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Abstract

Alishewanella sp. WH16-1 is a heavy metal-resistant bacterium. Previously, a putative YebC family regulator gene, designated
ruvR, was associated with Cr(VI) resistance. In this study, comprehensive analyses were performed to study the role of ruvR and
its adjunct putative DNA repairing genes, ruvCAB, in the heavy metal resistance of Alishewanella sp. WH16-1. RT-PCR analysis
showed that 7uvR is cotranscribed with ruvCAB. Gene mutation and complementation experiments indicated that ruvRCAB
contributes to Cr(VI), As(IIl), Sb(IlI), and Cd(II) resistance in vivo. Random amplification of polymorphic DNA-PCR revealed
that ruvCAB is associated with DNA repair mediated by these metals, and the presence of the metals in the cells was confirmed by
elemental mapping and energy-dispersive X-ray spectrograph analysis. In addition, qRT-PCR, reporter gene assay, and in vivo
and in vitro protein-DNA interaction experiments indicated that RuvR positively regulates the transcription of 7uvCAB and is
induced by Cr(VI). Finally, site-directed mutagenesis demonstrated that Asp103 is essential for the DNA binding ability of RuvR.
The above results suggest that RuvR is involved in Cr(VI) resistance and resistance to other metals and that RuvR positively
regulates the expression of ruvCAB. Based on our study and literatures, a model of RuvRCAB detailing bacterial heavy metal
resistance is proposed. The RuvRCAB system plays an important role in the ability of Alishewanella sp. WH16-1 to survive in

environments with heavy metals.
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Introduction

With the rapid development of industrialization, heavy metal
contamination has been a serious problem to the environment,
and it has caused deleterious effects in living organisms
(Meena et al. 2017). Chromium (Cr) is one of the most toxic
heavy metals, and it is widespread in the environment.
Chromate [Cr(VI)] and chromite [Cr(III)] are the most com-
mon forms of chromium in the environment (Dhal et al.
2013). Trace Cr(Ill) is essential for human and other organ-
isms (Pechova 2007) since it contributes to lipid, sugar, and
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amino acid metabolism (Bai et al. 2015). However, Cr(VI) is
highly toxic, mutagenic, and carcinogenic (He et al. 2010,
2011). Cr(VI) can cross cell membranes through sulfate trans-
porters (Ramirez-Diaz et al. 2008), and it can be subsequently
reduced by glutathione, cysteine, or reductases to Cr(III)
(Valko et al. 2006). During the reduction process, free radicals
and reactive oxygen species (ROS) may be produced (O'Brien
et al. 2003), and as the amount of Cr(VI) increases (Ramirez-
Diaz et al. 2008), DNA may be damaged by alteration, en-
zyme inhibition, or lipid and protein oxidation (Arslan et al.
1987; Kadiiska et al. 1994). Arsenic (As), antimony (Sb), and
cadmium (Cd) are also common environmental metal(loid)
pollutants, and they act as inducers of peroxidation to stimu-
late the production of excess ROS (De et al. 2003; Li et al.
2015; Sinha et al. 2008; Xia et al. 2016a).

ROS may lead to DNA-protein crosslinks, gene mutations,
loss of nucleotides, base oxidation, or single- and double-
strand DNA breaks (Cooke et al. 2003; O’Brien et al. 2003).
Among all of the types of DNA damage that cells cope with,
double-strand breaks are the most harmful. Several studies
have demonstrated that heavy metals, such as Cr (Xie et al.
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2005), Cu, Cd (Haldsrud and Krokje 2009), and As (Xu et al.
2016), can induce double-strand breaks in eukaryotes.
Homologous recombination is a fundamental way to repair
bacterial DNA double-strand breaks. In homologous recom-
bination, a four-way DNA intermediate, called Holliday junc-
tion, is formed. Following its formation, it must migrate and
be resolved. In E. coli, the proteins RuvA, RuvB, and RuvC
form a tripartite complex, RuvCAB, to displace and resolve
the Holliday junction (Grove et al. 2008). RuvA and RuvB
bind to the DNA and drive the branch migration of the
Holliday junction in the presence of ATP (Parsons et al.
1992; Tsaneva et al. 1992), while RuvC resolves the
Holliday junction (Connolly et al. 1991).

Previously, a gene encoding a putative YebC family regu-
lator protein, designated ruvR, was found to be associated with
Cr(VI) resistance by means of Tn5 transposon mutagenesis
(Xia et al. 2018a). The YebC family regulator proteins are
widespread and conserved in many bacteria. The X-ray struc-
ture of a YebC family protein in Aquifex aeolicus showed a
negatively charged cavity on the surface, and it was predicted
to be a DNA binding domain (Shin et al. 2002). The YebC
family protein PmpR negatively regulates the quorum-sensing
response regulator pgsR of the quinolone signal system (PQS)
in Pseudomonas aeruginosa PAO1 (Liang et al. 2008). YebC
is also a potential transcriptional regulator for the acid toler-
ance response in Lactobacillus delbrueckii subsp. bulgaricus
CAUHI (Zhai et al. 2014) and is involved in the regulation of
the proteolytic system in L. delbrueckii subsp. lactis CRL 581
(Brown et al. 2017). Interestingly, yebC-like genes were found
to be adjacent to ruvCAB genes in various microorganisms
(Yan et al. 2012) indicating that the YebC family protein
may also regulate the expression of ruvCAB. However, no
direct evidence has been provided for the regulation mecha-
nism of ruvCAB to date.

Alishewanella sp. WH16-1 (CCTCC M201507) was
isolated from the soil of a copper and iron mine. The
strain is resistant to multiple heavy metals, including
Cr(VI), As(IIl), Sb(III), Cd(I), and Cu(Il), and the mini-
mal inhibitory concentrations (MICs) for these metals are
45, 1, 1, 0.1, and 1 mmol/L, respectively (Xia et al.
2016b; Zhou et al. 2016). Moreover, it can reduce
Cr(VD), Se(VI), and S(VI) to Cr(I1ll), Se(0), and S(-1I),
respectively (Xia et al. 2016b, 2018b; Zhou et al. 2016).
The microreagent prepared with the fermentation of strain
WHI16-1 exhibited an enhanced ability to remediate Pd
and Cd contamination in pot experiments (Shi et al.
2018; Zhou et al. 2016) (Chinese patent number:
CN201710787339). Strain WH16-1 exhibited a particular-
ly high Cr(VI) resistance level and Cr(VI) reduction abil-
ity (Xia et al. 2018b). In the genome of strain WH16-1,
ruvR is located adjacent to ruvCAB, indicating that ruvR
may possess a function related to the transcription of
ruvCAB. To explore whether RuvCAB is associated with
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Cr(VI) resistance and the resistance to other metal(loid)
and to determine whether RuvCAB is regulated by RuvR,
bioinformatics, genetics, biochemical, microscopical, and
chemical analyses were performed in this study.

Materials and methods
Strains, plasmids, and growth conditions

The strains and plasmids used in this study are listed in
Table S1, and the primers are listed in Table S2.
Alishewanella sp. WH16-1 and the related strains were grown
in Luria-Bertani (LB) broth at 37 °C with shaking at 150 rpm
unless otherwise noted. Rifampin (Rif, 50 mg/mL), kanamy-
cin (Km, 50 mg/mL), chloramphenicol (Cm, 25 mg/mL), tet-
racycline (Tet, 5 mg/mL), K,CrO4 [Cr(VI)], NaAsO,
[As(IID], CgH4K,0,,Sb,S3(H,0) [Sb(III)], CdCl, [CdID)],
and CuSO,4 [Cu(I)] were added when required.

Gene arrangement and cotranscriptional analysis

To analyze the gene arrangement of ruvR and ruvCAB, different
homologous operons from various microbial genomes were
selected (Alishewanella sp. WH16-1 (LCWL00000000),
Alishewanella agri BLO6T (NZ AKKU01000001),
Alishewanella aestuarii B11T (NZ_ALAB01000001),
Rheinheimera pacifica DSM 17616" (NZ_FNXF01000046),
Rheinheimera salexigens KH87T (NZ_MKEKO01000001),
Escherichia coli K-12 (NC_000913), Shewanella oneidensis
MR-1 (NC_004347), Shewanella fidelis ATCC BAA-318
(NZ _KI912458), Shewanella woodyi ATCC 51908
(NR_074846.1), Pseudomonas formosensis JCM 18415"
(NZ_FOYDO01000028), Pseudomonas luteola NBRC 103146
(NZ_BDAEO01000001), Pseudomonas aeruginosa PAOI
(NC_002516), Kyrpidia tusciae DSM 2912T (NC_014098),
and Nocardioides gansuensis WSJ-1T (QDGZ00000000)).
Phylogenetic analysis based on ruvRCAB operon sequences
was carried out using MEGA 6.0 (Tamura et al. 2013) and
applying the neighbor-joining algorithm (Saitou and Nei
1987) with 1000 bootstrap repetitions to calculate the reliability.

For the cotranscriptional analysis, strain WH16-1 was
cultured in 5-mL LB broth with 5 mmol/L Cr(VI) until the
ODgo reached approximately 0.3. RNA was extracted with
Trizol reagent (Invitrogen), and the residual DNA was re-
moved by digestion with DNase I (Takara). Reverse tran-
scription was carried out using the TRUEscript RT
MasterMix (Aidlab) with 300 ng RNA. The obtained
cDNA was used as the template in RT-PCR using primers
designed between the genes in the ruvRCAB operon
(Table S2). Genomic DNA was used as a positive control.
RNA and ddH,O were used as negative controls.
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Construction of the ruvR mutant and its
complemented strain

The ruvR mutant strain was constructed with the suicide allelic
exchange vector pCM184 (Marx and Lidstrom 2002). The
upstream and downstream sequences of 7uvR were PCR am-
plified and cloned into the Aafll-BsrGI site and the Apal-Sacl
site of pCM 184, respectively. Then, the construction and se-
lection of the mutant strain WH16-1-AruvR was performed as
described by Xia et al. (2018b). For AruvR complementation,
the ruvRCAB sequence was obtained by PCR amplication,
and the fragment was cloned into the BamHI-Sacl site of the
pCT-Zori plasmid (Chen et al. 2015). The generated
complemented plasmid was transformed into WH16-1-
AruvR via conjugation with E. coli S17-1 to generate
WHI16-1-AruvR-C.

Reporter gene assays

The putative promoter and promoter-ruvR sequences were
amplified and cloned into the EcoRI-BamHI site of the
pLSP kt2/acZ plasmid to produce pLSP-promoter and
pLSP-promoter-ruvR, respectively. Then, the pLSP-promoter
and pLSP-promoter-ruvR plasmids were each introduced into
WHI16-1, and the pLSP-promoter was introduced into WH16-
1-AruvR via biparental conjugation. The strains were each
incubated in LB broth overnight, and fresh LB broth was
inoculated with 1% of each culture and incubated for another
6 h. The (3-galactosidase reporter gene assay was performed as
described by Miller (1972). In addition, strain WH16-1 pLSP-
promoter-ruvR was cultured to an ODgq of approximately 0.3
and 0, 0.5, 1, and 3 mmol/L Cr(VI) were each added to the
broth. The cultures were collected then used for the reporter
gene assay after an additional 4-h incubation.

Metal(loid) resistance tests

For the Cr(VI) resistance tests, cultures containing 100-mL
LB broth and 0 mmol/L or 5 mmol/L Cr(VI) were each inoc-
ulated with 1% of WH16-1, WH16-1-AruvR, or WH16-1-
AruvR-C strains overnight culture. At designated times, the
ODyg of the cultures were measured by a spectrophotometer
(DUS800, Beckman). In addition, LB plates with and without
5 mmol/L Cr(VI) were used to evaluate Cr(VI) sensitivity, and
they were incubated for 24 h.

To determine the resistance levels to Cr(VI), As(III),
Sb(III), Cd(Il), and Cu(Il), the above three strains were each
transferred to 5-mL LB broth with different concentrations of
Cr(VD (1, 3, 5, and 7 mmol/L), As(III) (200, 400, 600, and
800 umol/L), SbdII) (100, 200, 300, and 400 pwmol/L), Cd(1I)
(20, 40, 60, and 80 wmol/L), and Cu(Il) (0.5 and 1 mol/L).
After incubating for 24 h, the ODg of each culture was mea-
sured using a spectrophotometer.

Elemental mapping and energy disperse X-ray
spectroscopy analysis

Strain WH16-1 was cultured in 100-mL LB broth until the
ODgq reached approximately 0.3, and 5 mmol/L Cr(VI),
600 umol/L As(IIl), 400 wmol/L Sb(III), and 80 wmol/L
Cd(Il) were added. After 24 h of cultivation, the cell pellets
were harvested by centrifugation at 8000 rpm for 5 min. The
pellets were washed with 0.85% NaCl solution and were fixed
in 1-mL 2.5% glutaraldehyde overnight. Then, ultrathin sec-
tioning was performed. Elemental mapping and EDX analysis
were performed according to our previous description (Xia
et al. 2018c). In addition, the cell pellets were collected after
24 h of cultivation, and the intracellular concentrations of
Cr(VI) and Cd(II) were measured and compared with the
Cr(VI) and Cd(II) concentrations initially added. The cell pel-
lets were washed with ddH,O three times to fully remove
extracellular metals, and they were lysed using an ultrasonic
cell disruptor (Ningbo Xinzhi Instruments, China). After fil-
tering twice (0.22 uM), the intracellular Cr(VI) and Cd(II)
concentrations were measured using a spectrophotometer
(DU800, Beckman) and an atomic absorption spectrometer
(AAS; 986A, Bejing Puxi General Instrument Co., Beijing,
China), respectively.

Random amplification of polymorphic DNA-PCR

WHI16-1, WH16-1-AruvR, and WH16-1-AruvR-C strains
were each incubated in 100-mL LB broth until the ODgq
reached 0.3, and 5 mmol/L Cr(VI), 600 umol/L As(III),
400 pwmol/L Sb(Ill), and 80 wmol/L Cd(II) were added.
At designated times, aliquots of the cultures were collected
for RAPD-PCR. RAPD-PCR generally uses several oligo-
nucleotide primers to randomly amplify genomic DNA
fragments, and each primer can be used as a forward and
reverse primer in PCR. The differences in amplified frag-
ment numbers and sizes indicate the DNA nucleotide
changes (Williams et al. 1990).

Genomic DNA from WHI16-1, WH16-1-AruvR, and
WH16-1-AruvR-C strains were extracted and purified using
a conventional phenol/chloroform method (De Los Reyes-
Gavilan et al. 1992). The DNA concentration was assessed
by a spectrophotometer (NanoDrop 2000, Thermo). The
RAPD-PCR condition was prepared as previously described
(Tofalo and Corsetti 2017) with some changes. Briefly, the
25-uL reaction consisted of 2.5-pL 10 x PCR buffer (Mg**
plus), 3.0 uL ANTP (2.5 mmol/L), 3 puL primer (10 pmol/L),
1 puL rTaq (2 U/uL), 300 ng DNA, and ddH,O. PCR ampli-
fication was performed with an initial denaturation step at
95 °C for 5 min followed by 45 cycles consisting of 45 s at
95 °C, 45 s at 45 °C, 2 min at 72 °C, and a final extension of
10 min at 72 °C. The amplified products were electrophoresed
in 2.0% agarose gels stained with ethidium bromide.
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Bacterial one-hybrid system assay

The interaction between RuvR and the promoter region of the
ruvRCAB operon was tested in vivo using a bacterial one-
hybrid system (Guo et al. 2009). The ruvR gene and its pro-
moter region were amplified and inserted into the BamHI-
EcoRI site of the pTRG vector and the Xcml site of the
pBXcemT vector to yield pTRG-RuvR and pBXcmT-PruvR,
respectively. Then, the two recombinant plasmids were
cotransformed into the reporter strain E. coli XL1-Blue
MRF’ Kan. The growth of this strain was tested on a selective
screening medium plate containing 20 mmol/L 3-amino-
1,2 4-triazole (3-AT), 16 ug/mL Str, 15 pg/mL Tet, 34 ug/
mL Cm, and 50 pg/mL Km for 4 days. In addition, E. coli
XL1-Blue MRF’ Kan containing the vectors pTRG-Rv3133c
and pBXcmT-Mt2031p was used as the positive control, while
the strain containing pTRG and pBXcmT was used as a neg-
ative control.

Overexpression and purification of RuvR

The RuvR coding sequence was amplified and cloned into the
BamHI-HindIll site of the pET32a to generate pET32a-ruvR,
which was confirmed by PCR and sequencing. The plasmid
was then introduced into E. coli BL21 (DE3). The expression
strain was cultured in LB broth at 37 °C, and 0.2 mmol/L IPTG
was added when the ODg reached 0.3. The strain was cultured
for 8 h at 28 °C, and then, the cells were harvested by centrifu-
gation and washed twice with 50 mmol/L Tris-HC1 (pH 8.0).
The washed cells were lysed via French Press (JN-02C, JNBIO,
China) at 120 MPa and centrifuged to remove cell debris. The
supernatant was mixed with 1-mL pre-equilibrated Ni NTA
Beads 6FF (Smart-lifesciences) in a 10-mL gravity-flow col-
umn and agitated at 4 °C for 1 h. Then, 6 mL Tris-HCI with
100 mmol/L imidazole was used to wash miscellaneous pro-
teins, and 2 mL Tris-HCI with 500 mmol/L imidazole was used
to elute the target protein. The quality and quantity of the pro-
tein were assessed by a spectrophotometer (NanoDrop 2000,
Thermo) and SDS-PAGE.

Electrophoretic mobility shift assay

The interaction between RuvR and the promoter region of
ruvRCAB was tested in vitro using EMSA. The promoter
region was amplified using the primers YP-F/YP-R (listed
in Table S2). EMSA was performed with 100 ng FAM-
labeled probe (generated using the primer pair YP-F/YP-
R FAM) and RuvR (0, 3, 6, and 9 uM), while the heat-
inactivated protein was used as a negative control. To ver-
ify the specificity of the probe, competition assays were
performed with different concentrations of unlabeled
probes (400, 600, and 800 ng) in a mixture containing
9 uM RuvR and 100 ng labeled probe. To determine
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whether Cr(VI) or H,O, are ligands for RuvR, ligand-
dependent EMSA experiments between RuvR and DNA
were performed as described above with the addition of
different concentrations of Cr(VI) (0, 5, 10, 50, 100, 300,
500, and 700 umol/L) and H,O, (0, 0.01, 0.05, 0.1, 0.5, 1,
5, and 10 mmol/L). The reaction mixtures used for EMSA
were incubated at 37 °C for 30 min in binding buffer
[20 mmol/L Tris-HC1, pH 7.0; 50 mmol/L NaCl;
1 mmol/L dithiothreitol (DTT); 10 mmol/L MgCl,;
100 pg/mL bovine serum (BSA)]. The incubated samples
were loaded onto an 8% native PAGE gel that had been
prerunning for 30 min at 80 V. The gel was then exposed to
a phosphor imaging system (Fujifilm FAL-500) after run-
ning at 100 V for 1 h in 0.5x TBE buffer.

Sequence alignment and site-directed mutagenesis
of RuvR

The amino acid sequences of YebC family proteins were ob-
tained from NCBI. Multiple alignments were constructed by
ClustalW and Espript 3.0 as described elsewhere (Robert and
Gouet 2014; Thompson et al. 1994).

Site-directed mutagenesis was performed using the Easy
Mutagenesis System Kit (Beijing TransGen Biotech, China)
according to the instruction manual. The pET32a-ruvR plas-
mid was used as a PCR template to amplify the mutant plas-
mids. After sequencing confirmation, the mutant plasmids
were each transformed into E. coli BL21 (DE3). The expres-
sion and purification of the mutant protein and ESMA were
performed as described above.

Results

The putative regulator gene ruvR was cotranscribed
with the DNA repairing genes ruvCAB

The RuvR (YebC family protein) is a conserved protein in
many strains, and the gene arrangement between ruvR and
ruvCAB is similar in Alishewanella sp. WH16-1 and other
bacterial strains (Fig. 1a). The gene ruvR (AAY72_05130)
is located in contig 25 and is directly adjacent to ruvC
(AAY72_05135), followed by ruvA (AAY72_05140) and
ruvB (AAY72 05145) in strain WH16-1. The
cotranscription of these four genes was verified by RT-
PCR. The DNA fragments were successfully amplified
using primers across any two genes and cDNA as the
template. The results indicated that the four genes (ruvR/
ruvC, ruvC/ruvA, and ruvA/ruvB) were cotranscribed as
an operon (Fig. 1b). The typical RuvRCAB arrangement
was found in several Gram-negative bacteria, such as
Alishewanella, Rheinheimera, Pseudomonas, and
Shewanella spp., while in E. coli and some Gram-
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b c
Gene knockout
ruvR-ruvC ruvC-ruvA ruvA-ruvB ﬁ
ruvR ruvC  ruvA ruvB ruvR ruvC  ruvA ruvB
ruvR-ruvC ruvC-ruvA ruvA-ruvB I—)Complementation%I
DNA + - -+ - -+ - -
cDNA - + - - + - - + - M1 2 3 4
ddHO0 - - + - - + - - +
8000 bp
2000 op 5000bp Lane 1, WH16-1
3000 bp 3000 bp
2000 bp 2000 bp Lane 2, WH16-1-AruvR
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0 by
;go bg 750 bp Lane 3, WH16-1-AruvR-C

Fig. 1 Analysis of the ruvRCAB operon and verification of 74vR mutation
and complementation. a The NJ phylogenetic tree based on RuvRCAB
amino acid sequences (left) and the gene arrangement of the ruvRCAB
operon and its adjacent genes (right). b The cotranscriptional validation of

positive bacteria (Kyrpidia and Nocardioides spp.), the
RuvRCAB arrangement is different to the typical
RuvRCAB (Fig. 1), indicating the presence of various
DNA repairing mechanisms mediated by RuvR. In addi-
tion, the RuvRCAB ortholog was not found in databases
of Cyanobacteria (taxid:1117), archaea [Crenarchaeota
(taxid: 28889) and Euryarchaeota (taxid:28890) data-
base], fungi [Saccharomyces (taxid:4930)], plants

500 bp
Lane 4,Control

ruvR, ruvC, ruvA, and ruvB. ¢ Verification of ruvR mutation and
complementation. M: Trans 2K Plus II DNA marker (TransGen
Biotech); lane 4: PCR mixture that lacks DNA

[Arabidopsis (taxid:3701)] or animals [Mus (taxid:10088)
and Drosophila (taxid:7215)].

To verify the function of the ruvRCAB operon in Cr(VI)
resistance and the resistance to other metal(loid)s, gene knock-
out and complementation experiments were performed. The
completed ruvRCAB operon was complemented in WH16-1-
AruvR and confirmed by PCR (Fig. 1¢) and DNA sequencing
(data not shown).
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RuvR was induced by Cr(VI) and positively regulated
the expression of ruvCAB

To further investigate the roles of RuvR, lacZ reporter gene
assays were performed using the strategy shown in Fig. S1.
The (-galactosidase activity of E. coli DHS5 o pLSP-promoter-
ruvR was significantly higher than that of DH5«
pLSP-promoter (Fig. 2a), and the results for strains WH16-1
and WH16-1-AruvR were consistent with that for E. coli
DH5« (Fig. 2b). These results suggested that RuvR positively
regulates the expression of ruvCAB. Furthermore, we found
that the J-galactosidase activity in strain WH16-1 pLSP-pro-
moter-ruvR was highly upregulated when Cr(VI) was added
(Fig. 2c¢). This result was in agreement with the qRT-PCR
analysis (Fig. 2d). These results indicate that RuvR is induced
by Cr(VI).

The ruvRCAB contributed to Cr(VI) resistance
and the resistance to other metal(loid)s

The growth and resistance of WH16-1 (wild-type), WH16-
1-AruvR (mutant strain), and WHI16-1-AruvR-C
(complemented strain) were tested in LB broth and LB

200 mm DH50 pLSP-promoter

Bl DH5¢ pLSP-promoter-ruvR
150+ hd

100

3]
<

o
1

200+

* %

1504

100-1 ' I
5 1.0 3.0

control 0.

a
<

[S-galactosidase activity (MU) ©  p-galactosidase activity (MU) o

o
1

Concentration of Cr(VI) (mM)

Fig.2 The expression of RuvCAB was positively regulated by RuvR and
induced by Cr(VI). a 3-galactosidase activities in DH5x pLSP-promoter
and DH5« pLSP-promoter-ruvR. b 5-galactosidase activities in WH16-1
pLSP-promoter, WH16-1 pLSP-promoter-ruvR, and WH16-1-AruvR
pLSP-promoter. ¢ Effects of Cr(VI) on the expression of RuvCAB. -
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plates with or without Cr(VI). The growth curves of the
wild-type, mutant, and complemented strains were similar
in the absence of Cr(VI) (Fig. 3a). In contrast, the growth
of the mutant strain was significantly inhibited with the
addition of Cr(VI) compared to that of the wild-type and
complemented strains (Fig. 3b, ¢). These results indicate
that ruvRCAB is associated with Cr(VI) resistance in
Alishewanella sp. WH16-1.

It is well known that RuvCAB is a protein complex
involved in the migration and resolution of Holliday junc-
tions, which are generated via the homologous recombi-
nation repair system. Similar DNA-damaging effects may
exist for other heavy metals. Therefore, the growth of
WH16-1, WH16-1-AruvR, and WH16-1-AruvR-C strains
in different concentrations of Cr(VI), As(III), Sb(III),
Cd(I), and Cu(Il) were examined. WH16-1-AruvR exhib-
ited increased sensitivity to Cr(VI), As(IIl), Sb(IIl), and
Cd(I) (Fig. 3d—g), but it was insensitive to Cu(Il) (data
not shown). Complemented WH16-1-AruvR-C exhibited
similar metal(loid)-resistant levels compared to the wild-
type strain. The above results revealed that the ruvRCAB
operon plays an important role in Cr(VI), As(III), Sb(III),
and Cd(II) resistance.

300 Il WH16-1 pLSP-promoter
Il WH16-1 pLSP-promoter-RuvR
Il WH16-1-AruvR pLSP-promoter

200+

1004

Q. p-galactosidase activity (MU) T
o

1w Control
Hl 5 mM Cr(Vl)

* %k

Expression ratio

ruvC

ruvkR

galactosidase activities were increased following the addition of Cr(VI). d
Transcription of ruvR and ruvC detected by qRT-PCR in strain WH16-1
cultivated in LB broth with or without 5 mmol/L of Cr(VI). Data are
shown as the mean of three replicates with the error bars representing
the standard deviation
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Characterization of intracellular metallic elements

To determine the intracellular metallic elements in strain
WH16-1 following its exposure to metal(loid)s, elemental
mapping and energy disperse X-ray (EDX) spectroscopy anal-
yses were carried out (Fig. 4). The EDX spectrum (Fig. 4c)
and TEM elemental mapping (Fig. 4d—g) results revealed that
Cr(VI) was present intracellularly in strain WH16-1. After
treatment with As(IIT), Sb(IIT), and Cd(II), EDX also revealed
the presence of the metal(loid)s inside the cells (data not
shown). Meanwhile, the intracellular concentrations of
Cr(VI) and Cd(II) were also measured, and there were approx-
imately 4.80 nmol Cr(VI)/mg dry weight (0.5, n=3) and
7.88 nmol Cd(Il)/mg dry weight (0.4, n =3) accumulated
in the cells. The intracellular Cr(VI) content accounted for
0.06% of the added Cr(VI), which was far less than the initial
concentration. However, the intracellular Cd(II) content
accounted for up to 8.8% of the added Cd(II), indicating that
Cd(Il) is very easily entering cells and causing the highly
toxicity (Fig. S2).

The effect of metal(loid)s on the RAPD-PCR profiles
of WH16-1, WH16-1-AruvR, and WH16-1-AruvR-C
strains

To explore the effects of Cr(VI), As(IIT), Sb(III), and Cd(IT) on
the DNA arrangement in WH16-1, WH16-1-AruvR, and
WH16-1-AruvR-C strains, five oligonucleotide random
primers were used in RAPD-PCR analysis (Fig. 5). Using
primers AK, AM1, AM2, LA1, and M13, the RAPD profiles
of strain WH16-1-AruvR exposed to Cr(VI), As(IlI), Sb(III),
and Cd(II) exhibited significant changes compared to that of
strain WH16-1, with visible changes in the amplified DNA
fragment numbers and sizes. In addition, the complemented
strain WH16-1-AruvR-C exhibited similar RAPD profiles
compared to WH16-1. The RAPD profiles amplified using
other primers showed no DNA polymorphism among the
wild-type, mutant, and complemented strains, indicating that
the RAPD-PCR is reliable (Fig. S3). These results suggest that
the ruvRCAB operon plays an important role in repairing DNA
rearrangements caused by Cr(VI), As(IIl), Sb(II), and Cd(I).

RuvR interacts with the promoter DNA of ruvRCAB

Bacterial one-hybrid assays were carried out to examine the
interaction between RuvR and its promoter region in vivo
(Guo et al. 2009). Detection of the protein-DNA interaction
is based on the transcriptional activation of His3
(imidazoleglycerol-phosphate dehydratase coding gene
involved in histidine biosynthesis) and addA (streptomycin
resistance gene). The reporter strain containing pTRG-RuvR
and pBXcmT-PruvR exhibited similar growth to the positive
control on the screening plate, while the negative control

strain did not grow. These results suggest that RuvR interacts
with the ruvRCAB promoter in vivo (Fig. 6a).

The binding ability of RuvR was then detected in vitro by
EMSA using the purified His¢-tag RuvR (Fig. 6b) and the
promoter DNA of the ruvRCAB operon. With increasing
amounts of RuvR, the free DNA substrates gradually disap-
peared, and the strength of the DNA-protein complex in-
creased (Fig. 6¢). In addition, the unlabeled DNA probe com-
peted with the labeled probe for the DNA-RuvR interaction
(Fig. 6¢). To confirm whether Cr(VI) and H,0, affect the
binding, ligand-dependent analyses revealed that the free
DNA did not change with increasing amounts of Cr(VI) and
H,0, (Fig. S4), indicating that Cr(VI) and H,O, are not direct
ligands of RuvR. These results suggest that RuvR interacts
with the promoter region of 7uvRCAB in vitro.

The amino acid alignments of RuvR with its homologs
revealed that there are 14 conserved residues (Fig. S5). To
determine the functional sites of RuvR, a structural model of
RuvR from Alishewanella sp. WH16-1 was predicted using
SWISS-MODEL (Arnold et al. 2006; Guex et al. 2009; Kiefer
et al. 2009), and the conserved residues Aspl103, Thr86,
Asnl04, and Vall29 (Fig. 6d) were each mutated. The
EMSA results revealed that the Asp103 mutant lost its ability
to bind the DNA, while the other mutant proteins were still
able to interact with the DNA (Fig. 6¢). Thus, Asp103 is
essential for RuvR activity.

Discussion

Based on the genetics, in vivo and in vitro protein-DNA in-
teractions and chemical analysis in Alishewanella sp. WH16-
1, we found that RuvCAB plays a role in the resistance to
several metal(loid)s by association with DNA repair and
RuvR has a positive regulatory effect on the expression of
RuvCAB. Based on our results and literatures, we propose a
model representing bacterial Cr(VI), As(IIl), Sb(III), and
Cd(I) resistance mediated by RuvRCAB. (1) Cr(VI),
As(IIT), Sb(I1I), and Cd(II) enter cells through transporter sys-
tems; (2) the metal(loid)s cause DNA rearrangement; (3)
RuvR positively regulates RuvCAB to repair DNA rearrange-
ment (Fig. 7). Bioinformatics analysis implicates that the
DNA repairing mechanisms mediated by RuvRCAB may be
mainly distributed in some Gram-negative bacteria.

Using transposon mutagenesis, RuvB was previously
found to be associated with Cr(VI) resistance in
P aeruginosa PAO1 and Ochrobactrum tritici 5Sbvll
(Miranda et al. 2005; Morais et al. 2011). Santoyo et al.
(2015) reported that Cr(VI) induces the expression of RuvB
in Rhizobium etli. Joe et al. (2011) found that RuvCAB was
induced by Cd(II) using a whole-genome DNA microarray,
but Cd(IT) resistance was not studied. Our results are in agree-
ment with these findings, but in addition to the above studies,
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Fig. 3 Effects of the ruvRCAB operon on Cr(VI) resistance and the these strains with 0 and 5 mmol/L Cr(VI) on LB medium plates (c).
resistance to other metals. The growth curves of WH16-1 (wild-type), ODgq values of these strains were measured following the addition of
WH16-1-AruvR (mutant strain), and WH16-1-AruvR-C (complemented different concentrations of Cr(VI) (d), As(Il) (e), Sb(III) (f), and Cd(II)
strain) with 0 (a) and 5 mmol/L Cr(VI) (b) in LB broth, and the growth of (g). The data are the means of three replicates
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Fig. 4 Characterization of intracellular metal content after treated with Cr(VI). TEM image (a), high angle annular dark filed (HAADF) image (b), EDX

spectrum (¢) and Cr, C, N, and O elemental mapping (d—g) images of cells of strain WH16-1

here we provide comprehensive genetic evidence for the ne-
cessity of RuvCAB in the bacterial resistance to metal(loid)s.
In our study, the synthesis of RuvCAB may have been
blocked in the WH16-1-AruvR mutant strain; thus, the migra-
tion and resolution of four-way Holliday junctions were af-
fected, and the repair of DNA was prevented. This may ex-
plain the higher Cr(VI) susceptibility of this mutant strain. We
also found that RuvCAB is involved in As(III), Sb(II), and
Cd(I) resistance, but it is not involved in Cu(Il) resistance.

a b
5 mM Cr(VI) 600 uM As(lll)

M123123

AK AM2
Fig. 5 RAPD-PCR profiles of DNA for WH16-1, WH16-1-AruvR, and

WH16-1-AruvR-C strains treated with Cr(VI) (a), As(III) (b), Sb(III) (¢),
and Cd(II) (d). Lane M, 1, 2, and 3 show Trans 2K Plus II DNA marker

M123123

M13 LA1

WH16-1 was isolated from Fe/Cu mine soil and exhibited
extensive Cu(Il) resistance. Thus, this bacterium may possess
several strategies to tolerate Cu(Il), and RuvCAB may notbe a
key player in Cu(ll) tolerance in our experimental condition.
In this study, we determined that certain amounts of Cr(VI)
and Cd(II) were indeed present in the cytosol of strain WH16-
1. Recently, it was found that approximately 2.6% and 4.4%
of As(IlT) and Sb(III) was taken up by E. coli cells, respective-
ly (Shi et al. 2018a). The toxicity of different metal(loid)s to

c d
80 uM Cd(ll)

M123123

400 uM Sb(lll)
M123123

M13 LA1 AM1 LA1

(TransGen Biotech), WH16-1, WH16-1-AruvR, and WH16-1-AruvR-C,
respectively; M13, LA1, AM1, AM2, and AK are primer names. The red
line indicates one primer
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bacteria is varied due to bacterial cell wall/membrane struc- To the best of our knowledge, we show that the YebC
ture, uptake, efflux, redox transformation, DNA repair, and family protein RuvR is involved in Cr(VI), As(III), Sb(III),
movement systems (Shi et al. 2018b). and Cd(II) resistance by positively regulating the
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<« Fig. 6 Bacterial one-hybrid assay and EMSA analysis for the interaction
between RuvR and the promoter of the ruvRCAB operon. a Bacterial one-
hybrid assay. The reporter strain containing pBX-PruvR/pTRG-RuvR
was an experimental strain, and strains containing pBX-Mt2031p/
pTRG-Rv3133c and the empty vector pPBXemT/pTRG were used as the
positive and negative control strains, respectively. Overnight LB broth
cultures (5 mL each) were inoculated with the experimental, positive, or
negative control strains. Then, 2 pL of each culture was spotted onto His-
selective plate (+ 3 AT, +Str") and LB plate (— 3 AT, —Str"). b Purification
of RuvR. ¢ EMSA assay. Lanes 1-4, the band shift was enhanced by
increasing the amount of RuvR. Lane 5, heat-inactivated protein was
used as a negative control. Lanes 6—8, FAM-labeled DNA was
outcompeted by unlabeled DNA. d The predicted structural model of
Alishewanella sp. WH16-1 RuvR created using SWISS-MODEL.
Conserved residues mutated in this study are indicated in red (Asp103)
and blue (Thr86, Asnl104, and Vall29). e The functional verification of
the site mutants. The Asp103 mutant lost its ability to bind DNA, while
the other mutants retained their ability to interact with DNA

expression of RuvCAB for the first time. We found that
RuvR was induced by Cr(VI), but RuvR induction by
As(IIl), Sb(IIl), and Cd(Il) was not significant (data not
shown). This may be related to the highly Cr(VI) resistance
ability of strain WH16-1 compared to other metal(loid)s. In
addition, the ligand-dependent EMSA analyses showed
that Cr(VI) and H,0, are not ligands that can directly bind
to RuvR to regulate the transcription of downstream

Oxidative intermediates

ruvCAB genes. It is possible that the presence of Cr(VI)
in the cytosol causes other signals, such as ROS, Fenton
reaction substances, or superoxide anion-related sub-
stances, to be direct ligands for the expression of RuvR.

The ruvR and ruvCAB genes were cotranscribed in strain
WHI16-1, and a similar gene arrangement was conserved and
widely spread in various microbes indicating the functional
relatedness of RuvR and RuvCAB. However, before our
study, the YebC family of proteins was reported to possess
other functions. For example, in P. aeruginosa PAO1, the
gene arrangement of pmpR (YebC family protein gene) and
ruvCAB is identical to that in WH16-1 (66% amino acid iden-
tity between PmpR and RuvR). However, PmpR regulates the
PQS system by binding to the promoter region of the pgsR
gene (Liang et al. 2008). YebC proteins (98% amino acid
identity) from two different L. delbrueckii strains regulate acid
tolerance via pyrG and clpC (Zhai et al. 2014) and the proteo-
lytic system via prtL, oppA,, and optS (Brown et al. 2017).
Recently, it was found that YebC not only regulates quorum
sensing by binding to the edwR promoter region, but it also
activates T3SS expression in Edwardsiella piscicida (Wei
et al. 2018). These results indicate that YebC family proteins
have diverse functions and that RuvR may also possess addi-
tional regulatory roles in strain WH16-1.

2%
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Fig. 7 A model representing the heavy metal resistance mechanisms of
WHI16-1. (1) Cr(VI), As(Ill), Sb(IlI), and Cd(II) enter cells through
transporter systems; (2) the metal(loid)s cause DNA rearrangement; (3)

T DNA rearrangement
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SRuvR

ruvB

&

RuvR positively regulates RuvCAB’s expression to repair the DNA
rearrangements
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In addition, we found that Asp103 is essential for RuvR
activity by performing site-directed mutagenesis analysis. It
was reported that Aspl03 forms the third ion pair network
located in domain 2 with Argl08, Glul12, and Asp-230 to
stabilize the entire tertiary structure of the YebC family protein
in A. aeolicus (Shin et al. 2002). The protein structural analy-
sis performed by SWISS-MODEL indicated that Asp103 is
located in the coil structure at the corner that connects the
beta-strand and alpha-helix; therefore, the structure of RuvR
may change after the residue is mutated. This may be the
reason why the Asp103 mutant of RuvR lacks the ability to
bind DNA.
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