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Abstract

The extremophilic bacterium Deinococcus radiodurans exhibits an extraordinary resistance
to ionizing radiation. Previous studies established that a protein named Pprl, which exists
only in the Deinococcus-Thermus family, acts as a general switch to orchestrate the expres-
sion of a number of DNA damage response (DDR) proteins involved in cellular radio-resis-
tance. Here we show that the regulatory mechanism of Pprl depends on its Mn(2+)-
dependent protease activity toward DdrO, a transcription factor that suppresses DDR
genes’ expression. Recognition sequence-specificity around the Pprl cleavage site is essen-
tial for DNA damage repair in vivo. Pprl and DdrO mediate a novel DNA damage response
pathway differing from the classic LexA-mediated SOS response system found in radiation-
sensitive bacterium Escherichia coli. This Pprl-mediated pathway in D. radiodurans is indis-
pensable for its extreme radio-resistance and therefore its elucidation significantly advances
our understanding of the DNA damage repair mechanism in this amazing organism.

Introduction

DNA repair is an essential process for cells to maintain their genomic stability. Cells have
evolved elaborate systems to recover its DNA from damage caused by hazardous environmen-
tal stresses. The Gram-positive bacterium Deinococcus radiodurans is one of the commonly
used model organism for studying DNA repair due to its exceptional tolerance to extensive
DNA damage inflicted by various DNA-damaging agents such as ionizing radiation (IR), ultra-
violet light (UV), chemical mutagens and desiccation [1-4].
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Pprl (also called IrrE), a protein that is unique to the Deinococcus-Thermus family, has been
identified as one of the essential proteins for the DNA damage response and repair processes
[5, 6]. Disruption of the ppr] gene renders the bacteria sensitive to various DNA damage. It has
been observed that PprI can bind to the promoter regions of recA and pprA, two genes impor-
tant for DNA repair [7-10]. Comparison between the wild type strain and pprI-knockout mu-
tant confirms that Pprl regulates the expression of a series of genes, including those involved in
the DNA repair process [7, 11]. Crystal structure suggests that Pprl possesses three structure
domains: a zinc peptidase-like domain, a helix-turn-helix motif and a GAF-like domain [12].
Mutants designed to disrupt this putative protease activity sensitize the bacteria towards UV
and ionizing radiation [12], indicating that the protease activity might be important for the
function of Pprl. However, the mechanism by which PprI regulates gene expression was not
clear and the substrate of its protease activity has not been identified until recently.

DdrO, a putative XRE (xenobiotic response element) family transcription regulator, has
been predicted to play a role in DNA damage response as it is one of the few transcription regu-
lators which are up-regulated following radiation damage [13, 14]. Recently, Ludanyi et al [15]
reported that Pprl can cleave DdrO in the closely related Deinococcus deserti. They first de-
tected the interaction between Pprl and DdrO using a bacterial two hybrid method and far
western method. Then they observed that PprI can cleave DdrO in vitro and when co-express-
ed in Escherichia coli. The cleavage of DdrO in D. deserti was found to occur after irradiation.
While unable to detect the binding of DdrO to the promoter region of DNA damage response
(DDR) genes directly, Ludanyi et al used a reporter gene approach to show that DdrO can reg-
ulate these genes.

Unaware of the results in D. deserti at the time, we came to essentially the same conclusion
independently regarding PprI’s cleavage of DdrO in D. radiodurans. In addition to what have
been reported by Ludanyi ef al, we discovered that this protease activity is Mn(2+) dependent.
Furthermore, in this report, the direct binding of DdrO to DDR gene promoter regions were
confirmed with gel mobility shift assay. The sequence specificity of the proteolytic reaction was
further explored and mutations that can render DdrO uncleavable were identified. Replacing
the native DdrO with the uncleavable mutant dramatically sensitized D. radiodurans toward
various DNA damage. These results further clarify the mechanism by which DNA damage re-
sponse were regulated in this amazing organism.

Materials and Methods
Materials

Unless otherwise stated, standard chemicals were of high purity available from Sigma-Aldrich.
Tryptone, yeast extract were purchased from Oxford. Enzymes for molecular biology were
from Takara. HiTrap Heparin HP column and Superdex 75 were from GE healthcare.

Strains and culture

All plasmids and strains were listed in S1 Table. D. radiodurans strains were grown at 30°C in
TGY broth (0.5% tryptone, 0.3% yeast extract, 0.1% glucose) or on TGY plates with 1.5%(w/v)
agar powder. E. coli strains, containing DH50. and BL21(DE3), were cultivated in LB broth (1%
tryptone, 0.5% yeast extract, 1% NaCl) or on LB medium with 1.5%(w/v) agar at 37°C. Antibiot-
ics used to select E. coli were kanamycin (50 ug/ml) and ampicillin (50 pg/ml). For D. radiodur-
ans, concentrations of kanamycin, chloramphenicol and streptomycin were 10 pg/ml, 4 pg/ml,
10 pg/ml, respectively.
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Protein expression and purification

All the interested gene fragments obtained by PCR amplification (primers listed in S2 Table)
were cloned into pET28-HMT vector, which is a modified pET28a vector with a N-terminal
hexahistidine tag followed by an additional maltose binding protein (MBP) tag and a tobacco
etch virus (TEV) protease site before the gene of interest. The resulting plasmids were trans-
formed into E. coli BL21(DE3) for overexpression of 6xHis-MBP tagged proteins, respectively.
The expression strains were grown in LB broth containing 30 pg/ml kanamycin at 37°C to ex-
ponential phase. 0.5 mM isopropyl-p-D-thiogalactoside (IPTG) was added when ODyq
reached 0.6. Induced expression lasted for 4 hours before the cells were harvested by centrifuga-
tion. For purification, cells were washed twice with phosphate saline and re-suspended in lysis
buffer (500 mM NaCl, 20 mM Tris-HCI pH 8.0, 1000 units/ml DNasel, 1 mM PMSF, 1 mM
EDTA), then disrupted using a High Pressure Cell Cracker (JNBio). Cell debris was removed by
centrifugation (20,000g for 30 min at 4°C). An AKTA Purifier system was used for purification.
The supernatant was loaded onto a Ni-NTA superflow column. The unbound impurity was re-
moved using 3 column volumes of buffer A (500 mM NaCl, 20 mM Tris-HCI pH 8.0, 30 mM
imidazole). The protein was then eluted with buffer B (500 mM NaCl, 20 mM Tris-HCI pH 8.0,
300 mM imidazole). The collected sample was flown through an amylose column (NEB), eluted
by 500 mM NaCl, 20 mM Tris-HCI pH 8.0 and 10 mM maltose. Cleavage of the 6x His-MBP
tag with a His-tagged TEV protease was carried out at 15°C overnight. After short centrifuga-
tion, the supernatant was purified by Ni-NTA column and MBP column again to discard the
6xHis-MBP tag. NaCl concentration of the sample was lowered to 100 mM by dialysis. Further
purification was carried out using a HiTrap Heparin HP column (GE healthcare). A gradient
elution from 100 mM to 600 mM NaCl was applied. Final samples were analyzed using gel fil-
tration chromatography (Superdex 75) and SDS-PAGE.

Site—directed mutagenesis in vitro

Site directed mutagenesis was carried out using the pET28-HMT expression plasmid contain-
ing pprl or ddrO gene as template (primers listed in S2 Table). Amplification was performed
using PrimeSTARHS DNA polymerase (Takara). Following temperature cycling, the amplified
product was treated with Dpnl, then transformed into DH5a. The clones were screened on LB
plates with kanamycin. After validation by DNA-sequencing, the mutant vectors were further
transformed into BL21(DE3) for expression.

Construction of site-mutant strain of D. radiodurans

The mutant of ddrO-R109E in vivo was constructed as previously described [16] with modifica-
tion (S1A Fig.). In short, ddrO-R109E gene in pET28-HMT vector and downstream fragment
of dr2574 in strain R1 were amplified by appropriate primers (52 Table) and then digested with
BamHI and HindIII, respectively. The reaction products were purified by Gel Extraction Kit
(Qiagen) and then were ligated with streptomycin-resistance gene containing BamHI and Hin-
dIII cohesive ends. The ligation product was used as the template for PCR. The amplified prod-
uct was transformed into exponential-phase wild type R1 cells with CaCl, treatment. Mutant
(named MR109E) was selected on TGY plates with streptomycin (10 pug/ml) and validated by
PCR and sequencing (S1B and S1C Fig.).

Complementation of ddrO or pprl

The complementary plasmids and strains were shown in S1 Table. Shuttle plasmid pRADK
was used to construct complementary plasmid. The resulted plasmids containing pPRADK-
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ddrO, pRADK-pprI and pRADK-pprI(H118L) were transformed into the mutant strains
MRI109E and YR1, respectively. Clones were screened on TGY plates with different antibiotics.

Time course experiments after gamma radiation

Wild type R1, YR1, MR109E and CMR109E strains were cultivated in TGY culture to late ex-
ponential phase (ODggo = 1.0). A fraction of each culture was saved as control at room temper-
ature while the rest was exposed to 2 kGy radiation at the same temperature. Then all samples
were incubated at 30°C. Cells were harvested from equal volume of culture at different time
points, and re-suspend and washed twice by PBS prior to lysis by sonication on ice [7].

Western blotting

Western blot assay was performed as previously described [17]. The proteins were separated
using gel electrophoresis, then transferred to PVDF membranes (Millipore). Membranes were
incubated in PBS with 0.1% Tween-20 (PBST), 5% skim milk powder for 60 minutes at room
temperature, then washed five times using PBST. Rabbit anti-DdrO polyclonal antibody, ob-
tained using purified DdrO as antigen, was applied to detect the DdrO protein on the mem-
branes. After washing off the nonspecific bound DdrO antibody on the PVDF, Goat anti-
rabbit IgG conjugate HRP (Sigma) was added as the secondary antibody and the antibody
binding was detected using a colorimetric reaction [5].

RNA extraction and real-time quantitative PCR (QRT-PCR)

Wild type R1 and mutants were cultivated in TGY to mid-exponential phase (ODgg = 0.5).
For time course of gamma radiation treatment, sample preparation was carried out as de-
scribed above. RNA extraction and QRT-PCR were performed as previously described [16].
Briefly, Total RNA was purified from cells using a RNA Purification Kit (Qiagen) followed by
RNaseA free DNasel (NEB) treatment. Nano-drop (Thermo) was used to detect RNA quality
and concentration. For QRT-PCR, dr0089, a house-keeping gene, was used as an internal con-
trol, because its expression in vivo was not influenced by normal treatments. Seven genes were
quantified by QRT-PCR (primers listed in S2 Table) on a Stratagene MX3005.

Metal ion removal

The protein samples were dialyzed using dialysis membrane (Amersco, 8000-14000Da) in
200 mM NaCl, 20 mM Tris-HCI pH 8.0, 0.5 mM EDTA at 4°C for 2 hours. Then the EDTA in
protein samples was removed by dialysis in 200 mM NaCl, 20 mM Tris-HCI pH 8.0 for 2 hours.

Pprl cleavage activity detection in vitro

The protease activity of PprI was performed in vitro by incubating 450 uM DdrO with 8 uM
Pprl at 37°C for 30 minutes unless otherwise specified. The final reaction buffer was 200 mM
NaCl, 20 mM Tris-HCI pH 8.0, 15% glycerol, 1 mM DTT, 1 mM MnCl, or other metal ion at
the same concentration. SDS-PAGE was applied to detect the cleavage result.

Chromatin-immunoprecipitation (ChlP)

ChIP assays were performed as described [18, 19] with appropriate modifications. Briefly, D.
radiodurans cells were collected in TGY culture at late exponential phase, and then washed
twice by PBS. 1% of formaldehyde was added to crosslink DNA-protein in vivo. After 25 min-
utes, reactions were quenched by the addition of 0.125 M glycine. Cells were then harvested by
centrifugation, washed twice with Tris-buffered-saline (pH 7.5), and re-suspended in lysis
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buffer (160 mM NaCl, 20 mM Tris-HCl pH 7.5, 1 mM EDTA, 1x Roche Protease Inhibitor
Cocktail). Cells were disrupted, and DNA was sheared by a High Pressure Cell Cracker to an
average size of 200 to 700-bp at 4°C. After centrifugation, the supernatant was moved to sterile
microcentrifuge tubes in 2ml aliquots. The sample was then incubated with 50ul of
EZ-CHIP™ protein G beads (Millipore) and 10mg of normal rabbit IgG as the negative con-
trol or DdrO rabbit polyclonal antibody for 4 hours at 4°C with agitation. Magnetic field was
applied and the beads were washed by re-suspension in 1 ml each of the cold washing buffers
(Millipore). 500 pl of elution buffer with RNaseA was added to each tube containing beads fol-
lowed by incubation at 65°C for 15 minutes. The eluted samples was collected after centrifuga-
tion and incubated at 65°C overnight to reverse the cross-linking of protein-DNA complexes
in order to free the DNA. Proteinase K was added to degrade the protein. Then DNA was puri-
fied by Gel Extraction Kit (Qiagen). QRT-PCR was applied to analyze the relative abundance
of seven chosen DDR genes using immunoprecipitated DNA.

Survival measurement after gamma, UV radiation and H,O, treatment

The methods for the survival measurements have been reported previously [7]. Briefly, for
gamma radiation sensitivity assay, D. radiodurans cells in late exponential phase (ODgo = 1.0)
were suspended in 10 mM MgSO, and irradiated by '*’Cs-y ray (Dose rate: 1 kGy/h) at several
different dosages (0, 2, 4, 6 kGy). For UV radiation, cells were diluted, plated on TGY plates,
and exposed to UV-254nm at different dosages (0, 48, 84, 120, 168 J/m?). For H,O, effect, the
diluted cells were treated by H,O, at different concentration (0, 10, 20, 30 mM). Cells plated on
the TGY plates were incubated at 30°C for 3 days before colony counting.

Gel mobility shift assay (GMSA)

Promoter regions of DDR genes were amplified by PCR (primers listed in S2 Table) for GMSA.
The final reaction mixture is composed of 150 mM NaCl, 20 mM Tris-HCI pH 8.0, 5 mM
MgCl,, 1.6 uM DNA and protein at 0, 6, 8, 12, 16 uM. The mixture was incubated at 30'C be-
fore loading onto 12% TB-PAGE and run for 2 hours. The bands were visualized on a Typhoon
scanner (GE healthcare).

Peptide mapping and C-terminal sequencing

The peptide mapping work was carried out by using the NanoLC-MS/MS peptide sequencing
technology. In brief, each protein sample was digested with sequencing grade modified trypsin
and chymotrypsin. The resulted peptides mixture was analyzed by a LC-MS/MS system (ABI),
in which a high performance liquid chromatography (ABI) with a 75 micrometer inner diame-
ter reverse phase C18 column was on-line coupled with an ion trap mass spectrometer. The
mass spectrometric data acquired were used to search the most recent non-redundant protein
database with ProtTech’s proprietary software suite.

Results
Mn(2+)-dependence of Pprl-mediated cleavage

Running the reaction mixture of PprI and DdrO on SDS-PAGE gel shows that two lower mo-
lecular weight bands emerge while the DdrO band becomes weaker (Fig. 1A). Mass spectra
analysis identified both of the two newly produced bands as fragments of DdrO with a molecu-
lar weight of 12214.1 Da and 3002.6 Da, respectively (S2 Fig.), demonstrating that the frag-
ments are the products of cleavage at a specific site. This result is identical to what has been
reported in D. deserti [15]. The N-terminal domain of the D. deserti Pprl structure adopts a
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Fig 1. Metal dependence of Pprl protease. (A) Pprl cleavage activity in vitro was measured using purified
Pprl and DdrO protein. Pprl cleaves DdrO into two fragments as indicated by the SDS-PAGE gel. (B) Metal
ion scan for the protease activity. From left to right: without additive, 1 mM EDTA, 1 mM CaCl,, 1 mM FeCl, 1
mM MgCl,, 1 MM NiSO,4, 1 mM CuCl,, 1 mM MnCl,, 1 mM ZnCl,. Mn(2+) is necessary for the protease
activity. (C) Mutations at the metal-binding sites of Pprl abolish the proteolytic activity. From left to right: wild
type Pprl, H118L mutant, E119Q mutant, H122L mutant and E149Q mutant. These mutations were chosen
based on the crystal structure from D. deserti (PDB code 3DTI) [9].

doi:10.1371/journal.pone.0122071.g001

zinc metallopeptidase fold [12]. A zinc ion was found in the structure to be coordinated by
His-82, Asp-83, His-86 and Asp-113. To test the metal requirement of the cleavage activity for
D. radiodurans Pprl, residual divalent metal cation was first removed from the purified PprI by
EDTA. After a second dialysis to get rid of EDTA, various metal ions were added to the PprI
solution 1 hours before the reaction was initiated by the addition of purified DdrO. As shown
in Fig. 1B, the EDTA treatment abolishes protease activity of Pprl and among the seven types
of common divalent metal ion tested, Mn(2+) is the only one that restores this proteolytic ca-
pability. No detectable protease activity is observed for other metal ions even with higher metal
concentration (as high as 5 mM) or longer incubation and reaction time (S3A Fig.). ImM
MnCl, alone does not cause any visible degradation of DdrO (S3B Fig.). This is interesting as
D. radiodurans was found to accumulate high concentration of Mn(2+) in the cell [16], which
was suggested to be important for protection of protein against free radical created by radia-
tion. In addition, mutation of residues mediating the metal binding (His-118, Asp-119, His-
122, Asp-149) abolished or reduced the cleavage activity, which further confirmed the necessity
of metal ion for the PprI function (Fig. 1C). These data indicate that the proteolytic reaction of
Pprl is dependent on Mn(2+).

Recognition sequence specificity of Pprl cleavage

According to the molecular mass detecting (S2 Fig.) and C-terminal sequencing of enzymatic
product (Fig. 2A), the proteolytic cleavage site is between Leu-108 and Arg-109. This is same as
what has been reported for D. deserti. To test the sequence specificity of Pprl cleavage, a series
of DArO mutants were constructed. Mutation of residues Glu-107, Leu-108, Gly-110 or Arg-
112 to Ala separately makes these mutants uncleavable to Pprl, while the R109A and K111A
mutants can still be cut (Fig. 2B). To test whether more drastic changes can be tolerated at the
cleavage site, Arg-109 and Lys-111 were mutated to the acidic Glu residue. Although PprI
could still cleave the K111E mutant, it failed to cut the RIO9E mutant. These results were
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Fig 2. Recognition sequence specificity of Pprl protease. (A) C-terminal sequencing of the larger cleaved fragment. The peptide mapping work was
carried out using the NanoLC-MS/MS peptide sequencing technology. C-terminal peptide was identified: TLSRIEL (102—108) based on tryptic digestion. (B)
Alanine scan at the DdrO cleavage site was conducted to assay the sequence specificity. Arg-109 and Lys-111 were also mutated to Glu. (C) The sequence
specificity requirement is summarized here. Amino acid residues in red are essential to recognition and cleavage of the protease. The residues marked by

black dots are variable.

doi:10.1371/journal.pone.0122071.9002

summarized in Fig. 2C. The amino acid sequence near the cleavage site is strictly conserved in
all DdrO homologs identified (54 Fig.). These results suggest that the proteolytic activity of
Pprl is likely to be sequence-specific.

The protease substrate DdrO binding to DDR promoter regions

Using gel mobility shift assay (GMSA), we observed that purified DdrO has the capability to
bind to the promoter regions of recA (dr2340) and pprA (dra0346), which are also the binding
targets of Pprl [7]. Further study showed that DdrO can also bind to the promoter regions of
the reported DNA damage response genes (DDR) in vitro, including ddrB (dr0070), ddrA
(dr0423), ssB (dr0099), recQ (dr1289), ddrO (2574) itself and so on (Fig. 3). ChIP-PCR assay
with cell lysate confirmed that DdrO does bind to the promoter regions of these genes in vivo
(Fig. 4). All these genes were found in previous studies to be up-regulated, after radiation in
the presence of Pprl [5-7], [11] and all their promoter regions contain the predicted radiation
and desiccation resistance motif (RDRM) [13], which spreads in the upstream of many radia-
tion-induced genes in D. radiodurans or in D. geothermalis [13]. Our subsequent result in-
dicted that DdrO could bind nearly all promoter regions of DNA damage response genes with
RDRM site, but the binding was destroyed by the presence of PprI (S5 Fig.). To verify the im-
portance of RDRM site, DdrO binding to the promoter regions absent of the 17-bp palin-
dromic RDRM sequence were tested, and it was found that shortened promoter regions fail to
bind DdrO (Fig. 5). The minimum sequence for DdrO to bind in the promoter of recA is

5' TGTTATGCTGCTAGCAGAAAT 3", four deoxyribonucleic acids more than the RDRM se-
quence (underlined) (Fig. 6). Thus, RDRM is necessary for the specific binding of DdrO to

its targets.

An uncleavable mutant of ddrO sensitive to DNA damage

The ddrO knockout is lethal in both D. radiodurans and D. deserti, as efforts to construct such
knockout strain has failed in several labs including ours [15]. In order to investigate the in vivo
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Fig 3. DdrO binds to the promoter regions of DDR genes in vitro. (A) Gel mobility shift assay using purified, tag removed DdrO and DDR gene promoter
regions. The concentration of DNA substrates is 1.6 uM and the DdrO concentrations are 0, 6, 8, 12, and 16 uM, respectively. (B) Analysis of the interaction
between DdrO and promoter regions. DNA band density on the GMSA gel was analyzed by Quantity One software. And the data represent the average of
three independent experiments. (C) Detecting the DdrO binding capability of RDRM containing promoter regions. CK was a blank control without adding

DdrO.
doi:10.1371/journal.pone.0122071.g003

function of DdrO, we designed another approach. We constructed a ddrO-site disruptant and
designated MR109E in which the entire coding region of the ddrO gene has been replaced by
the whole coding mutation of R109E with a streptomycin resistance cassette. Western blotting
was then utilized to assay whether the cleavage of DdrO happens in vivo. In the wild type R1,
the band corresponding to DdrO disappeared immediately after radiation and recovers after
one hour (Fig. 7A and 7B). In contrast, in the pprI-knockout mutant YR1, the uncleavable
DdrO mutant MR109E and the pprI site-mutant YR1-PprI(H118L), the levels of DdrO remain
unchanged before and after radiation (Fig. 7B-D), which suggests that DdrO-R109E mutation
binding to promoter regions (56 Fig.) was also working in vivo. To further investigate the bio-
logical role of ddrO in vivo, the survival phenotypes of strain R1, YR1, MR109E were examined
through the exposure to DNA damaging agents. The strain MR109E was extremely sensitive to
gamma radiation, UV radiation and H,0, (Fig. 7E-G). Remarkably, the survival rate of
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doi:10.1371/journal.pone.0122071.9005
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Fig 6. Identification of the minimum DdrO binding sequence. (A) A series of DNA double strand candidates for detection. All the sequences around the
RDRM site of PrecA were obtained by PCR amplification. RDRM site is colored in red and underlined. (B) Identification of the interaction between DdrO and

the above sequences through GMSA.
doi:10.1371/journal.pone.0122071.g006

MRI109E was approaching that of YR1, demonstrating that the DdrO cleavage is vital for DNA
damage response and cell survival. It also suggests that DdrO is likely to be the main if not sole
effector of Pprl to regulate DNA damage response. Then we complemented the wild type entire
ddrO gene into the MR109E mutant through shuttle vector pRADK, and it can not restore the
resistance of MR109E to gamma radiation, UV radiation and H,O, (Fig. 7E-G). This is ex-
pected because even if the wild type DdrO can bind to the promoter regions of DDR genes,
once it is cleaved after irradiation and dissociates, the DdrO-R109E mutant will replace it at
the binding site.

RNA transcription controlled by the cleavage

We further treated strain R1, MR109E, YR1 and CMR109E with gamma radiation, collected
samples at two different time points (35 min, 90 min) after incubation for recovery, and purified
the RNA to analyze transcription of the chosen DDR genes. QRT-PCR analysis show that the
transcription of DDR genes including ddrO itself in wild type strain R1 is upregulated signifi-
cantly after exposing to radiation (Fig. 8A), while these genes have negligible change in the
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Fig 7. The uncleavable mutant strain MR109E. (A) The proteolytic product in vitro was assayed by western blotting. The total or N-terminal fragment of the
cleaved substrate could be recognized by purified rabbit anti-DdrO polyclonal antibody. (B) A time-course-level of DdrO in the wild type R1 and YR1 mutant
after gamma radiation assayed by western blotting. The first lane from left was the sample prior to ionizing radiation. The DdrO band of wild type R1
disappeared immediately after radiation and reappear one hour later, while the band of YR1 was constantly present. (C) A time-course-level of DdrO in the
pprl complemented strain YR1-Pprl and the pprl site-mutant YR1-Pprl(H118L). (D) A time-course-level of DdrO in the wild type R1 and MR109E mutant after
gamma radiation. The bands for MR109E remain unchanged after irradiation, similar to the result of YR1. (E) Survival rate of D. radiodurans under gamma
radiation, (F) UV radiation and (G) H>O, stress. R1 (open rectangle), wild type strain; MR109E (open circular), ddrO uncleavable mutant strain; YR1 (open
triangle), ppri-knockout strain; CMR109E (inverted triangle), strain MR109E with the pRADK containing of the wild type ddrO gene. Data are the mean of
triplicate experiments (error bars indicate standard deviation [SD]).

doi:10.1371/journal.pone.0122071.9007

mutant strains YR1, MR109E and CMR109E (Fig. 8B-D). DDR genes were always repressed in
the DdrO-uncleavable mutant MR109E and pprI-disrupted mutant YR1, indicating that mutant
of pprl or ddrO had the same effect on the expression of the radiation-induced DDR genes, and
the absence of DDR genes’ up-regulation is likely due to the failure of DdrO dissociation from
the promoter of these genes in strain YR1 and MR109E. Therefore, under normal growth con-
dition, RNA transcription of DDR genes are repressed by the stable binding of DdrO.

Discussion

Deinococcus radiodurans is an important model organism valuable for the study of DNA repair.
Pprl protein has been implicated as a switch for DNA damage response. In this study, besides
confirming the recent report that PprlI can cleave a putative transcription factor DdrO [15], we
explored the metal ion dependence and recognition sequence specificity of Pprl. And we further
investigated the function of ddrO in D. radiodurans by using a mutant strain where the native
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doi:10.1371/journal.pone.0122071.9008

ddrO is replaced with an uncleavable version. Furthermore, the in vivo cleaved N-terminal of
DdrO (N-DdrO) was not observed after radiation as well as the in vitro interaction between
N-DdrO and PprI (S7 Fig. and S1 Protocol). These interesting results provide us with more in-
sights into the mechanism by which pprI and ddrO orchestrate the DNA damage response.
Our results seem to show that the Pprl cleavage of DdrO has a strict requirement for manga-
nese ion as its metal cofactor. Not even weaker protease activity can be restored by other com-

mon divalent metal ions tested. In the PprI crystal structure, a zinc ion was observed at a

conserved binding site only after soaking the crystal in ZnSO, solution before freezing [12].
Therefore it is not clear from the structural work what the native metal ligand should be. Here
we show that EDTA treatment abolishes the protease activity. Excess Mn(2+) was able to recon-
stitute PprI function while zinc ion can not. While a secondary metal binding site can not be

ruled out, the fact that residues coordinate the zinc site is crucial for enzyme activity strongly

suggests that Mn(2+) bind to this conserved site. Deinococcus radiodurans is known to
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accumulate very high intracellular manganese and low iron level comparing to radiosensitive
bacteria [20-22]. The high manganese concentration was suggested to be essential for relieving
oxidative stress and protecting proteins from damage caused by reactive oxygen species [22, 23].

Given the abundance of Mn(2+) in the D. radiodurans cells, it is not surprising that PprI
has adopted Mn(2+) as its metal co-factor. The unanswered question here is whether Mn(2+)
plays any role in the activation of Pprl. One can speculate that Pprl binds metal ion other than
Mn(2+) before stress and thus protease activity was inhibited. When DNA damage occurs, the
relative affinity of metal ions change and Mn(2+) displaces other ions at the binding site, thus
activating Pprl. The change in metal affinity can be caused by protein conformational change
brought on by factors such as post translational modification or ligand binding in the GAF-like
domain. This is a hypothesis that needs to be further investigated.

DdrO is annotated as XRE family transcription regulator protein with a predicted HTH
(helix-turn-helix) domain for binding to the target. It was speculated to be a general regulator
for DDR, because microarray assays show that it is the only up-regulated putative transcription
factor at low gamma dose (3 kGy) [14]. The results we report here have put this hypothesis on
solid experimental ground. After a comparative analysis of the Deinococcus radiodurans and
the closely related Deinococcus geothermalis, Marakova et. al. identified a common palindromic
DNA motif, designated as the Radiation /Desiccation Response Motif [13], in a conserved set
of genes associated with resistance. Ludanyi et al confirmed that DdrO represses the RDRM-
containing promoter of ddrD in E. coli through promoterless lacZ reporter gene [15]. In this
study, we are able to show the direct binding of DdrO to the promotor region of RDRM con-
taining DDR genes using gel mobility shift assay. Here we proved that 21 of the 24 DDR genes
with RDRM sequence [13] are binding substrates of DdrO, while the other three ones with
lower score do not bind. In addition, when RDRM sequence is deleted, the binding shift dimin-
ished. We further have obtained experimental evidence that DdrO could directly bind to the
minimum RDRM sequence. So it is likely that DdrO regulates its targets through binding to or
dissociating from RDRM sequence.

In bacteria such as Escherichia coli, the SOS response is activated after exposure to ultravio-
let, ionizing radiation or chemical mutagens [24-26]. However, the classic SOS response sys-
tem does not exist in Deinococcus radiodurans [27, 28]. Although two LexA homologs
(Dra0344 and Dra0074) were found in this bacterium, neither of them regulates DNA damage
response [27, 28]. In this study, the transcription factor DdrO, which shares no sequence ho-
mology with LexA, was found to play a role analogous to LexA in DDR. DdrO binds to the op-
erator region of many essential genes involved in the DNA repair process, including itself.
Different from LexA, DdrO does not cleave itself in the presence of RecA, single strand DNA,
double strand DNA and ATP (S8 Fig.). Instead, PprI acts as the enzyme that cleaves DdrO fol-
lowing DNA damage. Pprl can cut DdrO at a specific site near the carboxy terminal in the
presence of manganese ions in vitro. The truncated DdrO then dissociates from its DNA target.
This proteolytic reaction also happens in vivo after ionic radiation. In the mutant where PprI
was absent, this cleavage does not take place, further confirms that Pprl is the enzyme that cuts
DdrO. Mutation that renders DdrO uncleavable to PprI sensitizes the bacterium towards ionic
radiation, UV and peroxide. Microarray and proteomics data reported by several groups in-
cluding us all show that the seven genes under DdrO control are up-regulated after irradiation
[7, 11, 14]. Given that, DdrO binding seems to repress gene expression and its cleavage re-
moves this repression. This is expected from the comparison to LexA. Both PprI and DdrO
only exist in the Deinococcus-Thermus phylum. Based on these findings, we propose that the
Pprl and DdrO are the key players in this novel DNA damage response pathway.

To summarize the proposed model (Fig. 9): Through some currently unknown mechanism,
various DNA damage activates PprlI (Fig. 9A), which in turn cleaves DdrO (Fig. 9B-C) and
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doi:10.1371/journal.pone.0122071.9009

relieves the repression on many genes including those important for DNA repair. Those genes,
including RecA, SSB and DdrB, carry out various processes of DNA damage repair (Fig. 9D-E).
When DNA damage is fixed, PprI deactivates and DdrO re-establishes the suppression of the
DDR genes (Fig. 9F).

While the pathway we described here shares some similarities to the classic SOS response,
there are some important differences. The protease activity is shifted to a new player, PprlI,
from the transcription repressor itself. This affords more control points to the process. In the
SOS pathway, the signal that triggers the response is the single strand DNA [29, 30]. It is un-
likely that this is the case in DR, because PprI does not bind ssDNA and is active without
ssDNA bound in vitro. The mechanism by which Pprl is activated is still not clear. The reason
that ssDNA-RecA filament is not used for signaling may be related to the observation that in
D. radiodurans RecA binds preferentially to dsDNA over ssDNA therefore the ssDNA-RecA
filament is not readily formed after DNA damage [31-33]. So the PprI-mediated DNA damage
response pathway described here is likely to have evolved independent of the SOS pathway.
Whether similar regulation mechanism of DDR exists in other organism or not is an intriguing
question that warrants further investigation.

Supporting Information

S1 Table. Plasmids and strains.
(DOC)

S2 Table. Primers used in this study.
(DOC)
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S1 Protocol. His-tag pull-down assay.
(DOC)

S1 Fig. Construction and confirmation of uncleavable mutant. (A) Schematic representation
of the uncleavable mutant MR109E. AF1, ARI, AF2 and AR?2 refers to primers, respectively.
(B) The uncleavable mutant MR109E was confirmed by genomic PCR using AF1 and ARL1. (C)
The direct site-mutation of ddrO gene in mutant MR109E was checked by sequencing and
sequence alignment.

(TIF)

S2 Fig. Mass spectrometry analysis of the cleavage product. Molecular weight of the cleavage
product was checked using SELDI-TOF-MS. The peak (15194.3+H) is the entire DdrO protein
left after the cleavage, and the other peaks (12214.1+H, 3002.6+H) are the two cleaved frag-
ments of DdrO, respectively.

(TIF)

S3 Fig. Metal ion preference in PprI proteolytic reaction. (A) PprI protease activity does not
change after incubating with metal ions for longer time. After incubation with 5 mM of metal
ions for 2 hours, 8 pM of Pprl was added and mixed with 450 uM of DdrO at 37°C for lhour.
(B) More DdrO was cleaved by increasing amount of PprI (0, 8, 16, 32 uM).

(TTF)

$4 Fig. DdrO homologs from different organisms. Consensus amino acids and similar
amino acids are shown in black and gray backgrounds, respectively. And the protease cleavage
sequence is underlined.

(TTF)

S5 Fig. PprI abolishes the binding of DdrO. GMSA was applied to detect PprI effect on the
binding of DdrO to the promoter regions of recA and ddrO. The concentrations of promoters
and DdrO are 1.6 pM, and 10 pM, respectively. With the increasing PprI concentration (0,
0.06, 0.3, 1.6, 8uM), the bands of DNA-protein complex were gradually weakened.

(TIF)

S6 Fig. The uncleavable mutant of DdrO binds to DDR genes’ promoter regions. (A) The
binding of the uncleavable mutant (DdrO-R109E) to the recA promoter region was analyzed
by GMSA. The concentration of DNA is 1.6 uM and the DdrO concentrations are 0, 6, 8,
12uM, respectively. (B) GMSA for uncleavable mutant performed in different binding buffers
(Mg(2+) or Mn(2+)) show no noticeable difference. The concentrations of DNA and DdrO are
0.8 and 5puM, respectively.

(TIF)

S7 Fig. Identification of the interaction between PprI and N-terminal of DdrO (N-DdrO)
through pull-down assay. 1, control blank of Pprl; 2, control blank of N-DdrO; 3, the superna-
tant of the incubated mixture after short centrifugation; 4, the washing buffer of the agarose
beads; 5, the eluted sample.

(TTF)

S8 Fig. The relationship between RecA and DdrO. DdrO cleavage could not be activated by
Deinococcus radiodurans RecA (Dr-RecA) and Escherichia coli RecA (Ec-RecA), even with the
addition of ATP, single strand DNA (ssDNA), and double strand DNA (dsDNA). (A) Effect of
EC-RecA on DdrO. (B) Effect of Dr-RecA on DdrO. CK1, a blank control of the boiled proteins
before reaction; CK2, the reaction of RecA and DdrO; dsDNA, the reaction of RecA and DdrO
with dsDNA and ATP; ssDNA, the reaction of RecA and DdrO with ssDNA and ATP. The
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reactions were incubated at 37°C for 1hour, then analyzed by SDS-PAGE.
(TIF)

Acknowledgments

We would like to thank Dr. David Waugh (National Cancer Institute, US) for his generous gift
of pRK793 bearing TEV protease gene. We also thank all the staffs of radiation center of Zhe-
jiang Academy of Agricultural Sciences for their assistance in gamma radiation and Zongtao
Sun for the kind help of sample treatments after irradiation.

Author Contributions

Conceived and designed the experiments: YH YW QX. Performed the experiments: YW. Ana-
lyzed the data: YW HL. Contributed reagents/materials/analysis tools: YW LL LW HX XC HZ
TL. Wrote the paper: YW QX.

References

1. Battista JR. Against all odds: the survival strategies of Deinococcus radiodurans. Annu Rev Microbiol.
1997; 51:203-224. PMID: 9343349

2. Krisko A, Radman M. Protein damage and death by radiation in Escherichia coli and Deinococcus
radiodurans. Proc Natl Acad Sci USA. 2010; 107: 14373-14377. doi: 10.1073/pnas.1009312107
PMID: 20660760

3. Cox MM, Keck JL, Battista JR. Rising from the ashes: DNA repair in Deinococcus radiodurans. PloS
Genet. 2010; 6: 14373-14377.

4. Daly MJ. A new perspective on radiation resistance based on Deinococcus radiodurans. Nat Rev
Microbiol. 2009; 7: 237—245. doi: 10.1038/nrmicro2073 PMID: 19172147

5. Earl AM, Mohundro MM, Mian IS, Battista JR. The IrrE protein of Deinococcus radiodurans R1 is a
novel regulator of recA expression. J Bacteriol. 2002; 184: 6216-6224. PMID: 12399492

6. HuaYJ, Narumil, Gao GJ, Tian B, Satoh K, Kitayama S, et al. Pprl: a general switch responsible for ex-
treme radioresistance of Deinococcus radiodurans. Biochem Bioph Res Commun. 2003; 306: 354—
360. PMID: 12804570

7. LuHM, Chen H, Xu GZ, Miraj Ul Hussain Shah A, Hua YJ. DNA binding is essential for Pprl function in
response to radiation damage in Deinococcus radiodurans. DNA Repair. 2012; 11: 139-145. doi: 10.
1016/j.dnarep.2011.10.013 PMID: 22051194

8. Narumil, Satoh K, Cui S, Funayama T, Kitayama S, Watanabe H, et al. PprA: a novel protein from Dei-
nococcus radiodurans that stimulates DNA ligation. Mol Microbiol. 2004; 54: 278-285. PMID:
15458422

9. Kota S, Charaka VK, Misra HS. PprA, a pleiotropic protein for radioresistance, works through DNA gyr-
ase and shows cellular dynamics during postirradiation recovery in Deinococcus radiodurans. J Gent.
2014; 93, 349-354.

10. Kota S, Charaka VK, Ringgaard S, Waldor MK, Misra HS. PprA contributes to Deinococcus radiodur-
ans resistance to nalidixic acid, genome maintenance after DNA damage and interacts with deinococ-
cal topoisomerases. PloS One. 2014; 9: e85288. doi: 10.1371/journal.pone.0085288 PMID: 24454836

11. LuHM, Gao GJ, Xu GZ, Fan L, Yin LF, Hua YJ. Deinococcus radiodurans Pprl switches on DNA dam-
age response and cellular survival networks after radiation damage. Mol Cell Proteomics. 2009; 8:
481-494. doi: 10.1074/mcp.M800123-MCP200 PMID: 18953020

12. Vuijicic-Zagar A, Dulermo R, Le Gorrec M, Vannier F, Servant P, Sommer S, et al. Crystal structure of
the IrrE protein, a central regulator of DNA damage repair in Deinococcaceae. J Mol Biol. 2009; 386:
704-716. doi: 10.1016/}.jmb.2008.12.062 PMID: 19150362

13. Makarova KS, Omelchenko MV, Gaidamakova EK, Matrosova VY, Vasilenko A, Zhai M, et al. Deino-
coccus geothermalis: the pool of extreme radiation resistance genes shrinks. PloS One. 2007; 2(9):
€955. PMID: 17895995

14. Liu YQ, Zhou JZ, Omelchenko MV, Beliaev AS, Venkateswaran A, Wu L, et al. Transcriptome dynamics
of Deinococcus radiodurans recovering from ionizing radiation. Proc Natl Acad Sci USA. 2003; 100:
4191-4196. PMID: 12651953

PLOS ONE | DOI:10.1371/journal.pone.0122071 March 26, 2015 16/17


http://www.ncbi.nlm.nih.gov/pubmed/9343349
http://dx.doi.org/10.1073/pnas.1009312107
http://www.ncbi.nlm.nih.gov/pubmed/20660760
http://dx.doi.org/10.1038/nrmicro2073
http://www.ncbi.nlm.nih.gov/pubmed/19172147
http://www.ncbi.nlm.nih.gov/pubmed/12399492
http://www.ncbi.nlm.nih.gov/pubmed/12804570
http://dx.doi.org/10.1016/j.dnarep.2011.10.013
http://dx.doi.org/10.1016/j.dnarep.2011.10.013
http://www.ncbi.nlm.nih.gov/pubmed/22051194
http://www.ncbi.nlm.nih.gov/pubmed/15458422
http://dx.doi.org/10.1371/journal.pone.0085288
http://www.ncbi.nlm.nih.gov/pubmed/24454836
http://dx.doi.org/10.1074/mcp.M800123-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/18953020
http://dx.doi.org/10.1016/j.jmb.2008.12.062
http://www.ncbi.nlm.nih.gov/pubmed/19150362
http://www.ncbi.nlm.nih.gov/pubmed/17895995
http://www.ncbi.nlm.nih.gov/pubmed/12651953

@ PLOS | one

Characterization of Proteolytic Properties of Pprl

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ludanyi M, Blanchard L, Dulermo R, Brandelet G, Bellanger L, Pignol D, et al. Radiation response in
Deinococcus deserti: IrrE is a metalloprotease that cleaves repressor protein DdrO. Mol Microbiol.
2014; 94: 434-449.doi: 10.1111/mmi.12774 PMID: 25170972

Wang LY, Xu GZ, Chen H, Zhao Y, Xu N, Tian B, et al. DrRRA: a novel response regulator essential for
the extreme radioresistance of Deinococcus radiodurans. Mol Microbiol. 2008; 67: 1211-1222. doi: 10.
1111/j.1365-2958.2008.06113.x PMID: 18208531

Gao GJ, Tian B, Liu LL, Sheng DH, Shen BH, Hua YJ. Expression of Deinococcus radiodurans Pprl en-
hances the radioresistance of Escherichia coli. DNA Repair. 2003; 2: 1419-1427. PMID: 14642569

Grainger DC, Overton TW, Reppas N, Wade JT, Tamai E, Hobman J, et al. Genomic studies with
Escherichia coli MelR protein: applications of chromatin immunoprecipitation and microarrays. J Bacter-
iol. 2004; 186:6938-6943. PMID: 15466047

Trompouki E, Bowman TV, DiBiase A, Zhou Y, Zon LI. Chromatin immunoprecipitation in adult zebra-
fish red cells. Method Cell Biol. 2011; 104: 341-352. doi: 10.1016/B978-0-12-374814-0.00019-7
PMID: 21924172

Daly MJ, Gaidamakova EK, Matrosova VY, Vasilenko A, Zhai M, Venkateswaran A, et al. Accumulation
of Mn(ll) in Deinococcus radiodurans facilitates gamma-radiation resistance. Science. 2004; 306:
1025-1028. PMID: 15459345

Sun HX, Xu GZ, Zhan HD, Chen HA, Sun ZT, Tian B, et al. Identification and evaluation of the role of
the manganese efflux protein in Deinococcus radiodurans. BMC Microbiol. 2010; 10: 1471-2180.

Tabares LC, Un S. In Situ Determination of manganese(ll) speciation in Deinococcus radiodurans by
high magnetic field EPR: detection of high levels of Mn(ll) bound to proteins. J Biol Chem. 2013; 288:
5050-5055. doi: 10.1074/jbc.C112.444992 PMID: 23303180

Sharma A, Gaidamakova EK, Matrosova VY, Bennett B, Daly MJ, Hoffmanet BM, et al. Responses of
Mn(2+) speciation in Deinococcus radiodurans and Escherichia coli to gamma-radiation by advanced
paramagnetic resonance methods. Proc Natl Acad Sci USA. 2013; 110: 5945-5950. doi: 10.1073/
pnas.1303376110 PMID: 23536297

Bjedov I, Tenaillon O, Gerard B, Souza V, Denamur E, Radman M, et al. Stress-induced mutagenesis
in bacteria. Science. 2003; 300: 1404—1409. PMID: 12775833

Gottesman S. Genetic-control of the SOS system in Escherichia coli. Cell. 1981; 23: 1-2. PMID:
7011567

Radman M. SOS repair hypothesis: phenomenology of an inducible DNA repair which is accompanied
by mutagenesis. Basic life sciences. 1975; 5A: 355-367. PMID: 1103845

Narumi |, Satoh K, Kikuchi M, Funayama T, Yanagisawa T, Kobayashi Y, et al. The LexA protein from
Deinococcus radiodurans is not involved in RecA induction following gamma irradiation. J Bacteriol.
2002; 184:6951-6956.

Sheng DH, Zheng ZG, Tian B, Shen BH, Hua YJ. LexA analog (Dra0074) is a regulatory protein that is
irrelevant to recA induction. J Biochem. 2004; 136: 787—-793. PMID: 15671489

Zhang AP, Pigli YZ, Rice PA. Structure of the LexA-DNA complex and implications for SOS
box measurement. Nature. 2010; 466: 883—-886. doi: 10.1038/nature09200 PMID: 20703307

Battista JR, Donnelly CE, Ohta T, Walker GC. The SOS response and induced mutagenesis. Prog Clin
Biol Res. 1990; 340A: 169-178. PMID: 2167481

Hsu HF, Ngo KV, Chitteni-Pattu S, Cox MM, Li HW. Investigating Deinococcus radiodurans RecA pro-
tein filament formation on double-stranded DNA by a real-time single-molecule approach. Biochemis-
try. 2011; 50: 8270-8280. doi: 10.1021/bi200423t PMID: 21853996

Kim JI. Analysis of double stranded DNA-dependent activities of Deinococcus radiodurans RecA pro-
tein. J Microbiol. 2006; 44: 508-514. PMID: 17082744

Ngo KV, Molzberger ET, Chitteni-Pattu S, Cox MM. Regulation of Deinococcus radiodurans RecA pro-
tein function via modulation of active and inactive nucleoprotein filament states. J Biol Chem. 2013;
288:21351-21366. doi: 10.1074/jbc.M113.459230 PMID: 23729671

PLOS ONE | DOI:10.1371/journal.pone.0122071

March 26, 2015 17/17


http://dx.doi.org/10.1111/mmi.12774
http://www.ncbi.nlm.nih.gov/pubmed/25170972
http://dx.doi.org/10.1111/j.1365-2958.2008.06113.x
http://dx.doi.org/10.1111/j.1365-2958.2008.06113.x
http://www.ncbi.nlm.nih.gov/pubmed/18208531
http://www.ncbi.nlm.nih.gov/pubmed/14642569
http://www.ncbi.nlm.nih.gov/pubmed/15466047
http://dx.doi.org/10.1016/B978-0-12-374814-0.00019-7
http://www.ncbi.nlm.nih.gov/pubmed/21924172
http://www.ncbi.nlm.nih.gov/pubmed/15459345
http://dx.doi.org/10.1074/jbc.C112.444992
http://www.ncbi.nlm.nih.gov/pubmed/23303180
http://dx.doi.org/10.1073/pnas.1303376110
http://dx.doi.org/10.1073/pnas.1303376110
http://www.ncbi.nlm.nih.gov/pubmed/23536297
http://www.ncbi.nlm.nih.gov/pubmed/12775833
http://www.ncbi.nlm.nih.gov/pubmed/7011567
http://www.ncbi.nlm.nih.gov/pubmed/1103845
http://www.ncbi.nlm.nih.gov/pubmed/15671489
http://dx.doi.org/10.1038/nature09200
http://www.ncbi.nlm.nih.gov/pubmed/20703307
http://www.ncbi.nlm.nih.gov/pubmed/2167481
http://dx.doi.org/10.1021/bi200423t
http://www.ncbi.nlm.nih.gov/pubmed/21853996
http://www.ncbi.nlm.nih.gov/pubmed/17082744
http://dx.doi.org/10.1074/jbc.M113.459230
http://www.ncbi.nlm.nih.gov/pubmed/23729671

