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ARTICLE INFO ABSTRACT

Microbial oxidation of antimonite [Sb(III)] to antimonate [Sb(V)] is a detoxification process which contributes to
Sb(III) resistance. Antimonite oxidase AnoA is essential for Sb(III) oxidation, however, the regulation mechanism
is still unknown. Recently, we found that the expressions of phosphate transporters were induced by Sb(III) using
proteomics analysis in Agrobacterium tumefaciens GW4, thus, we predicted that the phosphate regulator PhoB
may regulate bacterial Sb(III) oxidation and resistance. In this study, comprehensive analyses were performed
and the results showed that (1) Genomic analysis revealed two phoB (named as phoB1 and phoB2) and one phoR
gene in strain GW4; (2) Reporter gene assay showed that both phoB1 and phoB2 were induced in low phosphate
condition (50 uM), but only phoB2 was induced by Sb(III); (3) Genes knock-out/complementation, Sb(III) oxi-
dation and Sb(III) resistance tests showed that deletion of phoB2 significantly inhibited the expression of anoA
and decreased bacterial Sb(IIl) oxidation efficiency and Sb(III) resistant. In contrast, deletion of phoB1 did not
obviously affect anoA’s expression level and Sb(III) oxidation/resistance; (4) A putative Pho motif was predicted
in several A. tumefaciens strains and electrophoretic mobility shift assay (EMSA) showed that PhoB2 could bind
with the promoter sequence of anoA; (5) Site-directed mutagenesis and short fragment EMSA revealed the exact
DNA binding sequence for the protein-DNA interaction. These results showed that PhoB2 positively regulates Sb
(I1I) oxidation and PhoB2 is also associated with Sb(III) resistance. Such regulation mechanism may provide a
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great contribution for bacterial survival in the environment with Sb and for bioremediation application.

1. Introduction

Antimony (Sb) is a metalloid that is widely distributed in natural
environment, especially in the mining and smelting areas (Filella et al.,
2002a; He et al., 2012). Sb mainly exists in the inorganic forms of
antimonite [Sb(III)] and antimonate [Sb(V)] (Filella et al., 2002b;
Hockmann et al., 2014), and those compounds are considered as a kind
of the priority pollutants by the United States Environmental Protection
Agency and the European Union (CEC, 1976; USEPA, 1979). During
evaluation, microorganisms have developed diverse mechanisms to
resistant the toxicity of Sb compounds mediating efflux and redox
transformation of Sb (Li et al., 2016). Bacterial Sb(III) oxidation
transforms the more toxic Sb(II) to the less toxic Sb(V). In some au-
totrophic bacteria, Sb(III) oxidation can provide energy to support the
chemoautotrophic growth (Lialikova, 1974; Terry et al., 2015). For
heterotrophic bacteria, Sb(III) oxidation is an important detoxification
mechanism, which enables bacteria to resist high concentration of Sb
(1) (Li et al., 2015, 2016).

Different from bacterial arsenite [As(II[)] oxidation, which is
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catalyzed by arsenite oxidase AioAB (Wang et al., 2015a), bacterial Sb
(III) oxidation is a multi-factor oxidation process (Li et al., 2017a).
Previously, based on comparative proteomics study, we identified a Sb
(II1) oxidase AnoA, which was induced by Sb(IIl) and significantly af-
fected Sb(III) oxidation and resistance. Heterologous expression anoA in
E. coli remarkably increased bacterial Sb(III) oxidation rate. Further-
more, AnoA could catalyze Sb(III) oxidation with NADP* as a co-factor
in vitro. In addition to the enzymatic Sb(III) oxidation catalyzed by
AnoA, cellular H,O, generated from oxidative stress could also oxidize
Sb(III) to Sb(V) as an abiotic factor (Li et al., 2015). Due to the chemical
similarities between As(III) and Sb(III), AioAB could also catalyze Sb
(II) oxidation, however, the expression of aioA was not induced by Sb
(II1) (Wang et al., 2015b).

The regulation of As(IIl) oxidation is controlled by the three-com-
ponent system AioXSR in most of the As(III)-oxidizing bacteria, and the
correlation of arsenic and phosphorus metabolism has been well
documented (Liu et al., 2012; Kang et al., 2012; Wang et al., 2015a).
Wang et al., demonstrated that the high affinity phosphate (Pi) binding
protein PstS could bind with As(V) and transport As(V) into bacterial
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cells. The cellular As(V) was found in proteins and lipids under low-Pi
condition (Wang et al., 2015a). Currently, it has been reported that
bacterial As(III) oxidation is ultimately regulated by the Pi starvation
response (PSR), and the Pi two-component system PhoBR and AioSR
could cross-talk by transphosphorylation (Wang et al., 2018).

As a necessary element for organic activities, phosphate exists in
aquatic and terrestrial ecosystems at low concentrations (Vieira et al.,
2008). For many bacterial species, inorganic Pi uptake and metabolism
are associated with environmental Pi concentration. The high affinity Pi
transport system Pst (PstSCAB-PhoU) was reported to be responsible for
Pi uptake and assimilation under low-Pi condition (Lamarche et al.,
2008; Santos-Beneit, 2015). As a member of the Pho regulon, Pst is
regulated by the Pi two-component system PhoBR (Hsieh and Wanner,
2010). Recent studies have shown that under low-Pi condition, the Pi-
bound PstS interacts with the PstC/PstA transmembrane proteins and
resulting in the hydrolysis of ATP in the presence of PstB dimer
(Vuppada et al., 2018). This conformational change could be re-
cognized by PhoU, which subsequently bind with PhoR to activate its
kinase function (diCenzo et al., 2017; Vuppada et al., 2018). The acti-
vated PhoR autophosphrylates and transfers the phosphoryl moiety to
response regulator PhoB. The phosphorylated PhoB forms a head-to tail
dimer and binds to the Pho box, which is known as an 18-bp specific
DNA sequence and located in the promoter region of the Pho genes
(Hsieh and Wanner, 2010). The E. coli consensus Pho box (CT G/T
TCAT A A/T A A/T CTGTCA T/C) consists of two 7-bp direct repeats
separated by a conserved 4-bp AT-rich spacer (Yuan et al., 2006). After
binding to the Pho box, PhoB interacts with the RNA polymerase 0”°
submit to activate the transcription of pstS and itself (Makino et al.,
1993).

It has been found that about 40 genes are regulated by PhoBR in E.
coli, indicating the widespread distribution of the Pho box and the
global regulation of PhoBR (Lubin et al., 2015). Currently, PhoBR was
proved to regulate the genes involved in bacterial mobility, biofilm
formation, oxidative stress response, nutritional deprivation, acid shock
resistance, antibiotic resistance and virulence attenuation (Monds et al.,
2001; Lamarche et al., 2005, 2008; Pratt et al., 2009; Crépin et al.,
2011; Srinivasan et al., 2012; Santos-Beneit, 2015). In addition, a
previous study demonstrated that PhoBR regulates bacterial As(III)
oxidation in Halomonas sp. HAL1 under low-Pi condition (Chen et al.,
2015). So far, the regulatory mechanism of Sb(III) oxidase AnoA re-
mains known. In the previous study, we found that Sb(III) could induce
the transcription of pstS2 and some other genes (e.g. methylpho-
sphonate 5-triphosphate synthase subunit gene phnl and methylpho-
sphonate 5-triphosphate diphosphatase gene phnM) involved in phos-
phate and phosphonate metabolisms in strain GW4, suggesting that Sb
(IlI) oxidation may also associate with phosphorus metabolism (Li
et al., 2015, 2017b). Thus, based on our proteomics analysis and lit-
eratures, it is rational to assume that PhoBR may also involve in the
regulation of bacterial Sb(III) oxidation.

In this study we used A. tumefaciens GW4 as a model to further in-
vestigate the regulation of Sb(III) oxidation (Fan et al., 2008). There are
two phoB genes (named as phoB1 and phoB2) in the genome of strain
GW4 and they share one phoR gene. Thus, the objective of this study
was to identify the roles of the two phoB genes in the regulation of Sb
(II) oxidation in strain GW4. The present study represents a novel
contribution and demonstrated that the phosphate regulator PhoB2
could regulate the expression of Sb(III) oxidase gene anoA under low-Pi
condition. The results provide an important step for better under-
standing the regulation mechanisms of microbial Sb(III) oxidation.

2. Materials and methods
2.1. Strains and genomic analysis

Bacterial strains and plasmids used in the present study are listed in
Table 1. E. coli strains were grown at 37 °C in Luria-Bertani (LB)
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medium. A. tumefaciens strains were cultured at 28 °C with aeration in
the chemically defined medium (CDM) (Weeger et al., 1999), which
contains ~ 50uM Pi. When required, K,Sb,(C4H>0¢)> [Sb(III)] and
phosphate buffer solution (K,HPO,3H,0:KH,PO, = 4:1, pH = 7.2)
were added to the culture at final concentrations of 50 uM and 2 mM,
respectively. When needed, stock solutions of ampicillin (Amp, 100 mg/
mL), kanamycin (Kan, 50 mg/mL), chloromycetin (Cm, 50 mg/mL),
gentamicin (Gen, 50 mg/mL) or tetracycline (Tet, 5mg/mL) were
added to the medium with 1%o (v:v) addition. The blastN and blastP
analyses of phoB1 and phoB2 were conducted in the genome of A. tu-
mefaciens GW4 (CCTCC AB 2018213) on the NCBI website (http://
www.ncbi.nlm.nih.gov).

2.2. Reporter gene assays of phoB1 and phoB2

The reporter gene assays were tested by f-galactosidase activity
using lacZ reporter plasmid pLSPkt2lacZ (Li et al., 2015). The promoter
regions of phoB1 and phoB2 were PCR amplified with primers PRphoB1-
F/PRphoB1-R and PRphoB2-F/PRphoB2-R, respectively (Table S1). The
phoB2 was co-transcribed with genes pstCAB2-phoU2 (Qiao et al., in
preparation), thus, the promoter region of phoB2 was located upstream
of pstC2. The PCR amplicons were directionally cloned into EcoRI and
BamHI double-digested pLSPkt2lacZ. The resulting plasmids pLSP-
PphoBl1 and pLSP-PphoB2 were each transformed into strain GW4
through conjugation via E. coli S17-1. All strains were inoculated into
CDM medium with or without 50 pM Sb(III). For normal-Pi condition,
the phosphate buffer solution was added to the culture at a final con-
centration of 2mM Pi. After being incubated at 28 °C for 24 h, samples
were taken for testing the f-galactosidase activities using the method
described previously (Miller, 1972; Kang et al., 2012).

2.3. Gene knock out and complementation of phoB1, phoB2, pstS1 and
pstS2

Crossover PCR was used for the in-frame deletion (Link et al., 1997).
The PCR products were both cloned into the gene knock-out plasmid
pJQ200SK double digested by BamHI and Xbal, and then the generated
pJQ-phoB1 and pJQ-phoB2 were mobilized into the wild type strain
GW4 respectively. The single crossover mutants of phoB1 or phoB2 were
screened on LB-Gen agar plate, which were then spread on CDM
medium with 20% sucrose, selecting for the double crossover mutants
(Pelicic et al., 1996). The successful construction of mutant strains
GW4-AphoB1 and GW4-AphoB2 were verified by diagnostic PCR and
DNA sequencing, respectively. For complementation, the full length of
phoB1 or pstC2A2U2-phoB2 coding region was PCR amplified and
cloned into plasmid pCPP30 double-digested by BamHI-Xbal, which
was subsequently transferred into the corresponding mutant strains,
resulting in complemented strains GW4-AphoB1-C and GW4-AphoB2-C,
respectively. The primers used for construction of gene deletion and
complementation of phoB1 and phoB2 are listed in Table S1.

2.4. Growth, Sb(III) oxidation and Sb(III) resistance tests

The CDM broth contains "50 uM Pi, which is a low-Pi condition for
bacterial growth. To eliminate the growth difference caused by the
deletion of phoB genes, A. tumefaciens strains were each inoculated into
100 mL of CDM medium and incubated at 28 °C for 36 h-84 h. When the
ODgoo reached 0.5 — 0.6, cells were harvested by centrifugation at room
temperature (5000 X g for 5 min) and washed twice using physiological
saline (0.85% NaCl). Subsequently, cells with a final ODggo of "0.35
were each inoculated into 100 mL of CDM amended with 50 uM Sb(III)
and incubated at 28 °C with aeration. Bacterial growth was measured
regularly with spectrophotometry (DU800, Beckman), and determina-
tion of Sb(III)/Sb(V) concentrations was accomplished by HPLC-HG-
AFS (Beijing Titan Instruments Co., Ltd., China) according to Li et al.
(2013). For Sb(Ill) resistance assays, A. tumefaciens strains were
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Table 1
Strains and plasmids used in this study.
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Strain/plasmid

Relevant properties or derivation

Source or reference

Strains

Agrobacterium tumefaciens

GW4 Wild type, As(IIl) oxidizing, Sb(III) oxidizing Fan et al., 2008
GW4-AphoB1 phoB1 gene deleted This study
GW4-AphoB1-C AphoB1 (pCPP30::phoB1) Complementation of AphoB1 This study
GW4-AphoB2 phoB2 gene deleted This study
GW4-AphoB2-C AphoB2 (pCPP30::phoB2) Complementation of AphoB2 This study

Escherichia coli

DH5a supE44 lacU169(p80lacZM15) hRDR17 recAl endAl gyrA96 thi-1 relAl Hanahan, 1983
$17-1 Apir F~ RP4-2-Tc::Mu aphA::Tn7 recA Apir lysogen; Sm™ Tp® Simon et al., 1983
BL21StarTM(DE3)pLysS F- ompT hsdSB (rB- mB-) gal dcm mel31 Invitrogen

(DE3) pLysS (CmR)
Plasmids
PGEM-T TA cloning vector; Amp" Promega
pJQ200SK sacB sacR Suc’; Gen® Quandt and Hynes, 1993
pJQ-phoB1 Gene mutation plasmid to create AphoB1; sacB sacR Suc®; Gen® This study
pJQ-phoB2 Gene mutation plasmid to create AphoB2; sacB sacR Suc’®; Gen® This study
pCPP30 Broad host range; Tet® Liu et al., 2012
pCPP30-phoB1 Complemented plasmid for AphoB1; Tet® This study
pCPP30-phoB2 Complemented plasmid for AphoB2; Tet® This study
pLSP-kt2lacZ Kan® oriV; lacZ fusion vector used for lacZ fusion constructs T.R. McDermott, MSU
pLSP-PanoA pLSP-kt2lacZ containing anoA promoter region This study
pLSP-MPanoA pLSP-kt2lacZ containing site mutated anoA promoter region
pLSP-PphoB1 pLSP-kt2lacZ containing phoB1 promoter region This study
pLSP-PphoB2 pLSP-kt2lacZ containing phoB2 promoter region This study
pET-28a(+) T7 RNA polymerase-based expression vector; Kan® Novagen
pET-phoB2 phoB2 gene cloned into pET-28a(+) for expression of PhoB2; Kan® This study

cultivated as described above, cells were each inoculated into 100 mL of
CDM in the presence of 0 or 200 uM Sb(III) with an initial ODgg of ~
0.3. Samples were taken after 24 h cultivation for measuring ODgqo.

2.5. Reporter gene assays of anoA and H,0, content assays

The promoter region of anoA (Accession No. KDR88348) was am-
plified by PCR with primers listed in Table S1 (PRanoA-F/PRanoA-R),
and subsequently cloned into EcoRI and BamHI double-digested
pLSPkt2lacZ. The resulting plasmid pLSP-PanoA was introduced into
strains GW4, GW4-AphoB1 and GW4-AphoB2, respectively. All strains
were cultured as described above. The cotransformed cells were grown
in 100 mL of CDM medium with or without the addition of 50 uM Sb
(III) with an initial ODggy of "0.3. Samples were taken at regular in-
tervals for testing the P-galactosidase activities (Miller, 1972; Kang
et al., 2012). For H,0, content assays, A. tumefaciens strains were cul-
tivated in CDM medium with or without the addition of 50 uM Sb(III)
for 36 h. Bacterial cells were harvested (13,400 X g for 5min at 4 °C)
and washed twice with 50 mmol/L K3PO,4 (pH 7.8). After sonication on
ice for 5 min, the supernatant was used for measuring the cellular H,O,
content with the spectrofluorometry method described by Li et al.
(2017a).

2.6. Electrophoretic mobility shift assay (EMSA)

The full length of phoB2 coding region was PCR amplified from ATG
start codon using high-fidelity DNA polymerase (TransGen Biotech)
with primers listed in Table S1. The fragment was cloned into EcoRI-
HindIII double digested pET-28a(+) (Novegen) and subsequently in-
troduced into E. coli BL21 Star (DE3) pLysS (Invitrogen, Table S1). The
recombinant was screen on LB-Kan agar plate and further confirmed by
DNA sequencing. Strain E. coli BL21 (pET28a-phoB2) was inoculated
into 100 mL LB-Kan medium with 120 rpm shaking at 37 °C until ODggg
reached 70.3. Then, 0.1 mM IPTG was added to the culture for another
4 h shaking at 25 °C. Cells were harvested by centrifugation (13,400 g
for 10 min at 4 °C), and washed twice with 50 mM Tris —HCI (pH 8.0).
The pellets was resuspended in 10 mL 50 mM Tris—HCI (pH 8.0) and
lysed via pressure cell lysis. After binding with 1 mL pre-equilibrated
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Profinity” IMAC Resins (Bio-RAD) at 4 °C for 2 h, the His-tag PhoB2 was
eluted in 1 mL 50 mM Tris-HCl (pH 8.0) with 100 mmol/L imidazole.
The eluted protein was dialyzed and then detected with SDS-PAGE.

To investigate the interactions between PhoB2 and anoA promoter
in vitro, a 224 bp fragment of anoA regulatory region was amplified
using the fluorophore FAM labeled primers PanoA-F/PanoA-R (Table
S1). The PCR product was purified with the high pure PCR product
purification kit (Roche). EMSA was performed with a 1.6 pmol labeled
probe and different concentrations of PhoB2 (0-5 uM). The heat-dena-
tured protein and unspecific DNA were used as negative controls. In
addition, 1.6, 3.2, and 6.4 pmol unlabeled probes were mixed with 4
UM PhoB2 and 1.6 pmol labeled probe respectively for the competition
experiments. The DNA-protein complexes were loaded onto a 4% native
PAGE in 0.5 X TGE bulffer for 2 h. The gels were imaged by exposing to
a phosphor imaging system (Fujifilm FLA-5100). Meanwhile, the pro-
moter region of pstS2 was amplified using the fluorophore FAM labeled
primers PpstS2-F/PpstS2-R (Table S1), which was used as a positive
control.

2.7. Identification of the putative PhoB box and conserved binding sites

To identify the putative Pho box in anoA promoter region, we pre-
dicted a Pho motif using 25 putative Pho box in Agrobacterium sp.
strains through the MEME on-line program (http://meme.nbcr.net/
meme/cgi-bin/meme.cgi; Bailey and Elkan, 1994). Based on the Pho
motif, an 18 bp putative Pho box was found in anoA promoter region.
Thus, a fluorophore FAM labeled DNA fragments containing the puta-
tive Pho box and its bilateral 10 bp protection bases, was synthesized by
Tsingke Biological Technology Company, Beijing, China. Subsequently,
short fragment EMSA was carried out for verification the predicted Pho
box using 10 pmol probes and different concentrations of PhoB2
(0-10 uM), respectively. Meanwhile, the predicted Pho box in pstS
promoter region was used as a positive control.

To verify the putative binding sites, two unlabeled oligonucleotides
containing four conserved sites substitution of the Pho box in anoA and
pstS promoter regions were synthesized for short fragment EMSA, re-
spectively. The gels with unlabeled probe were dyed with ethidium
bromide (EB) and then imaged with a gel imaging system (Alphalmager
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Mini, ProteinSimple). In addition, gene reporter assay was employed to
verify the conserved binding sites in vivo. The oligonucleotide fragment
containing four mutated putative binding sites of anoA promoter region
was synthesized and then cloned into plasmid pLSPkt2lacZ. The final
construct GW4-pLSP-MPanoA (Table 1) was inoculated into 100 mL
CDM medium with or without the addition of 50 uM Sb(III) with an
initial ODggp of ~ 0.3. Samples were taken regularly for measuring the f3-
galactosidase activities as described above.

2.8. Putative roles of PstS1 and PstS2 in Sb sensing

To investigate the roles of pstS1 and pstS2 in Sb sensing and Sb(III)
oxidation, the in-frame deletion of pstS1 and pstS2 were also performed
using plasmid pJQ200SK. The methods of gene knock-out and culture
conditions for Sb(III) oxidation were the same as described above and
the primers are shown in Table S1. For tryptophan fluorescence spec-
trometry assay, the complete gene sequence of pstS1 or pstS2 was PCR-
cloned, overexpressed and His-tag purified as described above.
Subsequently, the purified PstS1 or PstS2 was incubated with increasing
concentrations of Sb(III) and Sb(V) at room temperature for 1h. The
tryptophan fluorescence quenching was monitored with an excitation
wavelength of 280 nm (Liu et al., 2012) using a fluorescence spectro-
photometer (PerkinElmer, Massachusetts, USA).

3. Results
3.1. Genomic information of two phoB genes in A. tumefaciens GW4

The draft genome sequencing of A. tumefaciens GW4
(AWGV00000000) revealed two high affinity phosphate regulator
genes (phoB1 and phoB2). The phoB1 has opposite transcription direc-
tion with pstSCABI-phoUl (phosphate transport system 1), and was
located immediately upstream of the arsenite oxidation gene cluster
aioXSRBA in the arsenic island (contig 215) (Fig. 1a). The phoB2 was
located immediately downstream of phoR-pstSCAB2-phoU2 in contig
449 (phosphate transport system 2) (Fig. 1a). BlastP analysis showed
that the protein sequence identity between PhoB1 and PhoB2 was 80%,
indicating that they are not different copies of the same protein.

a Contig00215

Phosphate transport system 1 Arsenite oxidation

phoUl pstB1 pstAl pstC1 pstS1 phoBl aioX aioS aioR  aioB

Contig00449
Phosphate transport system 2

—— ) S— m—- S - ) —

— ) =) ) m—m) 3 EE—)

aioA
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3.2. Sb(ID) induced the expression of phoB2 but not phoB1 under low-Pi
conditions

To understand how phoB1 and phoB2 respond to Sb(II) in strain
GW4, lacZ reporter gene analyses were conducted under both low-Pi
(50 uM Pi) and normal-Pi (2mM Pi) conditions. Bacterial cells were
each inoculated in CDM medium with or without the addition of 50 uM
Sb(II) and incubated for 24 h (exponential phase). Under low Pi con-
ditions, the addition of Sb(III) had no effect on the expression of
phoB1::lacZ (Fig. 1 b), whereas the expression of phoB2::lacZ was sig-
nificantly induced by Sb(III) (Fig. 1c), indicating that PhoB2 may in-
volve in bacterial Sb(III) oxidation. However, under normal-Pi condi-
tions, the expressions of phoB1::lacZ and phoB2::lacZ were not induced
by Sb(Ill), and the 3-galactosidase activities of these two reporter genes
were extremely low (Fig. 1b and c), which is consistent with the
properties of PhoB since it is the regulator under Pi limited condition.
These results suggested that phoB2 may be essential in bacterial Sb(III)
oxidation under low-Pi condition.

3.3. Deletion of phoB2 decreased Sb(II) oxidation rate

To investigate the effects of phoB1 and phoB2 on bacterial Sb(III)
oxidation and resistance, subsequent experiments were conducted
under low-Pi condition. The mutant strains GW4-AphoB1 and GW4-
AphoB2 and their complemented strains were constructed. Diagnostic
PCR and DNA sequencing were employed to verify the successful de-
letion and complementation (data not shown). The seed cultures of the
A. tumefaciens strains were cultivated in CDM medium until ODggo
reached 0.5 ~ 0.6, then the washed cells were each inoculated into fresh
CDM medium with the addition of 50 uM Sb(III) and 50 uM Pi with a
final ODggo of ™ 0.35. As shown in Fig. 2a and 2c, the deletion of phoB1
and phoB2 did not influence bacterial growth. Sb(III) oxidation ex-
periments showed that deletion of phoB2 decreased Sb(III) oxidation
efficiency by ~ 35%, and the phenotype of the complemented strain
GW4-AphoB2-C was recovered (Fig. 2b). While the Sb(III) oxidation rate
of strain GW4-AphoB1 showed no significant differences compared with
that of the wild type strain (Fig. 2d). The Sb(III) oxidation of the mutant
strains GW4-AphoB1 and GW4-AphoB2 and their complemented strains
were the same with those of wild-type strain GW4 in normal-Pi

Fig. 1. Gene arrangement and reporter gene assays of phoB1
and phoB2 in A. tumefaciens GW4. (a) Physical map of phoB1
and phoB2 in strain GW4. (b-c) Reporter gene activities of
phoB1::lacZ and phoB2::lacZ under both low-Pi and normal-Pi
conditions. For low-Pi conditions, bacterial cells were each
inoculated into CDM medium (50 uM Pi) with or without the
addition of 50uM Sb(Ill). For normal-Pi conditions, the
phosphate buffer solution was added to the culture at a final
concentration of 2mM Pi and the culture conditions were the
same as described above. Samples were taken after 24 h cul-
1Kb tivation for testing the f3-galactosidase activities. Values are

PhoR  pstS2  pstC2  pstA2 pstB2 phoU2phoB2 mean + SD; n = 3. Significance analysis was performed by
b c one-way ANOVA. ** Represents p < 0.01.
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Fig. 2. Bacterial growth and Sb(III) oxidation
curves of A. tumefaciens strains. (a, c¢) The
growth curves of A. tumefaciens strains cultured
in CDM medium in the presence of 50 uM Sb
(Im). (b, d) Sb(IIl) oxidation profiles of the A.
tumefaciens strains under the same -culture
conditions. Sb(V) concentrations in the medium
were measured using HPLC-HG-AFS. Values are
mean * SD; n = 3.
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condition (2 mM Pi, data not shown).

3.4. Deletion of phoB2 decreased bacterial Sb(III) resistant level

For Sb(III) resistance assays, A. tumefaciens strains were cultured as
described before. Cells were each inoculated into CDM medium with or
without the addition of 200 uM Sb(III) with a final ODggo of ~ 0.3. After
24 h cultivation, all the strains showed a similar growth profile without
Sb(III) addition (Fig. 3). However, with the addition of 200 uM Sb(III),
the growth of strain GW4-AphoB2 was significantly inhibited (Fig. 3),
while growth of strain GW4-AphoB1 only slightly decreased compared
with that of wild type strain (Fig. 3). The phenotype of the com-
plemented strains were recovered. These results indicated that phoB2
plays an important role in bacterial Sb(III) oxidation and resistance
under low-Pi condition and the function of phoBI could be neglected.

m 0 M Sb(ln)
| 200 pM Sh(ll)

o
[(=]
1

oK

o
(<))
1

o
w

AphoB1 AphoB1-C AphoB2 AphoB2-C

Culture optical density (ODg,)

GW4

Fig. 3. Sb(II) resistance of A. tumefaciens strains under low-Pi conditions.
Bacterial cells were inoculated into CDM medium (50 uM Pi) with the addition
of 0 or 200 uM Sb(II) with an initial ODggo of ~ 0.3. After 24 h cultivation,
samples were taken for measuring ODggo. Data are shown as the mean of three
replicates, with the error bars represents + SD. ** Represents p < 0.01.
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3.5. PhoB2 influenced the expression of antimonite oxidase gene anoA

To understand how phoB1 and phoB2 influenced the expression of
Sb(III) oxidase gene anoA, lacZ reporter gene assays were performed in
CDM broth with or without the addition of 50 uM Sb(III) during the
exponential phase of bacterial growth. As shown in Fig. 4 the expres-
sion of anoA::lacZ was induced by Sb(III) in strain GW4, consistent with
our previous observations (Li et al., 2015). Deletion of phoB2 sig-
nificantly decreased the anoA::lacZ expression in the presence of Sb(III)
(Fig. 4a). In contrast, the expression of anoA:lacZ in strain GW4-
AphoB1 was slightly decreased but had no statistics significant differ-
ence compared with that of wild-type strain GW4 (Fig. 4b). These ob-
servations demonstrated that phoB2 is essential for AnoA catalyzed
enzymatic Sb(III) oxidation and phoB1 is not responsible for the reg-
ulation of anoA.

3.6. PhoB1 and PhoB2 did not influence the non-enzymatic bacterial Sb
(IID) oxidation mediated by H>0,

Our previous study demonstrated that bacterial Sb(III) oxidation
also include H,0, mediated abiotic Sb(IIl) oxidation. The cellular H,O,
generated from oxidative stress could oxidize Sb(III) to Sb(V) in cyto-
plasm (Li et al., 2017a). Therefore, we also tested the cellular H,O,
contents of the A. tumefaciens strains. The results showed that Sb(III)
addition could increase the cellular H,O, contents in all of the A. tu-
mefaciens strains (Fig. 5), which is consistent with the previous ob-
servation (Li et al., 2017a). However, statistical analysis showed that
the contents of cellular H,O, had no significant difference among
strains GW4, GW4-AphoB1, GW4-AphoB2, GW4-AphoB1-C and GW4-
AphoB2-C (Fig. 5), suggesting that the phoB genes are most likely not
associated in abiotic Sb(III) oxidation.

3.7. PhoB2 could bind with the promoter region of anoA

BlastP analysis showed that PhoB1 and PhoB2 all contain a HTH
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a anoA::LacZ expression b anoA::LacZ expression Fig. 4. Influences of phoB2 (a) and phoB1 (b) on
LIS i Sk GW4 50 pM Shlll) the expression of anoA::lacZ, respectively.
B (m —+— GWA4-BphoB1 50 uM Sh(lll) Bacterial cells were inoculated with an initial
—%— GW4-BphoB2 50 uM Sh(ll) —e— GW4 ODgoo of 0.3 into 100 mL of CDM medium with
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E ~® - GWA4-AphoB2 1 1 =] low-Pi (50puM Pi) conditions. Samples were
= 300 1 §,> 300 taken every 12 h for testing the 3-galactosidase
2 5 activities. Panels A and B share the same data of
= 200 s 200 strain GW4. Values are mean = SD; n = 3.
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Fig. 5. The two phoB genes did not affect cellular H,O, contents. A. tumefaciens DNA-protein - [ -
strains were cultured as described above. After 36 h of incubation, samples were complex -
taken for measuring the cellular H,O, contents. There were no significant dif- DNA substrate
ferences on the cellular H,O, contents among the two phoB mutant strains and (anoA) ol e — -

wild type strain GW4 with the addition of Sb(III) analyzed by one-way ANOVA.
Data are shown as the mean of three replicates, with the error bars
represents + SD. **Represents p < 0.01; *represents p < 0.05.

domain, such domain may responsible for the binding with the pro-
moter region of genes. However, the above experiments revealed that
phoB2 was induced by Sb(III) and was involved in bacterial Sb(III)
oxidation and resistance through activating the expression of anoA
(Fig. 1c; Fig. 2b; Fig. 3; Fig. 4a). While phoB1 seems had no effects on Sb
(II) oxidation and resistance (Fig. 1b; Fig. 2d; Fig. 3; Fig. 4b), sug-
gesting that the function of PhoB1 and PhoB2 are different in vivo, and
PhoB2 is more likely to responsible for regulation of Sb(III) oxidation.
Thus, the subsequent regulatory experiments in vitro were mainly fo-
cused on PhoB2.

EMSA analysis was employed to investigate the interaction between
PhoB2 and the promoter region of anoA. The His-tag PhoB2 was pur-
ified and detected by SDS-PAGE (Fig. S1), and a 224 bp DNA fragment
was amplified using the fluorophore FAM labeled primers (Table S1).
As shown in Fig. 6b, the free DNA substrates gradually disappeared
with the increasing PhoB2 concentration, whereas the shifted DNA
band increased. The heat-denatured PhoB2 and a non-specific DNA
were used as negative controls. In addition, an unlabeled fragment as
the competitor DNA inhibited the labeled probe binding to PhoB2, in-
dicating that PhoB2 could bind specifically to the anoA regulatory re-
gion. As a positive control, EMSA analysis showed similar binding
profile with PhoB2 and the promoter region of PstS2 (Fig. 6a).

3.8. The conserved sites of the putative Pho box are essential for binding

To find the putative Pho box in the promoter region of anoA, a Pho
motif was predicted on the MEME on-line program using 25 promoter
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| g —

Fig. 6. EMSA analyses for the interaction between PhoB2 and the promoter
sequences of the positive control pstS2 (a) and anoA (b), respectively. Lanes
1-5, FAM-labeled DNA were co-incubated with various concentrations of
PhoB2; Lane 6, FAM-labeled DNA were co-incubated with heat-denatured
PhoB2; Lanes 7-8, FAM-labeled unspecific DNA (without putative Pho box)
were co-incubated with PhoB; Lanes 9-11, the competition assay using FAM-
labeled DNA and PhoB against different concentrations of unlabeled DNA.

regions of pstS or phoB in Agrobacterium spp. strains (Fig. 7a). The 18 nt
length motif contains two 7 bp direct repeats separated by a 4 bp AT
rich spacer, however, it is not as conserved as the E. coli consensus Pho
box (Diniz et al., 2011). Based on this predicted Pho motif in Agro-
bacterium spp., a putative Pho box (TTGTCACATGCATTATGA) was
found located in the sense strand within 119-136 bp upstream from the
anoA start codon (Fig. 7b). In addition, a putative Pho box (TTGTCAC
AAATCTTTCGT) within 117-134 bp upstream from the pstS2 start
codon was used as a positive control (Fig. 7c). The putative PhoB
binding sites of pstS2 and anoA are 82% and 59% identical to the E. coli
consensus Pho box, respectively.

Short fragment EMSA was conducted with a 38 bp DNA fragment
containing the putative Pho box sequences in the promoter region of
anoA. The putative Pho box in the promoter region of pstS2 was used as
a positive control. As shown in Fig. 7b and 7c, PhoB2 could bind with
the DNA substrates containing putative Pho boxes of pstS2 and anoA,
respectively. Furthermore, the conserved base pairs in the Pho boxes of
pstS2 and anoA were found and subsequently mutated, respectively.
Expectedly, there was no band shift with the site mutated Pho boxes of
pstS2 and anoA (Fig. 7d and 7e). In addition, the reporter gene assay
showed that the expression of anoA::lacZ with the PhoB binding sites
mutated promoter sequence was not induced by Sb(III) (Fig. S2). These
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Fig. 7. Short fragment EMSA for identifying the putative Pho
box and the conserved binding sites in promoter regions of
pstS2 and anoA. (a) The putative Pho motif in A. tumefaciens
strains. The Pho motif was predicted using the MEME on-line
program based on 25 promoter regions of pstS or phoB in
Agrobacterium strains. (b—c) The putative Pho box in promoter
regions of pstS2 and anoA. To verification the function of the
putative Pho box, 10 pmol unlabeled DNA (18 bp putative Pho
box and bilateral 10 bp protection bases) was co-incubated
with increasing concentrations of PhoB2 (0, 2.4, 4.8, 9.6 uM,
respectively). (d-e) The site mutated Pho box in promoter
regions of pstS2 and anoA. To identify the conserved binding
sites, the DNA sequence of the putative Pho box was site
mutated and subsequently co-incubated with increasing con-
centrations of PhoB2. The concentrations of PhoB2 and target
DNA were the same as panels b and c.
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results indicated that the putative Pho boxes contain the binding se-
quences of PhoB2 and the conserved sites are essential for the protein-
DNA interactions both in vivo and in vitro.

3.9. The putative role of pstS1 and pstS2 in Sb sensing

Using proteomics analysis, we observed that PstS2 was highly ex-
pressed under low Pi environment containing Sb(III), but PstS1 was not
(Li et al., 2015). In this study, to investigate the potential role of pstS1
and pstS2 in Sb(III) sensing, the purified His-tag PstS1 and PstS2 were
employed for tryptophan fluorescence spectrometry assay to examine
their binding affinity with Sb(III) and Sb(V) (Fig. S3a and S3b). The
results showed that there was no fluorescence quenching of PstS2 with
the addition of increasing concentrations of Sb(III) (Fig. S3c), while
obvious fluorescence quenching was observed with the addition of in-
creasing concentrations of Sb(V) (Fig. S3d), indicating that PstS2 could
bind with Sb(V) but not Sb(III). Furthermore, there was no fluorescence
quenching of PstS1 with the addition of Sb(III) or Sb(V) (Fig. S3e and
S3f), indicating that PstS1 could not bind with Sb(III) or Sb(V). These
observations suggested that PstS2 may play a role in sensing Sb(V) - the
product of Sb(III) oxidation. In addition, the mutant strains GW4-ApstS1
and GW4-ApstS2 were successfully constructed. Sb(III) oxidation ex-
periment showed that deletion of pstS1 or pstS2 could not affect bac-
terial Sb(II) oxidation efficiency (Fig. S4), suggesting that pstS1 or
pstS2 may not affect the expression of Sb(III) oxidase gene anoA.
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4. Discussion

Previously, we identified a bacterial Sb(III) oxidase gene anoA in A.
tumefaciens GW4 (Li et al., 2015). However, the regulation of anoA
remains unknown. Proteomics and gene transcription analysis showed
that the transcription of pstS2, which is regulated by PhoB2 was in-
duced by Sb(III) in strain GW4 (Li et al., 2017b). As a global regulator,
PhoB was reported to have many additional functions in bacteria
growing under low-Pi conditions, including regulating As(III) oxidation
in Halomonas sp. HAL1 (Chen et al., 2015). Thus, we predicted that
PhoBR may also regulate Sb(III) oxidation under low-Pi conditions.
Different from Halomonas sp. HAL1 and E. coli, which having only one
PhoBR system (Yuan et al., 2006; Chen et al., 2015), A. tumefaicens
GW4 has two phoB genes in the genome and they share the same his-
tidine kinase gene phoR. To understand whether the two phoB genes in
A. tumefaciens GW4 are both involved in Sb(III) oxidation, in this study,
we conducted a comprehensive analysis and concluded that only PhoB2
could regulate the expression of anoA under low-Pi condition based on
the following observations: i) The expression of phoB2 was induced by
Sb(IID); ii) deletion of phoB2 decreased bacterial Sb(III) oxidation effi-
ciency and Sb(III) resistance; iii) deletion of phoB2 significantly in-
hibited the expression of anoA; iv) PhoB2 could directly bind with the
putative Pho box located in the regulation region of anoA, and the
conserved sites of the Pho box were essential for binding both in vivo
and in vitro.
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In contrast, the expression of phoB1 was not induced by Sb(III), and
deletion of phoBI had no effect on Sb(III) oxidation and resistance.
Moreover, the expression of anoA was not significantly inhibited in
mutant strain GW4-AphoB]1, indicating that phoB1 is not involve in the
regulation of Sb(III) oxidation. Genomic analysis showed that phoB1 is
located immediately upstream of the arsenite oxidation gene cluster
aioXSRBA. It seems that phoBl1 may evolve in the genome through
horizontal gene transfer with the arsenic gene island. Interestingly, we
revealed that PhoB1 is more relevant to As(III) oxidation and regulation
in strain GW4 (Qiao et al., in preparation). It is very different from A.
tumefaciens 5 A, another model strain for study of As(II)/Sb(IIl) oxi-
dation. In A. tumefaicens strain 5 A, the two phoB genes play the same
role in As(III) oxidation and transphosphorylation cross-talk with AioSR
(Wang et al., 2018). Compared with strain 5A, strain GW4 has con-
siderably higher As(III)/Sb(III) oxidation efficiency and resistance (Li
et al., 2015; Wang et al., 2015). The intricate division of function of the
two phoB genes may partially contribute to the high As(III)/Sb(III) re-
sistance in strain GW4.

In addition, we predicted a Pho motif based on 25 putative Pho box
in A. tumefaicens strains. The DNA sequence also contains two classical
direct repeats, however, it is not as conserved as the consensus Pho
motif predicted by the known Pho box in E. coli (Yuan et al., 2006).
Furthermore, compared with the E. coli consensus Pho box, the Pho box
in the promoter region of pstS2 has a higher DNA sequence identity than
that of anoA in strain GW4. The non-conservative Pho box in A. tume-
faciens strains may enrich the diversity of genes regulated by PhoBR.
Using MEME online website, about 110 putative Pho boxes were pre-
dicted (p-value < 0.0001) in the genome of strain GW4 (data not
shown), which is significantly more than the number of Pho boxes in E.
coli (Lubin et al., 2015). Thus, it seems that phoBR may participate in a
variety of metabolic processes in strain GW4, which needs to be further
investigated.

Currently, the correlation of arsenic and phosphorus metabolism
has been well documented. Our previous proteomics analysis showed
that the expression of proteins involved in phosphonate and phosphi-
nate metabolisms (e.g. Phnl, PhnM, UgpB1 and UgpB2) were induced
by Sb(IIl) in strain GW4 under low-Pi condition (CDM medium) (Li
et al., 2017b), suggesting that Sb(III) oxidation and resistance may also
associate with Pi metabolism. In this study, bacterial Sb(III) oxidation
efficiency and resistance were not affected by the deletion of phoB1 or
phoB2, and the expression of anoA was not induced by Sb(IIl), under
normal-Pi condition (data not shown). These observations are con-
sistent with the function of PhoBR, which is responsible for the reg-
ulation of Pho genes under low-Pi condition (Hsieh and Wanner, 2010).
It is well known that Pi exists in aquatic and terrestrial ecosystems at
low concentrations (Vieira et al., 2008), hinting that the regulation of
bacterial Sb(III) oxidation by PhoB may be widespread in the en-
vironment. The results has a significant value for understanding Sb
biogeological cycle.

It has been demonstrated that PstS plays an important role in the
signal sensing of Pi uptake under low-Pi conditions (Vuppada et al.,
2018). Using proteomics analysis, we found that the expression of PstS2
was up-regulated by the addition of Sb(III) (Li et al., 2015), however, in
this study, we found that PstS2 could bind with Sb(V). Since the protein
samples for proteomics analysis was taken in 36h of cultivation (Li
et al., 2015), in such time point, some Sb(III) had already been oxidized
to Sb(V). In combination with the results of proteomics and tryptophan
fluorescence spectrometry assay (this study), we think that the real
sensing signal of PstS2 is Sb(V).

In addition, the PhoBR has been found be capable of transpho-
sphorylation cross-talk with arsenite two-component system AioSR in
A. tumefaicens strains 5A. The amino acid sequences of PhoR, PhoB1,
PhoB2 and AioS between strain 5A and GW4 are highly homologous
(91%, 80%, 100% and 84%, respectively). Furthermore, As(V) could
promote bacterial growth and may replace Pi in arsenolipids in both
strain 5 A and GW4 under low-Pi conditions (Wang et al., 2018). As a
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global regulator, PhoB may receive the phosphorylation signal from
different sensor proteins. Thus, we cannot exclude the possibility that
PhoB may work in a two-component system to receive the phosphoryl
moiety from other kinases for the regulation of AnoA’s expression in
strain GW4 (e.g. AioS). The signal sensing and transmission mechanism
of PhoB2-dependent regulation of Sb(III) oxidation still needs to be
further studied. Understanding of the regulation mechanism of Sb(III)
oxidation will provide basis for bioremediation application of en-
vironmental Sb contamination.
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