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Introduction

As only few radioprotectors are currently available for ther-
apy, in the last decades there has been an outstanding inter-
est in developing new agents to decrease the side effects 
of exposure to ionizing radiation in high-risk individuals. 
These could be accidentally or professionally exposed to 
ionizing radiation and include: cleanup crews involved in 
nuclear mishaps or attacks, astronauts, international flight 
crews and pilots, nuclear power plant personnel, and some 
medical professionals (e.g., radiologists).

Furthermore, ionizing radiation used in cancer ther-
apy injures normal tissues surrounding the tumor, which 
represents a cause for treatment toxicity and a limiting 
factor that ultimately dictates the dose, volume and tech-
nique of radiation. There is an urgent need for devel-
oping efficient radioprotectors, which could be admin-
istered before radiation exposure for protecting normal 
cells. The advantages of efficient radioprotective agents 
would be enormous, since they would allow a higher 
and more efficient dose to be used and decrease the side 
effects of radiotherapy. Mitigators are radioprotective 
agents that are given after exposure to counteract the 
toxic effects of radiation and to increase survival after a 
nuclear hazard.

Resistance to ionizing radiation damage varies from 
cell to cell, and from organism to organism. Physiologi-
cal factors able to predict the ability of a particular cell to 
survive radiation-induced damage are yet controversial. It 
appears that the more complex is an organism, the more 
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is it sensitive to radiation-induced damage. Vertebrates 
show greater sensitivity to the effects of DNA-damaging 
agents, such as ionizing radiation, UV light and desicca-
tion. While humans cannot survive a whole-body expo-
sure of 10  Gy (Gray; the SI unit of absorbed radiation 
dose) and 200 Gy is lethal for most bacteria, Deinococcus 
radiodurans can survive acute exposures of 15,000  Gy 
(Daly et  al. 1994) and chronic exposures of 60  Gy/h 
(Venkateswaran et al. 2000). Ionizing radiation, UV light 
and desiccation generate reactive oxygen species (ROS), 
which have extremely harmful effects on all macromol-
ecules in a cell: proteins, DNA, RNA and lipids (Du and 
Gebicki 2004; Daly et  al. 2007; Bosshard et  al. 2010; 
Krisko and Radman 2010).

The first species of the Deinococcaceae family to be dis-
covered, D. radiodurans, has been identified in 1956 during 
a study that aimed to test if gamma radiation could be used 
as a method of sterilization (Anderson et al. 1956). Deino-
coccus radiodurans (DR) was found in a can of meat that 
had been exposed to a dose of radiation that presumably 
killed all known organisms. Later, it was found that DR 
could survive doses of radiation of up to 15,000 Gy. This 
extreme radiation resistance seems to be an evolutionary 
adaptation to dehydration, since no such highly radioac-
tive natural environment has yet been discovered on Earth 
(Mattimore and Battista 1996). Genome sequences have 
been published for six members of the Deinococcus genus: 
D. radiodurans (White et al. 1999), D. geothermalis (White 
et  al. 1999; Makarova et  al. 2007; de Groot et  al. 2009), 
D. proteolyticus (Copeland et  al. 2012), D. wulumuqien-
sis (Xu et  al. 2013), D. xibeiensis (Hu et  al. 2013) and 
D. phoenicis (Stepanov et al. 2014).

This paper aims to focus on the molecular background 
of resistance to ionizing radiation in Deinococcus species 
and on the influence of oxidative damage on cells.

Mechanisms underlying radioresistance

Ionizing radiation generates wide-ranging molecular dam-
age in a cell, affecting DNA, RNA, proteins and lipids. 
Hence, to elucidate the mechanism that allows some organ-
isms to survive exposures to high doses of radiation, a 
large number of factors are to be taken into account. The 
main mechanisms proposed suggest that radioresistant 
organisms:

(a)	 have unique DNA repair mechanisms, far more effec-
tive than those of other organisms;

(b)	 use enzymatic and nonenzymatic antioxidant systems;
(c)	 possess a highly efficient cellular cleansing system, 

which exports damaged nucleotides out of the cell.

Proteins involved in genome preservation 
and DNA repair mechanisms in Deinococcus 
bacteria

Extreme exposures to desiccation and ionizing radiation 
cause DNA single-strand breaks and double-strand breaks 
(DSBs) (Mattimore and Battista 1996), resulting in hun-
dreds of short DNA fragments (Battista et  al. 1999). It 
has been observed that Deinococcus bacteria accumulate 
approximately the same amount of genomic damage as 
radiosensitive bacteria (Daly 2009). Typically, 100 Gy gen-
erates approximately 1 DSB/haploid genome (Ghosal et al. 
2005).

Notably, each cell of D. radiodurans bacteria has at least 
two genome copies, a feature which is mandatory for DSB 
repair by recombination. However, contrary to what would 
be expected, a higher number of genome copies do not 
enhance radioresistance in D. radiodurans (Harsojo et  al. 
Harsojo and Matsuyama 1981).

Deinococcus DNA repair system is similar to that of 
the radiosensitive E.coli and Schewanella oneidensis (Daly 
2009; Ghosal et al. 2005) and what is even more intriguing 
is that the DSB repair system in D. radiodurans resembles 
that of yeast cells (Symington et al. 2014).

Basically, DSBs repair in D. radiodurans is mainly 
achieved by extended synthesis-dependent strand anneal-
ing (ESDSA), which is as a two-step process. The first 
stage involves a Pol I-dependent mechanism necessary 
for fragment reassembly. Essentially, a helicase (UvrD), 
a 5′-3′ exonuclease (RecJ), RecA and two DNA polymer-
ases, Pol I and Pol III, are required for this step. The second 
process is RecA dependent and results in mature, circular 
chromosomes (Zahradka et  al. 2006). However, there is 
evidence that a large number of DSBs are repaired prior to 
ESDSA through single-strand annealing, a process which 
generates relatively large DNA fragments, which probably 
serve afterward as substrates for ESDSA (Daly and Minton 
1996).

The RecA protein of D. radiodurans (DrRecA) has an 
essential role in DNA repair after extreme irradiation. The 
loss of RecA function entails a dramatic decrease in radia-
tion resistance (Earl et  al. 2002). Briefly, DrRecA binds 
to double-stranded DNA (dsDNA) and, in the presence 
of ATP, forms long helical filaments. DrRecA forms fila-
ments on dsDNA that nucleate much faster than E. RecA 
(EcRecA), but extend slower (Hsu et al. 2011). These fila-
ments exhibit interconvertible active and inactive states. 
Addition of single-stranded DNA (ssDNA) activates ATP 
hydrolysis of the DrRecA–dsDNA filament (Ngo et  al. 
2013). The inactive state of RecA may provide a new point 
of regulation and further studies are needed to uncover its 
regulatory mechanisms (Fig. 1).



709Extremophiles (2015) 19:707–719	

1 3

Proteins structurally and functionally similar to DrRecA 
are found in virtually all organisms, whether eukaryotic, 
prokaryotic or archaeal (Seitz et  al. 1998). Most likely, 
evolutionary adaptation to different environmental stresses 
inflicted mutations on recA gene. In D. radiodurans, RecA 
protein displays a much different approach to DNA repair, 
because it is needed for genome restoration after prolonged 
periods of desiccation (Mattimore and Battista 1996), 
whereas RecA homologs in eukaryotes are only necessary 
for the repair of replication errors.

Comparative genomic studies show that D. geothermalis 
RecA (DgeRecA) protein has 87.6  % identity and 95.9  % 
similarity with DrRecA protein; Deinococcus murrayi 
RecA (DmuRecA) protein has 86.9 % identity and 96.9 % 
similarity with DrRecA protein. All three enzymes, DrRecA, 
DgeRecA and DmuRecA show more than 50 % identity to 
the EcRecA protein (Gutman et  al. 1994; Wanarska et  al. 
2011). In vitro studies show that, unlike EcRecA, DrRecA 
has a preference toward binding dsDNA when placed in a 
reaction mixture containing both dsDNA and ssDNA (Kim 
2006). In contrast to DrRecA’s binding preference, DgeRecA 

and DmuRecA bind more readily to ssDNA when both 
ssDNA and dsDNA are present in the same reaction mixture. 
DgeRecA and DmuRecA proteins are able to hydrolyze ATP 
and dATP in the presence of ssDNA and in the DNA strand 
exchange conditions (Wanarska et al. 2011). These findings 
suggest that RecA-mediated DNA repair mechanisms may 
differ from one Deinococcus species to another.

Piechura et al. demonstrated that RecA mutations affect-
ing the Asp residue at positions 276 (D276), D276A and 
D276N increase radiation resistance of E. coli mutant 
strains up to 3 kGy (Piechura et al. 2015). Further studies 
should be performed to determine if mutations at equiva-
lent sites on RAD51, the eukaryotic homolog of RecA, 
have a similar effect on radiation resistance.

RecFOR pathway includes RecF, RecO and RecR. DrRecR 
is a recombination mediator protein (RMP) with a dimeric 
architecture in solution. RecR binds RecO, forming a complex 
with a four-to-two stoichiometry. RecO binding strongly stim-
ulates the formation of RecR tetramers. The crystal structure 
of the RecOR complex reveals a RecR tetrameric ring with 
one RecO monomer on either side, which can switch from an 

Fig. 1   The RecA-dependent double-strand break repair mechanism 
in D. radiodurans. In normal conditions, double-stranded genomic 
DNA is bound by DrRecA in an inactive state. Following exposure 
to ionizing radiation, double-strand breakage of genomic DNA may 
occur. The helicase UvrD is thought to unwind the DNA duplex, 
along with other DNA helicases; following DNA unwinding, RecJ 
digests the exposed 5′-DNA, creating 3′-overhangs. Single-stranded 
proteins (SSBs) wrap around the 3′-overhang. The presence of 
ssDNA in the cell activates the ATPase activity of DrRecA. RecA 
transfer from dsDNA to ssDNA is mediated by the RecFOR pathway 

(process not shown in this figure). The RecA-mediated strand inva-
sion of a homologous duplex forms a migrating D-loop. DNA synthe-
sis process is catalyzed by Pol I and Pol III. The newly synthesized 
single strands, which progressively detach from the D-loop, anneal 
with complementary strands. The resulting DNA fragments are joined 
into circular chromosomes by RecA-dependent crossovers. [Modified 
from ref. Ngo et al. 2013 with permission from The American Society 
for Biochemistry and Molecular Biology, Inc. and based on data from 
ref. Slade and Radman (2011)]
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“open” conformation to a “closed” one. This hetero-hexameric 
complex interacts with a single-stranded DNA-binding protein 
(SSB)-coated ssDNA substrate. Subsequent to ssDNA bind-
ing within the RecR ring, the RecOR complex is locked in the 
“open” conformation (Radzimanowski et al. 2013).

DrRecQ possesses an unusual architecture of the heli-
case catalytic core domain, essential for the ATPase and 
DNA-unwinding abilities of RecQ proteins  (Wang et  al. 
2013). Moreover, the DNA-binding motif of DrRecQ dis-
plays interdomain flexibility, which may be involved in 
regulating DNA recognition (Chen et al. 2014).

RecX is considered to be involved in the switch between 
stress response and normal metabolism in D. radiodurans, 
inhibiting the expression of some proteins involved in the 
DNA repair process (RecA, SSB, PprA) and enhancing the 
expression of some metabolism-related proteins (Sheng 
et al. 2009).

DdrB (DNA damage response B) is an SSB, unique to 
Deinococcus species. In D. radiodurans, proteomic analy-
sis showed that, among DNA repair proteins, DdrB is the 
second most abundant radiation-induced protein. This result 
indicates vigorous protection conferred to ssDNA fragments 
as the basic defense strategy against DNA damage of D. 
radiodurans (Basu and Apte 2012). DdrB from D. geother-
malis was found to contain an unusual ssDNA- binding fold 
that is structurally and topologically different from that of all 
other SSBs characterized to date. DdrB is able to promote 
strand annealing of complementary ssDNA fragments (Sug-
iman-Marangos and Junop 2010). Therefore, it has been 
inferred that DdrB may play an important role in single-
strand annealing DNA repair process (Bouthier de la Tour 
et al. 2011), by analogy with the eukaryotic Rad52 protein 

(Singleton et al. 2002). Single molecule measurements indi-
cate that SSBs can act as a sliding platform that shifts on 
DNA strands via a “sliding-with-bulge” mechanism and 
recruits the interacting proteins in DNA recombination and 
repair processes (Xu et  al. 2010; Zhou et  al. 2011). DdrB 
in D. geothermalis and DdrB in D. radiodurans have amino 
acid sequences that are 72 % identical, indicating that these 
two proteins probably display similar DNA-binding char-
acteristics (Norais et al. 2009; Sugiman-Marangos & Junop 
2010). Furthermore, the crystal structure of DdrB in com-
plex with ssDNA and the pentameric structure of DdrB was 
found to assemble into a higher-order oligomeric structure 
that wraps around ssDNA (Sugiman-Marangos et al. 2013). 
Furthermore, DdrB has been reported to inhibit RecJ exo-
nuclease activity and protect oligonucleotides (Jiao et  al. 
2012), shielding ssDNA produced during repair processes. 
Sugiman-Marangos et  al. propose a mechanism of single-
strand annealing in which DdrB adopts a two-ring form-
ing oligomeric structure, similar to the eukaryotic protein 
Rad52 (Sugiman-Marangos et  al. 2013). Recently, a novel 
protein encoded by the dr1245 gene was identified, which 
may have chaperon activity toward DdrB and possibly other 
substrates. Studies showed that a Δdr1245 strain is impaired 
in growth, but radioresistance is not affected (Norais et al. 
2013).

PprI (or IrrE) protein is specific to bacteria belong-
ing to Deinococcaceae and Thermaceae families. It is a 
regulatory protein that stimulates expression of recA and 
other DNA repair genes (Hua et al. 2003), as well as genes 
involved in various metabolic pathways and enhances cata-
lase activity (Lu et  al. 2009, 2012), acting like a general 
switch. PprI has proteolytic activity and in the presence of 

Table 1   Recently characterized genes and proteins involved in DNA repair and oxidative stress response in Deinococcus radiodurans [for pre-
vious data see Slade and Radman (2011)]

Gene/protein name Characteristics and function Reference

drMutS2 Increases cellular resistance to oxidative stress; RecA independent;  
has endonucleolytic activity

Zhang et al. (2014)

SbcCD complex ssDNA endonuclease and 3′ → 5′ dsDNA exonuclease Kamble and Misra (2010)

dr0865 Belongs to the Mur sub-family of Fur homolog; regulator of the cellular response to Mn(II) 
ions

Ul Hussain Shah et al. (2014)

RecX Possibly inhibits the expression of RecA, SSB, and PprA; plays the role of a DNA repair 
mechanistic switch

Sheng et al. (2009)

DR 0171 Regulator of the transcriptional response to radiation-induced damage Lu et al. (2011)

dr1245 Encodes a protein which interacts with DdrB Norais et al. (2013)

ygjD (DR_0382) Involved in the repair of DNA cross-links Onodera et al. (2013)

yeaZ (DR_0756) Involved in the repair of DNA cross-links Onodera et al. (2013)

DR0053 DinB-like protein; DNA damage-inducible gene Appukuttan et al. (2015)

RqkA (DR2518) Eukaryotic-type serine/threonine protein kinase; role in phosphorylation of PprA Rajpurohit and Misra (2013a)

DR2417 (DncA) Recombinant protein of ßCasp family; has Mn2+ dependent 3′ → 5′ exonuclease activity; 
also acts as an ssDNA/dsDNA junction endonuclease; has poor activity on RNA. Seems to 
be essential for growth and γ radiation resistance in D. radiodurans

Das and Misra (2012)
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Mn2+ ions, PprI cleaves DdrO, hence suppressing its func-
tion. The cleavage site seems to be the same in D. radio-
durans and D. deserti. It is thought that PprI and DdrO 
mediate a novel and unique DNA damage response path-
way, which differs markedly from the LexA-SOS response 
system in E.coli (Wang et al. 2015a, b).

In D. radiodurans, DNA repair proteins, protein kinases 
and phosphoproteins form a multiprotein complex (Kota 
and Misra 2008). Following exposure to ionizing radia-
tion, protein kinases seem to be up-regulated, while phos-
phatases and phosphodiesterases tend to be down-regulated 
(Kamble et al. 2009).

Ferric uptake regulator (Fur) controls the expression 
of genes involved in the uptake of some divalent ions and 
regulates the intracellular redox status. Fur family pro-
teins generally act as repressors in the response to Fe(II), 
Mn(II), Zn(II) and Ni(II), referred to as Fur, Mur, Zur and 
Nur, respectively (Ahn et  al. 2006; Diaz-Mireles et  al. 
2004; Ul Hussain Shah et  al. 2014; Fuangthong& Hel-
man Fuangthong and Helmann 2003). Two Fur homologs 
have been described in D. radiodurans: PerR-like protein 
and dr0865, a Mur regulator protein.

DR0171, a helix–turn–helix (HTH)-containing DNA-
binding protein, plays the role of a regulator of the tran-
scriptional response to radiation damage in D. radiodurans 
(Lu et al. 2011). It may mediate the switch from DNA deg-
radation to synthesis and repair (Udupa et  al. 1994). This 
switch is an important step in DNA repair mechanisms, still 
incompletely characterized. An intriguing fact is that this 
protein seems to be Deinococcus specific and it may stand 
as an example of adaptation to DNA-damaging agents 
(Makarova et al. 2001).

Other recently characterized genes and proteins involved 
in DNA repair and oxidative stress response in Deinococ-
cus radiodurans are included in Table 1.

Potential role of small RNAs in radiation 
resistance

Small non-coding RNAs (sRNAs) regulate DNA repair 
gene expression (Gottesman 2005). The small size of 
sRNA genes (400 bp) would allow them to remain largely 
undamaged after exposure to extreme levels of ionizing 
radiation, compared to protein-encoding genes (1000–
2000  bp). The functional sRNAs transcribed from DNA 
fragments after irradiation may contribute to genome 
reconstruction. Eight sRNAs showed differential expres-
sion after acute ionizing radiation (15  kGy) in D. radio-
durans and seven of these sRNAs were also confirmed in 
D. geothermalis. Potential sRNA binding targets were pre-
dicted to be mRNAs that encode proteins contributing to 
radiation survival, such as RecA, RuvA and RadA. Other 

predicted mRNAs are involved in stress response mecha-
nisms or global gene regulation, for instance the tran-
scriptional regulator DR0074 belonging to the TetR fam-
ily, DR0097 protein belonging to the ferredoxin-NADP+ 
reductase family and the MerR family transcriptional regu-
lator (Tsai et  al. 2015). Luan et  al. also reported the up-
regulation of sRNA expression in response to high doses 
of radiation, mainly including tRNAs, which may modu-
late the translation of RNA to protein. In addition, many 
putative antisense-RNAs may play important roles in vari-
ous processes involved in radiation resistance, e.g., glyco-
lysis pathway, homologous recombination and manganese 
transport throughout the cells (Luan et al. 2014).

Dual effects of ROS on cells

ROS include free radicals: superoxide radicals (O2
·−), 

hydroxyl radicals (HO·) and hydrogen peroxide (H2O2), with 
the last oxygen species being highly reactive, although it 
does not contain unpaired electrons in the molecular orbital.

Ionizing radiation generates ROS, which, depending on 
the context, can act both as oxidants and reductants. ROS 
can damage cell structures and promote genomic instability 
and DNA mutations (Hunt et al. 1998). Radiation directly 
causes only 20  % of DNA damage, while the remaining 
80 % is indirectly caused by HO· (Ghosal et al. 2005).

In bacteria, manganese (Mn) and iron (Fe) ions signifi-
cantly influence the cellular redox status, as represented in 
Fig. 2.

O∙−
2   and H2O2 do not react directly with DNA (Imlay 

2008), but with proteins that contain exposed iron–sulfur 
(Fe–S), haem groups, cysteine residues or cation-binding 
sites, where an iron-catalyzed oxidation reaction occurs 
(Culotta and Daly 2013). Due to the fact that O·−

2   is nega-
tively charged, it has greater damaging potential than H2O2 
for Fe–S clusters.

Although cellular macromolecules cannot be protected 
from the direct damaging effects of UV or ionizing radiation, 
antioxidants can increase the survival of cells exposed to such 
types of radiation. Antioxidants decrease ROS‑mediated tox-
icity, secondary to the radiation direct effects (Fig. 3).

A better understanding of the interactions between ROS and 
antioxidants from Deinococcus species may have far-reaching 
implications in increasing the efficiency of radiotherapy and in 
protecting normal tissue from radiation-induced damage.

Antioxidant systems in Deinococcus bacteria

DNA reassembly in Deinococcus bacteria requires a multi-
tude of DNA repair enzymes. This is why survival of these 
bacteria most probably depends on their ability to maintain 
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structural and functional integrity of proteins involved in 
DNA repair, DNA synthesis and diverse metabolic path-
ways. Hence, resistance to oxidative stress is thought to 

result from the work of very efficient systems that protect 
proteins from oxidative damage and allows Deinococcus 
bacteria to survive high doses of radiation.

Fig. 2   Mn and Fe cellular redox cycling in response to ion-
izing radiation. (1) Radiation-triggered water radiolysis gen-
erates HO· (hydroxyl radical), H+ (proton) and e

−

aq
 (hydrated 

electron); (2) HO· radicals may react with each other and form 
H2O2, which, due to its uncharged molecular structure, can fur-
ther diffuse throughout the cell membranes; (3) Fenton reac-
tion: Fe2+ +  H2O2 →  Fe3+ +  HO· +  HO− (hydroxide anion); (4) 
Haber–Weiss reaction: 2 Fe3+ +  H2O2 →  2 Fe(II) +  O2 +  2 H+; 

(5) Mn2+ oxidation: Mn2+ +  O2
·− +  2 H+ →  Mn3+ +  H2O2; (6) 

Mn3+ reduction: 2 Mn3+  +  H2O2  →  2 Mn2+  +  O2  +  2 H+; (7) 
2H2O2 →  2H2O + O2 (reaction catalyzed by the catalase enzyme); 
(8) dissolved O2 generates O2

∙−, through a reaction with e−
aq

; (9) the 
resulting O2

∙− can reform H2O2 if protons are available in the intracel-
lular medium. Modified from Daly et al. 2007 with permission from 
the publisher

Fig. 3   Structure of deinoxanthin

Fig. 4   Extracellular dGMP (deoxyriboguanosine monophosphate) effects on Deinococcus cells (based on data from ref. Li et al. 2013)
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Over the last decades, scientists have gathered proof 
that the amount of protein damage is better correlated with 
the survival of bacteria after irradiation than the amount of 
DNA damage (Daly 2009). More likely, stress-resistance 
capacity of Deinococcus bacteria has not been improved 
by acquiring unique DNA repair mechanisms, but by com-
piling diverse ROS-scavenging systems from exogenous 
sources (Makarova et al. 2007; Daly 2012; Krisko and Rad-
man 2010).

To explain the radiation resistance of these bacte-
ria, some studies focused on the antioxidant enzymes 
in Deinococcus-Thermus phylum, such as catalases and 
peroxidases.

The katE (dr1998) gene encodes the most abundant 
catalase in D. radiodurans, important for H2O2 scavenging 
(Markillie et al. 1999). The expression of katE is co-regu-
lated by ROS-responding proteins PerR and OxyR. Thus, 
in normal conditions, when cells do not require excess 
catalase, its expression is repressed by DrPerR and, when 
Deinococcus cells are exposed to oxidative stress, OxyR 
promotes the expression of katE (Liu et al. 2014a, b). DtxR 
(DR2539) and DR0865 are also suggested to regulate KatE 
activity (Chen et al. 2010). This mechanism may partially 
explain D. radiodurans’ ability to adapt to fluctuant envi-
ronment stresses (Liu et al. 2014a, b).

The superoxide dismutase (SOD) gene may be strongly 
induced in the early stages of irradiation, considered as 
an early defense strategy against oxidative stress damage 
caused by ROS (Luan et al. 2014).

It has been proved that the genome of the radiosensitive 
bacterium Shewanella oneidensis encodes similar types 
of catalases and peroxidases as D. radiodurans; however, 
they differ widely in resistance to oxidative stress and IR 
(D10 = 0.07 kGy for S. oneidensis. D10 = dose required 
for a 90  % inactivation of viable CFU). Therefore, other 
systems must explain the radioresistance of these bacte-
ria. Non-enzymatic antioxidants may complement AOE, 
playing a role in oxidative stress resistance, as ROS scav-
engers. Non-enzymatic small-molecule antioxidants in D. 
radiodurans include pyrroloquinoline quinone (Misra et al. 
2004; Rajpurohit et al. 2013b), carotenoids and low molec-
ular weight manganese complexes.

Structures and roles of carotenoids in some species 
of Deinococcus bacteria

Carotenoids are natural pigments found in photosynthetic 
and non-photosynthetic organisms. While in the first cat-
egory of bacteria and plants they play a role in photoprotec-
tion against the damaging effects of free radicals created by 
light and oxygen, in non-phototrophic bacteria carotenoids 

play a role in cellular protection as ROS scavengers. Fur-
thermore, it is well established that carotenoids protect 
and stabilize membranes of thermophilic bacteria against 
photooxidation and extremely high temperatures (Tian and 
Hua 2010).

Carotenoids are reported to be present in most extremo-
philes discovered on Earth and a lot of work has been done 
to clarify their contribution to the mechanisms that allow 
extreme bacteria to survive exposure to different stress 
types. It has been noticed that carotenoids in Deinococ-
cus bacteria have unique structures and there have been 
attempts made to understand the complete scheme of struc-
ture–activity correlations (Tian and Hua 2010).

Deinococcus radiodurans synthesizes deinoxan-
thin (Fig. 3), a unique ketocarotenoid (Lemee et al. 1997; 
Lysenko et  al. 2011). There is evidence that the intracel-
lular level of protein oxidation following treatment with 
H2O2 in a carotenogenesis-deficient mutant was approxi-
mately 25 % higher than that in the wild type (Tian et al. 
2009). Deinoxanthin shows higher antioxidant activity than 
lycopene and ß-carotene (Tian et al. 2007). These findings 
prove that carotenoids in D. radiodurans inhibit oxida-
tive damage to proteins, but how carotenoids interact with 
proteins or other macromolecules in vivo remains an open 
question.

Orange carotenoid protein (OCP) is a photoactive pro-
tein discovered in cyanobacteria, containing a keto-carote-
noid as photoresponsive chromophore (Kirilovsky and Ker-
feld 2013). The carotenoid–protein interaction in OCP is 
explained by the presence of hydrogen bonds between the 
carbonyl group of the carotenoid (hydroxyechinenone) and 
specific amino acids from the C-terminal domain (Wilson 
et al. 2010). Notably, there are some structural similarities 
between hydroxyechinenone and deinoxanthin, e.g., the 
carbonyl group in C-4 position. This analogy could imply 
that a similar protein might exist in Deinococcus bacteria, 
although none has yet been identified.

Notably, deinoxanthin was demonstrated to act as a 
prooxidant at high doses, inducing ROS production in 
cancer cells (Choi et  al. 2014) and algae (Li et  al. 2015). 
An extract from D. radiodurans containing deinoxanthin 
induced apoptotic effects in HepG2 (human liver carci-
noma cell line), PC-3 (human prostate cancer cell line) and 
HT-29 (human colorectal adenocarcinoma cell line) cells 
(Choi et  al. 2014). The apparent conflict between prooxi-
dant and antioxidant activities of deinoxanthin needs fur-
ther investigation and a better understanding of the antioxi-
dant activity of carotenoids in Deinococcus bacteria should 
elucidate this contradiction.

Recently, there has been an increased interest in elu-
cidating the biosynthetic pathways of carotenoids in D. 
radiodurans. CruF, CrtD and CrtO enzymes have been 
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experimentally confirmed (Sun et  al. 2009). However, the 
enzyme that catalyzes the hydroxylation of C-2 of the ß-ring 
has not been identified and this carotenoid 2-hydroxylase is 
presumed to be an entirely new enzyme type (Tian and Hua 
2010).

Carotenoid biosynthetic enzymes could potentially be 
used in biotechnology for creating genetically engineered 
strains and genetically modified economic crops with 
increased resistance to DNA damage. Moreover, carotenoid 
β-ring hydroxylase and ketolase are promiscuous candi-
dates for the synthesis of functional xanthophylls (Misawa 
2011). Geranylgeranyl diphosphate synthase and other 
enzymes involved in carotenoid biosynthetic pathway can 
be used as molecular targets in genetic engineering strate-
gies for increasing deinoxanthin production in Deinococcus 
microorganisms (Liu et al. 2014a).

The effects of carotenoids from Deinococcus bacteria on 
the immune function have not yet been evaluated. There-
fore, this might be a subject of future studies, since there 
is evidence that carotenoids can influence immune func-
tion through their ability to regulate membrane fluidity 
and gap-junctional communication (Chew and Park 2014). 
Astaxanthin, a carotenoid with a similar chemical structure 
to deinoxanthin, augments T-dependent antigen-specific 
humoral immune responses (Jyonouchi et al. 1995).

A recent study brings a new perspective regarding the 
mechanism of action of carotenoids, stating that their oxi-
dative breakdown products or their metabolites might be 
the actual bioactive agents. Thus, oxygen-rich, ß carotene–
oxygen copolymers might be responsible for the antioxi-
dant properties of these compounds. The same study also 
states that these copolymers appear to be common to most, 
if not all carotenoid compounds (Johnston et al. 2014).

Role of Mn(II) species. Mn/Fe homeostasis

Metal ions are important enzyme cofactors for many pro-
teins involved in DNA synthesis and repair, ROS scav-
enging and electron transport (Ghosal et al. 2005). There-
fore, they play an essential role in regulating intracellular 
redox cycling, in resistance to oxidative stress and ionizing 
radiation.

The intracellular Mn(II)/Fe(II) ratio in radiation-sensi-
tive bacteria ranges from 0.0001 to 0.007, while this ratio 
varied from 0.033 to 0.523 in Deinococcus species. These 
ratios were 70- to 300-fold higher in Deinococcus species 
as compared to those in radiation-sensitive bacteria (Daly 
et al. 2004).

Whereas Fe2+ levels in radioresistant and radiosensitive 
bacteria are approximately the same, Mn2+ concentrations 
in D. radiodurans are up to 30 mM, 15–150 times higher 

than in radiosensitive bacteria. An excess of Mn2+ is usu-
ally toxic to a normal cell. Although the precise mechanism 
of Mn2+ cell toxicity is not well understood, it is thought 
to be associated with Mn2+ interaction with other cati-
ons, such as Fe2+, Zn2+ and Cu2+ (Banh et al. Banh et al. 
2013). With cooperation from ROS, these cations can bind 
to proteins and can convert side-chain amine groups into 
carbonyls. Increased protein carbonyl content is used as 
a biomarker of oxidative stress (Dalle-Donne et  al. 2006) 
and has been associated with several diseases, such as 
aging (Stadtman 2006), diabetes (Pandey et al. 2010), can-
cer (Ma et  al. 2013) and cardiovascular disease (Barsotti 
et al. 2011). Therefore, Deinococccus’ “proteome shields” 
may serve as a model for future treatment strategies of the 
above-mentioned pathologies.

In Deinococcus bacteria, the unusual Mn2+ accumula-
tion has been strongly correlated with ionizing radiation 
resistance (Daly et al. 2004, 2007; Daly 2009). Daly et al. 
(2010) demonstrated in vitro that there is a link between 
radiation resistance, manganese accumulation and protein 
protection in radioresistant microorganisms. They dem-
onstrated that ultrafiltered, protein-free preparations of 
D. radiodurans cell extracts, containing Mn2+, inorganic 
phosphate, peptides, amino acids, nucleosides and bases 
have the ability to prevent in vitro ionizing radiation-
induced protein carbonylation purified from E. coli and 
preserve the restriction endonuclease BamH1 activity up to 
12.5 kGy. The ultrafiltrate prevented protein oxidation, but 
did not significantly protect DNA at high doses of ionizing 
radiation (Daly et  al. 2010). This finding is in agreement 
with previous studies which highlighted the antioxidant 
activity of Mn2+ complexes. For example, it was demon-
strated that amino acids and peptides form complexes with 
Mn2+, which scavenge ROS (Berlett et al. 1990), and Mn2+ 
and orthophosphate form complexes which can remove 
superoxide anion (O·

2ˉ) (Barnese et al. 2008).
Furthermore, human Jurkat T cells survived γ-rays 

exposure (16 Gy) after treatment with DR ultrafiltrate. This 
finding proves that metabolic interventions in animal cells 
could bring about new perspectives to anti-aging and radio-
therapies, reducing the damage to non-cancerous cells and 
the side effects of radiotherapy (Daly et al. 2010).

In D. radiodurans, Mn/Fe homeostasis seems to be 
tightly controlled by a network of regulatory genes, which 
cooperate with antioxidant systems under extreme con-
ditions and contribute to cell survival. Two types of Mn 
transporter systems have been identified: the proton (H+)-
dependent (MntH) transporter and the ATP-binding cas-
sette (ABC) transporters (Sun et al. 2012).

DR2539 protein is a negative regulator of Mn-dependent 
transporter genes (dr2283) and katE (dr1998), and a posi-
tive regulator of Fe-dependent transporter genes (dr1219 
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and drb0125) (Chen et  al. 2010). DR2539 binds specifi-
cally to the promoter of the MntH gene (Sun et al. 2012).

PerR-like protein acts as a negative transcription regu-
lator of katE and dps (DNA-binding proteins from starved 
cells), which protect DNA from oxidative damage and 
play a role in maintaining metal homeostasis (Liu et  al. 
2014b). Most probably, the following four proteins: PerR, 
OxyR, DR2539 (transcriptional regulators of the diphthe-
ria toxin repressor family; Chen et  al. 2010) and DR0865 
(Fur homolog) regulate the oxidative stress response of D. 
radiodurans, but further research is needed to describe the 
interactions between them. Moreover, comparative genom-
ics studies showed that the drperR genes had an above 
50 % sequence identity with genes from D. radiodurans, D. 
gobiensis, D. geothermalis and D. proteolyticus (Liu et al. 
2014b). A dr0865 mutant had a decreased survival rate after 
exposure to various stress factors, such as manganese stress, 
hydrogen peroxide and gamma and UV irradiation than the 
wild-type R1 strain. Dr0865 gene regulates the manganese 
efflux pump gene mntE and Mn ABC transporter genes, and 
plays an important role in preserving the homeostasis of 
intracellular Mn2+ (Ul Hussain Shah et al. 2014).

In D. radiodurans, the main energetic source is repre-
sented by the amino acids and peptides resulting from 
proteolysis. Ionizing radiation triggers proteolytic activity, 
which increases intracellular concentration of amino acids 
and peptides resulting from degradation of proteins dam-
aged under oxidative stress conditions (Liu et  al. 2003). 
These metabolic products bind Mn2+ and form low molec-
ular weight (LMW)—Mn2+ complexes, which will subse-
quently assist the recovery process of Deinococcus cells.

Some progress has recently been made in consolidating 
the theory that LMW–Mn2+ complexes play a significant 
role in radiation resistance. Using advanced paramagnetic 
resonance techniques, Sharma et al. (2013) demonstrated in 
vivo that Mn2+ ions exist in D. radiodurans predominantly 
as LMW complexes with orthophosphate and nitrogenous 
metabolites (nucleosides and free bases released as DNA 
damage products).

SODs have been shown to have potential use in pro-
viding differential protection for normal cells or tissues 
against the side effects induced by radiation-induced dam-
age and anticancer therapies (Lefaix et al. 1996; Delanian 
et  al. 1994; Carpenter et  al. 2005; Epperly et  al. 2004). 
Thus, a few classes of low molecular weight SOD mimetics 
have been synthesized and characterized: Mn(III) salens, 
Mn(III) meso-porphyrins, and Cu(II) diisopropylsali-
cylate (CuDIPS) and nonmetal-based nitroxide free radi-
cals (Cabello et al. 2007; Salvemini and Cuzzocrea 2003). 
Hence, the finding of LMW–Mn2+ complex in Deinococ-
cus bacteria, with a higher antioxidant activity than that 
of SOD, could bring potential benefit for the protection 
of normal cells surrounding the irradiated area in cancer 

therapy. LMW manganese complexes were also shown to 
scavenge superoxide ions in other bacterial species: Bacil-
lus subtilis, Neisseria gonorrhoeae, E. coli, Staphylococcus 
aureus and the yeast Saccharomyces cerevisiae (Lisher and 
Giedroc 2013).

Furthermore, based on the composition of extracts from 
D. radiodurans, Gaidamakova et al. (2012) reconstituted a 
radioprotective complex containing Mn2+ and a decapep-
tide (DP; H-Asp-Glu-His-Gly-Thr-Ala-Val-Met-Leu- Lys-
OH) in the orthophosphate (Pi) buffer. The Mn2+ complex 
preserved antigenic structures in aqueous preparations of 
bacteriophage lambda, Venezuelan equine encephalitis 
virus and Staphylococcus aureus during irradiation (25–
40 kGy) and stimulated B and T cell-dependent protection 
against methicillin-resistant S. aureus (MRSA) in mice. 
These results might bring new perspectives to the industry 
of vaccines produced by irradiation, since the major draw-
back of this method is the destruction of the immunogenic 
epitopes needed to mount protective immune responses.

Therefore, an increased Mn/Fe ratio has a twofold ben-
efit for the cell. LMW–Mn complexes act as efficient scav-
engers of H2O2 and O·

2ˉ and decrease HO· production by 
the Fenton reaction. Moreover, Mn2+ plays a role in chro-
mosomal condensation by neutralizing the electrostatic 
repulsion between phosphate groups in D. radiodurans 
chromosomes (Daly et al. 2004).

Extracellular dGMP increases Deinococcus 
radiodurans resistance to oxidative damage

Following irradiation, damaged bases and nucleotides 
resulting from digestion of DNA free ends are exported 
from Deinococcus cells and further processed by 
DRB0067, an extracellular nuclease, associated with the 
outer membrane (Mitchel 1978; Li et al. 2013). The extra-
cellular nuclease in D. radiodurans seems to be secreted 
by a pathway that is similar to the Sec pathway in E. coli 
(Wang et  al. 2015a, b). ssDNA fragments are released in 
the extracellular medium following exposures to doses of 
ionizing radiation greater than 5 kGy; they are degraded to 
deoxyribonucleosides 5′- monophosphate (dNMPs) by the 
same extracellular nuclease and these dNMPs reenter the 
cell once DNA synthesis has started (Li et al. 2013). Nota-
bly, DRB0067 is the only extracellular nuclease found in 
Deinococcus bacteria (Li et al. 2013).

Mainly, the extracellular nuclease serves two purposes 
in D. radiodurans, namely:

1.	 processes extracellular DNA fragments, protecting the 
bacteria from mutagenesis and

2.	 creates free dNMPs, which reenter the cell and help in 
the genome reconstruction process (Li et al. 2013).
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Extracellular deoxyriboguanosine monophosphate 
(dGMP) plays an important role in the Deinococcal defense 
against oxidation-induced damage. Deinococcus cells that 
had dGMPs in the extracellular medium showed a 57-fold 
higher resistance to H2O2 treatment than cells that were 
grown in a medium lacking dGMPs. The presence of extra-
cellular dGMPs increases the expression of drb0067 and 
other genes associated with resistance to oxidative damage, 
including genes involved in the regulation of manganese/
iron homeostasis (Li et al. 2013; Fig. 4).

It is possible that extracellular dGMP, after its reincor-
poration into cells, could be converted to cyclic guanosine 
monophosphate (cGMP), which could act as a second mes-
senger, protecting cells from oxidative damage, as demon-
strated in eukaryotic cells (Curatola et  al. 2011; Li et  al. 
2013).

Conclusions

Current knowledge suggests that effective management of 
oxidative stress caused by γ radiation in Deinococcus bac-
teria and the mechanisms conferring radiation resistance 
result from the cross-talk of various molecular pathways. 
Further studies should focus on understanding the nature 
of the effective interactions between gene expression and 
metabolic regulatory pathways, instead of addressing only 
a single level of regulation. Also, the synergy of the DNA 
repair system in Deinococcus bacteria is not completely 
understood and may reveal important data about radiation 
resistance.

Taking into account that the genome of D. radiodurans 
was sequenced in 1999 (White et  al. 1999), missing data 
might be due to the limitations of sequencing techniques. 
Therefore, next-generation sequencing techniques could be 
essential for revealing new genes involved in DNA repair 
mechanisms, ROS response pathways, carotenoid biosyn-
thesis, etc. Moreover, correlations between genomic and 
proteomic research could unravel exciting findings regard-
ing adaptive and evolutionary mechanisms and cellular 
response to oxidative stress. More work needs to be done to 
identify the secondary messengers and signaling enzymes, 
as well as their contributions to Deinococccus’ extreme 
resistance to ionizing radiation.

Further studies should bring new insight into cancer 
therapy and radioprotection as molecular mechanisms 
behind radioresistance are uncovered. The cellular redox 
status after irradiation may have major implications in 
explaining the contribution of metabolism to the pheno-
typic changes associated with radiation-induced DNA and 
protein damage, as well as suggesting new molecular tar-
gets for anticancer therapy.
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