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Abstract

PprA, a pleiotropic protein involved in radioresistance of Deinococcus radiodurans was detected in multiprotein DNA pro-
cessing complex identified from this bacterium. ppr4 mutant expressing GFP-PprA could restore its wild type resistance of y
radiation. Under normal conditions, GFP-PprA expressing cells showed PprA localization on both septum trapped nucleoids
(STN) and nucleoids located elsewhere (MCN). Cell exposed to 4 kGy +y radiation showed nearly 2 h growth lag and during
this growth arrest phase, the majority of the cells had GFP-PprA located on MCN. While in late phase (~120 min) PIR cells,
when cells are nearly out of growth arrest, PprA was maximally found with STN. These cells when treated with nalidixic acid
showed diffused localization of PprA across the septum. gyr4 disruption mutant of D. radiodurans showed growth inhibi-
tion, which increased further in gyr4 ppr4 mutant. Interestingly, gyr4 mutant showed ~20-fold less resistance to y radiation
as compared to wild type, which did increase further in gyr4 pprA mutant. These results suggested that PprA localization
undergoes a dynamic change during PIR, and its localization on nucleoid near septum and functional interaction with gyrase
A might suggest a mechanism that could explain PprA role in genome segregation possibly through topoisomerase I1.

[Kota S., Charaka V. K. and Misra H. S. 2014 PprA, a pleiotropic protein for radioresistance works through DNA gyrase and shows cellular

dynamics during postirradiation recovery in Deinococcus radiodurans. J. Genet. 93, 349-354]

Introduction

Deinococcus radiodurans, a member of family Deinococ-
caceae, is extremely resistant to several abiotic stresses
including radiations and desiccation (Slade and Radman
2011; Misra et al. 2013). An efficient DNA double strand
break (DSB) repair by extended synthesis dependent strand
annealing (ESDSA) mechanism (Zahradka et al. 2006) and
the strong oxidative stress tolerance are amongst the mech-
anisms that are implicated in the extreme phenotypes of this
bacterium (Culotta and Daly 2013). Another unique feature
of this bacterium is that it has a multipartite genome, which
is organized in the form of a highly condensed toroidal struc-
ture (Levin-Zaidman et al. 2003; Zimmerman and Battista
2005). Proteins associated with nucleoid of D. radiodurans
are characterized and a number of SMC (structural mainte-
nance of chromosomes) like proteins including Topoll have
been detected (Makarova et al. 2001; Nguyen et al. 2009).
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DNA topoisomerases are ubiquitous enzymes that help to
maintain the correct DNA topology very specific to an organ-
ism. Roles of these enzymes in resolution and segregation of
newly replicated intertwined circular chromosome have been
demonstrated in E. coli (Champoux 2001).

D. radiodurans genome encodes topoisomerase II
(Topoll) and topoisomerase IB (TopolB) enzymes. TopolB
has been structurally characterized (Krogh and Shuman
2000) and Topoll was found to be associated with nucleoid
and its colocalization with the nucleoid has been shown
in D. radiodurans (Nguyen et al. 2009). PprA is found
in multiprotein complex characterized from D. radiodu-
rans and could stimulate the DNA end-joining activity of
deinococcal ATP type DNA repair ligase, another compo-
nent of the complex (Kota and Misra 2008; Kota et al.
2010) as well as T4 DNA ligase (Narumi et al. 2004).
Devigne et al. (2013) have reported the involvement of
PprA in DNA segregation and cell division in D. radiodu-
rans. But the mechanism(s) underlying this role of PprA
and its implication in the radioresistance of this bacterium
were not explained. In this paper, we demonstrate that PprA
works with DNA gyrase and contributes to radioresistance
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mostly through genome maintenance. Further, we demon-
strated that trans expression of GFP-PprA complemented
pprA loss in wild type and its cellular localization changes
during y radiation stressed growth in D. radiodurans. Mis-
localization of PprA in the presence of nalidixic acid (Nal)
and lack of any additive effect of ppr4 disruption on the
v radiation resistance loss in gyr4 mutant might suggest
the involvement of both PprA and GyrA in radioresistance
through common pathway(s), most likely through faith-
ful segregation of duplicated genome elements in daughter
cells.

Materials and methods

Bacterial strains, plasmids and media

D. radiodurans R1 (ATCC13939) and pprA:cat (hereafter
referred to as pprA mutant) mutant were gifts from Professor J.
Ortner, DLR, Institute Aerospace Medicine, K6ln, Germany
(Schaefer et al. 2000) and Prof. I. Narumi, JAERI, Takasaki,
Japan, respectively. These strains were maintained in TGY
(0.5% Bacto tryptone, 0.3% Bacto yeast extract and 0.1%
glucose) medium. E. coli strain HB101 was used for main-
taining the cloned gene on plasmids while E. coli BL21
(DE3) pLysS was used for the expression of recombinant
protein. Recombinant E. coli harbouring expression vectors
and their derivatives were grown in the presence of required
antibiotics as described in respective experiments. Shuttle
expression vector pVHS559 (Charaka and Misra 2012) and
its derivatives were maintained in E. coli strain HB101 in
presence of spectinomycin (40 pwg/mL), while in D. radio-
durans, these were maintained in presence of spectinomycin
(75 pg/mL). All recombinant techniques were as described
earlier (Sambrook and Russell 2001).

Construction of PprA-GFP expression plasmid

Genomic DNA of D. radiodurans was prepared using pro-
tocol as described earlier (Battista et al. 2001). In brief, the
coding sequence of PprA was PCR amplified from the chro-
mosomal DNA of D. radiodurans and cloned at pPDSW209
vector (Weiss ef al. 1999) at BamHI and Hindl1l sites, down-
stream to GFP protein to yield pDSpprA. The pDSpprA plas-
mid was transformed to E. coli DHS5« strain and the recom-
binant clones were induced with 100 uM IPTG and the
expression of translation fusion was checked using antibod-
ies against GFP and PprA separately. The gfp—pprA region
was PCR amplified from pDSpprA and cloned at Scal and
Xhol sites in pVHS559 and pVHpprA was obtained. Both
pVHSS559 and pVHpprA were transformed into ppr4 mutant
and transformants were screened on TYG agar plates supple-
mented with spectinomycin (75 png/mL). For localization of
PprA, the pVHpprA recombinant plasmid was transformed
into D. radiodurans. Recombinant GFP-PprA was expressed
by inducing the culture with 10 mM IPTG in case of
D. radiodurans.
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Generation of gyrase A disruption mutant

The coding sequence of gyrase A (DR 1913) subunit of
D. radiodurans was PCR amplified using gyr4AF (5CGCGG
ATCCATGACCGGAATTCAACCTGT3') and gyrdR (5'CC
CAAGCTTTTACAGCTCGTCTTCCAAGCGA3') primers
and cloned at BamHI and Hindlll sites in pPDSW209 to get
pDSgyrA plasmid. The pDSgyrA was digested with Afel
and the Apal-Xbal fragment containing complete express-
ing cassette of nptll (Kan®) from pNOKOUT (Khairnar
et al. 2008) was excised out and blunt end ligated at Afel
site in pDSgyrA. The resultant plasmid pGAnptll was lin-
earized and transferred into both wild type and ppr4 mutant
cells. The transformants were grown for several generations
and dose of kanamycin was increased from 5 pg/mL to
25 pg/mL in successive subculture. The cells growing in
the presence of chloramphenicol (5 pg/mL) and kanamycin
(25 ng/mL) were checked for allelic replacement of gyrd
with gyrd:nptll by PCR amplification. The cells conferring
gvrA:nptll disruption in pprA mutant and wild type were
named as gyr4 pprA double mutant and gyrA4 single mutants,
respectively.

Gamma radiation treatment

Bacterial cells were treated with required doses of y radi-
ation as described earlier (Misra et al. 2006). In brief, the
overnight grown culture of ppr4 mutant expressing wild type
GFP-PprA fusion was subcultured in fresh TYG medium
containing spectinomycin (75 pwg/mL). To it, 10 mM IPTG
was added and these cells were allowed to grow for 14 h. For
checking the functional complementation, the ppr4 mutant
expressing wild-type GFP-PprA in trans ppr4 mutant con-
taining pVHS559 vector and wild-type D. radiodurans con-
taining pVHS559 plasmid were subjected to different doses
of y radiation (2, 4 and 6 kGy). Appropriate dilutions of
these cultures were spread on TY G agar plate and the colony-
forming units were recorded after 36 h incubation at 32°C.
For microscopic studies, ppr4 mutant expressing PprA-GFP
were irradiated with 4 kGy vy radiation at a dose rate of
4.16 kGy/h in Gamma chamber (GC 5000, *°Co, Board of
Radiation and Isotopes Technology, Mumbai, India). The
irradiated cells were allowed to recover in TGY medium and
samples were collected at different PIR points and used for
further studies as required.

Microscopic examination

Fluorescence microscopic studies were carried out as
described earlier (Charaka and Misra 2012). In brief, the
Deinococcus cells containing pVHpprA (GFP-PprA) were
induced with 10 mM IPTG for 18 h. Cells were stained
with Nile red (4 png/mL) and 4, 6 diamdino2-phenylodine
dihydroide chloride (DAPI) (0.2 ng/mL) separately. For Nal
effect, the cells expressing GFP-PprA were treated with y
radiation and incubated with and without Nal (20 pg/mL)
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for 2 h and in the presence of 10 mM IPTG. These cells
were mounted on agarose-coated slides (1.2%) and observed
under Axio Imager CM5 microscope as described in Charaka
and Misra (2012). Nile red, DAPI and GFP fluorescence
was recorded at 516 nm, 350 nm and 488 nm, respec-
tively. Images were analysed using Axiovision 4.8 software,
modified using Image J and Adobe photoshop CS3 soft-
ware. Cell and nucleoid sizes were measured by Axiovi-
sion software and statistically analysed using graphpad Prism
software.

Results and discussion

GFP-PprA expression complemented y radiation resistance loss
in pprA mutant

The effect of y radiation on survival of ppr4 mutant was
compared with wild type. The PprA involvement in vy radia-
tion resistance has been known for nearly 10 years (Narumi
et al. 2004) and its role in UV radiation and mitomycin
C resistance in D. radiodurans have been demonstrated
recently (Selvam et al. 2013). The mechanism(s) underly-
ing PprA involvement in different types of DNA damage
tolerance is not well-understood. To understand the real-
time function(s) of PprA during post DNA damage recov-
ery, GFP-PprA fusion was expressed in D. radiodurans and
its activity was ensured. We demonstrated that ppr4 mutant,
which showed nearly 5-fold drop in v radiation resistance
as compared to wild type at 6 kGy, could restore the y
radiation resistance of mutant to almost wild type levels
when GFP-PprA was expressed in frans (figure 1). This con-
firmed that PprA in the form of GFP-PprA was functionally
active and could be used for cellular localization of PprA in
D. radiodurans.
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Figure 1. Functional complementation of GFP-PprA in pprd:cat
mutant of Deinococcus radiodurans. Exponentially growing cells
of D. radiodurans (wild type), its pprd:cat mutant (pprd) and
mutant expressing GFP-PprA in trans (pprA+PprA) were treated
with different doses of y radiation and colony forming units were
monitored on TGY agar plate.
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Cellular localization of PprA shows dynamics
during postirradiation recovery

pprd mutant expressing GFP-PprA was examined micro-
scopically and the localization of PprA during different
stages of PIR was monitored. We found that GFP-PprA local-
izes as green fluorescent spot on septum trapped nucleoid
(STN) as well as on nucleoids located in the mid-cell posi-
tion (MCN) (figure 2A). Although PprA localization on D.
radiodurans genome was reported earlier (Devigne et al.
2013), here we noticed that the preference of PprA local-
ization between STN and MCN was found to be cell-cycle
stage dependent. In unirradiated heterogeneous population,
the 47.1 4 4.93% cells had GFP-PprA localized with MCN
while 13.4 + 2.52% cells were having GFP-PprA associ-
ated with STN. During early PIR when growth is completely
arrested, larger fraction of cell showed PprA localization on
MCN. However, after 2 h PIR, when cells resume growth,
the majority of these cells showed the green fluorescent dot
on STN (figure 2B). Interestingly, it was observed that the
cells exposed to 4 kGy vy radiation showed delayed growth
with ~2 h lag period (figure 2C) and resumed its growth after
2 h PIR. Such types of dynamic shift in GFP-PprA localiza-
tion from MCN to STN position in 2 h PIR (figure 2B), the
time when these cells are nearly out of cell-cycle arrest phase
(figure 2C), provided evidence though indirect to suggest
that PprA has a role in molecular processes associated with
cytokinesis. Devigne et al. (2013) have also shown the simi-
lar role of this protein albeit using immunostaining approach
(Devigne et al. 2013), and earlier PprA was shown to be a
nucleoid-binding protein in mammalian cells (Satoh et al.
2006). These results indicated that PprA binds to STN in cells
ready for division and therefore, its role in faithful transmis-
sion of duplicated genome elements in daughter cells could
be suggested.

PprA works through DNA gyrase

Since, majority of the cells that showed PprA localization
on STN during PIR, were out of post lag phase, the pos-
sibility of PprA playing an important role in the segrega-
tion of duplicated intertwined circular chromosomes in D.
radiodurans similar to that is reported in E. coli (Champoux
2001) was hypothesized. There are three known mechanisms
that contribute to segregation/resolution of duplicated bacte-
rial genome elements prior to the cell division. These are (i)
the classical genome partitioning system involving ‘Par’ pro-
teins, (ii) through the involvement of DNA topoisomerase
IT (Topoll) and IV as in case of E. coli (Champoux 2001),
and (iii) FtsK/XerCD recombinase in £. coli (Lesterlin et al.
2004) and SpolllE in Bacillus subtilis (Kaimer et al. 2009,
2011. We did not find any change in the localization pattern
of PprA in cells lacking centromere-binding protein(s) i.e.
AparBl, AparB2 and AparB3 mutants (data not shown),
which may rule out the possibility of PprA’s working through
classical ‘Par’ system in D. radiodurans. On the other
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Figure 2. Effect of y induced DNA damage on genome dynamics in mutant expressing GFP-PprA. The pprA:cat mutant expressing PprA-
GFP was treated with 4 kGy <y radiation and cells were collected at different PIR periods (60, 90, 120 and 180 min) and imaged for GFP
fluorescence as described in materials and methods. Based on the localization of nucleoids, these were designated either at septum trapped
position (STN) or located elsewhere in the cell (MCN). The area marked in red circles is shown as clips for STN and MCN (A). Nearly 500
of such cells were counted for distribution of GFP-PprA foci on nucleoid position segregated to either MCN or STN category and plotted as
a function of recovery period (B). D. radiodurans R1 treated with 4 kGy gamma radiation and allowed to recover in fresh growth medium.

Change in optical density at 600 nm was monitored online (C).

hand, we observed that PprA localization pattern on STN
was entirely different in cells treated with Nal an inhibitor
of DNA topoisomerase I, as compared to both untreated
(figure 3A) and 2 h PIR controls. For example, unlike con-
trols, the Nal treated cells showed diffused GFP-PprA local-
ization across the septum. Since, PprA is also characterized
as a DNA-binding protein with its preference to dsDNA
ends, its diffused binding could also be attributed to its inter-
action on the damaged site in the genome. These results sug-
gested that the compact localization of PprA on STN requires
an active DNA gyrase.

To ascertain if PprA and GyrA interactions contribute to
the radioresistance and in the normal growth of this bac-
terium, gyr4 gene was disrupted in both wild type and
pprA mutant cells. These mutants were compared for nor-
mal growth as well as y radiation response. gyr4 mutant
showed normal growth inhibition of D. radiodurans, which
increased further in gyrd ppr4A double mutant (figure 3B,
compare gyrA and gyrA pprA). However, the level of y radi-
ation resistance in pprA gyrA double mutant was nearly sim-
ilar to gyrA single mutant at 6.5 kGy dose, which was ~20
fold less as compared to wild type (figure 3C). This indicated
that gyrA mutation is dominant over pprA mutation and also
that GyrA and PprA proteins seem to function through com-
mon pathway(s) at least in radioresistance of this bacterium.
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These results suggested that PprA and GyrA are functionally
interacting in this bacterium.

D. radiodurans is better known for its extreme radiore-
sistance but its cytogenetic features are equally fascinat-
ing (Misra et al. 2013). Remarkably, it assembles its shat-
tered genome quite efficiently by employing ESDSA mech-
anism (Zahradka et al. 2006) and protects its biomolecules,
at least proteins, from oxidative damage (Daly et al. 2010).
A pleiotropic mutation making D. radiodurans sensitive to
various types of DNA damages was mapped in the genome
of this bacterium and named as ppr4 (Kitayama et al. 1983;
Narumi ef al. 2004). The mechanisms underlying PprA role
in radioresistance so far were suggested through the pro-
tection of damaged DNA from nucleolytic degradation and
stimulation of DNA ends joining activity of DNA ligases
(Narumi et al. 2004; Kota et al. 2010). Since, PprA was also
found in the multiprotein DNA processing complex com-
prising of a few other important DNA-repair proteins (Kota
and Misra 2008), the possibility of PprA working through
protein—protein interaction could be believed. Recent obser-
vation though with limited mechanistic details, that PprA
is also important in cell division and genome segregation
(Devigne et al. 2013), indicated the possibility of a role
for protein in these processes that are well-associated with
radioresistance. Here, we report some interesting results
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Figure 3. Functional interaction of DNA gyrase A with PprA. The pprd::cat cells expressing GFP-PprA were grown under normal
conditions (control) and in the presence of Nal (50 pg/ml) for 2 h in the presence of 20 mM IPTG and cells were imaged for GFP
fluorescence (A). gyrd gene was disrupted with npt/] in wild type (gyrA) and ppr4 mutant (gyrApprA) backgrounds and the effect of gyr4
disruption on growth characteristics of D. radiodurans was compared with wild type (WT) and ppr4 mutant (pprA) cells (B). Similarly,
an equal ODggo of wild type (WT) and gyrd (gyrA), pprA (pprA), and gyrdpprA (gyrApprA) mutant cells were treated with 6.5 kGy y
radiation and the percent survival of these cells in response to y radiation exposure was compared with respective untreated controls (C).

suggesting that (i) the cellular localization of PprA on
nucleoids either trapped between the septum (STN) or
located elsewhere (MCN), during PIR depends upon the
recovery stage of these cells from vy radiation damage
and also on their preparedness for cell division, and (ii)
PprA works through DNA gyrase because Nal treatment
resulted in diffused localization of GFP-PprA in the cell, and
gyrA inactivation in pprA background did not show addi-
tive effect in y radiation response of gyrd single mutant.
D. radiodurans genome is multipartite with ploidy and forms
toroidal structure, which once upon a time was thought to
be the basis for its extreme radioresistance (Levin-Zaidman
et al. 2003). Although, its genome is annotated with the genes
encoding TopoIB and both the subunits of Topoll (White
et al. 1999), the roles of these enzymes in genome main-
tenance and radiation resistance are yet to be studied in D.
radiodurans. Except that TopolB has been structurally char-
acterized (Krogh and Shuman 2000) and Topoll was detected
in the pool of proteins identified from the nucleoid of this
bacterium (Nguyen et al. 2009) and now it is shown that the
levels of TopolB as well as both the subunits of Topoll were
found to be significantly more in nucleoid of vy irradiated
cells than unirradiated (de la Tour et al. 2013). This raises
the possibility of DNA topoisomerase’s roles in radiation
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resistance and genome maintenance of this bacterium.
Although, the molecular basis that would explain the
involvement of PprA and DNA gyrase in genome segrega-
tion and cell division remains to be seen, PprA support to
Topoll in the decatenation of intertwined duplicated circular
chromosomes may be speculated. Earlier, the roles of DNA
topoisomerases in decatenation of duplicated intertwined cir-
cular chromosome of E. coli and bacterial genome segre-
gation have been reported (Forterre ef al. 2007; Champoux
2001). Regardless of the mechanism(s), it is important to
emphasize that PprA is found to have distinct roles in non-
dividing (i.e. DSB repair) and dividing cells, where it seems
to regulate the faithful distribution of duplicated genome,
most probably through the involvement of DNA gyrase in
D. radiodurans.
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