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Abstract: A Corynebacterium diphtheriae iron-repressible gene dirA, that was homologous to

TSA of Saccharomyces cerevisiae and AhpC subunit of Salmonella typhimurium alkyl
hydroperoxide reductase, was amplified with PCR and expressed in E. coli. The DirA purified
from the transformed E. coli crude extracts prevented the inactivation of enzyme caused by metal-
catalyzed oxidation (MCO) system containing thiols but not by ascorbate/Fe**/O, MCO system.
The DirA concentration, which inhibited the inactivation of glutamine synthetase by 50% (ICso)
against MCO system, was 0.12 mg/ml. The multimeric forms of DirA were converted to the
monomeric form in SDS-PAGE under the thioredoxin system comprised of NADPH,
Saccharomyces cerevisiae thioredoxin reductase, and thioredoxin. Also, DirA showed thioredoxin
dependent peroxidase activity. All of these results were consistent with the characteristics of a

thiol specific antioxidant (TSA) protein having two conserved cysteine residues.
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INTRODUCTION

In organisms living in aerobic environments,
reactive oxygen species (ROS; 0,7, H;0,,
ROOH and - OH) were generated by many
processes”. One of such processes was a nonen-
zymatic metal-catalyzed oxidation (MCO) sys-
tem which was comprised of transition metal
ion Fe*(Cu®), O,, and thiol or ascorbate?.
The processes that governed the levels of H;0:
and the availability of transition metals may
be fundamental to the etiology of various meta-
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bolic disorders. The ROS damaged cellular
components by oxidizing lipids, proteins, and

nucleic acids®?

, which have been implicated
in various diseases, cancers, aging, and apop-
tosis*”. To be protected from these cytotoxic
oxygen species, all aerobic organisms have
evolved a number of antioxidant proteins or
enzymes which can scavenge ROS as well as
repair or remove the damaged cellular com-
ponents. One of such proteins was a thiol-spec-
ific antioxidant protein termed TSA, first found
in a yeast Saccharomyces cerevisiae, which pre-
vented specifically the inactivation of enzymes
caused by a thiol/Fe**/O, MCO system, and did
not show any activities of known antioxidant

- enzymes such as catalase, superoxide dismu-

tases, and glutathione peroxidases®.
The new antioxidant protein family showing



homology with TSA was reported to be distri-
buted widely in human pathogenic microbes™.
These pathogenic microbes having antioxidant
protein might have a capacity to decompose
hydrogen peroxide produced by macrophages
or neutrophils and also to scavenge the reac-
tive oxygen species. Such microbes might show
even more pathogenic capacity”. Recently,
Mpycobacterium tuberculosis mutant (NCI gi:
1002373) resistant to isonizid has shown high
expression of the antioxidant protein.

According to the search of GenBank database,
C. diphtheriae iron-repressible polypeptide
known as DirA'” showed a high degree of
homology with TSA of Saccharomyces cerev-
isiae® and AhpC subunit of Salmonella typhimu-
rium alkyl hydroperoxide reductase'”, which
‘were known to be antioxidant family members.
Alignmemt of the amino acid sequences of an-
tioxidant family members revealed highly two
conserved cysteine residues, corresponding to
Cys-47 and Cys-170 in the yeast TSA. The
more N-terminal cysteine was conserved in all
family members, whereas the more C-terminal
cysteine was present in most but not all memb-
ers®. The antioxidant proteins that contained
these two conserved cysteines may be reduced
by a mechanism that involved ecither a single
protein, like AhpC, or two proteins, like Trx
and TR. It was therefore reasonable to spec-
ulate that antioxidant family proteins were also
peroxidase, with the conserved N-terminal cys-
teine being a primary redox catalytic site. This
family of peroxidases was named as perox-
iredoxin family®, The C. diphtheriae which
was one of human pathogenic bacteria pro-
duces maximal toxins to take free irons away
from the damaged host tissues when cells were
infected with toxigenic phages and grown under
iron-limited condition'®'>", The peroxiredoxin
proteins were well known as species-specific
antigens in E. histolytica™ and M. avium®.

In this study, We describe the expression
and the purification of DirA with homology to
TSA of Saccharomyces cerevisine and AhpC

subunit of Salmonella typhimurium alkyl hy-
droperoxide reductase. We also describe the an-
tioxidant activity of DirA against MCO sys-
tem and the peroxidase activity to reduce H,O,
or alkyl hydroperoxide in the presence of
thioredoxin system.

MATERIALS AND METHODS
Materials

The Extraction kit for PCR product was pﬁr—
chased from QIAGEN (U.S.A.). Dithiothreitol
(DTT) and NADPH were purchased from Sig-
ma (U.S.A)). Glutamine synthetase of E. coli
strain YMC 10/pGln 6 was purified using a
Zn-precipitation method.

Polymerase chain reaction (PCR)

To prepare DirA, forward primer (5-AAACA-
TATGTCTATCTTGACTGTTGG-3") containing
Ndel site (underlined) and initiation codon
(italic) and reverse primer (3'-CAAACTCTTT-
CCGGAGTTGACTTAAGAAA-5") containing
EcoR1 site (underlined) and stop codon (italic)
were constructed. The reaction mixture was
made up of 10 mM Tris-HCl (pH 8.3), 40
mM KCl, 0.15 mM MgCl, 1 mM DTT, 0.5
pg/ml acetylated BSA, 0.25 mM in each dNTP,
100 pmol of each oligonucleotide primer, 0.5
pl of Taqg DNA polymerase (SU), and C. di-
phtaeriae colony as template in a 100 pl reac-
tion tube. The reaction was amplified for 2 cy-
cles under 94°C/3min, 45 °C/2min, 72C/30sec,
and then for 30 cycles under 94 T/15sec, 55T/
30sec, 72°C/30sec, using Gene Amp PCR Sys-
tem 2400 (Perkin Elmer, USA). PCR products
(597bp) were subjected to electrophoresis on a
1% agarose gel, purified by QIA quick gel ex-
traction kit, and then nucleotide sequence was

determined.
Overexpression of DirA

The PCR products and expression vector
pET17b were cleaved with Ndel and EcoRl
for 1 hour, respectively, separated on a 1%



agarose gel, extracted by QIA quick gel ex-
traction kit, and ligated with T4 DNA ligase
for 12 hours at 16C. The expression vector
pET17b containing dirA gene was transformed
into E. coli strain BL21 (DE3). The E. coli
strain BL21 (DE3) carrying expression vector
was cultured overnight, transferred to 1000 ml
of fresh LB medium supplemented with am-
picillin (100 pg/ml), and cultured further for 3
hours with vigorous shaking at 37<C. Isopro-
pyl -thiogalactopyranoside (IPTG) was added
to a final concentration 1 mM. After 3 hours
of induction, the cells were collected by cen-
trifugation, frozen and stored at -70°C until use.

Purification of DirA

The cells were suspended in 25 mM Tris-
HCI (pH 7.6) and disrupted by sonication. The
Iysate was centrifuged at 18,000 X g for 30 min.
The supernatant was loaded onto DEAE-Sepha-
cel column (2.5%20 cm) equilibrated with 25
mM Tris-HCl (pH 7.6). After washing the
column with 2 volumes of above buffer, the
proteins were eluted with a linear NaCl gra-
dient from 0 to 0.7 M in 600 ml of equilibra-
tion buffer (pH 7.6). The fractions containing
antioxidant activity were precipitated with 75%
saturated ammonium sulfate, dissolved in a
minimal volume of 20 mM HEPES (pH 7.6)
containing 1 M ammonium sulfate, loaded onto
HPLC phenyl column (TSK-Gel, phenyl-SPW,
0.75 X7.5 cm, Japan), and eluted with a linear
ammonium sulfate gradient from 1.0 to 0.0 M
for 50 min. The elutes containing activity were
concentrated by using a Centricon-30 (Amicon),
loaded onto HPLC DEAE column (Bio-Gel,
TSK DEAE-5PW, 0.75x 7.5 cm, Japan), eluted
with a linear NaCl gradient from 0 to 0.7 M
for 50 min, and then, the fractions containing
antioxidant activity were concentrated with Cen-
tricon-30.

Assay of DirA Antioxidant Activity

The DirA antioxidant activity was assayed
by monitoring its ability to protect the inac-

tivation of E. coli glutamine synthetase caused
by a thiol-dependent MCO system as des-
cribed by Kim et al,”. The reaction mixture
(25 i) containing 5 pg glutamine synthetase,
10 mM DTT or ascorbate, 3 UM FeCls;, 50
mM HEPES buffer (pH 7.0) and DirA was in-
cubated at 377 for 10 min, then 1 ml of glu-
tamine synthetase assay mixture was added,
followed by incubation at 37°C for 4 min. To
determine the remaining glutamine synthetase
activities by spectrophotometer at 540 nm, 0.6
ml of the stop solution containing 15.2% FeCls,
8% trichloroacetic acid and 1 N HCI was added.

Assay of DirA Peroxidase Activity

The DirA activity for reducing hydroperoxide
was determined by adding 1 mM H,0, to 500
ul reaction mixture containing 0.2 mM NADPH,
10 pg/ml yeast thioredoxin, 112 pg/ml yeast
thioredoxin reductase, 100 mM HEPES buffer
(pH 7.0), and 100 pg/ml DirA, and then as-
sayed by monitoring spectrophotometrically the
decrease of NADPH absorbance at 340 nm.

Reduction of DirA by Thioredoxin Sys-
tem

Conversion of disulfide bond to sulfhydryl
in DirA was performed by adding 5% 2-mer-
captoethanol to the reaction mixture (100 pl)
containing 0.2 mM NADPH, 10 pg/ml yeast
thioredoxin, 112 pg/ml yeast thioredoxin reduc-
tase, 100 mM HEPES buffer (pH 7.0), and
then electrophoresed on 12.5% polyacrylamide
gel by Laemmli method'®.

RESULTS

The expression vector pET17b containing
dirA gene of C. diphtheriae was transformed
into E. coli strain BL21 (DE3) and then DirA
was induced by adding IPTG. The harvested
cells were sonicated and centrifuged. The DirA
was purified to homogeneity from supernatants
by sequencial steps of DEAE-Sephacel chro-
matography (Fig. 1A), HPLC-phenyl chro-
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Fig. 1. Purification of DirA. Detailed procedures
on column chromatography are described under "Ma-
terials and Methods". A, DEAE-Sephacel ion ex-
change chromatography; B, HPLC reverse phase chro-
matography on TSK phenyl-5PW; C, HPLC ion ex-
change chromatography on TSK DEAE-5PW.

matography (Fig. 1B), and HPLC-DEAE chro-
matography (Fig. 1C). The DirA activity was
monitored by assay for the remaining E. coli
glutamine synthetase activity.

Electrophoresis of the purified DirA was car-
ried out on 12.5% SDS-polyacrylamide gel
with 2-mercaptoethanol, stained with Coomas-
sie brilliant blue (Fig. 2A) and subjected to im-
munoblot analysis (Fig. 2B). In Fig. 2A, lane 2
illustrated that DirA was overexpressed and
constituted a major component of proteins in
E. coli crude extracts. The DirA was about 23
kDa in the reducing condition (lane 3, Fig. 2A).
Polyclonal antibodies were prepared using the

Fig. 2. SDS-PAGE analysis of E. coli crude ex-
tracts and purified DirA. A, Crude extracts (E. coli
and transformed E. coli) and purified DirA were
separated by SDS-PAGE on a 12.5% gel in the
presence of 2-mercaptoethanol and stained with
Coomassie brilliant blue R-250. Lane 1, E. coli
lane 2, transformed E. coli with expression vector
(pET17b), which encodes dirA; 3, purified DirA
and B, crude extracts of C. diphtheriae and purified
DirA subjected to immunoblot analysis in the reduc-
ing condition. Lane 1, crude extracts of C. di-
phtheriae; lane 2, purified DirA.

purified DirA and immunoblot analysis of
DirA showed in the lane 2 of Fig. 2B. For the
crude extracts of C. diphtheriae, the same size
protein band was detected by immunoblotting
using the polyclonal antibodies against ex-
pressed DirA (lane 1, Fig. 2B).

The activity of DirA preventing the oxidative
inactivation by MCO system containing either
thiol or ascorbate was determined by checking
the time-coursed inactivation of E. coli glu-
tamine synthetase (Fig. 3). The DirA inhibited
the inactivation of glutamine synthetase by
thiol-mediated MCO system only (Fig. 3A)
but not by the ascorbate MCO system (Fig.
3B). To distinguish the antioxidant specificity
of two different MCO system, the MCO sys-
tem containing both DTT and ascorbate was
monitored for its ability preventing the ox-
idation (Fig. 3C). These results suggested that
DirA did not inhibit the inactivation of glu-
tamine synthetase by ascorbate-mediated MCO
system and required the thiol compound to in-
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Fig. 3. Protection of glutamine synthetase by DirA. The inactivation mixtures containing 10 pg of gluamine
synthetase, 3 UM FeCl; and 50 mM HEPES, pH 7.0, in a total volume 25 pl were incubated at 37C. The reac-
tion mixtures were assayed for the remaining activity of E. coli glutamine synthetase at various times. Ad-

ditional reagents added were m, None; ®, 0.25
Ascorbate/Fe’* MCO system; C, DTT/Ascorbate/Fe
Fe’* MCO system.
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Fig. 4. Oxidation of NADPH by thioredoxin and
thioredoxin reductase in the presence of DirA and
hydrogen peroxide or cumene hydroperoxide. The
reaction mixture contained 10 pg/ml thioredoxin,
112 pg/ml thioredoxin reductase, 0.2 mM NADPH,
100 mM HEPES, pH 7.0 in a total volume of 500
pl. Also added were 1, 1 mM H,O,; 2, 1 mM cu-
mene hydroperoxide; 3, 1 mM cumene hydroperoxide
+ 100 pg/ml DirA; 4, 1 mM H,0, + 100 pg/ml
DirA.

hibit the enzyme by MCO system such as
DTT, 2-mercaptoethanol, and gluthatione. The
DirA concentration which inhibited the inac-
tivation of glutamine synthetase by 50% against
DTT/Fe* MCO system and ascorbate/Fe** MCO

mg/ml DirA; A, 1 mM EDTA. A, DTT/Fe** MCO system; B,
** MCO system. 10 mM DTT added additionally in Ascorbate/

2 3 4

Fig. 5. Conversion of multimeric form of DirA to
monomeric form by thioredoxin system Purified C.
diphtheriae DirA (20 pg) were separated by SDS-
PAGE on a 12.5% gel with 2-mercaptoethanol (lane
1) or without 2-mercaptoethanol (lane 2), and
NADPH+ thioredoxin/thioredoxin reductase (lane 3)
and thioredoxin/thioredoxin reductase (lane 4).

system with DTT were 0.12 mg/ml, 0.15 mg/
ml, respectively (data not shown).

The peroxidase activity of DirA toward H,0,
or cumene hydroperoxide in the presence of
the thioredoxin system was monitored indirectly
by following the decrease in As, attributable to
the oxidation of NADPH (Fig. 4). The rate of



the peroxidase-dependent NADPH oxidation
decreased with time. For the same concentration
of peroxide, the decrease in rate was more rapid
with cumene hydroperoxide than with HO..

To identify the presence of different forms
of the DirA due to reductive activation by the
reducing agent such as 2-mercaptoethanol or
the thioredoxin system (NADPH, thioredoxin,
and thioredoxin reductase), SDS-PAGE was
used to analyze the products of such processes
(Fig. 5). In the presence of 2-mercaptoethanol
which was a reducing agent in the sample buffer,
dimer and oligomer of DirA were converted to
the monomer form as shown in the lane 1 of
Fig. 5. The reduction of DirA disulfide bond
by the thioredoxin system was determined by
using SDS-PAGE in the nonreducing .condition.
Complete thioredoxin system also led to cleavage
of the disulfide bridge in the DirA (lane 3, Fig.
5). The thioredoxin system without NADPH
did not cause conversion of a dimer and oli-
gomer to monomer as shown in the lane 4 of
Fig. 5.

DISCUSSION

The C. diphtheriae is gram-positive straight
or slightly curved rod shape living in the
throat. It secreates its toxin into the damaged
underlying tissues. For decades, it has been
known that toxin production of C. diphtheriae
is due to the viral genome within the organism
(i.e., P-prophage) and the growth under iron-
limited conditions and that non-toxic strains
may be made toxic by exposing them to -
phage'®'>”. When C. diphtheriae cells were
cultured in the growth medium containing iron
chelating agent such as EDDA to remove iron,
the cells increased production of proteins known
as iron-repressible polypeptides with especially
molecular masses of 64, 22, 20, 19, and 18
kDa. The DirA, a major iron-repressible po-
lypeptide (198 amino acid residues, 22.8 kDa),
was homologous to AhpC and TSA'?.

The antioxidant activity of DirA was not de-

creased during in MCO system and the DirA
was not degraded by MCO system. Although
DirA could not prevent oxidative damage of
proteins caused by ascorbate/Fe** MCO system,
it was not impaired by MCO system. Like
TSA of Saccharomyces cerevisiae® and Can-
dida pseudotropicalis’™, DirA could not inhibit
ascorbate/Fe* MCO system. However, ascorbate/
Fe’* MCO system mediated oxidative damages
of protein was completely prevented by DirA
in the presence of reduced mercaptans such as
DTT, 2-mercaptoethanol. Thus, it can be el-
iminated that DirA can not inhibit ascorbate/
Fe>* MCO system because of reactive species
produced such as ascorbate radical in ascorbate
system. If DirA required reduced mercaptans
to remove reactive oxygen species, ascorbate
MCO system can be inhibited by DirA in the
presence of reduced mercaptans. The role of
reduced mercaptans can be suggested as fol-
low; an oxidized form of DirA produced dur-
ing reduction of reactive oxygen can be con-
verted to reduced form, catalytically active
form, by reduced mercaptans. The protection
mechanism of antioxidant protein has not been
well described yet. But it was found recently
that TSA of Saccharomyces cerevisiae has
disulfide bond reducible by thiols and removes
hydrogen peroxide in the presence of DDT'®.
It was known by a search of the GenBank
database that DirA had strong homologies
with a family of at least 50 antioxidant pro-
teins including AhpC and TSA”. They be-
longed to peroxiredoxin family with thioredox-
in peroxidase activity. The AhpC/TSA family
had either one or two conserved cysteine resi-
dues”. Also DirA had four cysteine residues;
two of them were coincided highly with con-
served cysteine residues of AhpC and TSA'™.
This strong homology between the DirA and
AhpC/TSA proteins suggested that DirA may
be involved in limiting ROS damage to bio-
logical tissues and may have features of
thioredoxin peroxidase, which reduced hy-
droperoxide (H,O,, ROOH) with Trx as an im-



mediate hydrogen donor”. According to Fig. 4
and Fig. 5, it was suggested that DirA had
thioredoxin peroxidase activity and that sequen-
cial redox reactions took place during the flow
of electron from NADPH to alkyl hydroperoxide.
But thioredoxin peroxidase activity of the
DirA had lower than thioredoxin peroxidase
activity of Saccharomyces cerevisiae because
of using TR and Trx of Saccharomyces cerev-
isiae. Therefore, to understand thioredoxin per-
oxidase function of C. diphtheriae, it will be
important to identify the physiolgical electron
donor that suggests to be mediate the flow of
electrons from NADPH to oxidized DirA to
reduce H,O, or alkyl hydroperoxide.
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