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Distinct characteristics of 0xyR2, a new OxyR-type regulator,
ensuring expression of Peroxiredoxin 2 detoxifying low levels
of hydrogen peroxide in Vibrio vulnificus
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!National Research Laboratory of Molecular Bacteria continually encounter toxic reactive oxygen
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Biotechnology, Center for Food Safety and Toxicology, incomplete reduction of oxygen during normal aerobic
Seoul National University, Seoul 151-921, Korea. growth and are occasionally increased by exposure to
2Department of Nanobiomedical Science, Dankook redox-active chemicals in their growth environments
University, Cheonan 330-714, Korea. (Storz and Zheng, 2000). Oxidative stress caused by

increased levels of the ROS such as hydrogen peroxide
(H20,) can lead to the damage of all cellular components

Summary including DNA, protein and membrane lipid. Particularly,
Two peroxiredoxins, Prx1 and Prx2, were previously pathogenic bacteria have to cope with oxidative stress
identified in  Vibrio vulnificus. Besides OxyR1, a imposed by immune systems to survive host environ-
homologue of Escherichia coli OxyR (EcOxyR), ments and in turn to ensure developing illness. Therefore,
OxyR2 that shares low homology with  EcOxyR was the bacteria’s mechanisms to survive oxidative stress are
first identified in V. vulnificus. OxyR2 activated prx2 closely linked to their virulence (Miller and Britigan, 1997).
during aerobic growth, while OxyR1 activated prx1 The mechanisms of bacterial defence against oxidative
only when exposed to exogenous H ,0,. OxyR2 was stress include highly specific and effective antioxidant
oxidized to form a reversible C206 to C215 disulphide enzymes (Storz and Zheng, 2000). Among the antioxidant
bond by sensing low levels of H  ,0,, which were insuf- enzymes, peroxiredoxins (Prxs) are a family of cysteine-
ficient to oxidize OxyR1, and only the oxidized OxyR2 based peroxidases expressed in a wide range of eubac-
activated prx2. OxyR2sca, in which all cysteine resi- teria (Hall et al., 2009). Typical 2-cysteine Prxs have two
dues except for C206 and C215 were replaced with conserved catalytic cysteines and are the largest group of
alanines, and its mutants, OxyR2 sca-C206S and Prxs. The cysteines are oxidized to reduce peroxides by
OxyR25ca-C215S, were constructed. OxyR2 sca and forming an intermolecular disulphide bond, and the
OxyR2sca-C215S directly bound to a specific binding disulphide-bonded Prxs are subsequently reduced and
sequence centred at —56.5 from the prx2 transcription reactivated by thiol-containing reductants such as alkyl
start site, albeit with different binding affinities. The hydroperoxidase subunit F (AhpF) and thioredoxin (TrxA)
binding sequence consisted of four ATCGnt elements (Hall et al., 2009).

spaced by a helical turn and aligned in the twofold AhpC (alkyl hydroperoxidase subunit C), one of the
dyad symmetry, suggesting that OxyR2 binds DNA as best characterized 2-cysteine Prxs and utilizing AhpF as a
a tetramer. OxyR2 sca-C206S also directly bound to reductant to compose an NAD(P)H-dependent peroxi-
DNA comprising more extended sequences, indicat- dase system, was originally identified from Escherichia
ing that oxidized and reduced OxyR2 adopt different coli and Salmonella typhimurium (Christman et al., 1985;
conformational states, leading to altered DNA con- Jacobson et al., 1989; Storz et al., 1989). Expression of
tacts. The oxyR2 mutation reduced cytotoxicity and AhpC is activated by OxyR, which is a central regulator of
growth during infection, indicating that OxyR2 is the oxidative stress response in a number of bacteria (for
essential for the pathogenesis of V. vulnificus. a recent review see Dubbs and Mongkolsuk, 2012).

Typical OxyR, such as E. coli OxyR (EcOxyR) is a
modular structure consisting of an N-terminal DNA
) ) binding domain (DBD) and C-terminal regulatory and mul-
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cysteines (Kullik etal., 1995a,b; Zheng etal., 1998).
OxyR senses peroxides via direct oxidation of the sensing
cysteine residue. Although only the oxidized OxyR is the
active form that can activate transcription in vitro and in
vivo, the exact mechanism of oxidant sensing that acti-
vates OxyR is still controversial (Dubbs and Mongkolsuk,
2012). One possible mechanism is a molecular code
hypothesis and suggests that modification of the C199
alone is sufficient to activate OxyR without formation of a
disulphide bond and the type of modification results in the
distinct regulatory outcome (Kim et al., 2002; Seth et al.,
2012). The other one is that the C199 is oxidized by H,O,
to a cysteine sulphenic acid intermediate (C199-SOH),
which is followed by the formation of an intramolecular
disulphide bond with C208 (Zheng et al., 1998; Aslund
et al., 1999; Lee et al., 2004). This oxidation induces large
conformational changes in the regulatory domain leading
to altered associations between the subunits within the
tetramer and altered DNA binding pattern, and in turn
allowing productive interaction between OxyR and RNA
polymerase (RNAP) (Toledano et al., 1994; Choi et al.,
2001; Lee et al., 2004).

In a facultative aerobic pathogen Vibrio vulnificus, two
distinct Prxs, Prx1 and Prx2, have been identified (Baek
et al., 2009; Bang et al., 2012). Prx1 (formerly V. vulnificus
AhpC) is highly homologous to other bacterial Prxs such as
E. coli AhpC (78% identity in amino acid sequences) and is
an AhpF dependent peroxidase (Baek et al., 2009). Prx1 is
expressed only in cells exposed to high levels of H,O, and
effective at decomposing large amounts of peroxides
rapidly as evidenced by its high turnover rate and efficient
reactivation by AhpF (Bang et al., 2012). The ahpF gene is
located immediately downstream of prx1 and the prx1 and
ahpF genes are organized in the same orientation as in E.
coliahpC and ahpF (Baek et al., 2009). In contrast to Prx1,
Prx2 is a novel Prx that shares limited amino acid
sequence homology with other bacterial Prxs and AhpC.
Prx2 is a TrxAdependent peroxidase and more effective for
the reduction of low levels of H,O, because of its high
affinity to H,O,. Prx2 expression is induced by trace
amounts of H,O,, which suggests that Prx2 is a scavenger
of H,O, generated endogenously by aerobic metabolism.
Therefore, having two Prxs in which the expression pat-
terns and kinetic properties are differentially optimized for
the most efficient decomposition of distinct levels of H,O,
could provide an evolutionary advantage for the survival of
V. vulnificus encountering various ranges of oxidative
stress. In this context, the division of duty in detoxifying
oxidative stress has been observed previously in a wide
range of bacteria. AhpC and catalases scavenge low and
high levels of H,O, in E. coli respectively (Seaver and
Imlay, 2001). Similarly, the ahpC mutation leads to com-
pensatory induction of the synthesis of a catalase (KatA) in
Bacillus subtilis (Bsat et al., 1996).
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Although the two Prxs have been well characterized
kinetically, the molecular mechanisms by which V. vulnifi-
cus modulates the discrete expression of Prx1 and Prx2
in response to different levels of H,O, have not been yet
addressed. The similarity found in deduced amino acid
sequences and genetic organization between prx1 and E.
coli ahpC indicates that prx1 expression could be also
regulated by OxyR (or a homologue). V. vulnificus OxyR
(hereafter OxyR1) was found previously (Kong etal.,
2004), and the alignment of the deduced amino acid
sequences of OxyR1 to those of EcOxyR reveals a
high level (63%) of identity (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). However, OxyR1 regulation of the prx1
expression has not yet been experimentally verified.
Furthermore, neither the promoter(s) of prx2 nor any
trans-acting regulatory protein(s) required for the expres-
sion of prx2 has been previously identified. In the present
study, we identified a novel OxyR-type transcriptional
regulator of V. vulnificus, OxyR2, which is required for the
expression of Prx2. Characterization of OxyR2 in com-
parison with OxyR1 provided evidence that OxyR2 is
activated by forming a reversible disulphide bond in
response to low levels of H,O, that are insufficient to
activate OxyR1. Also, bhinding of OxyR2 directly to the
upstream region of prx2 was demonstrated, and the
sequence for OxyR2 binding was determined. Finally,
the possible role of OxyR2 in V. vulnificus pathogenesis
was investigated.

Results

Identification and sequence analysis of
V. vulnificus OxyR2

In the course of sequence analysis of the V. vulnificus
MO6-24/0 genome (GenBank™ CP002469 and
CP002470), a coding region was identified immediately
upstream of prx2 (Fig. 1A). The coding region was tran-
scribed divergently from prx2, and its deduced amino acid
sequences revealed a putative LysR-type transcriptional
regulator composed of 301 amino acids with a theoretical
molecular mass of 33,543 Da and a pl of 5.58 (Fig. 1A and
B). A database search for homology to the amino acid
sequence of the putative regulator singled out OxyR1 and
EcOxyR. Although the putative regulator was only 34%
and 37% identical in amino acid sequences to those of
OxyR1 and EcOxyR, respectively, the protein has the
putative redox-sensitive cysteine residues, C206 and
C215, which roughly correspond to C199 and C208
respectively, in ECOxyR (Zheng et al., 1998; Lee etal.,
2004) (Fig. 1B). OxyR2 contains a helix—turn—helix motif
in the N-terminal DNA binding domain (DBD) and the
residues of EcOxyR that have been implicated in the
activation of RNAP (Kullik et al., 1995a; Choi et al., 2001;
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Fig. 1. Physical map of V. vulnificus oxyR2 and prx2, and amino acid sequence relatedness of bacterial OxyRs.

A. The arrows represent the coding regions of oxyR2 (VVMO6_02454) and prx2 (VVMO6_02455). The figure was derived using the nucleotide
sequences of the V. vulnificus MO6-24/0 genome (GenBank™ CP002469 and CP002470).

B. The amino acid sequences retrieved from NCBI protein database (NCBI, http://www.ncbi.nim.nih.gov) (accession numbers NP_418396 for
EcOxyR, ADV85339 for OxyR1, ADV87476 for OxyR2) were aligned using the CLUSTALW program
(http://lwww.ch.embnet.org/software/ClustalW.html). Identical sequences (black boxes), similar sequences (gray boxes), two conserved
redox-sensitive cysteines (asterisks), missing sequences (dashes), and the region of HTH motif (bars) are indicated. The residues of EcOxyR
that are previously predicted to be important for DNA binding (circles) and RNAP activation (triangles) are indicated above the amino acid
sequence. Among them, the residues conserved in OxyR2 are indicated by filled symbols whereas those not conserved in OxyR2 are
indicated by open symbols. EcOxyR, E. coli OxyR; OxyR1, V. vulnificus OxyR1; OxyR2, V. vulnificus OxyR2.

Zaim and Kierzek, 2003; Wang et al., 2006) (Fig. 1B). The
combined information suggested that the putative regula-
tor is an OxyR-type transcriptional regulator, and thereby
was named V. vulnificus OxyR2. However, many residues
of EcOxyR DBD that are predicted to play an important
role or to directly participate in DNA binding are not con-
served in OxyR2 DBD (Fig. 1B). This difference in DBD
indicated that the DNA sequences for binding of OxyR2
could be different from those of ECOxyR.

OxyR?2 is distinct from OxyR1 in regulation of
peroxiredoxins

We previously demonstrated the coexistence of the two
peroxiredoxins, Prx1 and Prx2 along with their distinct
roles in a single bacterium, V. vulnificus (Baek et al., 2009;
Bang et al., 2012). Expression levels of prx2 and prx1 in
the strains grown aerobically were compared by Northern
blot analyses (Fig. 2). When total RNA was isolated from
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Fig. 2. Effect of oxyR2 and oxyR1 mutation on the expression of prx2 and prx1. The levels of the prx2 (A) and prx1 (B) transcripts in the wild
type and mutants which lack OxyR1 or OxyR2 were compared by Northern blot analyses. Total RNAs were isolated from the cultures grown
aerobically to an Ago of 0.5 and exposed to different concentrations of H,O, for 30 s as indicated. The RNAs were resolved and hybridized to
[0-*2P]-labelled DNA probe corresponding to the internal coding regions of prx2 (PRX2P, A) or prx1 (PRX1P, B). The RNA size markers
(0.5-10 kb RNA Ladder; Invitrogen) and the prx transcripts are shown in kilobases. WT, wild type; prx2, prx2 mutant; oxyR1, oxyR1 mutant;

oxyR2, oxyR2 mutant; prx1, prx1 mutant.

the wild type cells unexposed to exogenous H,O, and
hybridized with the PRX2P as a DNA probe, expression of
prx2 was fully induced (Fig. 2A). This expression of prx2
and its independence on exogenous H,O, can be
explained from our previous report that Prx2 is a peroxi-
dase that is induced by low levels of endogenous H,O; in
the cells of aerobic media (Bang et al., 2012). The results
in Fig. 2A exhibit that the prx2 transcript level of the oxyR2
mutant was significantly lower than that of the wild type. In
contrast, the prx2 transcript level did not significantly differ
between the RNA of the oxyR1 mutant and the wild type,
indicating that OxyR2, but not OxyR1, positively regulates
the expression of prx2 (Fig. 2A). Interestingly, the prx2
transcript is still detectable in the RNA of the oxyR2
mutant, indicating that part of the prx2 expression is either
constitutive or independent on the OxyR2 activity in the
cells during aerobic growth.

When PRX1P was used as a DNA probe, Northern blot
analyses demonstrated that the 0.5 kb prx1 transcript was
not apparent unless the aerobically grown cells were
exposed to 45 uM H,O,. The result is consistent with our
previous observation that Prx1 is conditionally expressed
upon exposure to high levels of H,O, (Bang et al., 2012).
The level of the prx1 transcript decreased in the oxyR1
mutant but not oxyR2 mutant, indicating that expression
of prx1 is positively regulated by OxyR1 (Fig. 2B). It is
noteworthy that the level of the prx1 transcript in the
oxyR2 mutant was higher than that of the wild type
(Fig. 2B). When determined using the cells grown aerobi-
cally without exposure to exogenous H,O,, prx1l expres-
sion of the oxyR2 mutant was also higher than that of the
parental wild type (Fig. S1). These results are consistent
with our previous observation that Prx2 is a residential

scavenger of peroxides generated endogenously and
thus the lack of Prx2 (due to the lack of OxyR2) accumu-
lated sufficient H,O, to induce the expression of Prx1
(Bang et al., 2012). Interestingly, PRX1P also hybridized
to approximately 2.3 kb RNA when the RNA was isolated
from the oxyR2 mutant (Fig. 2B). On the basis of the DNA
sequence of prxlahpF, it was anticipated that a polycis-
tronic prxlahpF transcript would be approximately 2.3 kb
long (Baek et al., 2009). Northern blot analysis was per-
formed using the ahpF coding region as a DNA probe, and
a single mRNA corresponding to the prxlahpF transcript
was detected, confirming that the prxlahpF genes were
partially transcribed as a single operon as suggested by
Fig. 2B (data not shown). Therefore, it appeared that the
prxlahpF genes, at least in part, are co-transcribed to
result in the prxlahpF transcript (Fig. 2B).

OxyR2 is oxidized by H,O, to form a reversible C206 to
C215 disulphide bond

When the oxyR2 mutant cells containing pDY1025
expressing wild-type OxyR2 were grown either anaero-
bically or aerobically and alkylated with 4-acetamido-
4’-maleimidylstilbene-2,  2’-disulphonic acid (AMS)
(Invitrogen, Carlsbad, CA), the molecular size of the
resulting alkylated OxyR2 decreased by approximately
1 kDa in the aerobically grown cells (Fig. 3A). Since the
molecular weight of AMS is approximately 0.5 kDa, the
1 kDa decrease may represent the elimination of two
free thiols in OxyR2 in the aerobically grown cells. When
the anaerobically grown cells were exposed to 10 uM of
H,O, for various time intervals and then alkylated with
AMS, the 1 kDa decreased OxyR2 appeared at 0.5 min
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after exposure to H,O, (Fig. 3B). This indicated that
sensing of H,O, by OxyR2 occurs by redox-sensitive
modification of two specific cysteine residues such as
formation of a single intramolecular disulphide bond. The
decreased molecular size of the alkylated OxyR2 was
recovered by 10 min after H,O, treatment (Fig. 3B), indi-
cating that the modification was reversed when the oxi-
dative stress was relieved.

Similarly, the oxyR2 mutant containing plasmids
expressing mutant OxyR2, in which each of the seven
cysteines was mutated to serine, respectively, were
grown anaerobically and then subjected to the AMS
alkylation assay to identify redox-sensitive cysteines.
When the cells harbouring plasmids expressing OxyRs
with C29S, C49S, C91S, C104S and C114S mutations
were alkylated with AMS, the 1kDa decreases in
molecular size of the mutant OxyR2 were still observed
in the H,O,-treated cells. This indicated that the C29,
C49, C91, C104 and C114 residues were not involved in
modification upon exposure to H,O, (Fig. 4). In contrast,
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Oxidized
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Fig. 3. Areversible disulphide bond
formation of OxyR2.

A. The oxyR2 mutant containing pDY1025
expressing wild-type OxyR2 was grown
anaerobically to an Aso of 0.3 or aerobically
to an Asoo Of 0.5, and cells were immediately
harvested without additional exposure to
HzOz.

B. The oxyR2 mutant containing pDY1025
expressing wild-type OxyR2 was grown
anaerobically to an Ag of 0.3. Upon
exposure to 10 uM H.O-, cells were harvested
at various time intervals as indicated. (A and
B) Cells were then precipitated with TCA and
alkylated with fresh AMS buffer for 1 h at
37°C. Alkylated OxyR2s were resolved by
non-reducing SDS-PAGE and immunoblotted
using the rabbit anti-OxyR2 antibody. The
protein size markers (Precision Plus Protein
Standards; Bio-Rad Laboratories, Hercules,
CA\) are shown in kilodaltons and the two
conformations (reduced and oxidized forms)
of OxyR2 (arrows) are indicated.

the decrease in molecular size were not detected for
both alkylated OxyR2-C206S and -C215S regardless of
exposure to H,O,, indicating that both mutant OxyRs are
unable to undergo the modification when exposed to
H.O,. These results indicated that the conserved
cysteines, C206 and C215 are the redox-sensitive
cysteines participating in the redox-sensitive modification
of OxyR2 (Fig. 4).

From these results, it seems reasonable to assume that
OxyR2 is a redox-sensing regulator and activated by a
mechanism similar to that of ECOxyR, in which C206 (as
a sensing cysteine) is oxidized by sensing H,O, and forms
a disulphide bond with the resolving cysteine C215.
Accordingly, the disulphide bond formation between C206
and C215 was examined by MALDI-TOF-MS analysis in
vitro. Mass spectra for the tryptic digests of each reduced
and oxidized OxyR2, in which reduced cysteines were
alkylated with iodoacetamide, were compared (Fig. 5). In
the reduced OxyR2, peptides containing alkylated C49,
C91, C104, C114, C206 and C215 were detected

Fig. 4. Identification of the redox-sensitive
cysteines of OxyR2. The oxyR2 mutant
containing plasmids expressing wild-type
(WT) or mutant OxyR2s (each of seven
cysteines was mutated to serine as indicated)
were grown anaerobically to an Agg of 0.3.
The cultures were treated (+) or not treated
(=) with 10 uM H,0O, for 30 s, precipitated with
TCA, and incubated with fresh AMS buffer for

Anti-OxyR2 Anti-OxyR2 1 h at 37°C for alkylation of free-thiols in cells.
The alkylated OxyR2s were resolved by
W G145 E11 C2068 C21s8 WT non-reducing SDS-PAGE and detected by
i + u + - * N W +  H,0,(10pm) Western blot analysis using the rabbit
anti-OxyR2 antibody. The predicted numbers
TAMS— = | < - TAMS of AMS that alkylated each OxyR2 are shown
SAMS— -- o™ —m:g_ T e savs at the ends of the gel.
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Fig. 5. MALDI-TOF-MS spectra for the tryptic digests of reduced (-H,0,) and oxidized (+H,0,) OxyR2. Hiss-tagged wild-type OxyR2 protein
was reduced with 100 mM DTT for 1 h and desalted by gel filtration chromatography under anaerobic condition. Oxidized OxyR2 was
prepared by reacting the reduced OxyR2 with H,O, for 5 min. Each of the reduced and oxidized OxyR2 was then incubated with
iodoacetamide to alkylate reduced cysteine residues and digested with trypsin.

A. Mass spectra of reduced (-H.O-, upper panel) and oxidized (+H.O,, lower panel) OxyR2 were presented. Peptides containing cysteines
were marked with arrows and labelled according to the residue number of the cysteine.

B and C. Mass spectra of peptides containing C206 and C215 of reduced (—H.O,, upper panels) and oxidized (+H.O-, lower panels) OxyR2
were indicated; ¥, m/z = 1541.7, a peptide with alkylated C206 and C215; V, m/z = 1425.7, a peptide with disulphide-bonded C206 and C215.

(Fig. 5A, upper panel). In the oxidized OxyR2, the pep-
tides containing alkylated C49, C91, C104 and C114 were
still detectable (Fig. 5A, lower panel). However, the
peptide containing alkylated C206 and C215, of which the
theoretical monoisotopic mass is 1541.7, disappeared in
the presence of H,O, (Fig. 5A, lower panel, and Fig. 5B).
If C206 and C215 formed a disulphide bond and thus not
alkylated, the monoisotopic mass of the peptide would be
1425.7. Indeed, a peptide with a mass of 1425.7 was
specifically detected in the oxidized OxyR2 (Fig. 5A, lower
panel, and Fig. 5C), indicating that OxyR2 was oxidized
by forming a disulphide bond between C206 and C215
under oxidative stress. A peptide containing alkylated C29
was not detected in either reduced or oxidized OxyR2s,
suggesting that C29 was unable to be alkylated under
the experimental conditions. These combined results
(Figs 2-5) indicated that OxyR2 is an OxyR-type regulator
that senses oxidative stress by means of a reversible
disulphide bond formation between C206 and C215 and
regulates the expression of the antioxidant defence genes
(Aslund et al., 1999; Zheng et al., 2001).

Only the oxidized OxyR2 can activate expression
of Prx2

To determine the role of each cysteine further, the activi-
ties of the wild-type and mutant OxyR2s in vivo were

compared by measuring the Prx2 production in the cells
grown aerobically (Fig. 6A). Prx2 was produced without
exposure to H,O; in the wild type as observed in Northern
blot analysis (Fig. 2A). Similar levels of Prx2 were pro-
duced in the cells harbouring plasmids expressing mutant
OxyR2s having C29S, C49S, C91S, C104S and C114S
mutations, indicating that the C29, C49, C91, C104 and
C114 residues are not critical for the activity of OxyR2
(Fig. 6A). In contrast, expression of Prx2 was reduced
significantly in the cells harbouring pDY1104 expressing
OxyR2-C206S, a reduced form of OxyR2 (Fig. 6A). Since
the cellular level of the OxyR2-C206S, determined by
Western blot analysis, was not significantly different from
that of the wild-type OxyR2, the reduction of Prx2 expres-
sion resulted from reduced activity rather than the amount
of OxyR2-C206S in the cells. These results supported our
previous assumption that C206 is a sensing cysteine oxi-
dized upon exposure to H,O, and indicated that only the
oxidized OxyR2 is active to activate prx2. It is noteworthy
that OxyR2-C215S was as active as wild-type OxyR2.
Since the C206 sensing cysteine of OxyR2-C215S is pre-
sumably still oxidized by H,O,, but unable to form disul-
phide bond with C215, this result indicated that oxidation
of C206 alone, as well as disulphide bond formation,
would be enough for the activity of OxyR2.

The activities of the wild-type and mutant OxyR2s in
vivo were compared by measuring the prx2 transcription
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in the cells grown anaerobically (Fig. 6B). Primer exten-
sion analyses were used to measure the prx2 transcript,
and the same sequencing ladders presented later in this
study (Fig. 9A) were used to determine the transcription
start site of prx2. The prx2 transcript was not detected in
the cells harbouring pDY1025 expressing the wild-type
OxyR2 without exposure to H,O,, whereas the prx2 tran-
script appeared when the cells were exposed to H,O,. In
contrast, the prx2 transcript was not detectable in the cells
harbouring pDY1104 expressing OxyR2-C206S regard-
less of exposure to H,O,, confirming that oxidation of
C206 is essential for the activity of OxyR2 (Fig. 6B). The
cellular level of OxyR2-C206S was not significantly differ-
ent from that of the wild-type OxyR2, indicating that the
loss of OxyR2-C206S activity is due to the inactive con-
formation of the protein and oxidation and reduction of
OxyR2 is associated with a conformational change.
However, it is noteworthy that the prx2 transcription in the
cells expressing OxyR2-C215S was comparable to that of
the cells expressing wild-type OxyR2 and was constitutive
regardless of exposure to H,O,. These results indicated
that mutation of C215 probably led to the conformational
change of OxyR2-C215S to an active form, albeit by
unknown mechanisms (Fig. 6B).

OxyR2 senses lower levels of H,O, than OxyR1

In order to identify the minimum concentrations of H,O,
required for the oxidation of OxyRs, strains expressing

expressing wild-type (WT) or mutant OxyR2s
(C206 or C215 was mutated to serine as
indicated) were grown anaerobically to an Asowo
of 0.3. Total RNAs were isolated from the
cultures treated (+) or not treated (=) with

10 uM H,0; for 30 s and used for the primer
extension analysis. Total proteins were
resolved on SDS-PAGE and immunoblotted
using the rabbit anti-OxyR2 antibody (lower
panel). For both panels, NC, negative control
(the oxyR2 mutant containing pJH0311).

<« Anti-OxyR2

the wild-type OxyR2 and OxyR1 were grown anaerobi-
cally and exposed to various concentrations of H,O,
(Fig. 7A and B). Most OxyR2 and OxyR1 were reduced
in the cells unexposed to H,O, (negative control), and
their oxidation occurred upon exposure to increasing
concentrations of H,O, as evidenced by the approxi-
mately 1 kDa decrease in molecular size of the alkylated
OxyRs (Fig. 7A and B). Oxidation of OxyR2 occurred
initially upon exposure to 0.5uM H;O, within 30s
(Fig. 7A). In contrast, OxyR1 was not oxidized until
exposed to 5uM H,0, (Fig. 7B). From these results, it
was apparent that OxyR2 is oxidized by sensing lower
levels of H,O, compared to OxyR1. Same experimental
conditions were used to determine the activities of
OxyR2 and OxyR1 by measuring the transcript of prx2
and prx1 respectively (Fig. 7C and D). Northern blot
analyses demonstrated that the transcript of prx2 was
apparent when the strains were exposed to exogenous
H,O, exceeding 0.1 uM (Fig. 7C). In contrast, transcrip-
tion of prx1 occurred poorly until exposed to 5 uM H,0O,
(Fig. 7D). These results confirmed our previous obser-
vation that OxyR2 is activated by sensing lower levels of
H.O,. This discrete expression pattern of the Prxs
implied that the two OxyRs have distinct roles in pro-
tecting the bacteria from oxidative stress of different
levels and from different sources. OxyR2 protects bac-
teria from endogenous H,O; by activating the expression
of Prx2 effective for detoxifying low levels of H,O,
whereas OxyR1 protects the bacteria from exogenous
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Fig. 7. Minimum concentrations of H,O, to oxidize OxyR2 and OxyR1. Cultures were grown anaerobically to an As of 0.3. For A and B, the
oxyR2 mutant containing pDY1025 expressing wild-type OxyR2 (A) and the oxyR1 mutant containing pKSY025 expressing wild-type OxyR1
(B) were treated with increasing concentration of H,O, for 30 s, precipitated with TCA, and incubated with fresh AMS buffer for 1 h at 37°C for
alkylation of free-thiols in cells. Alkylated proteins were resolved by non-reducing SDS-PAGE and immunoblotted using the rabbit anti-OxyR2
(A) and anti-OxyR1 (B) antibodies. The protein size marker (Precision Plus Protein Standards; Bio-Rad Laboratories) are shown in kilodaltons
and the two states (reduced- and oxidized) of OxyR2 and OxyR1 proteins (arrows) are indicated. oxyR2, oxyR2 mutant; oxyR1, oxyR1 mutant;
NC, negative control (pJH0311). For C and D, the oxyR2 mutant containing pDY1025 (C) and the oxyR1 mutant containing pKSY025 (D) were
treated with increasing concentration of H,O, for 30 s. Total RNAs were isolated, resolved and hybridized with [o-*2P]-labelled DNA probe
corresponding to the internal coding regions of prx2 (PRX2P) and prx1 (PRX1P). The RNA size markers (0.5-10 kb RNA Ladder; Invitrogen)

and prx1 and prx2 transcripts are shown in kilobases.

H,0, by activating the expression of Prx1 effective for
scavenging high levels of H,0,.

OxyR2sca activates prx2 expression in vivo

To further understand the mechanisms of OxyR2 for the
activation of prx2, OxyR2 was purified and tested to deter-
mine whether or not it folded properly in vitro. The purified
OxyR?2 protein was present as a monomer under reducing
conditions, while it turned into oligomers with larger
molecular sizes under non-reducing conditions (Fig. 8A).
From the results, we assumed that cysteines of an OxyR2
could form intermolecular disulphide bonds with cysteines
from other OxyR2 molecules in vitro, and result in oli-
gomerization of the protein. Therefore, a mutant OxyR2,
in which all five of the non-critical cysteine residues (C29,
C49, C91, C104 and C114) were replaced with alanines,
was constructed and named OxyR2sca. The purified
OxyR2sca did not form oligomers in vitro under non-
reducing conditions (Fig. 8A).

To determine whether or not OxyR2sc, is active or notin
vivo, the oxyR2 mutant containing plasmids expressing
OxyR2sca or wild-type OxyR2 were grown aerobically and
the prx2 expression was compared. The results of Fig. 8B
revealed that the expression level of prx2 in the strain
expressing OxyR2sca did not significantly differ from that
of the strain expressing wild-type OxyR2. Furthermore,
the cellular level of OxyR2sca was similar to that of the
wild-type OxyR2 (Fig. 8B). When compared again using
the cells grown anaerobically, the activities of OxyR2 and
the OxyR2sca to activate prx2 did not significantly differ
(Fig. S2A). Furthermore, OxyR2sca-C206S was unable to
activate prx2 in aerobic conditions in vivo (Fig. S2B) as
was OxyR2-C206S (Fig. 6A), indicating that the C206S
mutation caused the same effects on the functions of both
OxyR2 and OxyR2sca proteins. These combined results
indicated that OxyR2sca and OxyR2 are functionally
similar and the effects of collectively all 5 cysteine muta-
tions together on the activity the OxyR2 were marginal
and not significant. Therefore, purified OxyR2sca, instead
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Fig. 8. Construction of OxyR2sca and its
activity in vivo.

A. Purified OxyR2 and OxyR2sca proteins
were resolved on SDS-PAGE with (+) or
without (-) 10 mM DTT as indicated.

B. Cultures of the wild type (WT), prx2
mutant, oxyR2 mutant, oxyR2 mutant
containing pDY1025 expressing wild-type
OxyR2 and pDY1026 expressing OxyR2sca
were grown aerobically to an Agy of 0.5 as
indicated. Total proteins were isolated,
resolved on SDS-PAGE, and immunoblotted
using the rabbit anti-Prx2 (upper panel) and
anti-OxyR2 (lower panel) antibodies. For both
panels, the protein size markers (Precision
Plus Protein Standards; Bio-Rad Laboratories)
and OxyR2 and Prx2 proteins (arrows) are
shown in kilodaltons.
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of OxyR2, was used in vitro hereafter to further analyse
the molecular mechanisms of the protein to activate the
prx2 expression. Indeed, OxyRuca, in which all four of the
non-critical cysteine residues were replaced with ala-
nines, was constructed previously and used generally for
analyses of structure and activities EcOxyR in vitro
(Zheng et al., 1998; Choi et al., 2001; Lee et al., 2004).

Identification of the promoter sequences for prx2

In order to map the promoter of prx2, the transcription
start site of prx2 was determined by a primer extension
analysis. A single reverse transcript was produced from
primer extension of RNA isolated from wild type grown
aerobically to an As of 0.5 (Fig. 9A). The 5" end of the
prx2 transcript was located 69 bp upstream of the trans-
lational initiation codon of prx2 and subsequently desig-
nated +1 (Fig. 9B). The putative promoter constituting this
transcription start site was named P,x.. Using different
sets of primers, no other transcription start sites were
identified by primer extension analyses (data not shown).
This transcription start site was the same transcription
start site previously determined by primer extension of the
RNA isolated from the cells grown anaerobically and
exposed to H,O, (Fig. 6B). This indicated that a single
promoter, Ppne, is used for the transcription of prx2 regard-
less of exposure of the cells to oxidative stress. The
sequences for —10 and —35 regions of Py were assigned

on the basis of similarity to consensus sequences of the
E. coli 67 promoter (Fig. 9B).

OxyR2 directly binds to Py

The 260 bp labelled DNA probe encompassing the prx2
promoter region was incubated with increasing amounts
of OxyR2sca and then subjected to electrophoresis. As
seen in Fig. 10A, the addition of OxyR2sca resulted in a
concentration-dependent ladder of two retarded bands,
indicating that at least two binding sites for OxyR2sca
would be present within the prx2 promoter region. The
binding of OxyR2scx was also specific because assays
were performed in the presence of 200 ng of poly(dl-dC)
(Sigma, St Louis, MO) as a nonspecific competitor. In a
second electrophoretic mobility shift assay (EMSA), the
same but unlabelled 260 bp DNA fragment was used as
a self-competitor to confirm the specific binding of
OxyR2sca. The unlabelled 260 bp DNA competed for
the binding of OxyR2sca in a dose-dependent manner
(Fig. 10A), confirming that OxyR2sca binds specifically to
the DNA. The results indicated that OxyR2sca is air-
oxidized properly and binds specifically to the prx2 pro-
moter region. In similar DNA-binding assays, OXyR2sca-
C206S and OxyR2sca-C215S which are unable to form
disulphide bonds, also displayed specific binding to the
prx2 regulatory region (Fig. 10B and C). Based on the
concentrations of OxyR2 proteins that were required to
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Fig. 9. Transcription start site and sequences of the prx2 promoter region.

A. The transcription start site was determined by primer extension of the RNA isolated from the wild type grown aerobically to an Ag of 0.5.
Lanes C, T, A and G represent the nucleotide sequencing ladders of pOHO58. The asterisk indicates transcription start site for Py..

B. The transcription start site of P, is indicated by a bent arrow and the positions of the putative —10 and —35 regions are underlined. The
sequences for binding of oxidized OxyR2 (a white box) and for binding of reduced OxyR2 (shaded boxes) determined later in this study
(Fig. 11) are presented. The nucleotides showing enhanced cleavage are indicated by a black box. The consensus sequences for binding of
oxidized EcOxyR and putative sequences for binding of oxidized OxyR2 are respectively indicated above and below the V. vulnificus DNA
sequence. ATAGnt EcOxyR binding motif and ATCGnt OxyR2 binding motif predicted from this study are shown in boldface. The ATG
translation initiation codons and the putative ribosome binding site (SD) are also indicated in boldface. n, any nucleotides.

retard 50% of the labelled probe, the dissociation
binding constants (Kg) for OxyR2sca and OxyR2sca-
C206S were not significantly different (approximately 50
and 40 nM respectively) (Fig. 10D). These results indi-
cated that OxyR2, oxidized or reduced, were able to
bind to their operator within the prx2 promoter with com-
parable affinity. However, OxyR2sca-C215S exhibited the
Kg value of approximately 170 nM, indicating that the
binding affinity of OxyR2sca-C215S to prx2 promoter is
significantly lower than those of OxyRsca and OXyRsca-
C206S.

Identification of the OxyR2 binding site

The oxidized EcOxyR is known to binds as a tetramer to
the consensus sequence consisting of four ATAGnt ele-
ments separated by a helical turn (Toledano et al., 1994).
To determine the OxyR2 binding site in the prx2 promoter
region, DNase | protection assays were performed using
the same 260 bp DNA fragment used for the EMSA. As
shown in Fig. 11A, a region extending from —80 and to —-33
relative to the transcription start site of Py was clearly
protected by OxyR2sca. The predicted binding site for
OxyR2sca, centred at —56.5, indicated that the oxidized
OxyR2 is a class | activator interacting directly with RNA
polymerase (o-C terminal domain) in a similar manner to
the oxidized EcOxyR (Tao et al., 1993). Inspection of the
sequences of the protected region revealed low levels of
matches with the consensus EcOxyR-binding sequence.
Instead, the putative OxyR2 binding sequences contained
four repeats of the ATCGnt element, rather than the

ATAGnNt element, spaced by a helical turn and stretched in
the twofold dyad symmetry (Fig. 9B). These indicated that
OxyR2 also binds to DNA as a tetramer but has a DNA
binding specificity distinct from that of EcOxyR. Similar
DNase | protection assays were performed with
OxyR25cA-C206S, the reduced form of OxyR2 (Fig. 11B).
The binding sequences for OxyRsca-C206S were elon-
gated compared to those for OxyRsca and separated into
two regions, extending from —26 to -52 and from -56 to
—80. Several nucleotides (-53 to —-55) of the sequences
revealed enhanced cleavages, indicating that binding of
the reduced OxyR?2 altered the configuration of the DNA
of Puxe (Figs 9B and 11B). These indicated that the oxi-
dized and reduced OxyR2 also adopt different conforma-
tional states leading to changes in the DNA binding
contacts, as observed in EcOxyR (Toledano et al., 1994;
Choi et al., 2001). Interestingly, OxyR2sca-C215S bound
to the sequences identical to those for binding of
OxyR2sca (Fig. 11C). This is consistent with our previous
observation that OxyR2-C215S is able to activate Py

(Fig. 6).

Effects of the oxyR2 mutation on the virulence and
growth rate of V. vulnificus

In an effort to understand the role of OxyR2 in V. vulnificus
pathogenesis, the activities of LDH released from the
INT-407 cells infected with the wild-type and oxyR2
mutant strains were compared (Fig. 12A). The oxyR2
mutant exhibited significantly lower LDH-releasing activity
than the wild type strain when the multiplicity of infection
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Fig. 10. Specific binding of OxyR2sca, OXyR25ca-C206S and OxyR2sca-C215S to Ppre.

A-C. A 260 bp DNA fragment of the upstream region of P, was radioactively labelled and then used as a probe DNA. The radiolabelled
probe DNA (5 nM) was mixed with increasing amounts of OxyR2sca (A), OXyR2sca-C206S (B) and OxyR2sca-C215S (C) as indicated. For
competition analysis, the same but unlabelled DNA fragment was used as a self-competitor DNA. Various amounts of the self-competitor DNA
were added to a reaction mixture containing the 5 nM labelled DNA prior to the addition of 200 nM OxyR2sca (A), 200 NM OxyR2scA-C206S (B)
and 800 nM OxyR2sca-C215S (C). F, free unbound DNA; B1 and B2, OxyR2-bound DNA.

D. The relative affinities of OxyR2sca, OXyR25ca-C206S and OxyR2sca-C215S for the upstream region of P, were compared using the data
from A, B and C respectively. The concentration of bound DNA was calculated and plotted against the concentration of the proteins added.
Each arrow points to the position of half-maximal binding corresponding to the Ky. @, OxyR2sca; O, OXyR25ca-C206S; ¥, OXyR25ca-C215S.

(moi) was up to 30, indicating that OxyR2 is important for
V. vulnificus to infect and injure host cells. Complementa-
tion of the oxyR2 gene in the oxyR2 mutant with a func-
tional oxyR2 gene (pDY1025) restored the LDH-releasing
activity to levels comparable to wild-type levels (Fig. 12A).
To examine whether the reduced cytotoxicity of the oxyR2
mutant resulted from defects in its growth, we compared
the growth rate of the oxyR2 mutant with that of the wild
type. The growth rate of the oxyR2 mutant in minimal
essential medium with 1% fetal bovine serum was not
significantly different from that of the wild type (data not
shown). During infection, however, the growth rate of the
oxyR2 mutant in the supernatant of the INT-407 cells was
significantly lower than that of the wild type and comple-
mented strains. The oxyR2 mutant was unable to grow for
as long as 1.5 h during infection while the wild type and
the complemented strains showed about threefold
increase in colony-forming units (cfu) (Fig. 12B). It has
been reported that the host epithelial cells infected with V.
vulnificus generate ROS (Chung et al., 2010). Therefore,
it is conceivable that growth defect of the oxyR2 mutant

during infection resulted from the decreased prx2 expres-
sion due to the lack of OxyR2. These results suggest that
the decreased virulence of the oxyR2 mutant in tissue
culture likely resulted from its growth defect, indicating
that OxyR2 could play a role in the pathogenesis of V.
vulnificus by assuring survival and multiplication during
infection.

Discussion

EcOxyR is a redox-sensitive global regulator which acti-
vates the expressions of over 20 antioxidant defence
genes under oxidative stress and represses its own
expression during normal aerobic growth conditions (Tao
etal., 1991; Zheng et al., 2001). This study presented
OxyR2, another OxyR of V. vulnificus, that activates the
expression of Prx2 during normal aerobic growth without
exposure to exogenous H,O, (Fig. 2A). Prx2 seems
effective for the reduction of low levels of H,O, formed
internally rather than high levels of H,O, provided exog-
enously (Bang et al., 2012). This indicated that OxyR2 is
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Fig. 11. Sequences for binding of OxyR2sca, OXyR25ca-C206S and OxyR2sca-C215S to Ppwe. A 260 bp DNA fragment of the upstream region
of Pyxe Was radioactively labelled and then used as a probe DNA. The radiolabelled probe DNA (25 nM) was incubated with increasing
amounts of OxyR2sca (A), OXyR25c4-C206S (B) and OxyR2sca-C215S (C) as indicated, and then digested with DNase I. The regions protected
by OxyR2sca, OXyR25c4-C206S and OxyR2sca-C215S are indicated by open boxes, whereas the nucleotides showing an enhanced cleavage in
the presence of OxyR2sca-C206S are indicated by a black box. Lanes C, T, A and G represent the nucleotide sequencing ladders of

pKSY036.

constitutively expressed in the cells during aerobic
growth, and becomes the residential redox-sensitive
regulator contributing to the survival of the bacteria by
retaining endogenous H,O, accumulation within the safe
limits. Consistent with this, OxyR2 is more efficient in
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sensing trace amounts of H,O, than is OxyR1 (Fig. 7).
Furthermore, the present study revealed that the oxyR2
mutant exhibited significantly reduced cytotoxicity and
lower growth rate than the wild-type strain in tissue
culture, indicating that OxyR2 could play a role in the
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Fig. 12. Effect of oxyR2 mutation on virulence of V. vulnificus toward INT-407 cells and growth rate during infection.

A. INT-407 cells were infected with the V. vulnificus strains at various moi for 1.5 h. The cytotoxicity was determined by an LDH release assay
and expressed using the total LDH released from the cells completely lysed by 1% Triton X-100 as 100%.

B. Growth of the strains during the infection of INT-407 cells was monitored. The strains were used to infect the INT-407 cells at an moi of 20.
The bacterial cells in the supernatant were determined by counting cfu on LBS agar plates at time intervals as indicated. Error bars represent
the SEM. **P < 0.005 relative to groups infected with the wild type at each condition. WT (pJH0311), wild type; oxyR2 (pJH0311), oxyR2

mutant; oxyR2 (pDY1025), complemented strain.
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pathogenesis of V. vulnificus by detoxifying H.O,, likely
generated by host cells, during infection.

As observed in ECOxyR, it is most likely that sensing of
H,0, by OxyR2 and OxyR1 could occur via oxidation of
the putative sensing cysteines C206 and C199 respec-
tively. Structural analysis of EcOxyR proposed that the
basic R266 residue makes close contact with C199 and
provides a positively charged environment enhancing the
reactivity of the cysteine sulphur (Choi et al., 2001). The
reactivity of the cysteine sulphur is enhanced when it is
deprotonated to thiolate anion (-S), which is more nucleo-
philic and reacts faster with H,O, than the protonated form
(-SH) (Netto et al., 2007). When the secondary structure
of the proteins were predicted using Phyre2 (http://
www.sbg.bio.ic.ac.uk/phyre2) (Kelley and Sternberg,
2009) and visualized using PyMOL v1.7 (http://www
.pymol.org), identical R residues (R274 of OxyR2 and
R266 of OxyR1) were predicted to contact with C206 of
OxyR2 and C199 of OxyR1 (Fig. S3). However, the C206
of OxyR2 is neighboured additionally by the positively
charged K203, whereas C199 of OxyR1 is neighboured
by the negatively charged D196 (Figs 1 and S3). There-
fore, one plausible explanation for the enhanced sensitiv-
ity of OxyR2 to H,O, is that the additional charge
interaction between C206 and K203 further stabilize the
thiolate anion form of C206, lowering the pKa of the
cysteine sulphur and enhancing its reactivity to H,O..

OxyR is a member of the LysR family of transcriptional
activators and binds to DNA as a tetramer (Toledano
etal., 1994). The oxidized EcOxyR binds four adjacent
major grooves containing four repeats of the ATAGnt
element spaced respectively by a helical turn, whereas
the reduced EcOxyR binds to two pairs of major grooves
separated by a helical turn (Toledano et al., 1994). The
binding sequences for the air-oxidized OxyR2sca consist
of four ATCGnt elements spaced by a helical turn and
shows a twofold dyad symmetry (Figs 9B and 11A). The
binding sequences for OxyRsca-C206S, the reduced form
of OxyR2, was elongated compared with those for
OxyRsca and separated into two regions by a helical turn
and an additional ATCGnt element was found in the elon-
gated sequences (Figs 9B and 11B). All these observa-
tions lead us to suggest that OxyR2 binds to DNA as a
tetramer with a pattern similar to that of EcOxyR. The
ATCGnt element for binding of OxyR2 that is noticeably
distinct from that of EcOxyR (ATAGnt) is presumably
attributed to the difference found in the residues of the
DBD of the two proteins (Fig. 1B). However, no OxyR2-
binding sequence, other than Py, is presently available
and data are insufficient to evaluate whether ATCGnt is
indeed a consensus element for the binding of OxyR2.
Additional work is needed to gain insight into the con-
served binding pattern and specificity of OxyR2 to its
target DNAs.

Prx2 expression of the oxyR2 mutant harbouring
pDY1104 expressing OxyR2-C206S, the reduced form of
OxyR2, was not significantly different from that of the
mutant harbouring pJH0311 (negative control) (Fig. 6A).
This indicated that Pux. activity in vivo was not
repressed by OxyR2 under reducing conditions, albeit
the binding site in vitro for OxyR2sca-C206S slightly
overlapped with the RNAP binding site (-35 region)
(Fig. 9B). Although OxyR2-C206S and OxyR2-C215S
are not able to form disulphide bonds, their oxidation
status could be different. OxyR2-C206S is not able to
sense H,0O, and locked in the reduced form, whereas
OxyR2-C215S can be oxidized by H,O, via oxidation of
sensing cysteine C206. Interestingly, OxyR2-C215S was
able to activate Prx2 expression (Fig. 6A), and the acti-
vation was constitutive and not dependent on exposure
to H,O, (Fig. 6B). This suggested that the mutation of
C215 locked OxyR2 in an active form. Consistent with
this, the sequences for binding of OxyR2scA-C215S were
identical to those of OxyR2sca (Fig. 11C). However,
increased amount of OxyR2sca-C215S was required for
binding to Ppxe (Figs 10D and 11C), indicating that the
conformation of OxyR2-C215S would be different from
that of the OxyR2 active form. Nevertheless, these
results presumably indicated that oxidative modification
of the sensing cysteine C206 alone as well as intramo-
lecular disulphide formation was sufficient to activate
OxyR2. This direct activation via modification of sensing
cysteine alone was also observed in EcOxyR (Kim et al.,
2002).

In summary, this study presented the two OxyRs of V.
vulnificus that sense different ranges of oxidative stress
by means of the reversible oxidation of specific cysteine
residues and activate the transcription of the distinct
antioxidant defence genes. OxyR2 senses low levels of
H.O, and activates Prx2, a residential scavenger of per-
oxides generated endogenously, whereas OxyR1l (a
homologue of EcOxyR) senses high levels of H,O, and
activates Prx1, an occasional scavenger of peroxides
encountered exogenously. To our knowledge, this is the
first report on the coexistence of two OxyRs leading to
the discrete expression of the distinct antioxidants in a
single bacterium. This discrete expression of antioxi-
dants effective for detoxifying different ranges of H,O,
could provide an evolutionary advantage by protecting
bacteria from oxidative stress of different sources. Con-
sistent with this, a search for homologues to OxyR2 in
bacterial genomes revealed many other bacterial
species that seem to be equipped with both OxyR
homologues, including Aeromonas sp., Aliivibrio sp., Gri-
montia sp., Photobacterium sp., Vibrionales sp. as well
as Vibrio sp. (Table 1). Therefore, the coexistence of the
two OxyRs seems as a part of the bacterial nature, not
limited to only V. vulnificus.
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Table 1. Coexistence of OxyR1 and OxyR2 homologues among bacteria.*®

OxyR1 homologues OxyR2 homologues

NCBI Accession

Identity (%)°

NCBI Accession

Identity (%)°

Species and strain Number E Vv Number E V
Vibrio sp.

V. vulnificus MO6-24/0 ADV85339 63 34 ADV87476 37 100

V. cholera 0395 ABQ20950 64 32 ABQ20012 37 86

V. parahaemolyticus RIMD 2210633 BAC61015 63 31 BAC58844 36 90

V. harveyi HY01 EDL67529 62 32 EDL68002 38 92

V. splendidus ATCC 33789 EGU45638 63 89 EGU42017 37 91
Aeromonas sp.

A. hydrophila 4AK4 AHE48609 60 36 AHE48818 37 59

A. molluscorum 848 EOD53238 62 36 EOD56234 85 60

A. salmonicida ssp. Pectinolytica 34mel EQC06131 61 36 EQC06248 36 59
Aliivibrio sp.

A. fischeri WP_012534043 66 34 WP_012533880 35 82

A. salmonicida LFI1238 CAQ80398 67 34 CAQ80124 35 82
Grimontia sp.

G. hollisae CIP 101886 EEY73719 70 32 EEY72693 33 72

G. sp. AK16 WP_002535235 73 88 WP_002536911 37 71
Photobacterium sp.

P. angustum S14 EAS63126 71 85 EAS65405 36 74

P. damselae WP_005302650 72 35 WP_005300827 38 76

P. profundum 3TCK EAS41863 71 34 EAS40890 85 76
Vibrionales sp.

V. bacterium SWAT-3 EDK27225 63 33 EDK26251 37 91

a. The OxyR proteins homologous to OxyR1 and OxyR2 in amino acid sequences were singled out from NCBI protein database (NCBI,
http://www.ncbi.nlm.nih.gov) using the BLAST (Basic Local Alignment Search Tool, http://blast.ncbi.nim.nih.gov) program. The OxyR proteins were
classified as OxyR1 and OxyR2 homologues if their amino acid sequences share 50% or higher identity to ECOxyR and OxyR2 respectively.
b. All OxyR homologues have the two conserved redox-sensitive cysteines.

c. E, identity to ECOxyR; V, identity to OxyR2.

Experimental procedures
Strains, plasmids and culture media

The strains and plasmids used in this study are listed in
Table 2. Unless noted otherwise, the V. vulnificus strains
were grown aerobically in Luria—Bertani (LB) medium sup-
plemented with 2.0% (w/v) NaCl (LBS) at 30°C. Anaerobic
conditions were obtained by using an anaerobic chamber
with an atmosphere of 90% N,, 5% CO, and 5% H, (Coy
Laboratory Products, Grass Lake, MI). For anaerobic culture,
the media was pre-incubated to remove resolved O, in the
anaerobic chamber, which was verified by adding 0.00001%
(w/v) resazurin salt (Sigma) to the media (Kunisaki and Taniji,
2010).

Generation and complementation of oxyR2 or
oxyR1 mutants

To inactivate oxyR2 in vitro, a unique BamHI site was intro-
duced into the open reading frame (ORF) of oxyR2 using
the PCR-mediated linker-scanning mutation method as
described previously (Lim and Choi, 2014). Briefly, pairs of
primers OXYR2F1-F and -R for amplification of the 5" ampli-
con or OXYR2F2-F and -R for amplification of the 3" amplicon
were designed and used (Table S1). The oxyR2 with BamHI
site was amplified by PCR using the mixture of both ampli-

cons as the template and OXYR2F1-F and OXYR2F2-R as
primers. The oxyR2::nptl was constructed by insertion of a
1.2 kb nptl DNA conferring resistance to kanamycin (Oka
etal., 1981) into the BamHI site of the PCR products, and
ligated with Sacl-Sall-digested pDM4 (Milton et al., 1996) to
form pOHO042 (Table 2). Similarly, two-thirds (597 bp of
900 bp) of the oxyR1 ORF was deleted in vitro using pairs of
primers OXYR1F1-F and -R for amplification of the 5" ampli-
con or OXYR1F2-F and -R for amplification of the 3" amplicon
(Table S1). The resulting AoxyR1 was ligated into Spel-Sphl-
digested pDM4 to form pJK1122 (Table 2).

E. coli SM10 A pir, tra (Miller and Mekalanos, 1988) har-
bouring either pOH042 or pJK1122 was used as a conjugal
donor to V. vulnificus MO6-24/0. The conjugation and isola-
tion of the transconjugants were conducted as described
previously (Lim and Choi, 2014), and the V. vulnificus oxyR2
or oxyR1 mutants chosen for further analysis were named
OHO0703 and JK115 respectively (Table 2). For complemen-
tation, pairs of primers, OXYR2C-F and -R (for amplification
of oxyR2) or OXYR1C-F and -R (for amplification of oxyR1),
were designed and used (Table S1). The amplified promoter-
less ORFs of oxyR2 and oxyR1 were cloned into a broad
host-range vector pJH0311 under the lac promoter (Goo
et al., 2006) to create pDY1025 and pKSY025 respectively
(Table 2). pDY1025 and pKSY025 were transferred into
OHO0703 and JK115, respectively, by conjugation as
described above. The expression levels of oxyR2 from its
native promoter were not affected significantly under the con-
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Table 2. Bacterial strains and plasmids used in this study.

Strains or plasmids Relevant characteristics?

Reference or source

Bacterial strains

V. vulnificus
MO6-24/0 Clinical isolate; virulent Laboratory collection
OHO0505 MO6-24/0 with prx2::nptl; Km" Oh et al. (2008)
OHO0701 MO6-24/0 with prx1::nptl; Km" Baek et al. (2009)
OHO0703 MO6-24/0 with oxyR2::nptl; Km' This study
JK115 MO6-24/0 with AoxyR1 This study
E. coli
DH5a SUpE44 AlacU169 (@80 lacZ AM15) hsdR17 recAl endAl gyrA96 thi-1 relAl,; Laboratory collection
plasmid replication
SM10 A pir thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu Apir; Km'; host for w-requiring Miller and Mekalanos (1988)
plasmids; conjugal donor
BL21 (DE3) F~ ompT hsdS (rB'mB") gal (DE3) Laboratory collection
Plasmids
pDM4 Suicide vector; oriR6K; Cm" Milton et al. (1996)
pOHO042 pDM4 with oxyR2::nptl; Cm’, Km' This study
pJK1122 pDM4 with AoxyR1; Cm" This study
pJHO311 0.3 kb MCS of pUC19 cloned into pCOS5; Ap', Cm" Goo et al. (2006)
pDY1025 pJHO0311 with wild-type oxyR2; Ap', Cm" This study
pKSY025 pJHO311 with wild-type oxyR1; Ap’, Cm’ This study
pKSYO017 pJHO0311 with the mutant oxyR2 encoding OxyR2-C29S; Ap’, Cm' This study
pKSY018 pJHO0311 with the mutant oxyR2 encoding OxyR2-C49S; Ap’, Cm' This study
pKSY019 pJHO0311 with the mutant oxyR2 encoding OxyR2-C91S; Ap’, Cm' This study
pKSY020 pJHO0311 with the mutant oxyR2 encoding OxyR2-C104S; Ap", Cm" This study
pKSY021 pJHO311 with the mutant oxyR2 encoding OxyR2-C114S; Ap", Cm' This study
pDY1104 pJHO0311 with the mutant oxyR2 encoding OxyR2-C206S; Ap", Cm" This study
pDY1105 pJHO0311 with the mutant oxyR2 encoding OxyR2-C215S; Ap", Cm' This study
pDY1026 pJHO311 with the mutant oxyR2 encoding OxyR2sca; Ap', Cm" This study
pDY1027 pJHO0311 with the mutant oxyR2 encoding OxyR2sca-C206S; Ap', Cm" This study
pPGEM-T Easy PCR product cloning vector; Ap" Promega
pOHO058 pGEM-T Easy with a 265 bp fragment of the putative promoter region of prx2 ; Ap" This study
pKSY036 pGEM-T Easy with a 260 bp fragment of the putative promoter region of prx2; Ap" This study
pET-28a(+) Hiseg—tag fusion protein expression vector; Km" Novagen
pDY1001 pET-28a(+) with the wild-type oxyR2; Km" This study
pDY1014 pET-28a(+) with the mutant oxyR2 encoding OxyR2sca; Km® This study
pDY1015 pET-28a(+) with the mutant oxyR2 encoding OxyR2sca-C206S; Km' This study
pDY1016 pET-28a(+) with the mutant oxyR2 encoding OxyR2sca-C215S; Km' This study
pDY0904 pET-28a(+) with the wild-type oxyR1; Km' This study

a. Ap', ampicillin-resistant; Cm’, chloramphenicol-resistant; Km', kanamycin-resistant.

ditions we used (Fig. S4). This observation is similar to the
previous observation that the activity, but not the cellular
level, of EcOxyR was affected by the redox state of the
growth conditions (Storz et al., 1990). It is noteworthy that the
difference in the cellular levels of OxyR2, observed when
expressed from chromosome (WT in Fig. 8B) and plasmid
(oxyR2 with pDY1025 in Fig. 8B), did not affect significantly
the expression level of Prx2 (Fig. 8B). This result indicated
that the increased cellular level of OxyR2 due to the lac
promoter did not have significant impact on the regulation of
prx2. When necessary, plasmids carrying mutant oxyR2
genes (Table 2) were used to complement OHO703. The
resulting complemented strains were used in order to
increase the cellular level of the oxyR2 (wild type and mutant)
or oxyR1 transcripts and their gene products for the subse-
guent transcript and Western blot analyses (Figs 3, 4, 6-8).

RNA purification and transcript analysis

Total cellular RNAs from the cultures grown to the log phase
(aerobically to an Ago Of 0.5 or anaerobically to an Agg 0f 0.3)

were isolated using an RNeasy® Mini kit (Qiagen, Valencia,
CA) (Bang et al., 2012). For Northern blot analysis, reactions
were performed according to standard procedures
(Sambrook and Russell, 2001) with 10 ug of RNA. The DNA
probes, PRX1P and PRX2P, were prepared respectively by
labelling DNA fragments containing the prx1 and prx2 coding
regions with [0-*2P]-dCTP, and used for hybridization as pre-
viously described (Bang et al., 2012). For primer extension
analysis, a 26-base oligonucleotide primer PRX2PE (Table
S1) complementary to the coding region of prx2 was end-
labelled with [y-*?P]-ATP and added to the RNA. The primer
was then extended with SuperScript 1| RNase H™ reverse
transcriptase (Invitrogen). The cDNA products were purified
and resolved on a sequencing gel alongside sequencing
ladders generated from pOHO058 with the same primer
PRX2PE (Table 2). The plasmid pOH058 was constructed by
cloning the 265 bp prx2 upstream region extending from
—227 to +38, amplified by PCR using a pair of primers
PRX2P01-F and -R, into pGEM-T Easy (Promega, Madison,
WI). The Northern blots and primer extension gels were visu-
alized using a phosphorimage analyser (BAS1500, Fuji
Photo Film Co. Ltd., Tokyo, Japan).
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Protein purification and Western blot analysis

Each ORF of oxyR2 and oxyR1 was amplified by PCR using
pairs of primers, HISOXYR2-F and -R, or HISOXYR1-F and
-R respectively (Table S1). The PCR products were ligated
into Hise-tagged expression vector, pET-28a (+) (Novagen,
Madison, WI), to result in pDY1001 (for OxyR2) and
pDY0904 (for OxyR1) (Table 2). His-tagged proteins were
expressed in E. coli BL21 (DE3), and purified by affinity
chromatography according to the manufacturer’'s procedure
(Qiagen). The purified His-tagged OxyR2 and OxyR1 were
used to raise rabbit anti-OxyR2 and anti-OxyR1 polyclonal
antibodies respectively (AbFrontier, Seoul, South Korea). The
anti-Prx2 polyclonal antibody was prepared as described pre-
viously (Bang et al., 2012). Cultures of the wild type, mutants,
and complemented strains grown to the log phase and, when
necessary, exposed to H,O,, were harvested to isolate total
proteins. Proteins (25 ug) were resolved on SDS-PAGE
under reducing or non-reducing conditions and immunoblot-
ted as described previously (Lim and Choi, 2014).

In vivo disulphide bond formation assay

Cultures were grown anaerobically to an Asy of 0.3 or aero-
bically to an Asw Of 0.5. The cultures grown anaerobically
were exposed either to 10 uM of H,O, for various time inter-
vals or to various concentrations of H,O, for 30 s. To alkylate
free thiols in the proteins with 0.5 kDa AMS (Invitrogen), the
cells were immediately precipitated with ice-cold TCA, and
then the resulting pellets were dissolved in 50 ul of the fresh
AMS buffer [15 mM AMS, 1 M Tris, 1 mM EDTA, 0.1% (w/v)
SDS, pH 8.0; Lee et al., 2004]. After incubation at 37°C for
1 h, proteins of the pellets were resolved on SDS-PAGE
under non-reducing conditions and immunoblotted with either
anti-OxyR2 or anti-OxyR1 antibody (Bang et al., 2012).

Site-directed mutagenesis of oxyR2 and purification of
the mutant OxyR2 proteins

Each of the seven cysteine residues in OxyR2 (C29, C49,
C91, C104, C114, C206 and C215) was replaced with serine
by using a QuikChange® Site-Directed Mutagenesis Kit
(Agilent Technologies, Loveland, CO) (Bang etal., 2012).
The complementary mutagenic primers listed in Table S1
were used in conjunction with the plasmid pDY1025 (oxyR2
on pJHO311 as a template DNA) to create pKSYO017 (for
OxyR2-C29S), pKSY018 (for OxyR2-C49S), pKSY019 (for
OxyR2-C91S), pKSY020 (for OxyR2-C104S), pKSY021
(for OxyR2-C114S), pDY1104 (for OxyR2-C206S) and
pDY1105 (for OxyR2-C215S) (Table 2).

Similar experimental conditions were used to replace the
five cysteines in OxyR2 except for C206 and C215 with
alanines. The complementary mutagenic primers listed in
Table S1 were used in conjunction with the plasmid pDY1001
[oxyR2 on pET-28a (+) as a template DNA] to create
pDY1014 (for OxyR2sca) (Table 2). The serine substitution of
C206 or C215 was introduced into pDY1014 using the com-
plementary mutagenic primers (Table S1) through the same
procedures as described above, resulting in pDY1015 (for
OxyR25c,-C206S) and pDY1016 (for OxyR2sca-C215S). The
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ORFs encoding OxyR2sca from pDY1014 and OxyR2sca-
C206S from pDY1015 were amplified by PCR using a pair of
primers OXYR2C-F and -R (Table S1) and subcloned into
pJHO311 to create pDY1026 and pDY1027 respectively
(Table 2). All the mutations were confirmed by DNA sequenc-
ing. The mutant proteins were expressed, purified as
described above, dialysed against storage buffer [20 mM
Tris-HCI, pH 8.0, 250 mM NaCl, 1 mM dithiothreitol (DTT),
and 50% (v/v) glycerol], and kept frozen at —80°C until use.

MALDI-TOF-MS analysis

To reduce OxyR2, 3 uM of Hiss-tagged wild-type OxyR2 in a
reaction buffer [20 mM Tris, pH 7.4, 0.3 M KCI, 5 mM MgCls,
0.5 mM EDTA, and 10% (v/v) glycerol] was treated with
100 mM DTT for 1 h, and then DTT was removed by gel
filtration chromatography as described elsewhere (Lee et al.,
2004; Bang etal., 2012). To oxidize OxyR2, the reduced
OxyR2 was reacted with 30 uM H,O, for 5 min after DTT
removal. Subsequently, reduced cysteine residues of each
reduced and oxidized OxyR2 were alkylated with 25 mM
iodoacetamide for 1.5 h in dark under anaerobic condition.
The reduced and oxidized OxyR2 proteins were resolved on
non-reducing SDS-PAGE, and digested with trypsin (Sigma)
as described previously (Bang et al., 2012). Peptides were
extracted from the gel pieces with 0.1% trifluoroacetic acid in
50% acetonitrile, and MALDI-TOF-MS analyses were carried
out on a Voyager-DE™ STR Biospectrometry Workstation
(Applied Biosystems Inc., Foster City, CA). The masses of the
cleavage peptides were determined using the PeptideMass
software from the ExPASy proteomics server (http://
us.expasy.org/tools/peptide-mass.html).

Electrophoretic mobility shift assay and
DNase | protection assay

The 260 bp upstream region of prx2 promoter, extending
from —246 to +14, was amplified by a PCR using [y-*?P]-ATP-
labelled PRX2P02-R and unlabelled PRX2P02-F as primers
(Table S1). The labelled 260 bp DNA (5 nM) probe was incu-
bated with various concentrations of purified OxyR2sca,
OxyR25c4-C206S, or OxyR25c4-C215S for 30 min at 30°C in a
20 ul reaction mixture containing 1x binding buffer [25 mM
Tris-Cl (pH 8.0), 25 mM KCI, 6 mM MgCl, 0.5 mM EDTA, 10%
(v/v) glycerol, 0.05% (v/v) Tween20, 50 ug mlI™* BSA and
200 ng of poly (dI-dC) (Sigma)]. Electrophoretic analysis of
the DNA-protein complexes has been described elsewhere
(Lim and Choi, 2014).

The same labelled 260 bp DNA probe was used for the
DNase | protection assays. The DNA-protein binding reac-
tions with purified OxyR2sca, OXyR25ca-C206S, or OxyR25ca-
C215S were performed as described above and DNase |
digestion of the DNA-protein complexes followed the proce-
dures previously described (Kim et al., 2011). After ethanol
precipitation, the digested DNA products were resolved on a
sequencing gel alongside sequencing ladders of pKSY036
generated using PRX2P02-R as a primer. The plasmid
pKSY036 was constructed by cloning the same 260 bp
upstream region of prx2 into pGEM-T Easy (Promega). The
gels were visualized as described above for the transcript
analysis.

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 93, 992-1009


http://us.expasy.org/tools/peptide-mass.html
http://us.expasy.org/tools/peptide-mass.html

1008 §. Kimeta. W
Cytotoxicity and growth rate during infection

Cytotoxicity was evaluated by measuring cytoplasmic lactate
dehydrogenase (LDH) activity that is released from the
INT-407 human intestinal epithelial cells (ATCC CCL-6) by
damage of plasma membranes. The INT-407 cells were
grown in minimum essential medium containing 1% (v/v)
fetal bovine serum (MEMF) (Gibco-BRL, Gaithersburg, MD)
in 96-well culture dishes (Nunc, Roskilde, Denmark) as
described previously (Lim and Choi, 2014). Each well with
2 x 10* INT-407 cells was infected with the V. vulnificus
strains at a various moi for 1.5 h. The LDH activity released
into the supernatant was determined using a cytotoxicity
detection kit (Roche, Mannheim, Germany).

Growth rates of the bacterial strains during the infection
were monitored (Oh et al., 2009). The INT-407 cells were
infected using the wild type and oxyR2 mutant at an moi of
20. Samples of the supernatant of the INT-407 cells were
removed at regular intervals and bacterial cells in the super-
natant were determined by counting cfu on LBS agar plates.

Data analyses

All data representing the median values of results from at
least three independent experiments were presented. Aver-
ages and standard errors of the mean (SEM) were also
calculated from at least three independent experiments. The
statistical significance of the difference among the V. vulnifi-
cus strains was evaluated using Student’s t-tests with SAS
program (SAS software; SAS Institute Inc., Cary, NC). Sig-
nificance was accepted at a P-value of < 0.005.
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