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Response and defense systems against reactive oxygen species (ROS) contribute to the remarkable
resistance of Deinococcus radiodurans to oxidative stress induced by oxidants or radiation. However,
mechanisms involved in ROS response and defense systems of D. radiodurans are not well understood.
Fur family proteins are important in ROS response. Only a single Fur homolog is predicted by sequence
similarity in the current D. radiodurans genome database. Our bioinformatics analysis demonstrated an
additional guanine nucleotide in the genome of D. radiodurans that is not in the database, leading to
the discovery of another Fur homolog DrPerR. Gene disruption mutant of DrPerR showed enhanced resis-
tance to hydrogen peroxide (H2O2) and increased catalase activity in cell extracts. Real-time PCR results
indicated that DrPerR functions as a repressor of the catalase gene katE. Meanwhile, derepression of dps
(DNA-binding proteins from starved cells) gene under H2O2 stress by DrPerR point to its regulatory role in
metal ions hemostasis. Thus, DrPerR might function as a Fur homolog protein which is involved in ROS
response and defense. These results help clarify the complicated regulatory network that responds to
ROS stress in D. radiodurans.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Aerobic metabolism is necessary for sustain cell energy, but its
overproduced byproducts—reactive oxygen species (ROS), such as
hydrogen peroxide (H2O2) and hydroxyl radical, have toxic effects
on cells by damaging membrane and macromolecules. The rela-
tively mild oxidant H2O2 possess a longer cellular half-life
(�1 ms) than other ROS [1], but its unlimited diffusion across cell
membrane and promotion of the production of high toxic hydrox-
ygen radical (�OH) via Fenton Chemistry make H2O2 highly toxic
[2]. Aerobic microorganisms evolve various strategies including
systems to respond to and defend against ROS such as antioxidant
enzymes and their regulators.

ROS defense system is coordinated by thiol-base responsive
regulator through either activating or inactivating the expression
of genes [3]. Site-specific, covalent and reversible modification on
the thiol of cysteine made it a potential sensor for transforming
oxidative signal into a response against ROS. OxyR, a sensor and
regulator, is generally found in gram-negative bacteria and func-
tions as a global positive regulator of peroxide stress response
[4]. Ferric uptake regulator (Fur) family protein was first known
to response to the exceeding level of intracellular Fe (II) [2], which
catalyzes the Fenton chemistry. Therefore, Fur proteins are
involved in fighting against intracellular ROS. Fur family members
are generally repressors in the response to several metal ions
including Fe (II), Mn (II), Zn(II), Ni (II), and H2O2, referred as Fur,
Mur, Zur, Nur [5–7] and PerR, respectively. PerR integrates submi-
cromolar levels of H2O2 and the cytosolic concentration of metal
Mn (II) and Fe (II) as signals [8], and is considered as an important
protein for responding to ROS stress.

Deinococcus radiodurans is an aerobic bacterium well known for
its extreme resistance to ionizing radiation, UV radiation, oxidants
[9,10] which generate lethal ROS to cells. Many studies have inves-
tigated the extreme resistance mechanism of D. radiodurans to ROS
stress [11], but the details remain unclear. Recent proposals state
that under lethal ROS, the integrity of proteome is prior to genome
for cell survival [12,13]. Cell survival depends on the functions of
proteins involved in DNA repair, replication and metabolisms.
ROS responding and defense systems are indispensable for protect-
ing proteins and maintaining proteome integrity. D. radiodurans
has several strategies to respond to ROS including maintaining a
high level of Mn/Fe concentration ratio, increasing the supply of
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small-molecular antioxidant and enhancement of ROS-scavenging
enzyme activity. Gene mutations for ROS-scavenging enzymes
such as catalases, superoxide dismutase resulted in significant
decline of D. radiodurans survival under oxidative stress [14]. The
efficient non-enzymatic small-molecule antioxidants in D. radiodu-
rans comprise pyrroloquinoline-quinone and carotenoids [15–17].

According to present annotated genome at the National Center
for Biotechnology Information (NCBI), there is only one Fur homo-
log (DR0865) encoded in the genome of D. radiodurans. However,
the homolog does not seem to function as the regulator in iron
uptake pathway. The genome of D. radiodurans was sequenced in
1999 [18], so inaccuracy and missing data might be attributed to
the limitation of sequencing techniques at that time [19]. Using
RNA sequencing (RNA-seq) data, we found transcripts matching
non-coding regions according to previous genome annotation.
We reanalyzed the D. radiodurans genome data and identified a
‘‘missing’’ functional gene.

In the present study, we report a novel PerR-like protein of Fur
family in D. radiodurans that is not annotated in the current data-
base and has a different function from DR0865. In vivo experiments
revealed that this gene was responsible for responding to H2O2 and
regulating a serial of genes related to oxidative stress.
2. Material and methods

2.1. Bacterial strains and growth conditions

All strains and plasmids used in this study are listed in Support-
ing Information Supplementary Table.1. The wild type and mutant
strains of D. radiodurans R1 (ATCC 13939) were grown in TGY med-
ium (0.5% (w/v) Bactotryptone, 0.1% (w/v) glucose, 0.3% (w/v)
Bacto yeast extract) at 30 �C or on TGY plates supplemented with
1.5% (w/v) agar. Ampicillin (100 lgml–1), chloramphenicol
(3 lgml–1), and kanamycin (20 lgml–1) were added to the medium
if required.

2.2. Identification of novel transcripts in D. radiodurans by RNA
sequencing

RNA sequencing of D. radiodurans was performed by applying
SOLiD system. A Perl script was written to search novel transcripts
located at the non-coding region or the antisense of coding region
base on the RNA sequencing data. The results were compared with
Glimmer3 and Prodigal annotation [20,21]. The candidates were
predicted by Blastp program.

2.3. Construction of D. radiodurans knockout mutant and complement
strains

Mutants were constructed as previously described [22,23].
Primers are listed in Supporting Information Supplementary
Table.2. Primers were used to amplify the upstream and down-
stream of target gene with the BamHI and HindIII cutting sties
respectively. After digestion, these segments were ligated to a
kanamycin resistance cassette and transformed into the exponen-
tial phase cells with CaCl2 method. The mutant strain (DdrperR)
was screened with kanamycin, and confirmed by PCR products
analysis and sequencing. drperR gene sequence has been submitted
to NCBI with a No. KJ817356.

2.4. Survival assay under oxidative stress

Solutions (1 M) of manganese chloride, ferric trichloride, hydro-
gen peroxide (Sigma) were prepared in milli-Q water and filter-
sterilized. Cells grown to OD600 about 1.0 were plated on TGY
plates and overlaid with 5-mm sterile filter discs containing
10 ll of various cations solutions. The plates were incubated for
three days, and the inhibition zone of each disc was measured.

For the concentration-dependent H2O2 treatment, the cell cul-
tures were treated with different concentrations (ranged from 0
to 50 mM) of H2O2 for 30 min after a series of dilution of H2O2.
For the time-dependent H2O2 treatment, cell cultures were treated
with 40 mM H2O2, and sampled at intervals of 20 min. After treat-
ment, 5 ll of sample was dropped onto the TGY plate and cells
grown were measured.
2.5. Assays of cellular antioxidant capacity and activities of catalase
and superoxide dismutase

Cellular antioxidant capacity was measured by ABTS assay. The
activity was expressed as lmol of Trolox equivalent antioxidant
capacity per gram whole cell extract protein (lmol TEAC/g). Total
catalase activity was further determined as described previously
[24]. Activities of specific catalases were further assayed by the
native PAGE gel stained with horseradish peroxidase-diam-
inobenzidine [25]. Superoxide dismutase activity was analyzed
by SOD activity assay and protein stain method on gel visualized
with diaminobenzidine and hydrogen peroxide [26].
2.6. QRT-PCR analysis of related genes

QRT-PCR wad performed according to the previous method
[26]. Total RNA was extracted using Trizol Reagent (Invitrogen) fol-
lowed by treatment with RNase free Dnase I (Promega). The first-
strand cDNA synthesis was carried out in 20 ll of reaction mixture
containing 1 lg of RNA sample combined with 3 lg of random
hexamers using SuperScript III Reverse Transcriptase kit (Invitro-
gen). SYBR Premix Ex Taq™ (TaKaRa) was used to amplify with
STRATAGENE Mx3005P™ Real-time detection system.
3. Results

3.1. Identification of a novel Fur homolog protein embedded in the
sequenced genome data of D. radiodurans

By RNA-seq and analysis, we found transcripts from noncoding
regions of the D. radiodurans NCBI genome. One of the transcripts
originated at the downstream of RecA, which follows the DR2341
(Fig. 1A and B). This founding is in consistence with the prediction
by Glimmer3 and Prodigal (Prokaryotic Dynamic Programming
Genefinding Algorithm), which are bacterial and archaeal gene-
finding programs [20,21]. The ORF appeared to encode a Fur homo-
log that was 80 amino acids, which was shorter than other Fur
family members. We designed primers to clone an extended region
containing this putative homolog. Sequencing showed that omis-
sion of a guanine at Chromosome I 2,340,150 led to a frameshift
(Fig. 1C). Blastp analysis of the corrected ORF identified conserva-
tion sites of Fur family including a putative N-terminal DNA-bind-
ing helix, a C-terminal dimerization domain, a structural Zn (II)-
binding site with two CX2C coordinated motifs, and a regulatory
metal-binding site. Further alignment analysis demonstrated that
the new Fur homolog, designated DrPerR (data submitted to NCBI),
shared 32% identity with DR0865, 32% identity with the PerR of
Bacillus subtilis and 23% identity with the E. coli Fur (Fig. S2). More-
over, the drperR genes flanking birA in a divergent direction and
located near RecA were observed in D. radiodurans, Deinococcus
gobiensis, Deinococcus geothermalis, and Deinococcus proteolyticus
(Fig. 1B).



Fig. 1. Identification of a novel ORF embedded in the sequenced genome data of D. radiodurans. (A) RNA-seq data suggested a novel ORF at the positive strand. (B) Relative
location of the ORF (fur) in D. radiodurans, D. gobiensis, D. geothermalis, and D. proteolyticus. (C) Nucleotide sequence of the D. radiodurans drperR gene. The predicted amino
acid sequence (orange) was presented above the nucleotide sequence according to previous database (frame +3), and the re-sequenced segment was below (blue, frame +1),
with a green M (Met) indicated the first code, respectively. TATA-box (blue) and ribosomal binding site (green box) was indicated at the corrected sequence. And the omission
of G was indicated by a red circular symbol. The amino acid sequence affected by frame shift was shown in a black box. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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3.2. Disruption of drperR gene increase the resistance of D.
radiodurans to H2O2

A mutantDdrperR strain was less sensitive to H2O2 than wild type
R1 (Fig. 2A), indicating that the drperR gene might be involved in cel-
lular resistance to oxidative stress. However, the size of the inhibi-
tion zone was not substantially different in the present of metal
ions, suggesting that the drperR gene might not contribute directly
to Mn or iron uptake. The H2O2 sensitivity of DdrperR was further
determined at different treatment concentration and time. In con-
centration-dependence assays, DdrperR survival was not affected
at 10–50 mM H2O2, while the wild type strain was dramatically
inhibited at 30 mM (Fig. 2B). In time-dependence assays, a decrease
in DdrperR survival was not observed until 80 min (Fig. 2C).

3.3. drperR mutation reduced the cellular antioxidant capacity,
activities of catalase and superoxide dismutase

Antioxidants play important roles in preventing the damages of
ROS and thus contribute to cell survival under oxidative stress. Cel-
lular antioxidant assay showed a 43% increase of antioxidant
capacity in the DdrperR strain (0.6394 mM trolox/g) compared to
the wild type (0.4469 mM trolox/g) (Fig. 3A).

Catalase and superoxide dismutase (SOD) are important antiox-
idant enzymes for ROS scavenging. Disruption of drperR leads to an
increase of total catalases activity to 4.45-fold under normal condi-
tion. D. radiodurans genome has three catalase genes (dr1998,
dra0146 and dra0259). PAGE activity-staining assay demonstrated
that disruption of drperR led to an increase of the activity of two
catalases: KatE (DR1998) and KatB (DRA0146) (Fig. 3B). However,
the activity of DRA0259 is not significantly different in the wild
type and mutant strains. On the other hand, total SOD activity
was not affected by the disruption of drperR, consistent with the
PAGE activity-staining assay (Fig. 3C). Therefore, the increased cel-
lular tolerance to H2O2 of the DdrperR strain might be at least
partly attributed to the enhanced catalase activity.

3.4. Transcriptional levels of a catalase and dps are under the control
of DrPerR

Quantitative real time PCR analysis (qRT-PCR) was performed to
compare gene expression in the DdrperR and wild type R1 strain.



Fig. 2. Metal ions and hydrogen peroxide sensitivity of the wild type strain and the mutant DdrperR. (A) Inhibition zone of 1 mol/L hydrogen peroxide (left) 1 mol/L
manganese ion (middle), and 1 mol/L ferric ion (right). (B) Growth of wild-type R1 and DdrperR under 0 � 50 mM H2O2 treatment. (C) Growth of wild-type R1 and DdrperR
under 0–80 min treatment with 40 mM H2O2.

Fig. 3. Disruption of drperR increased the antioxidant activity in D. radiodurans. (A) Cellular antioxidant activity assay by ABTS method. (B) Catalase activity assay. (C)
Superoxide dismutase activity. Assays were performed three times and values were presented as mean ± standard deviation. For PAGE activity-staining assay, each lane
contained 20 lg of protein.

578 C. Liu et al. / Biochemical and Biophysical Research Communications 450 (2014) 575–580
Under normal condition and H2O2 stress, katE transcription was
4.2-fold increased in DdrperR stain compared to wild type
(Fig. 4). That was in consistence with the results of catalases activ-
ity measurement. However, the transcription of dra0146 and
dra0259 did not show a substantially increase. In B. subtilis, PerR
is proposed to bind to the promoter of mrgA, which was induced
under oxidative stress [27,28]. D. radiodurans has two MrgA homo-
logs: Dps-1 (DR2263) and Dps-2 (DRB0092), which function as iron
chelating proteins to protect against oxidative stress. Their induc-
tion under oxidative stress implies negative control [29]. Therefore,
we checked whether the transcription of dps was affected, and
found a 1.4-fold increase in transcription of dps-1. The significant
change of the dps-2 transcription was not observed.
4. Discussion

ROS-response proteins modify the expression of defense and
repair proteins to contribute to cell survival under oxidative stress
[30,31]. In this work, we identified a novel Fur homolog (PerR)



Fig. 4. Analysis of DrPerR-dependent genes. Real-time PCR analysis of the DrPerR-
dependent genes expression with dr0089 as internal control.
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involved in the ROS response by regulating expression of antioxi-
dant enzymes in the extreme bacterium D. radiodurans. With the
emergence of next generation sequencing techniques from 454,
Illumina and SOLiD, high-throughput and high-accuracy sequence
analysis is possible. RNA sequencing using SOLiD technique identi-
fied a transcript from a noncoding region of the annotated D. radio-
durans genome. The ORF showed high homology to PerR protein
from the Fur family, but was different from the predicted Fur
homolog DR0865 in D. radiodurans. The novel PerR from D. radiodu-
rans had homologs with an identity above 50% in other Deinococ-
cus-Thermus (Deide_19480, Dgeo_2141, Deipr_1246, Deima_0520,
Deipe_1848, DGo_CA2836, and TTC1639) (Supplementary Fig. 1).
In addition, the amino acid compositions had high identity to each
other in the metal binding sites.

Further sequence analysis (Supplementary Fig. 2) showed that
DrPerR contained two CX2-4C motifs (Cys 84, Cys 87 and Cys 123,
Cys 126). Corresponding sites were found in most of Fur homo-
logues including EcFur (E. coli), HpFur (Helicobacter pylori), espe-
cially in PerR-like metalloregulators such as BsPerR (B. subtilis).
The second metal-binding site is thought to be a regulatory site
that varies in different bacteria. In HpFur, the second metal binding
site is co-coordinated by His 42, Glu 90, His 97, His 99 and Glu110,
while in BsPerR the five residues were His 37, His 91, His 93, Asp 85
and Asp 104 [32]. The substitution of Glu with Asp was common
among the PerR-like family members [32]. DrPerR shares a similar
amino acid composition (His 23, His 79, His 81, Asp 61, and Asp 92)
to BsPerR at the site. DR0865 possess a slightly different composi-
tion (Glu 70, His 77 and His 79, lacking Glu or Asp) from BsPerR and
DrPerR. DrPerR seem to lack a third metal binding site seen in
HpFur and DR0865.

DrPerR contributed to cellular resistance of D. radiodurans to
oxidative stress, because gene disruption resulted in increased
resistance to H2O2 and increased catalases activity in cell extrac-
tion. The katE (dr1998) gene encodes the major periplasmic cata-
lase in D. radiodurans [14]. Increasing activity of KatE enhances
H2O2 scavenging. We had verified that katE (dr1998) was also con-
trolled by a ROS responding protein, OxyR [29]. Thus, katE tran-
scription might be co-regulated by OxyR and DrPerR in D.
radiodurans. In normal conditions, cells do not require excess cata-
lase so its expression might be tightly repressed by DrPerR. When
ROS signals reach certain level, katE expression was derepressed by
inactivation of DrPerR via unknown pathway. Increase of the ROS
level also activates the OxyR and thus promotes the expression
of katE. This strategy would facilitate D. radiodurans adaption to
fluctuant environment stresses. Moreover, DtxR (DR2539) and
the Fur homologue (DR0865) are suggested to regulate KatE activ-
ity [33]. Therefore, the regulation of katE appears to be a compli-
cated mechanism which might contribute to the precise adaption
mechanism of D. radiodurans under oxidative stress.

Under oxidative stress, free Fe (II) is toxic to cells by Fenton
Chemistry and should be tightly controlled. Dps is suggested to
be responsible for free Fe (II) chelating and protecting DNA. A
Dps homolog of D. radiourans is regulated by OxyR [29]. QRT-PCR
results show that DrPerR repressed the expression of dps-1
(dr2263) under normal condition, while no significant changes
was observed in the transcription of dps-2 (drb0092). The regula-
tion of Dps-1 by DrPerR links DrPerR to metal homeostasis, simi-
larly to the regulation of mrgA by PerR in B. subtilis [28].

D. radiodurans possesses a powerful antioxidant system, and
several vital regulators including OxyR have been investigated in
D. radiodurans. However, the whole picture is still to be clarified.
Here we discovered a novel, unpredicted Fur homologue in the D.
radiodurans genome and characterized it as a PerR-like transcrip-
tion regulator that responses to H2O2 and functions as a negative
regulator of katE and dps, which are responsible for ROS scavenging
and metal homeostasis, respectively. These results add to our
understanding of the complex D. radiodurans regulatory network
of antioxidants. Further research is needed to elucidate the interac-
tions between the OxyR, DtxR, DR0865 and PerR in ROS response
and metal ion homeostasis in D. radiodurans. This study also pro-
vided implications on how to utilize sequenced genome data and
the importance of genome data mining. Resequencing of D. radio-
durans genome by next generation sequencing would resolve the
problems in genome data.
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