
POSSIBLE MECHANISMS OF STRESS

RESISTANCE IN Deinococcus radiodurans

Deinococcus radiodurans is a mesophilic, aerobic,

nonpathogenic, non�spore�forming Gram�positive bac�

terium. Deinococcus radiodurans cells have coccoid form

and often form dyads and tetrads. The colonies have a

pink color. A characteristic feature of D. radiodurans is its

high resistance to radiation. Bacteria of this species were

first isolated from canned meat sterilized with γ�irradia�

tion [1]. The culture of D. radiodurans survives irradiation

doses up to 10,000 Gy without loss in viability, and it is 30

and 1000 times more resistant than E. coli and human cell

cultures, respectively [2]. Besides γ�irradiation, the D.

radiodurans cells reveal a high level of resistance to ultra�

violet exposure, desiccation, and treatment with various

chemical mutagens such as mitomycin C and hydrogen

peroxide (see review [3]).

It was long assumed that the main cellular target for

the damaging action of various stress factors including

ionizing radiation is DNA. Therefore, most studies of

stress resistance in D. radiodurans were aimed at revealing

unique mechanisms of DNA protection and repair that

could preserve the genome under stress conditions.

However, recent studies demonstrated that the resistance

might mainly result from the ability of D. radiodurans

cells to protect their proteome from oxidative stress

resulting from various damaging conditions [3�6]. Based

on available data, the following factors were proposed to

contribute to the stress resistance in D. radiodurans: (1)

structural organization of the cell wall; (2) specific struc�

ture and packaging of the genome; (3) highly efficient

DNA repair systems; (4) proteome protection from

oxidative stress; (5) active removal of toxic compounds

from the cells; (6) specific features of gene expression and

its regulation under stress conditions.

Several excellent reviews on the mechanisms of stress

resistance in D. radiodurans have been published in recent

years [3, 4, 7�9], including a comprehensive review by Slade

and Radman [3]. Here, we briefly describe general mecha�

nisms that preserve the integrity of the cell, DNA, and pro�

teins in D. radiodurans under stress conditions. The main

attention is paid to recent publications in this area and to

mechanisms of transcription regulation in D. radiodurans.

STRUCTURE OF THE CELL WALL

OF D. radiodurans

The cell wall of D. radiodurans contains two mem�

branes separated by a peptidoglycan layer. Despite the
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presence of two membranes, the high content of peptido�

glycan and the absence of lipopolysaccharides reveal the

relationship of D. radiodurans with Gram�positive bacte�

ria. In addition, D. radiodurans differs from other bacte�

ria in the phospholipid membrane composition [10, 11].

The outer membrane is covered by the S layer and a poly�

saccharide layer [12]. The outer membrane, the S layer,

and polysaccharides together form a single structure, the

pink envelope, which contains carotenoids that deter�

mine the pink color of the bacterium [13]. Recent data

suggest that the inner membrane is also connected with

the outer membrane through protein complexes, a key

structural role in which is played by the D�protein [14].

The main protein component of the S layer is Hpi, which

forms hexagonal structures [13]. An important bridging

role in the pink envelope is also played by the SlpA pro�

tein of the S layer [15]. The S layer likely increases the cell

wall rigidity, facilitates interactions with various ligands,

and increases cell resistance to external stress factors.

The genome of D. radiodurans contains 13 genes

encoding enzymes of carotenoid synthesis [16]. For com�

parison, green sulfur bacteria and cyanobacteria contain

up to 9 and 10 of such genes, respectively [17, 18]. It was

proposed that membrane�bound carotenoids have a pro�

tective role by inactivating free radicals and preventing

their production. In vitro experiments demonstrated that

the fraction of carotenoids isolated from D. radiodurans

has protein�protective properties. Strains lacking

carotenoids are characterized by higher levels of protein

damage under oxidative stress conditions [19]. At the

same time, the D. radiodurans cells lacking carotenoids

are only slightly more sensitive to radiation than the wild�

type bacteria [20]. This can be explained by efficient uti�

lization of free radicals by other protective systems or by

the fact that membranes are not the main target for radi�

ation damage (see below) [3].

GENOME ORGANIZATION

AND RADIORESISTANCE

The genome of D. radiodurans contains 3.28·106 bp

and consists of two circular chromosomes and two plas�

mids [21]. During the exponential phase of growth, each

cell contains about 10 genome copies [22]. The DNA

content depends on the conditions and phase of the

growth but never drops below two genomic copies. This

allows efficient repair of DNA damages, including dou�

ble�strand breaks that are induced by ionizing radiation,

by homologous recombination.

Comparison of 16S RNA and conserved protein

sequences revealed that the Deinococcus genus belongs to

Gram�positive bacteria and is phylogenetically close to

the Thermus genus [16, 21, 23]. After the divergence of a

common ancestor of the two genera, Deinococcus gath�

ered systems of cell resistance to stress conditions from

many different bacteria [24]. As a result, the Deinococcus

genome has a mosaic structure; most genes are homolo�

gous to Thermus� and Bacillus�like genomes, while many

individual genes have common origin with genes from

other taxons including archaea and eukaryotes. Such

extensive horizontal gene transfer was possible due to nat�

ural competence of the cells of D. radiodurans [25, 26].

Interestingly, D. radiodurans is much more efficiently

transformed by ultraviolet�irradiated DNA in compari�

son with other bacteria [25]. This may be the result of a

much higher efficiency of DNA repair in D. radiodurans

(see below). Deinococcus radiodurans can incorporate in

its genome significant amounts of foreign DNA, up to

500,000 bp, or more than 10% of the genome [27]. The

cell wall of D. radiodurans contains a DNA processing

complex that includes a DNA translocator [14], which

could play a role in the high natural transformation effi�

ciency.

The genome of D. radiodurans is tightly packaged

and forms nucleoid of toroidal architecture. This may

serve as a mechanism of DNA protection from mutagenic

factors, including ionizing radiation and active radicals

produced inside the cell by radiation [28�30]. At the same

time, ionizing radiation results in similar levels of DNA

damage in cells of D. radiodurans and E. coli [31].

However, the specific nucleoid structure in D. radiodu�

rans may help to keep together the DNA ends that are

formed at the sites of double�strand breaks and to facili�

tate their repair.

MECHANISMS OF DNA REPAIR IN D. radiodurans

The DNA repair systems of D. radiodurans are high�

ly efficient; this bacterium can successfully repair up to

200 double�strand breaks and 190 interstrand crosslinks

per genomic copy without decrease in viability, while E.

coli cells die in the presence of only a dozen double�

strand DNA breaks. Deinococcus radiodurans is also high�

ly resistant to various nitrogenous base damages including

alkylation, deamination, and oxidation (see review [3]).

Deinococcus radiodurans contains most DNA repair path�

ways described in other bacteria, which are briefly

described below (Table 1).

Homologous recombination. The multicopy nature of

the genome of D. radiodurans enables highly efficient

double�strand break repair by homologous recombina�

tion. Homologous recombination mechanisms also play

important roles in the repair of other types of DNA dam�

ages including interstrand crosslinks and photoproducts

(see review [3]).

One of the most important steps in homologous

recombination is the interaction of the RecA protein with

single�stranded DNA. For this to occur, double�strand

breaks should be processed to allow formation of free 3′�
ends. In bacterial cells, such processing can be performed
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by either the RecBCD or RecFOR system. Due to the

absence of RecB and RecC proteins in D. radiodurans, the

main role in DNA end processing is played by the

RecFOR system. In E. coli cells, the RecFOR pathway

starts with the unwinding of double�stranded DNA end by

the RecQ helicase, followed by degradation of the 5′�end

by the RecJ 5′�3′ exonuclease, resulting in the formation

of a single�stranded 3′�end [32]. In D. radiodurans cells,

the RecJ exonuclease is essential for DNA repair, as evi�

denced by the lethality of recJ gene deletions [33]. At the

same time, the functions of the RecQ helicase are likely

performed by the UvrD helicase, since uvrD deletion

mutants are characterized by a much more pronounced

delay in DNA repair after irradiation in comparison with

cells lacking the recQ gene [33]. The UvrD helicase per�

forms a wide range of functions in D. radiodurans and par�

ticipates in nucleotide excision and post�replicative repair

(see below). Recent studies of UvrD demonstrated that it

could unwind DNA in both 3′�5′ and 5′�3′ directions, the

latter activity being stimulated by DNA�bound SSB pro�

teins [34]. It should be noted that the D. radiodurans

genome also encodes several other helicases whose func�

tions in DNA repair are only beginning to be explored,

including RecD2 [35, 36], RecG [37], and DR1572 [38].

The newly formed single�stranded DNA ends inter�

act with SSB proteins and the RecFOR complex, which

then loads RecA onto DNA. Deletions of the recF, recO,

and recR genes in D. radiodurans cells have similar phe�

notypes to the recA deletion; the bacteria become much

more sensitive to radiation exposure, and the level of

reparative DNA synthesis is greatly decreased [33]. In

contrast to its E. coli homolog, the D. radiodurans RecA

protein uniquely has a higher affinity to double�stranded

DNA in comparison with single�stranded substrates [39,

40]. Under normal conditions, RecA is inactive and ran�

domly bound to double�stranded DNA regions, and it is

activated in the presence of single�stranded DNA bound

with the SSB protein, whose concentration rapidly

increases under damaging conditions [41]. This allows

efficient alignment and repair of overlapping DNA frag�

ments when a large number of double�stranded breaks are

present in the genome [42].

In addition to RecA, homologous recombination in

D. radiodurans involves its distant homolog, the RadA

protein, which participates in processing of branched

DNA structures [43, 44]. Deinococcus radiodurans

mutants lacking the radA gene are more sensitive to ion�

izing radiation than the wild�type bacteria. It was shown

that RadA together with RecA participates in the steps of

homologous recombination preceding DNA synthesis but

is unable to substitute for RecA in this process [45].

The next step in the DNA break repair is homology

search between the 3′�ends formed at the break points

and homologous chromosomes. This is followed by D�

loop formation and extension of 3′�ends resulting in the

formation of overlapping complementary DNA regions.

This allows further gap repair and chromosome reconsti�

tution. The DNA repair pathway that is accompanied by

active DNA synthesis is known as SDSA (synthesis�

dependent strand annealing). The main feature of this

process in D. radiodurans cells is its mass character and,

consequently, the ability to reconstitute DNA from many

fragments resulting from DNA breaks in difference chro�

mosome copies. This mechanism was therefore named

ESDSA (extended synthesis�dependent strand anneal�

ing) [3, 45, 46].

D. radiodurans

RecFOR (UvrD, RecJ)

PprA (?)

SSB*, RecA**, DdrA, DdrB

ESDSA

–

UvrABC, UvsE***

12 DNA glycosylases

+ (low efficiency)

–

–

Table 1. Specific features of DNA repair systems in D. radiodurans in comparison with E. coli

E. coli

RecBCD

RecFOR (RecQ, RecJ)

SSB, RecA

SDSA

+

UvrABC

8 DNA glycosylases

+

+

+

DNA repair component

Processing of double�stranded breaks

Proteins that interact with single�stranded DNA 

Main pathway of double�strand break repair 

Photolyase

NER

BER

MMR

Dam�methylase

SOS repair

* D. radiodurans SSB differs in structure from its E. coli homolog.

** D. radiodurans RecA has higher affinity to double�stranded DNA than to single�stranded DNA.

*** UvsE pathway is likely specific to pyrimidine dimers.
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DNA polymerases in repair. Deinococcus radiodurans

cells contain three DNA polymerases – Pol I, Pol III, and

Pol X [16]. Pol I and Pol III are homologous to corre�

sponding enzymes of E. coli and perform similar func�

tions. Deficiency of Pol I or Pol III results in increased

radiation sensitivity, suggesting their key roles in the

DNA break repair [45].

Pol I is widely used in the repair processes. Its abili�

ty to bypass DNA lesions is increased in the presence of

Mn2+ [47]. This may have an adaptive role since D. radio�

durans cells accumulate Mn2+ under stress (see below)

[48]. The Mn2+�dependent stimulation of translesion Pol

I activity may be important since D. radiodurans lacks

homologs of Y�family polymerases, which participate in

SOS repair in E. coli cells [16]. However, experiments

in vivo demonstrate that the polA deletion in D. radiodu�

rans can be fully compensated by expression of E. coli

polA, resulting in the normal level of radiation resistance

[49].

Pol III, the main replicase, plays the key role in

DNA repair, especially in the ESDSA pathway [45]. It has

a multisubunit composition; interestingly, irradiation

does not induce expression of the polymerase subunit but

significantly increases expression of the processivity fac�

tor and the exonuclease subunit [50]. Recently, a three

dimensional structure of the sliding clamp was reported,

which revealed a common two subunit composition with

some specific differences in charge distribution in com�

parison with the E. coli factor. A more uniform distribu�

tion of positively and negatively charged amino acid

residues on the inner clamp surface was proposed to allow

less tight or less specific DNA interactions and to facili�

tate its sliding. This may promote DNA�coupled process�

es in D. radiodurans [51].

The Pol X activity strongly depends on the presence

of Mn2+, which suggests its specific activation under stress

conditions. Pol X also possesses 5′�deoxyribophosphate

lyase activity that may play a role in base excision repair,

similarly to eukaryotic DNA polymerase β [52]. In addi�

tion, Pol X is able to exonucleolytically cleave DNA

regions involved in formation of hairpin structures [53].

The SbcCD complex has a similar activity, suggesting that

Pol X and SbcCD likely participate in alternative path�

ways of the processing of DNA ends that form hairpins

and interstrand crosslinks or are covalently bound to pro�

teins, which may be essential for efficient repair of dou�

ble�strand breaks [54].

Unique proteins of DNA break repair. In addition to

classical proteins that participate in DNA break repair, D.

radiodurans contains several unique DNA�binding pro�

teins that are also likely involved in this process. In par�

ticular, the nucleoids of irradiated bacteria become

enriched with the RecA, UvrD, RecJ, and RecQ pro�

teins, as well as with D. radiodurans�specific proteins

DdrA, DdrB, DdrD [55], and PprA [56] within a few

hours after irradiation.

The PprA protein preferentially binds to double�

stranded DNA ends, thus suggesting its involvement in

double�strand break repair. PprA inhibits exonucleases

and activates DNA ligase in vitro [57], its action being

dependent on concentration: at higher concentrations,

PprA oligomerizes on DNA and stimulates break ligation

[58]. (It should be noted that in addition to DNA ligase,

3′�5′ RNA ligase might also participate in DNA break

repair in D. radiodurans; in particular, it was shown to lig�

ate RNA–DNA fragments in the context of double�

stranded substrates even in the presence of damaged

nucleotides in the reacting molecules [59].)

The mechanism of PprA action might be similar to

eukaryotic Ku proteins (also found in some bacteria),

which are key components of the nonhomologous end

joining (NHEJ) DNA repair pathway [57]. However,

available data suggest that the NHEJ pathway is absent in

D. radiodurans or operates very inefficiently [60]. In addi�

tion, recA deletants do not differ from double�deletants

lacking both pprA and recA in their sensitivity to radiation

[61] and reveal identical delayed kinetics of DNA repair

[56], suggesting the involvement of PprA in RecA�

dependent DNA repair.

The PprA protein also plays a role in cell division; in

wild�type cells, it localizes at the newly formed cell sep�

tum after γ�irradiation [62], and pprA deletion mutants

are characterized by impaired DNA distribution into

daughter cells [56]. The role of PprA is probably

explained by its interactions with topoisomerases, which

are involved in separation of daughter DNA molecules.

This hypothesis is based on two observations. First, PprA

stimulates DNA topoisomerase I and increases resistance

of D. radiodurans cells to nalidixic acid, an inhibitor of

topoisomerase II [63]. Second, D. radiodurans mutants

lacking the DNA gyrase gene gyrA have the same pheno�

type as double mutants lacking the gyrA and pprA genes,

both under normal conditions and after irradiation [62].

Protein DRA0282 participates in the PprA�depend�

ent pathway of DNA repair, likely by playing a DNA�pro�

tective role under stress conditions [64]. In the presence

of Mn2+, this protein preferably binds supercoiled DNA

and protects it from exonuclease III in experiments in

vitro. Interestingly, the N�terminal part of DRA0282

reveals homology with eukaryotic protein Ku80, a com�

ponent of the NHEJ pathway. Deletion of the dra0282

gene decreases stress resistance of D. radiodurans, while

its expression in E. coli cells makes them less sensitive to

ultraviolet exposure and radiation [64].

DdrB is another unique D. radiodurans protein that

is able to bind single�stranded DNA and is therefore an

SSB protein from the functional point of view. However,

it is not homologous to regular bacterial SSB proteins

and, in contrast to homotetrameric SSBs, has a pen�

tameric structure. This puts it in a separate family of SSB

proteins [65]. Standard SSB of the Deinococcus–Thermus

phylum also has a unique dimeric structure, while
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remaining a functional tetramer since each subunit has

two oligonucleotide�binding domains [66]. These

domains are not identical in their structure and functions;

the C�terminal domain is mainly responsible for DNA

binding, while the N�terminal part is involved in multi�

merization. Both domains participate in disruption of

secondary structures in single�stranded DNA [67]. Such

structure, as well as high concentration of SSB in the cells

of D. radiodurans, likely promotes more efficient

SSB–DNA interactions in comparison with other bacte�

ria [66].

Deletants of D. radiodurans lacking the ddrB gene

are less resistant to irradiation but viable [61]. At the same

time, deletion of the ssb gene is lethal, and decrease in its

expression results in a significant decrease in radio�resist�

ance [68]. The kinetics of DNA repair in the double

recA/ddrB deletant suggests the involvement of DdrB in

RecA�independent repair mechanisms and, in particular,

in the single�strand annealing (SSA) pathway [69, 70]. To

date, the structure of DdrB in complex with single�

stranded DNA has been reported, and the mechanisms of

its action are being discussed [71].

DdrA is a distant homolog of eukaryotic protein

Rad52 that participates in homologous recombination.

DdrA binds DNA 3′�ends in vitro and likely protects them

from degradation [72]. Similarly to DdrB, it is involved in

RecA�independent DNA repair [61, 72].

Analysis of D. radiodurans mutants lacking the ddrA,

ddrB, pprA, and ddrD genes and their different combina�

tions suggested the roles for these proteins in stress resist�

ance. Deletions of these genes are not lethal and result in

various degrees of cell sensitivity to different stress fac�

tors. For example, the pprA/ddrD deletants are much

more sensitive to ultraviolet exposure in comparison with

the pprA/ddrA mutants, but both strains have the same

resistance to ionizing radiation and mitomycin C (an

agent that stimulates interstrand DNA crosslinks). These

data suggest that these proteins participate in repair

processes that are specific to different types of DNA dam�

ages [73]. Despite the involvement of the unique D. radio�

durans proteins in homologous recombination repair,

their absence does not affect the natural competence of

this bacterium, which also depends on homologous

recombination. This observation suggests that these pro�

teins play specific roles in stress resistance, likely by pro�

tecting damaged DNA from degradation and giving the

cell more time for DNA repair [73].

Excision repair. The general mechanisms of base

excision repair (BER) in D. radiodurans are similar to

other bacteria. Analysis of its genome revealed 12 DNA

glycosylases that are specific to uracil, thymine glycol,

methyl adenine, formamidopyrimidine, modified gua�

nine, and noncomplementary guanine–guanine, gua�

nine–adenine, and guanine–thymine pairs [16, 21]. For

comparison, the E. coli genome encodes eight DNA gly�

cosylases [74].

Deinococcus radiodurans has two nucleotide excision

repair (NER) systems – UvrABC and UvsE. The UvsE

protein is a Mn2+�dependent endonuclease (endonucle�

ase β) that is specific to pyrimidine dimers whose forma�

tion is induced by ultraviolet irradiation [75, 76]. This

probably explains the absence of photolyase in D. radio�

durans, which plays the main role in direct repair of

thymine dimers in E. coli [16]. The high GC�content of

the D. radiodurans genome (67%) also decreases the

number of thymine dimers that are formed after irradia�

tion [77].

Mismatch repair (MMR). Post�replicative repair of

mismatched nucleotides in D. radiodurans involves pro�

teins MutS1, MutL, and UvrD, which are homologous to

the corresponding proteins of E. coli. Deinococcus radio�

durans lacks a MutH protein, and the Dam DNA�methy�

lation system is absent [78]. Thus, similarly to most other

bacteria, the recognition of the daughter strand for repair

depends on some other, poorly characterized mechanism,

which is different from E. coli. The frequency of sponta�

neous mutations per round of replication in D. radiodu�

rans is much higher than in E. coli, revealing a low effi�

ciency of MMR in D. radiodurans cells. This is further

corroborated by weak effects of MutS1 and MutL inacti�

vation on the mutation frequency in D. radiodurans [78].

It should be noted that yet another homolog of E. coli

MutS in D. radiodurans, MutS2, is not involved in MMR

but was shown to participate in RecA�independent repair

of oxidative DNA damages. Molecular mechanisms

underlying the functions of this protein remain unknown,

but its Smr domain was shown to have a Mn2+�dependent

endonuclease activity [79].

Repair of interstrand crosslinks. Interstrand

crosslinks prevent DNA melting and can completely

block DNA replication. Deinococcus radiodurans is resist�

ant to mitomycin C, which generates such crosslinks. In

bacteria, interstrand crosslinks can be repaired by homol�

ogous recombination and NER. Recent studies demon�

strated that in D. radiodurans two proteins are involved in

the repair process, the products of the ygjD and yeaZ

genes that have homologs in many bacterial genomes.

These proteins were proposed to possess helicase and

endonuclease activities, which might contribute to the

bypass of interstrand crosslinks, but the exact mecha�

nisms of their action remain unclear [80].

MECHANISMS OF OXIDATIVE STRESS

RESISTANCE IN D. radiodurans

Overall, analysis of DNA repair systems in D. radio�

durans does not give a clue about the nature of radioresis�

tance, because: (1) analogous systems are widespread

among radiosensitive organisms, and (2) individual com�

ponents of the D. radiodurans repair systems are not nec�

essarily present in radioresistant bacteria. Moreover, lab�
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oratory experiments on evolution of radioresistant E. coli

strains revealed that the selected traits are connected not

only with DNA repair systems [81].

Recent studies have shown that the high resistance

of D. radiodurans to various damaging conditions can

be explained by highly efficient antioxidative cell protec�

tion.

Oxidative stress results from formation of three main

reactive oxygen species (ROS): hydroxyl radicals, super�

oxide radicals, and hydrogen peroxide. Hydroxyl radicals

can be formed in the reaction of water radiolysis or in

Fenton’s reaction of hydrogen peroxide with iron ions.

Hydroxyl radicals induce macromolecule degradation

with the formation of superoxide radicals and hydrogen

peroxide. Superoxide radical in turn can free Fe2+ from

iron�sulfur clusters of protein molecules [82]. This results

in the formation of a positive feedback between these

reactions.

It was shown that both radioresistant and desicca�

tion�resistant bacteria have high levels of oxidative stress

resistance [83]. Cell damage caused by ionizing radiation

mainly results from the formation of ROS, which can

destroy not only DNA, but also other macromolecules

[5]. And while the number of DNA breaks that are

induced by ionizing radiation does not differ between

radioresistant and radiosensitive bacteria, the level of pro�

teome damage is much higher in the latter case [6].

Furthermore, it was shown that the level of protein car�

bonylation that is caused by oxidative stress is inversely

proportional to the stress resistance [84]. Therefore, effi�

cient proteome protection under oxidative stress condi�

tions may help the cells to survive both desiccation and

high radiation levels. Revealing of the primary impor�

tance of protein protection under stress conditions,

because the proteins determine the efficiency of DNA

repair, has changed the paradigm in studies of the nature

of radioresistance [4].

In addition to efficient DNA repair, D. radiodurans

cells employ several strategies to prevent oxidative stress

and overcome its consequences, including [3]: (1) pre�

vention of the formation of endogenous ROS; (2) activa�

tion of antioxidant defense systems; (3) selective protec�

tion of some proteins from oxidation; (4) removal and

degradation of damaged macromolecules. These defense

mechanisms are briefly outlined below.

Antioxidative systems in D. radiodurans. The genome

of D. radiodurans encodes two peroxidases, three cata�

lases, four superoxide dismutases, and two Dps proteins

[3]. The activity of the enzymes utilizing ROS, including

catalase and superoxide dismutase, is several�fold higher

than in E. coli cells [85, 86]. Catalase activity is increased

in response to the increase in hydrogen peroxide and

Mn2+ concentrations [87], and ionizing radiation [88].

The Dps proteins participate in DNA compaction and are

important components of nucleotides. They protect

DNA from oxidative damage through direct interactions,

by chelating iron ions, and by reducing hydrogen perox�

ide [89]. However, deletions of the genes encoding all the

above�mentioned proteins have only mild effects on

radioresistance [90]. This may be explained by significant

contribution of nonenzymatic mechanisms to the resist�

ance of D. radiodurans (see below).

The production of ROS in the D. radiodurans cells

may be also decreased due to decrease in the number of

oxidative chain proteins and proteins containing iron�

sulfur clusters in comparison with radiosensitive bacteria

[5]. In particular, the presence of the glyoxylate pathway

decreases the number of some enzymes of the Krebs

cycle. Furthermore, in response to oxidative stress, D.

radiodurans releases a part of its cell wall polysaccharides

[91]. This probably decreases the formation of ROS by

removing polysaccharide�associated water molecules

[92]. Membrane�bound carotenoids may also play a pro�

tective role (see above).

Role of Mn2+ in oxidative stress resistance.
Manganese ions play important roles in the response of D.

radiodurans to stress conditions. Bacteria growing on

Mn2+�depleted medium are several�fold more sensitive to

ionizing radiation and oxidative stress [48]. The content

of Mn2+ in D. radiodurans cells reaches millimolar con�

centrations [93]. The increase in intracellular Mn2+ con�

centrations under stress conditions likely results from

activation of an ABC�transporter [24], whose expression

is induced by irradiation and during a post�irradiation

period [94].

Manganese ions stimulate activities of several

enzymes involved in DNA repair and replication, includ�

ing endonuclease β, superoxide dismutase, DNA poly�

merase X, and RNA ligase by replacing Mn2+ in their

active sites (see above). At higher concentrations, Mn2+ is

able to substitute for iron ions in Fe�containing enzymes,

thus preventing their destruction in Fenton’s reaction

because Mn2+, in contrast to iron and copper ions, does

not react with hydrogen peroxide and does not produce

hydroxyl radicals [95].

Manganese ions can also act as antioxidants in com�

plexes with various compounds, including orthophos�

phate, nucleotides, amino acids, and peptides [92].

Stress�dependent induction of nucleotide synthesis may

therefore contribute to the antioxidative function by

increasing concentration of nucleotide–manganese com�

plexes. In addition, D. radiodurans cells secrete a nucle�

ase that participates in degradation of extracellular DNA

and increases radiation cell resistance, probably by pro�

ducing nucleoside monophosphates [96]. Activation of

proteases in D. radiodurans cells observed under stress

conditions may also serve as a mechanism of antioxidant

cell defense. The efficiency of the antioxidant function

depends on the amino acid composition of peptides, the

most active components being manganese complexes

with sulfur�containing and aromatic amino acid residues

[97]. At the same time, recent studies demonstrated that
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a significant part of manganese ions in D. radiodurans

cells is bound to water molecules, and only a small part is

found in low molecular weight complexes [98]. At sta�

tionary phase, the concentrations of low molecular

weight manganese complexes are further decreased, and

manganese is mainly complexed with superoxide dismu�

tase and another unidentified protein [98, 99]. However,

these cells are radiation resistant, which questions the

role of low molecular weight manganese complexes in

stress resistance, at least at the stationary phase of cell

growth [99].

Variations in manganese content have an interesting

effect on the cell cycle of D. radiodurans: at low Mn2+

concentrations, the culture ceases growth even before the

exhaustion of broth resources, and it resumes growing

after addition of manganese salts [87]. It was proposed

that bacteria secrete in the environment a low molecular

weight factor that inhibits cell growth, and this inhibition

is prevented by Mn2+ [100].

Systems of cell cleaning from toxic compounds.
Damaged oligonucleotides that appear during DNA

repair in D. radiodurans cells are actively exported from

the cells, likely by the UvrA2 transporter that is related to

ABC transporters [21]. In addition, the D. radiodurans

cells contain specialized Nudix�hydrolases (nucleoside

diphosphate linked to some other moiety x), which can

remove diphosphate groups from damaged nucleoside

triphosphates, thus preventing their incorporation into

DNA. The D. radiodurans genome contains genes for 23

Nudix hydrolases, and transcription of five of them is

induced by ionizing radiation [50]. Damaged nucleoside

monophosphates can be further dephosphorylated and

removed from the cell (see review [3]).

Proteolytic activity is greatly increased in D. radio�

durans cells under stress conditions, which facilitates uti�

lization of damaged and misfolded proteins [92]. The key

activator of this process may be aconitase, which acts as

an oxidative stress sensor in cells of other organisms

[101]. The D. radiodurans genome encodes homologs of

Lon proteases that participate in degradation of damaged

proteins; however, deletion of these genes does not

decrease radiation resistance. At the same time, such

decrease is observed in the case of the ClpXP protease

gene deletion [102]. ClpXP was proposed to participate in

the production of peptides that form manganese com�

plexes.

While certain proteins, including citrate synthase,

aconitase, and some chaperones are actively recycled

under oxidative stress conditions, others avoid degrada�

tion. The latter include some translation factors, serine

proteases, and β and β′ subunits of RNA polymerase

[103]. The particular mechanisms underlying the

increased stability of these proteins remain unclear, but

selective protection of the transcription and translation

systems is likely essential for rapid recovery of cellular

functions after stress.

REGULATION OF GENE EXPRESSION

IN D. radiodurans

As discussed above, the radioresistance of D. radio�

durans depends on the activity of various DNA protection

and repair systems, but even more important is its resist�

ance to oxidative stress. Deinococcus radiodurans reveals

complex stress response by inducing expression of many

proteins and noncoding RNAs that result in global

changes in cell metabolism and changes in activities of

particular molecular pathways. The detailed mechanisms

of gene regulation in D. radiodurans are only beginning to

be studied. The following sections briefly describe the

existing data on transcription regulation in D. radiodurans

cells under normal and stress conditions.

Changes of transcriptome under stress conditions.
Transcriptomic and proteomic methods revealed signif�

icant changes in gene expression in D. radiodurans

under stress. Depending on the radiation dose, the

method of analysis, and the stringency of the criteria

used, from ~100 to ~1000 genes increase their expres�

sion during γ�irradiation and in the post�irradiation

period [50, 61]. Irradiation induces genes involved in the

processes of DNA repair, antioxidative defense, and uti�

lization of damaged biopolymers. The activation of gene

expression goes through several steps; some proteins,

such as superoxide dismutase, are induced during stress,

some immediately after stress, while activation of others

is delayed until later steps of cell recovery [50, 94]. Stress

induces transcription of not only mRNAs, but also non�

coding RNAs including antisense RNAs and tRNAs

[94]. The expression of seven small noncoding RNAs

that are conserved in bacteria of the Deinococcus genus

is also induced in a closely related D. geothermalis

species [104]. These data reveal an important role of

noncoding RNAs in the regulation of stress response in

this genus.

Similar analyses have been performed for other stress

conditions including osmotic stress [105] and cadmium

stress [106]. In both cases, experiments revealed changes

in the expression of hundreds of genes. Cadmium stress

induces the same repair pathways and repair proteins as

radiation exposure [106]. Differential changes in gene

expression observed during osmotic stress also overlap

with those characteristic for radiation stress, suggesting

the existence of common adaptation mechanisms for

both conditions [105].

Analysis of the proteome dynamics demonstrated

that irradiation leads to an increase in intracellular con�

centrations of dozens of proteins in D. radiodurans, and

some of the proteins are completely absent in unexposed

cells. Identified proteins include factors of replication,

DNA repair, transcription, and translation, proteins

involved in transport and metabolism of inorganic ions,

nucleotides, and carbohydrates, and chaperones [107].

Not all the proteins are induced at the same time after
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irradiation but appear in several steps, which is in agree�

ment with the transcriptomic data [108].

Transcription activators and repressors. Significant

changes in the profile of gene expression observed under

stress conditions raise the question about regulatory path�

ways involved in these changes. To date, several transcrip�

tion regulators of D. radiodurans involved in cell stress

response have been characterized to different extents

(Table 2).

Promoters of many stress�response operons in D.

radiodurans contain a palindromic regulatory element

that was named RDRM (radiation/desiccation response

motif). The repressor protein that interacts with RDRM

is DdrO (also known as DR2574) [109], whose expression

is induced under stress [50]. RDRM�dependent regula�

tion was predicted for at least 29 genes of D. radiodurans

and 25 genes of D. geothermalis. These genes include

ddrA, ddrB, and ddrD, which are among the most strong�

ly stress�induced genes (see above). The expression of

these genes is induced as a result of DdrO cleavage by the

PprI protein (see next paragraph). The insufficiency of

DdrO results in decrease in cell viability, which is accom�

panied by DNA fragmentation, membrane blebbing, and

problems with cell division [110].

The unique Deinococcus�specific protein PprI (also

known as IrrE) is a broad�spectrum transcription factor.

The absence of this factor significantly decreases cell

resistance to ionizing radiation and ultraviolet exposure,

as well as mitomycin C resistance [111]. PprI regulates

synthesis of at least 31 proteins, including stress�activated

proteins involved in DNA repair, such as PprA, RecA,

and SSB [112]. It was shown that PprI differentially reg�

ulates gene expression both during stress and at different

stages of post�stress cell recovery [113]. Expression of

PprI in E. coli cells significantly increases their resistance

to osmotic stress by inducing a wide spectrum of genes

responsible for metabolism of carbohydrates, nucleotides,

and amino acids [114]. The mechanism of PprI action is

not completely understood. On one hand, its specific

binding to promoter regions of the target genes is essen�

tial for its activity as a transcription factor [113]. On the

other hand, PprI from D. deserti is a metalloprotease that

cleaves transcription factor DdrO in vitro, which may

likely induce transcription of DdrO�repressed genes

[115]. The same mechanism of action was recently

demonstrated for PprI from D. radiodurans, and it was

shown that the proteolytic activity of PprI depends on

Mn2+ [116]. PprI was also proposed to be involved in

Function

repression of operons containing RDRM, including the ddrA, ddrB, ddrD genes

regulation of expression of 31 proteins, including activation of some DNA repair factors 

PprI�dependent regulation; repression of expression of pprA and, probably, other genes

transcription activation of dozens of genes, including those encoding stress response factors

activation and repression of genes depending on the redox potential of the cytoplasm 

activation or expression of more than 100 proteins, including stress response factors

transcription activation of genes encoding proteins that participate in the transport of metal ions
across the cell membrane 

repression of genes encoding proteins involved in post�irradiation response 

repression of pprA

repression of the cluster of copper resistance genes 

repression of urate oxidase synthesis 

repression of heat�shock protein genes 

transcription regulation of genes involved in stress response 

stimulation of cell growth and division after irradiation 

regulation of riboflavin biosynthesis; antioxidative protection 

Table 2. Previously studied factors that participate in transcription regulation in D. radiodurans

Factor 

DdrO

PprI (IrrE)

PprM

DrRRA

OxyR

IrrI (DR0171)

Mur

RecX

LexA2

CsoR

HucR

HspR

Two�component systems

NO

FMN�riboswitch
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post�translational modification (probably, proteolysis) of

the PprM protein, which regulates the expression of pprA

and likely other genes [117].

Other studied transcription factors that affect

expression of many genes under stress conditions include

DrRRA [118], OxyR [119], and DR0171 (also known as

IrrI) [120]. Each of these factors controls expression of

dozens of genes, and mutants lacking these factors are

more sensitive to various stress conditions. Deinococcus

radiodurans has two homologous OxyR proteins, which

may act as activators or repressors of gene expression. The

interactions of OxyR with promoters depend on the redox

potential of the cytoplasm. The OxyR molecule contains

a cysteine residue that is oxidized in the presence of ROS,

resulting in either activation or repression of the target

promoters. OxyR�controlled processes include regulation

of intracellular Mn2+ concentration [119].

Concentrations of metal ions in D. radiodurans cells

is also regulated by transcription factor Mur (DR0865)

that affects expression of genes involved in ion transport.

The dr0865 mutants are characterized by increased stress

sensitivity and significantly changed intracellular concen�

trations of manganese, iron, zinc, and copper ions.

Detailed mechanisms of transcription regulation by Mur

and its interactions with other transcription regulators

remain to be studied [121].

Studies of the mechanisms that regulate RecA activ�

ity revealed that both transcription of the recA gene and

function of the RecA protein are inhibited by the RecX

protein [122]. Comparative proteomic analysis also

demonstrated that RecX participates in inhibition of a

wide spectrum of genes whose products are involved in

post�irradiation recovery. Based on these observations,

RecX was proposed to play a role in the transition from

stress to normal cell phenotype [123].

The D. radiodurans genome encodes two homologs

of the repressor protein LexA but, in contrast to E. coli,

neither of them participates in the regulation of RecA

expression. At the same time, LexA2 represses the pprA

gene. Interestingly, bacteria lacking lexA1 do not differ in

their stress response from wild�type cells, while lexA2

mutants are even more stress resistant [124].

Besides multifunctional transcription factors, several

operon�specific protein regulators were also studied in D.

radiodurans. CsoR is a repressor of a gene cluster respon�

sible for copper resistance. At low copper ion concentra�

tions, this protein is bound to target promoters, while at

high concentrations it binds copper and loses affinity to

DNA [125]. The HucR protein belongs to the MarR fam�

ily of transcription regulators and represses transcription

of its own gene as well as the gene of urate oxidase [126].

In the presence of uric acid, its affinity to the DNA oper�

ator is decreased, resulting in gene activation. The three

dimensional structure of HucR has been reported, and

the mechanism of its interactions with uric acid has been

studied in detail [127, 128]. The dr0265 gene encodes a

transcription factor belonging to the GntR family. Its dys�

function was shown to decrease stress resistance, but its

target genes remain unknown [129].

Regulation of protein activity and gene expression

under stress conditions involves the action of protein

kinases. It was shown that the total level of protein phos�

phorylation in D. radiodurans cells is increased after irra�

diation [130]. Mutations in gene dr2518 that encodes a

serine�tyrosine protein kinase result in increased sensitiv�

ity to γ�irradiation and altered profile of gene expression,

suggesting a possible role for this protein kinase in tran�

scription regulation [131].

Two�component signal systems play important roles

in the resistance of D. radiodurans cells to various stress

factors. Such systems consist of sensor histidine kinases

and downstream response regulators (which usually act as

transcription factors). The D. radiodurans genome

encodes 20 putative histidine kinases and 25 response reg�

ulators [132]. Mutations of the DrRRA regulator (see

above, [118]), RadS kinase, and its RadR regulator [133]

decrease cell resistance to oxidative stress and DNA dam�

ages. Systematic analysis of mutants with deletions of 12

histidine kinase genes demonstrated that many of them

are important for cell resistance to radiation and ultravi�

olet exposure, mitomycin C, and hydrogen peroxide

[132].

The gene of NO synthase was found among genes

whose deletion decreases stress resistance of D. radiodu�

rans [134]. It was shown that NO production in cells of D.

radiodurans is increased after UV exposure. NO induces

expression of the obgE gene, which encodes a GTPase

with unknown functions. Homologs of this GTPase in

other bacteria were shown to be involved in the control of

cell cycle and cell growth. It is therefore possible that NO

stimulates cell growth and division after irradiation and

performs some additional functions [134].

Another molecule that is involved in the stress�

induced regulation of gene expression in D. radiodurans is

flavin mononucleotide, which acts through a riboswitch

present in the 5′�untranslated region of the operon

responsible for riboflavin metabolism. Deletion of this

riboswitch increases the concentration of ROS in the cell

and decreases catalase activity, resulting in decreased cell

viability under oxidative stress conditions [135]. It was

proposed that hydrogen peroxide could interact with the

flavin riboswitch, thus directly affecting transcription.

RNA polymerase and associated factors. In recent

years, individual components of the transcription appara�

tus of D. radiodurans were studied in some detail, includ�

ing analysis of D. radiodurans RNA polymerase and the

major σ subunit (σA) responsible for recognition of most

cell promoters. Promoters recognized by the major σA

subunit reveal high level of homology with σ70 promoters

of E. coli [136]. However, in contrast to E. coli RNA poly�

merase, the holoenzyme of D. radiodurans RNA poly�

merase forms unstable promoter complexes and poorly
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melts DNA around the starting point of transcription,

which largely depends on the properties of the σA subunit

[137, 138]. In these properties, D. radiodurans RNA poly�

merase is similar to RNA polymerase from the phylogenet�

ically related bacterium Thermus aquaticus [138]. Possible

roles of these features in stress resistance remain unknown.

In comparison with E. coli RNA polymerase, D.

radiodurans RNA polymerase is much more sensitive to

the antibiotic streptolydigin and less sensitive to

rifampicin [138]. At the same time, rifampicin resistance

mutations can still be used as a marker to estimate the rate

of mutagenesis in D. radiodurans cells [139]. Transcrip�

tome analysis of one rifampicin resistant mutant revealed

significant changes in the profile of gene expression. It

was shown that the mutant RNA polymerase forms less

stable promoter complexes, thus favoring transcription of

genes with AT�rich promoters [140].

In addition to the major σA subunit (DR0916) that

belongs to the σ70 family, the genome of D. radiodurans

encodes at least three alternative σ factors – DR0180

(Sig1), DR0804 (Sig2), and DR2482. Expression of Sig1

and DR2482 is significantly increased after irradiation,

while expression of Sig2 does not change [50]. Analysis of

D. radiodurans mutants with deletions of the sig1 and sig2

genes demonstrated that both alternative σ factors are

involved in heat�shock response, and the loss of sig1 sig�

nificantly decreases cell viability [141]. Transcriptomic

and proteomic analyses of the sig1 deletion mutant under

heat�shock conditions characterized promoters recog�

nized by this factor. It was shown that Sig1 recognizes two

types of promoters, which resemble promoters of E. coli

σ70 and B. subtilis σW, respectively [142]. Sig1 participates

in transcription of mRNAs for 31 proteins, including

heat�shock proteins with cytosolic localization.

Transcription of heat�shock proteins in D. radiodurans

cells under normal conditions is repressed by transcrip�

tion factor HspR [143]. No such studies were performed

for Sig2 and DR2482.

The mechanisms of regulation of transcription elon�

gation in D. radiodurans remain insufficiently studied. It

was shown that, in comparison with E. coli, D. radiodu�

rans RNA polymerase could much more efficiently cleave

RNA in transcription complexes [144�146]. The reaction

of RNA cleavage was proposed to play an important role

in transcription proofreading and in reactivation of elon�

gation complexes that backtracked along the DNA tem�

plate [147]. In particular, backtracked complexes can

likely form in the presence of various lesions in the tran�

scribed DNA template. Importantly, transcription com�

plex backtracking was shown to play an important role in

transcription–replication conflicts, which are one of the

main causes of DNA damage and genomic instability in

E. coli [147�149]. Therefore, the increased rate of RNA

cleavage by D. radiodurans RNA polymerase might play a

role in transcription fidelity and in resolution of tran�

scription–replication conflicts under stress conditions.

The genome of D. radiodurans contains homologs of

several well�known factors that modulate RNA poly�

merase activity during transcription elongation, including

GreA, Gfh, Mfd, and UvrD. The GreA protein activates

RNA cleavage in the RNA polymerase active site and is

important for reactivation of backtracked transcription

complexes in E. coli cells [147, 148, 150]. The expression

of this protein (DR1162) in cells of D. radiodurans is

induced after irradiation [50]. Genomes of several repre�

sentatives of the Deinococcus–Thermus phylum also

encode homologs of the GreA protein: protein Gfh1

(Gre�factor homolog 1) in T. thermophilus and proteins

Gfh1 and Gfh2 in D. radiodurans. The Gfh1 factor of T.

thermophilus has been studied in detail. In contrast to

GreA, this factor was shown to inhibit all RNA poly�

merase activities, including RNA synthesis, endonucleo�

lytic RNA cleavage, and RNA pyrophosphorolysis [151�

153]. It was demonstrated that Gfh1 can directly affect

the structure of the active site of RNA polymerase and

change the overall enzyme conformation, thus inhibiting

its activity [152, 154�156]. Similar changes might play a

role in switching the activity of D. radiodurans RNA poly�

merase by corresponding Gfh factors.

In E. coli cells, the Mfd and UvrD proteins partici�

pate in reactivation of arrested transcription complexes

and in the coupling of transcription with DNA repair.

The E. coli Mfd protein binds stalled transcription com�

plexes and causes their dissociation through forward

translocation along the DNA template, followed by

recruitment of NER enzymes to the site of DNA damage

[157]. The E. coli UvrD helicase also interacts with RNA

polymerase but, in contrast, stimulates backward translo�

cation of the complex (wherein RNA polymerase remains

bound to DNA), thus clearing the damaged DNA region

for the action of NER factors [158]. The transcription

functions of orthologous factors in D. radiodurans have

not been studied, but it can be proposed that they may

play key roles in transcription of damaged DNA regions

under stress conditions.

CONCLUSION

The bacterium D. radiodurans is renowned for its

exceptional resistance to ionizing radiation and other fac�

tors that induce oxidative stress in cells. To protect and

repair its DNA, D. radiodurans has a full set of the major

DNA repair pathways that are found in other bacteria,

and it possesses some unique proteins that complement

them. Despite the presence of some specific features of

the DNA repair systems, the main factor that determines

the high efficiency of the repair processes in D. radiodu�

rans is likely high stress resistance of its proteome, includ�

ing DNA repair proteins. Deinococcus radiodurans har�

bors a number of adaptations that help to preserve pro�

teome integrity under oxidative stress conditions, includ�
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ing highly efficient enzymatic and protective antioxidant

systems.

Very interesting is the question on the evolutionary

origin of radioresistance in D. radiodurans, since no nat�

ural habitats on Earth have such high radiation levels as

D. radiodurans can survive. An extraterrestrial origin or at

least temporary “training” of radioresistant bacteria at

increased radiation levels were proposed as possible

mechanisms explaining the origin of such resistance

[159]. In addition, the possibility of rapid evolution of

radioresistance of D. radiodurans in artificial environ�

ments created by humans was also considered. However,

many unrelated radioresistant bacterial species were

found in Chroococcidiopsis, Methylobacterium, Rubrobac�

ter, and other genera in addition to D. radiodurans [160],

making it unlikely that all of them developed the resist�

ance in such a way.

At present, the most plausible hypothesis on the ori�

gin of radioresistance is its appearance because of adapta�

tion to desiccation conditions. Indeed, D. radiodurans is

found ubiquitously in nature, and deserts are natural

habitats for several members of this genus. Both radiation

and desiccation lead to oxidative stress, and the ability to

survive oxidative stress likely underlies the resistance to

both stress conditions. It is likely that the Deinococcus

bacteria evolved toward increased desiccation resistance

by improving the mechanisms that prevent reactive oxy�

gen species formation and eliminate the consequences of

oxidation of macromolecules [161]. Since oxidative stress

underlies the damaging action of many adverse condi�

tions, the adaptations that D. radiodurans has developed

allow it to survive a wide spectrum of impacts [4].

Molecular mechanisms of the regulation of gene

expression in D. radiodurans under stress conditions are

only beginning to be investigated, but it is already clear

that the ability of this bacterium to adapt to various stress

factors and the presence of unique transcription regula�

tors make this system different from classical bacterial

models. From this point of view, analysis of the mecha�

nisms of transcription and its regulation in this bacterium

will be an exciting topic of further studies.
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Foundation (grant 14�14�01074).

REFERENCES

1. Anderson, A. W., Nordan, H. C., Cain, R. F., Parrish, G.,

and Duggan, D. (1956) Studies on a radio�resistant micro�

coccus. I. Isolation, morphology, cultural characteristics

and resistance to radiation, Food Technol., 10, 575�577.

2. Daly, M. J., Ouyang, L., Fuchs, P., and Minton, K. W.

(1994) In vivo damage and recA�dependent repair of plas�

mid and chromosomal DNA in the radiation�resistant bac�

terium Deinococcus radiodurans, J. Bacteriol., 176, 3508�

3517.

3. Slade, D., and Radman, M. (2011) Oxidative stress resist�

ance in Deinococcus radiodurans, Microbiol. Mol. Biol. Rev.,

75, 133�191.

4. Krisko, A., and Radman, M. (2013) Biology of extreme

radiation resistance: the way of Deinococcus radiodurans,

Cold Spring Harbor Perspect. Biol., 5.

5. Ghosal, D., Omelchenko, M. V., Gaidamakova, E. K.,

Matrosova, V. Y., Vasilenko, A., Venkateswaran, A., Zhai,

M., Kostandarithes, H. M., Brim, H., Makarova, K. S.,

Wackett, L. P., Fredrickson, J. K., and Daly, M. J. (2005)

How radiation kills cells: survival of Deinococcus radiodu�

rans and Shewanella oneidensis under oxidative stress,

FEMS Microbiol. Rev., 29, 361�375.

6. Daly, M. J., Gaidamakova, E. K., Matrosova, V. Y.,

Vasilenko, A., Zhai, M., Leapman, R. D., Lai, B., Ravel,

B., Li, S. M., Kemner, K. M., and Fredrickson, J. K.

(2007) Protein oxidation implicated as the primary deter�

minant of bacterial radioresistance, PLoS Biol., 5, e92.

7. Cox, M. M., Keck, J. L., and Battista, J. R. (2010) Rising

from the ashes: DNA repair in Deinococcus radiodurans,

PLoS Genet., 6, e1000815.

8. Gwin, K., and Battista, J. R. (2012) Ionizing radiation�

resistant microorganisms, in Extremophiles: Microbiology

and Biotechnology (Anitori, R. P., ed.) Caister Academic

Press, Norfolk, UK, pp. 25�51.

9. Misra, H. S., Rajpurohit, Y. S., and Kota, S. (2013)

Physiological and molecular basis of extreme radioresis�

tance in Deinococcus radiodurans, Curr. Sci., 104, 194�205.

10. Thompson, B. G., Anderson, R., and Murray, R. G. (1980)

Unusual polar lipids of Micrococcus radiodurans strain

Sark, Can. J. Microbiol., 26, 1408�1411.

11. Thompson, B. G., and Murray, R. G. (1981) Isolation and

characterization of the plasma membrane and the outer

membrane of Deinococcus radiodurans strain Sark, Can. J.

Microbiol., 27, 729�734.

12. Baumeister, W., Barth, M., Hegerl, R., Guckenberger, R.,

Hahn, M., and Saxton, W. O. (1986) Three�dimensional

structure of the regular surface layer (HPI layer) of

Deinococcus radiodurans, J. Mol. Biol., 187, 241�250.

13. Kubler, O., and Baumeister, W. (1978) The structure of a

periodic cell wall component (HPI�layer of Micrococcus

radiodurans), Cytobiologie, 17, 1�9.

14. Farci, D., Bowler, M. W., Kirkpatrick, J., McSweeney, S.,

Tramontano, E., and Piano, D. (2014) New features of the

cell wall of the radioresistant bacterium Deinococcus radio�

durans, Biochim. Biophys. Acta, 1838, 1978�1984.

15. Rothfuss, H., Lara, J. C., Schmid, A. K., and Lidstrom, M.

E. (2006) Involvement of the S�layer proteins Hpi and SlpA

in the maintenance of cell envelope integrity in Deinococcus

radiodurans R1, Microbiology, 152, 2779�2787.

16. Makarova, K. S., Aravind, L., Wolf, Y. I., Tatusov, R. L.,

Minton, K. W., Koonin, E. V., and Daly, M. J. (2001)

Genome of the extremely radiation�resistant bacterium

Deinococcus radiodurans viewed from the perspective of

comparative genomics, Microbiol. Mol. Biol. Rev., 65, 44�

79.

17. Frigaard, N. U., Maresca, J. A., Yunker, C. E., Jones, A.

D., and Bryant, D. A. (2004) Genetic manipulation of

carotenoid biosynthesis in the green sulfur bacterium

Chlorobium tepidum, J. Bacteriol., 186, 5210�5220.

18. Liang, C., Zhao, F., Wei, W., Wen, Z., and Qin, S. (2006)

Carotenoid biosynthesis in cyanobacteria: structural and



1212 AGAPOV, KULBACHINSKIY

BIOCHEMISTRY  (Moscow)   Vol.  80   No.  10   2015

evolutionary scenarios based on comparative genomics, Int.

J. Biol. Sci., 2, 197�207.

19. Tian, B., Sun, Z., Shen, S., Wang, H., Jiao, J., Wang, L.,

Hu, Y., and Hua, Y. (2009) Effects of carotenoids from

Deinococcus radiodurans on protein oxidation, Lett. Appl.

Microbiol., 49, 689�694.

20. Tian, B., Xu, Z., Sun, Z., Lin, J., and Hua, Y. (2007)

Evaluation of the antioxidant effects of carotenoids from

Deinococcus radiodurans through targeted mutagenesis,

chemiluminescence, and DNA damage analyses, Biochim.

Biophys. Acta, 1770, 902�911.

21. White, O., Eisen, J. A., Heidelberg, J. F., Hickey, E. K.,

Peterson, J. D., Dodson, R. J., Haft, D. H., Gwinn, M. L.,

Nelson, W. C., Richardson, D. L., Moffat, K. S., Qin, H.,

Jiang, L., Pamphile, W., Crosby, M., Shen, M.,

Vamathevan, J. J., Lam, P., McDonald, L., Utterback, T.,

Zalewski, C., Makarova, K. S., Aravind, L., Daly, M. J.,

Minton, K. W., Fleischmann, R. D., Ketchum, K. A.,

Nelson, K. E., Salzberg, S., Smith, H. O., Venter, J. C., and

Fraser, C. M. (1999) Genome sequence of the radioresis�

tant bacterium Deinococcus radiodurans R1, Science, 286,

1571�1577.

22. Driedger, A. A. (1970) The DNA content of single cells of

Micrococcus radiodurans, Can. J. Microbiol., 16, 1136�1137.

23. Weisburg, W. G., Giovannoni, S. J., and Woese, C. R.

(1989) The Deinococcus�Thermus phylum and the effect of

rRNA composition on phylogenetic tree construction, Syst.

Appl. Microbiol., 11, 128�134.

24. Omelchenko, M. V., Wolf, Y. I., Gaidamakova, E. K.,

Matrosova, V. Y., Vasilenko, A., Zhai, M., Daly, M. J.,

Koonin, E. V., and Makarova, K. S. (2005) Comparative

genomics of Thermus thermophilus and Deinococcus radio�

durans: divergent routes of adaptation to thermophily and

radiation resistance, BMC Evol. Biol., 5, 57.

25. Moseley, B. E., and Setlow, J. K. (1968) Transformation in

Micrococcus radiodurans and the ultraviolet sensitivity of its

transforming DNA, Proc. Natl. Acad. Sci. USA, 61, 176�

183.

26. Tirgary, S., and Moseley, B. E. (1980) Transformation in

Micrococcus radiodurans: measurement of various parame�

ters and evidence for multiple, independently segregating

genomes, J. Gen. Microbiol., 119, 287�296.

27. Smith, M. D., Lennon, E., McNeil, L. B., and Minton, K.

W. (1988) Duplication insertion of drug resistance determi�

nants in the radioresistant bacterium Deinococcus radiodu�

rans, J. Bacteriol., 170, 2126�2135.

28. Levin�Zaidman, S., Englander, J., Shimoni, E., Sharma,

A. K., Minton, K. W., and Minsky, A. (2003) Ringlike

structure of the Deinococcus radiodurans genome: a key to

radioresistance? Science, 299, 254�256.

29. Englander, J., Klein, E., Brumfeld, V., Sharma, A. K.,

Doherty, A. J., and Minsky, A. (2004) DNA toroids: frame�

work for DNA repair in Deinococcus radiodurans and in

germinating bacterial spores, J. Bacteriol., 186, 5973�5977.

30. Zimmerman, J. M., and Battista, J. R. (2005) A ring�like

nucleoid is not necessary for radioresistance in the

Deinococcaceae, BMC Microbiol., 5, 17.

31. Gerard, E., Jolivet, E., Prieur, D., and Forterre, P. (2001)

DNA protection mechanisms are not involved in the

radioresistance of the hyperthermophilic archaea

Pyrococcus abyssi and P. furiosus, Mol. Genet. Genom., 266,

72�78.

32. Morimatsu, K., and Kowalczykowski, S. C. (2014) RecQ

helicase and RecJ nuclease provide complementary func�

tions to resect DNA for homologous recombination, Proc.

Natl. Acad. Sci. USA, 111, E5133�5142.

33. Bentchikou, E., Servant, P., Coste, G., and Sommer, S.

(2010) A major role of the RecFOR pathway in DNA dou�

ble�strand�break repair through ESDSA in Deinococcus

radiodurans, PLoS Genet., 6, e1000774.

34. Stelter, M., Acajjaoui, S., McSweeney, S., and Timmins, J.

(2013) Structural and mechanistic insight into DNA

unwinding by Deinococcus radiodurans UvrD, PLoS One, 8,

e77364.

35. Saikrishnan, K., Powell, B., Cook, N. J., Webb, M. R., and

Wigley, D. B. (2009) Mechanistic basis of 5′�3′ transloca�

tion in SF1B helicases, Cell, 137, 849�859.

36. Shadrick, W. R., and Julin, D. A. (2010) Kinetics of DNA

unwinding by the RecD2 helicase from Deinococcus radio�

durans, J. Biol. Chem., 285, 17292�17300.

37. Wu, Y., Chen, W., Zhao, Y., Xu, H., and Hua, Y. (2009)

Involvement of RecG in H2O2�induced damage repair in

Deinococcus radiodurans, Can. J. Microbiol., 55, 841�848.

38. Cao, Z., and Julin, D. A. (2009) Characterization in vitro

and in vivo of the DNA helicase encoded by Deinococcus

radiodurans locus DR1572, DNA Rep., 8, 612�619.

39. Kim, J. I., Sharma, A. K., Abbott, S. N., Wood, E. A.,

Dwyer, D. W., Jambura, A., Minton, K. W., Inman, R. B.,

Daly, M. J., and Cox, M. M. (2002) RecA protein from the

extremely radioresistant bacterium Deinococcus radiodu�

rans: expression, purification, and characterization, J.

Bacteriol., 184, 1649�1660.

40. Kim, J. I., and Cox, M. M. (2002) The RecA proteins of

Deinococcus radiodurans and Escherichia coli promote

DNA strand exchange via inverse pathways, Proc. Natl.

Acad. Sci. USA, 99, 7917�7921.

41. George, N. P., Ngo, K. V., Chitteni�Pattu, S., Norais, C.

A., Battista, J. R., Cox, M. M., and Keck, J. L. (2012)

Structure and cellular dynamics of Deinococcus radiodurans

single�stranded DNA (ssDNA)�binding protein (SSB)�

DNA complexes, J. Biol. Chem., 287, 22123�22132.

42. Ngo, K. V., Molzberger, E. T., Chitteni�Pattu, S., and Cox, M.

M. (2013) Regulation of Deinococcus radiodurans RecA pro�

tein function via modulation of active and inactive nucleo�

protein filament states, J. Biol. Chem., 288, 21351�21366.

43. Beam, C. E., Saveson, C. J., and Lovett, S. T. (2002) Role

for radA/sms in recombination intermediate processing in

Escherichia coli, J. Bacteriol., 184, 6836�6844.

44. Zhou, Q., Zhang, X., Xu, H., Xu, B., and Hua, Y. (2006)

RadA: a protein involved in DNA damage repair processes

of Deinococcus radiodurans R1, Chin. Sci. Bull., 51, 2993�

2999.

45. Slade, D., Lindner, A. B., Paul, G., and Radman, M.

(2009) Recombination and replication in DNA repair of

heavily irradiated Deinococcus radiodurans, Cell, 136, 1044�

1055.

46. Zahradka, K., Slade, D., Bailone, A., Sommer, S.,

Averbeck, D., Petranovic, M., Lindner, A. B., and

Radman, M. (2006) Reassembly of shattered chromosomes

in Deinococcus radiodurans, Nature, 443, 569�573.

47. Heinz, K., and Marx, A. (2007) Lesion bypass activity of

DNA polymerase A from the extremely radioresistant

organism Deinococcus radiodurans, J. Biol. Chem., 282,

10908�10914.



REGULATION OF STRESS RESISTANCE IN Deinococcus radiodurans 1213

BIOCHEMISTRY  (Moscow)   Vol.  80   No.  10   2015

48. Daly, M. J., Gaidamakova, E. K., Matrosova, V. Y.,

Vasilenko, A., Zhai, M., Venkateswaran, A., Hess, M.,

Omelchenko, M. V., Kostandarithes, H. M., Makarova, K.

S., Wackett, L. P., Fredrickson, J. K., and Ghosal, D.

(2004) Accumulation of Mn(II) in Deinococcus radiodurans

facilitates gamma�radiation resistance, Science, 306, 1025�

1028.

49. Gutman, P. D., Fuchs, P., and Minton, K. W. (1994)

Restoration of the DNA damage resistance of Deinococcus

radiodurans DNA polymerase mutants by Escherichia coli

DNA polymerase I and Klenow fragment, Mutat. Res., 314,

87�97.

50. Liu, Y., Zhou, J., Omelchenko, M. V., Beliaev, A. S.,

Venkateswaran, A., Stair, J., Wu, L., Thompson, D. K., Xu,

D., Rogozin, I. B., Gaidamakova, E. K., Zhai, M.,

Makarova, K. S., Koonin, E. V., and Daly, M. J. (2003)

Transcriptome dynamics of Deinococcus radiodurans recov�

ering from ionizing radiation, Proc. Natl. Acad. Sci. USA,

100, 4191�4196.

51. Niiranen, L., Lian, K., Johnson, K. A., and Moe, E. (2015)

Crystal structure of the DNA polymerase III beta subunit

(beta�clamp) from the extremophile Deinococcus radiodu�

rans, BMC Struct. Biol., 15, 5.

52. Khairnar, N. P., and Misra, H. S. (2009) DNA polymerase

X from Deinococcus radiodurans implicated in bacterial tol�

erance to DNA damage is characterized as a short patch

base excision repair polymerase, Microbiology, 155, 3005�

3014.

53. Blasius, M., Shevelev, I., Jolivet, E., Sommer, S., and

Hubscher, U. (2006) DNA polymerase X from Deinococcus

radiodurans possesses a structure�modulated 3′�5′ exonu�

clease activity involved in radioresistance, Mol. Microbiol.,

60, 165�176.

54. Bentchikou, E., Servant, P., Coste, G., and Sommer, S.

(2007) Additive effects of SbcCD and PolX deficiencies in

the in vivo repair of DNA double�strand breaks in

Deinococcus radiodurans, J. Bacteriol., 189, 4784�4790.

55. De la Tour, C. B., Passot, F. M., Toueille, M., Mirabella,

B., Guerin, P., Blanchard, L., Servant, P., de Groot, A.,

Sommer, S., and Armengaud, J. (2013) Comparative pro�

teomics reveals key proteins recruited at the nucleoid of

Deinococcus after irradiation�induced DNA damage,

Proteomics, 13, 3457�3469.

56. Devigne, A., Mersaoui, S., Bouthier�de�la�Tour, C.,

Sommer, S., and Servant, P. (2013) The PprA protein is

required for accurate cell division of gamma�irradiated

Deinococcus radiodurans bacteria, DNA Rep., 12, 265�272.

57. Narumi, I., Satoh, K., Cui, S., Funayama, T., Kitayama,

S., and Watanabe, H. (2004) PprA: a novel protein from

Deinococcus radiodurans that stimulates DNA ligation,

Mol. Microbiol., 54, 278�285.

58. Adachi, M., Hirayama, H., Shimizu, R., Satoh, K.,

Narumi, I., and Kuroki, R. (2014) Interaction of double�

stranded DNA with polymerized PprA protein from

Deinococcus radiodurans, Protein Sci., 23, 1349�1358.

59. Schmier, B. J., and Shuman, S. (2014) Effects of 3′�OH

and 5′�PO4 base mispairs and damaged base lesions on the

fidelity of nick sealing by Deinococcus radiodurans RNA

ligase, J. Bacteriol., 196, 1704�1712.

60. Daly, M. J., and Minton, K. W. (1996) An alternative path�

way of recombination of chromosomal fragments precedes

recA�dependent recombination in the radioresistant bac�

terium Deinococcus radiodurans, J. Bacteriol., 178, 4461�

4471.

61. Tanaka, M., Earl, A. M., Howell, H. A., Park, M. J., Eisen,

J. A., Peterson, S. N., and Battista, J. R. (2004) Analysis of

Deinococcus radioduranss transcriptional response to ioniz�

ing radiation and desiccation reveals novel proteins that

contribute to extreme radioresistance, Genetics, 168, 21�33.

62. Kota, S., Charaka, V. K., and Misra, H. S. (2014) PprA, a

pleiotropic protein for radioresistance, works through DNA

gyrase and shows cellular dynamics during postirradiation

recovery in Deinococcus radiodurans, J. Genet., 93, 349�354.

63. Kota, S., Charaka, V. K., Ringgaard, S., Waldor, M. K.,

and Misra, H. S. (2014) PprA contributes to Deinococcus

radiodurans resistance to nalidixic acid, genome mainte�

nance after DNA damage and interacts with deinococcal

topoisomerases, PLoS One, 9, e85288.

64. Das, A. D., and Misra, H. S. (2011) Characterization of

DRA0282 from Deinococcus radiodurans for its role in bacter�

ial resistance to DNA damage, Microbiology, 157, 2196�2205.

65. Norais, C. A., Chitteni�Pattu, S., Wood, E. A., Inman, R.

B., and Cox, M. M. (2009) DdrB protein, an alternative

Deinococcus radiodurans SSB induced by ionizing radia�

tion, J. Biol. Chem., 284, 21402�21411.

66. Bernstein, D. A., Eggington, J. M., Killoran, M. P., Misic,

A. M., Cox, M. M., and Keck, J. L. (2004) Crystal struc�

ture of the Deinococcus radiodurans single�stranded DNA�

binding protein suggests a mechanism for coping with DNA

damage, Proc. Natl. Acad. Sci. USA, 101, 8575�8580.

67. Ujaoney, A. K., Basu, B., Muniyappa, K., and Apte, S. K.

(2015) Functional roles of N�terminal and C�terminal

domains in the overall activity of a novel single�stranded

DNA binding protein of Deinococcus radiodurans, FEBS

Open Bio, 5, 378�387.

68. Lockhart, J. S., and DeVeaux, L. C. (2013) The essential

role of the Deinococcus radiodurans ssb gene in cell survival

and radiation tolerance, PLoS One, 8, e71651.

69. Xu, G., Lu, H., Wang, L., Chen, H., Xu, Z., Hu, Y., Tian,

B., and Hua, Y. (2010) DdrB stimulates single�stranded

DNA annealing and facilitates RecA�independent DNA

repair in Deinococcus radiodurans, DNA Rep., 9, 805�812.

70. Bouthier de la Tour, C., Boisnard, S., Norais, C., Toueille,

M., Bentchikou, E., Vannier, F., Cox, M. M., Sommer, S.,

and Servant, P. (2011) The deinococcal DdrB protein is

involved in an early step of DNA double strand break repair

and in plasmid transformation through its single�strand

annealing activity, DNA Rep., 10, 1223�1231.

71. Sugiman�Marangos, S. N., Peel, J. K., Weiss, Y. M.,

Ghirlando, R., and Junop, M. S. (2013) Crystal structure of

the DdrB/ssDNA complex from Deinococcus radiodurans

reveals a DNA binding surface involving higher�order

oligomeric states, Nucleic Acids Res., 41, 9934�9944.

72. Harris, D. R., Tanaka, M., Saveliev, S. V., Jolivet, E., Earl,

A. M., Cox, M. M., and Battista, J. R. (2004) Preserving

genome integrity: the DdrA protein of Deinococcus radio�

durans R1, PLoS Biol., 2, e304.

73. Selvam, K., Duncan, J. R., Tanaka, M., and Battista, J. R.

(2013) DdrA, DdrD, and PprA: components of UV and

mitomycin C resistance in Deinococcus radiodurans R1,

PLoS One, 8, e69007.

74. Zharkov, D. O. (2007) Structure and conforamtional

dynamics of glycosylases of DNA excison repair, Mol. Biol.

(Moscow), 41, 772�786.



1214 AGAPOV, KULBACHINSKIY

BIOCHEMISTRY  (Moscow)   Vol.  80   No.  10   2015

75. Earl, A. M., Rankin, S. K., Kim, K. P., Lamendola, O. N.,

and Battista, J. R. (2002) Genetic evidence that the uvsE

gene product of Deinococcus radiodurans R1 is a UV dam�

age endonuclease, J. Bacteriol., 184, 1003�1009.

76. Tanaka, M., Narumi, I., Funayama, T., Kikuchi, M.,

Watanabe, H., Matsunaga, T., Nikaido, O., and

Yamamoto, K. (2005) Characterization of pathways

dependent on the uvsE, uvrA1, or uvrA2 gene product for

UV resistance in Deinococcus radiodurans, J. Bacteriol.,

187, 3693�3697.

77. Moeller, R., Douki, T., Rettberg, P., Reitz, G., Cadet, J.,

Nicholson, W. L., and Horneck, G. (2010) Genomic

bipyrimidine nucleotide frequency and microbial reactions

to germicidal UV radiation, Arch. Microbiol., 192, 521�529.

78. Mennecier, S., Coste, G., Servant, P., Bailone, A., and

Sommer, S. (2004) Mismatch repair ensures fidelity of

replication and recombination in the radioresistant organ�

ism Deinococcus radiodurans, Mol. Genet. Genom., 272,

460�469.

79. Zhang, H., Xu, Q., Lu, M., Xu, X., Wang, Y., Wang, L.,

Zhao, Y., and Hua, Y. (2014) Structural and functional

studies of MutS2 from Deinococcus radiodurans, DNA Rep.,

21, 111�119.

80. Onodera, T., Satoh, K., Ohta, T., and Narumi, I. (2013)

Deinococcus radiodurans YgjD and YeaZ are involved in the

repair of DNA cross�links, Extremophiles, 17, 171�179.

81. Harris, D. R., Pollock, S. V., Wood, E. A., Goiffon, R. J.,

Klingele, A. J., Cabot, E. L., Schackwitz, W., Martin, J.,

Eggington, J., Durfee, T. J., Middle, C. M., Norton, J. E.,

Popelars, M. C., Li, H., Klugman, S. A., Hamilton, L. L.,

Bane, L. B., Pennacchio, L. A., Albert, T. J., Perna, N. T.,

Cox, M. M., and Battista, J. R. (2009) Directed evolution

of ionizing radiation resistance in Escherichia coli, J.

Bacteriol., 191, 5240�5252.

82. Imlay, J. A. (2006) Iron�sulphur clusters and the problem

with oxygen, Mol. Microbiol., 59, 1073�1082.

83. Fredrickson, J. K., Li, S. M., Gaidamakova, E. K.,

Matrosova, V. Y., Zhai, M., Sulloway, H. M., Scholten, J.

C., Brown, M. G., Balkwill, D. L., and Daly, M. J. (2008)

Protein oxidation: key to bacterial desiccation resistance?

ISME J., 2, 393�403.

84. Krisko, A., and Radman, M. (2010) Protein damage and

death by radiation in Escherichia coli and Deinococcus

radiodurans, Proc. Natl. Acad. Sci. USA, 107, 14373�14377.

85. Tian, B., Wu, Y., Sheng, D., Zheng, Z., Gao, G., and Hua,

Y. (2004) Chemiluminescence assay for reactive oxygen

species scavenging activities and inhibition on oxidative

damage of DNA in Deinococcus radiodurans,

Luminescence, 19, 78�84.

86. Lipton, M. S., Pasa�Tolic, L., Anderson, G. A., Anderson,

D. J., Auberry, D. L., Battista, J. R., Daly, M. J.,

Fredrickson, J., Hixson, K. K., Kostandarithes, H.,

Masselon, C., Markillie, L. M., Moore, R. J., Romine, M.

F., Shen, Y., Stritmatter, E., Tolic, N., Udseth, H. R.,

Venkateswaran, A., Wong, K. K., Zhao, R., and Smith, R.

D. (2002) Global analysis of the Deinococcus radiodurans

proteome by using accurate mass tags, Proc. Natl. Acad. Sci.

USA, 99, 11049�11054.

87. Chou, F. I., and Tan, S. T. (1990) Manganese(II) induces

cell division and increases in superoxide dismutase and

catalase activities in an aging deinococcal culture, J.

Bacteriol., 172, 2029�2035.

88. Tanaka, A., Hirano, H., Kikuchi, M., Kitayama, S., and

Watanabe, H. (1996) Changes in cellular proteins of

Deinococcus radiodurans following gamma�irradiation,

Radiat. Environ. Biophys., 35, 95�99.

89. Martinez, A., and Kolter, R. (1997) Protection of DNA

during oxidative stress by the nonspecific DNA�binding

protein Dps, J. Bacteriol., 179, 5188�5194.

90. Markillie, L. M., Varnum, S. M., Hradecky, P., and Wong,

K. K. (1999) Targeted mutagenesis by duplication inser�

tion in the radioresistant bacterium Deinococcus radiodu�

rans: radiation sensitivities of catalase (katA) and superox�

ide dismutase (sodA) mutants, J. Bacteriol., 181, 666�669.

91. Mitchel, R. E. (1976) Ionizing radiation damage in

Micrococcus radiodurans cell wall: release of polysaccha�

ride, Radiat. Res., 66, 158�169.

92. Daly, M. J., Gaidamakova, E. K., Matrosova, V. Y., Kiang,

J. G., Fukumoto, R., Lee, D. Y., Wehr, N. B., Viteri, G.

A., Berlett, B. S., and Levine, R. L. (2010) Small�mole�

cule antioxidant proteome�shields in Deinococcus radiodu�

rans, PLoS One, 5, e12570.

93. Leibowitz, P. J., Schwartzberg, L. S., and Bruce, A. K.

(1976) The in vivo association of manganese with the chro�

mosome of Micrococcus radiodurans, Photochem.

Photobiol., 23, 45�50.

94. Luan, H., Meng, N., Fu, J., Chen, X., Xu, X., Feng, Q.,

Jiang, H., Dai, J., Yuan, X., Lu, Y., Roberts, A. A., Luo,

X., Chen, M., Xu, S., Li, J., Hamilton, C. J., Fang, C.,

and Wang, J. (2014) Genome�wide transcriptome and

antioxidant analyses on gamma�irradiated phases of

Deinococcus radiodurans R1, PLoS One, 9, e85649.

95. Anjem, A., Varghese, S., and Imlay, J. A. (2009)

Manganese import is a key element of the OxyR response

to hydrogen peroxide in Escherichia coli, Mol. Microbiol.,

72, 844�858.

96. Li, M., Sun, H., Feng, Q., Lu, H., Zhao, Y., Zhang, H.,

Xu, X., Jiao, J., Wang, L., and Hua, Y. (2013) Extracellular

dGMP enhances Deinococcus radiodurans tolerance to

oxidative stress, PLoS One, 8, e54420.

97. Berlett, B. S., and Levine, R. L. (2014) Designing antiox�

idant peptides, Redox Rep., 19, 80�86.

98. Tabares, L. C., and Un, S. (2013) In situ determination of

manganese(II) speciation in Deinococcus radiodurans by

high magnetic field EPR: detection of high levels of

Mn(II) bound to proteins, J. Biol. Chem., 288, 5050�5055.

99. Bruch, E. M., de Groot, A., Un, S., and Tabares, L. C.

(2015) The effect of gamma�ray irradiation on the Mn(II)

speciation in Deinococcus radiodurans and the potential

role of Mn(II)�orthophosphates, Metallomics, 7, 908�916.

100. Lee, H. Y., Wong, T. Y., Kuo, J., and Liu, J. K. (2014) The

effect of Mn(II) on the autoinducing growth inhibition

factor in Deinococcus radiodurans, Prep. Biochem.

Biotechnol., 44, 645�652.

101. Rouault, T. A., and Klausner, R. D. (1996) Iron�sulfur

clusters as biosensors of oxidants and iron, Trends

Biochem. Sci., 21, 174�177.

102. Servant, P., Jolivet, E., Bentchikou, E., Mennecier, S.,

Bailone, A., and Sommer, S. (2007) The ClpPX protease is

required for radioresistance and regulates cell division after

gamma�irradiation in Deinococcus radiodurans, Mol.

Microbiol., 66, 1231�1239.

103. Joshi, B., Schmid, R., Altendorf, K., and Apte, S. K.

(2004) Protein recycling is a major component of post�



REGULATION OF STRESS RESISTANCE IN Deinococcus radiodurans 1215

BIOCHEMISTRY  (Moscow)   Vol.  80   No.  10   2015

irradiation recovery in Deinococcus radiodurans strain R1,

Biochem. Biophys. Res. Commun., 320, 1112�1117.

104. Tsai, C. H., Liao, R., Chou, B., and Contreras, L. M. (2015)

Transcriptional analysis of Deinococcus radiodurans reveals

novel small RNAs that are differentially expressed under ion�

izing radiation, Appl. Environ. Microbiol., 81, 1754�1764.

105. Im, S., Joe, M., Kim, D., Park, D. H., and Lim, S. (2013)

Transcriptome analysis of salt�stressed Deinococcus radio�

durans and characterization of salt�sensitive mutants, Res.

Microbiol., 164, 923�932.

106. Joe, M. H., Jung, S. W., Im, S. H., Lim, S. Y., Song, H. P.,

Kwon, O., and Kim, D. H. (2011) Genome�wide response

of Deinococcus radiodurans on cadmium toxicity, J.

Microbiol. Biotechnol., 21, 438�447.

107. Zhang, C., Wei, J., Zheng, Z., Ying, N., Sheng, D., and

Hua, Y. (2005) Proteomic analysis of Deinococcus radiodu�

rans recovering from gamma�irradiation, Proteomics, 5,

138�143.

108. Basu, B., and Apte, S. K. (2012) Gamma radiation�

induced proteome of Deinococcus radiodurans primarily

targets DNA repair and oxidative stress alleviation, Mol.

Cell. Proteom., 11; DOI: 10.1074/mcp.M111.011734.

109. Makarova, K. S., Omelchenko, M. V., Gaidamakova, E.

K., Matrosova, V. Y., Vasilenko, A., Zhai, M., Lapidus, A.,

Copeland, A., Kim, E., Land, M., Mavrommatis, K.,

Pitluck, S., Richardson, P. M., Detter, C., Brettin, T.,

Saunders, E., Lai, B., Ravel, B., Kemner, K. M., Wolf, Y.

I., Sorokin, A., Gerasimova, A. V., Gelfand, M. S.,

Fredrickson, J. K., Koonin, E. V., and Daly, M. J. (2007)

Deinococcus geothermalis: the pool of extreme radiation

resistance genes shrinks, PLoS One, 2, e955.

110. Devigne, A., Ithurbide, S., Bouthier de la Tour, C., Passot,

F., Mathieu, M., Sommer, S., and Servant, P. (2015) DdrO

is an essential protein that regulates the radiation desicca�

tion response and the apoptotic�like cell death in the

radioresistant Deinococcus radiodurans bacterium, Mol.

Microbiol., 96, 1069�1084.

111. Earl, A. M., Mohundro, M. M., Mian, I. S., and Battista,

J. R. (2002) The IrrE protein of Deinococcus radiodurans

R1 is a novel regulator of recA expression, J. Bacteriol.,

184, 6216�6224.

112. Lu, H., Gao, G., Xu, G., Fan, L., Yin, L., Shen, B., and

Hua, Y. (2009) Deinococcus radiodurans PprI switches on

DNA damage response and cellular survival networks after

radiation damage, Mol. Cell. Proteom., 8, 481�494.

113. Lu, H., Chen, H., Xu, G., Shah, A. M., and Hua, Y.

(2012) DNA binding is essential for PprI function in

response to radiation damage in Deinococcus radiodurans,

DNA Rep., 11, 139�145.

114. Zhao, P., Zhou, Z., Zhang, W., Lin, M., Chen, M., and

Wei, G. (2015) Global transcriptional analysis of

Escherichia coli expressing IrrE, a regulator from

Deinococcus radiodurans, in response to NaCl shock, Mol.

Biosyst., 11, 1165�1171.

115. Ludanyi, M., Blanchard, L., Dulermo, R., Brandelet, G.,

Bellanger, L., Pignol, D., Lemaire, D., and de Groot, A.

(2014) Radiation response in Deinococcus deserti: IrrE is a

metalloprotease that cleaves repressor protein DdrO, Mol.

Microbiol., 94, 434�449.

116. Wang, Y., Xu, Q., Lu, H., Lin, L., Wang, L., Xu, H., Cui,

X., Zhang, H., Li, T., and Hua, Y. (2015) Protease activity

of PprI facilitates DNA damage response: Mn(2+)�

dependence and substrate sequence�specificity of the pro�

teolytic reaction, PLoS One, 10, e0122071.

117. Ohba, H., Satoh, K., Sghaier, H., Yanagisawa, T., and

Narumi, I. (2009) Identification of PprM: a modulator of

the PprI�dependent DNA damage response in Deinococcus

radiodurans, Extremophiles, 13, 471�479.

118. Wang, L., Xu, G., Chen, H., Zhao, Y., Xu, N., Tian, B.,

and Hua, Y. (2008) DrRRA: a novel response regulator

essential for the extreme radioresistance of Deinococcus

radiodurans, Mol. Microbiol., 67, 1211�1222.

119. Chen, H., Xu, G., Zhao, Y., Tian, B., Lu, H., Yu, X., Xu, Z.,

Ying, N., Hu, S., and Hua, Y. (2008) A novel OxyR sensor

and regulator of hydrogen peroxide stress with one cysteine

residue in Deinococcus radiodurans, PLoS One, 3, e1602.

120. Lu, H., Xia, W., Chen, H., Yin, L., Zhao, X., Xu, G., and

Hua, Y. (2011) Characterization of the role of DR0171 in

transcriptional response to radiation in the extremely

radioresistant bacterium Deinococcus radiodurans, Arch.

Microbiol., 193, 741�750.

121. Ul Hussain Shah, A. M., Zhao, Y., Wang, Y., Yan, G.,

Zhang, Q., Wang, L., Tian, B., Chen, H., and Hua, Y.

(2014) A Mur regulator protein in the extremophilic bac�

terium Deinococcus radiodurans, PLoS One, 9, e106341.

122. Sheng, D., Liu, R., Xu, Z., Singh, P., Shen, B., and Hua,

Y. (2005) Dual negative regulatory mechanisms of RecX

on RecA functions in radiation resistance, DNA recombi�

nation and consequent genome instability in Deinococcus

radiodurans, DNA Rep., 4, 671�678.

123. Sheng, D., Jao, J., Li, M., Xu, P., and Zhang, J. (2009)

RecX is involved in the switch between DNA damage

response and normal metabolism in D. radiodurans, J.

Biochem., 146, 337�342.

124. Satoh, K., Ohba, H., Sghaier, H., and Narumi, I. (2006)

Down�regulation of radioresistance by LexA2 in

Deinococcus radiodurans, Microbiology, 152, 3217�3226.

125. Zhao, Z., Zhou, Z., Li, L., Xian, X., Ke, X., Chen, M.,

and Zhang, Y. (2014) A copper�responsive gene cluster is

required for copper homeostasis and contributes to oxida�

tive resistance in Deinococcus radiodurans R1, Mol.

Biosyst., 10, 2607�2616.

126. Wilkinson, S. P., and Grove, A. (2004) HucR, a novel uric

acid�responsive member of the MarR family of transcrip�

tional regulators from Deinococcus radiodurans, J. Biol.

Chem., 279, 51442�51450.

127. Bordelon, T., Wilkinson, S. P., Grove, A., and Newcomer, M.

E. (2006) The crystal structure of the transcriptional regulator

HucR from Deinococcus radiodurans reveals a repressor pre�

configured for DNA binding, J. Mol. Biol., 360, 168�177.

128. Perera, I. C., Lee, Y. H., Wilkinson, S. P., and Grove, A.

(2009) Mechanism for attenuation of DNA binding by

MarR family transcriptional regulators by small molecule

ligands, J. Mol. Biol., 390, 1019�1029.

129. Dulermo, R., Onodera, T., Coste, G., Passot, F., Dutertre, M.,

Porteron, M., Confalonieri, F., Sommer, S., and Pasternak, C.

(2015) Identification of new genes contributing to the extreme

radioresistance of Deinococcus radiodurans using a Tn5�based

transposon mutant library, PLoS One, 10, e0124358.

130. Kamble, V. A., Rajpurohit, Y. S., Srivastava, A. K., and

Misra, H. S. (2010) Increased synthesis of signaling mole�

cules coincides with reversible inhibition of nucleolytic

activity during postirradiation recovery of Deinococcus

radiodurans, FEMS Microbiol. Lett., 303, 18�25.



1216 AGAPOV, KULBACHINSKIY

BIOCHEMISTRY  (Moscow)   Vol.  80   No.  10   2015

131. Rajpurohit, Y. S., Desai, S. S., and Misra, H. S. (2013)

Pyrroloquinoline quinone and a quinoprotein kinase support

gamma�radiation resistance in Deinococcus radiodurans and

regulate gene expression, J. Basic Microbiol., 53, 518�531.

132. Im, S., Song, D., Joe, M., Kim, D., Park, D. H., and Lim,

S. (2013) Comparative survival analysis of 12 histidine kinase

mutants of Deinococcus radiodurans after exposure to DNA�

damaging agents, Bioprocess Biosys. Eng., 36, 781�789.

133. Desai, S. S., Rajpurohit, Y. S., Misra, H. S., and Deobagkar,

D. N. (2011) Characterization of the role of the RadS/RadR

two�component system in the radiation resistance of

Deinococcus radiodurans, Microbiology, 157, 2974�2982.

134. Patel, B. A., Moreau, M., Widom, J., Chen, H., Yin, L.,

Hua, Y., and Crane, B. R. (2009) Endogenous nitric oxide

regulates the recovery of the radiation�resistant bacterium

Deinococcus radiodurans from exposure to UV light, Proc.

Natl. Acad. Sci. USA, 106, 18183�18188.

135. Yang, P., Chen, Z., Shan, Z., Ding, X., Liu, L., and Guo,

J. (2014) Effects of FMN riboswitch on antioxidant activ�

ity in Deinococcus radiodurans under H2O2 stress,

Microbiol. Res., 169, 411�416.

136. Meima, R., Rothfuss, H. M., Gewin, L., and Lidstrom, M.

E. (2001) Promoter cloning in the radioresistant bacterium

Deinococcus radiodurans, J. Bacteriol., 183, 3169�3175.

137. Barinova, N., Kuznedelov, K., Severinov, K., and

Kulbachinskiy, A. (2008) Structural modules of RNA

polymerase required for transcription from promoters con�

taining downstream basal promoter element GGGA, J.

Biol. Chem., 283, 22482�22489.

138. Kulbachinskiy, A., Bass, I., Bogdanova, E., Goldfarb, A.,

and Nikiforov, V. (2004) Cold sensitivity of thermophilic

and mesophilic RNA polymerases, J. Bacteriol., 186,

7818�7820.

139. Kim, M., Wolff, E., Huang, T., Garibyan, L., Earl, A. M.,

Battista, J. R., and Miller, J. H. (2004) Developing a

genetic system in Deinococcus radiodurans for analyzing

mutations, Genetics, 166, 661�668.

140. Hua, X., Wang, H., Wang, C., Tian, B., and Hua, Y. (2011)

Global effect of an RNA polymerase beta�subunit mutation

on gene expression in the radiation�resistant bacterium

Deinococcus radiodurans, Sci. China. Life Sci., 54, 854�862.

141. Schmid, A. K., and Lidstrom, M. E. (2002) Involvement

of two putative alternative sigma factors in stress response

of the radioresistant bacterium Deinococcus radiodurans, J.

Bacteriol., 184, 6182�6189.

142. Schmid, A. K., Howell, H. A., Battista, J. R., Peterson, S.

N., and Lidstrom, M. E. (2005) Global transcriptional and

proteomic analysis of the Sig1 heat shock regulon of

Deinococcus radiodurans, J. Bacteriol., 187, 3339�3351.

143. Schmid, A. K., Howell, H. A., Battista, J. R., Peterson, S.

N., and Lidstrom, M. E. (2005) HspR is a global negative

regulator of heat shock gene expression in Deinococcus

radiodurans, Mol. Microbiol., 55, 1579�1590.

144. Miropolskaya, N., Artsimovitch, I., Klimasauskas, S.,

Nikiforov, V., and Kulbachinskiy, A. (2009) Allosteric con�

trol of catalysis by the F loop of RNA polymerase, Proc.

Natl. Acad. Sci. USA, 106, 18942�18947.

145. Miropolskaya, N., Esyunina, D., Klimasauskas, S.,

Nikiforov, V., Artsimovitch, I., and Kulbachinskiy, A.

(2014) Interplay between the trigger loop and the F loop

during RNA polymerase catalysis, Nucleic Acids Res., 42,

544�552.

146. Pupov, D. B., Barinova, N. A., and Kulbachinskiy, A. V.

(2008) Analysis of RNA�cleaving activity of RNA poly�

merases from E. coli and D. radiodurans, Biochemistry

(Moscow), 73, 725�729.

147. Nudler, E. (2012) RNA polymerase backtracking in gene

regulation and genome instability, Cell, 149, 1438�1445.

148. Dutta, D., Shatalin, K., Epshtein, V., Gottesman, M. E.,

and Nudler, E. (2011) Linking RNA polymerase back�

tracking to genome instability in E. coli, Cell, 146, 533�543.

149. McGlynn, P., Savery, N. J., and Dillingham, M. S. (2012)

The conflict between DNA replication and transcription,

Mol. Microbiol., 85, 12�20.

150. Laptenko, O., Lee, J., Lomakin, I., and Borukhov, S.

(2003) Transcript cleavage factors GreA and GreB act as

transient catalytic components of RNA polymerase,

EMBO J., 22, 6322�6334.

151. Hogan, B. P., Hartsch, T., and Erie, D. A. (2002)

Transcript cleavage by Thermus thermophilus RNA poly�

merase. Effects of GreA and anti�GreA factors, J. Biol.

Chem., 277, 967�975.

152. Laptenko, O., Kim, S. S., Lee, J., Starodubtseva, M., Cava,

F., Berenguer, J., Kong, X. P., and Borukhov, S. (2006) pH�

dependent conformational switch activates the inhibitor of

transcription elongation, EMBO J., 25, 2131�2141.

153. Symersky, J., Perederina, A., Vassylyeva, M. N., Svetlov,

V., Artsimovitch, I., and Vassylyev, D. G. (2006)

Regulation through the RNA polymerase secondary chan�

nel. Structural and functional variability of the coiled�coil

transcription factors, J. Biol. Chem., 281, 1309�1312.

154. Sekine, S., Murayama, Y., Svetlov, V., Nudler, E., and

Yokoyama, S. (2015) The ratcheted and ratchetable struc�

tural states of RNA polymerase underlie multiple tran�

scriptional functions, Mol. Cell, 57, 408�421.

155. Tagami, S., Sekine, S., Kumarevel, T., Hino, N.,

Murayama, Y., Kamegamori, S., Yamamoto, M.,

Sakamoto, K., and Yokoyama, S. (2010) Crystal structure

of bacterial RNA polymerase bound with a transcription

inhibitor protein, Nature, 468, 978�982.

156. Tagami, S., Sekine, S., Kumarevel, T., Yamamoto, M.,

and Yokoyama, S. (2010) Crystallization and preliminary

X�ray crystallographic analysis of Thermus thermophilus

transcription elongation complex bound to Gfh1, Acta

Crystallogr. F., 66, 64�68.

157. Park, J. S., Marr, M. T., and Roberts, J. W. (2002) E. coli

transcription repair coupling factor (Mfd protein) rescues

arrested complexes by promoting forward translocation,

Cell, 109, 757�767.

158. Epshtein, V., Kamarthapu, V., McGary, K., Svetlov, V.,

Ueberheide, B., Proshkin, S., Mironov, A., and Nudler, E.

(2014) UvrD facilitates DNA repair by pulling RNA poly�

merase backwards, Nature, 505, 372�377.

159. Pavlov, A. K., Kalinin, V. L., Konstantinov, A. N.,

Shelegedin, V. N., and Pavlov, A. A. (2006) Was Earth ever

infected by martian biota? Clues from radioresistant bacte�

ria, Astrobiology, 6, 911�918.

160. Cox, M. M., and Battista, J. R. (2005) Deinococcus radio�

durans – the consummate survivor, Nat. Rev. Microbiol., 3,

882�892.

161. Mattimore, V., and Battista, J. R. (1996) Radioresistance

of Deinococcus radiodurans: functions necessary to survive

ionizing radiation are also necessary to survive prolonged

desiccation, J. Bacteriol., 178, 633�637.


