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A third generation promoter probe shuttle vector pKG was constructed, using the green fluorescent protein as a
reporter, for in situ evaluation of Deinococcal promoter activity in Escherichia coli or Deinococcus radiodurans. The
construct yielded zero background fluorescence in both the organisms, in the absence of promoter sequences. Fifteen
Deinococcal promoters, either harbouring Radiation and Desiccation Response Motif (RDRM) or not, were cloned in
vector pKG. Only the RDRM-promoter constructs displayed (i) gamma radiation inducible GFP expression in
D. radiodurans, following gamma irradiation, (ii) DdrO-mediated repression of GFP expression in heterologous
E. coli, or (iii) abolition in GFP induction following gamma irradiation, in pprI mutant of D. radiodurans. Utility of
pKG vector for real-time in situ assessment of Deinococcal promoter function was, thus, successfully demonstrated.
[Anaganti N, Basu B and Apte SK 2016 In situ real-time evaluation of radiation-responsive promoters in the extremely radioresistant microbe
Deinococcus radiodurans. J. Biosci. 41 193–203] DOI 10.1007/s12038-016-9608-y

1.

Introduction

Deinococcus radiodurans, an extremophile well known for
its unusually high resistance to DNA damage, possesses an
extraordinary DNA repair capability (Battista 1997; Daly
2009). The genome of D. radiodurans encodes a unique
combination of eukaryotic and prokaryotic type DNA repair
pathways (Slade and Radman 2011). Transcriptomic and
proteomic analyses and knockout mutagenesis studies have
emphasized the importance of constitutive as well as inducible gene expression systems for the extreme gamma radiation resistance of this organism (Liu et al. 2003; Tanaka
et al. 2004; Basu and Apte 2012). Many gene promoters of
D. radiodurans are distinct from those of E. coli, as −10
(TATAAT) and/or −35 (TTGACA) type hexameric nucleotides are not conserved either in their sequences, spacing or
location. A short (17 bp) palindromic regulatory motif, present in the vicinity of 24 gamma radiation inducible genes,
was deduced from an elegant comparative genomics study of
two Deinococcal strains, and described as Radiation
Keywords.

Desiccation Response Motif or RDRM (Makarova et al.
2007). Its role in radiation inducible expression of the Deinococcal ssb gene was subsequently demonstrated in our
laboratory (Ujaoney et al. 2010). In recent times a negative
regulator DdrO has been shown to bind RDRM in vitro,
turning off gene expression under ambient conditions, and
its cleavage by a radiation-induced protease PprI has been
found to trigger radiation-responsive gene expression
(Ludanyi et al. 2014; Devigne et al. 2015; Wang et al.
2015). However, barring these reports, little is known about
general structure of promoters and their regulation in
D. radiodurans. In particular, no tools are currently available
for in situ real-time assessment of promoter activities in this
superbug.
The study of promoters is crucial to understand structural
features responsible for regulation of gene expression in
D. radiodurans. Towards this goal, the first generation promoter probe shuttle vector, pI304 (~16 kb), was developed in
1992 which used chloramphenicol resistance cassette as the
reporter gene (Masters and Minton 1992). The second
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generation promoter probe shuttle vectors were developed
by Meima and Lidstorm in the year 2000 (Meima and
Lidstrom 2000), wherein a minimal replicon of pI3 was
mapped and employed to construct the pRAD series of
vectors. The vector pRADZ1 harboured lacZ ORF as a
reporter and required cell permeabilization and an expensive
5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal)
as a substrate, to quantitate lacZ activity (Meima and
Lidstrom 2000). Replacement of lacZ in pRAD1 with an
acid phosphatase phoN recently offered an easy to score
reporter for visual detection of promoter activity on histochemical plates containing phenolphthalein diphosphate
(PDP) (Ujaoney et al. 2010), but did not allow in situ and
real-time evaluation of promoter activity in D. radiodurans
cells.
Green fluorescent protein (GFP) offers a sensitive, reliable, non-destructive, well-established tool for the in vivo
and in situ investigation of cellular processes such as gene
expression, protein localization, protein–protein interactions,
etc., in living cells of prokaryotes and eukaryotes
(Dhandayuthapani et al. 1998; Karunakaran et al. 2005;
Ali and Murrell 2009). GFP is non-toxic to living cells and
its fluorescence emission is independent of any co-factor or
substrate. Additionally, availability of an array of GFP
mutants for specialized applications makes GFP a suitable
candidate for reporter system. Among them, the GFP-mut2
(carrying triple substitutions S65A, V68L and S72A) is
especially suitable due to its enhanced fluorescence and
solubility compared to the wild-type GFP.
This work reports construction and characterization of a
third generation promoter probe shuttle vector for qualitative
and quantitative assessment of D. radiodurans promoter
activity in situ and in real time, using GFP-mut2 protein as
a reporter. Considerable efforts were required to prevent
leaky expression of GFP in E. coli. The final vector construct
pKG yielded no GFP fluorescence, both in E. coli as well as
in D. radiodurans, in the absence of a cloned promoter. We
cloned 10 RDRM-promoters and 5 non-RDRM promoters in
pKG and used this library of promoters to demonstrate
versatility of this vector for various approaches to study
promoter function. Utility of this vector has been evaluated
for studying DNA damage-responsive promoter activity in
D. radiodurans, or its signalling component mutant and
promoter-regulator interaction in heterologous E. coli.
2.
2.1

Materials and methods

Bacterial strains, growth and irradiation conditions

The bacterial strains used in this study are listed in supplementary table 1. D. radiodurans or E. coli cultures were
grown aerobically in TGY medium (1% bactotryptone,
0.1% glucose, and 0.5% yeast extract) at 32°C or in Luria
J. Biosci. 41(2), June 2016

Bertani (LB) medium at 37°C, respectively, with shaking at
150 rpm. When required, the growth media were supplemented with kanamycin (5 μg mL−1 for D. radiodurans or
50 μg mL−1 for E. coli), carbenicillin (100 μg mL−1 for
E. coli), chloramphenicol (3 μg mL−1 for D. radiodurans)
or spectinomycin (100 μg mL−1 for D. radiodurans or 50 μg
mL−1 for E. coli). Bacterial growth was monitored by measuring turbidity (A600nm) or by determining colony forming
units by incubating D. radiodurans on TGY-agar plates
(1.5% bactoagar) for 48 h at 32°C or E. coli on LB-agar
plates for 18 h at 37°C.
Recombinant D. radiodurans cells were grown to early
stationary phase (A600nm = 2.7±0.2), resuspended in fresh
TGY medium at an inoculum density (A600nm) of 3.0 and
were subjected to 6 kGy of 60Co gamma radiation (Gamma
Cell 220, Bhabha Atomic Research Centre, Dose rate = 5
Gy/ min). Following irradiation, the cells were resuspended
in fresh TGY medium at an inoculum density (A600nm) of 0.5
and allowed to recover under optimal growth conditions.
Each experiment was repeated at least three times with
technical duplicates. Observed variation in viability between
different experiments was less than 10%.
2.2

Construction of promoter probe shuttle vector pKG

Details of pKG construction are schematically illustrated in
figure 1. All the plasmids and primers used in this study are
listed in supplementary tables 1 and 2, respectively. The gfpmut2 gene was PCR amplified from plasmid pAM1956
using GFP-F and GFP-R primers (supplementary table 2)
and directionally cloned in pBluescrpt SK II (pBS) plasmid
at EcoRI/BamHI restriction sites to generate plasmid pBSgfp (step 1). Transcriptional terminator from D. radiodurans
(Term116) (Lecointe et al. 2004) was generated by annealing two primers (Term116-F/Term116-R) (supplementary
table 2) and cloning it at HincII site of pBS-gfp to generate
pBS-T-gfp construct (step 2). Kanamycin resistance gene
aph along with its promoter was obtained from plasmid
pUC4K by HincII restriction digestion. The E. coli –
D. radiodurans shuttle vector pRAD1 (Meima and
Lidstrom 2000) was restriction digested with XmnI/DraI to
delete the Ampicillin and Chloramphenicol resistance genes.
Blunt end ligation of aph gene with XmnI/DraI restricted
pRAD1 plasmid (3.9 kb DNA fragment) resulted in the
plasmid pRAD-Kan (step 3). The DNA fragment harbouring
gfp gene and term116 terminator was excised from pBS-Tgfp by restriction digestion with XhoI/BamHI and cloned in
identical restriction sites in the MCS of plasmid pRAD-Kan
to generate plasmid pKTG (step 4). This step eliminated the
original MCS of pRAD1 from pKTG. A new multiple cloning site (MCSNew) containing eight unique restriction sites
was generated by two primer annealing (MCS-F/MCS-R)
(supplementary table 2) and blunt end ligated at EcoRV site
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Figure 1. Schematic representation of the construction of pKG vector. (A) Stepwise construction of pKG vector. Step 1: PCR
amplification of gfp gene from pAM1956 (Yoon and Golden 1998) and its cloning in EcoRI/BamHI sites in pBlueScript generated pBSgfp; step 2: Term 116 generated by two primer annealing and its cloning at HincII site in pBS-gfp resulted in pBS-T-gfp; step 3: AmpR and
CmRgenes were excised from pRAD1 (by restriction digestion with XmnI/DraI) and replaced by KanRgene (obtained from pUC4K) by
blunt end ligation at HincII site to generate pRAD-Kan; step 4: cloning of gfp and Term 116 (from pBS-T-gfp) at XhoI/BamHI site in
pRAD-Kan to generate pKTG; step 5: cloning of MCSNewobtained by two primer annealing at EcoRV site in pKTG resulted in pKGX; and
step 6: deletion of 386 bp and 305 bp DNA fragments from pKGX by PCR amplification and ligation resulted in pKG. The names of the
parent, intermediate and final vectors are marked along with their sizes. Other details were as given in materials and methods. (B) Basal
level GFP fluorescence in the absence of Deinococcal promoters in E. coli or D. radiodurans, harbouring vectors (a) pKGX or (b) pKG.
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of the pKTG plasmid (step 5). The resultant plasmid was
termed pKGX. The 386 bp DNA sequence between
Term116 and E. coli origin (ori) and 305bp DNA sequence
downstream to aph gene (derived from pUC4K along with
aph gene) was removed by (a) first PCR amplifying entire
pKGX as two fragments, one consisting of Term116-mcsgfp-pRAD1 DNA region (~3kb) and the other consisting of
KanR-Ori (~1.7kb), using pRAD-F/pRAD-R and Kan-F/OriR primer pairs, respectively, and then, (b) blunt end ligating
the two fragments to generate the pKG vector (step 6). The
promoter probe shuttle vector pKG was completely sequenced using primers pKG-1 to pKG-9 (supplementary
table 2) and its sequence was deposited in public database
(GenBankTM Accession number: KF975402). All restriction
endonucleases and the quick blunting kit were procured from
New England Biolabs (UK), rapid DNA Ligation kit was
obtained from Fermentas (India), whereas all oligonucleotides and Taq DNA polymerase were purchased from Board
of Radiation and Isotope Technology, India.
2.3

Cloning of putative gene promoter sequences from
D. radiodurans

The chromosomal DNA from D. radiodurans was prepared
using genomic DNA isolation kit (HiMedia, India) as per the
manufacturer’s instructions. For PCR amplification of selected putative gene promoter sequences, primer design was
based on the available genome sequence of D. radiodurans
(http://www.kegg.jp/dbget-bin/www_bget) (Kanehisa et al.
2004). All putative promoter DNA sequences from D. radiodurans genome were PCR amplified using specific primers
listed in supplementary table 2. The amplified DNA fragments were cloned in pKG vector at appropriate restriction
sites (supplementary table 1) of MCSNEW upstream of the
gfp ORF. The cloning yielded transcriptional fusion of
cloned individual promoter with gfp ORF. Correctness of
the cloned DNA sequence was confirmed by DNA sequencing. The plasmid constructs were transformed into E. coli or
D. radiodurans or their derivatives for assessment of promoter activity.
2.4

In situ real-time assessment of promoter activity

The GFP expression in recombinant E. coli or
D. radiodurans cells was monitored qualitatively by fluorescence microscopy and quantitatively by fluorescence spectrophotometry. Bright-field and fluorescence microscopy
were carried out on live cells using the Axioscop 40 microscope (Carl Zeiss, Germany). At appropriate time points, 5–
10 μL of cell suspension was removed to visualize individual cells exhibiting GFP fluorescence using Axioscop 40
microscope equipped with 100× oil immersion objective,
J. Biosci. 41(2), June 2016

GFP filter set, and Axiocam MRc CCD camera controlled
by AxioVision software. For each recombinant E. coli or
D. radiodurans clone, at least 25 fields were examined from
each biological replicate experiment. Fluorescence spectrophotometer (Jasco, FP-6000, Japan) was used to quantitate
GFP fluorescence (λex 489nm, λem 509nm). Radiation inducible enhancement in promoter activity was expressed in
terms of fold induction. The fold induction (FI) was calculated as FI = (FlI × ODC)/(FlC × ODI), where FlI was the
raw fluorescence intensity of irradiated sample, FlC was the
raw fluorescence intensity of unirradiated (control) sample,
OD I was OD 600nm of irradiated sample and OD C was
OD600nm of control sample. For each recombinant E. coli
or D. radiodurans sample, the fluorescence spectrophotometry experiments were performed with 3 independent biological replicates and at least 2 technical replicates in each
biological replicate.
2.5

Cloning and overexpression of Deinococcal ddrO
gene in E. coli

The ddrO g e n e ( D R _ 2 5 7 4 ) w a s a m pl i f i e d f r o m
D. radiodurans geneomic DNA using gene DdrO-F/DdrOR primers (supplementary table 2). The amplified gene was
cloned in overexpression vector pET21a at NdeI/HindIII
restriction endonuclease sites and accuracy of clone was
confirmed by DNA sequencing. This plasmid construct
was transformed into E. coli overexpression strain BL21.
Overexpression of the DdrO protein was induced by 1 mM
IPTG and visualized by resolving the cellular extracts of
IPTG induced or uninduced cells by 14% SDS-PAGE.
E. coli BL21 cells overexpressing DdrO protein were used
to investigate effect of DdrO on activity of various deinococcal promoters cloned in pKG vector.
2.6

Construction of pprI knockout mutant of
D. radiodurans

The pprI knockout mutant was constructed as per the strategy reported earlier (Basu and Apte 2008), but with some
modifications. In brief, p13840 construct (Nguyen et al.
2009) was restriction digested with EcoRI/HindIII restriction
enzymes and 1104 bp fragment harbouring Spectinomycin
resistance cassette (SpcR) was blunt end ligated to SmaI
restriction digested pBluescript plasmid to generate pBSspc construct. The upstream and downstream sequences
(~500 bp) of pprI (DR0167) gene of D. radiodurans were
PCR amplified using primers pprI-up-F/pprI-up-R and pprIdn-F/pprI-dn-R primers, respectively. The pprI-up and pprIdn DNA fragments were cloned in HindIII/PstI and BamHI/
XbaI restriction sites in pBS-spc construct respectively, to
generate plasmid pBS-ΔpprI. Cloning of correct sequences
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was confirmed by DNA sequencing. The pBS-ΔpprI construct was transformed into D. radiodurans competent cells
and selected on the TGY agar plate containing spectinomycin (100 μg/mL). Positive transformants were subjected to
15 serial passages to obtain homozygous pprI deletion mutant. The mutation was ascertained by PCR amplification
either using (a) pprI-up-F/pprI-dn-R primers to confirm replacement of pprI gene with SpcR, or (b) pprI-F/pprI-R
primers to ascertain absence of pprI gene from pprI knockout mutant. The ΔpprI mutant was further used to evaluate
effect of absence of PprI protein on activity of Deinococcal
promoters cloned in pKG vector, under normal conditions or
following gamma irradiation.
2.7

Bioinformatics

Prediction of presence or absence of E. coli like gene promoters and transcription start site in D. radiodurans in
500bp upstream DNA sequence of selected ORFs was carried out by using software (http://www.fruitfly.org/seq_tools/
promoter.html) (Reese 2001) or BPROM software (http://
linux1.softberry.com/berry.phtml). The D. radiodurans
genome sequence and map was accessed through KEGG
website (Kanehisa et al. 2004).
3.

Results and discussion

3.1 Promoter probe shuttle vector pKG offers a clean
background for assessment of Deinococcal promoter
activities in both E. coli and D. radiodurans
The promoter probe shuttle vector pKG, constructed as
detailed in the section on materials and methods and
figure 1, comprised of (i) kanamycin resistance gene aph
with its promoter (derived from pUC4K vector) that
expresses in both E. coli and D. radiodurans, (ii) Term
116, a Rho-independent transcription terminator from
D. radiodurans, (iii) the new multiple cloning site MCSNEW
(BglII, SpeI, NotI, SacII, KpnI, SalI, EcoRV and EcoRI) for
cloning of desired promoter sequences, (iv) The gfp-mut2
gene [derived from pAM1956 vector (Yoon and Golden
1998) encoding the GFP-mut2 protein as a qualitative/
quantitative reporter for in situ real time assessment of promoter activity, and (v) E. coli and D. radiodurans origins of
replication, low GC region and repU gene encoding putative
Deinococcal replication protein (all derived from pRAD1),
for maintenance of the plasmid in both the strains (figure 1).
A 386 bp DNA fragment immediately upstream of Term 116
and downstream to pUC19 origin of replication and 305bp
DNA fragment from downstream to aph gene in plasmid
pKGX was deleted in the final construct pKG. The 386 bp
DNA fragment, present in the intermediate construct pKGX,
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displayed promoter activity in E. coli, probably since the
Term116 did not function in E. coli, thereby leading to leaky
GFP expression in the absence of any cloned promoter
sequence (figure 1A). Bioinformatic analysis of the 386 bp
DNA sequence revealed presence of an E. coli promoter-like
consensus sequences (−10 seq TATGTT and −35 seq
TTTACA). Deletion of this 386 bp fragment in the final
construct pKG resulted in abolition of GFP expression in
both the hosts, E. coli or D. radiodurans, in the absence of a
cloned promoter sequence (figure 1B), thereby, rendering it
a promising zero background vector to study Deinococcal
promoters in both E. coli and D. radiodurans strains. The
vector pKG adds a new tool to the currently existing battery
of few vectors by offering sensitive, qualitative as well as
quantitative determination of promoter activity, without the
need of cell lysis (in situ) or expensive reagents.
3.2 Presence of consensus −10 and −35 sequences is
essential for promoter activity in E. coli, but is dispensable
in D. radiodurans
The structure/function relationships in gene promoters of
D. radiodurans are not yet clear but are distinct from those
of E. coli, which harbours typical σ70 dependent promoters
that comprise of conserved sequences at −10 and −35 position relative to transcription start site (TSS). About 60% of
the Deinococcal transcripts are either leaderless or have a
very short 5’-UTR (de Groot et al. 2014). Also, most of the
Deinococcal promoters, harbour AT-rich (E. coli -10 like)
motifs, even though they lack typical E. coli like -35 sequences (de Groot et al. 2014). Additionally, presence of a ciselement RDRM negatively regulates expression of RDRMbased promoters in D. radiodurans, under normal growth
conditions (Ludanyi et al. 2014; Devigne et al. 2015).
We cloned 10 promoters that harbour RDRM (PDR0070,
P DR0099 , P DR0219 , P DR0423 , P DR0596 , P DR0906 , P DR1143 ,
PDR1913, PDR2275, PDR2338) and 5 promoters that lack RDRM
(PDR0053, PDR0606, PDR0694, PDR1720, PDR2220), in pKG vector. Structural features of cloned promoters are shown in
figure 2. Among RDRM promoters, BPROM software
detected presence of sequences similar to −10 and −35 like
consensus sequences, except for PDR2275 which harboured
only a −10 like AT-rich motif (figure 2). Among non-RDRM
promoters, only PDR0606 showed well conserved −10 and
−35 like consensus sequences while PDR0053, PDR1720,
PDR2220 and PDR0694 harboured only an AT-rich motif upstream of the start codon (figure 2). BPROM software
revealed a sequence (CGGAGA) at −35 position in
PDR0694, but it was not considered valid in view of its very
poor conservation (typical −35 sequence being TTGACA).
Except for PDR1143 and PDR2220, all Deinococcal promoters expressed GFP in both E. coli as well as
D. radiodurans, with varying intensity. Promoter activity
J. Biosci. 41(2), June 2016

198

Narasimha Anaganti et al.
-600
PDR0070 (433 bp)

-300

-200

-100

100

-1/+1

200

-28

-433
CTGGCA (-51) TGTTATGT (-30)

PDR0099 (367 bp)

-213

-114

-367
TTGACA (-107) TTACTAT(-84)

-40

PDR0219 (300 bp)

-300

PDR0423 (300 bp)

-300

TGGTCT (-60)

TTATGTT(-40)

-42 -20
TTGACC(-35) TAAACT (-12)

PDR0596 (506 bp)

-26

-162

-416

TTGATT (-30)

PDR0906 (375 bp)

90*
TAATAT (-12)

-256

-375
TTGATA (-234) TATATTA (-211)

PDR1143 (483 bp)

49

93*

-390
TTGCACA(26)

TATGTT (50)

-115

PDR1913 (260 bp)

-260
TTTATT (-121)

TAGACT (-93)

-102

PDR2275 (177 bp)

-177
TAAACT (-88)

-2

PDR2338 (322 bp)

-308

14
TAGACA (-43)

PDR0053 (367 bp)

TATACT (-20)

-367
TTTTAC (-32)

PDR0606 (261 bp)

75*

-186
TTGACA (-40)

PDR0694 (348 bp)

-348

PDR1720 (515 bp)

-515

TACCAT (-16)

CGGAGA (-159) TTAGGAT(-137)

TTATGAT (-58)

PDR2220 (300 bp)

-300
TTCAATT (-27)

RDRM

SD

-10

-35

AT rich motif

Figure 2. Schematic representation of structurally distinct gene promoters of D. radiodurans. The structural features of D. radiodurans
promoters investigated are shown. (RDRM: radiation desiccation response motif; SD: Shine Dalgarno sequence). Number above RDRM
indicates its position relative to start codon. The −10 and −35 sequence identified by BPROM software and AT-rich motifs detected
manually are shown below the corresponding symbol and the number in parenthesis indicates its position relative to start codon. Asterisk
indicates promoters for which a start codon downstream to the annotated start codon was found to be functional, however, the positions of
−10, −35 and SD sequences are indicated respective to the annotated start codon for these promoters.

in E. coli, which lacks DdrO protein, would solely depend
upon similarity of the Deinococcal promoter to typical σ70
promoter of E. coli. Among the promoters that have −10 and
−35 like consensus sequences, PDR1143 (fluorescence 16843
AU) displayed best GFP expression in E. coli, followed by
PDR0606 (fluorescence 5396 AU) (figure 3A and 3B). In all
other promoters containing −10 and −35 like sequences,
GFP expression was moderate (fluorescence >350 AU)
while promoters that harboured only −10 like AT-rich motif
resulted in low to negligible GFP expression (fluorescence
<350 AU) (figure 3A and 3B). In D. radiodurans, except for
PDR0906 and PDR1913, all RDRM-based promoters displayed
very low GFP expression (fluorescence < 200 AU) due to
DdrO mediated negative regulation under normal growth
J. Biosci. 41(2), June 2016

conditions, as compared to non-RDRM promoters (fluorescence >200 AU) (figure 3A and 3B). Thus, in general, −10
and −35 like consensus sequences were essential for promoter activity in E. coli but dispensable in D. radiodurans.
The data clearly suggest that activity of heterologous
Deinococcal promoters was dependent on (a) presence and
(b) similarity to a typical σ70 controlled promoter sequences
in E. coli but not in D. radiodurans. The observed variation
in GFP expression in E. coli could be attributed to the extent
of conservation of −10 and −35 sequence and their location
(Fig 2) or regulation due to other DNA sequences present in
Deinococcal promoters. D. radiodurans appears to utilize
either alternate conserved sequences and/or sigma factors,
for promoters that lack σ70 controlled promoter sequences.
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Figure 3. Qualitative and quantitative assessment of Deinococcal promoters in E. coli and in D. radiodurans. (A) Qualitative assessment
of Deinococcal promoters is depicted by fluorescence microphotographs of D. radiodurans or E. coli harbouring pKG with cloned
promoters. (B) Quantitative evaluation of promoter activity by fluorescence spectrometry. Error bars indicate mean ± standard deviation
calculated from three independent biological replicates.
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Promoter probe shuttle vector pKG offers a sensitive
tool for in situ evaluation of gene regulation in
D. radiodurans

D. radiodurans responds to gamma irradiation by upregulation of several genes involved in DNA repair and oxidative
stress alleviation (Liu et al. 2003; Tanaka et al. 2004; Basu
and Apte 2012). RDRM sequence has been implicated in
such upregulation of gene expression during post-irradiation
recovery (PIR). All RDRM containing Deinococcal promoters showed significant induction in GFP expression following exposure to 6 kGy of gamma rays (figure 4A). The
observed variation (2- to 25-fold) in the activity of different
RDRM containing Deinococcal promoters could be attributed to basal promoter strength, conservation of RDRM sequence, position of RDRM etc. GFP expression based
gamma radiation induced promoter activity, reported here,
correlates well with the transcript (Liu et al. 2003; Tanaka
et al. 2004) or the protein (Basu and Apte 2012) level
induction of respective genes following gamma irradiation.
In contrast, GFP expression by non-RDRM promoters
remained unaltered after irradiation (figure 4A). The effect
could be quantitatively measured by fluorescence spectrometry (figure 4A) as well as clearly visualized by fluorescence
microscopy (figure 4B).
When exposed to 6 kGy gamma irradiation, recombinant
D. radiodurans strains harbouring either pKG or pKG with
putative gene promoters, entered a 5 h growth arrest phase and
then resumed exponential growth (data not shown). During the
PIR, the RDRM containing promoters displayed gamma irradiation responsive induction of promoter activity till 4h of PIR,
followed by a decline in promoter activity (figure 4C). In gel
fluorescence of electrophoretically resolved GFP as well as
levels of immune-detected GFP also corroborated the observed
kinetics (data not included).Thus, radiation responsive gene
expression displayed a clear time dependence that fits the
autoregulatory nature of radiation response in
D. radiodurans. The results obtained are consistent with those
reported in literature (Liu et al. 2003; Basu and Apte 2012).
Transcript or protein level induction in DNA damage repair
related genes have been observed in the lag phase of PIR while
the transcript or protein levels return back to normal by the
time exponential growth resumes (Liu et al. 2003; Ujaoney
et al. 2010; Basu and Apte 2012). Decline in GFP expression
beyond 4h of PIR is clearly indicative of reestablishment of
DdrO mediated negative regulation of RDRM promoters. Expectedly, promoters that lacked RDRM did not show significant change in GFP expression (0.94- to 1.4-fold) throughout
PIR (figure 4A and 4D). The gene products of groESL, at both
transcript and protein level, have been routinely used as internal control in D. radiodurans since its expression levels do not
change in response to radiation stress (Liu et al. 2003; Basu
and Apte 2012). Thus, promoter probe shuttle vector pKG was
found to be well-suited for in situ and real time evaluation of
gene regulation in D. radiodurans.
J. Biosci. 41(2), June 2016

3.4

Promoter probe shuttle vector pKG for studying
promoter-regulator interactions in heterologous
E. coli

All the RDRM containing Deinococcal promoters exhibited very
low basal activity in D. radiodurans, compared to non-RDRM
promoters (figure 3). The DdrO protein, unique to Deinococci,
has been shown to bind RDRM as a dimer in vitro and repress
expression from such promoters (Devigne et al. 2015; Wang
et al. 2015). GFP expression from RDRM-promoters in normally
growing D. radiodurans (figure 3) is indicative of such repression
in vivo. To ascertain, that the low basal activity of RDRMcontaining promoters was indeed a consequence of repression
by DdrO, all RDRM-promoter constructs were transformed into
E. coli overexpressing Deinococcal DdrO protein. In presence of
DdrO, all RDRM-promoters showed repression in GFP expression, as compared to GFP expression in absence of DdrO protein
(figure 5A). GFP expression by non-RDRM promoters PDR0606
and PDR0694 remained same in the presence or absence of DdrO
protein (figure 5A). Thus, vector pKG was validated for investigation of promoter-regulator interactions in a heterologous E. coli
system.
3.5

Promoter probe shuttle vector pKG for studying
promoter activity in Deinococcal mutants

The pKG vector was also validated for assessment of promoter
activity in the pprI knockout mutants of D. radiodurans. DdrO
cleaving protease PprI is activated following DNA damage
and helps relieve DdrO mediated repression of RDRMpromoters during PIR (Ludanyi et al. 2014). DdrO level is
restored back at the end of PIR (Devigne et al. 2015). Thus,
absence of PprI would maintain repressive levels of DdrO,
resulting in repression of DNA repair genes during PIR. We
constructed pprI knockout mutant which was further transformed with best radiation induced RDRM-promoters
PDR0070 or PDR1143, or with non-RDRM promoter PDR0606
cloned in pKG. The effect of absence of PprI protein on
GFP expression of these promoters was studied. Following
6 kGy irradiation, GFP expression by PDR0070 or PDR1143
remained similar to unirradiated control as was the case with
PDR0606 (figure 5B). Thus, promoter probe shuttle vector could
be effectively employed to study radiation inducibility of
promoters in signaling component mutants of D. radiodurans.
The results presented here demonstrate construction of the
first zero background, fluorescence-based promoter probe shuttle vector pKG for D. radiodurans and its utility for qualitative
and quantitative assessment of promoter activity under normal
or stress conditions, in situ and in real time. The vector pKG
offers a reliable genetic tool to monitor stress responsive kinetics of promoter activity in order to elucidate complex cellular
processes involved in the extreme radioresistance of
D. radiodurans. The vector also allows study of Deinococcal
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Figure 4. Kinetics of promoter activity in D. radiodurans, during PIR following 6 kGy gamma irradiation stress. (A) Quantitative
assessment of gamma radiation responsive promoter activity in recombinant D. radiodurans cells, harbouring indicated promoters cloned in
pKG, is graphically represented as fold change. Error bars indicate Mean ± standard deviation calculated from three independent biological
replicates. (B) Qualitative assessment of gamma radiation responsive promoter activity in D. radiodurans cells depicted by fluorescence
microphotographs of recombinant D. radiodurans, harbouring indicated promoters cloned in pKG. (C) Kinetics of gamma radiation
inducible promoter activity in recombinant D. radiodurans cells harbouring RDRM promoters, during recovery from 6 kGy gamma
irradiation. Error bars indicate mean ± standard deviation calculated from three independent biological replicates. (D) Kinetics of gamma
radiation inducible promoter activity in recombinant D. radiodurans cells harbouring non-RDRM promoters, during recovery from 6 kGy
gamma irradiation. Error bars indicate mean ± standard deviation calculated from three independent biological replicates.
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gene promoters in E. coli, a desirable utility to study promoterregulator interactions and assessment of promoter activity in
signaling component mutants of D. radiodurans.
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