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SYNOPSIS

Introduction

Deinococcus radiodurans strain R1 is a reddish-pink pigmented Gram positive,
nonpathogenic bacterium capable of recovering from high exposures to ionizing and ultraviolet
radiations, desiccation, and diverse genotoxic chemicals [1]. Both radiation and desiccation cause
single and double strand breaks in the DNA. D. radiodurans can stitch back its shattered DNA
without incorporating detectable mutations [ 2], dueto ahighly efficient DNA repair system. Single
strand breaks (SSB), and base and nucleotide damage are repaired by excision repair systems.
Double strand breaks (DSB) in D. radiodurans are repaired by an early phase of a RecA
independent extended synthesis-dependent strand annealing (ESDSA) and non-homologous end
joining (NHEJ), followed by RecA dependent homologous recombination (HR) [3] to complete
thetask. D. radiodurans encodes novel proteins PprA, PprM, DrRRA etc which have been shown
to be essential for its radiation resistance. 1n addition, physical factors like genome condensation
and toroid ring-like nucleoids aso contribute to Deinococcal radiation resistance [4]. The
accumulation of Mn?* ions during post-irradiation recovery (PIR) protect proteins involved in

repair of damaged DNA from oxidation in D. radiodurans [5].

Page | 1



Distinct radiation responsive gene expression has been demonstrated in D. radiodurans[6-
8]. Many Deinococcal genes do not have typical E. coli like-10 (TATAAT) and -35 (TTGACA)
consensus promoter sequences in their upstream region, though severa of them do harbor E. coli
-10 like AT rich motif upstream [9]. Genome wide search for regulatory motifsin D. radiodurans
and D. geothermalis strains found a 17bp palindrome like sequence, termed radiation and
desiccation response motif (RDRM), upstream of radiation-responsive genes [10]. However,
among the severa radiation inducible genes only 24 genes carry RDRM like sequences. Our
laboratory was the first to provide experimenta evidence that RDRM is indeed involved in
radiation induction of Deinococcal ssb gene[11]. Recent work in other laboratories, carried out in
paralel to this work, shows that RDRM is aso found in other deinococcal species, a repressor
protein DdrO binds to it in vitro and the DdrO dimer is cleaved by the protease activity of Pprl
[12, 13]. However, the underlying regulatory mechanisms are not completely known. A study of
Deinococcal radiation-induced promoters is crucial to understand structural features responsible
for regulation of gene expression and for their biotechnological exploitation in high radiation

environment. The present work was undertaken with this prime objective.

A promoter is aregulatory sequence of DNA located upstream of a gene (a cis-element)
and provides a control point for regulated gene expression. Promoters control binding of RNA
polymerase and transcription factors to DNA and are directly responsible for the amount of
transcript generated [14]. These factors, which are responsible for activation/repression of gene
expression, bind to the promoter sequences and recruit RNA polymerase which synthesizes RNA
from the coding region of the gene. There are few reports on Deinococcal promotersin literature,
for example PgroESL [15], PpprA [16] and Pssb [11]. To study the structure/function relationships
in promoter activity a good shuttle vector, which can work in both D. radiodurans R1 and in E.
coli, with a suitable reporter gene is essential. A few shuttle vectors available for D. radiodurans
[17, 18] arelargein size (6.3-17kb). A few of them have lacZ or phoN as reporter genes [15, 19].
However, these require expensive substrates and are not suitable for detection of in situ gene
expression in individual cells. In comparison, the green fluorescent protein (GFP) encoding gfp
gene [20] has been successfully used as robust reporter that allows visual (microscopic) and
guantitative (Fluorescence spectrophotometric) assessment of gene expression. No GFP-based
promoter probe vector is currently available for D. radiodurans. It was, therefore, proposed to

construct a GFP-based promoter probe vector for obtaining cell-based information and to provide
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in situ, real time quantitative assessment of radiation inducible and other promoters in D.

radiodurans.

The present study was undertaken with the following objectives:

1.

Design and construction of a new promoter probe shuttle vector, with the GFP gene (gfp)
as areporter, and its validation using known D. radiodurans promoters.

Selection of radiation responsive genes based on bioinformatics, microarray and proteomic
data, for analysis of their promoters.

Cloning of selected promoters (up to 300bp upstream DNA sequences), containing/lacking
RDRM motif, in promoter probe shuttle vector.

Assessment of promoter activity under ambient and radiation stress conditions by
visualization and quantitation of reporter gene expression and activity.

Selective mutagenesis, swapping and reorientation of RDRM to elucidate its effect on

corresponding gene expression.

Thework carried out is presented in thethesis asfollowing 6 chapters:

Chapter 1: General introduction.

Chapter 2: Materials and Methods.

Chapter 3: Construction of promoter probe shuttle vector and its validation.

Chapter 4: Cloning of selected putative Deinococcal promoters and assessment of their activity

under normal and radiation stress conditions.

Chapter 5: Regulation of promoter activity under normal and radiation stress conditions in D.

radiodurans.

Chapter 6: Summary and Conclusions
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Chapter 1. General introduction

This chapter contains a genera review on the extremely radiation resistant bacterium
Deinococcusradiodurans strain R1 which includesitstaxonomy, characteristics, genome structure
and response to DNA damaging stresses, such as gamma and UV radiation, prolonged desiccation
and chemical mutagens. Mechanisms adopted by this bacterium to repair DNA damage and
survive are elaborated. An account of structure and function of different types of bacterial
promoters and a brief description of regulatory mechanisms of gene expression in prokaryotes,
including D. radiodurans is presented. The need for a suitable promoter probe shuttle vector to
investigate D. radiodurans promoters is emphasized and the specific objectives of the study are

specified.

Chapter 2: Materialsand Methods

The chapter details various bacteria strains and plasmids used or constructed, chemicals,
enzymes, various molecular biology kits, their sources and experimental techniques used in this
study. Different microbiological techniques involved, including culture medium and growth
conditions, protocol for irradiation, GFP fluorescence quantification and fluorescence microscopy
of bacterial cells are described. Protocols for genomic DNA/RNA/plasmid isolation, gel
extraction, DNA/RNA/protein quantitation, electrophoretic resolution of DNA, RNA or proteins,
western blotting and immuno-detection of GFP protein are specified. Various molecular biology
techniquesincluding PCR amplification, purification of PCR product, cloning, generation of point
mutations and deletion/addition mutations, swapping of RDRM sequence among the different
promoters, and primer extension for transcription start site mapping (TSS) are elaborated. Methods
for over-expression of Pprl and DdrO proteinsin E. coli and their purification, and construction of
pprl knockout mutant of D. radiodurans are detail ed. Bioinformatic tools used to find -10, -35 like
consensus sequences or AT rich motifs, and ribosome binding sites (RBS) in D. radiodurans genes
are described.
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Chapter 3: Construction of promoter probe shuttle vector and its validation

No promoter probe shuttle vector that can provide in situ rea time quantification of
promoter activity currently exists for D. radiodurans. GFP is a sensitive, robust reporter whose
activity can be quantitated without requiring cell lysis or asubstrate. The gfp-mut2 gene (hereafter
called as gfp gene) when cloned in pRAD1 plasmid yielded strong GFP fluorescencein E. coli and
weak fluorescence in D. radiodurans, even in the absence of any cloned promoter. This leaky
expression of reporter may be due to a read-through from upstream amp" gene and is undesirable
for promoter analysis. Therefore, aleak proof, no background promoter probe shuttle vector pK G
was constructed, which comprised of (i) kanamycin resistance aph gene with its promoter (derived
from pUK4K plasmid), that expresses both in E. coli and D. radiodruans, (ii) a44bp transcription
terminator term116 from D. radiodurans [21], which was synthesized as two oligos, annealed and
cloned upstream of gfp reporter gene, (iii) a new multiple cloning site (MCS) with eight unique
restriction sitesfor cloning of desired promoter sequences, which was derived by annealing of two
synthetic primers (iv) the gfp gene derived from pAM 1956 vector [22] encoding the GFP 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. The vector pKGX, thus generated, still displayed leaky GFP fluorescencein E. coli. A
386 bp DNA fragment present in pKGX was suspected to contribute promoter activity, probably
sincethe Term116 did not function in E. coli. Bioinformatic analysis of the 386 bp DNA sequence
indeed revealed presence of an E. coli like promoter sequence (TATGTT at -10, TTTACA at -35).
Therefore, the 386bp DNA fragment immediately upstream of Term 116 and downstream to
pUC19 origin of replication, and a 305bp DNA fragment downstream to aph genein pK GX, were
deleted in the final construct pKG. Deletion of the aforesaid sequences resulted in complete
abolition of GFP expression from pKG in both E. coli and D. radiodurans hosts, in the absence of
acloned promoter sequence. Thevector pKG is, thus, apromising zero background vector to study
Deinococcal promotersbothin E. coli and D. radiodurans strains. The pKG vector was completely
sequenced and the sequence was deposited in public database (GenBank™ Accession number:
K F975402).
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The functionality of pK G vector was validated with two known D. radiodurans promoters,
namely PgroESL (PO606) - astrong non-RDRM promoter [ 19] and Pssb (PO099) - aRDRM-based
radiation inducible promoter [11]. From PgroESL promoter the GFP was expressed strongly in
both E. coli and D. radiodurans and no radiation induction of its expression was observed in D.
radiodurans. The Pssb promoter showed basal GFP expression in both organisms and displayed
six fold induction of expression in D. radiodurans during PIR, as was also reported earlier [11].
These data confirmed the utility of pKG vector for promoter screening in E. coli and D.
radiodurans. The vector pKG adds a new tool to the currently existing battery of few Deinococcal
vectors by offering sensitive, qualitative aswell as quantitative determination of real time promoter

activity in situ, without the need for cell lysis or expensive reagents.

Chapter 4: Cloning of selected putative Deinococcal promoters and assessment of their

activity under normal and radiation stress conditions.

Based on published transcriptome, proteomic data and bioinformatics analyses, 20 D.
radiodurans genes were selected for promoter analysis. The selected genes were divided into two
groups (i) promoters having RDRM, and (ii) promoters without RDRM. About 300-500bp DNA
seguences upstream of these genes were PCR amplified using specific primers designed based on
available D. radiodurans chromosomal genome sequence (http://www.genome.jp/dbget-
bin/'www_bget?dra). The PCR amplified fragments were cloned in pKG promoter probe shuttle
vector upstream of gfp reporter gene, to obtain promoter-reporter translational fusions in which
Shine-Dalgarno sequence (SD) was derived from individual promoter fragments. E. coli (DH5a)
and D. radiodurans strains harboring pK G vector with different promoters were assessed for GFP
expression based promoter activity. The GFP fluorescence intensity was a reflection of promoter
activity and the corresponding SD sequence. The promoter sequences of Poogg, Po219, Poaz3, Posos,
Posos, Posos, Pi143, Pio13 and Passs, which have E. coli 6’ like consensus promoter sequences,
showed bright green fluorescence in E. coli, while the promoters of Pogss, Pooro, Posss, P1262, P1314,
P1720, P2220 and P2275, which do not have E. coli like promoter sequence, showed either no or very
weak GFP fluorescence in E. coli, irrespective of the presence/absence of RDRM. All promoters
carrying RDRM motif showed very weak/no GFP fluorescence in D. radiodurans while al the

non-RDRM promoters showed a strong fluorescence, irrespective of presence/absence of
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conserved E. coli like promoter sequences. Some of the Deinococca gene promoters (Poo7o, Posos,
P1143 and Pi314) harbor SD sequences downstream of annotated start codon of ORFs. GFP
fluorescence from these promoters was observed only when the SD sequence was included in the
promoter sequence. Thus, gene expression in E. coli required -10, -35 consensus sequences but
was not influenced by RDRM. The E. coli like promoter sequences were dispensable in D.

radiodurans wherein RDRM negatively regulated gene expression

The recombinant D. radiodurans promoter clones were exposed to 6kGy gamma radiation
and promoter activity was monitored as GFP fluorescence during post irradiation recovery (PIR).
The promoters which exhibited greater than 2 fold enhancement of fluorescence after irradiation
were considered as radiation induced. All promoters (Poo7o, Poogg, Po219, Poazs, Posos, Pogos, P1143,
P12e2, Pi913, Poo7s and Pazss) which harbored RDRM sequence exhibited radiation induction.
Highest induction of 25 and 11 fold was observed for Poroozo and Ppri14z respectively at 4h of PIR.
The RDRM lacking promoters Pooss, Posos, Posos, P1314, P1720 and P20 showed no change in
expression during PIR. These results clearly show that RDRM also plays a regulatory role in
radiation stressinduced gene expression. Although DR0053, DR0694, DR1314 and DR2220 were
earlier reported to be induced at transcriptional level during PIR, their induction was not observed
in the present study probably because of different dose and dose rate used. When E. coli cells
carrying Deinococcal Pproo7o, Porosos and Ppri143 promoters were subjected to irradiation no
induction was observed, indicating that Deinococcus specific factors are needed, both for

repression under normal condition as well as radiation induction of promoters.

To further elucidate the role of RDRM in radiation stress, the RDRM from ddrB (Pproovo),
gyr B (Porogos), and Ppri143 (hypothetical) genes and cinA (Pprzsss) operon were deleted. The basal
level of GFP expression was significantly enhanced in all RDRM deleted mutants (except Pproo7o
in which TSS was disrupted upon deletion of RDRM), compared to wild type promoters with
RDRM. This clearly established a negative repressive role for RDRM under ambient growth
conditions. The RDRM deletion mutants of D. radiodurans when subjected to 6 kGy gamma
irradiation showed no gamma radiation responsive induction in GFP expression. The result clearly
demonstrated that RDRM plays a negative role under ambient growth conditions and is also

essential for gamma radiation responsive enhancement in promoter activity during PIR.
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Chapter 5: Mutagenesis, reorientation and swapping of RDRM and analysis of
corresponding promoter activity under normal and radiation stress conditions in D.

radiodurans.

To elucidate the role of RDRM in radiation induction of promoters, several mutants were
constructed in two selected promoters, Poroozo and Pprogos. The promoter Pproozo Shows very weak
basal expression under normal conditions but highest induction in PIR (25fold). Its transcription
start site (TSS) was mapped within the 3’ region of RDRM. The Pprogos harbors -10, -35 like
sequences positioned respectively at -11 and -34 bases upstream of its TSS. It shows high basal
activity and 6 fold induction during PIR. A G at 5 and C at 13" positions are two highly conserved
bases in RDRM. When these nucleotides were replaced by G5A and C13T bases in both Pproovo,
Porooos promoters, the radiation inducibility of Poroozo promoter came down to 15 fold from 25
fold in wild type whereas radiation induction was totally lost in Pprooos promoter, suggesting that
these two bases are very important for radiation induction. When five bases from 5’end of RDRM
were deleted in both promoters, the basal level activity increased by 7 fold in Poroozo but only
dlightly in case of Pprosos promoter. If complete RDRM was replaced with equal length of non-
RDRM random DNA sequence, the Pproo7o promoter showed neither the basal promoter activity
nor any radiation induction due to disruption of its TSS which lies within the 3’ end of the RDRM.
Since the TSS is part of RDRM in Pproo7o promoter, no further mutations were made in this
promoter. When five bases were deleted from the 3" end of RDRM in Pprogos, @ 5-fold increase in
basal expression was observed but only minor radiation induction was seen during PIR. The result
suggests that the 5 bases from 3’ end of RDRM are critical for the negative regulation as well as
radiation induction from RDRM.

As mentioned earlier, the RDRM is a degenerate palindrome. Generaly palindrome
sequenceswork in both orientations, with dimeric regul ator proteins. To assess this possibility, the
17bp RDRM was cloned in reverse orientation, keeping all the other Porogos promoter components
intact. The basal activity was reduced by 4 fold, but it retained radiation induction property
suggesting that in reverse orientation, RDRM is a stringent negative regulatory cis-element. To
examine possible additive effect of RDRM on promoter activity, one more RDRM was cloned in

Pprogos & -179 in addition to the existing one at -257. As expected, it showed additive repression
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of basal promoter activity and al so retained itsradiation induction. Deletion of RDRM from Pprogos
promoter increased basal promoter activity marginally but radiation induction was lost. Instead, if
the whole upstream region including -10, -35 sequences and RDRM were deleted, basal promoter
activity was reduced by 4-fold under norma growth conditions and no radiation induction was
observed during PIR. The result indicates that for basal promoter activity of Pprogos, -10, -35
sequences are required. A recent study has shown that many of the transcripts harbor AT rich
motifs upstream of TSSin D. deserti [9].

The promoters Pporooss and Pproses Of D. radiodurans do not harbor RDRM sequence and
are not induced during PIR. To evaluate the ability of RDRM to (a) introduce negative regul ation
under normal conditions, and (b) enhanced expression following irradiation, the 17bp RDRM
sequence from the highly radiation inducible promoter Poroo7o Was introduced into Pprooss at two
locations, first at -14 bases from start codon (same location as in Pproo7o) and the second at -215
bp upstream of the start codon. In Pproses promoter, RDRM was introduced at 153 bp upstream of
start codon. The basal level of promoter activity of Pprooss and Pprosas With addition of RDRM
camedown to near zero, asagainst itsnormal activity without RDRM in D. radiodurans. However,
during PIR following 6kGy gamma irradiation, no radiation induction of these RDRM conferred
promoters was observed. The results corroborate the role of RDRM as a negative regulator,
irrespective of its position. Since the precise location of the promoter is not known, the lack of
radiation induction upon RDRM swapping can be explained asfollows: (a) introduction of RDRM
does interrupt either the binding to or movement of RNA polymerase from Pprooss promoter, or
(b) possible involvement of additional sequence(s) for repressor release/degradation, leading to
de-repression following irradiation, or (c) alternatively, the swapping may have destroyed the

native promoter.

The Pprl protein isageneral switch responsible for activation of several genes during PIR
[23]. A recent study revealed that Pprl is a metalloprotease which cleaves DdrO repressor protein
(which binds to RDRM in vitro), during PIR [13]. To assess the effect of Pprl and DdrO proteins
on the activity of Deinococcal promoters, the corresponding genes were cloned in pET2la
expression vector and overexpressed in the E. coli strain [BL21(DE3)pLysS] by induction with
Isopropyl B-D-1-thiogalactopyranoside (IPTG). The pKG plasmids carrying promoters Pproovo,

Pbroogo, Poroz19, Poroa23, Poroses, P brogos, Por1143, Ppri913, Ppro27s and Pprozss, which harbor RDRM,
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or harbouring Porosos, Poroses, Which do not carry RDRM, were transformed into BL21 cells
carrying plasmids pET21-pprl or pET21-ddrO. Successful coexistence of the two plasmids
pET2laand pKG, having different antibiotics ampicillin and kanamycin markersrespectively, was
carefully ascertained in E. coli beforehand. The pET21aor pKG empty vectors served as controls.

Effect of overexpression of Deinococcal Pprl or DdrO proteins on promoters with/without
RDRM was evaluated in E. coli, which does not possess any of these regulatory proteins. No
significant change in promoter activity was observed with Pprl alone for any of the promoters or
even for empty vector. However, overexpression of DdrO protein substantially reduced activity of
all RDRM-based promoters in E. coli, while no effect was observed on non-RDRM promoters.
The results suggest that binding of DdrO protein to RDRM represses promoter activity in vivo, in
conformity with the earlier reports [13, 24]. To observe the effect of Pprl protein on DdrO
repression of RDRM promoters, RDRM containing (Pproo7o, Pprosos and Ppri143) or non-RDRM
(Pprosos) promoters were transformed into pprl knockout mutant of D. radiodurans. As expected,
no changein basal promoter activity was observed but the radiation induction was abolished. These
data substantiate the model of radiation regulation proposed earlier based on in vitro studies [13],

and demonstrate it in vivo.

Chapter. 6. Summary

A GFP-based promoter probe shuttle vector pK G was successfully constructed for in situ
real time promoter anaysis, both in E. coli and D. radiodurans. The functionality of pKG vector
was validated with two known Deinococcal promoters, Pprosos - & strong promoter and Pproogs - @
radiation inducible promoter. A total of 20 promoters were successfully cloned in pKG vector.
Deinococcal promotersthat were activein E. coli contained conserved -10 and -35 like sequences,
but these were dispensable for gene expression in D. radiodurans. The RDRM containing
promoters showed low basal GFP expression in D. radiodurans, compared to non- RDRM
promoters, but gene expression in E. coli was indifferent to the presence/absence of RDRM.
RDRM was necessary for radiation induction of all RDRM -based promoters, but RDRM repressed
the promoter activity when it was swapped into non-RDRM promoters at different locations (with

reference to the start codon) but did not induce promoter activity in PIR. Thus, RDRM is necessary
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but may not be solely responsible for radiation induction. DdrO repressed the activity of RDRM
containing promoters, but not of non RDRM promoters, in E. coli. Pprl, which is known to cleave
DdrO protein in vitro, was shown to be essentia for radiation induction of RDRM promotersin

Vivo, in D. radiodurans.
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Deinococcus radiodurans strain R1 is a reddish-pink pigmented Gram positive, nonsporulating,
nonmotile, nonpathogenic bacterium [25], capable of recovering from high exposures to ionizing
and ultraviolet radiation, prolonged desi ccation, and diverse genotoxic chemicals[1]. It isspherical
in shape, with sizeranging from 1.5 to 3.5 um in diameter and occurs as diads or tetrads (Fig 1.1).
Although it is a Gram positive bacterium it has a complex cell envelope similar to that of Gram
negative organisms, comprising of a thick peptidoglycan layer, outer and inner membranes and
two surface layers [26]. D. radiodurans is a mesophile with optimal growth temperature of 32°C
and istypically grown with aeration in TGY (1% tryptone, 0.1% glucose, 0.5% yeast extract) rich
medium. Under optimal growth conditions, the cell doubling takes approximately 90-100 min and

the microbe takes 48-72h after plating to appear as clear visible colonies on agar plate.

A B

Fig. 1.1. Microphotographs of D. radiodurans. (A) Photographs taken with light microscope

with 100X objective, and (B) transmission electron microscope (TEM) (magnification: 100K).

Page | 14



1.1 History, habitat and classification

D. radiodurans was first isolated from irradiated (4kGy) canned meat at Oregon, USA by
Andersson et al in the year 1956 [27]. Its name derives from the Greek “deinos” meaning strange
or unusual, and “coccus” meaning agrain or berry while “radiodurans” refers to its extreme radio
resistance. Initialy it was named as Micrococcus radiodurans based on its morphological and
physiological characteristics [28]. Later chemotaxonomic studies and phylogenetic analysis of
Deinococcal 5S and 16S rRNA analysis revealed that Deinococcus is not related to Micrococcus
and forms a separate phylogenetic group of bacteria[29]. Subsequently, therefore, it was included
in anew family of Deinococcaceae, and renamed as Deinococcus radiodurans [30] (Table 1.1).
Around fifty Deinococcus species have been isolated to date, by radiation or desiccation survival
based selection [31]. There is no defined habitat for this organism. The Deinococcus genus
comprises of mesophilic, thermophilic, and psychrophilic representatives. This organism is
distributed all over the world, with various species isolated form a wide variety of habitats, such
as animal gut, deserts, hot springs, sewage, processed meat, alpine environments, and Antarctica

[4, 25, 32].

Table 1.1 Scientific classification of D. radiodurans

Kingdom Eubacteria

Phylum Deinococcus- Thermus
Class Deinococci

Order Deinococcales

Family Deinococcaaceae
Genus Deinococcus

Species radiodurans
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All Deinococcus species are highly resistant to lethal effects of DNA-damaging agents,
particularly those of ionizing radiation and UV radiation [4, 25] but the desiccated D. radiodurans

is sensitive to high humidity [33].

1.2 Cdll structure and cell division

Deinococcus radiodurans commonly exists as a unit of two cells (diads) or four cells (tetrads) (Fig.1.1).
Although it is a Gram-positive bacterium it has an unusual composition of cell wall which has 150nm
thickness [4] and comprises of at least six layers. It’s envelop consists of plasma membrane and outer
membrane with peptideglycan (14-20nm) layer and a compartmentalized layer sandwitched in between the
two membranes [34]. Thefirst innermost layer is plasma membrane, followed by a peptidoglycan containing
cell wall (holey layer). The third layer is a compartmentalized layer and the fourth is the outer membrane,
whilethefifthisadistinct el ectrolucent layer and sixth isthe S-layer consisting of regularly packed hexagonal
protein subunits. The S-layer consists of carotenoids, lipids, proteins and polysaccharides[35, 36]. The holey
layer is composed of a mucopeptide, muramic acid, and rarely occurring amino acid L-ornithine. Its
membrane lipids are composed mainly of phosphoglycolipids which contain alkylamines as structura
components uniqueto D. radiodurans [37]. Unsaturated fatty acids, which help influidity of membrane, play
an important role of varying cell volume during desiccation [4]. Out of six layers of D. radiodurans only the
cytoplasmic membrane and the peptidoglycan layer are involved in septum formation during cell division.
Other layers act as sheath which surrounds groups of cells and forms on the surface of daughter cells as they
separate [34, 35, 38]. The D. radiodurans cells divide in two planes, with septa which sweep across the cell

from opposite sides[39].
1.3 Genome structureof D. radiodurans
The genome (3.28 Mbp) of naturally transformable D. radioduransis smaller than the well-studied

bacterium E. coli (4.6 Mbp). The D. radiodurans genome was completely sequenced in 1999 by

Page | 16



White et al [40]. It consists of (a) two chromosomes, chromosome-1 with a size of 2.6 Mbp and
chromosome-11 of 0.41 Mbp, and (b) two plasmids, of which one is a mega plasmid of 0.17 Mbp
while the other plasmid is 45 kbp in size. The base composition of its genome is 66% GC rich.
The D. radiodurans genome contains atotal of 3,187 annotated open reading frames (ORFs) with
an average size of ~900 bp each [40]. More than 1000 ORFs have no matches in the database and
more than 500 ORFs match with hypothetical genes. In total, nearly 50% of its genome has
unknown functions. Exponentially growing cells of D. radiodurans contain 8-10 copies of the
genome with an average DNA content of 3 X 107 bp [41]. Earlier it was considered that D.
radiodurans genome is methylation deficient (DAM™ and DCM") [42] but later adenine and
cytosine methyltransferase activites have been demonstrated [43] in this organism. D. radiodurans
genome also has mobile genetic elements such as insertion sequences (1S) and small noncoding
repeats (SNR) [4] and seemsto have gained novel prokaryotic and eukaryotic genes by horizontal

gene transfer [44].

1.4 M etabolism of D. radiodurans

D. radiodurans is an organotrophic bacterium with minimum requirements of a carbon source, a
nitrogen source, a sulfur source, nicotinic acid, and a source of manganese (Mn) [4]. This
proteolytic bacterium obtains its main carbon source from amino acids which it generates from
protein hydrolysis [4, 45]. Energy derived from sugars is marginal and they are imported mainly
via phoenol pyruvate phosphotransferase system [4, 40]. Asaproteol ytic bacterium D. radiodurans
encodes severa protein degradation and amino acid catabolism related enzymes which were
mostly obtained from horizontal gene transfer [44]. Following radiation stress, intracellular
proteolytic activity increases [46] which expedites utilization of proteins degraded by radiation
stress and proteins derived from dead cells. During the initial stages of post irradiation recovery
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(PIR) the microbe resynthesizes al the depleted protein [4]. Such protein recycling minimizes the
biosynthetic demand and actively contributes to the antioxidant complexes of amino acids and
peptides with manganese [46]. During post irradiation recovery several secreted subtilisin-like
proteases and hemolysin encoding genes, peptide and amino acid transporters and ABC
transporters are highly induced in expression [47] and help in recovery from stress. In D.
radiodurans, carbohydrates are stored as granules. It has glycolysis, gluconeogenesis and Pentose
phosphate pathway (PPP) to utilize glucose. Pentose phosphate pathway (PPP) is highly active in
this organism with 4 fold higher glucose-6-phosphate dehydrogenase (G6PDH) activity compared
to E. coli. GGPDH mutation resulted in UV, H20. and MMC sensitive phenotypes [48, 49]. The
PPP pathway generates ribose-5-phosphate, NADPH and glycerol dehyde-3-phospahte which are
precursors for dNTPs. NADPH replenishes antioxidants glutathione and thioredoxin which
provides protection against ROS. Glucose depletion renders D. radiodurans susceptible to UV,
ionizing radiation and MMC, all of which trigger ROS generation. D. radiodursans encodes fewer
proteins with iron-sulfur cluster [4Fe-4S] and iron chelating and transport enzymes [47]. Upon
degradation of these enzymes free Fe is released and generates free radicals through Fenton’s
reaction which exacerbates oxidative stress. To combat oxidative stress D. radiodurans possesses

abundant ROS scavenging enzymatic and non-enzymatic mechanisms [46, 50, 51].

1.5 Tolerance of Deinococcusto DNA damage stress

D. radiodurans is well known for its extraordinary resistance to various DNA damaging agents
(Fig. 1.2). Gammaradiation and desiccation cause double strand and single strand breaksin DNA,
ultraviolet (UV) light generates pyrimidine dimers, mitomycin-C (MMC) forms DNA interstrand
cross links (adducts), akylating agents like methyl methane sulfonate (MM S), N-methyl-N’-nitro-

N-nitrosoguanidine (MNNG) and oxidizing agents hydrogen peroxide, hydroxylamine and nitrous
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acid alter nucleotides bases of DNA [4, 25, 52, 53]. D. radiodurans cultures can survive up to
15kGy y-radiation and show ashoulder up to 5 kGy. The D37 dosefor y-radiationin D. radiodurans
is ~6kGy whereas D37 of E. coli is just 30Gy [25]. D. radiodurans can also grow continuously
under chronic low level radiation (60 Gy/h) stress [54]. D. radiodurans can aso survive 1000
Jm2 of UV radiation. The D37 dose of UV radiation for D. radioduransis ~600 Jm? as compared
to ~30 JYm?in E. coli [25]. D. radiodurans can withstand 20 pg/ml MMC for 10 min and years of
desiccation. D. radiodurans can survive 6 weeks desiccation at <5% relative humidity, with 85%
viability which causes around 60 double strand breaks (DSBs) [55]. Radiation resistant and
sensitive species have remarkably similar numbers of DSBs generated per Gy per genome (0.002
to 0.006 DSBY/Gy/Mbp) [4]. The amount of DSBs were found to be same in both E. coli and D.
radiodurans cells when they were irradiated under identical conditions [56]. While E. coli lost
viability at such doses D. radiodurans survived because it can proficiently repair its damaged
DNA. In genera D. radiodurans is 30 times more resistant to ionizing radiation than E. coli and
1,000 times more than humans[4]. D. radiodurans can reconstitute its genome from 1,000 to 2,000
DSB fragments compared to the maximum capability of E. coli of restoring its genome from 10 to
15 DSB fragments [34]. E. coli cannot survive even a dozen of DSBs caused by radiation [4, 57]
however it can survive more than a dozen of DSBs caused by transient expression of EcoRI
restriction endonuclease [58]. During meiotic phase of cell division yeast and human cells can
repair upto 200 and 400 DSBs respectively [4, 59], but do not survive >40 DSBs caused by
radiation stress [4, 60]. These results indicate that DNA is not the only important primary target
of radiation damage, aswas believed earlier, but proteins and membranes are al so important targets
for ionizing radiation induced damage. Radiation generates various reactive oxygen species (ROS)

which cause indirect damage to macromolecules like DNA, proteins, lipids etc.
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Fig. 1.2. Survival of D. radiodurans and E. coli from various DNA damaging stresses (A)
gamma rays, (B) desiccation, (C) UV-C radiation, and (D) mitomycin C. (Source: Slade D and
Radman M, 2011[4])

In D. radiodurans, enzymatic ROS scavenging is mediated by three catalases, four superoxide
dismutases, two peroxidases, and two Dps proteins, whereas nonenzymatic scavengers include

divalent manganese complexes (Mnll) and carotenoids [46, 51]. Accumulation of high
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intracellular Mn (I1) during post-irradiation recovery (PIR) protects against protein oxidation in D.
radiodurans[5]. Divalent manganese ions (Mn?*) can scavenge superoxide and peroxide radicals
[4]. It appears that the presence of the orange/pink (carotenoids) pigment may not contribute to
radiation resistance, since even pigment-less mutants of D. radiodurans show equal radiation

resistance as the wild type D. radiodurans [4].

1.6 Factor s affecting Deinococcal radiation resistance

The radiation resistance of D. radiodurans depends on several physiological conditions, such as
the age of the culture, the growth medium, the cell concentration, the pH, the irradiation medium,
the irradiation temperature etc. [61]. Earlier studies showed that stationary phase cells were more
resistant than the log phase cells [62, 63]. But recent studies have revealed that exponentialy
growing cells are more resistant than the stationary phase cells [64]. The cells growing in rich
media are more resistant than those growing in minima media [65]. Nutrient rich media are
required for complete recovery of irradiated D. radiodurans cells. The survival waslowered when
D. radiodurans was irradiated in media with higher pH [66]. The multicelularity of D.
radiodurans (diads and tetrads) does not contribute to its radiation resistance. Single cell cultures
of D. radiodurans also display resistance to radiation [67]. The dry cells of D. radiodurans are
expectedly more radiation resistant compared to agqueous cultures, probably because of reduced
water radiolysis and consequently lowering of indirect damage [4, 68]. Cells showed more

resistance to radiation when they wereirradiated on dry ice than onice or at room temperature [4].

1.7 DNA repair pathwaysin D. radiodurans

Compared to other organisms Deinococcusis endowed with adistinct survia advantage. Exposure

of any organismto 5 kGy of IR generates hundreds of DSBsin its genomic DNA and Deinococcus
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IS no exception. However, Deinococcus repairs them quickly in 3-4 hours, overlapping fragments
are spliced together into complete chromosomes, and the cells soon resume normal growth [4, 8,
69]. There are severa DNA repair mechanism for direct damage reversal in D. radiodurans, such
as base and nucleotide excision repair, mismatch repair, and recombinational repair. DNA repair
in irradiated D. radiodurans is highly dependent on DNA synthesis [3]. Severa reports have
described DNA double strand break repair mechanisms that involved little DNA synthesis, such
as non-homologous end joining (NHEJ) of DNA fragments, homologous recombination via
crossovers, and single strand annealing (SSA). These mechanisms were proposed as the major
DNA repair pathways for the reconstitution of shattered chromosomes in this bacterium [3]. The
SSA model was refuted by UV photolysis which degraded D. radiodurans DNA repaired in BrdU
by double-strand breakage instead of SSBs. The UV proteolysis experiment also supports a novel
synthesis-dependent strand annealing (SDSA) [3, 4]. NHEJ in which the fragmented DNA ends
are joined without strand invasion or homology search in eukaryotes[70], has never been observed

in D. radiodurans [4].

There are two types of recombinational repair pathways in D. radiodurans for DSBs repair (a)
extensive synthesis dependent strand annealing (ESDSA) and (b) homol ogous recombination (HR)
by crossovers, both of which depend on the RecA recombinase[3, 4, 69, 71] (Fig. 1.3). The SDSA
repair process in D. radiodurans was later termed as ESDSA due to involvement of extensive
DNA synthesis between DNA fragments [3]. Unlike in E. coli RecBCD pathway is absent in D.
radiodurans which also lacks genes encoding for RceBC enzymes. Therefore DSB repair is
initiated by the RecFOR pathway (49). The ends of DSBs are presumably processed by UvrD and
RecJ into 3" single-stranded DNA substrates onto which the RecFOR complex loads RecA (49).

RecA isessentia for RecA-mediated DNA synthesis priming and its homolog RadA
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(ESDSA) pathway of DNA repair in D. radiodurans. The different steps involved in ESDSA
pathway shown in the schematic diagram. (Source: Slade D and Radman M, 2011[4]).

cannot replace it. Following RecA-RadA-catalyzed priming, DNA Pol 11 initiates DNA repair

synthesis, whereas the elongation step is performed by either (i) Pol 111 alone or (ii) Pol | [4, 69].
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Some structural features of D. radiodurans such as (i) genome condensation, (ii) ring-like nucleoid
morphology, (iii) DNA-membrane association, and (iv) chromosome alignment are al so attributed
to rapid and accurate RecA mediated homology search and recombination repair of irradiated D.
radiodurans chromosomes [4, 72]. Genes facilitating the operation of these pathways are part of a
DNA damage regulon (ddr genes) and are coordinately induced in D. radiodurans upon DNA

damage, by a fascinating but inadequately understood gene regulation.

1.8 General characteristics of gene promoters

In living organisms some genes express highly, while some express at basal level and some do not
express at all in normal growth conditions [73]. Such variation in gene expression depends on the
strength of the promoter and availability and interaction of sigma factors and RNA polymerase
(RNAP), because the level of these factorsare limited in acell, and thereis an intense competition
among the promoters for RNAP holoenzyme [73]. A promoter is a regulatory segment of DNA
located upstream of a gene, providing a control point for regulated gene transcription (Fig. 1.4).
Promoters are adjacent and typically upstream (5°) of the sense strand of the regulated gene.
Promoters are a vital component of genes because they control binding of RNA polymerase to
DNA, transcription initiation and are directly responsible for the amount of transcript generated.
The promoter contains specific DNA sequences that are recognized by proteins known as
transcription factors. These factors bind to the promoter sequences, recruiting RNA polymerase,
the enzyme that synthesizesthe RNA from the coding region of the gene (Fig.1.4). DNA sequences
within promoters can be identified as binding sites for trans-acting factors, which may cause either

activation or repression of transcription.
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Fig. 1.4. Typical E. coli-like promoter structure. The schematic diagram represents atypical E.
coli-like promoter. TSS: transcription start site.

The core promoter is generally defined to be the DNA region that directs the accurate initiation of
transcription by RNA polymerase [74]. The core promoter region is located most proximally and
contains the RNA polymerase binding site, -10 (TATAAT) and -35 (TTGACA) consensus
sequences and transcription start site (TSS). RNA polymerase binds to this core promoter region
stably aided by appropriate o factor and initiate transcription of the template strand. TSSis present
on the 3' side of the core promoter, which is where transcription isinitiated. There are two main
strategies for transcription initiation, focused and dispersed initiation. In focused initiation,
transcription starts from a single nucleotide or within a cluster of few nucleotides, whereas in
dispersed initiation, there are several weak transcription start sites over abroad region of about 50
to 100 nucleotides. Tightly regulated genes tend to have focused promoters, while constitutively

expressed genes typically have dispersed promoters [74].

1.8.1 Promotersin Prokaryotes and Eukaryotes

Prokaryotic promoters are ssmpler than in eukaryotes. In prokaryotic organisms there are hexameic

sequences at -10 (Pribnow box) and -35 positions with respect to the transcription start site (TSS).
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In addition to E. coli-like -10, -35 sequences many Gram positive bacteria such as Bacillus subtilis
promoters contain a conserved motif with TRTG sequence at -16 position, mutations in this
sequence significantly reduced the promoter strength [75, 76]. B. subtilis has extended promoter
structures with conserved A and T repeats on upstream of -35 region and upto -70 region from TSS
which have contact with RNA polymerase [77]. The equivalents of prokaryotic -10, -35 sequences
in the eukaryotesare TATA box and GC box at varying positions. Prokaryotic cells contain sigma
factors which assist the RNA polymerase in binding to the promoter region. Each sigma factor
recognizesdifferent core promoter sequences. In prokaryotes asingle promoter can servetoinitiate
transcription of multiple structural genes organized in operons, for example the lac operon. In
prokaryotes the promoters are adjacent, amost juxtaposed to genes. Eukaryotic promoters are
more complex and diverse than prokaryotic promoters. In eukaryotic promoters, the regulatory
elements are spread out over a far distance from TSS. Eukaryotic promoters are so complex in
structure that the DNA often tends to fold back on itself to initiate transcription. Promoters in
eukaryotic organisms such as plants, animals comprise multiple elements TATA box, GC box,
CAAT box GC box etc. [78], in addition to gene/tissue/developmental stage specific enhancer

elements.

1.8.2 Types of promoters

There are different types of promoters present in the living organisms or created by rDNA
technology such as (@) constitutive promoters which drive the gene expression constantly. These
promoters control the housekeeping genes. These are common to al living organisms. (b) Stress-
inducible promoters, which drive the expression of specific genes in response to various stress
conditions like heat, cold, salt, radiation etc. (c) tissue specific promoters present in multicellular

eukaryotes. Which express only in specific tissue but not active in other tissues, (d)
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developmentally regulated promoters, and (e) synthetic promoters (man-made), which are derived
from combination of various elements of a promoter region from diverse origin. The role of Tat
proteinin regulation of HIV gene expression was studied using synthetic promoters [79]. Operons

of prokaryotes are regulated by two modes: positive regulation and negative regulation.

1.8.3 Generegulation at transcriptional level

The gene regulation in prokaryotes majorly occurs during transcription in which RNA is
synthesized from DNA template by RNA polymerase (RNAP) [80, 81]. RNAP consists of core
enzyme (a2f’) and sigma (o) factor. Sigma factor(s) are needed for recognition of promoter by
RNAP during transcription initiation [82]. Transcription factors (TF) are very essential for
activation or repression of gene expression. Regulation of gene expression in prokaryotes is a
complex network controlled by cis-elements and DNA-binding trans-acting factors as key
component. Transcription factors (TFs) regulate gene expression by binding to cis-regulatory
seguence, within the promoters or interacting with each other, or by binding to DNA aswell asto
other TFs [82]. Transcription factors bind to a specific promoter at operator sequence and either
activate or repress transcription initiation [83]. An activator stimulates its target gene expression
by acting on a promoter to stimulate RNA polymerase. In the opposite case the TFs repress the
transcription by blocking the RNAP binding, or transcription initiation and progression
(elongation). Some TFs can function both as activators or repressors. The Lacl (repressor)
alolactose (inducer) of the lac operon are an example of negative control. The Lacl repressor,
represses the expression of downstream genes (lac operon) in presence of glucose in the growth
media (Figl.5). The CAP-cCAMP system is an example of positive control. A positive signal (c-
AMP) triggers the expression of lac operon by binding to catabolite activating protein (CAP)
(Fig.1.5).
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Fig. 1.5. Regulation of lac operon. The schematic representation of regulation of lac operon in
E. coli (Source: https://www.quia.com/jg/1274005list.html).

Attenuation is another type of proposed mechanism of gene regulation in some bacterial operons
which works on the fact that in bacteria transcription and translation proceed simultaneously. The
best example of thisregulationistrp operon (Fig. 1.6). Attenuators are generally located upstream
of about 50bp untranslated regions of genes or operons with rho-independent terminator [84]. The

leader sequenceisrich in Trp codons and transcription is continued or terminated depending upon
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whether Trp isavailable in the medium or not. In bacteria, expression is also regulated at the level
of trandlation by some small RNA regulators. They act through base pairing with RNAsin the cell

and modulating the translation and stability of mRNA [85].
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Fig. 1.6. Regulation of trp operon by attenuation. Schematic representation of tryptophan
operon regulation by attenuation.
(Source: https.//www.goodl e.co.in/search?g=regul ation+of +trp+operon+by+attenuation+reviews)

1.9 Deinococcal genes and promoters

The genome of D. radiodurans contains a large number (nearly 30%) of uncharacterized genes
[40], many of which respondsto radiation stress [6]. However the radiation-responsive mechanism
of gene regulation in this organism has not been studied adequately. Promoters are very important
cis regulatory elements which control the gene expression under given growth condition. In
general prokaryotic promoters harbor ¢’ interacting hexameric consensus sequences at -10, -35
position from the transcription start site (TSS) [78, 86]. But many of Deinococca genes lack these

sequences and their promoters and TSS are not known precisely [87]. Earlier studies showed that
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Deinococcus promoters are poorly recognized in E. coli. Converdy, E. coli promoters that were
tested were not recognized in D. radiodurans, suggesting that Deinococcal promoters might be
different from the classical E. coli promoters [17, 88]. It is indeed very important to study the
promoter structure and function to understand the regulatory mechanism. So far only a few
promoters of D. radiodurans have been studied [11, 15, 16]. As aradiation resistant microbe D.
radiodurans is an ideal organism to study the promoter structure to decipher the gene regulatory

mechanism, especially the induction of gene expression in PIR.

Bacterial cells are constantly exposed to various stresses in the environment. To survive against
these stresses, bacteria respond by changing its gene expression pattern. The highly radiation
resistant bacterium D. radiodurans a so responds to radiation stress by distinct radiation responsive
gene expression. It was reported that 832 genes (28%) of its genome were induced and 451 genes
(15%) of genome were repressed during post irradiation recovery of D. radiodurans from exposure
to 15kGy dose of gamma radiation [6]. The radiation responsive up-regulation of D. radiodurans
genes was further substantiated by real time PCR data [89] and proteomic data [8]. But the

underlying gene regulatory mechanisms are not clearly known.

The upstream regions of many D. radiodurans R1 genes do not have typical E. coli-like promoter
sequences i.e consensus hexameric sequences TTGACA at -35 and TATAAT at -10 position
upstream of TSS. Almost 60% of D. desert genes are “leader less” [9]. Many of the Deinococcus
genes have only an AT rich motif instead of -10 like consensus sequences and completely lack -
35 sequence. Many deinococcal genes reportedly, do not function in E. coli and vice versa. But
how gene repression is regulated in Deinococcus is yet to be reveded. The analysis of D.
radiodurans genome sequence has reveal ed only three putative sigmafactors, one classified with
vegetative sigma’ (rpoD/sigA, DR0916) sequences, and two classified with extra-cytoplasmic
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function (ECF) related alternative transcription factors (sigl DR0180 and sig2 DR0804). D.
radiodurans lacks orthologs for nitrogen-starvation, general starvation, and heat shock sigma
factors of E. coli, such as rpoN, rpoS, and rpoH, respectively [90]. Mutation study showed that
sigl plays a positive role in regulation of heat shock response genes in D. radiodurans whereas

sig2 hasaminor role in heat shock [90].
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Fig. 1.7. The RDRM sequence. Radiation and Desiccation response motif in D. radiodurans. The
height of the bases represent the extent of their conservation. (Source: Makarovaet. al. 2007[10]).

The whole genome search of D. radiodurans and D. geothermalis found a 17 bp palindrome like
sequence called radiation and desiccation response motif (RDRM) in severa radiation inducible
genes (Fig 1.7) [10]. Thismotif is present only in 24 genes of D. radiodurans and 29 genes of D.
geothermalis shownin Table 1.1 [10]. Later RDRM motif was found in other Deinococcus species
also [9]. Location of TSS is not known for many of Deinococcal genes, the position of RDRM
with respect to trandation start codon is very different in RDRM -based promoters ranging from -

3to -257bp.
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Table1.2. List of RDRM containing genes of D. radiodurans and their sequences.

(Source: Makarova et al 2007 [10])

DR0070

DR0099
DR0219
DR0326
DRO0423

DRO171
DR0596
DR0659
DR0906
DR1143
DR1039
DR1262

DR1289
DR1696
DR1771
DR1775
DR1913
DR1921
DR2256
DR2275
DR2338
DR2574

DRAO0151
DRA0346

ddrB  protection
DNA 3’ end

ssh

ddrF (hyp)
ddrD
ddrA

irrl

ruvB

FrnE

gryB

Similsr 1142
mutS

Rsr Rho like
RNABinding
protein

recQ
hexB/mutL
UVrA

UvrD

gyrA

sbcD

tkt

uvrB

CinA

ddrO

hutU

pprA

TTATGTTATTtACGTAA

TTATGTCATTgACATAA
TTATGTTATaACgTAA
TTcTGCTAABAACAQGAA

TTATGTCITgACCGTAA
TTCTGTTCTaAACtaAA

alcTGgecTgtACtgAA
TTtcGcaAATAQCgTAA
TTATITTcTaAACtgAt
TTcTGTaAgagACgTAA
TTATGTTtTaAgCgTAA
TTtcGCTCAgAACOTAA
TTeeGTetgTtgCgTcA

TTcTGeeccAcAACgTAA
aTATGCTcACAACAQAA
TTAcGcgecTgecCgTAA
TTAcGcTccTggCAgAA
TTACGTgATTAACATAA
TTccGTcATgegCgTAC
TTCcTGTctTTACCggAA
TTAcGcTgTgggCgTAA
TTATGCTgcTAgCAQAA
TTcTGTaTgAcCgTAg
TTccGgatAgtgCggAA
alcTGTTcAgggCATAA

Recent studies showed that D. radiodurans has a distinct repressor protein DdrO (DR2574) which

binds to RDRM sequence in the promoter region of radiation inducible genes and represses their

expression under normal growth conditions. During post irradiation recovery Pprl protein, a

metalloprotease which is a genera switch for expression of severa radiation inducible genes,
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clearsthe DdrO repressor by cleaving it [12, 24], thereby derepressing transcription. To understand
theradiation inducible gene expression it isimportant to study the structure of radiation-responsive
promoters. The highly radiation resistant Deinococcus is an ideal choice to study promoter
structure and function and to understand the regulatory mechanisms underlying radiation

responsive regulation of gene expression.

1.10 Promoter analysisin D. radiodurans

Many systems of promoter detection using biocinformatic analyses have been developed.
Computer-assisted searches for promoter sequences in ten bacterial species, using genomic
distribution of hexanucleotide pairs within intergenic regions, has been described as a promising
genera tool for the prediction of promoters [91]. However, such analyses are based only on the
presence of putative -10 and -35 hexamers and generate many false positives in their promoter
predictions. There are some studies on deinococcal promoters by afew groups. The study of D.
radiodurans promoters of amyE, groESL,and |exA genes was reported by Meimaet. al [15], pprA
by ObhaH et al [16] and ssb promoter by Ujaoney et al [11]. But thesedid not reveal how promoter
structure/function regulates expression of these genes. It is important to understand the D.

radiodurans promoters, especially their role in radiation responsive gene expression.

There isaconstant need for awider range of genetic tools to facilitate deeper understanding of the
mechanism, underlying regulation of gene expression. A common mechanism for the regulation
of gene expression is by means of promoters. Promoter probe vectors are important tools for
studying gene expression in vivo and have been extensively used to isolate and analyze regulatory
sequences in many bacteria [92]. The study of promoter structure and activity of in vivo needs a

suitable promoter-less plasmid shuttle vector, which can replicate both in the original host and the
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cloning host. Reporter systems represent an important tool for isolating and characterizing
promoter regions. Various promoter-less reporter genes, coding for easily detectable and
quantifiable proteins and their activators have been used for the construction of a number of
promoter-probe vectors to evaluate the activity of promoters and their regulation in bacteria such
as C. glutamicum, Methylococcus etc [93, 94]. The insertion of promoter-containing DNA
fragments upstream of the reporter genes create transcriptional fusions, which drive expression of
the reporter genes. The application of such tools to D. radiodurans would facilitate the study of
genetic mechanisms regul ating gene expression in response to radiation stress. For D. radiodurans
few shuttle vectors (Table 1.2) pl3, pRAD1, pROBel, pRNL1 etc. are currently available [17, 18].
Thefirst E. coli-D. radiodurans shuttle plasmids were derived by fusing the D. radiodurans strain
SARK natural plasmids pUE10 and pUEI1 with the E. coli vector pS27 or pS28 [95].These
plasmids could bereplicated both in E. coli and D. radiodurans strains SARK and RI. The presence
of aphA gene, with apromoter that works in both hosts, conferred selectable kanamycin resistance

both in D. radiodurans and E. col [17]. However some of them were large in size (6.3- 17kb).

A few of the vectors had cat, lacZ, phoN [11, 15, 19], luciferase [96] as reporter genes These
reporter proteins did not allow real time expression studies or microscopic visualization and it was
rather time and labor intensive to measure them, although several improvements were reported. In
other systems, green fluorescent protein encoding gfp-mut2 gene [97] has been used successfully
as reporter, that allows microscopic visualization and fluorimetric quantitative assessment of
reporter gene expression. No such promoter probe vector is currently available for D. radiodurans.
Therefore, using GFP as areporter in D. radiodurans was considered desirable for understanding

and deriving information on radiation inducible promoters.
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Table 1.3 List of Shuttle vectorsthat work between E. coli and D. radiodurans

S. No. Vector Reporter Reference
1 pS30 cat gene (CmR) Smith et.al 1991 [95]
2 pI3, pl304 cat gene (CmR) Master& Minton1992[17]
3 pRAD1 No reporter Meimaet.al 2000 [18]
4 pRADZ lacZ (B-galactosidase) Meima, et.al 2001 [15]
5 pROBel xylE/lacZ Meimaet.al 2001 [15]
6 pRN1 phoN Appukuttam et.al 2006[19]
7 pRAD-gfp ofp-mut2 This study [87]
8 pKG ofp-mut2 This study [87]

Two kinds of reporter fusions with promoter DNA are possible (@) in transcriptional fusion the
transcription of areporter geneis placed directly under the control of a promoter and the reporter
gene has its own ribosome binding site (RBS). The activity of the reporter gene product is
proportional to the level of transcription initiation from the promoter. (b) The other type is
trandational fusion in which the reporter gene is placed under the control of a cloned promoter
along with its RBS sequence. In this case the activity of the reporter gene product can be correlated

with the activity of the native gene product that the promoter and RBS normally regulate [94].

1.11 Present work

The present work was initiated to understand the structure and function of selected radiation-
responsive gene promoters of D. radiodurans by (a) construction and validation of a suitable
promoter probe vector (b) use of such vector to analyze activity of several putative promoters

under normal and radiation stress conditions, and (c) elucidation of the role of RDRM in radiation
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responsive gene expression by constructing various point and deletion mutations in Deinococcal

promoters. The work had the following defined objectives:

1. Design and construction of a new promoter probe shuttle vector, with GFP gene (gfp)
as areporter, and its validation using known D. radiodurans promoters.

2. Selection of radiation responsive genes based on bioinformatics, microarray, proteomic
and mutational analysis data, for promoter anaysis.

3. Cloning of selected promoters (up to 500bp upstream DNA  sequences),
containing/lacking RDRM motif, in promoter probe shuttle vector.

4. Assessment of promoter activity under ambient and radiation stress conditions by
visualization and quantitation of reporter gene expression and activity.

5. Selective mutagenesis, insertion and reorientation of RDRM to elucidate its effect on

corresponding gene expression.

Thework carried out is presented in the thesis as following 6 chapters:

Chapter 1: General introduction.

Chapter 2: Materials and Methods.

Chapter 3: Construction of promoter probe shuttle vector and its validation.

Chapter 4: Cloning of selected putative Deinococcal promoters and assessment of their activity

under ambient and radiation stress conditions.

Chapter 5: Mutagenesis, reorientation and swapping of RDRM and analysis of corresponding

promoter activity under normal and radiation stress conditionsin D. radiodurans.

Chapter 6: Summary and conclusions.
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Chapter 2

Materials and M ethods
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2.1 Materials

2.1.1 General laboratory chemicals and reagents

Bacterial growth media components Bacto-tryptone and Bacto-yeast extract in dehydrated form
and Bacto-agar powder were procured from Difco Laboratories, USA. Fine biochemicals, and
buffers were obtained from Sigma-Aldrich, USA. Organic solvents and acids of analytical (AR)
or laboratory (LR) grade were purchased from Polypharm Pvt Ltd., India. Molecular Biology
Grade reagents, agarose were procured from Sisco Research Laboratories Pvt. Ltd. (SRL), India.
NBT/BCIP were obtained from Roche Biochemicals, Germany; Diethyl pyrocarbonate (DEPC),
sodiumdodecylsulphate (SDS), 2-mercaptoethanol (2- ME), phenyl methane sulphonyl fluoride
(PMSF), ethidium bromide, kanamycin, ampicillin, chloramphenicol, and spectinomycin from
Sigma-Aldrich, USA; and lysozyme and protenase K were purchased from Hi Media Laboratories

Pvt. Ltd. Nitrocellulose membrane were obtained from Millipore, India.

2.1.2 Enzymes and Kits

All restriction endonucleases, calf intestinal phosphatase, quick blunting kits and Bovine serum
albumin (BSA) were purchased from New England Biolabs (NEB), UK. Quick blunting kit, T4
PNK kit, Quick ligation kit were obtained from Thermo Fisher scientific, USA. GFP monaoclonal
antibody was from Sigma Chemicals Co., USA. Tag DNA polymerase was obtained from Board
of Radiation and Isotope Technology (BRIT), India. The genomic DNA isolation kit was procured
from Hi Media Laboratories Pvt. Ltd, India. PCR purification kit, plasmid isolation kit, and gel
extraction kit were obtained from BRIT, India. RNA isolation kits was purchased from Quiagen,

Germany. RevertAid H Minus First Strand cDNA Synthesis Kit, DNA labeling kit and
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sequencing kit were bought from Thermo Fisher Scientific, USA. RNase and DNase enzymeswere

obtained from Roche, Switzerland.

2.1.3 Oligonucleotides and Radionucleotides

Various custom made desalted oligonucleotides (primers), deoxyribo nucleotide-
triphosphates (dANTP) and buffers for polymerase chain reaction (PCR) were obtained
from BRIT, Mumbai, India; Sigma India; Eurofins, India; and Shrimpex, Chennai
India. DNA electrophoresis markers (100 bp and 1 kb ladders) were obtained from

New England Biolabs (NEB), UK. [3?P] y-ATP was obtained from BRIT, India.

2.1.4 Antibiotics

The antibiotics used in this study included carbanicillin, kanamycin, spectinomycine
and chloramphenicol. Their stock solutions were prepared in sterile distilled water,

except for chloramphenicol where absolute ethanol was used as solvent.

2.1.5 Bacterial strainsand plasmids

The various wild type and recombinant bacterial strains and recombinant plasmids used or

constructed in this study arelisted in Table 2.1
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Table2.1 List of plasmids and recombinant strains used in this study

Bacterial strain/ Description Sour ce
plasmid
Bacterial strains
Deinococcus ATCC BAA-816, Wild type strain M. Daly
radiodurans R1
(DRA)
Recombinant DRA D. radiodurans harboring one of the recombinant This study
strains plasmids listed below, DRA::pK G-PGeneno)
DRA Apprl pprl knockout mutant of D. radiodurans This study
E. coli (EC)
DH5a (EC) F endA1 gInV44 thi-1 recAl relA1 gyrA96 deoR nupG | Lab collection
®80dlacZAM15 A(lacZYA-argF)U169, hsdR17(rk
mK+), A
E. coli BL21 F oFr;in ga demhsdSs(rs” me?) A(DE3) pLysS, AmpR, | Lab collection
Cm
Recombinant EC E. coli harboring one of the plasmids listed below, This study
strains annotated as EC::pK G-PGene o)
Plasmids
PAM 1956 EC-Anabaena shuttle vector with a promoter less gfp- Y oon and
mut2, Kan® Golden, 1998
pRAD1 6280 bp, EC-DRA shuttle vector, AmpR, CmR Meimaand
Lidstrom, 2000
pRAD-gfp pRAD1 with gfp gene, AmpR, CmR This study
pBluescriptll SK(+) | 2961 bp, AmpR Stratagene
(pBS)
pBS-ter pBS with transcriptional terminator term116, AmpR This study
pBS-ter-gfp pBS-ter with gfp gene, AmpR This study
pRAD-ter-gfp pRAD1 with with transcriptional terminator term116 This study
and gfp gene, Amp®, CmR
pUC4K 3914 bp, Kan® Pharmacia
Biotech
pRAD-Kan The amp and cat genes from pRAD1 was replaced with | This study
aphll (Kan®) gene, Kan®
PKTG pRAD-Kan with term116 and gfp gene, Kan® This study
pKGX pK TG with new multiple cloning site (MCS), Kan® This study
pKG 4745 bp, pK GX after removal of 386 bp between This study
term116 and EC Ori and 305bp downstream to aphl|
ORF, Kan®
pBS-Spc pBS with spectinomycin cassette, Amp~R, Spct This study
pBS-Apprl pBS-Spc carrying 500bp up and down stream DNA This study
regions of pprl gene of DRA, AmpR, Spck
PK G-Pbrooss 367 bp putative promoter sequence of DR0099 (Chr. I, This study

49915-49549) cloned in pKG (EcoRI/Spel), Kan®
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PK G-Pproo7o-1 433bp promoter sequence (Chr. I, 65604-66037) cloned | This study
in pKG (EcoRlI/Spel), Kan®

PK G-Ppbroo7o-2 Same as pK G-Porooro-1 but with G5A and C13T This study
mutationsin RDRM, Kan®

PK G-Pbroo7o-3 Same as pK G-Pproovo-1 but with 5bp deletion from 5” end | This study
of RDRM, Kan®

PK G-Pproo70-4 Same as pK G-Pproo7o-1 but with complete RDRM This study
deletion, Kan®

PK G-Pproo7o-5 Same as pK G-Pproo7o-1 but RDRM replaced with This study
nonspecific sequence, Kan®

PK G-Porooge 367 bp putative promoter sequence of DR0O099 (Chr. This study
1,100091-100458) cloned in pKG (EcoRV), Kan®

PK G-Poro219 300bp promoter sequence (Chr. 1, 219026-219326) This study
cloned in pK G (EcoRI/Spel), Kan®

PK G-Poro423 300 bp promoter sequence (Chr. 1, 424005-423705) This study
cloned in pKG (EcoRI/Spel), Kan®

PK G-Porosgs 506bp promoter sequence of DR0596 (Chr. 1, 609955- This study
609448) cloned in pKG (EcoRlI/Spel), Kan®

PK G-Pbrosos-1 247bp promoter sequence (Chr. |, 617624-617869) This study
cloned in pKG (EcoRI/Spel), Kan®

PK G-Porosos-2 Same as pK G- Pprosos-1 but with addition of17bp RDRM | This study
sequence at -14 from ATG start codon of DR0606 ORF,
Kan®R

PK G-Pbrosos-3 Same as pK G- Porosoe-1 but with addition of 17bp RDRM | This study
sequence at -120 from ATG start codon of DR0606
ORF, Kan®

PK G-PpRrosoe-4 Graft of 141bp from Pprogos-1 (Chr. 1, 911842-911982) This study
on 5’ side and125bp from Pprosos-1 (Chr. |, 617746-
617869) on 3’side of promoter cloned in pKG
(EcoRI/Spel), Kan®

PK G-Pbrosos-5 Same as pK G- Porosos-4 but with deletion of 17bp This study
RDRM sequence, Kan®

PK G-PpRrosos 348 bp putative promoter sequence of DR0694 (Chr. I, This study
709674-710021) cloned in pKG (EcoRI/Spel), Kan®

PK G-Pbrogos-1 375 bp promoter sequence (Chr. |, 911842-912217) This study
cloned in pKG (EcoRI/Spel), Kan®

PK G-PpRrogos-2 Same as pK G- Pprogos-1 but with 17bp RDRM sequence | This study
deleted, Kan®

PK G-Pbrogos-3 Same as pK G- Pprogos-1but with reverse orientation of This study

RDRM sequence, Kan®
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PK G-PpRrogos-4 Same as pK G- Pprogos-1but with RDRM sequence This study
mutated at 2 most conserved positions (G5A and C13T),
KanR

PK G-Pbrogos-5 Same as pK G- Pprogos-1but with 5 bases from 5’ end of | This study
RDRM sequence deleted, Kan®

PK G-Pbrogos-6 Same as pK G- Pprogos-1 but with 5 bases from 3’ end of | Thisstudy
RDRM sequence deleted, Kan®

PK G-Pbrogos-7 Same as pK G- Pprogos-1 but with deletion of 109bp from | This study
5’ end of the promoter sequence, KanR

PK G-Pbrogos-8 Same as pK G- Pprogos-1 but with deletion of 141bp from | This study
5’ end of the promoter sequence, KanR

PK G-Pbrogos-9 Same as pK G- Pprogos-1 but with deletion of 173bp from | This study
5’ end of the promoter sequence, KanR

PK G-PpbRrogos-10 Same as pK G- Pprogos-1 but with additional RDRM This study
downstream to -10 sequence (RDRM duplication), Kan®

PK G-PpRrogos-11 Same as pK G- Pprogos-10 but with deletion of native This study
RDRM sequence, Kan®

PK G-Pprogos-12 Same as pK G- Pprogos-2 but with introduction of RDRM | This study
in between -10 and -30 sequences, Kan®

PK G-Pbrogos-13 Same as pK G- Pprogos-2 but with introduction of RDRM | This study
on extreme up in the Pprogos-2 promoter, Kan®

PK G-Pbrogos-14 Same as pK G- Pprogos-2 but with introduction of RDRM | This study
on extreme down in the Pprogos2 promoter, Kan®

PK G-PpRr1143-1 390bp promoter sequence (Chr. 1, 1153428-1153038) This study
cloned in pKG (EcoRI/Spel), Kan®

PK G-Por1143-2 Same as pK G- Ppri143-1 but with 17bp RDRM sequence | This study
deletion, Kan®

PKG-Ppbr1720 515 bp promoter sequence (Chr. |, 1743794-1744309) This study
cloned in pKG (EcoRI/Spel), Kan®

PKG-Ppbrio13 260bp promoter sequence (Chr. 1,1932139-1932399) This study
cloned in pKG (EcoRI/Spel), Kan®

PK G-Pbr2220 300 bp putative promoter sequence of DR2220 (Chr. I, This study
2217380-2217680) cloned in pKG (EcoRI/EcoRV),
Kan®

PK G-Por2275 177bp promoter sequence (Chr. 1,2272809-2272986) This study
cloned in pKG (EcoRI/Spel), Kan®

PK G-Ppro23s-1 315bp promoter sequence (Chr. 1, 2335583-2335896) This study
cloned in pK G (EcoRI/Spel), Kan®

PK G-PpRro23s-2 Same as pK G-Ppro23s-1, but with RDRM deletion, Kan® | This study

pET21a(+) Protein overexpression vector for E. coli Lab collection
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pPET21a-ddrO The D. radiodurans gene ddrO cloned in pET21a(+) This study
vector, AmpR, CmR

pPET21a-pprl The D. radiodurans gene pprl cloned in pET21a(+) This study
vector, AmpR, CmR
P13840 p11830 PSpac-term 116, Spch Nguyen HH

2.1.6 Primersused for amplification and cloning of DNA.

The various primers used in this study were designed based on published genome sequence of D.
radiodurans [40]. The primer synthesis was outsourced to different commercia suppliers and the

primers used are listed in Table 2.2.

2.2 Microbiological Methods

2.2.1 Bacterial culturesand growth conditions

The cultures of D. radiodurans or E. coli were grown aerobicaly in TGY medium (1%
bactotryptone, 0.1% glucose, and 0.5% yeast extract) at 32°C or in Luria Bertani (LB) medium at
37°C, respectively, with shaking at 150 rpm. If required, different antibiotics were supplemented
to the growth media as follows, carbenicillin (100 ug mi-*for E. coli), chloramphenicol (3 pgmi?
for D. radiodurans), kanamycin (5 pg mi** for D. radiodurans or 50 pg mi for E. coli) or
spectinomycin (100 pg mit for D. radiodurans or 50 pug ml- for E. coli). Bacteria growth was
monitored spectrophotometrically by measuring ODeoonm OF by determining colony forming units
(CFUs) by incubating D. radiodurans on TGY -agar plates (1.5% bactoagar) for 48h at 32°C or E.

coli on LB-agar platesfor 18h at 37°C.

2.2.2 Maintenance and disposal of recombinant bacterial cultures
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For long term storage of bacterial cultures, different recombinant clones of D. radiodurans and E.
coli were grown overnight in appropriate rich mediawith/without antibiotic. From these overnight
grown cultures, glycerol stocks were made asfollows: Cultures were harvested, suspended in fresh
growth medium and 800ul of bacterial culture was mixed with 200ul of sterile glycerol (final
concentration 20%) in a sterile microfuge tube. The suspension was vertexed, snap frozenin liquid
nitrogen and stored at -70°C in a deep freezer. The tubes were properly labeled and details of the
clones were entered in the bacterial stock book in the laboratory. For revival of the culture from
frozen stock, an aliquot was streaked on agar plates with a nichrome inoculation loop and grown
at appropriate temperature with appropriate antibiotic for required time. A single colony from these
plates was inoculated in appropriate liquid broth, grown overnight and used for different
experiments as specified. These streaked cultures and colonies on agar plates were maintained for
a short time (1-2 weeks) by storing at 4°C. After completion of each experiment the bacterial
cultures in broth or on agar plates were pooled in a closed container, autoclaved at 121°C, 15 psi

for 15 min and disposed off.

2.2.3 Radiation stressand post irradiation recovery

Recombinant D. radiodurans or E. coli cells were grown in rich media to early stationary phase
(ODeoonm = 2.7 = 0.2). The cells were pelleted down by centrifugation at 5000rpm for 5 min and
the pellet was resuspended in fresh medium at an inoculum density of 3 ODeooy ml. The cell
suspension was subjected to 6 kGy (D. radiodruans) or 300 Gy (E. coli) of ®°Co gamma radiation
(Gamma Cell 220, Bhabha Atomic Research Centre, Doserate =5 Gy/ min). Followingirradiation,
the cells were pelleted, resuspended in fresh TGY or LB medium, as appropriate, at an inoculum
density (ODeoonm) Of 0.5 and allowed to recover under optimal growth conditions. During post

irradiation recovery (PIR) samples were withdrawn at different time points for analysis. Each
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experiment was repeated at least three times with technical duplicates. Observed variation in

viability between different experiments was less than 10%.

2.2.4 Competent cell preparation and bacterial transfor mation
2.2.4.1 Escherichia cali

Competent cells of various E. coli strains were prepared by calcium chloride (CaCly)-rubidium
chloride (RbCl2) method. The overnight grown E. coli pre-culture was reinoculated in fresh LB
medium at 1:100 dilution (100 pl pre-culture in 10 ml of medium) and alowed to grow at 37°C
with agitation at 150 rpm to ODego Of 0.3-0.5. The cells were pelleted down by centrifugation at
5000rpm for 5 min at 4°C. The pellet was washed with cold solution-A [10 mM 3-(N-morpholino)
propanesulfonic acid (MOPS)], 10 mM RbClI>, pH 7.0). The washed cellswere gently resuspended
in solution-B (100mM MOPS, 50mM CaCl, and 10mM RbClI>, pH 7.5) and incubated for 30 mins
onice. The cellswere centrifuged and the pellet was again resuspended in minimum volume (0.5
— 1.0 ml) of fresh solution-B. For immediate use, 150 pl of the resuspended culture was aliquoted
in 1.5 ml microfuge tubes. For storage, 15-20% glycerol was mixed, 150 pl aliquots were made,

snap frozen in liquid nitrogen and stored at -70°C.

Transformation of E. coli cellswas carried out by adding 100 ng of plasmid DNA or wholeligation
mixture (~20pl) to the above aliquoted competent cells. After addition of DNA the cells were
incubated on ice for 1h, then subjected heat shock by incubating at 42°C for 90sec followed by 5
min incubation on ice. The cells were recovered by addition of 1 ml fresh LB media and further
incubating it at 37°C for 1 h with shaking. For transformation with intact plasmid 100 ul of the
recovered culture was directly spread on to LB agar plates containing appropriate antibiotic. For

transformation with ligation mixture, the cells were gently pelleted by centrifugation at 5000 rpm
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for 5 min, resuspended in 100l of fresh LB and plated on LB agar plates. The plates were

incubated at 37°C overnight and colonies obtained were scored and characterized.
2.2.4.2 Deinococcus radiodurans

The competent cell preparation and transformation of D. radiodurans was carried out as described
earlier [19]. In brief the overnight grown D. radiodurans culture was inoculated in the fresh TGY
medium (1:100 dilution) and incubated at 32°C with shaking (150 rpm) for 3-4 h until the reach
ODsno 0.3-0.5. The culture was then incubated on ice for 10 min and centrifuged at 5000rpm for
5min at 4°C. The pellet obtained was resuspended in fresh TGY broth containing 30mM CaCl2
and 15% glycerol. The cell suspension was aliquoted into sterile microfuge tubes, 150 pl each.
The vial were snap frozen in liquid nitrogen and stored at -70 °C untill further use. The
transformation was performed by adding 1-3 g of plasmid DNA to 150 pl of competent cells and
incubating tubes on ice for 30 min. Cells were then subjected to heat shock at 32°C for 45 min.
The cells were recovered by adding 1ml of TGY medium and incubating the tubes at 32°C for 4h
with shaking at 150 rpm. The cells were pelleted down by centrifuging at 5000 rpm for 5 min, the
pellet was resuspended in 100 pl of TGY and spread onto TGY agar plate containing appropriate
antibiotic. The plates were incubated at 32°C for 48-72 hr and transformants were scored and

characterized.
2.2.5 Reporter gene assays, microscopy and fluor escence spectrophotometry

The promoter driven GFP expression and activity (fluorescence) in recombinant E. coli or D.
radiodurans cells was monitored qualitatively by fluorescence microscopy and quantitatively by
fluorescence spectrophotometry, as described earlier [87]. Bright-field and fluorescence

microscopy was carried out on live cellsusing the Axioscop 40 microscope (Carl Zeiss, Germany).
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At appropriate time points samples were withdrawn cells were washed with PBS, resuspended in
PBS and 5~ 10 pul of cell suspension was spread on a glass slide and covered with cover dlip.
Individual cells exhibiting GFP fluorescence were visualized under fluorescence microscope
equipped with 100x oil immersion objective, GFP filter (cy2) set, and Axiocam MRc CCD camera
controlled by AxioVision software. For each recombinant E. coli or D. radiodurans clone, at |east

25 fields were examined from each biological replicate experiment.

For fluorescence quantification 1 ml aliquot was withdrawn from the recombinant D. radiodurans
or E. coli cultures and spun down by centrifugation at 10000 rpm for 1 min. The pellet was
resupended in phosphate buffer saline (10 mM NaHPO4, KH2PO4, 137 mM NaCl, and 2.7 mM KCl,
pH 7.4). GFP fluorescence was quantified by fluorescence spectrophotometer (Jasco, FP-6000,
Japan) at an excitation wave length (Aex) of 489nm, and an emission wavelength (Aem) of 509nm.
When required, samples with high GFP activity were diluted in PBS buffer to prevent saturation
of the detector. The fluorescence intensity was represented as arbitrary fluorescence units (a.u).
Radiation induciblefold change in promoter activity was expressed in terms of fold induction. The
fold induction (F) was calculated as described earlier in [87] brief F = (Fl; xODc)/(Flc xOD)),
where Fl; was the fluorescence intensity of irradiated sample, Flc was the fluorescence intensity
of unirradiated (control) sample, OD; was ODeoonm Of irradiated sample and ODc¢ was ODegoonm Of
control sample. For each recombinant E. coli or D. radiodurans sample, the fluorescence
pectrophotometry experiments were performed with 3 independent biological replicates and at

least 2 technical replicates for each biological replicate.

2.3 Molecular biology methods

2.3.1 Chromosomal DNA isolation
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The chromosomal DNA from D. radiodurans was isolated as described earlier [98] with some
modifications. Cells grown in rich media overnight were pelleted down by centrifugation of 5ml
culture at 5000 rpm for 5 mins at 4°C and washed with PBS. To remove the pigment the cell were
incubated with absol ute ethanol for 5 min with intermittent vertexing. The step was repeated twice.
The depigmented cells were washed with PBS again to remove traces of alcohol. The cells were
resuspended in 200 pl TE buffer (10mM Tris-HCI and ImM EDTA pH 8.0) containing lysozyme
(10 mg/ml) and incubated at 37°C for 30mins followed by addition of freshely prepared 20 pl
proteinase K solution (2% sodium dodecyl sulphate, 0.1M EDTA, pH 8.0, 4 mg of proteinase K)
and further incubated at 50°C for 15 minsto remove proteins. Phenol chloroform solution at aratio
of 1:1 was then added to the mixture and aqueous phase was extracted into a fresh tube. The
genomic DNA was precipitated by adding 0.1 ml of 3M sodium acetate (pH 7) and 2 ml of ice-
cold absolute ethanol. The DNA was spooled out with a curved glass rod. The spooled DNA was
washed twice with 70% ethanol, air dried and resuspended in 100 pl of TE buffer and stored at -
20°C. The purity and quantity of DNA was measured spectrophotometer by taking the ratio of
0OD260/280nm. The ratio obtained was 1.8, indicative of the purity of sample. The purity of DNA
was aso checked by electrophoresis on agarose gel as described in the following Section 2.3.2.
Alternatively, the genomic DNA was also prepared using Genomic DNA preparation kit (Hi Media

lab Pvt Ltd, India) as per manufacturer’s protocol.

2.3.2 Agarose gel electrophoresis

Agarose gels of different porosities were used to resolve different kinds of DNA (Genomic DNA,
plasmid DNA, PCR amplified DNA etc) or RNA. The agarose gels were prepared by dissolving
appropriate amount of molecular biology grade agarosein TBE (0.09 M Tris, 0.088 M boric acid

and 0.002 M EDTA, pH 8.0) buffer by boiling. The solution was cooled to 45-50°C, ethidium
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bromide (0.5ug/ml final concentration) was added, solution poured in agel caster and allowed to
solidify at room temperature. The gel along with the caster was kept in the running tank and
submerged with TBE running buffer. The DNA or RNA samples were mixed with loading dye
(composed of 0.2% Bromophenol Blue, 0.2 M EDTA, pH 8.0 and 50% Glycerol in sterile distilled
water) and were loaded into the wells. A 100bp or 1kb DNA ladder was used as molecular size
markers. The gel electrophoresis was carried out by applying constant voltage (8V/cm). The
electrophoresis was continued till the dye front reached bottom edge of the gel. The DNA or RNA
bands were visualized by UV transilluminator (UVP Model, UK). The gels were photographed

using a gel documentation system (SYNGENE, Diversity model, UK).

2.3.3 PCR amplification

The DNA sequence of the D. radiodurans was obtained from online data base KEGG website

(http://www.genome.jp/dbget-binf'www_bget?dra) [99]. The primers for polymerase chain

reaction (PCR) were designed based on the DNA sequence of D. radiodurans [40]. The primer
secondary structure, GC percentage, Tmvalues and dimer formation among primerswere analysed
using DNA MAN software (Lynnon Biosoft, Germany). Wherever possible the Tm values of
primers were kept around 55%+5°C. Desired restriction endonuclease sites were incorporated at 5’
end of each primer for directional cloning. Various primers used in this study are listed in Table
2.2. PCR amplification of desired DNA was carried out using genomic DNA of D. radiodurans as
template. For 50ul of PCR reaction, 100-200ng of genomic DNA, 2U of Tag DNA polymerase,
0.2 uM of primers and 200 uM dNTPs were used. For GC-rich templates, GC-rich resolution
buffer or Q-buffer was added to PCR reaction mix. The PCR was carried out for 30 cycles
involving initial denaturation at 95°C for 3 min, followed by 30 cycles of denaturation at 94°C

annealing at 55°C+5°C depending on individual primer and extension at 72°C, followed by 10 min
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for final elongation at 72°C. The products obtained were analysed by agarose gel electrophoresis

(0.8-2.0% depending on the size of the PCR product) and DNA bands were visualized on a UV

illuminator. If required the amplicon was excised from the gel and purified using affinity columns

(Gel extraction kit, BRIT, India) by following the protocol as described by the manufacturer.

Table2.2 List of primersused in thisstudy

Sr. Name Sequence Restriction
No. sites used
for cloning
Gp-F 57 - GCTCGAGGGAATTCCATATGAGTAAAGGAGAAGAACTTTTCACTG- 3~ Xhol / Eco
RI
2 G p-R 57- CGGGATCCTTATTTGTATAGT TCATCCATGCCAT- 3~ BanmH
3 P5- F 57 - GGAGCGGATAACAATTTCACACA- 3~ -
4 Terml16- | 5”- AAAAAATCCCCCCGGTGGBCAATCCGGEEEGTTTTTT- 3
F
5 Terml16- | 57- TTTTTTAGGGGGGCCACCGT TAGGCCCCCCAAAAAA- 3 -
R
6 Kan- F 57- TATTCGTTACAACCAATTAACCAATTCTG 3~ -
7 Oi-R 57 - GGAAGTAGACCCGTAAAAAGGCCG- 3~ -
8 pRAD- F 57 - TCGCGAGGCCTCGAGGTCAAAA- 3~ -
9 pRAD- R 57- GGTCAGGCCTGCTTCTGTGCTTCCCT- 3” -
10 | MCS-F 57- ACTAGTAGCGGCCGCTCTAGAGTCGACGATATC- 3” -
11 | MCS-R 57 - GATATCGT CGACT CTAGAAGCGGCCGCACTAGT - 3~ -
12 | pKG 1 57- CTGTCATGTTTCAGATAAGT- 3~ -
13 | pKG 2 57- TTCCAAATGAGTTTCCGCC- 3~ -
14 | pKG 3 57- TCGTAGAAGGCGGACTTCT- 3~ -
15 | pKG 4 57- TTGTCACGCAAAGGCCCG- 3~ -
16 | pKG 5 57- AGGCGGTGCTACAGAGTTCT- 3~ -
17 | pKG 6 57- CTTGCTCGAGGCCGCGA- 3~ -
18 | pKG 7 57 - GGCTGGCCTGTTGAACAAG- 3~ -
19 | pKG 8 57- GACGGTATCGATAAGCTTGA- 3~ -
20 | pKG 9 57- ACAACATTAAAGATGGAAGCG 3~ -
21 | POO53F 57- GGACTAGTAGTTCGGCAGGITGG 3~ Spe
22 | POO53R 57- GGAATTCTTCCTTTTCCTCCTGA- 3~ EcoR
23 | POO70F 57 - GGACTAGT TCGCAGCGTAAAGGCA- 3~ Spel
24 | POO70R3 57- GGAATTCCTGCCTCCTCCTTACGTA- 3 EcoR
25 | POO70R4 | 57- GGAATTCCTGCCTCCTCCTTACATAAATAATATAACACATCGGGGA EcoR
AGCCGGTGC- 3~
26 | POO70R5 57 - GGAATTCCTGCCTCCTCCTTACGT AAATAACACAT CGGGGAAGCCGGTGC- 37 EcoR
27 | POO70R6 57 - GGAATTCCTGCCTCCTCCCACAT CGGGGAAGCCGGTGC- 3 EcoR
28 | POO70R8 57- EcoR
GGAATTCCTGCCTCCTCCTCATGCGCGCACGAGAGCCACATCGGGGAAGCCG3”
29 | POO70Rse | 57- GCCGATCAGCGACCAGT- 3~
q
30 | Pssh-F 57 - CCGAGAAGGATTACAATCTAGAACG - 3~ Xbal
31 | Pssh-R 57- CATGCCTCGGGCCATATGAAATTCT - 3~ Ndel
32 | P0219-F | 57- GGACTAGTACATGGCCCAACTGAGG 3~ Spe
33 | P0219-R | 5”- GGAATTCGCTTAGGGATTATATCT- 3” EcoR
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34 | P0326-F 57- GGACTAGTGGCCTTTTTCACCCG- 3~ Spe
35 | P0326-R2 | 57- GGAATTCCGITCCAGCTTTTTTCAG 3~ EcoR
36 | P0423-F 57 - GGACTAGT CGTGCCCGGTGECEGE 3” Spel
37 | P0423-R | 57- GGAATTCGCATTTAGITTAGAA- 3~ EcoR
38 | P0596- F 57 - GGACTAGTAACTCGT GACGGT GGA- 3~ Spel
39 | P0596-R2 | 57- GGAATTCGCCCAGCTTGICCTTG 3~ EcoR
40 | Pgro-F 57- GTGGCCCCCAGATCTGI TCAGG 3~ Bgl I |
41 | Pgro-R 57- GTTTCAGCATCTAGAGTCCTCCTG- 3~ Xba
42 | P0606- F 57 - GGACTAGTGTATTGI CGCCCTA- 3~ Spel
43 | P0606- F3 | 57- GTGBCCGCCACTAGIGTTCAGGGAT- 3~ Spel
44 | P0O606-R | 57- GGAATTCGTGEGGTCCTCCTGT - 3~ EcoRI
45 | PO606-R2 | 57- EcoR
GGAATTCGTGGGGTCCTCCTTTACGTAAATAACATAAGGAGAGTCGTGCCGG3”
46 | P0606-F4 | 57- AGATTGTCAGCTTCGI TCTGTAAGAGACGTAAGTCAGTTGACATTTT- 3~
47 | P0O606- R3 | 57- AAAATGTCAACTGACTTACGT CTCTTACAGAACGAAGCTGACAATCT - 3~
48 | P0606- F5 | 57- CTGTAAGAGACGTAAGTCAGTTGACATTTT- 3~
49 | P0606-F6 | 57- AACCGTCCGAGITCAGTCAGITGACATTTT - 3~
50 | P0694-F 57- GGACTAGTAGCATCTGACAACAGAC- 3~ Spel
51 | P0O694-R | 5”- GCGAATTCCTCCCTCCTCCTTTC- 3~ EcoR
52 | PO906F1 57 - GGACTAGTTGACCTTTCCCGGCA- 3~ Spel
53 | PO906R1 57- GGAATTCCTGCTCATTGGEGTTC - 3”7 EcoRI
54 | PO906F2 57- GGACTAGTTTGATATTTTTCGIGIC- 3~ Spel
55 | PO906F3 57 - GGACTAGT TGCACCGCCGGAGCCTTG 3~ Spel
56 | PO906F8 57- AACCGTCCGAGTTCATAAGATTGATATTTT- 3~
57 | PO906R3 57- AAAATATCAATCTTATGAACTCGGACGGT T- 3~
58 | PO906F9 57- AACCGTCCGAGTTCATTACGTCTCTTACAGAATAAGATTGATATTTT- 3~
59 | PO906R4 57- AAAATATCAATCTTATTCTGTAAGAGACGTAATGAACTCGGACGGT T- 3”7
60 | PO906F10 | 57- ACCGTCCGAGTTCATTCTATAAGAGATGTAATAAGATTGATATTT- 3~
61 | PO906R4a | 57- AAATATCAATCTTATTACATCTCTTATAGAATGAACT CGGACCGT - 3~
62 | PO906F11 | 57- AACCGTCCGAGT TCATAAGAGACGTAATAA- 3~
63 | PO906R5 57- TTATTACGTCTCTTATGAACTCGGACGGTT- 3~
64 | PO906F12 | 5”- TCATTCTGTAAGAGATAAGATTGATATTTT- 3~
65 | PO906R6 57- AAAATATCAATCTTATCTCTTACAGAATGA- 3~
66 | PO906F13 | 57- CGGAGCCTTGACAGTTTCTGTAAGAGACGTAATAAGCTCTCTCCGCC- 3~
67 | PO906R7 57 - GGCGGAGAGACGCTTATTACGT CTCTTACAGAAACT GTCAAGGCTCCG- 3”7
68 | PO906F- 57- GGACTAGT TGACCTTCTGTAAGAGACGT AAGGCCCCCAGGCTTTATGC- 3” Spel
16
69 | PO906R- 57 - GGAATTCCTGCTCATTACGTCTCTTACAGAAGCTTCCGATCGGTCTGGT - 3~ EcoR
10
70 | PO906R11 | 57- AAAATGTCAACTGACTGAACTCGGACGGT T- 37
71
72 | PO906R 57- ATGCCTTCGAGGACACTGATCTGGT- 3~
seq3
73 | P1143F 57- GGACTAGTAGTGATGCTTATCCCC- 3~ Spel
74 | P1143R2 57- GGAATTCAGCTTCTCCTTTAAAACCC- 3~ EcoR
75 | DR1143R- | 57- GGAATTCGCTTCTCCTTTAAAACCCGCTTTGT TTCACGGCGGGAGGACTT- 3”7 EcoR
4
76 | P1262-F 57- GGACTAGTCGCCTGATTTCCTCA- 3~ Spel
77 | P1262-R | 57- GGAATTCGGICGGCCCTCCTTG 3~ EcoR
78 | P1314-F 57 GGACTAGT GGCAATCGCCACCTGGT- 3~ Spel
79 | P1314-R2 | 57- GGAATTCGGTATTTCCTCCTCCGGGAA- 3~ EcoR
80 | P1358-F 57 - GCCGGATAT CCGATGGGCGCGAGCA- 3~ EcoRV
81 | P1358-R | 57- TCTTGAATTCGGTCGGCTCCTTGAG 3~ EcoRI
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82 [ P1720-F | 5°- GGACTAGTAAGTGGGCAGCGEE: 3° Spel
83 | P1720-R | 5°- GGAATTCGGGTAAATCCTCCTTG 3” EcoRl
84 | P1913-F | 5°- GGACTAGICTCAATGGGGGTACA- 3” Spel
85 | P1913-R2 | 5°- CGGATATCGGCACTCCAATCGGG 37 ECoRV
86 | P2220-F | 5°- ACCOGATATCGCGAGGT GCAGCAGG: 3° ECoRV
87 | P2220-R | 5°- AAAAGAATTCTGOGAGT CCTCCOGA: 3° EcoRl
88 | P2275-F | 5”- GGACTAGITTCGACATGCGOGAC- 37 Spel
89 | P2275-R | 5°- GGAATTCOCOGT GOCCACCGRC: 37 EcoRl
90 | P2238-F | 5°- GGACTAGICCTCGTGCACGAAAC Spel
91 | P2238-R | 5°- GGAATTCTGATGATTTCIGCTA- 3° EcoRl
92 | P2338-R2 | 5°- GGAATTCCAACCT CACCGGAGT- 3° EcoRl
93 | P2574-F | 5°- GGACTAGICGICCTTATCTGCGGGAGCC: 37 Spel
94 | P2574-R | 5°- GGAATTCTCACCTCCTGGGCTGOGECG 3 EcoRl
95 | DdrOF | 5°- GCCATATGACATTGAAACTGCACGA- 3° Ndel
96 | DdrOR2 | 5°- CGAAGCTTTCACCTCCTGGGCTGCGRCG 37 H ndl 11
97 | ppri-up- | 5°- CCCAAGCTTCCTCAAGCTCTACGCCCTTTAC 37 H ndl 11
F
98 | ppri-up- | 5”- AACTGCAGATGGCAGTGATTTCGCCTGTTTTGE: 3° Pst |
R
99 | ppri-dn- | 5°- CGGGATCCACT GGACGGGCCGTATCCACGAGE- 37 BanHi
F
100 | pprl-dn- | 5°- GCTCTAGACTGGTGCTGCATGGTGOGCGGCTC- 3° Xbal
R
101 | pprl-F | 5°- CGCATATGOCCAGT GOCAACGT CAGCCCCCCTT- 37 Ndel
102 | ppri-R | 5°- CGAAGCTTCTGTGCAGCGTCCTGOGGCTCGTC 3° H ndl 1

Therestriction site sequence contained in the primer, and used for cloning subsequently, is underlined.

2.3.4 Restriction digestion and Ligation

Restriction endonuclease digestion of PCR amplified products and plasmids was carried out as per
the manufacturer’s protocol (New England Biolabs Ltd., UK). The DNA was incubated with
restriction enzyme in appropriate buffer for 3-4h at 37°C. To see whether DNA was digested
properly or not, it was resolved on 1% agarose gels containing ethidium bromide and visualized
on UV transilluminator. To avoid UV exposure, which causes mutations in nucleic acids the
digested DNA mixed with green view™ dye (Chromas Biotech, India) and resolved on 1% agarose
gel without ethidium bromide. The DNA bandswere visualized on bluelight illuminator (Chromas
biotech, India) and appropriate DNA bands were excised from the gel and eluted using gel elution
kit (BRIT, India). For cloning of PCR amplified product in appropriate plasmid the ligation

reaction was carried out by T4 DNA ligase, as per the manufacturer’s protocol. For blunt end
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ligation, if the insert was a PCR amplified product, it was first blunted by quick blunting kit or if
insert was two primer annealed product the 5’phosphorylation was carried out by T4
polynucleotide kinase, as per manufacturer protocol. To prevent self-ligation of blunt end digested
vector was dephosphorylated by calf intestinal phosphatase (CIP) as for manufacturer protocol.
The insert to vector ratio was maintained at 3:1 for sticky end ligation or at 1:1 for blunt end
ligation. Total DNA concentration was kept at 150 ng/20 ul of ligation reaction mix. Theligation

mix was incubated for 1-2h at RT and used for transformation.

2.3.5 Plasmid I solation

2.35.1E. coli

Plasmids were isolated using plasmid isolation kit (BRIT, India) as per manufacturer’s protocol.
Briefly, recombinant E. coli cells were grown overnight and 3ml culture was pelleted down by
centrifuging at 20000 rpm for 1 min. The pellet was resuspended in 200 pl of PA buffer (supplied
by manufacturer) and cells were lysed by adding equal volume of PB buffer and gentle mixing by
inverting the tube 3-4 times. Proteins and chromosomal DNA were precipitated by adding 300yl
of PC buffer and gently mixing the solution by inverting the tube 3-4 times. The precipitate was
separated by centrifugation at 13000 rpm for 10min. The supernatant which contained plasmids
was passed through affinity column to bind plasmid DNA. The column was washed twice with
wash buffer containing ethanol, followed by el ution of the pure plasmid with TE buffer or nuclease
free water (supplied with kit). The purity and quantity of plasmid was analyzed by 0.8% agarose
gel electrophoresis and spectrophotometry (measuring ratio of A 2eonm/2sonm). The purified plasmid

preparation was stored at -20°C for further use.
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2.3.5.2D. radiodurans

D. radiodurans cells are more rigid and difficult to break open and therefore require pretreatment
steps. Overnight grown culture was pelleted down and washed twice with 1 ml absolute alcohol to
remove pigments. Pellet was resuspended in 180ul lysozyme (from 10mg/ml stock solution) and
incubated at 37°C for 30min. Proteinase K (from 20mg/ml stock solution) was then added (20 pl)
and suspension further incubated at 37°C for 15min. The remaining steps were same as described
for E. coli plasmid isolation. The yield of the plasmid from D. radiodurans was less compared to

E. coli wherein the plasmid copy number is very high.

2.3.6 Cloning and over expression of Deinococcal pprl and ddrO genesin E. coli

The pprl (DR0167) and ddrO genes (DR2574) were individually PCR amplified from D.
radiodurans genomic DNA using pprl-F/ppri-R or DdrO-F/DdrO-R primer pairs (Table2.2),
repectively. The amplified DNA fragments were individually cloned in the overexpression vector
pET21aat Ndel/Hindlll restriction endonuclease sites. The recombinant plasmids generated were
individually transformed into E. coli overexpression strain BL21 (DE3) pLysS (here after called
as BL21). The cells were grown till ODeoonm reached 0.5, when overexpression of the Pprl or
DdrO proteinswas induced by adding 1 mM Isopropyl 3-D-1-thiogal actopyranoside (IPTG) to the
cultures. At different time intervals cell aliquots were pelleted down by centrifugation, washed

with PBS and stored at -70°C until further use.
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Protein overexpressing cells were resupended in 20mM Tris-HCI pH 8.0 and lysed by sonication
(Branson, UK), with a continuous pulse of 1sec ON/2 sec OFF for atotal time of 2 min. The cell-
free extract was prepared by centrifugation at 250009 for 30min at 4°C. The supernatant was
transferred to fresh tube. Proteins were estimated by Folin’s Lowery method with BSA used as
standard in the lower range of 2-25ug. About 30 g of protein from the above cell free extract was
resolved by 14% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as
described in the following Section 2.3.6.1. Intense bands of Pprl and DdrO proteins were

visualized after staining and destaining the gel.

2.3.6.1 SDS-PAGE

Sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is an analytical method
used to separate proteins from amixure of proteins based on their size. The gel solution was made
by appropriately diluting 30% acylamide-bis acrylamide solution (29.2% Acrylamide, 0.8% Bis-
acrylamide), 1.5M Tris-HCI buffer pH 8.8, 10% SDS, 1.5% APS and absolute TEMED (Table
2.3) to get desired percentage of resolving gels (10-14%) (Table 2.4). The final concentration of
gel components are 375mM TrissHCI pH 8.8; 0.1% SDS; 10ul of TEMED/20ml; 0.075%

ammonium per sulphate (APS).
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Table2.3 List of reagentsused for SDS-PAGE gels

Reagent Composition
30% Acrylamide 29.2% Acrylamide, 0.8% Bis-acrylamide in 100ml distilled
stock solution water, filter sterilized

1.5M Tris, pH 8.8 18.3g Trisin 100ml distilled water, pH 8.8 with HCI
0.5M Tris, pH 6.8 6.1g Trisin 100ml distilled water, pH 6.8 with HCI

10% SDS 10g SDSin 100ml distilled water

1.5% APS 0.15g APSin 10ml distilled water

TEMED Absolute

Running Buffer 0.3% Trizma Base, 1.44% Glycine, 0.1% SDS
Coomassie Brilliant 0.2% Coomassie Brilliant Blue G 250 in 40% Methanol,
Blue G250 (CBB) 20% Acetic Acid

Destaining Solution DS-1: 50% Methanol, 10% Acetic Acid

(DS) DS-11: 10% Methanol, 2 % Glycerol, 10% Acetic Acid

The gelswere prepared by pouring the above prepared gel solution between two glass platesin the
cassette with 1Imm thick spacers and allowed to polymerize for 1h at room temperature. The gel
was overlaid with water saturated butanol to remove air bubbles and smoothening of gel surface.
After polymerization of resolving gel, butanol was removed by washing the gel surface with
distilled water. A comb was fitted on to the gel cassette to form wells for sample loading and 4%
stacking gel mix, prepared as shown in the Table 2.4 was poured on to the resolving gel in cassette

and allowed to polymerize for at least 45 min at RT.
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Table 2.4 Solutionsrequired for preparation of resolving and stacking gels.

Amount of Amount of Amount of Stacking
Reagent reagent for | reagent for reagent for gel 4%
10% gel 12% gel 14% gél

Acrylamide-bis 6.675 ml 8.0ml 9.3 ml 1.25ml
acrlylamide
1.5M tris (pH 8.8) 5.0ml 5.0ml 5.0ml 2.5 ml*
10% SDS 0.2ml 0.2ml 0.2ml 0.1ml
Dist. Water 7.125 ml 58 ml 4.5 ml 5.65 ml
1.5% APS 1.0ml 1.0ml 1.0ml 0.5ml
TEMED 10 pl 10 pl 10 pl 7.5yl
Total 20 ml 20 ml 20 ml 10 ml

* The concentration and pH of Tris buffer for stacking gel was 0.5 M Tri-HCI, pH 6.8

Protein sample for loading on to SDS-PAGE gel was prepared by mixing equal volumes of cell-
free extract (30 pg) solution and 2X Laemmli buffer (Solution contains 4% SDS, 20% glycerol,
10% 2-mercaptoethanol, 0.004% bromphenol blue and 0.125 M Tris HCI, pH 6.8.) [100] mixed
by vortexing. The mixture was boiled for 5 min on water both and after a short spin loaded onto
the gel (about 10ul). The gel was run at 50V till dye front crossed the stocking gel and voltage
wasthen increased to 100V. When the dye front reached the bottom edge of the gel, el ectrophoresis
was stopped, gel was removed from glass cassette, rinsed with water and stained for 30minin CBB
and de-stained in DS-1 for 5 min fallowed by DS-I1 till the gel background become clear. The gel

image was recorded with Gel documentation system (SYNGINE, Diversity model, UK).
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2.3.6.2 Native-PAGE and western blotting.

To detect the GFP protein, Native PAGE and western bl otting techniques were used. Native-PA GE
was prepared exactly same as SDS-PAGE, except that SDS was replaced with Tween 20 in the
polyacrylamide mix. Irradiated and unirradiated D. radiodurans cells carrying pKG with various
promoters were withdrawn at different time points during PIR and cells were pelleted. Whole cell
protein was extracted and estimated as described in section 2.3.6. The protein was mixed with
protein loading dye (Laemmli buffer without SDS and B-mercaptoethanol), loaded onto the gel,
and electrophoresis was carried out till the dye front reached the edge of the gel, at 4°C. The gel
was removed from gel cassette and the green fluorescent bands (GFP protein) were detected using

cy2 filter in Gel documentation system (SYNGINE, Diversity model, UK).

After the image was documented the proteins from Native-PAGE gel was e ectro-blotted on to
nitrocel lulose membrane. The membrane was blocked with 1.5% gelatin solution. The membrane
was incubated with anti-GFP antibody (1:5000) overnight at 4°C. After washing, the membrane
was incubated with the secondary antibody (anti-1gG antibody raised in rabbit, conjugated with
akaline phosphatase enzyme) for 1.5h at 4°C. GFP protein bands were developed using

NBT/BCIP substrate for akaline phosphatase enzyme. The image was grabbed by a camera.
2.3.7 Construction of pprl knockout mutant of D. radiodurans

The pprl knockout mutant of D. radiodurans was constructed as per the strategy reported earlier
[87, 101], but with some modifications. In brief, the 1104 bp spectinomycin antibiotic cassette
(SpcR) was excised from the p13840 plasmid [102] by digesting it with EcoRI/Hindll| restriction
enzymes followed by blunt end ligation to Smal restriction digested pBluescript plasmid to

generate the pBS-spc construct. The 500bp immediate upstream and downstream sequences of
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pprl (DR0O167) gene of D. radiodurans were PCR amplified using the pprl-up-F/pprl-up-R and
pprl-dn-F/pprl-dn-R primers (Table 2.2), respectively. The pprl-up and pprl-down DNA
fragments were cloned in HindlI/Pstl and BamHI/Xbal restriction sites in the pBS-spc construct,
upstream and downstream to spectinomycin cassette respectively, to generate the pBS-Apprl|
plasmid. Cloning of correct insert, its orientation and sequence was confirmed by PCR and DNA
sequencing (The schematic illustration of constructionisgiven asFig. 5.6 in Chapter 5). The pBS-
Apprl construct, whichisasuicide vector for D. radiodurans, wastransformed into D. radiodurans
competent cells and selected on the TGY agar plate containing spectinomycin (100 pg/ml).
Positive transformant colonies were passaged once in every 48h on fresh TGY agar plates
containing appropriate antibiotic for 15 generations to obtain homozygous pprl deletion mutant
(Apprl). The mutation was ascertained by PCR amplification by using (a) either the pprl-up-
F/pprl-dn-R primers which give ~2.1kb DNA fragment which contains 500bp each of the up and
down fragments of pprl genein wild type, or 1.9kb fragment which contains 500bp up and down
frgamens and spc® cassette in pprl mutant, or both the fragments in case of heterozygous mutant,

or (b) by using pprl-F/pprl-R primersto ascertain absence of pprl genefrom pprl knockout mutant.

2.3.8 Co-transformation of pK G with gene promotersin E. coli strains over expressing either

DdrO or Pprl proteinsfrom D. radiodurans.

To evaluate the effect of D. radiodurans regulatory protein DdrO and Pprl on promoter activity,
each promoter clonewas transformed into E. coli BL21 cells, regulatory proteinswereindividually
overexpressed and promoter activity was assessed by monitoring change in GFP fluorescence. The
pK G vector carrying various D. radiodurans promoters were transformed into E. coli BL21 cells,

carrying either pET21 plasmid or pET21-ppr| or pET21-ddrO plasmids (Fig.2.1).
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Fig. 2.1. Schematic representation of co-transformation. Plasmids pET21 or pET21carrying
ddrO or pprl genes (pET21-ddrO/pprl) respectively, were individually transformed into
competent BL21 cells. Plasmid pKG carrying different Deinococcal promoters were transformed
into E. coli BL21strain cells carrying either pET21 or pET21-ddrO or pET21-pprl plasmids. The
transformants were selected on agar plate containing carbenicillin and kanamycine antibiotics for
both pET21 and pK G plasmids.
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The transformants were selected on LB agar plates containing carbenicillin and kanamycin
(double antibiotics for both pET21 and pK G plasmids respectively). The recombinant E. coli cells
were inoculated in LB broth with appropriate antibiotics and grown overnight. An aliquot of
overnight culture was reinoculated again and allowed grow at 37°C till ODgoo reached 0.5 and then
1mM of IPTG was added and incubation continued for 3 more hours. From these cultures a 0.5 ml
culture aliquot in 1.5 ml microfuge tube was pelleted down, the pellet was resuspended in 1 ml
PBS and GFP fluorescence was quantified as detailed earlier in section 2.2.5. The expression of
Pprl and DdrO proteins in E. coli BL21 cells was ascertained by extracting whole cell proteins
from the cultures and resolving on the by SDS PAGE followed by staining with Coommassie

Brilliant Blue G-250 (CBB).
2.3.9 RNA isolation and transcription start site (T SS) mapping

Total RNA wasisolated from unirradiated and irradiated D. radiodurans cells, using RNeasy mini
kit and its quality/quantity measured exactly as described earlier [103]. In brief, the cultures of
irradiated and unirradiated D. radiodurans were first recovered for 30 min at 32°C. About 5ml of
each culture was pelleted down, washed with PBS and resuspended in 0.5 ml of RNA protect
solution (supplied with kit) and incubated for 10 min at room temerature. The cells were
centrifuged at 5000rpm for 10 min, supernatant was discarded and tubes dabbed on tissue to
remove traces of RNA protect solution. The pellet was resuspended in 180ul of lysozyme solution
(10mg/ml) and incubated at 37°C for 30 min. Then 20 pl of proteinase-K (20mg/ml) was added
and further incubated for 15 min. Further steps were followed as per manufacturer’s protocol. The
guantity and quality was checked by measuring the absorbance at 260nm and 280nm. The value

of ~2.0 obtained from ratio of 260/280nm ascertained the purity of RNA.
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Transcription start site (TSS) for two genes was mapped by primer extension technique as
described earlier [104]. The gene specific reverse primer that is complementary to an mRNA
sequence ~100 bases downstream of the anticipated 5' end was designed. The primer (10 pM) was
radio labeled at it 5° end with 120 pCi of [y-2P] ATP (BRIT, India) using T4 polynucleotide
kinase. The unincorporated [y->2P] ATP was removed by passing the reaction mix through
Microspin G-25 column (Roche, India). The sequence cycle reaction was carried out using Thermo
Sequenase cycle sequencing kit, as per manufacturer instructions. In brief, the sequence reaction
was set up in four tubes in which chain elongation inhibitors ddATP, ddGTP, ddCTP and ddTTP
were added separately. The gene along with 500bp upstream sequence wherein TSS was to be
found was amplified by PCR and used as template to generate single base ladder. PCR reaction
was done with radiolabeled primer (1 pM) containing 400000cpm radio activity, reaction was
allowed to continue for 40 cycles. The c-DNA was synthesized by RevertAid H minus M-MulV
reverse transcriptase as per manufacturer protocol, from 3ug of total RNA using same *?P-labelled
primer which was used for generation of ladder. The c-DNA and PCR sequencing reaction
products were heat denatured at 94°C for 3min, immediately cooled on ice for 3min and resolved
by denaturing polyacrylamide gel (6% acrylamide-8M urea) electrophoresis using 50w constant
power. The electrophoresis was continued for 4h till the dye front reached the bottom edge. The
gel was removed from the cassette and vacuum-dried onto a filter paper (Whatman Nol) and
exposed to phosphor screen for 24h and image was captured by Typhoon Trio Variable mode

imager (GE-Healthcare).
2.4 Bioinformatic analyses

D. radiodurans genome sequence and map was accessed through KEGG website

(http://www.genome.jp/dbget-bin/www_bget?dra) [99]. Prediction of presence or absence of E.
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coli like gene promoters and transcription start site in D. radiodurans in 500bp upstream DNA
sequence of selected ORFs was caried out by wusing fruitfly software

(http://www.fruitfly.org/seq tools/promoter.html) [105] or BPROM software

(http://linux1.softberry.com/berry.phtml). Sequence alignments were performed using Clustal

Omega (http://www.ebi.ac.uk/Tools/msal/clustalo/) or BioEdit softwares (Ibis biosciences, CA).

The plasmid restriction map and primer design was done using DNAMAN software (Lynnon
Biosoft, Germany). Cropping and resizing of the capture images was done using the online tool

Resizeimage.net (http://resizeimage.net/). All statistical analyses and graphs were plotted using

Origin-8 software (http://www.originlab.com/).

Page | 63



Chapter 3

Construction of a promoter probe shuttle
vector and itsvalidation
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The study of promoter structure and activity in bacteria in vivo needs a suitable promoter-less
reporter gene in a plasmid shuttle vector which can replicate both in the original host and the
cloning host. Reporter systems represent an important tool for identifying and characterizing
promoter regions in DNA sequences. Various promoter-less reporter genes, coding for easily
detectable and quantifiable proteins, have been used for construction of a number of promoter-
probe vectorsto test the activity of promoters and their regul ation in bacteria[20] and plants[106].
The transcriptional and translational fusion of promoter-containing DNA fragments immediately
upstream of the reporter gene drives expression of the reporter genes as governed by the regul atory
sequences present in the promoter fragment and the regulatory proteins present in the host.
Application of such tools to D. radiodurans would facilitate the study of genetic mechanisms
regulating gene expression during normal and stress affect growth including post irradiation

recovery.

A number of different reporter genes like B-galactosidase (lacZ), Luciferase (lux), acid
phosphatase (phoN) and others are available for visual and quantitative assessment of gene
expression in prokaryotes. The quantification of gene expression or promoter activity in vivo, in
real time, and at the level of single cellsis problematic with the lacZ and phoN reporter systems,
whilethe lux reporter requires very expensive equipment. Recently, the gfp reporter gene encoding
the light-emitting green fluorescent protein (GFP) of the jellyfish Aequorea victoria [107, 108] has
been used which alows non-invasive in vivo analysis and automated quantification [109].
Promoter-probe vectors based on the streptococcal pMV 158 plasmid and carrying the gene
encoding the highly fluorescent GFP have been used and validated in E. faecalis[110] and L. lactis
[111]. The advantage of this system is that it works without additional expensive substrates and,

unlike other reporter proteins, and does not suffer from background problems [109, 112]. The
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study showed that the widely used GFP system could be applied in pigmented bacteria also
regardless of the accessory pigments like chlorophyll that might absorb some of the emitted light.
The gfp-mut2 (with S65A, V68L, S72A mutations) gene has been successfully used as reporter in
the intensely blue-green coloured cyanobacteria[22, 113].

3.1 Vector construction

To investigate radiation induced gene expression in D. radiodurans, a green fluorescent protein
(GFP) based promoter probe shuttle vector was constructed, using the existing Deinococcus/E.
coli shuttle vector pRAD1 [114] as a template. The promoter-less gfp-mut2 gene, from plasmid
PAM1956 [22], was PCR amplified using Gfp-F and Gfp-R primers (Table 2.2), restriction
digested with Xhol/BamHI restriction endonucleases and cloned in pRAD1 at identical sites. The
resultant plasmid was termed pRAD-gfp (Fig 3.1A). This recombinant plasmid vector was
transformed into competent E. coli (DH5a) and D. radiodurans cells. The cloning of gfp-mut2
gene was confirmed by colony PCR using primers P5-F and Gfp-R primers (Table 2.2), which
yielded a single band of ~0.7 kb size confirming the cloning (Fig3.1B). The correctness of the
sequence was confirmed by DNA sequencing. This plasmid vector showed strong GFP green
fluorescencein E. coli but avery weak fluorescence in D. radiodurans, even in the absence of any
cloned promoter (Fig 3.1C). Such leaky GFP expression suggested a possible read-through by
RNA polymerase possibly from the amp (ampicillin) gene promoter, which is activein E. coli but
not in D. radiodurans. Prevention of leaky background fluorescence and further improvisation of
vector involved sequential cloning of desired DNA fragments encoding term116 transcription
terminator, gfp-mut2 gene, a new multiple cloning site (MCS) and the kanamycin resistance
(aphll) gene at suitable restriction sites. These efforts ultimately yielded a zero background

promoter probe shuttle vector for D. radiodurans.
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Fig. 3.1 Cloning of gfp-mut2 genein pRAD1 plasmid. (A) Schematic representation showing
the PCR amplification of 717bp gfp-mut2 gene from pAM 1956 plasmid using Gfp-F/Gfp-R primer
set and it’s cloning in the pRAD1 plasmid at Xhol/BamHI sites to obtain pPRAD-gfp plasmid. (B)
The colony PCR of the pRAD-gfp plasmid transformants, performed using P5/Gfp-R primers. The
amplicon wasresolved on 1% agarose gel. The variouslanes contained 1kb marker (M) and colony
PCR products of 5 different random colonies (lanesl-5). (C) Bright field and fluorescence
microphotographs of E. coli and D. radiodurans harboring pRAD-gfp plasmid (magnification:
100X, oil immersion).
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3.1.1. Sequential cloning of term116 transcriptional terminator and green fluorescent

protein (gfp-mut2) gene asareporter

It was necessary to clone a suitable transcriptional terminator upstream of promoter sequence to
ensure unambiguous detection and quantification of promoter activity in both E. coli aswell asD.
radiodurans. To stop the leaky expression, a 36bp rho independent transcription terminator
term116 [21] from DR_0116 gene of D. radiodurans was chosen. Direct cloning of term116 in
pPRAD1 was not possible due to unavailability of suitable restriction site upstream of MCS.
Therefore, terminator and gfp gene were first cloned in pBlueScript (pBS) and then moved to
pPRAD1 at suitable restriction sites. The 36bp terminator was synthesized as two complementary
oligonucleotides using primers term116-F and term116-R (Table 2.2) and annealing them (boiling
for 5 min, cooling a room temperature) to get double stranded term116 terminator. This was
cloned by blunt end ligation in the pBS plasmid, which was previously digested with Hincll
restriction endonuclease. The resultant plasmid was termed pBS-ter (Fig 3.2A). The insertion of
term116 in pBS-ter was confirmed by colony PCR with M13 forward (M13-F) and M13 reverse
(M13-R) primers, which correspond to pBS plasmid (Fig 3.2B) and its correctness was ascertai ned

by DNA sequencing.

The PCR amplified gfp-mut2 gene (hereafter called gfp) was digested with EcoRI/BamHI and
cloned in pBS-ter plasmid at identical restriction sites, downstream to the term116 transcription
terminator (Fig 3.2A). After confirmation of cloning by colony PCR using Gfp-F, Gfp-R primer
set (Fig 3.2C) and DNA sequencing, the ter 116-gfp fragment was excised from pBS-ter-gfp using
Xhol/BamHI restriction enzymes and cloned in the same restriction sites in pRAD1 vector. The
resultant construct pRAD-ter-gfp (Fig 3.3A) was confirmed by PCR amplification using pPRAD1
forward (P5-F) and gfp reverse (Gfp-R) primer set (Fig 3.3B).
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Fig. 3.2 Cloning of term116 and gfp-mut2 in the pBS plasmid. (A) Schematic representation of
cloning of 36 bp transcription terminator (term116) obtained by annealing of primers term116-F
and term116-R. Term116 was cloned in pBlueScript (pBS) plasmid at Hincll site by blunt end
ligation to obtain plasmid pBS-ter. The gfp-mut2 gene was amplified from pAM1956 plasmid,
using Gfp-F/Gfp-R primers digested with EcoRI/BamHI and cloned in pBS-ter plasmid at identical
sites to obtain pBS-ter-gfp plasmid. (B) The colony PCR of pBS-ter transformants using M 13-F
and M13-R primers. Lane M contained 100bp DNA marker and lanes 1-7 carried PCR product
from 7 randomly picked up colonies. The appearance of expected size (~250 bp) bands in positive
clones isindicated with red arrows. (C) The colony PCR of pBS-ter-gfp transformants by Gfp-F
and Gfp-R primers. Lanes 1-7 contained amplicons from 7 different transformants. Single band of
expected size (~0.7 kb) is marked. Lane M: 1 kb DNA marker
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Fig. 3.3 Cloning of term116-gfp in pRADL. (A) Schematic diagram of cloning of term116-gfp
excised from pBS-ter-gfp plasmid with Xhol/BamHI in pRAD1 plasmid at identical sitesto obtain
pRAD-ter-gfp vector. (B) Confirmation of pRAD-ter-gfp plasmid by colony PCR with P5-F and
Gfp-R primers. The various lanes contained 100 bp DNA marker (lane M), and PCR products of
6 randomly picked colonies (lanes 1-6). Appearance of asingle band of ~0.7 kb sizeinlanes 1, 3,
4 and 6 is marked. (C) Bright field and fluorescence microphotographs of E. coli and D.
radiodurans harboring pRAD-ter-gfp plasmid (magnification: 100X, oil immersion).

However, this plasmid construct continued to give leaky GFP fluorescencein E. coli (DH50) cells
(Fig 3.3C), though not in D. radiodurans. It appeared that term116 may be specific for D.

radiodurans but might not be active in E. coli. For accurate and consistent results one needs a
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shuttle vector with clean background in both the hosts. Plasmid pRAD-ter-gfp also lost al the
restriction sites in MCS during its construction. Therefore it was necessary to further modify the
vector to (a) achieve zero background reporter expression, and (b) provide it with anew MCS for
further cloning. The plasmid pRAD-ter-gfp was, therefore, not used any further and a new

approach was undertaken, as described in Sections 3.1.2 to 3.1.4 below.

3.1.2 Replacement of ampicillin and chloramphenicol resistance genes with aphll gene, asa

single selection marker for the plasmid in both the hosts

The amp gene promoter was suspected to be responsible for leaky expression of GFP reporter in
E. coli. Therefore amp gene, which works only in E. coli, and chloramphenicol acetyltransferase
(cat) gene, which works only in D. radiodurans, were excised from pRAD1 to be replaced with
single antibiotic marker whose promoter works in both the organisms and thereby gives resistance
in both the hosts. The aminoglycoside phosphotransferase-11 gene (aphll) conferring kanamycin
(Km) resistance was excised from pUC4K plasmid using Hincll site at both the ends to get the
1.25kb aphll gene (Fig. 3.4) which has its own promoter. A 305bp extra sequence downstream of
stop codon, which has no function in antibiotic resistance, was a so excised along with aphll gene

from pUK4K while digesting with Hincll enzyme.

To excise amp and cat genes (total ~2.9 kb) the pRAD1 plasmid was digested with Xmnl/Dral
(Fig3.4). These genes could have been excised directly from pRAD-ter-gfp plasmid to save one
extra step of cloning of term116-gfp, but the Xmnl/Dral sites are present in term116-gfp also.
Therefore first amp and cat genes were excised out from pRAD1 and replaced by aphll, and then

term116-gfp was re-cloned in it. After deleting the amp and cat genes from pRAD1, the
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Fig. 3.4. Replacing the amp and cat genes with aphll. (A) Schematic diagram showing
construction of pRAD-Kan. Plasmids pRAD1 and pUC4K were digested with Xmnl/Dral and
Hincll restriction endonucleases, respectively. The 3.4 kb DNA fragment from pRAD1 and aphl|
gene from pUC4K were blunt end ligated to obtain pRAD-Kan. (B) The digested products from
pRAD1 and pUC4K [mentioned in (A)] were electrophoretically resolved on agarose gel. The 3.4
kb and 1.25 kb bands are circled.
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remaining 3.4 kb DNA fragment (Fig 3.4B) was blunt end ligated to the 1.25 kb aphll gene (Fig
3.4B) to generate the plasmid pRAD-Kan (Fig3.4). This vector provided kanamycin resistancein

both E. coli and D. radiodurans.
3.1.3 Re-cloning of term116-gfp and new MCSin pRAD-Kan plasmid

To reintroduce the reporter gene along with transcription terminator, term116-gfp (hereafter called
as ter-gfp) DNA fragment was excised from pBS-ter-gfp using Xhol and BamHI as shown in the
Fig. 3.3 and cloned in pRAD-Kan plasmid, which yielded the plasmid pKTG (Fig 3.5A). This step
of cloning of ter-gfp fragment in Xhol/BamHI sites of pRAD1 deleted almost al the unique
restriction sites from the multiple cloning site (MCS) from pKTG. To reintroduce the MCS, two
complementary oligonucleotides MCS-F and MCS-R (Table 2.2) (44b each) containing eight
unique restriction endonuclease sites were synthesized. The double stranded MCS was obtained
by annealing of the two primers (1:1 ratio) by boiling at 100°C for 5 minutes followed by cooling
at room temperature. This double stranded MCS was cloned by blunt end ligation in the EcCORV
site between the term116 and gfp gene in the pKTG plasmid, to obtain the plasmid pKGX (Fig
3.5A). The construct was transformed to competent E. coli cells. The kan" positive clones were
confirmed by colony PCR with Gfp-F and Gfp -R primers (Table 2.2) (Fig 3.5B). When observed
under fluorescence microscope, these recombinant E. coli cells were found to still fluoresce
brightly even in the absence of a promoter sequence (Fig 3.5C). Thus while term116 is effective
in D. radiodurans the sequence responsible for leaky expression of GFP in E. coli seemed to be

still present in the pkK GX plasmid.
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Fig. 3.5 Cloning of term116-gfp and MCS in pKTG plasmid. (A) The gfp gene along with
term116 was excised from pBS-ter-gfp with Xhol/BamHI restriction enzymes and cloned in
pKTG. The 44bp MCS was synthesi zed by two primer (MCS-F and MCS-R) annealing and cloned
in between term116 and gfp gene by blunt end ligation, to yield pKGX. (B) Colony PCR with Gfp-
F/Gfp-R primers confirming presence term116-MCS-gfp fragment in the pKGX plasmid as a
single intense band (~700bp). (C) Light and fluorescence microphotographs showing the leaky
GFP expression (fluorescence) in E. coli cellsand its absence in D. radiodurans.

Page | 74



3.1.4 Deletion of a 386bp sequence from the plasmid pK G eliminates leaky expression

A 386 bp uncharacterized DNA sequence was located between E. coli origin of replication and
terml116 in plasmid pKGX. Bioinformatic analysis of this sequence revealed presence of a
potential E. coli promoter-like sequence (-10 and -35 hexamers) present upstream of ter116 in

pK GX, which could be the possible cause of leaky expression of GFP in E. coli cells (Fig 3.6).

E. coli repication origin ----- 5-TGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGT
TATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCG
CAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATAC
GCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCC
CGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGC
ACCCCAGGCTTTACACTTTATGCTTCCGGCTCGIATGTITGTGTGGAATTGGAGCGGATAAC

AATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGC —3*------- term116-MCS-gfp

Fig. 3.6 The 386 DNA sequencein pK GX. The sequence upstream of term116 in pKGX plasmid.
The E. coli -10 and -35 promoter-like sequences which were suspected to cause leaky expression
of GFP are highlighted and underlined.

There were no suitable restriction sites available in the sequence to remove this 386 bp DNA
sequence from pKGX. The 386 bp DNA sequence between term116 and E. coli replication origin
(ori) and an additional 305bp DNA sequence (Fig. 3.7A) downstream to aphll gene (derived from
pUC4K along with aphll gene) which has no role in kanamycin resistance were removed by (a)
first PCR amplifying entire pK GX as two fragments, one consisting of ter-mcs-gfp-pRAD1 DNA
region (~3kb) and the other consisting of Kan™-Ori (~1.7kb), using pRAD-F/pRAD-R and Kan-
F/Ori-R primer pairs, respectively, and (b) blunt end ligating the two fragments to generate the

pK G vector minus the 386 bp and 305 bp sequences (Fig. 3.7). The pKG vector (with no cloned
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promoter) was transformed into E. coli and D. radiodurans. The positive clones were confirmed
by colony PCR with Gfp-F/Gfp-R primers (Table 2.2). The accuracy of pK G vector sequence was
verified by nucleotide sequencing. The promoter probe shuttle vector pKG was completely
sequenced using primers pKG-1 to pKG-9 (Table 2.2) and the sequence (Appendices) was

deposited in the public database (GenBank ™ Accession number: KF975402).
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Fig. 3.7 Removal of unwanted extra sequences from pKGX plasmid. (A) Schematic showing
deletion of the 386 bp and 305 bp undesirable extraregionsin the pK GX plasmid. The 1.7 kb and
3kb DNA fragments, obtained by PCR with Kan-R/Ori-R and pRAD-F/pRAD-R primer sets
respectively, were ligated to obtain the final vector pKG. (B) The PCR amplified products shown
in (A) were electrophoretically resolved. Lanes 1-3 show amplified product of 1.7 kb and lanes 4-
6 show the 3 kb DNA band.
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3.2 Validation of the promoter probe shuttle vector pKG

The key features of promoter probe shuttle vector constructed were as follows (i) plasmid
maintenance in both the hosts (E. coli and D. radiodurans), (ii) no reporter expression/activity in
the absence of promoter, (iii) availability of suitable restriction endonuclease sites in MCS, for
directiona cloning of desired DNA fragments to be tested for promoter activity (iv) ease of
detection and quantification of reporter expression and activity, and (v) provision for monitoring
of reporter expression and in turn promoter activity, in real time. These features needed to be
validated before using the vector for promoter screening. The replication of the plasmid in both E.
coli and D. radiodurans was tested by transforming the pKG vector in both organisms. In both
cases, colonies were observed on agar plate with appropriate antibiotic. Presence of plasmid in
these recombinants was confirmed by colony PCR for gfp gene with pKG-F8/Gfp-R primers
(Table 2.2) (Fig. 3.8A), and plasmid isolation from both organisms (Fig. 3.8B). The vector has
eight unique sites for common restriction endonuclease in MCS for easy cloning of any DNA
fragment for promoter screening. Digestion of pKG at each of these sites was individually
ascertained (Fig. 3.8C). Fluorescence microscopic observation of both E. coli and D. radiodurans
cells harboring pKG plasmid showed clear background (Fig. 3.8D), thereby confirming zero
background fluorescence of GFP reporter from pK G in both the hosts. The GFP does not require
any substrate for its fluorescence and it also offers in situ real time monitoring, by visual
fluorescence microscopic detection. It isalso easy to quantify GFP expression and in turn promoter

activity of cloned DNA fragment by fluorescence spectrophotometry.
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Fig. 3.8 Validation of pKG plasmid vector. (A) Confirmation of plasmid in both E. coli and D.
radiodurans transformants by colony PCR using pK G-F8 and Gfp-R primer set. Lane M contained
1 kb DNA marker and lanes 1-6 in first gel and lanes 1-5 in second gel contained PCR product
from random colonies picked up from E. coli and D. radiodurans, respectively. (B) The uncut
pK G plasmid (control) and its EcoRI digested product isolated from E. coli or D. radiodurans cells
was resolved on agarose gels. The 1kb DNA marker was used. (C) The pK G vector was digested
with eight restriction enzymes for which unique restrictions sites were present in MCS. The
digested products were resolved on agarose gel along with undigested (Control) DNA and 1 kb

DNA marker. (D) Bright field and fluorescence microphotographs of E. coli and D. radiodurans
clones harboring pKG plasmid.
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3.2.1 Assessment of promoter activity using pK G vector

Two known D. radiodurans promoter PgroESL and Pssb were used to validate the pK G vector in
both E. coli and D. radiodurans. PgroESL isastrong deinococcal promoter whose expression does
not change significantly in radiation stress. The activity of this promoter was reported earlier by
Appukuttam et al 2006 [15, 19]. Pssb, the promoter of single stranded DNA binding protein gene
(ssh), is a known radiation inducible promoter reportedby Ujaoney et al 2011. Six fold induction
of the ssb promoter has been shown during post irradiation recovery (PIR) following 7 kGy gamma

radiation [11].
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Fig. 3.9 The structure of Pprosos and Pprooge promoters. (A) Schematic representation of the
Porosos and Pprooge promoters. Shine-Dalgarno sequence (SD), transcription start site (TSS), E.
coli like promoter sequences -10 and -35 are indicated in different color strips. Position of TSSis
shown from the first ATG codon. (B and C) The Pprosos (B) and Pproose (C) promoters were
amplified in four tubes with Pgro-F/Pgro-R and Pssb-F/Pssb-R primer sets, respectively and
electrophoretically resolved on agarose gels along with 100 bp DNA marker.
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3.2.1.1. Assessment of groESL gene promoter activity in pKG vector

About 250bp (Fig. 3.9A) DNA sequence (see Appendix), immediatel y upstream of groESL operon
was amplified from D. radiodurans chromosoma DNA by PCR using Pgro-F/Pgro-R primers
(Table 2.2). The pKG plasmid was digested with ECORV restriction endonuclease. PCR amplified
PgroESL DNA fragment was cloned in ECORYV restriction site of pK G vector by blunt end ligation.
The resultant construct was termed pK G-Pgro (Fig 3.10A). The ligation mixture was transformed
into E. coli cells and the cloning of PgroESL in the correct orientation was confirmed by colony

PCR using pKG-F8 primer (pKG vector background) and Pgro-R primers (Fig. 3.10B).

- term116
g - MCS
amplification Bjunt end
— pKG-PgrU
ligation -
Pngﬂ ¢ S
Colony PCR

M 12 3 45

EcoRV digestion B

500bp
300bp

250bp

Fig. 3.10 Cloning of PgroESL promoter in pKG vector. (A) Schematic diagram showing PCR
amplification of ~250 bp Pgoes. promoter with Pgro-F/Pgro-R primers and its cloning in pKG
vector at EcoRV site by blunt end ligation to generate pK G-Pgro vector. (B) The colony PCR of
pK G-Pgro transformants by pK G-F8 and Pgro-R primers. Lane M: 100 bp DNA marker, Lanes 1-
5: colony PCR amplicons from 5 different colonies. A single band of ~ 250bp is marked in lanes
1-4.
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The pKG-Pgro plasmid was transformed into competent E. coli and D. radiodurans cells.
Recombinant cells of both the bacteria fluoresced brightly when observed under fluorescence
microscope (Fig 3.11 A&B) indicating that Deinococcal PgroESL is also functiona in E. coli.
During post irradiation recovery following 6kGy gamma radiation of D. radiodurans, no change
in GFP expression was observed (Fig 3.11 C&D). This result is in agreement with the earlier

reported data [6, 19].
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Fig 3.11 Assessment of Pgoes. promoter activity. (A) Light and fluorescence microphotographs
of E. coli and D. radiodurans harboring pK G-Pgro vector in normal growth conditions. (B) Basal
promoter activity (GFP fluorescence) in E. coli and D. radiodurans in normal growth conditions.
(C) Light and fluorescence microphotographs of D. radiodurans at 4h of PIR. (D) PgroESL
promoter activity in D. radiodurans at 4h of PIR. (Radiation was given in GC-220 cell, radiation
source Co®® and dose rate 5 Gy/min).
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3.2.1.2. Assessment of radiation stressinducibility of ssb gene promoter in pKG vector

The ssb gene promoter of D. radiodurans is known to be inducible during PIR [6, 8, 11]. The
350bp upstream DNA sequence of ssb gene (see Appendix) was amplified using Pssb-F/Pssb-R
primers (Table 2.2) and cloned in ECORV restriction site of pKG vector (Fig 3.12 A). Theinsertin
the resultant vector pKG-Pssb was confirmed by colony PCR using pKG-F8/Pssb-R primers

(Table 2.2) (Fig 3.12B) and DNA sequencing for correct orientation.

term116
MCS

PCR
EcoRV  amplification Blisiit énd

+ _ — pKG-Pssb
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B M 1 2 3 4 5

500bp
350bp

300bp

Fig. 3.12 Cloning of Pssb promoter in pKG vector. (A) Schematic diagram represents the PCR
amplification of ~350 bp Pssb promoter with Pssb-F/Psshb-R primers and its cloning in pK G vector
at the EcoRV site to obtain pK G-Pssb vector. (B) Electrophoretic resolution of PCR products of 5
randomly picked up colonies of pK G-Pssb transformants with pK G-F8 and Pssb-R primers. Lane
M: 100 bp DNA marker; Lanes 1-5: 5 different colonies.
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Fig. 3.13 Evaluation of Psy, promoter activity. (A) Fluorescence and light microphotographs of
E. coli and D. radiodurans under norma growth conditions. (B) The basal promoter activity of
ssb genein E. coli and D. radiodurans. (C) Fluorescence and white light microphotographs of D.
radiodurans during 4h PIR of 6 kGy gamma irradiated D. radiodurans, as compared to
unirradiated controls. (D) The kinetics of Pssb promoter activity during post irradiation recovery
(PIR) following 6 kGy gamma radiation stressin D radiodurans.

The plasmid pKG-Pssb was transformed into competent E. coli and D. radiodurans cells.
Recombinant E. coli and D. radiodurans cells showed moderate fluorescence when observed

under fluorescence microscope (Fig. 3.13 A&B). The deinococcal transformants were subjected
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to 6 kGy of gammadirradiation. The radiation inducibility of Pssb was assessed by measuring GFP
expression during PIR. The GFP fluorescence was ~5 fold induced in irradiated cells at 2h of PIR
when compared with corresponding control cells (Fig. 3.13 C&D). These results substantiate the
datapublished earlier [8, 11]. The results demonstrate that the vector pK G is suitable for promoter
screening in D. radiodurans. Vector pKG was found to be useful for non-invasive, real time and

in situ expression studies as well as for an easy quantification of gene expression.

3.3 Discussion

The complete genome sequence of the highly radiation resistant bacterium D. radiodurans was
published in the year 1999 [40]. More than 15 years have passed since, but only 2 or 3 promoters
of this microbe have been studied, partly because of lack of suitable bio-molecular tools. Although
there are several bioinformatic tools available, they have failed to derive any consensus promoter
sequence from whole genome sequence of D. radiodurans. Many of the promoter prediction
bioinformatic tools have been designed based on E. coli promoters, whereas many of the D.
radiodurans promoters lack such -10 and -35 like hexameric sequences. Even if the tools correctly
predict any consensus promoter sequence or motif, it isvery important to validate it by wet biology

experimentation. It is, therefore, necessary to have a suitable promoter probe shuttle vector.

A few promoter probe shuttle vectors, with different reporterslike cat, lacZ, phoN etc. [11, 15, 17,
19] exist for D. radiodurans. But the quantification of their reporter activity israther laborious and
requires expensive substrates and equipments. There is need to design a new promoter probe
vector for D. radiodurans, which can facilitate a non-invasive or non-destructive study of severad
promoters at a time easily, without need for any expensive chemicals. In this study a third

generation promoter probe shuttle vector pK G was constructed, using the green fluorescent protein
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(GFP) as a reporter, for in situ evaluation of Deinococcal promoter activity in E. coli and in D.
radiodurans, in real time. The promoter-less pKG plasmid conferred zero background

fluorescence in both the organisms.

The pKG vector has a single antibiotic selection marker which expresses in both bacteria. A Rho
independent transcription terminator ter116 from D. radiodurans was cloned upstream of reporter
gene to stop any readthrough by RNA polymerase from genes upstream of the reporter and the
promoter to be cloned in the vector. A new multiple cloning site (MCS) with eight common
restriction endonuclease sites has been introduced just immediately upstream of reporter gene for
easy cloning of candidate promoter DNA fragments. All restriction sites of MCS in the pKG

plasmid belong to common restriction enzymes and are usable.

Mere zero background of reporter expression is not sufficient for a promoter probe vector. The
reporter hasto expressin the desirable host when a suitable promoter istagged to it. The GFP was
tested for its expression in both bacteria using two known D. radiodurans promoters PgroESL, a
strong promoter and Pssb a radiation inducible promoter. Ability to visualize and quantitate the
promoter activity by GFP fluorescence provided an easy, convenient and accurate handle (Fig.
3.14). The vector’s functionality or utility was validated with both the promoters, both in E. coli
and in D. radiodurans. With PgroESL promoter the GFP was expressed strongly in both E. coli
and D. radiodurans colonies (Fig. 3.14A) but no radiation induction of this promoter was observed
in D. radiodurans (Fig. 3.14B). The Pssb promoter also showed basal GFP expression in both
organisms but also displayed radiation induction during PIR (Fig. 3.14A and B), as was reported
earlier [11], thereby confirming the utility of pKG vector for screening of radiation-responsive

promoters in Deinococcus radiodurans.
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Fig. 3.14. Analysis of GFP expression and activity in D. radiodurans. (A) Agar plates showing
recombinant E. coli and D. radiodurans carrying pKG-empty vector (control) or pKG-Pgro
plasmids. GFP fluorescence from colonies was visualized by blue light illuminator (B) In gel
analysis of GFP expression and activity by immuno-detection and fluorescence. Protein extracts
(30 pg) from unirradiated or 6kGy y-rays irradiated recombinant D. radiodurans strains carrying
pK G-empty, pKG-Pgro or pKG-Pssb plasmids were electrophoretically resolved on 12% native
gels at different time points during PIR. In gel fluorescence was visualized in Geldock equipped
with cy2 filter. Proteins from the gels were elctroblotted onto nitrocellulose membrane and GFP
protein was immuno-detected using primary anti-GFP antibody and secondary anti-rabbit-1gG-
coupled to alkaline phosphatase, followed by color development using NBT/BCIP substrate.

Page | 86



The next chapter describes utilization of pKG for cloning and analysis of several radiation-induced

Deinococcal promotersin D. radiodurans aswell asin E. coli.
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Chapter 4

Promoter Selection, cloning and evaluation of
ther activity
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Bacteriarespond to various environmental stresses such as heat, cold, salt, oxidation and radiation
stress, by differential expression of their genome [115, 116]. The stress responsive genes/proteins
are not needed in normal growth conditions or needed only at basal level. Elevated expression of
such genes under normal conditions is often detrimental for cell survival and cells do not waste
their energy in synthesis of unnecessary proteins [115]. Expression of stress responsive genes is
therefore under tight control under normal growth conditions. Constitutively expressed and stress
responsive genes have different type of cis and trans regulatory elements which control their
expression under a given growth condition. The common cis elements are promoter sequenceslike
-10 and -35 consensus hexamers present upstream of the genein E. coli and many Gram negative
bacteria. These consensus sequences are recognized by different transcription factors (TFs) or
sigma factors (07°, 6®*) and RNA polymerase which initiates the transcription. Regulation of gene
expression in prokaryotes primarily occurs at transcription level and is generally regulated by gene
promoters and transcription factors which bind to the promoters. The study of promoter structure

is very important to understand bacterial gene regulation.

D. radioduransis ahighly radiation resistant organism [25]. In response to radiation stress several
genes have been shown to be induced in D. radiodurans [6, 8, 89], but the underlying regulatory
mechanisms are not yet clearly understood. Unlikein E. coli, the promoters are poorly studied in
D. radiodurans. Severa D. radiodurans genes lack -10, -35 like consensus sequences upstream of
their genes [87]. Earlier studies showed that Deinococcus promoter regions are poorly recognized
in E. coli, and similarly E. coli promoters that were tested were not recognized in D. radiodurans,
suggesting that Deinococcal promoters might be different from the classical E. coli promoter [17,

8g).
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A number of computational methods have been developed for promoter prediction from genomic
sequences of bacteria[82]. A major problem of such bioinformatic toolsisthat they predict afairly
large number of false positives [82]. Mgjority of these tools are developed based on E. coli data
and may not be useful for prediction of D. radiodurans promoters. Promoter-reporter systems are
therefore important to characterize the promoters of organisms which do not have E. coli-like
promoter sequences. In such promoter-reporter probing systems, a putative promoter isfused to a
reporter gene on a plasmid. If the putative promoter has promoter activity, the reporter protein is
expressed. The strength of the promoter can be estimated by quantifying the reporter expression.
In the present study, the selected putative promoters carrying their own Shine-Dalgarno (SD)
sequence were amplified by PCR and fused to a promoterless gfp gene in the pKG vector. The
promoter activity was visualized by fluorescence microscopy in individual cells and quantified by

measuring the GFP fluorescence under normal and radiation stress conditions.

4.1 Prediction of promoter sequenceslikely to be present upstream of D. radiodurans genes
Computer assisted search for promoter sequences in several bacterial species for finding
hexanucleotide pairs within intergenic regions has been considered as a promising tool for the
prediction of promoters [117]. The present study focused on radiation-responsive gene promoters
in D. radiodurans. The whole genome search of two Deinococcus species, D. radiodurans and D.
geothermalis found a 17 bp palindrome-like sequence, called radiation and desiccation response
motif (RDRM) in 24 radiation inducible genes of D. radiodurans and 29 genes of D. geothermalis
[10]. Later this RDRM motif was also found in other Deinococcus species, such as D. deserti
[118]. Bioinformatic tools were used in the present study to predict radiation responsive gene
promoters in D. radiodurans. Since the transcription start site (TSS) is not known for many

Deinococcal gene promoters, about 500bp upstream DNA sequences from translation start codon
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of several radiation inducible genes of D. radiodurans were downloaded from online database
(KEGG website) [99]. The sequences of these genes were analyzed by online promoter prediction
bioinformatic tools like Softberry, Fruitfly online bioinformatics tools [87, 105], for detecting

presence of E. coli-like -10, -35 consensus sequences and other regulatory elements.

TTGACA TATAAT ATG
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P0326 |CATTTCAAGAATCTTCHE AT TCTGCTARLLAACAG RN G2 GCT -7
P0423 [CCCGRACCCOrCcTCCANSSC TTAATCAACTGGCGHE TTG.-39
P0596 |GGGCAACCCA GCTGTTTCCILE' BTCGCARATAGCGHES \TCC -7
POE06 TGTCEGC“TCGG“CnGT' I TTTTTCTTATCGGCGCa. ‘”CCGTI%
P0694 |CGGGACTCCTIGCCCCCH BCCGGATTAAGCGTGTGH ACTCAI-132
POS06 AGE ACGTA&TAQGA. BTTTTTCGTGTCAAGCGCHEE ‘CGT G1-205
pP1143 cAGTGTGTCCACHE 82 2 GTCCTICCCGCCGG T TAAGC!-39
P1913 GAGGAGAGCCGTNENNNCGTGATTAACATAATGTGGHE BGGTTCT.-88
p2338 chGGCCGc;ccc GCIeIYS - TGGTTACGTCCTCCCA M MICCGGTG.-15
P2574 NeISlelC T L GCAAGGAGCGE NACTCCG.-118
PAO346 AGTGCTACCCCTGGCCT TCTGT*'-27
P1771 \ GCCGGGCGACCHER S ATATTIL100
P0O003 CCTG“GPGAT;GTGC;CCCCC“CCCCCG TICGGCGGGG] GCCCCG.74
P0053 |CGARATACGTCATGTCCTGTCGGGAATCGCTTTTACGC e C 2 TCAGL9
P0207 |GCCGGTGCTGTTGTCGCTGCYGGTGGGGTGCTGGCTGGH B CCGACR..245
P1262 |CGTCCGGAACCCATICCCCCPACTCACATCCGCTCGAAN BCACATCI30
P1289 [GTACGCHGCGGGGGGFCTCCATGATTCTGCCCACAACGHEEEMECGCTAT!16
p1314 |GTGACCTCCATAACGGTCCAGTTAAGGTCAGGCTTGGAN BTTACTT .29
p1358 |GGCTCGGCGHCCGCGCCGCCGCCCGCGCCEACCACCGCNER {CCTCAAL17
pP1720 GACGGCTGCCTCAAGGGCTCAGCAGCHINESNEM T 2. . 1. G4 1_53
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Fig. 4.1. Multiple sequence alignment. About 500bp sequence upstream of 25 different radiation
inducible genes of D. radiodurans were aligned using BioEdit software. The E. coli promoter-like
-10 and -35 hexamer sequences are highlighted. Several Deinococcal promoters only have an AT
rich motif around -10 but do not have the -35 sequence. The numbers given on right side of each
sequence represent distance between 5’ end of -10 sequence and first base of ATG start codon.
The red rectangular boxes indicate GC-rich sequences.

Among them several genes DR0070, DR0099, DR0219, DR0326, DR0423, DR0596, DR0606,
DR0694, DR0906,DR1143, DR1913, DR2338, DR2574, DRA0346 and DR1771 were found to
harbor E. coli-like-10, -35 consensus sequences upstream of the gene, though the distance between

two hexamers varied from the reported 16-18bp. Several other genes DR0053, DR1262, DR1314,
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DR1358, DR1720, DR2220 and DR2275 did not have the E. coli like -10, -35 consensus promoter
sequences in their upstream 500bp DNA sequence. Recent reports also show that about 60% of
the Deinococcal transcripts are either leaderless or have a very short 5’-UTR [9]. Most of them
harbour AT-rich (E. coli -10 like) motifs, even though they lack the typical -35 sequence [9]. A
manual search of non-E. coli promoter sequences found an AT rich motif in the non-E. coli-like
Deinococcal promoters (Fig. 4.1). Apart from -10, -35 sequences or AT rich motifs, some putative

promoters a so showed repeats of G or C nucleotides (Fig. 4.1).

4.2 Selection of genesfor promoter characterization

Based on existing microarray, transcriptome and proteomics dataof D. radiodurans 25 geneswere
selected for promoter anaysis. All the selected genes, except for DR1314 and DRO606, are
reported to be radiation-induced either at transcriptional level [6, 89] or at protein level [8] (Table
4.1). DR1314 which isrepressible in radiation stress and DR0O606 whose level remains unchanged
in radiation stress were included as negative controls. In silico analysis of these 25 putative
promoter sequences revealed that 15 of them harbored E. coli-like -10, -35 consensus sequences,
while the other 10 possessed only AT rich motif, but no -35 sequence (Fig. 4.1). Form these 25
genes, 20 genes were selected for promoter study based on their radiation induction level and
mutational studies (Table 4.1). The other five genes were omitted because Ppraozss has already
been reported [16] and the role of remaining 4 genes (DR0O003,DR0207, DR1289 and DR1771)
during radiation stress has not been studied. Among these, two known gene promoters PgroES
(DR0606) and Pssb (DR0099) were initidly used to evaluate and validate the pKG vector (see
Section 3.2, Chapter 3). Among the selected 20 genes, 13 possessed RDRM sequence while 7

lacked RDRM sequencesin their upstream regions. The DNA damage response (ddr) family genes
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Table4.1. List of genes selected for further study, their known phenotype.

Fold induction during PIR

S.No. | Gene Gene name Sensitivity of deletion | Transcription Proteomic level

ID mutant to ionizing level [ref] [ref]

radiation [ref]
RDRM containing genes
1 DR0O070 ddrB Sensitive [89] 3.3-13 [6, 89] 128.7 [8]
2 DR0099 ssb NA 3.0[6] 6.0-8.9 [8, 11]
3 DR0219 ddrF NA 1.9-6 [6, 89] NA
4 DR0326 ddrD Normal growth[89] 2.5-13 [6, 89] NA
5 DR0423 ddrA Moderate [89] 4.,5-18 [6, 89] 47.8 [8]
6 DR0596 ruvB Moderate [119] 3.2-11 [6, 89] NA
7 DR0906 gyrB Sensitive [120] 4.4-8 [6, 89] 5.6 [8]
8 DR1143 | hypothetical NA 5-8.8 [6, 89] NA
9 DR1262 rsr NA 1.3-4[6, 89] NA
10 DR1913 gyrA NA 3.2-13 [6, 89] 5.6 [8]
11 DR2275 uvrB Sensitive [120] 4.9-7 [6, 89] NA
12 DR2338 cinA NA 10-14 [6, 89] NA
13 DR2574 ddrO Lethal [12] 5.2-8 [6, 89] NA
Non-RDRM genes
14 DR0O053 dinB Sensitive [121] 5-70 [6, 121] Enhanced[121]
15 DR0O606 groES NA No change NA
16 DR0694 | hypothetical NA 5.5 [6] Enhanced [122]
17 DR1314 | hypothetical Normal growth* -4 [6] Decreased [122]
18 DR1358 ABC NA 22.7 [6] NA
transporter

19 DR1720 acn NA 2.1[6] Enhanced [122]
20 DR2220 terB NA 3.1-4[6, 89] 3.0[8, 123]

NA: data not available, * temperature sensitive (>48°C)
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(ddrA, ddrB, ddrC, ddrD, ddrF) are known to be highly induced during PIR [6, 8, 89]. The DNA
repair related genes ssb, ruvB, gyrA, gyrB, uvrB and recA (operon), some of the hypothetical genes
(DR0694, DR1143) and tellurium resistance gene ter B (DR2220) are aso known to be induced in

PIR. Thedetails of 20 genes selected for promoter anaysisare shownin Fig. 4.2 and areasfollows:

1. DR0OO053 (dinB): DinB is a DNA damage-inducible protein, which belongs to the DinB/YfiT
protein family. More than 10 homologues of this protein were found in D. radiodurans [121].
Several fold induction was observed in gammaradiation and mitomycin-C stress[6, 89]. Thisgene
neither has RDRM nor E. coli like -10 and -35 consensus sequences in its upstream region but
manual search showed an AT rich motif near the trandlation start site as shown in Fig. 4.1. Two
transcription start sites (TSS) were earlier mapped at -10 and -20bp upstream of the translation
start site [121]. The deletion mutant of this gene showed no change in its growth under normal
conditions, but growth was adversely affected under radiation and MM C stresses [121].

2. DR0070 (ddrB): This DNA damage response gene B is one of the 5 highly radiation inducible
genesof theD. radiodurans[89]. Recent studies showed that DdrB protein actslike single stranded
DNA binding protein (Ssb) and protects the single stranded DNA ends during radiation stress,
thereby helping DNA repair [124, 125]. The gene has less conserved -10, -35 sequences [12] and
a RDRM sequence in the upstream region. In normal growth conditions the expression of this
protein is undetectable, but in PIR its level increases more than 100 fold [8]. This geneis unique
to Deinococcus. A deletion mutant of this gene exhibits normal growth rate in rich media, but is
sensitive to radiation stress [89].

3. DR0O099 (ssh): Single stranded DNA binding protein encoding ssb gene is a versatile gene

present in all living organisms. It is necessary for DNA replication and repair and has been shown
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to be induced in D. radiodurans in radiation stress [8, 11]. It harbors E. coali like -10 and -35
consensus sequences and two RDRM sequences in its promoter. During PIR ~5 fold induction of
Ssb protein and ~6 fold up-regulation of its promoter activity has been reported earlier [11].

4. DR0219 (ddrF): This uncharacterized gene is reported to be induced several fold at
transcriptiona level during PIR, following 15 kGy exposure to gamma radiation stress [6]. It
possesses a RDRM and -10, -35 consensus sequences in its upstream region. No further
information is available about this gene or its promoter.

5. DR0326 (ddrD): This gene is aso one of the five highly radiation inducible genes of D.
radiodurans [89]. Its deletion mutant shows no effect on growth under normal conditions or
radiation sensitivity compared to itswild type parent organism [89]. It has -10, -35 sequences, and
aRDRM in its promoter sequence and is reported to be radiation inducible [89].

6. DR0423 (ddrA): Thisisanother of the five highly radiation induced genes of D. radiodurans.
It istranscriptionally induced several fold during PIR [6, 89] and isalso induced de novo at protein
level [8]. It isdistantly related to Rad52 protein of eukaryotes and Erf protein of cryptic phage. A
deletion mutant of the gene shows no effect on normal growth of D. radiodurans but exhibits
significant radiation sensitivity [89]. It isimplicated in the single strand annealing (SSA) reaction
during the RecA-independent phase of Deinococcal DNA repair [126]. The gene has two RDRM
units and harbors both the E. coli-like -10 and -35 consensus sequences.

7. DR0596 (ruvB): The RuvB protein participates in recombination and DNA repair in bacteria
[127]. Deletion mutant (AruvB) of D. radiodurans shows moderate sensitivity to gammaradiation
[119]. The geneis up-regulated during PIR [6, 89]. It possesses the RDRM sequence and -10, -35
consensus sequences like E. coli. Bioinformatic analysis has revealed another RDRM like motif

upstream of the annotated ruvB gene.
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8. DR0O606 (groES): Thisisachaperon protein encoded by the first gene of groESL operon of D.
radiodurans. Corresponding heat shock protein shows strong expression at protein level. No
change in expression level is observed in radiation stress. It has no RDRM sequence but has E.
coli-like -10 and -35 consensus sequences.

9. DR0694 (hypothetical): This is one of the uncharacterized genes of D. radiodurans which
exhibits radiation induction at transcriptional level [6]. It doesn’t have any RDRM sequence, but
possesses poorly conserved -10, -35 consensus sequences.

10. DR0906 (gyrB): DNA gyrase subunit B protein is necessary for DNA replication,
recombination and repair in bacteria[128]. The gene is reported to be induced at transcriptional
level during PIR [6, 89]. It has both -10, -35 and RDRM sequences upstream of the start codon.
11. DR1143 (hypothetical): Thisuncharacterized gene of D. radiodurans has been reported to be
induced several fold at transcriptional level during PIR [6, 89]. It has both -10, -35 and RDRM
sequences upstream of the start codon.

12. DR1262 (rsr): Ribonucleotide Ro/SS-A-related (Rsr) proteinisnormally bound to small RNAs
known as Y RNAs. It was earlier found only in higher eukaryotes. Rsr protein of D. radioruans
contributes resistance to UV radiation [129]. The gene has RDRM but no E. coli-like -10, -35
consensus sequences. Sequence analysis showed an AT rich motif upstream of the start codon.
Minor radiation induction of the geneis reported during PIR [6].

13. DR1314 (hypothetical): This uncharacterized protein is reported to be induced during heat
shock. Its deletion mutant grows normally under optimal growth conditions, but shows 10-fold
reduction in growth at higher temperature (48°C) [130]. Thisprotein isaso induced in heavy metal
stress [131]. The gene has neither RDRM nor -10, -35 consensus sequences, but an AT rich motif

was manually identified upstream of the start codon.
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14. DR1358: This protein is ahomolog of an outer membrane protein (ABC transporter) which is
reported to be highly radiation induced during PIR [6]. The gene has neither RDRM nor the -10,
or -35 consensus sequences. An AT rich motif was identified upstream of the start codon.

15. DR1720 (acn): Aconitase is a TCA cycle contributing metabolic enzyme and is moderately
induced during PIR [6]. Its promoter has neither the RDRM nor the -10, -35 consensus sequences
but an AT rich motif has been found upstream of the start codon.

16. DR1913 (gyrA): Gyrase subunit-A helps in replication, recombination and repair of DNA.
The gene isinduced at transcriptional level during PIR [6, 89], and has both RDRM and -10, -35
CONSeNnsus sequences in its promoter region.

17. DR2220 (terB): Tellurium resistance genes are present in many microorganisms as operon of
2-6 genes[132]. In D. radioduransthere are 10 genes rel ated to tellurium resistance and reduction.
The TerB protein was shown to be induced at protein level in radiation stress [123] and tellurite
stress [131]. Bioinformatic analysis showed that there is neither an E. coli-like promoter sequence

nor aRDRM upstream of the terB gene.

18. DR2275 (uvrB): Thissubunit B of exinucleaseis part of the nucleotide excision repair system.
Several fold induction of uvrB gene has been reported at transcriptional level during PIR [6, 89].
The gene hasaRDRM sequence but lacksthe -10, -35 E. coli-like consensus sequences. Sequence

anaysisfound an AT rich motif upstream the start codon.

19. DR2338 (cinA): Competence-inducible protein (CinA) is encoded by the first gene of recA
operon which is reported to be several fold induced by gammaradiation, at transcript level [6, 89].

The RDRM sequence of this gene entersinto the cinA ORF. It has atypical E. coli-like promoter.
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20. DR2574 (ddrO): DdrO is arepressor protein, which binds to RDRM sequence and represses
gene expression under normal growth conditions. Upon radiation stress, the Pprl (also called IrrE)
protease cleaves the DdrO repressor and induces gene expression in D. radiodurans [12, 24]. The
geneisaso reported to be induced during PIR [6, 89]. The gene has RDRM aswell asE. coli-like

-10, -35 sequencesin its promoter.

4.3 Categorization of randomly selected structurally distinct Deinococcal promoters

Many of the gene promoters of D. radiodurans are distinct from those of E. coli and severa of
them do not harbor -10 (TATAAT) and -35 (TTGACA) like consensus sequences that are present
in typical 0’ dependent promoters in E. coli. Experimentally it has been demonstrated that some
Deinococcal promoters are not functional in E. coli, and similarly some E. coli promoters do not
functionin D. radiodurans[17]. Additionally, D. radiodurans genome harbors RDRM sequences
that are predicted to regulate gene expression following radiation and desiccation stress. Thus,
Deinococcal promoters can be categorized in two ways, (i) depending on the presence/absence of
RDRM, Deinococcal promoters were categorized in to two groups, (A) Promoters having RDRM
and (B) Promoters lacking RDRM. (ii) Based on presence or absence of E. coli like -10, -35
sequences, D. radiodurans promoters again fall into two groups, (A) promoters having E. coli-like
promoter sequences and (B) promoters lacking the E. coli-like promoter sequences. Some genes
have both RDRM and -10, -35 sequences and some genes lack both. Structural features of
promoters belonging to different groups are shown in Fig. 4.2. These were categorized into four
groupstermed asA, B, Cand D (Fig. 4.2). Some details of the genesincluded in thefour categories

are asfollows:
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Fig. 4.2. Schematic representation of 20 structurally distinct gene promoters of D.
radiodurans. (A) The promoters carrying both E. coli-like -10, -35 sequences and RDRM
sequence(s), (B) Promoters harboring only RDRM sequence but not the -10, -35 sequences, (C)
Promoters possessing neither RDRM nor -10, -35 sequences, and (D) promoter carrying only -10,
-35 sequences but no RDRM sequence. The structural features of D. radiodurans promoters
investigated shown include: RDRM: radiation desiccation response motif; SD: Shine Dalgarno
sequence. Number above the RDRM indicatesits position relative to the first base of the annotated
start codon. The -10 and -35 sequences identified by BPROM software and AT-rich motifs
detected manually are shown below the corresponding symbols and their position relative to start
codon isgiven in parenthesis. Asterisks (* )indicate 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.
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(A) Of the 20 putative promoters, 11 promoters Pporoo7o, Porooos, Poro219, Porosos, Poroazz, Porosos,
Pprogos, Por1143, Pporio13, Porosss and Ppras7a harbor both RDRM and -10 and -35 consensus
sequences (E. coli-like promoter sequences). Among these the promoters of ssb (Porooss), ddrA
(Poros23) and ruvB (Porosss), show presence of two RDRM sequences each (Fig.4.2). (B) Two
promoters Ppri2s2 and Ppr227s do not possess E. coli-like promoter sequences but do have RDRM
and an AT rich motif. (C) The promoters Pprooss, Ppr1314, Pori3ss, Pori720 and Pproooo pOSSESS
neither E. coli-like promoter structure nor the RDRM sequence, but an AT rich motif isfound in
them. (D) Two remaining promoters Pprosos and Pproses harbor -10 and -35 consensus sequences
(E. coli-like promoter sequences) but do not possess RDRM. Some of the promotersin classes A,
C and D (Pproz26, Porosgs, Poroesos, Ppr1143, Por1314), have another trandl ation start codon downstream

to annotated one (Fig. 4.1).

4.4 Cloning of putative promoter DNA fragmentsin the pK G vector

The cloning and assessment of Pprooso (Pssb) and Pprosos (PgroESL) were described earlier to
validate pK G vector (Chapter 3, Section 3.2). The strategy followed for cloning the remaining 18
putative promoters in pKG promoter probe shuttle vector is described in Fig. 4.3. The primers
were designed and synthesized based on the D. radiodurans genome sequence available online on

the KEGG website (http://www.genome.j p/dbget-bin/www_bget?dra) [99]. In the forward primer,

for al promoters except Porio13, Spel site and in the reverse primer EcoRI site was, introduced.
An EcoRI site was present in Pprio13 Sequence, therefore an ECORV site was introduced in the
reverse primer of Pprigi3, instead of EcoRI. The upstream (upto ~ 500bp, from first base of the
initiation codon of ORF), DNA sequences of the selected 18 genes were PCR amplified using
promoter-specific forward and reverse primers (Table 2.2) from chromosoma DNA of D.

radiodurans. The PCR amplified DNA fragments were purified and digested with Spel/EcoRl
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Fig. 4.3 General strategy for the cloning of promoters in the pKG vector. The schematic
representation of cloning of different D. radiodurans promoters in promoter probe shuttle vector
pKG. The putative promoters were amplified from D. radiodurans genomic DNA using relevant
forward and reverse primers specific for each putative promoter. PCR amplified promoter
fragments and the pK G vector were individually digested with SpEI and EcoRI/EcoRV restriction
endonucleases and then ligated to obtain pKG-promoter vector. These pKG plasmid carrying
different cloned promoters were transformed into E. coli and accuracy of cloning was confirmed
by colony PCR, restriction digestion to release insert and DNA sequencing.
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restriction endonucleases (Spel/EcoRV for PDR1913). The restriction digested promoter
fragments were cloned in the same restriction sites in the MCS of pKG promoter probe shuttle
vector just upstream of the promoterless gfp reporter gene. The resultant 18 plasmids carried
promoter-reporter translational fusionsin which Shine-Dalgarno sequence (SD) was derived from
individual promoter fragments. These were named as pK G-Pgene, where "gene" represents each
individual gene, viz. pK G-Pprosos (Table 2.1). The plasmids carrying various putative promoters
were first transformed into E. coli and selected on agar plates containing kanamycin antibiotic.
Cloning was confirmed by colony PCR with pK G-F8 vector forward primer and promoter specific
reverse primers, followed by digestion with same restriction enzymes in which promoter was
cloned to elute correct size promoter fragment and finally DNA sequencing (data not included).
The confirmed plasmids were transformed into D. radiodurans cells and the positive clones were
selected on TGY agar plate containing 5pg/ml of kanamycin and by detection of green fluorescent
colonies when exposed to blue light. The presence of vector in D. radiodurans was confirmed by
colony PCR with Gfp-F and Gfp-R primers. E. coli (DH5a) and D. radiodurans strains harboring
pK G vector with different promoters were assessed for GFP fluorescence-based promoter activity.
The GFP fluorescence intensity was a reflection of promoter activity and trandation of GFP

protein from the promoter-corresponding SD sequence.

4.5 Presence of consensus —10 and —35 sequences is essential for promoter activity in E. coli

Deinococcal promoters that have -10 and -35 E. coli-like sequences showed GFP fluorescence
with varying intensity in E. coli (Figs. 4.4, 4.5). Promoter activity in E. coli, which lacks other

Deinococcal factors, would solely depend upon similarity of the Deinococcal promoter to typical
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Fig. 4.4. Light and fluor escence microphotographs of recombinant E. coli cells carrying E.
coli-likeD. radioduranspromoters. E. coli cellscarrying pKG with different E. coli-like putative
Deinococcal promoters were grown overnight in rich media. The cells were pelleted down from
Iml culture, washed with PBS buffer and suspended in 50 pl of PBS. Aliquot of 5ul of cell
suspension was spread on glass dlide, covered with coverdlip and observed under fluorescence
microscope with 100x oil immersion objective. The cy2 filter was used for visuaizing the GFP
fluorescence in cells. Light and fluorescence photographs were captured using CCD camera
attached to the microscope. At least 25 fields were examined from each biological replicate.
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0% promoter of E. coli. Among the promoters that have —10 and —35 like consensus sequences,
Pori143 displayed best GFP expression (fluorescence 16843 + 797 AU) in E. coli, followed by
Pprosos (fluorescence 5396 + 506 AU) and Ppros7s (fluorescence 3793 £ 185 AU). In all other
promoters containing —10 and —35 like sequences, GFP expression was moderate (fluorescence
>350 AU to < 1500 AU) (Figs. 4.4, 4.5), while promoters Pprooss, Pori262, Por1314, Por13ss, Ppri72o,
Por2220 and Pproo7s that harbored only —10 like AT-rich motif, showed rather low to negligible
GFP expression (fluorescence <350 AU) in E. coli (Fig. 4.5 and 4.6). The results clearly showed
that the -10, -35 like hexamer sequences are essential for Deinococcal promoter expression in E.

coli.

Fluoresence (a.u)/1 OD

Pori3ss
Pori720
Por2220
| Porazzs

a
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Promoters with -10, -35 sequence Promoters without
-10, -35 sequences

Fig. 4.5. Assesment of basal activity of Deinococcal promotersin E. coli. The recombinant E.
coli cells carrying pKG with different deinococcal promoters were grown overnight. The GFP
fluorescence, which reflects promoter activity, was quantified by fluorescence spectrophotometer
(Aex: 489nm and Aem: 509nm). Fluorescence values (arbitrary units) were expressed per unit cell
density (ODesoonm).
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4.6 The-10and -35 E. coli-like promoters are dispensablein D. radiodurans

The Deinococcal promoters which have E. coli-like promoters sequences showed various levels
of GFP expression from zero (Ppri143) to highest 3386 +70AU (Porosos) promoter activity in D.
radiodurans under normal growth conditions (Fig. 4.7). The highest promoter activity in E. coli

was shown by Ppr1143 (Fig. 4.5) which surprisingly did not show any activity in D. radiodurans

(Fig. 4.7).
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Fig. 4.6. Light and fluorescence microphotographs of recombinant E. coli cells harboring
non-E. coli-like Deinococcal promoters. The representative microphotographs of E. coli cells
carrying pK G with non-E coli-like putative D. radiodurans promoters. Other details were same as
inthelegendto Fig. 4.4.
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Fig. 4.7. Basal activity of E. coli-like and non-E. coli-like promotersin D. radiodurans. The
D. radiodurans cells carrying pKG plasmid with different promoters were grown in rich media
overnight and the GFP expression was quantified, as described in the legend to Fig. 4.5.

The ddrB gene (DR0070) whose promoter also has E. coli-like -10, -35 sequences and is
synthesized de novo during PIR in Deinococcus [8], showed very weak GFP fluorescence in D.
radiodurans (Fig. 4.7). These results indicated that the E. coli-like -10, -35 sequences are not
essential for promoter activity in D. radiodurans. Several Deinococcal promoters (Porooss, Por1262,
Ppr1314, Pori3ss, Pori1720, Por222o and Ppr2o7s) which lacked conserved —10 and —35 consensus
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sequences showed very weak or no promoter activity (<200 a. u) in E. coli cells (Fig 4.5 and 4.6).
But these promoters showed moderate to strong promoter activity in D. radiodurans (Fig. 4.7)
suggesting that the Deinococcal promoters are different from E. coli promoter and unique to
Deinococcus. The E. coli like -10 and -35 consensus sequences are, thus, dispensable in D.

radiodurans.

4.7 Presence of RDRM lower s promoter activity in D. radiodurans

The data shown in the following Figs. 4.8-4.10 revealed that the presence of RDRM upstream of
geneswas inhibitory, in someway, to promoter activity in D. radiodurans. Mg ority of the RDRM
containing Deinococcal promoters showed poor promoter activity (Figs. 4.8, 4.10), except Pproz2e
(ddrD), Porooos (QyrB), Porio13 (QyrA) and Poresz4 (ddrO) (Fig. 4.10) which are required during
normal growth. In comparison, all the non-RDRM Deinococcal promoters (Pprooss, Porosos, Porosss,
Ppr1314, Porisss, Pori720 and Ppro22o) showed good promoter activity (Figs. 4.9, 4.10) in D.
radiodurans. The results clearly indicated that RDRM strongly inhibited promoter activity in D.
radiodurans during normal growth conditions. Presence/absence of RDRM did not influence
expression of corresponding promoters in E. coli, where presence/absence of -10 and -35 like

sequences determined the level of promoter activity (Fig. 4.7).
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Fig. 4.8. Light and fluorescence microphotographs of recombinant D. radiodurans cells
carrying various RDRM containing promoters. Overnight grown D. radiodurans cells were
observed under fluorescence microscope. Other details were same as described in the legend to
Fig. 4.4.
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PKG-Pproosa

PKG-Pprosos

PKG-Pprogos

Fig. 4.9. Light and Fluorescence microphotographs of recombinant D. radiodurans cells
carrying non-RDRM promoters. Overnight grown of D. radiodurans cells were observed under
fluorescence microscope. Other details were as described in the legend to Fig. 4.4.
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Fig. 4.10. Activity of Deinococcal promoters in D. radiodurans. The D. radiodurans cells
carrying pKG plasmid with different promoters were grown in rich media overnight and the GFP
fluorescence was quantified by fluorescence spectrophotometer, as described in the legend to Fig.
4.5.

4.8. All RDRM containing Deinococcal promotersare radiation induciblein D. radiodurans
D. radiodurans responds to gamma irradiation by upregulation of severa genesinvolved in DNA
repair and oxidative stress aleviation [6, 8, 89, 131]. Based on gamma radiation responsive
transcriptome dynamicsin D. radiodurans and D. geothermalis, the palindromic sequence RDRM

was predicted to be responsible for upregulation of gene expression during post irradiation
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recovery [10]. In the genome of D. radiodurans, RDRM sequence is present in the vicinity of 24
genes[10]. Among these, the radiation inducible upregul ation of ssb and ddr B genes has been well

established by transcriptome, proteome and promoter level studies [6, 8, 11].

D. radiodurans clones harboring different putative promoters (both RDRM-based and RDRM-
lacking) were exposed to 6kGy gamma radiation and promoter activity was monitored (as GFP
fluorescence), at different time points during post irradiation recovery (PIR) by fluorescence
spectrophotometry (Aex: 489nm and Aem: 509nm) and also visualized in cells by fluorescence
microscopy. The promoters wherein GFP fluorescence was induced >2 fold only were considered

to be radiation induced.

All the promoters (Poroo7o, Porooss, Pprozio, Poroses, Poro4zs, Pproses, Porosos, Pori143, Porizez,
PpRri1913, Por2275, Ppresss and Pporos74) which possessed RDRM sequence, showed distinct radiation
induction (Fig. 4.11). The promoters Poroo7o, Pproose, Porosgs, Porogos, Por1143 and Pprosz4 showed 5-
25 fold induction of their activity during PIR (Fig 4.11, 4.12). The highest induction ~25 fold was
observed for Pproo7o promoter, followed by ~15 fold for Ppri143 promoter. Both these promoters

displayed very weak promoter activity under normal growth conditions (Fig. 4.10).
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Fig. 4.11. Light and fluorescence microphotographs of recombinant D. radiodurans cells
carrying strongly radiation inducible promoters at 4h of PIR. Following 6kGy gamma
irradiation the D. radiodurans cells were observed under fluorescence microscope. Other details
were as described in the legend to Fig. 4.4.
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Fig. 4.12. Kinetics of promoter activity of strongly radiation inducible Deinococcal
promoters during PIR. Recombinant D. radiodurans strains carrying the specified promoters
were subjected to 6 kGy ®°Co gammairradiation (GC-220 GammaCell, at adoserate of 5 Gy/min).
Fold change in promoter activity was monitored and calculated by quantifying the GFP
fluorescence, during 6h of post irradiation recovery (PIR). Other details were as described in the
legend to Fig. 4.5.

The other RDRM containing promoters (Porozis, Poroszs, Poroszs, Porize2, Porio13, Pore27s and
Pprozzs) showed moderate promoter activity under normal growth conditions (Fig. 4.10) and 2-3
fold induction during PIR (Fig. 4.13, 4.14). Almost all the promoters showed highest induction of
activity at 4h of PIR which declined later with time (Figs. 4.12, 4.14) as the damaged DNA was

repaired and cells started growing again.
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Fig. 4.13. Light and fluor escence microphotographs of recombinant D. radiodurans carrying
moder ately radiation induced promoters at 4h PIR. Following exposure to 6 kGy y-radiation
GFP fluorescence was monitored under fluorescence microscope, as described in the legend to
Fig. 4.4.
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Fig. 4.14. Kinetics of moderately radiation induced Deinococcal promoter activity during
PIR. The activity of selected moderately radiation induced promoters was monitored during PIR
after 6 kGy y-radiation. Other details were as described in the legend to Figs. 4.5, 4.12.

The RDRM lacking promoters Porooss, Porosos, Poroses, Porisia, Poriass Pori720 and Porz22o showed
moderate to high basal promoter activity in normal growth conditions (Figs.4.9, 4.10). The highest
activity was observed with Pprosos and lowest was seen with Ppri720 promoter. These non-RDRM
promoters showed constitutive expression (equivalent to basal level activity) throughout PIR (up
to 6h). No significant change in promoter activity was observed with any of these non-RDRM

promotersduring PIR (Fig. 4.15, 4.16). These results established that RDRM is, in some way, aso
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Fig. 4.15. Light and Fluorescence microphotographs of recombinant D. radiodurans cells
carrying selected non-RDRM Deinococcal promoters. Other details were as described in the
legend to Fig. 4.4.
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necessary for radiation induction. All non-RDRM promoters selected for this study, except Porosos
and Ppr1314 have earlier been reported to be radiation inducible [6], but none of them showed
radiation induction during PIR (Fig. 4.16). This may be due to different dose and dose rates used

in different experiments. Other possibility may be that the cloned promoter fragments may lack

other cis-regulatory elements which may be required for radiation induction.
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Fig. 4.16. Activity of non-RDRM promoters during PIR of recombinant D. radiodurans
strains. Fold change in promoter activity was monitored during PIR. Other details were as
described in the legend to Figs. 4.5, 4.12.
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4.9. Deinococcal promotersare not induced by radiation in the heterologous E. coli system
The previous sections described that () RDRM reduced the promoter activity in D. radiodurans,
(b) only RDRM containing promoters were induced in D. radiodurans during PIR, while (¢) non-
RDRM promoters were not induced by radiation. To see whether the effects of RDRM were due
to the cis-element per se or also required other accessory factors, their radiation induction was
examined in E. coli background where only RDRM was present but other required factors of D.
radiodurans were expected to be absent. Three highly radiation inducible D. radiodurans
promoters (Poroo7o, Porosos and Ppri143) harboring E. coli-like promoter sequences were tested.
Interestingly, while the basal promoter activity of Ppross Was comparable in E. coli and D.
radiodurans, those of Pproo7o and Ppriaz were significantly higher in E. coli than in D.
radiodurans (Figs. 4.5, 4.7).

Recombinant clones of heterologous bacterium, E. coli carrying plasmids pK G- Poo7o, pK G-Pogos
or pKG-P1143 were subjected to 300Gy of gamma radiation at a cell density of ODgoonm = 3. The
D1o value of E. coli cellsto gamma radiation varies from 0.27 kGy- 0.72 kGy, depending on the
mediainwhich cellsareirradiated [ 133]. The 300 Gy doseislower than the D1 dose. No radiation-
responsive induction of GFP fluorescence was observed from any of these gene promotersin E.
coli upto 6h of PIR (Fig. 4.17). The results suggested that the radiation responsive element RDRM
alone is responsible neither for reduction in promoter activity under normal conditions nor for
radiation induction of promoter activity. Other radiation-responsive factors present in D.
radiodurans appeared to be necessary. E. coli, which apparently lacked them showed neither
repression under normal conditions nor radiation induction of RDRM-based Deinococcal

promoters during PIR.
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Fig. 4.17. Deinococcal promoter activity during PIR of recombinant E. coli strains. (A) The
activity of Deinococcal promoters was monitored in E. coli by quantifying GFP Fluorescence
during PIR following exposure to 300 Gy of y-radiation. (B) Fluorescence microphotographs of
recombinant E. coli strains at 4h of PIR. Other details were as described in the legend to Fig. 4.4.
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4.10 Deletion of RDRM increases the basal promoter activity of RDRM containing

promotersin D. radiodurans.

To further elucidate the role of RDRM in gene expression under normal and radiation stress
conditions, the RDRM deletion mutants of radiation inducible genes ddrB (Pproo7o), gyrB
(Pprooos), Pori1143 (hypothetical) and cinA (Ppr2zss) were constructed (Fig. 4.18A). Deletion of
RDRM from Pproo7o, Por1143 and Pprozss promoters was carried out by PCR using promoter
specific forward and reverse primers POO70F/P0O070R6, P1143F/P1143R4 and P2338F/P2338Rz2,
respectively (Table 2.2) containing required RDRM deletion. From Pprososs RDRM was deleted by
splicing PCR using PO906F1/PO906R3 and PO906F8/PO906R1 primers (Table 2.2) which include
RDRM deletion. From all the 4 promoters only 17 bp RDRM was deleted and the remaining
sequence was kept intact (Fig. 4.18). When the 17bp RDRM was deleted from Pproo7o promoter,
the basal activity was significantly reduced, since deletion of RDRM from Pproo7o destroyed the
transcription start site (TSS) (described in section 5.4, chapter-5). In Pprogs promoter RDRM is
present at -257 position, far upstream from start codon but very near to -10, -35 sequences. RDRM
deletion increased (~1.5 fold) the basal level promoter activity of Porosos. The RDRM is located
at - 45bp position in Ppri14z promoter and overlaps with -10 sequence. The deletion of RDRM,
which also deleted -10 sequence, resulted in 3-fold increase in basal activity (Fig. 4.18B), which
again showed that -10 and -35 sequences are dispensable in D. radiodurans. Thereisan AT rich
motif in Ppor1i143 promoter which overlaps with -35 sequence and may be responsiblefor basal level
promoter expression in D. radiodurans. The cinA (DR2338) gene promoter contains the RDRM
at -3 position of tranglational start site and entersinto protein coding region. Both DNA fragments
(with and without RDRM) were cloned in pKG vector. The basal level GFP fluorescence was

increased ~7 fold upon RDRM deletion. The results demonstrated that RDRM plays the role of a
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negative regulatoru element (NRE) under normal growth conditions and its removal induced

promoter activity, except when the TSS was compromised.
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Fig. 4.18. Effect of RDRM deletion mutagenesison thebasal and radiation induced promoter
activity in D. radiodurans. The RDRM from Pproo7o, Por1143 @nd Porzsss Was deleted by PCR
using forward primer and RDRM-deleted reverse primer. In Pproosss RDRM was deleted by
splicing PCR. (A) Schematic representation of promoters with (wild type) and without (mutant)
RDRM sequence. Various elements like SD, -10, -35, RDRM and AT rich motifs are shown with
different symbols (B) Basal activity of wild type (with RDRM) or mutant (without RDRM)
promoters in D. radiodurans. (C) The activity of promoters shown in (A) and (B) at 4h of PIR
following exposure of recombinant D. radiodurans strains to 6 kGy dose of y-radiation.
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4.11 RDRM deletion abolishestheradiation induction in D. radiodurans

The earlier results showed that non-RDRM promoters were not inducible under radiation stress
(Figs. 4.15, 4.16). To evauate if the aforementioned RDRM deletion mutants behaved similarly
to non-RDRM promoters, the RDRM deletion mutants along with their wild type parent clones
were subjected to 6 kGy gammairradiation and analyzed for GFP expression during PIR. None of
the RDRM deletion mutants of D. radiodurans showed gamma radiation responsive induction of
GFP expression (Fig. 4.18C), whereas the wild type Poroo7o, Por1143, Porosos and Pprozss promoters
showed 25, 13, 6 fold and 2.5 fold radiation induction, respectively. These results suggest three
possibilities: (i) the palindrome like RDRM forms hairpin loop to block the movement of RNA
polymerase (RNAP) under normal conditions and is somehow dissolved under radiation stress to
enhance the promoter activity. (ii) binding of apositive regulator to the RDRM enhances promoter
activity after radiation stress. (iii) a negative regulator binds to RDRM under normal conditionsto

repress promoter activity and its release after radiation stress increases the promoter activity.

The first possibility can be ruled out since RDRM per se does not repress or radiation induce
promoter activity in E. coli. The second possibility is unlikely, because the radiation induction of
promoter activity during PIR is higher than de-repression by RDRM deletion mutant (Fig. 4.18B
& C), unless the activator also binds to RDRM after clearance of the repressor. Third possibility
seems most likely, since the DdrO repressor has been shown to bind RDRM invitro and is cleaved
by radiation-induced Pprl protease. A more detailed study with selected promotersis described in
the next Chapter to understand the role of RDRM in the radiation inducibility of Deinococcal

promoters.
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4.12 Discussion

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 ¢’ dependent promoters that comprise of
conserved hexameric sequences at —10 and —35 position, relative to transcription start site (TSS).
RNA sequencing in D. deserti has revealed that about 60% of the transcripts are either leaderless
or have very short sequences. Most of the Deinococcal gene promoters lack E. coli-like -10, -35
sequences, but instead possess AT rich motifsin D. deserti [9]. D. radioduransrespondsto gamma
irradiation by upregulation of several genesinvolvedin DNA repair and oxidative stressalleviation
[6, 8, 89]. RDRM sequence has been implicated in such upregulation of gene expression during
post-irradiation recovery (PIR) [10, 11]. To understand the intricacies of gene regulation at
promoter level in D. radiodurans, severa radiation induced genes were selected based on
published transcriptomic, proteomic and mutagenesis data. Among the RDRM containing
promoters, BPROM software detected presence of sequences similar to —10 and -35 like
consensus sequences, except for Pprizsz and Porzz7s which harbored only an AT-rich motif (Fig.
4.2). Among non-RDRM promoters, Porosos Showed well conserved and Pproses poorly conserved
—10 and —-35 like consensus sequences while Pprooss, Por1314, Por13ss, Por1720 and Ppor2220 harbored
only an AT-rich motif upstream of the start codon (Fig. 4.2).

The promoters carrying the -10, -35 sequences exhibited various levels of promoter activity in E.
coli but non-E. coli-like promoters did not. This showed that -10 and -35 sequences are necessary
for promoter activity in E. coli. In contrast, D. radiodurans promoter sequences which lack E. coli-
like-10, -35 consensus sequences express very well in D. radiodurans, indicating that E. coli-like
consensus -10, -35 sequences are dispensable in D. radiodurans. Activity of Deinococca

promoters in heterologous host E. coli was dependent on (&) presence and (b) similarity to typical
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0% controlled promoter sequencesin E. coli, but not in D. radiodurans. The observed variation in
Deinococcal promoter activity in E. coli could be attributed to the extent of conservation of -10
and -35 sequence and their location (Fig 4.5) or their regulation due to other DNA sequences
present in Deinococca promoters. D. radiodurans appears to utilize either alternate conserved
sequences and/or sigma factors, for promoters that lack 67 controlled promoter sequences (Fig.
4.7).

In D. radiodurans, except for Porosos (9yrB), Porio13 (gyrA) and Porzsza (ddrO) which are needed
during normal growth, all RDRM containing Deinococcal promoters showed reduced basal
promoter activity during normal growth and significant induction in promoter activity following
exposure to 6 kGy of gamma rays (Figs. 4.8, 4.10). The variation (2-25 fold) in the activity of
different RDRM containing Deinococcal promoters may be due to differences in promoter
strength, conservation of RDRM sequence, position of RDRM with respect to TSS etc. GFP
fluorescence based gammaradiation induced promoter activity, reported here, correlates well with
the transcript level [6, 89] and protein [8] level induction of corresponding RDRM-based genes
following gamma irradiation. In contrast, GFP expression by non-RDRM promoters or RDRM-
deleted promoters remained unaltered during PIR, as evident from quantitation by fluorescence
spectrometry as well as visualization by fluorescence microscopy (Figs.4.15, 4.16, 4.18C).
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 [6, 8, 89]. 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. Decline in GFP expression

beyond 4h of PIR isclearly indicative of reestablishment of repressor mediated negative regulation
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of RDRM promoters. Expectedly, promoters that lacked RDRM did not show significant change
in GFP expression (0.94- to 1.4-fold) throughout PIR (Fig.4.14-15) .The gene products of groESL
at both transcript and protein level, have been routinely used asinternal control in D. radiodurans
sinceits expression levels do not change in response to radiation stress [6, 8.

The RDRM based regulation of gene expression was tested in heterologous E. coli. No reduction
in basal promoter activity of RDRM containing promoters was observed in E. coli. Irradiating E.
coli cells carrying RDRM-based Poroo7o, Porosos @nd Ppri14s promoters at 300 Gy produced no
change in promoter activity during PIR (fig.4.16). Thus, RDRM per se does not repress or induce
promoter activity during PIR, in E. coli. On the other hand, when RDRM was del eted from Pprogos,
Ppr1143 and Pproass, increase in basal promoter activity and loss of radiation induction was observed
(Fig. 4.18). An exception was the deletion of RDRM from Pproo7o Which abolished basal activity
as well as radiation induction, since it destroyed its TSS. These results suggest possible
involvement of a repressor, which binds RDRM to downregulate RDRM-based promoters under
normal conditions. Destruction of such repressor post-irradiation can explain derepression of
RDRM based promoters during PIR.

Recent studies have reveaed that DdrO, arepressor protein, bindsto RDRM sequence in vitro and
represses the promoter activity in Deinococcus under normal growth conditions. Upon iradiation
an activated protease Pprl cleaves the DdrO repressor in to 11 kDa and 3kDa fragments, inducing
the geneexpression [12, 13]. Whiletrans-acting protein factors regulating RDRM based promoters
are now known, little is known about the structural and functional relationships of and within the
RDRM cis-element. Next chapter reports mechanistic aspects of RDRM-based negative/positive

regulation of radiation responsive promotersin D. radiodurans.
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Chapter 5

Regulation of promoter activity under
normal and radiation stress conditions
In D. radiodurans
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Understanding the regulation of a promoter activity requires knowledge of the cis regulatory
elements and trans acting factors. The study of promoter activity in presence and absence of these
elements under normal and stress conditions reveals the regulatory mechanisms underlying the
particular promoter activity. Deletion of the cis element RDRM from D. radiodurans promoters
increased the basal activity of promoter but lost the radiation induction of gene expression during
gamma radiation stress (Chapter 4). Recently three elegant studies presented first evidence of
transacting proteins involved in the negative regulation of DNA damage regulon (DDR) during
norma growth conditions in D. radiodurans and D. deserti [12, 13, 24]. The transcriptional
repressor protein DdrO (DR2574 gene product) was shown to bind RDRM in vitro and repress the
RDRM-harboring promoters under normal growth conditions, while radiation induction occurred
upon repressor clearance by aradiation activated protease Pprl (also known as IrrE, DR0O167 gene
product) which cleaved DdrO [12, 13, 24]. Interestingly, ddrO gene aso harbors a RDRM-based

promoter and, therefore, regulates its own expression [10].

While DdrO dimer required the entire 17bp of RDRM for binding [24], point mutations in the
RDRM sequence were shown to relieve negative regulation of the ddrB gene [12]. Wang et.al
showed by in vitro study that DdrO binds to 17bp RDRM and one extra base pair on both sides
[24]. If so, DdrO should bind the RDRM wherever it is introduced in the promoter sequence,
irrespective of its position. Also, if the release of DdrO repressor (derepression) from the promoter
alone can cause the induction of the promoter activity, the basal activity of the promoter in the
absence of RDRM (where the repressor cannot bind) should reach the same level as radiation
induction. But the promoter activity in the absence of RDRM was aways less than the radiation

induced level of native wild type RDRM in five genes studied (Fig. 4.18, Chapter 4).
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Results reported in this chapter evaluate the effect of RDRM sequence, position and orientation
on promoter activity. First, the regulation of RDRM-based promoters by DdrO and Pprl was
ascertained for the cloned promoters. Subsequently effect of introduction of RDRM in to non
RDRM promoter was examined. The promoter activity was a so assessed in the presence of RDRM
in reverse orientation. To understand the RDRM/DdrO repressor interaction, several point and
deletion mutations were made in Pproo7o and Pporosos promoters. The RDRM was also shifted to
different locations around the promoter, in addition to the native one or in absence of thewild type
RDRM. The promoter activity of various RDRM containing and non-RDRM promoters were
evaluated in the presence or absence of repressor protein DdrO in the heterologous host E. coli. A
few selected promoters were also assessed for their activity in a pprl knockout mutant of D.
radiodurans. To understand the position effect of RDRM, chimeric fusions of Pprooos-Pporosos
promoters were also constructed and their activity was assessed during normal growth and under

radiation stress conditionsin D. radiodurans.

5.1 Interaction of DdrO repressor with RDRM containing promotersin heterologous E. coli

DdrOisatranscriptional repressor with helix-turn-helix (HTH) type of DNA binding domain [24].
Recent studies showed that it acts as a repressor by binding to RDRM and downregulates gene
expression under normal growth conditions [12, 13, 24]. Upon radiation stress, the activated
metall o-protease Pprl cleaves the DdrO protein and thereby induces gene expression during PIR
[12, 13, 24]. This mode of gene regulation has been demonstrated with ddrB gene promoter which
harbors RDRM sequence with highest conservation. Since the RDRM in other promoters vary in
the sequence conservation, the repression of their downstream genes by DdrO can be different.
Indeed, a few RDRM containing gene promoters are tightly regulated with no basal expression
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under normal growth conditions [87], while others show significant basal expression even in the
presence of RDRM sequence [87]. To assess possible differential repression of cloned promoter
activity by DdrO protein, 10 RDRM containing promoters [ Poroo7o (ddrB), Poroogs (Ssb), Porozig
(ddrF), Poroazz (ddrA), Pproses (ruvB), Pprogsos (gyrB), Porias (hypothetical), Porioiz (gyrA),
Ppro27s (UvrB) and Pprzsss (CinA)] along with two non-RDRM promoter [Pprosos (groESL) and
Porosos (hypothetical)] taken as controls, were tested in the presence of Deinococcal DdrO protein

overexpressed in the heterologous host E. coli.

For this, the ddrO gene was PCR amplified from D. radiodurans genomic DNA with ddrO-
F/ddrO-R2 primes (Table 2.2) and cloned in pET21aexpression vector at Ndel/Hindl 1l restriction
sites. This plasmid was transformed into E. coli over expression strain [BL21 (DE3) pLysS]. The
cloning was confirmed by colony PCR with ddrO-F/ddrO-R2 (Fig.5.1A) and DNA sequencing.
DdrO protein expression was induced by adding 1mM IPTG. Appearance of intense CBB stained
protein band of correct size (14.3 kDa) (Fig.5.1B) confirmed DdrO protein expression. Maximum

protein induction was observed at 3h of IPTG induction (Fig. 5.1B).

The pKG vector carrying above mentioned 10 promoters were transformed in to E. coli cells
carrying either pET21-empty or pET21-ddrO plasmid. The promoter activity was compared in
cells lacking DdrO or having high level of DdrO and analyzed by measuring GFP fluorescence
during 3h of IPTG induction. RDRM containing promoters showed varying degree of repression
Pproo7o (3.87 fold), Porooss (3.8 fold)), Poroz1g (2 fold), Poroazz (1.5 fold), Poroses (1.8 fold), Porogos
(2.8), Pori143 (7fold), Pprigiz (2 fold), Poroo7s (1.7fold) and Pprosss (1.5 fold) of their promoter

activity in the presence of DdrO protein. The non-RDRM promoters of Pprosos and Pprosea sShowed
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Fig. 5.1. Cloning of ddrO gene in pET21 and evaluation of DdrO protein effect on various
Deinococcal promoters in heterologous E. coli. (A) Colony PCR of E. coli clones carrying
PET21-ddrO plasmid with ddrO-F/ddrO-R2 primers. Lanes: 100bp DNA marker and 1-4 PCR
products of different colonies. (B) Over expression of DdrO protein in E. coli cells. Lanes, M-
protein marker, C protein from control cells (pET21-empty) and other lanes contained protein
extracts of E. coli carrying pET21-ddrO taken at specified time points (h) during IPTG induction.
(C) Deinococcal promoters with/without RDRM were cloned in pK G vector and transformed into
E. coli (BL21a) cellscarrying either pET21-empty (control) or pET21-ddrO. The promoter activity
(GFP expression) was quantified in live cells after IPTG induction of DdrO protein.
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no change in promoter activity in the absence or presence of DdrO (Fig. 5.1C). The results
demonstrate DdrO-based repression of al cloned RDRM promoters in E. coli which isin good
agreement with the in vitro results, wherein DdrO was shown to bind a8 RDRM sequence [24].
The results reconfirm that DdrO repression occurs through its binding to RDRM, with the degree
of repression varying with RDRM sequence and possibly other regulatory elements present in the

cloned promoter.

5.2 Pprl alone cannot induce Deinococcal promoter activity in heterologous E. coli

The Pprl proteinis ageneral switch responsible for activation of severa genesduring PIR [23]. A
recent study revealed that Pprl is a metalloprotease which cleaves DdrO repressor protein (which
binds to RDRM in vitro), during PIR in D. radiodurans [13]. To assess the effect of Pprl protein
per se on the activity of Deinococcal promoters, if any, the pprl gene was PCR amplified with
pprl-F/pprl-R primers (Table 2.2) and cloned in pET21a expression vector at Ndel/HindllI
restriction site. Cloning was confirmed by colony PCR with pprl-F/pprl-R primes (Fig. 5.2A) and
DNA sequencing, while overexpressionin E. coli was confirmed by resolving Pprl proteinin IPTG
induced cells by PAGE (Fig. 5.2B). The pKG plasmids carrying cloned RDRM -based promoters
Pbroo7o, Poroogs, Poroz19, Poroazs, Poroses, P brogos, Pori143, Por1913, Pore27s and Pprzsss, or non-RDRM
promoters Pprosos, Porosss, Were transformed into E. coli BL21 cells carrying either plasmid

PET21-pprl which expresses Pprl or pET21-empty which does not express Pprl.
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Fig. 5.2. Cloning of pprl genein pET21 and itsexpression in E. coli. (A) Colony PCR of E. coli
cellstransformed with pET21-pprl plasmid construct with pprl-F/pprl-R primers. Lanes M-100bp
DNA marker, lanes 1-10 contain PCR amplicons of various colonies. (B) The pprl gene was PCR
amplified from genomic DNA of D. radioduranswith pprl-F/pprl-R primersand cloned in pET21a
vector at Ndel/Hindll1 restriction sites. Protein was over expressed by IPTG induction and whole
cell protein was extracted from samples withdrawn at different time points and resolved on 12%
PAGE gel. Lanes represent M- protein markers, C-control, while other lanes contained protein
samples taken at different time points (in hours) during IPTG induction. The 36 kDa Pprl protein
is marked with ared arrow.
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Fig. 5.3. Effect of Pprl per se on promoter activity. The pKG plasmids with different cloned
Deinococcal promoters were co-transformed into E. coli (BL21) cells harboring either pET21a-
empty or pET21-pprl plasmid. The promoter activity was monitored by quantifying the GFP
expression at 3h of Pprl induction with IPTG.
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Effect of overexpression of Deinococcal Pprl protein on promoters with/without RDRM was
evaluated in E. coli, which does not possess either the DdrO or Pprl regulatory proteins. No
significant change in promoter activity of either RDRM containing or non-RDRM promoters was
observed with Pprl proteinin E. coli (Fig. 5.3). Thisin vivo result suggests that Pprl per seis not
an activator and cannot induce the promoter activity on its own. The results indirectly support the
Pprl effect through its protease activity which cleaves DdrO repressor during PIR and switches on

the induction of several RDRM-based promoters of genes encoding DNA repair proteins.

5.3 No radiation induction of Deinococcal promotersis seen in pprl knockout mutant of D.

radiodurans

The pprl gene of D. radiodurans is a metalloprotease that cleaves DdrO repressor, thereby,
upregulating expression of RDRM-based promoters during PIR. However, proteomic
investigations have reveal ed that the gene also controls several non-RDRM promoters[23]. Over-
expression of Pprl protein aone did not affect activity of RDRM containing promoters or non-
RDRM promotersin E. coli (Fig. 5.3). But this may be because other regulatory proteins required
were absent in E. coli. To investigate the effect of absence of Pprl on promoter activity in D.
radiodurans, where all other regulatory factors would be present, a pprl knockout mutant of D.
radiodurans was constructed as described earlier [87] and is shown in Fig. 5.4. In brief, the
spectinomycin resistance cassette (SpcR) was excised by restriction digestion with Hindl11/EcoRl
from p13840 plasmid, blunted and blunt end ligated to Smal restriction digested pBluescript
plasmid to generate the pBS-spc construct (Fig. 5.4A). The upstream and downstream sequences

(~500 bp) of Deinococcal pprl (DR0167) gene were PCR amplified using pprl-up-F/pprl-upR and
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Fig. 5.4.Construction of pprl knockout mutant of D. radiodurans. (A) The schematic diagram
represents the cloning of spcR (spectinomycin) cassette which was eluted by restriction digestion
(EcoRI/Hindll) of p13840 plasmid and its clone in pBluescrpt plasmid by blunt end ligation at
Smal site. (B) Shematic representation of pprl gene aong with upstream and downstream regions.
The upstream and downstream 500bp of ppr| gene was PCR amplified using pprl-up-F/pprl-up-R
and pprl-dn-F/pprl-dn-R primers, respectively. (C) Construction of pBS-Apprl. Plasmid pBS-Spc
and pprl upstream fragment were digersted with Hindlll/Pstl and ligated to get pBS-pprl-up
plasmid. Plasmid pBS-pprl-up and ppr| downstream fragment were digeted with BamHI/Xbal and
ligated to get final construct pBS-Apprl. Thiswas transformed into D. radiodurans.
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Fig. 5.5. Confirmation of pprl knockout mutant and assessment promoter activity in pprl
mutant of D. radiodurans. (A) pprl knockout mutant was confirmed by PCR with pprl-up-F/pprl-
dn-R primers to confirm replacement of pprl gene with SpcR. Lane M: 1kb DNA marker, lane 1:
wild type with ~2kb size band (500bp up+1kb pprl gene+500bp down region), lane 2: mutant with
~1.9kb size band (500bp up+900bp SpcR+500bp down region). PCR amplicons of wild type and
mutant with pprl gene specific primers pprl-F/pprl-R, lane 3 ~1kb band of pprl genein wild type
and lane 4: no band in mutant confirming deletion of pprl gene. (B) The pKG harboring RDRM
promoters Pproozo and Ppri14z and non-RDRM promoter Pprosos Were transformed into D.
radiodurans pprl knockout mutant and the promoter activity was quantified at 4h of PIR.
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pprl-dn-F/pprl-dn-R primers (Table 2.2), respectively. The pprl-up and pprl- dn DNA fragments
were digested with Hindlll/Pstl and BamHI/Xbal restriction enzymes respectively and cloned
in identical sites in pBS-spc on either side of spcR cassette, to generate plasmid pBS-Apprl (Fig.
5.4B). Cloning of correct sequences was confirmed by colony PCR with pprl-up-F/ pprl-dn-R and
DNA sequencing. The pBS-Apprl construct was transformed into D. radiodurans competent cells
and selected on the TGY agar plate containing spectinomycin (100 pg/mL). Positive transformants
were subjected to 15 seria passages to obtain homozygous pprl deletion mutant. The mutation
was ascertained by PCR amplification either using (@) pprl-up-F/pprl-dn-R primers to confirm
replacement of pprl gene with Spc or (b) pprl-F/pprl-R primers to ascertain absence of pprl gene
from pprl knockout mutant (Fig. 5.5A). The pprl knockout mutant of D. radiodurans grew at rates

comparable to the wild type strain under normal growth conditions.

Two highly inducible RDRM containing promoters (Poroo7o, Por1143) and one strong non RDRM
promoter (Porosos) Were tested in pprl knockout background of D. radiodurans by quantifying the
GFP fluorescence under normal growth and radiation stress conditions. As expected, no changein
basal promoter activity was observed but the radiation induction was completely abolished (Fig.
5.5B). The results demonstrate that Pprl protein is essential for radiation induction of RDRM-
based promoters. These data substantiate the DdrO/Pprl model of radiation regulation at RDRM,

proposed earlier based on in vitro studies [13], and further establish it in vivo.

5.4 Mutationsin Pprooro promoter
One of the top five radiation responsive genes of D. radiodurans which showed highest fold
change during PIR isthe ddrB (DR0070) gene [89]. Following gammauirradiation, transcription of

ddrB gene is known to be induced several fold, [6, 89] and its protein is synthesized de novo [8,
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125]). In the present study, the ddrB promoter showed very weak activity under norma growth
conditions but showed time dependent increase following gamma irradiation, ~25 fold increase at
4h of PIR, suggesting its tempora regulation. RDRM present upstream of ddrB gene is highly
conserved in its sequence and location among all the sequenced Deinococcal genomes and hasthe
highest score 5.24 (score cal culated based on positiona weight matrix) in both D. radiodurans and

D. geothermalis [10].

The ddrB gene promoter was chosen to systematically investigate the role of RDRM sequence in
radiation-responsive temporal regulation of ddrB gene. RDRM is located immediately
downstream of -10 sequence in this promoter. The site directed mutagenesis approach was
employed to reconstruct ddrB promoter (Pproo7o-1) With a series of RDRM sequence mutants
wherein either (a) most conserved bases of RDRM were mutated (G5A, C13T) (Poroo7o-2), (b) 5
bases from 5’ end of RDRM were del eted (Pproo7o-3), (€) RDRM sequence was compl etely deleted
(Pproo7o-4) or (d) RDRM was replaced with random DNA sequence of the same length (5°-
GTTCGGGCTCTTGCGAA-3") (Poroo7o-s) (Fig. 5.6A). The aforesaid five promoter mutants were
constructed by amplifying the mutated fragments by PCR using single forward primer and
different reverse primers carrying specified mutations (PO070F/R3, POO70F/R4, PO070F/R5,
PO070F/R6 and POO70F/R8 primer pairs respectively) (Table 2.2). Except for the specific
mutationsin RDRM sequence, rest of the promoter sequence was kept identical in all the promoter
mutants, for easy interpretation of the role of specific basesin determining GFP fluorescence. All
the promoter mutants, except for Pproo7o-3, displayed very low GFP expression (Fluorescence <
200 AU/Aeo0) similar to native ddrB promoter (Pproo7o-1) and empty vector control (Fig. 5.6B).
Significantly high basal GFP expression (8 fold more than Pproo7o-1) Was observed in cells carrying

Pboroo7o-3 (Fig. 5.6B). The data suggest that (a) ddrB promoter is negatively regulated by presence
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of RDRM cis-element under normal conditions and (b) Pproo7o-3, where 5 bases were deleted from
5’ end of RDRM sequence, exhibited high basal promoter activity, probably due to inability of
mutated RDRM to bind to DdrO repressor. Further, the ability of ddrB promoter mutantsto drive
gamma radiation inducible GFP expression was also assessed. Compared to wild type ddrB
promoter (Poroo7o-1), gamma radiation inducible GFP expression by Pproo7o-2 decreased 2 fold
while the other 3 mutants did not display any significant change in GFP expression throughout
PIR (Fig. 5.6C). Absolute GFP fluorescence quantitation reveal ed that GFP expression by Pproo7o-
2> and Pproo7o-3 Was nearly similar (Fluorescence ~ 2000 a.u./Asoo = 1) at 4h PIR (Fig. 5.6D) but
radiation induction was 2 fold less than Pproo7o-1 (Fluorescence ~ 4000 a.u./Asoo = 1) (Fig. 5.6C).
In comparison mutants Pproo7o-4 and Pproo7o-s showed GFP fluorescence close to the irradiated
empty vector control (Fluorescence < 100 a.u./Aeso = 1) (Fig. 5.6D). Thus, mutation in the most
conserved bases of RDRM (G5A, C13T) decreased gamma radiation responsive gene expression
although basal level of gene expression remained unaffected. Further, GFP expression by Pproozo-
2 during PIR was similar to the mutant that lacked 5 bases (Pproo7o-3). It indicates possible
involvement of an inducer/activator protein that binds to RDRM at the same binding site as that
of repressor after its degradation by Pprl, but specifically needs the most conserved bases (G5 and
C13) for optimal binding. Location of TSSis not known in ddrB promoter of D. radiodurans but
is likely to be within the RDRM which is just upstream of ATG start codon, asis case in the D.
deserti ddrB gene, since () deletion of initial 5 bases did not decrease GFP fluorescence but (b)
deletion of entire RDRM sequence or its replacement with non-specific sequence completely
abolished basal as well as radiation inducible gene expression. Generally promoters are present

upstream of transcription start site (TSS). To understand why above RDRM variants Pproo7o-2 and

Page | 139



Poroo7o-5 did not show any activity, the transcription start site (TSS) of ddrB gene was mapped by

primer extension method.
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Fig. 5.6. Analysis of Pbroo7o promoter mutants in D. radiodurans (A) Schematic diagram
represents various mutants made in Pproozo promoter, in Poroozo-s the RDRM was replaced with a
non-specific sequence of same length (light blue), (B) Basal promoter activity of mutants under
normal growth condition. (C) Kinetics of promoter activity of mutants shown in (A) during PIR
up to 6h. (D) Comparison of basal and radiation induced promoter activity at 4h of PIR.

Page | 140



To find exact location of promoter of any gene finding TSSis very important. Generally TSSlies
within 100-200bp upstream sequence from trandlation start site in bacteria. Whole RNA
sequencing of D. deserti revealed that around 60% of its genes are leaderless or have very short
upstream sequences [9]. TSS of ddrB gene was mapped by primer extension analysis as described
in Material and Methods (Chapter 2). TSS of DR0070 was found to be G at -15" position from
translation start codon. It is present within the 3’ region of RDRM (Fig. 5.7). This is due to
disruption of its TSS which lieswithin the RDRM, the above mentioned mutants did not show any
activity. Since TSSispart of RDRM in Poroo7o promoter and deletion of RDRM disturbed the TSS,

no further mutations were made in this promoter.
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Fig. 5.7. Transcription start site (TSS) mapping of ddrB gene. TSS was mapped by primer
extension method using [y-*?P] labeled reverse primer POO70Rseq. The arrow indicates cDNA
band on the gel. The position of TSS of ddrB is indicated with asterisk in red color, the number
shows its position with respect to ATG start codon.
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5.5 Mutagenesisin Pbrogos promoter

The Porosos promoter is highly active under normal growth conditions in D. radiodurans as well
as in the heterologous host E. coli (Figs. 4.7-4.8, Chapter 4). This promoter harbors E. coli -10, -
35 like consensus sequences and shows high basal activity and 6 fold induction during PIR in D.
radiodurans (Fig. 4.2, Chapter 4). The RDRM is positioned in this promoter just 5bp upstream of
the -35 sequence and -257bp upstream of +1 ATG codon. To understand the role of RDRM in
promoter activity of Porosos Several mutations were constructed systematically (Fig. 5.9). TSSin
this promoter is not known. Hence the transcription start site (TSS) of this promoter (Pprosos) Was
first mapped by primer extension method (Fig. 5.8). The TSS was found to be located C at -200

position from translation start codon and 11bp downstream of -10 like sequence (Fig.5.8).
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Fig. 5.8. Mapping of TSS of gyrB gene. The TSS mapping of gyrB (DR0906) gene was done by
primer extension method using [y->2P] labeled primer PO906Rseg3. The arrow indicates cDNA
band on the gel. The position of TSS of gyrB isindicated with ared asterisk, the number showsits
position with respect to ATG start codon.
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The different mutations constructed in the native promoter Pprogos-1 Were: complete RDRM
deletion (Pprosos-2), reverse orientation of RDRM (Pprogos-3), point mutation of two highly
conserved bases (G5A, C13T) from RDRM (Pbrogos-4), Sbp deletion from 5’end (Pprogos-5) Or from
3’ end (Pprogos-6) of RDRM individually, duplication of RDRM (Pprogos-7), shifting of RDRM to
extreme upstream position (Pprooos-s), deletion of RDRM with complete upstream region
excluding (Pprogos-9) or including (Pprogos-10) the -10, -35 like sequences (Fig. 5.9). The complete
RDRM deletion (Pprosos-2) caused marginal increasein promoter activity but completely abolished
the radiation induction. Similar results were obtained when the whole upstream region (141bp)
including RDRM (Porogos-9) Was deleted from Pprogos-1 promoter. Drastic reduction of basal level
aswell asradiation induction of promoter activity was seen when whole upstream region (173bp)
including -10,-35 sequences up to TSS was deleted (Porogos-10). This is expected of such deletion
of 173bp, which results in loss of core promoter preventing initiation of transcription by RNA

polymerase.

The other mutations in RDRM were created by splicing PCR using specific primers carrying
desired mutations. The point mutations in two highly conserved bases of RDRM at 5" and 13"
positions to G5A and C13T were carried out using PO906F1/P0906R4a and PO906F10/PO906R1
primers (Table 2.2). In this mutation basal promoter activity was increased by 2 fold but radiation
induction was drastically reduced from 6 to 1.5 fold (Fig. 5.11). This again confirmed that these
two bases are very important for DdrO/RDRM interaction and repression as well as radiation
induction of promoter activity. The 5 bases form 5° end were deleted (Pproososs) by using
PO906F1/PO906R5 and PO906F11/PO906R1 primers (Table 2.2). The 5 bases form 3’ end were
deleted (Porososs) by using PO906F1/PO906R6 and PO906F12/PO906R1 primers (Table 2.2).

Deletion of 5 bases from 5’ end of the RDRM (Ppbrogos-s) Slightly increased the basal activity but

Page | 143



the radiation induction was completely lost. However deletion of five bases from the 3’ end of
RDRM in Pprogos-6 resulted in a 5-fold increase in basal expression but only a minor radiation
induction was seen during PIR (Fig. 5.11). The results suggest that for this promoter the 5 bases
from the 3° end of RDRM are more critical for the negative regulation as well as radiation

induction from RDRM in this promoter, which has RDRM just upstream of the core promoter.

E. coli like promoter
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Fig. 5.9. Various mutants of Pproges promoter. The schematic diagram of different Pprooos
mutants constructed by splicing PCR (Porogoe-2 t0 Porogos-7) and other variants (Porogos-1, Porosos-8
to Pprogos-10) by normal PCR using respective primers as describe in the section 5.6. There is
another ATG (black bar) was observed with RBS sequence at -100 bp upstream to annotated ATG
(Green bar).
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55.1 RDRM reversal causes stronger repression of Pprogs promoter activity in D.

radiodurans

As mentioned earlier, the RDRM is a degenerate palindrome [10]. Generaly palindromic
sequences, like restriction endonuclease sites, work in both orientations. To assess the activity of
RDRM in reverse orientation, the 17bp RDRM was cloned in reverse orientation at the same
location as in the native wild type promoter, keeping all the other Pprooos promoter features intact
(Pprooos-3). The cloning was done by splicing PCR using PO906F1/P0906R4 and
PO906F9/PO906R1 primers (Table 2.2). The basal activity of this mutant was reduced 4 fold.
During PIR, following 6 kGy of gamma irradiation, the activity of promoter with reverse oriented
RDRM was however induced 10 fold as against 5 fold induction of the native promoter (Fig. 5.11).
This suggests that in reverse orientation, RDRM acts as a more stringent negative regulatory cis-
element and further enhances radiation induction. It is possible that in reverse orientation RDRM
may control any upstream genes which are transcribed in opposite direction to that of DR0906
(gyrB) gene. In silico analysis showed three hypothetical genes DR0905, DR0904 and DR0903 in

opposite orientation to DR0O906, of which DR0905 sequence overlapped with DR0906 (Fig. 5.10).

DR0907
DR0906 :>

1< DR0904 < DR0905

Fig. 5.10. Location of DR0906 gene in the genome of D. radiodurans. Schematic diagram shows the
genesin the vicinity of DR0906 and their orientation.
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No radiation induction was found at transcriptional level or protein level for DR0904 and DR0903
genes, but 3 fold radiation induction of DR0905 has been reported at transcriptional level [6, 8]
and the promoter for DR0905 is located far downstream from the RDRM sequence. This shows

that the RDRM is not regulating the upstream genes in reverse orientation.
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Fig. 5.11. Assessment of promoter activity of Pbrosss mutants. The D. radiodurans clones
carrying pKG with different Porogos promoter variants were exposed to 6 kGy gamma radiation
and the promoter activity was measured by quantifying the GFP fluorescence at 4h of PIR.
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5.5.2 Additive effect of double RDRM introduction

DdrO protein requires complete 17bp RDRM to bind and repress the promoter activity [12]. If this
is true, then DdrO should bind wherever RDRM s located in the genome. If there are more than
one RDRM the repression may increase further. To examine possible additive effect of RDRM on
promoter activity, one more identical RDRM was cloned in Pprooos at -179 position, downstream
of the core promoter, in addition to the native one at -257 position (Pprosos-7). The extra RDRM
was introduced by splicing PCR using PO906F1/P0906R7 and PO906F13/PO906R1 primer pairs
(Table 2.2). As expected, it showed additive repression of basal promoter activity (Fig. 5.11), but
similar fold induction in promoter activity during PIR. The results indicated that DdrO binds to
RDRM and represses promoter activity evenif it islocated downstream of the core promoter. But
it cannot induce promoter activity post-irradiation when it is downstream of core promoter. The

effect of RDRM on gene expression, therefore seems to be context specific.

5.5.3 Assessment of promoter activity of Porosos mutantsin the presence of DdrO protein in

heterologous E. coli cells

To determine the activity of Pprosos promoter variants in the presence of DdrO protein in E. coli,
the pKG vector with all the Pprogos promoter variants were individually transformed into E. coli
cells carrying pET2-ddrO (which would express DdrO in E. coli) or pET2-empty (DdrO absent)
as explained in the previous section 5.3. The promoter activity was monitored during 3h of IPTG
induction of DdrO expression by quantifying the GFP fluorescence. Repression was observed in
the promoter construct with reverse RDRM or with double RDRM sequence, as was also seen with

the native promoter in the wild type D. radiodurans under normal growth conditions. In all other
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variants no repression was observed compared to control. The results showing that DdrO protein
repress promoter activity of RDRM promoter variants in a ssmilar way in both organisms (Fig.

5.12).
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Fig. 5.12. Analysis of activity of various Porogsos promoter mutants in presence of DdrO in
heterologous E. coli. The Pprosgos mutants cloned in pKG plasmid were transformed into
recombinant E. coli carrying pET2-empty or pET2-ddrO. DdrO protein expression was induced
by IPTG and the promoter activity was monitored by quantifying the GFP fluorescence.
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5.6 Promoter proximity of RDRM is crucial for induction of gene expression following

irradiation

The Porogos promoter showed additive repression when RDRM sequence was duplicated in Porosos
promoter but failed to cause additive induction in PIR (Fig.5.11). These results indicated that
radiation induction by RDRM is context specific or involves another positive regulator during PIR.
To investigate if RDRM aone is responsible for radiation inducible promoter activity following
repressor clearance or involves another activator protein that binds to RDRM or other sequences
near RDRM, the RDRM sequence of Pprogos Was introduced in to a non-RDRM promoter Pprosos
(Fig. 5.13A) close to its TSS and its effect on gene expression in unirradited and irradiated cells
was tested. The native non-RDRM PgroESL gene promoter-reporter construct (Pprosos-1) displays
high GFP expression but no radiation induction (Fig. 5.13B and C). Introduction of RDRM (from
gyrB promoter) at -14 position in groESL (Pprosos-2) (Fig. 5.13A) resulted in about 5 fold
repression of promoter activity under normal growth conditions (Fig. 5.13B). However, this
RDRM-inserted promoter-reporter construct neither displayed radiation-induced promoter activity
nor restored basal promoter activity upon gamma irradiation (Fig.5.13C). Thus, introduction of
RDRM in the non-RDRM promoter repressed gene expression, but its mere presence was not

sufficient for radiation induction.

To evaluate whether RDRM effect is context specific or not, the RDRM was grafted close and
upstream of the promoter. The TSS and -10, -35 like consensus sequences are known for groeESL
gene promoter [15]. To mimic the Pprogos promoter structure in Poroeos, the RDRM sequence from
gyrB promoter was introduced just 5 bases upstream of -35/-10 sequence in groES. promoter
(Pprosos-3), as it was in its native gyrB promoter. Poroeos-3 promoter-reporter variant (Fig. 5.13A)

repressed GFP fluorescence by 2.2 fold under normal growth conditions (Fig.5.13B) and
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expression levels of native groESL gene promoter (Pporosos-1) Were achieved upon irradiation (Fig.
5.13C). Next the promoter sequence upstream to -35 sequence from gyrB promoter including
RDRM was grafted immediately upstream of -35 sequences of groESL gene promoter to get a
chimeric promoter (Pproeos-4) (Fig. 5.13A). The basa as well as radiation inducible GFP

fluorescence by Pproeos-4 remained similar to GFP fluorescence by Pprosos-3 (Fig. 5.13B and C).
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Fig. 5.13. Construction of Porosos mutants containing RDRM graftsat different locationsand
analysis of their activity in D. radiodurans. (A) Schematic representation of structure of various
Porosos promoter variants. (B) The basal level activity of D. radiodurans clones carrying Pprosos
promoter variants, during normal growth conditions. (C) The activity of Pproeos promoter variants
at 4h of PIR following 6 kGy gamma radiation.
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When RDRM sequence from chimeric promoter Pprosos-4 Was deleted keeping al other sequence
unchanged to obtain promoter construct Pprososs (Fig.5.13A), the basal as well as radiation
inducible GFP fluorescence levelswere similar to those observed for native groESL gene promoter
(Porosos-1) (Fig. 5.13B and C). These results revealed two important aspects of RDRM mediated
gene regulation (@) radiation induction, which relies on cleavage of repressor DdrO bound to
RDRM sequence, requires close proximity of RDRM and the core promoter, and (b) radiation
induction appearsto result in restoration of maximal de-repressed promoter activity upon repressor

clearance.

5.7 Discussion

Bacteria are constantly exposed to fluctuating environmental stresses, irrespective of their natural
habitat. In response to stress, bacteria ater the pattern of gene expression, especialy for those
genes whose products are required to combat the del eterious effects of environmental insult [15].
The stress responsive genes are under tight repressed condition in normal growth conditions. As
the bacteria experience the stress, these genes get up-regulated either by releasing the repressor
from operator or binding the enhancer molecule/transcription factor to the promoter. Negative
regulation of gene expression by an autoregulatory repressor under normal growth conditions is
relatively common in bacteria. [134]. Some of the extensively studied examples of autoregul atory
repressors include LexA, OxyR and SoxS involved in stress responses or Lacl, AraC, GalS and
TrpR repressors involved in metabolism [134]. D. radiodurans exploits this negative
autoregulatory circuit to mount a prompt response to substantial DNA damage caused by gamma
rays. RDRM-DdrO interaction was reported earlier in vitro for RDRM promoters[24]. Theinvivo

over expression of DdrO in presence of RDRM promotersin heterologous E. coli resulted in strong
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repression of promoter activity (Fig. 5.1C), which substantiated the earlier reported in vitro results.
No change in promoter activity was observed in vivo either in Pprl over expressed strain of E. coli
cells (Fig. 5.3) or pprl knockout mutant of D. radiodurans which were carrying Deinococcal
promoters (Fig. 5.5B), suggesting thereby that Pprl alone does not affect the promoter activity,

rather it activates gene expression by cleaving the repressor protein during PIR.

With details of interactions between cis-regulatory element RDRM, autoregulatory repressor
DdrO and DdrO-specific protease Pprl known from the published literature[12, 13, 24] and results
obtained by RDRM mutation analyses in this study, it is possible to dissect functional aspects of
RDRM-based promotersin D. radiodurans in vivo. The core promoter comprising of -10 like AT
rich motif and TSS is present in mgjority of the Deinococcal promoters [9] and is necessary for
transcription. Two highly conserved bases of RDRM are very important for radiation induction.
But these may not interfere with RDRM-repressor interaction, because when these bases were
mutated in the ddrB (Poroo7o) and gyrB (Porosos) promoters the radiation induction of promoter
activity came down but no change in basal activity was observed. Deletion of 5 bases from RDRM
increased basal promoter activity but lost radiation induction in both ddrB (Pproo7o) and gyrB
(Porogos) promoters. It is interesting that 5 bases from 5’end in Pproo7o are asimportant as 5 bases
of the 3” end in Pprosos. Whilein Porooro RDRM islocated downstream of core promoter, in Porogos
RDRM islocated upstream of core promoter. These data, therefore, suggest that RDRM bases (and
DdrO bound there) facing the RNA polymerase, interact with it stronger and may play a greater
role in stalling RNA polymerase at the core promoter, than the bases at the opposite end. Upon
clearance of DdrO from RDRM by Pprl post irradiation the stalled RNA polymerase takes off to
result in far enhanced transcription than what is achieved in the absence of DdrO/RDRM

interaction in mutants carrying modified or deleted RDRM.
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RDRM works as negative regulator when introduced in to anon-RDRM promoter (Porosos-2) (Fig.
5.12) and causes additive repression when it is duplicated in gyrB (Porosoe-7) promoter, but it does
not restore the wild type promoter activity (Fig. 5.10) indicating the additional RDRM acts only
negatively, both in normal and radiation stress conditions, when it is present away from the core
promoter. No radiation induction is observed also when the RDRM is shifted far upstream from
core promoter in (Pprosos-8) (Fig. 5.10). The results thus demonstrate that positioning of RDRM in
close proximity of promoter is necessary for maximal induction of DNA damage responsive genes

in D. radiodurans recovering from DNA damage inflicted by gammairradiation.

Repression of RDRM-based promoters under normal growth conditions could be explained on the
basis of ‘interference with transcription” model. When RDRM overlaps with core promoter or is
located in the close vicinity, upstream or downstream of the core promoter, binding of DdrO
repressor would prohibit binding and/or movement of RNA polymerase resulting in maximal
repression. However, either deletion of RDRM sequence or mutationsin the RDRM sequence, that
diminish repressor binding at RDRM, lead to only a small incremental increase in promoter
activity (which is much less than the radiation induced promoter activity that follows DdrO
clearance upon irradiation) and abolishes radiation induction. Relocating RDRM far downstream
from the core promoter retains repression due to transcriptional interference but abolishesradiation
induction. On the other hand DdrO/RDRM interaction happening far upstream of core promoter
does not interfere with transcription and has no effect on promoter activity, both in case of agrafted

promoter or in case of anatural promoter. Thus, presence of RDRM and its proximity to the core
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Fig. 5.14. Model of Gene regulation by RDRM in D. radiodurans. Different molecules involved in
regulation under normal and radiation stress conditions are shown with different colors. The possible
interactions between DdrO bound to RDRM and RNA polymerase are shown with question mark.
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promoter are essential prerequisites for induction of gene expression following irradiation. Interpretation

of this observation requires explanation beyond ‘transcription interference” model.

Dependence of radiation induction on close proximity of RDRM to core promoter and RDRM-DdrO
interactions can be explained by the assumption that DdrO bound to RDRM physically interacts with RNA
polymerase. When RDRM is present right in the core promoter region, it would interfere with RNA
polymerase binding and transcription initiation itself resulting in near zero transcription. When present in
close proximity (6-29 bp upstream or downstrean) of the core promoter, such interaction may stall RNA
polymerase and prevent initiation of transcription. Further enhancement in gene expression would then
occur following repressor clearance by irradiation-activated Pprl protease. Relocating RDRM far
downstream of core promoter would not cause stalling of RNA polymerase but may interrupt elongation
resulting in (a) repression of promoter activity that depends upon a chance interaction of RNA polymerase
with core promoter and the strength of promoter, and (b) complete loss of radiation induction. RDRM
located too far upstream of core promoter cannot stall transcriptional machinery through DdrO and does
not exercise any control on regulation of RDRM-based promoters. The results obtained in this study, thus
better fit ‘stalled transcription model’ than ‘transcription interference model’ and are summarized in Fig.
5.14. The stalled transcription model needs to be substantiated by protein-protein interaction studies in

future.
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Chapter 6

Summary and Conclusions
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Summary

The salient findings of the present work are as follows:

A gene encoding the green fluorescent protein (gfp-mut2) was cloned in the pre-existing

Deinococcus-E. coli shuttle vector pRAD1 to generate a GFP-based promoter probe vector.

However, the vector exhibited |eaky GFP fluorescence even in the absence of a promoter.

The desired shuttle vector was generated by following improvisations :

1.

A rho-independent transcription terminator (term116) from D. radioduranswasintroduced
upstream of the gfp gene in pRAD-gfp to prevent leaky expression.

The antibiotic resistance genes CmR and AmpR were replaced with a single kanamycin
resistance marker (Kan®), which functions in both E. coli and D. radiodurans.

A new multiple cloning site (MCS) with eight unique restriction sites was inserted.

A 386bp sequence, harbouring an E. coli promoter-like sequence, and a 305bp sequence
(with no known function) present downstream of KanR cassette were removed from pKG

to eliminate leaky GFP expression.

The final GFP-based promoter probe shuttle vector pK G was validated as follows :

=

It could be restriction digested at each of the 8 restriction sites present in its MCS.

It displayed no background GFP fluorescence in E. coli or D. radiodurans in the absence
of acloned promoter.

It expressed the strong Deinococca Pgroes. (Porosos) promoter constitutively in E. coli and
in D. radiodurans.

It showed the expected radiation induction of Deinococcal Pss, promoter during PIR in D.

radiodurans but not in E. coli.
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Based on the available transcriptomic (microarray, real time PCR) and proteomic data,
mutation phenotypes and in silico analysis, 20 D. radiodurans genes were selected for
promoter study.

Genes selected for promoter analysis included radiation-induced genes (with or without
RDRM and/or E. coli-like-10, -35 hexameric sequences), and acoupl e of radiation-insensitive
genesaswell.

About 300-500bp upstream DNA sequence of all the 20 selected genes was PCR amplified
and individually cloned in the MCS of pKG vector. The cloning was confirmed by colony
PCR, restriction digestion to release the cloned insert, and finally by DNA sequencing.

The Deinococcal promoters harbouring E. coli like -10, -35 consensus sequences expressed
well in E. coli, while promoters which lacked these showed weak or no GFP fluorescence.
Such hexameric sequences were dispensable for gene expression in D. radiodurans.

D. radiodurans promoters containing RDRM sequences showed low or no basal promoter
activity while promoters which lacked RDRM showed high basal activity in D. radiodurans.
Expression of these genesin E. coli was not influenced by the presence/absence of RDRM.
RDRM thus appeared to play arole as a negative regulatory element in D. radiodurans, but
not in E. coli. RDRM deletion increased the basal promoter activity but abolished radiation
induction in D. radiodurans.

No radiation induction of Deinococcal promoters was observed inirradiated E. coli cells.

All RDRM containing promoters were repressed in E. coli expressing Deinococcal DdrO
protein. Non-RDRM Deinococcal promoters were unaffected by presence of DdrO in E. coli.
Overexpression of Pprl protein alone did not alter promoter activity of RDRM/non-RDRM

promoters in E. coli. Basal promoter activity of Deinococcal promoters did not change, but
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their radiation induction was abolished in pprl deletion mutant (Apprl) of D. radiodurans. This

clearly shows that Pprl protein isessentia for radiation induction of Deinococcal promotersin

D. radiodurans. DdrO/Pprl model of regulation of RDRM containing promoters thus stands

vindicated for Deinococcal RDRM-based promotersin vivo.

Mutational dissection of the Deinococcal Pproo7o promoter in D. radiodurans, wherein the core

promoter lies immediately downstream of RDRM, revealed the following :

1. Mutations (G5A and C13T) in two highly conserved bases of RDRM produced no change
in promoter activity, but lowered the radiation induction.

2. Deletion of 5 bases from 5’ end of RDRM resulted in high basal promoter activity.

3. Deletion or complete replacement RDRM with a random sequence of same length
abolished both the basal promoter activity aswell asits radiation induction.

Different promoter variants were constructed in Pprogos, Wherein RDRM lies immediately

upstream of core promoter, such as complete RDRM deletion, deletion of 141bp and 173bp

upstream sequence, mutation of two conserved bases at 5" and 13" position of RDRM, 5base

deletion either from 5’ end or 3’ end of RDRM, RDRM reversal, duplication of RDRM, and

shifting the position of RDRM to far upstream of the core promoter sequence. These revea ed

the following information :

1. RDRM reversal further repressed promoter activity but had no effect on radiation
induction. Thus DdrO can bind and repress promoter activity in both RDRM orientations.

2. Deletion of 5 bases from 3’ end of RDRM enhanced basal promoter activity far more than
the deletion of 5 bases from 5 end. Combined with similar deletions in Pproo7o promoter,
the data suggest that the 5 bases closer to the core promoter are very important for

repression.

Page | 159



3. RDRM duplication caused additive repression but retained normal radiation induction.
Shifting RDRM far upstream moderately increased the basal activity but lost the radiation
induction. Thus, the repressive as well as radiation induction effects of RDRM appear to
be context specific or position-dependent.

Introduction of RDRM from the most radiation-induced promoter Pprogos in to @ non-RDRM

promoter Porosos had following effects:

1. Introduction at -14 position, far downstream of core promoter, resulted in loss of basal
promoter activity but showed no radiation induction of gene expression.

2. Introduction at 5 bases upstream of -35 sequence in Pprosos, Which mimicked its location
in PDR0O906, caused strong repression of basal promoter activity. The original promoter
activity was restored upon radiation induction.

RDRM grafting experiments in to non-RDRM promoters clearly reveded that RDRM

interferes with transcription even when it is present downstream of TSS, but radiation

induction requires its presence in close proximity of the core promoter.

In agreement with this, most RDRM-based Deinococcal promoters harbor RDRM in close

proximity of the core promoter.

Deletion of RDRM causes a smaller derepression of basal promoter activity than what is

observed upon irradiation. Thus location, orientation, sequence and proximity of RDRM to

core promoter and its interaction with DdrO determine the magnitude of radiation induction.

Grafting of whole Pporogos upstream region without RDRM in to Pprosos had no effect on

promoter activity under normal conditions or during PIR. This highlights importance of

RDRM/DdrO interaction per se in repression and radiation induction and rules out possible

interaction of another activator in close vicinity of RDRM.
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Conclusions

Presence of E coli-like -10, -35 consensus sequences are necessary for Deinococcal promoters
to be active in E. coli, but these sequences are dispensablein D. radiodurans.

RDRM based repression of promoters operates through its interaction with DdrO. RDRM
proximity to core promoter completely stalls transcription while RDRM present far
downstream can also cause transcriptional interference. When present far upstream of core
promoter RDRM does not exert arepressive effect.

Context specificity of RDRM for radiation induction is explained by sudden release of
transcriptional stalling upon clearance of DdrO bound to RDRM (when present close to core
promoter) by Pprl protease post-irradiation. Such effect is not seen if RDRM is located far

away from the core promoter.

Futuredirections

The present work has generated important leads for both basic and applied research on

Deinococcal radiation-responsive promoters. These are:

1. Physical interaction of DdrO, bound to RDRM, with transcriptional machinery needsto be
demonstrated experimentaly, both in vitro and in vivo, to establish the need for core
promoter proximity of RDRM for radiation induction.

2. Mechanisms underlying radiation induction of certain non-RDRM promoters needs to be
elucidated.

3. Selected radiation-responsive superior Deinococcal promoters can be recruited for
bioremediation of metals and organic wastes in high radiation environment of nuclear

waste.
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Appendix

pK G vector sequence

GACCT GCAGGEGEEGEEEEEEGAAAGCCACGT TGTGTCTCAAAATCTCTGATGT TACAT TGCACAAG
ATAAAAATATATCATCATGAACAATAAAACT GTCTGCT TACATAAACAGT AATACAAGEEGT GT
TATGAGCCATAT TCAACGGGAAACGT CTTGCTCGAGGCCGCGAT TAAAT TCCAACAT GGATCGCT
GATTTATATGGEGTATAAAT GEGCTCCCGATAAT GT CGEGCAAT CAGGT GCGACAATCTATCGAT
TGIATGGGAAGCCCGATGCGCCAGAGT TGT TTCTGAAACATGECAAAGGTAGCGT TGCCAATGA
TGTTACAGATGAGATGGT CAGACTAAACT GGCTGACGGAAT TTATGCCTCT TCCGACCATCAAG
CATTTTATCCGTACTCCTGATGATGCATGGT TACT CACCACT GCGAT CCCCGGGAAAACAGCAT
TCCAGGTATTAGAAGAATATCCTGATTCAGGT GAAAATATTGT TGATGCGCTGECAGI GI TCCT
GCGCCGGT TEGCATTCGATTCCTGI TTGTAATTGTCCTTT TAACAGCGATCGCGTATTTCGICTC
GCTCAGGCGCAATCACGAATGAATAACGGT TTGGT TGATGCGAGT GATTTTGAT GACGAGCGT A
ATGGECTGECCTGT TGAACAAGT CTGGAAAGAAATGCATAAGCT TTTGCCATTCTCACCGGATTC
AGTCGTCACTCATGGTGATTTCTCACT TGATAACCT TATTTTTGACGAGGGGAAAT TAATAGGT
TGTATTGATGI TGGACGAGT CGGAAT CGCAGACCGATACCAGGATCTTGCCATCCTATGGAACC
GCCTCGGTGAGT TTTCTCCTTCATTACAGAAACGCCTTTTTCAAAAATATGGTATTGATAATCC
TGATATGAATAAATTGCAGI TTCATTTGATGCTCGATGAGT TTTTCTAATCAGAATTGGT TAAT
TGGI TGTAACGAATAT CGCGAGGCCT CGAGGT CAAAAAAT CCCCCCAEGT GGCAAT CCGGEEEEGET
TTTTTGACGGTATCGATAAGCT TGATAGATCTACTAGT GCGECCCCGGTACCT TAGAGT CGACG
ATATCATCGAAT TCCATATGAGT AAAGGAGAAGAACTTTTCACTGGAGT TGTCCCAATTCTTGT
TGAATTAGATGGT GATGI TAATGGGCACAAATTTTCT GT CAGT GGAGAGGEGT GAAGGT GATGCA
ACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCT GT TCCATGGCCAA
CACTTGICACTACTTTCGCGTATGGT CTTCAATGCT TTGCGAGATACCCAGATCATATGAAACA
GCATGACTTTTTCAAGAGT GCCATGCCCGAAGGT TATGTACAGGAAAGAACTATATTTTTCAAA
GATGACGGGAACTACAAGACACGT GCTGAAGT CAAGT TTGAAGGT GATACCCTTGT TAATAGAA
TCGAGT TAAAAGGTATTGATTTTAAAGAAGATGGAAACAT TCTTGGACACAAATTGGAATACAA
CTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGI TAACTTC
AAAATTAGACACAACAT TGAAGATGGAAGCGT TCAACTAGCAGACCATTATCAACAAAATACTC
CAATTGECGATGECCCTGI CCTTTTACCAGACAACCATTACCTGT CCACACAATCTGCCCTTTC
GAAAGAT CCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGT TTGTAACAGCTGCTGGGAT T
ACACATGCCATGGATGAACTATACAAATAAGGAT CCGAT TCGACCT GCAGGECATGCAAGCTGTA
CGCCTCAGCTACCATTCTTGCAGCCGCGT TCAGEGTCTTGACGTGT TCTTTGTATCTATCAGCA
AACTGAGAACCCAATTCTGGATCATCCTTGTAACGCCAACT CTCCGACCAT TCCGAAGGAACGC
CTTGTAGICCTCCTGAGCCGT TAGGGTATGTCTTTAGI CCAATCAAATGGGACATTTGCAGACA
GGAACGCACAAGI GTCTCACGTCCCTTCTCTATTTCAATATCTAAAAATTCTTCACTCTTATCG
TTGCTTGACATATTAAAACTGTCTAACTGATCCAGI TCACTTATATGGAAAGTATCACTAAAGT
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CATGCCTTCTCAGAAATTCAATACTTCCCAT TGAT GGGGACCGGET TAACCAAAT CGATAAAAAT
TTTTCTGTCATGITTCAGATAAGT TTTTGGECGCGT TGATTTTATAATAAAGCCGCCATTCTTGT
GCCAACAACGCCACGAAAAGAGCCACAGCAGCAGCGEECCACATCCCATTGAAAATCTTTCGCCA
GACCAACCGCCAGGAGAACCAAGCCGAAATAGT TAGCCCAGCGAACTAAAAAACTATCTATAAA
CGTATTAAGAAACGT TCGGEGTCATATTTCCGT GAATCATATCAGGACGTAAATTTGCACATGAC
GCATTTCCGEEEECTTTTATCCCTCGGACT TCTTTTCAGGCCCCTTCTCGECCTTTCTGTGACC
CTGITTTTTCAGGECCGCGAACT GCGCCT GGT CGEECCT GACCCCCACACGCTGECCTTCGTACT
CACGCAGCCT GCCCAGCAGGT CGECCAGCGCGECAT TGACCACGECGECGAGET TGCGEGEECEGE
CGTI TCCGCCTGCGEGT CTGGT CGTGCT TCACGT CGCGCAGCACGCGCACCAGCACCGCGCCCACG
TCGTI CCGACACGT CCCGECCAGCGT CEECEECECAEEGT GATGT TCCAAATGAGT TTCCGCCAGA
AGCCCAGCGAGT CGGECCCCGT CCCCGAAAGCT GCCGCT AGCECCCGECGECCT GCCT GT CCACGAT
CTCGGECECEET AGECCEEECAEEGET TTCCCAGET GEECGT CGECAAGCT CCCACACGACGT TTTCA
GCGAGGGAGEECECEEECCEGACAGT CATGT TAT CGGAGGEGEGAGEGAAGAGCCGATTTTATCG
CCCAGGT GCTCACAACT TCGTATGT CACGGCAACCGGEEECAECT TTTTTCGCGCAGT TCCCCGCC
TGTCACATCCTCACAGGGT TCTTGACT CTCCGGECACGCT CT TAGGGAGAGEGT GRAGCATGI TG
TAGACGGT GCGCCCGECCT TCGCGT CGECGT TCAGGT CGCGCCAGI TCCGGECCCCAATCGT CAT
GCATCAGGCGGACATAT CCCGCCT TCCCT TCCAGCACGCGCCT CAGCT TGAGCGT CACGGCCCA
CAGCGT CCCGGT TGCCACAGACT CECCGCGCAGGT CGCCCATGT GEECAT CACAGGECCACCAGC
CCGACCCGECCCAGATATTGAAGGT TCTCGTAGAAGGCGGACT TCTTCAGACCCACATGCACCA
TGAGCAGCT CEECGEECAGGT GGAACACAGCGECEEGT GACGT GT TCCGCAT AGCCGCAGECECG
GGCCACGT CCAGCGCCACCGAGAACAGEGECGECEGAAGAT GCGCCEEECCGACT CECGECAGEEG
GCGT CATCTAGGCAGECGGT GAGGEGT CTGCACCAGT TCGECGCGT GT GECGATGGT CAACGECG
CGEGECECEEECT GEGACT GCTGGECGAT GGT GEECACGEECGECEECGAGAT GGACCGEECCEA
GCTGGAAATTTCCCGT GTGAGCGCAGGT TTAGGECGCATGGT TACCTTCCTGCAGT GAAATCTGC
GAAAT CAGGECCCGCT TCGAGGAGT CCGGACCAT GAAT GGATTGT GT CTCAAGAAAAAAGCCT CCC
CTCTGACAAGAGGGEGAGGEGT CCCGGT CTACCATGCT CTCAGCGACGAGATAGCTGEEGI TTGT G
ACCCTGCACT CTGACAAAGCCCT CACCGAAAGGT GEGEGT TTAGT CATTTGECCTAGT AAAGCA
GAACAGAGGCGAT TTGT CACGCAAAGGECCCGECCECCCGAGEEGAAACAGGCGGECEEECCAAT GG
CTCGGECGT TGT TAGCT GGEGEGT CGCACCAGEGAAGCACAGAAGCAGGECCTGACCGT AAAAGECC
GCGITGCTGECGTTTTTCCATAGGECT CCGCCCCCCT GACGAGCAT CACAAAAAT CGACGCTCAA
GTI'CAGAGGT GGCGAAACCCGACAGGACTATAAAGATACCAGECGT TTCCCCCTGGAAGCT CCCT
CGTGCGECTCTCCTGI TCCGACCCT GCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGEEA
AGCGTGECGECTTTCTCATAGCTCACGCTGTAGGTATCTCAGI TCGGT GTAGGT CGI TCGCTCCA
AGCTGGEECT GT GTGCACGAACCCCCCGT TCAGCCCGACCGCT GCGCCTTATCCGGTAACTATCG
TCTTGAGTCCAACCCGGTAAGACACGACT TATCGCCACT GGCAGCAGCCACTGGTAACAGGATT
AGCAGAGCGAGGTATGTAGECGGTGCTACAGAGT TCTTGAAGT GGTGECCTAACTACGGCTACA
CTAGAAGAACAGTATTTGGTATCTGCGCT CTGCTGAAGCCAGT TACCTTCGGAAAAAGAGT TGG
TAGCTCTTGAT CCGGECAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGI TTGCAAGCAGCAG
ATTACGCGCAGAAAAAAAGGAT CTCAAGAAGATCCTTTGATCTTTTCTACGGEEGT CTGACGCTC
AGT GGAACGAAAACT CACGT TAAGGGATTTTGATCATGAGATTATCAAAAAGGATCTTCACCTA
GATCCTTTT
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Promoter sequences

PO053

AGT TCGGCAGGT TGECCGECCGEEGEAT GT CGT GCGCCCT GAGCGAGT TAT TGCAAAT CTGAAAGGT
CACGCCCGECCECTGCCECT TTCECCATCTGCECEAGCTGGT CGT GT TCGCCT TGCAGCACGTAC
ACCGCCCGAGCCGT TGACCACCACGCGCACCT CEEECCEGET CCTCCAACGCEGT CAGGT TGACGA
GGT TGCTCAGCACGGECGT GCCAGCGEGT CGECT TCCGAGACATGCAGCACCAGT TTCAGGT CGGA
CATGCCCCAGT CTAAGGACGT TGAACCGGEEGAGEGAGCCGACCCCAT TGCGAAATACGT CATGT
CCTGT CGEGAATCCCTTTTACGCT GAGT CCATCAGGAGGAAAAGGAA

PO070-1

TCGCAGCGTAAAGGCACCT TCCGCCGT GT TGAGCCCGACGECAAGGACGT CAAGCCCGT CACGA
CCTATACGCACACCTTCGT CCTCATCGAAGAT GECCGCGCCGACGAGCAAAAGCAGCCCTTCTA
CACGGCGGAGGCEEECACCCCERAGGAAGCCGAAGCCCGECECCTACGCCGCCTACT GCCGECGCA
AGCGAT TGCCTGCACCAGAT GACCAGCAAAGGCCCCACGCT TATCGAGT GCGT GCACT GCGECT
TGCAGCGECCGEGT GACCAT GCCCAGCCT CCCT GCT CCAGCGCCCGCCCECAAACCCGAGCEECG
GCTGI TCGEECTCT TGCGAAT CTGAAGGT CTTGGT GCCCGEECCT CTGCT GGGAGGCGEGEACACT
GGCACCGECTTCCCCGATGTGT TATGT TATTTACGT AAGGAGGAGGECAG

PO070- 2

TCGCAGCGTAAAGGCACCT TCCGCCGT GT TGAGCCCGACGECAAGGACGT CAAGCCCGT CACGA
CCTATACGCACACCTTCGT CCTCATCGAAGAT GECCGCGCCGACGAGCAAAAGCAGCCCTTCTA
CACGGCGCGAGGCEEECACCCCERAGGAAGCCGAAGCCCGECECCTACGCCGCCTACT GCCGECGCA
AGCGATTGCCTGCACCAGAT GACCAGCAAAGGCCCCACGCT TATCGAGT GCGT GCACT GCGECT
TGCAGCGCCEEGET GACCATGCCCAGCCT CCCTGCT CCAGCGCCCGCCCGCAAACCCGAGCGEECG
GCTGTTCGEECTCTTGCGAATCTGAAGGT CTTGGT GCCCGECCT CTGCT GGGAGGCGGEGACACT
GGCACCGECTTCCCCGATGTGI TATATTATTTATGTAAGGAGGAGGECAG

PO070- 3

TCGCAGCGTAAAGGCACCT TCCGCCGT GT TGAGCCCGACGGECAAGGACGT CAAGCCCGT CACGA
CCTATACGCACACCT TCGI CCTCAT CGAAGAT GECCGCGCCGACGAGCAAAAGCAGCCCTTCTA
CACGGECGGAGECGEECACCCCEEAGGAAGCCGAAGCCCGCGECCTACGCCGCCTACT GCCGECGCA
AGCGAT TGCCTGCACCAGAT GACCAGCAAAGGCCCCACGCT TATCGAGT GCGT GCACT GCGGECT
TGCAGCGECCGEGT GACCAT GCCCAGCCT CCCT GCT CCAGCGCCCGCCCECAAACCCGAGCEECG
GCTGI TCGEECTCT TGCGAAT CTGAAGGT CTTGGT GCCCGEECCT CTGCT GGGAGGCGEGACACT
GGCACCGGECTTCCCCGATGTGTTATTTACGT AAGGAGGAGGECAG
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PO0O70- 4

TCGCAGCGTAAAGGCACCT TCCGCCGT GT TGAGCCCGACGECAAGGACGT CAAGCCCGT CACGA
CCTATACGCACACCT TCGT CCTCATCGAAGAT GECCGCGCCGACGAGCAAAAGCAGCCCTTCTA
CACGGCGGAGGCEEECACCCCERAGGAAGCCGAAGCCCGECECCTACGCCGCCTACT GCCGECGCA
AGCGAT TGCCTGCACCAGAT GACCAGCAAAGGCCCCACGCT TATCGAGT GCGT GCACT GCGECT
TGCAGCGCCEEGET GACCATGCCCAGCCT CCCTGCT CCAGCGCCCGCCCGCAAACCCGAGCGEECG
GCTGTTCGEECTCTTGCGAAT CTGAAGGT CTTGGT GCCCGECCT CTGCT GGGAGGCGGEGACACT
GGCACCGECT TCCCCGATGT GEGAGGAGGECAG

PO0O70-5

TCGCAGCGTAAAGGCACCT TCCGCCGT GT TGAGCCCGACGECAAGGACGT CAAGCCCGT CACGA
CCTATACGCACACCT TCGI CCTCAT CGAAGAT GECCGCGCCGACGAGCAAAAGCAGCCCTTCTA
CACGGECGGAGECGEECACCCCEGAGGAAGCCGAAGCCCGCGECCTACGCCGCCTACT GCCGECGCA
AGCGATTGCCTGCACCAGAT GACCAGCAAAGGCCCCACGCT TATCGAGT GCGT GCACT GCGECT
TGCAGCGECCGEGT GACCAT GCCCAGCCT CCCT GCT CCAGCGCCCGCCCECAAACCCGAGCEECE
GCTGI TCGEECTCT TGCGAAT CTGAAGGT CTTGGT GCCCGEECCT CTGCT GGGAGGCGEGEACACT
GGCACCGGECTTCCCCGATGTGGECT CTCGT GCGCGCAT GGGAGGAGGECAG

PO099

CCGAGAAGCGAT TACAT CGAGAACGCCGT GCGT AACGCGEGEEGECTGAAAT CAGCAACCT CGACGA
CCTCGGCAACCGT CGCCTCGCCTACCAGGT GEECAAGGACCGCGAAGCCTACTACCTGATGTAC
ACCATCAAGGCT TCGEECAACCCCGAAACCGCCAT CECCAGCAGCCT GCGCCT GCGCGACAACG
TCCGCCGCGT CCT GGT GGTCAAGGACCGCCCEGAGT GGAAGACCAAGAAGECCTGAGCCTTTTA
TGTCATTGACATAATTGACTCTGCTTGT TACTATCTAGI GAACCCGCAAGGGECCGT CCGCCAGC
AACATCGAACTCTAGT TATTTTGCCAGCTACCCAAGGAGAATTTGI T

PO219

ACATGGECCCAACT GAGGAACCT GAGCAGCGECCGT GGACGAGCTGGACAT CTGGAACT TCGGECEA
CGACACCAGCCACAAAGCCT GAGCAGGACAGEEGAATAAGAGAAAGACCGEEEAGEGET GECCCG
GICTTTCTTGGT TTGGAAAT GEGAT GEEGEEGET GECGT CCGECECACCT TGATGCCGTGCAEEGT G
CGAAGGECGEGEECGET GTGAGCAGT CGCACGACTACT CATAACGAAAGAT TTGGT CTGACT TCGCCA
AATGT TATGI TATATACGTAAACTTTAAGATATAATCCCTAAGC

PO0326

GGCCTTTTTCACCCGCGT GGT GCCCGECAGCCCGECGECGAAGECGEEECCT GCAACCCCTGCGC
CTTTCGGAGAAGGEGECGACCT GATCAGCGGT GACAT CGT GACGECGGT CAACGGEECEECECGT CT
ACAACT TCAGCGACT TTCAGT ACGCCGT GCGCCGCT ACGCCCCCGECGACACCATCACCCTGAG
CGT GCTGCGCGECCECAAAAATAT CAGT GT CAAGCT GACGCT GECGECCCGCAGCAGCGT GCAG
TAAGT GCAGGGCTAAAAAACT CAGGAGAT GAGGEGEECGCAGGECCAGT TGECGECT GCGCCCCTCT
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CCTGACTCGCCTTCACATTTCAAGAATCTTCTTGACAATTCTGCTAAAAACAGAATAATAGAGC
T

P0423

CGTI GCCCAEGT GECGEGEECT GCTCGT AAGGT GCGECGT CGAGGT CGAGCCGGACGGT GATGT CGGT
TTCCTTGGT CGT GCGEGET GACGECGECEGET GCEEEECAT AGGACGAAGGT AGAGECGECEGT GG
AGGECEECECEEGAGEGET CTAGCCCGCGT CAGT GCGCCEGAGCCGEGECCCACT CTGCCGAAAG
CTGGCCGACAGAGCAGECAGEEECCGCCCCGAACCCCTCTCCATTTCCCCTTAATCAACT GECG
TTTTATGICTTGACCGTAATGI TATTCTGI TCTAAACTAAATGC

PO596

AACTCGT GACGGT GGACCCGGT GAACGACACGCCAAAGGT GCTGCGECGACTACCTCGACCGCTT
CGACCCCGCT TTCAGCGGECCT GACCGGECT CCCCCGACACCAT CAACGCGECGEGECCAAAGCECT G
TTCGT GAGCAACGT TGCGCCCGCCGCCGACCACAGCGAGCACAT GCAGAT GCAGAGCCAGHEEEG
ACGCGECCCECCGT CAGT GCCCCCGACGCCGCCCGCAT TCACGECGACGAACT GCGCGT CATCAA
TCCGCAAGGCCAGI TCGTACGCGT CTACACCAACGECGAGGT GATGGACGECACCCTCGACCAC
GACCTGCCCGCCCT GAT TCGGECAGT ACGGEEGEECEECT GAGGACGAAGGGECAACCCAAGCTGITT
CCTTGATTTCGCAAATAGCGTAATATGCAT CCATGACT GCCCCCGAGAAT CTGGACGCCGECCCT
GCGTCCCAAGACCCT GACCGAGT ACGT CGEECAGGAAAAGCT CAAGGACAAGCTGEEC

PO606- 1

GI'TCAGGGATGGAAGCACGTATTGT CGCCCTACATATATACGT TAAAGCT AACAGCTGGECAAGG
GGATACCCCCAT TCCCCGT CCCAGCGCCCCT TGAGCGT CATAGACT CAGAT TGT CAGCTTCGGT
CAGITGACATTTTTCTTATCGECGCT CTACCATCCGT GACGGAT TGAAGGCGCT GEECGEGAAA
AAGCT CECCGGECACGACT CTCCGCCAT TCCATCTCACT CACAGGAGGACCCCAC

PO606- 2

GI'TCAGGGATGCGAAGCACGTATTGI CGCCCTACATATATACGT TAAAGCT AACAGCTGECAAGG
GGATACCCCCAT TCCCCGT CCCAGCGCCCCT TGAGCGT CATAGACT CAGAT TGT CAGCTTCGGT
CAGITGACATTTTTCTTATCGECGCT CTACCATCCGT GACGGAT TGAAGGCGCT GEECGEGAAA
AAGCT CECCGECACGACT CTCCGCCAT TCCATCTCACT CATTCT GTAAGAGACGT AACAGGAGG
ACCCCAC

P0606- 3

GI'TCAGGGATGCGAAGCACGTATTGI CGCCCTACATATATACGT TAAAGCT AACAGCTGGECAAGG
GGATACCCCCAT TCCCCGT CCCAGCGCCCCT TGAGCGT CATAGACTCAGATTGTCAGCTTCGI T
CTGTAAGAGACGTAAGTCAGT TGACATTTTTCTTATCGGECGCTCTACCATCCGT GACGGATTGA
AGGCGCT GEECGEGAAAAAGCT CGCCGGCACGACT CTCCGCCAT TCCATCTCACT CACAGGAGG
ACCCCAC
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PO606- 4

TGACCTT TCCCGECAGGT GGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCEEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATTCTGTAAG
AGACGTAAGTCAGTTGACATTTTTCTTATCGGECGCT CTACCAT CCGT GACGGAT TGAAGGCGCT
GGGECEEGAAAAAGCT CACCGECACGACT CTCCGCCAT TCCATCTCACT CACAGGAGGACCCCAC

PO606- 5

TGACCTTTCCCGGECAGGT GGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCGEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCAGTCAGT TGA
CATTTTTCTTATCGGECGCT CTACCAT CCGT GACGGAT TGAAGGECGCT GEECGEEGAAAAAGCT CG
CCGGCACGACT CTCCGCCAT TCCATCTCACT CACAGGAGGACCCCAC

PO694

AGCATCTGACAACAGACAAAAAAGT GEEEGAGECGEECECACCGT TGAGEEECCGCCTCCCTTAC
CGTTTGCTCCAGI CATCCACTTCTCTAAGGAATTTCTAAGCCT TGATGAGGACGCCTATGITGG
GCGCGAT GGAGCAGT ACCCGCCELGT GACGEECAGECEECT TEECCGEGEACT CCTGCCCCCCGG
AGAGCGCGATTAAGCGT GT GT TAGGATACT CAGGAGT CTGACGCAAT CATCACAAGGT CGGEGECCA
TCAAGATTCACCGCT CTGCCCGCGCAACCT CATCCCCGGAT GAGGECT TTCGT CTGGAGGEECGGET
TGAAGAGT GAAGGGAAAGGAGGAGGEGAG

PO0906- 1

TGACCT TTCCCGECAGGT GEGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCGEEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATTCTGT AAG
AGACGTAATAAGATTGATATTTTTCGT GT CAAGCGCTATAT TACGT GCACCGCCGGAGCCTTGA
CAGT GCGT GGTCCGECCACCATAAGCT CTCTCCECCCCGACAGECEECCCECCCCAGAGCEEECG
GCTTTTTGAGGAGAACCAT GACCCAGAGT GATGACCAGT TCCAGGEGECCAGACCGAGCTTGATCA
GCCTGAGCAGAACCAGACCGAT CCGGAAGCCGGECCCAGAACGAACCCAATGAGCAG

P0906- 2

TGACCT TTCCCGECAGGT GEGCGAAAGGCCCCCAGGECT TTATGCCCCCT TCCCCCAGCCGEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATAAGATTGA
TATTTTTCGTGICAAGCGCTATATTACGT GCACCGCCGGAGCCT TGACAGT GCGT GGTCCGEECC
ACCATAAGCT CTCT CCGCCCCGACAGECEECCCGECCCCAGAGEEECEECTTTTTGAGGAGAACC
ATGACCCAGAGT GATGACCAGT TCCAGGEGECCAGACCGAGCT TGATCAGCCT GAGCAGAACCAGA
CCGAT CGGAAGCCGGECCCAGAACGAACCCAAT GAGCAG

P0906- 3
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TGACCT TTCCCGECAGGT GEGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCGEEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGI TCATTACGICTC
TTACAGAATAAGATTGATATTTTTCGI GT CAAGCGCTATATTACGT GCACCGCCGGAGCCTTGA
CAGT GCGT GGTCCGECCACCATAAGCT CTCTCCECCCCGACAGECEECCCECCCCAGAGCEEECG
GCTTTTTGAGGAGAACCAT GACCCAGAGT GATGACCAGT TCCAGGEGECCAGACCGAGCTTGATCA
GCCTGAGCAGAACCAGACCGAT CGGAAGCCGECCCAGAACGAACCCAATGAGCAG

P0906- 4

TGACCTT TCCCGGECAGGT GGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCEEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATTCTATAAG
AGATGTAATAAGAT TGATATTTTTCGT GT CAAGCGCTATAT TACGT GCACCGCCGGAGCCTTGA
CAGT GCGT GGTCCGECCACCATAAGCT CTCTCCECCCCGACAGECEECCCECCCCAGAGCEEECG
GCTTTTTGAGGAGAACCAT GACCCAGAGT GATGACCAGT TCCAGGGCCAGACCGAGCTTGATCA
GCCTGAGCAGAACCAGACCGAT CGGAAGCCGEECCCAGAACGAACCCAATGAGCAG

PO906- 5

TGACCT T TCCCGGECAGGT GGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCGEEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATAAGAGACG
TAATAAGATTGATATTTTTCGT GTCAAGCGCTATATTACGT GCACCGCCGGAGCCT TGACAGT G
CGT' GGT CCGECCACCATAAGCT CT CT CCECCCCGACAGGECEECCCGCCCCAGAGEEECEECTTT
TTGAGGAGAACCAT GACCCAGAGT GATGACCAGI TCCAGGEGECCAGACCGAGCT TGATCAGCCTG
AGCAGAACCAGACCGAT CCGAAGCCGECCCAGAACGAACCCAATGAGCAG

PO906- 6

TGACCT TTCCCGECAGGT GEGCGAAAGGCCCCCAGGECT TTATGCCCCCT TCCCCCAGCCGEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATTCTGT AAG
AGATAAGATTGATATTTTTCGT GT CAAGCGCTATAT TACGT GCACCGCCGGAGCCTTGACAGT G
CGT GGT CCGECCACCATAAGCT CTCT CCGCCCCGACAGECGEECCCECCCCAGAGEEECEECTTT
TTGAGGAGAACCAT GACCCAGAGT GATGACCAGT TCCAGGEGECCAGACCGAGCT TGATCAGCCTG
AGCAGAACCAGACCGAT CCGAAGCCGECCCAGAACGAACCCAATGAGCAG

PO906- 7

TCCGAGT TCATTCTGTAAGAGACGTAATAAGATTGATATTTTTCGI GT CAAGCGCTATATTACG
TGCACCGCCGCGAGCCT TGACAGT GCGT GGT CCGECCACCATAAGCT CTCTCCGCCCCGACAGEC
GGCCCGCCCCAGAGEGEECEECT TTTTGAGGAGAACCAT GACCCAGAGT GATGACCAGI TCCAGG
GCCAGACCGAGCT TGAT CAGCCT GAGCAGAACCAGACCGAT CGGAAGCCGGECCCAGAACGAACC
CAATGAGCAG

P0906- 8

Page | 184



TTGATATTTTTCGI GT CAAGCGCTATAT TACGT GCACCGCCGGAGCCT TGACAGT GCGTGGTCC
GGCCACCATAAGCT CTCTCCGCCCCGACAGECGEECCCECCCCAGAGEEECEECTTTTTGAGGEAG
AACCATGACCCAGAGT GATGACCAGT TCCAGGGECCAGACCGAGCT TGATCAGCCTGAGCAGAAC
CAGACCGAT CCGAAGCCGECCCAGAACGAACCCAAT GAGCAG

PO906- 9

TGCACCGCCGGAGCCT TGACAGT GCGT GGT CCGECCACCATAAGCT CTCTCCGCCCCGACAGEC
GGCCCGCCCCAGAGEEECEECTTTTTGAGGAGAACCAT GACCCAGAGT GATGACCAGT TCCAGG
GCCAGACCGAGCT TGATCAGCCT GAGCAGAACCAGACCGAT CGGAAGCCGGECCCAGAACGAACC
CAATGAGCAG

PO906- 10

TGACCT TTCCCGECAGGT GEGCGAAAGGCCCCCAGGECT TTATGCCCCCT TCCCCCAGCCGEEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATTCTGT AAG
AGACGTAATAAGAT TGATATTTTTCGI GT CAAGCGCTATAT TACGT GCACCGCCGGAGCCTTGA
CAGI TTCTGTAAGAGACGT AATAAGCT CTCTCCGECCCCGACAGECEECCCECCCCAGAGCEEECG
GCTTTTTGAGGAGAACCAT GACCCAGAGT GATGACCAGT TCCAGGEGECCAGACCGAGCTTGATCA
GCCTGAGCAGAACCAGACCGAT CCGGAAGCCGGECCCAGAACGAACCCAATGAGCAG

P0906- 11

TGACCTT TCCCGGECAGGT GGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCEEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGECT CAGAAACCGT CCGAGT TCATAAGATTGA
TATTTTTCGTGICAAGCGCTATATTACGT GCACCGCCCGAGCCTTGACAGT TTCTGTAAGAGAC
GIAATAAGCT CTCT CCGCCCCGACAGGECGEECCCECCCCAGAGEEECAEECT TTTTGAGGAGAACC
ATGACCCAGAGT GATGACCAGT TCCAGGGECCAGACCGAGCT TGATCAGCCT GAGCAGAACCAGA
CCGAT CGGAAGCCGGECCCAGAACGAACCCAAT GAGCAG

PO906- 12

TGACCTT TCCCGECAGGT GGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCEEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATAAGATTGA
TATTCTGTAAGAGACGTAATATATTACGT GCACCGCCGGAGCCT TGACAGT GCGI GGT CCGEECC
ACCATAAGCT CTCT CCGCCCCGACAGECGECCCCCCCCAGAGEEECEECTTTTTGAGGAGAACC
ATGACCCAGAGT GATGACCAGT TCCAGGEGECCAGACCGAGCT TGATCAGCCT GAGCAGAACCAGA
CCGATCGGAAGCCGECCCAGAACGAACCCAATGAGCAG

PO906- 13

TGACCT TCTGTAAGAGACGT AAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCGEEEEECCEG
CCTAAAAGCCTCACTGCACCGAAGT TTGAGGCT CAGAAACCGT CCGAGT TCATAAGATTGATAT
TTTTCGT GT CAAGCGCTATATTACGT GCACCGCCGGAGCCT TGACAGT GCGT GGT' CCGGCCACC
ATAAGCT CTCT CCGCCCCGACAGGECGEECCCECCCCAGAGCEEECAEECT TTTTGAGGAGAACCATG
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ACCCAGAGT GATGACCAGT TCCAGGGCCAGACCGAGCT TGATCAGCCT GAGCAGAACCAGACCG
ATCGGAAGCCGGECCCAGAACGAACCCAATGAGCAG

P0906- 14

TGACCTT TCCCGECAGGT GGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCEEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATAAGATTGA
TATTTTTCGTGI CAAGCGCTATATTACGT GCACCGCCGGAGCCT TGACAGT GCGI GGT CCGEECC
ACCATAAGCT CTCT CCGCCCCGACAGECGECCCCCCCCAGAGEEECEECTTTTTGAGGAGAACC
ATGACCCAGAGT GATGACCAGT TCCAGGGECCAGACCGAGCT TGATCAGCCT GAGCAGAACCAGA
CCGATCGCGAAGCTTCTGTAAGAGACGTAATGAGCAG

PO906- 15

TGACCT TTCCCGECAGGT GEGCGAAAGGCCCCCAGECT TTATGCCCCCT TCCCCCAGCCGEEEEC
CGGCCTAAAAGCCT CACTGCACCGAAGT TTGAGGECT CAGAAACCGT CCGAGT TCATTCTGT AAG
AGACGTAATAAGATTGATATTTTTCGT GT CAAGCGCTATAT TACGT GCACCGCCGGAGCCTTGA
CAGT GCGT GGTCCGECCACCATAAGCT CT CT CCECCCCGACAGECGEECCCGCCCCAGAGGEEECG
GCTTTTTGAGGAGAACCAT GACCCAGAGT GATGACCAGT TCCAGGEGECCAGACCGAGCTTGATCA
GCCTGAGCAGAACCAGACCGATCGCGAAGCT TCTGTAAGAGACGTAATGAGCAG

P1143-1

AGTGATGCTTATCCGCAGCAAT CGGECT CTACT GGCACGEGAT GCCCGCGCAGGAGCT GTACGAG
GCGACGCGEEECET CTCGAAGGT GECGAAGT GECGCCAGCAGGAAGT CAAAT ACGCGECTEECCG
TCTTTGAAGGAGT CGT GCGT GAGGT GTACACCATCGAGT CCT GECACCCGECGGEECCAAACT CC
CTATCAGACCCGACT CGCCGAAGCGEGT CAACGACCCGCAGCGCTGEGAAT TTGT CGGACACGT T
GCCCCCGAAGAGGT GAGGAACCGCTATCTCTATCACT CGGT GACGECCTCTT TCGCCAGGAACG
CACAAAAT CCGATTGCCTAT CCGCCGGT CACCT GAACT CTGCCCAGAAGCGCCAGCACTTCAGC
CCAACCGT GAGT CACAGCCCAGT GT GT CCACTTGCACAAAGT CCTCCCGCCGTGT TATGT TTTA
AGCGTAAAAACAAAGCGEGT TTTAAAGGAGAAGCT

P1143-2

AGTGATGCTTATCCGCAGCAAT CGECT CTACT GGCACGGEGAT GCCCGCGCAGGAGCTGTACGAG
GCGACGCGEEECET CTGGAAGGT GECGAAGT GGCGCCAGCAGGAAGT CAAATACGCGECT GECCG
TCTTTGAAGGAGI CGT GCGT GAGGT GTACACCAT CGAGT CCTGECACCCGECGEECCAAACT CC
CTATCAGACCCGACT CGCCGAAGCGGT CAACGACCCGCAGCCCTGGGAATTTGT CGGACACGT T
GCCCCGGAAGAGGT GAGGAACCGCTATCTCTATCACT CGGTGACGGECCT CTTTCGCCAGGAACG
CACAAAAT CCGATTGCCTATCCGECCGGT CACCTGAACT CTGCCCAGAAGCGCCAGCACTTCAGC
CCAACCGT GAGT CACAGCCCAGT GT GT CCACT TGCACAAAGT CCT CCCGECCGT GAAACAAAGCG
GGTTTTAAAGGAGAAGCT
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P1262

CGCCTGATTTCCTCAACTTTCTCGGCACGT TCTGGAACGAAAGCT CAGCGTACAGAGTACGT CA
AACGGECCCCT TGCGCT CCTCACCT CCGT AAGCCGAAT GCCGAGGEGT GEEGT TTGAGT CCCACCC
GTI'CCCACTAGACGCCGCGAGCGT CATCCACGEEGT TCCGT CTGT TGCGT CAGCCCACCCGAACAC
CACCGGTTTGCCGACT T TACGT CCGGAACCCAT TCCCCCTACTCACATCCGCTCGAATTGAATC
ACATCGCCCCACGACAAGGAGEECCGACC

P1314

GGCAAT CGCCACCT GGT TCGT CATGCTGCCCGACGGECAT GAACAGCCCCGCCTCAAAGCCEGTC
AGGTGCGCGAGT TCGT TTTGCAGGECGT TGACGT TGEGGT CTTCGCCGT ACACGT CGT CGCCCA
CCTCGECAEGET CACCAT CGCCT CACGCAT GECGEEGAGT GEECT TGGT GACGGT AT CGGAGCGCAG
GI'CGGCGAT CAGCGEECEEECEEGT CAT GGCGCACACCAT AGCGEECAGEGAAGGECCAGAATGGA
AAAAAGACT CACCTAGCACACGT CCCGCACCT CTGECAAGAACCGT GACCTCCATAACGGT CCA
GITAAGGTCAGECTTGGATGGTGI TTACT TTGCACT CAAACAAAT GT CCGGEGECT GCGGEECCAAA
CTGCTTCTCGT CGGGAACGAAAACCCGGT CCCAACAGT CCT TCCCGCT TCCCAGCGEEGEGECACCC
CATTTCCCGGAGGAAATACC

P1358

CGATGEECGCGAGCACCGCT CAGGT CGI CGECAAGGT GCT GCT TCCCGAGECGECEECCCGECECT
CATTCACTCGI TCACCGTCATGI TTGTCAGCCT CATCGEGTACT CGECCATGECCEEEECCATC
GGT GECEEEEEECT GEGT GACCT GECGAT TCGCTACGECTACCAGCGECT TCGAAACCGEECGT GA
TGATCGCCACCGI TCTCGT GI TGCTGCT GCTGGT GCAGGGECECGECAGT GECTCEECGACCGECEC
CGCCGECCCECECCGACCACCGECT GACCCCCTCAAGGAGCCGACC

P1720

AAGT GEECAGCGGECGEECCTCTTTCAGGEGAACCT CTCCCCT TTCCGAGCATGGT TCGCCAGGAGA
GCATGACCTGGT TTTCGCCTTTTTCAGAAAGGEECCGECAACT CCGT CTCGT GACGGT CAATGT CA
CCCCTGAGGTGCAGT CTGTI TCTTGCCT TGCAGEGT GATGEECTGCTTCTCCGT GCCCCAGGGAT
TGCCGACGT TGATGT CCT TACCGT TGATACGGT TTCAAAT TGAGT CCCGGACAT GI CCGEGECGA
AATTTTGCGCCGAGCGCATGGAAAAATACGGT TTTAAGGAGAT GECCGEECATCCGGTGCCTTT
CCGGATGI TCGGGAATCGGAT TAAAGCCGT AT CAGACCCGCCT GT CGCCAGI GCCGCTTCCGECT
GITGTCTCTAGEGT TGT TACAAGACT TTTCTTCGT GCCT GCCCCAEGET GACGECT GCCTCAAGEG
CTCAGCAGCT TATGATAAAGACCAGCGCCCCCAACAACCCATTTTGGT GGGCAAGGAGGATTTA
CCC

P1913

CTCAAT GGEGEGTACAAGT CCTGCGAT TTCGCGAGGAT TCCAGCGCCCGEECT GACT CCCCACGAA
GCGCCTGCTCCATGAGEGAAAAATCECTGI TTTTCTTCGTCTTTTCCGGTAAACT GGGGEGECAGT
TGAGGAGAGCCGTI TTTATTACGT GATTAACATAATGT GGTAGACTGGT TCTATCCCCCGECGAG
TGCCGGGACCTCTCACCT TTTTCCCGECT GCCGACT GAGCT TTTCCGCGCCGLCCCCGATTGCGAG
TGCC
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P2220

GCGAGGT GCAGCAGGACCT GGAAT AT GGCCT GT GCGECAAGACCAT CAT CCACCCGGCGCAGCT
GCCGGT GGTGT TCGAGGEECTACCGCGT GCCAGAAACGGAACT GCTCGAAGCCCGECGECCATCCTC
GCGECCCGACGCGCCAGCCGT CTTCACTAT GCAT GGCCGCAT GT GCGAACCGECCACCCACACCC
GCTGGGECCCAGGACAT CCTGACCCGT GCGGAACT TTACGGECGT GAGCCTCGTACCT GAAGCAGA
AGCTCTGCATTTCTGACTTCAAT TCACCCT CGEGAGGACT CGCA

P2275

TTGCCCGAGAACT GGT GGT CGT GECGCGCAGECCEEEGET AACGCGEECT CCAT CCGCCAT TCCGCT
TACCTTCCTCCTTACGCT GT GGGCGTAAACT GT TGGCAGACGT TCAGACTCTGT TTGAACCTTT
GCCCTGTGT TTGCCT TGCCCACCGT TGCCGCCECACCCTGGAGGT TGIC

P2338-1

CCTCGI GCACGAAACCGCT CAACGAAT AAGCCGGECAAGGECGAGCGCCAGCCCCGCCGCCACCAA
GCTCCAGCCGECECCT GCGEGT GCCCCAGCCAGCCGAGCGECGAACCCCAGGAGCAGCGEECACAAAG
AGCAGCGCCAGGAAAACGAGAAACACCAGCATGATCGCAAGGT AGECT GCTCCGCGCACT GGG
CGT CCGCCGAAAGGT GCAGCGECGECCT CACCT TCCCT TGACCCATCCCAT TCAGGEGECCGCACCCT
GIAGACACTGGT TACGT CCTCCCATATACT CCGGTGAGGT TGT TATGCT GCTAGCAGAAATCAT
CA

P2338- 2

CCTCGT GCACGAAACCGCT CAACGAAT AAGCCGECAAGGCGAGCGECCAGCCCCGCCECCACCAA
GCTCCAGCCGECECCT GCGEGT GCCCCAGCCAGCCGAGCGECGAACCCCAGGAGCAGCGEECACAAAG
AGCAGCGCCAGGAAAACGAGAAACACCAGCAT GATCGCAAGGT AGGCTGCT CCGCGCACT GGG
CGT CCGCCGAAAGGT GCAGCGCGECCT CACCT TCCCT TGACCCATCCCAT TCAGGEGECCGCACCCT
GIAGACACTGGT TACGT CCTCCCATATACTCCGGTGAGGT TG
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CGTCCTTATCTGCGEGAGCCTCTATCTGCTCGECGAACT GCGT CCTTTGCT GCTGEECGAGCAG
TCGGAAGGCCACGAACGCT GGCAAT AGCCACAGCAGCGGECCAATTTCTGGT TTCGAAACAGGAA
TAAGGCAAGT TGACTGCCCTCATTCTGTATTGACCGT AGCAAGGAGCGEGT GTTACACTCCGACC
AAGGGTGCCTGATTCTGCCCACAAGCAAACGCCAGECGEEGT TCCACATCATCTGTCTCTCGEEEC
ATCCCCGACGCEGET GACGEGT GGT CCGCCGCAGCCCAGGAGGTGA
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