does not respond to As(III).

Strategic deletion mutations allowed us to further examine the
regulatory expression of these genes. The deletion rendering an
ArsR1 mutant resulted in high constitutive expression of arsR1, as
would be predicted from the significant literature showing that
these repressors autoregulate. Surprisingly, the high degree of ap-
parent structural similarity between ArsR1 and ArsR4 did not
translate to equivalent cross-regulatory control of each other; con-
stitutive expression levels of arsR4::lacZ and arsRI:lacZ in the
AarsR1 mutant were not equivalent (Fig. 5). Still, constitutive ex-
pression of arsR4:lacZ in the AarsR1 mutant was nearly 9-fold
higher than that observed in the uninduced wild-type cells (Fig.
5), implying that ArsR1 has some level of affinity for the arsR4
promoter region. Surprisingly, ArsR4 did not exhibit autoregula-
tory activity, at least as observed with the arsR4::lacZ construct
(Fig. 5). There may be an additional DNA binding site further
upstream of the region used to construct the arsR4::lacZ construct,
but this reporter nevertheless demonstrated sensitivity to As(III)
in all regulatory backgrounds, i.e., it otherwise behaved in an ex-
pected fashion. These observations are consistent with the sugges-
tion that an ArsR4-specific binding motif is present in the arsR1
promoter region but absent in that of arsR4. If true, this would
also argue that these putative DNA binding differences derive
from the seemingly subtle amino acid differences between these
proteins (Fig. 2).

Greatly enhanced arsR2:lacZ expression [constitutive and
with As(III)] was not unexpected for the AarsR2 mutant (Fig. 5);
however, arsRI expression in this mutant was also greatly en-
hanced, even though the reciprocal situation did not hold (see
above). Curiously, even though arsR3 did not respond to the ad-
dition of As(III) (Fig. 4B), a deletion knockout of ArsR3 also re-
sulted in enhanced arsRI:lacZ expression, but this was not the
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case for arsR2 or arsR4 (Fig. 5). This implies that the DNA binding
motif for ArsR3 differs from that recognized by ArsR2 or ArsR4.
The observation that constitutive arsR1::lacZ expression was en-
hanced in all mutants likewise suggests that the arsRI promoter
region contains multiple DNA binding motifs recognizable by the
different proteins, though perhaps with a lower affinity than that
exhibited by ArsR1. Given that all four ArsR proteins demon-
strated evidence of arsR1 repression (Fig. 5), it may be reasonable
to conclude that their combined repression accounts for the low-
est relative reporter activity observed for arsR1:lacZ (Fig. 4).

The unexpected regulatory patterns exhibited for the ArsR
proteins suggested that there may be differences in the regulatory
patterns of functional genes they control. Our prior research
found the Acr3, antiporter to be more important than Acr3, in
terms of providing Sb/As(I1I) resistance (29). However, such dif-
ferences cannot be attributed to gene expression derived from the
arsR1 (controls acr3;) (28) and arsR4 (controls acr3,) promoters,
because the arsR4::lacZ reporter activity was nearly an order of
magnitude stronger than the arsR1:lacZ reporter activity (Fig.
4A). Relative levels of transcription as influenced by temperature
also failed to influence As(III) resistance.

We previously showed that ArsR1 acts as an As(III)-sensitive
repressor of phoB1 and pstS1 (Fig. 1) (20). The current study illus-
trated the same ArsR1 regulatory behavior in that significantly
increased constitutive expression of phoBI:lacZ and pstSl:lacZ
was observed in the AarsR1 mutant (Fig. 6). Use of the same con-
structs in the other mutants, however, generated different regula-
tory profiles. Incongruent patterns again emerged in the context
of apparent protein structural similarities (e.g., for ArsR1 and
ArsR4) (Fig. 2; see Fig. S1 in the supplemental material) failing to
translate to similar regulatory activities (Fig. 6). Expression levels
and induction ranges of the phoBl::lacZ reporter in response to
As(IIT) were similar for the wild type and the AarsR2, AarsR3, and
AarsR4 mutants (basal expression levels ranged from 123 to 137
MU, and upregulation levels ranged from ~8- to 11-fold) but
contrasted sharply with those for the AarsRI mutant (Fig. 6).

Perhaps one of the most significant novel observations derived
from this study concerns the behavior of the pstS1::lacZ reporter in
the different arsR backgrounds. Expression of pstSi:lacZ in the
wild type and the AarsRI mutant was as expected based on our
prior efforts (20). As(III)-triggered induction was ~31-fold in
wild-type cells, and the constitutive expression level in the AarsR1
mutant exceeded uninduced wild-type expression 5-fold and was
approximately half of the fully induced level (Fig. 6). This con-
firmed the fidelity of the pstSI:lacZ reporter with respect to
As(III) sensitivity. In contrast, fully As(III)-induced levels in the
AarsR2, AarsR3, and AarsR4 mutants were only 21 to 32% of that
in the wild-type cells. This implies that the corresponding ArsR
proteins behave in the fashion of a transcription factor, at least
with respect to pstS1, departing significantly from the oft-de-
scribed repressor function of ArsR proteins but possibly similar to
the function of AioF, recently described by the Bonnefoy group
(49). PhoB is a well-described transcriptional activator of the
phosphate stress response (50, 51), and we previously demon-
strated PhoB1 to serve this role in strain 5A, activating itself and
pstSI (20).

In summary, based on reporter constructs that should reason-
ably be viewed as containing relevant promoter DNAs, the auto-/
cross-regulatory picture for these arsR genes and encoded pro-
teins appears to be quite complex and is not easily explained by
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structurally (dis)similar characteristics alone. Other regulatory
components are likely involved, with one example being PhoB1 as
an activator of phoBI and pstS1 (20). Equally likely, some of this
complexity may be associated with DNA binding sequence varia-
tion among the arsR gene promoters. A complete set of double
knockouts and DNA footprinting will be required to sort out the
various possible scenarios to address this complexity.
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