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ARTICLE INFO ABSTRACT
Affic{e history: Deinococcus radiodurans can survive under extreme conditions, including high doses of DNA damaging
Received 11 July 2020 agents and ionizing radiation, desiccation, and oxidative stress. Both the efficient cellular DNA repair
gg;%“’e‘i in revised form 22 September machinery and antioxidation systems contribute to the extreme resistance of this bacterium, making it

an ideal organism for studying the cellular mechanisms of environmental adaptation. The number of
stress-related proteins identified in this bacterium has mushroomed in the past two decades. The newly
identified proteins reveal both commonalities and diversity of structure, mechanism, and function, which
impact a wide range of cellular functions. Here, we review the unique and general structural features of
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gﬁ//{vfgﬁ;r these proteins and discuss how these studies improve our understanding of the environmental stress
Antioxidation adaptation mechanisms of D. radiodurans.
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1. Introduction have been identified belonging to the genus Deinococcus to date
[1]. These bacteria are widespread in the environment within hot
Since the first member, Deinococcus radiodurans R1, was discov- springs [2], deserts [3], and from living organisms such as Lama

ered in X-ray sterilized canned meat in 1956, more than 35 species glama [4]. Deinococcus is believed to be one of the toughest
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extremophiles in the world and is well-known for its extreme
resistance to high doses of ionizing radiation. In contrast to most
radiation-resistant organisms, such as spore-forming pathogens,
bacteria belonging to Deinococcus show distinctly unusual charac-
teristics. They are non-spore forming and easily genetically manip-
ulated. For example, D. radiodurans R1, the most extensively
studied Deinococcus, tolerates up to 5000 Gy of acute ionizing radi-
ation with no loss of viability, which is 3000 times that of human
cells and 250 times that of Escherichia coli [5]. It has been proposed
that both the sophisticated DNA repair mechanism and antioxida-
tion system enhance the robustness of D. radiodurans [1,6-8].

DNA must be repaired properly upon damage to maintain life.
Despite that the error-prone SOS response was not observed for D.
radiodurans, it has canonical DNA repair pathways, including base/
nucleotide excision repair, mismatch repair, and recombinational
repair [1]. Among these pathways, homologous recombination in D.
radiodurans has attracted interest over recent decades due to its
astonishing efficiency for the repair of double-strand breaks (DSBs)
induced by heavily ionizing radiation, which are the most lethal form
of DNA damage. D. radiodurans is able to reconstruct intact genomes
from shattered DNA fragments (up to 200 DSBs per haploid chromo-
some) within several hours following irradiation [9,10], while a few
DSBs can cause cell death in E. coli. The RecBCD pathway in E. coli is
responsible for recombination initiation at DSBs, whereas the RecF
pathway is primarily responsible for the repair of ssSDNA gaps [11].
However, the RecF pathway is fully capable of DSB repair when
RecBCD is inactive. D. radiodurans naturally lacks RecBCD recombi-
nase,and the RecF pathway playsan essentialroleinrecombinational
DNA repair [12]. This system consists of key components conserved
within its bacterial orthologs that must be activated during the
recombinational repair of DSBs [12,13]. For example, exonuclease
Rec] is required in concert with helicase RecQ and/or UvrD to initiate
DSB end resection [14,15].

Previous studies have linked the radiation resistance of D. radio-
durans to its prolonged desiccation tolerance phenotype, which
both cause DNA damage [16,17]. Transcriptional analysis revealed
a group of genes highly induced in response to either desiccation or
ionizing radiation [17]. Among these genes, five genes encoding
DdrA, DdrB, DdrC, DdrD, and PprA proteins are distributed in
almost all Deinococcus species. Depletion of the corresponding
genes resulted in varying degrees of sensitivity to DNA damaging
agents, indicating that these proteins are involved in the extreme
resistance of D. radiodurans [17]. In addition, a common DNA motif
called RDRM (radiation/desiccation response motif) was identified
in a set of promoter regions of DNA repair genes (e.g., recA, pprA)
[18]. It was recently revealed that DdrO, a self-regulated repressor
specifically binding to the RDRM, tightly controls the expression of
these genes under normal growth conditions [19-22]. The tran-
scription of these genes is stimulated by the metalloprotease Pprl,
also referred to as IrrE. DdrO is digested by the Pprl protein after
DNA damage, leading to the derepression of DNA repair genes.
Considering the similarity with the SOS response, DdrO and Pprl
proteins, which are both species-specificc mediate a novel
protease-based DNA damage response pathway in Deinococcus
species [1].

Radiation and desiccation cause significant increases in the
levels of reactive oxygen species (ROS). These small molecules
are short-lived and highly reactive, and they can cause both geno-
mic DNA and protein damage, such as 8-hydroxyguanine and pro-
tein carbonylation. It was proposed that the accumulation of
oxidized protein, instead of DNA damage, is the major cause of cell
death [5]. Indeed, D. radiodurans has an overall background geno-
mic mutation rate similar to that of E. coli [23,24]. And a proteome
protection system appears to be the prevalent theory of the radia-
tion resistance also in many other extremophiles [25]. D. radiodu-
rans can tolerate high doses of agents that generate oxidative
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stress, such as hydrogen peroxide (H,0,). To cope with oxidative
stress, a variety of antioxidation mechanisms of ROS detoxification
have evolved, including (1) fewer respiratory chain enzymes and
an effective thioredoxin reductase (TrxR) antioxidant system sup-
pressing endogenous ROS production [26,27]; (2) a rich pool of
highly activated ROS scavenging enzymes, including catalases,
superoxide dismutases (SOD), peroxidases, and Dps proteins [28-
30]; (3) nonenzymatic small scavengers such as small-molecule
antioxidants (e.g., manganese complexes) [31] and deinoxanthin
[32], the major ketocarotenoid in D. radiodurans; And (4) Small reg-
ulatory RNAs involved in the ionizing radiation response and
oxidative stress tolerance [33-35].

Manganese is a trace element ubiquitously present in nature,
which is required in small amounts for the proper enzymatic activ-
ities in the cell. Compared to those in radiation-sensitive bacteria,
the intracellular manganese concentration (range from 0.4 to
3 mM) and manganese-to-iron ratio (0.24) in D. radiodurans are
exceptionally high, dozens of times higher than in E. coli [36]. Daly
and coworkers noted that this unusual intracellular manganese-to-
iron ratio correlates with the radiation resistance in D. radiodurans
[36]. Given that an excessive amount of manganese causes toxicity,
the intracellular manganese concentration must be tightly con-
trolled. Multiple transporters maintain manganese homeostasis
in D. radiodurans, including MntE (manganese efflux transporter),
MntH (bacterial Nramp family protein) and MntABC system
(ATP-binding cassette transporter). These manganese transporters
have been proposed to be regulated by several regulators, such as
OxyR, Fur and DtxR [1].

Over the past decade, D. radiodurans has been investigated as a
model organism for studying the cellular mechanisms of environ-
mental adaptation. Unique proteins involved in the extreme resis-
tance have been characterized by genetic, biochemical and
biophysical analyses, with their structures recently reported in lit-
eratures. Previous reviews have investigated some of these pro-
teins as well as the mechanisms of radiation and oxidative stress
resistance in D. radiodurans [1,6,8,37], which will not be discussed
in this review. Here, we focus on the unique and general structural
properties of these stress-related proteins identified over the past
few years (Table 1 and Fig. 1) and summarize unique features
and mechanisms of how these proteins contribute to the extreme
resistance of D. radiodurans.

2. Proteins in effective DNA repair processes
2.1. Proteins involved DNA end resection

DNA end resection is one of the earliest and most important
steps in recombinational repair, which involves the nucleolytic
digestion of DSB ends in the 5'-3' direction. The resultant 3’
single-stranded DNA (ssDNA), bound by the RecA protein, subse-
quently pairs with the complementary strand for DNA strand
exchange reactions. In D. radiodurans, Rec], RecQ and UvrD were
reported to play roles in DSB end resection [12,15].

Rec] is a representative member of the DHH family of proteins
(defined by presence of the conserved Asp-His-His motif), which
has been found in most eubacteria and archaea. Studies of D.
radiodurans Rec] (drRec]) revealed the shared and distinctive fea-
tures of domain arrangement, substrate recognition and catalysis
(Fig. 1A) [15]. Compared with its homologues, such as Thermus
thermophilus Rec], drRec] is conserved within the N-terminal
DHH and DHHA1 domains but has an additional C-terminal
domain. Biochemical and structural studies showed that this
domain interacts directly with the C-termini of the drSSB protein,
which is required for the stimulation of drRec] processing DSB ends
containing 3’-ssDNA overhangs. Given that drRec] is essential for
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Table 1
List of stress-related proteins discussed in this review.
Biological process Protein  Gene Metal Assembly PDB code Reference  Comments
locus ions in (resolution)
structure
DNA repair DSB end resection  Rec] DR_1126 Mn?* monomer 5F54, 5F55, [15] 5’3’ ssDNA-specific exonuclease
5F56 (2.3-2.7 A)
RecQ DR_1289 Zn** monomer 2RHF, 4Q48, [38-40] ATP-dependent 3'-5' helicase
4Q47 (2.8-2.9A)
UvrD DR_1775 Mg?* monomer 4C2T, 4C2U, [41] ATP-dependent bidirectional helicase
4C30 (2.6-4.0A)
DNA end DdrA DR_0423 - large Negative stain [45] ssDNA-binding protein
protection oligomer electron
microscopy
Single-strand DdrB DR_0070 - pentamer 4HQB, 4NOE [49,50] single-strand annealing activity
annealing (2.2-2.3 A)
Activation of DNA  PprA DR_A0346 - filament 6A27, 6A28, [55] preventing nuclease-mediated degradation
ligase and DNA 6A29 (1.3-2.4A)
gyrase
DNA damage Pprl DR_0167 Zn* dimer 3DTK, 3DTE, [57] metalloprotease
response 3DTI (2.6-3.5A)
Recombinational DdrO DR_2574 dimer 6JQ1, 6RMQ, [19,20] transcriptional repressor
repair 6RNX (2.3-
3.0A)
Base excision PolX DR_0467 Zn** monomer 2W9M (2.5A) [79] X family DNA polymerase
repair
Recombinational RecO DR_0819 Zn** monomer 1W3S, 1U5K, [74,75,77] promoting RecA loading on SSB-coated
repair 2V1C (2.0-3.8A) ssDNA
RecR DR_0198 Zn** tetramer 1VDD, 2V1C [76,77] DNA binding and form complex with RecO
(2.5-3.8A)
Antioxidation Oxidoreductase KatE1 DR_1998 tetramer 4CAB (2.6A) [58] clade 1 type of monofunctional catalase
MnSOD DR_1279 Mn?* dimer 2CDY, 2CE4, [59] Mn-containing SOD
2AW9 (2.0-
2.7A)
TrxR DR_1982 - dimer 2Q7V (1.9A) [27] thioredoxin reductase involved in ROS
scavenging
FrnE DR_0659 - dimer 5CNW 5C03, [60] cytoplasmic disulfide oxidoreductase
5COH, 5E59
(1.6-2.0A)
Metal ion Dps1 DR_2263 Zn* dodecameric  2F7N, 2C2U, [65,66] ferritin family protein involved in ROS
homeostasis 2C2F (1.1-2.0A) detoxification, DNA protection and iron
Dps2 DR_B0092  Fe3* dodecameric  2C2J, 2C6R [67] uptake and storage.
(2.1A)
Mn transporter MntH DR_1709 Mn?* monomer 6D91, 6C3I, [69] manganese transporters belonging to
6BU5, 6D9W bacterial Nramp family protein
(2.4-4.0A)
Quorum sensing LuxS DR2387 Zn* dimer 1INN, 1VJE [80] protein involved in quorum sensing
(1.6-1.8A)
Stress-response DinB DR_0053 Zn** dimer 6122 (2.1A) [78] DinB/YfiT family protein

DSB end resection in D. radiodurans and that this C-terminal
domain is conserved within Deinococcus species, these enhanced
drRec]-drSSB interactions ensure the drRec] digestion of various
types of DSB ends. The crystal structure of the drRecJ-DNA complex
also confers its high processivity and coordination with helicases.
Unlike many nucleases that bind extensively to the DNA phosphate
backbone prior to cleavage, drRec] primarily contacts DNA through
stacking interactions between the side chains of the aromatic
amino acids and DNA bases. Mutations of these interaction resi-
dues to Ala resulted in reduced nuclease activity and processivity.
The noncanonical oligonucleotide/oligosaccharide-binding (OB)
fold domain, together with the helical gateway element, is located
at the entrance of the active site, which safeguards substrate DNA
access. Moreover, a terminal mononucleotide-binding pocket was
observed above the active site, which determines the 5’ to 3’
exonuclease activity of Rec].

Both RecQ (drRecQ) and UrvD (drUvrD) in D. radiodurans are 3'-
5" helicases, which unwind duplex DNA in an ATP-dependent reac-
tion. The crystal structures of drRecQ (Fig. 1B) and drUvrD (Fig. 1C)
from D. radiodurans reveal several interesting features [38-41].
Unlike most RecQ proteins, drRecQ possesses a conserved helicase,
RecQ-Ct, and one HRDC (helicase and RNaseD C-terminal) domain
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but two additional (totally three) HRDC domains [40]. Despite the
similar overall fold to other HRDC domains, the C-terminal HRDC
domain of drRecQ is unusually highly negatively charged with a
well-ordered phosphate ion bound, which is likely to be involved
in the regulation of substrate DNA binding. Similar to drRecQ,
drUvrD has different characteristics from its E. coli counterparts.
drUvrD is able to unwind double-stranded DNA in both the 3’-5’
and 5'-3' directions in vitro, unlike other SF1A helicases, including
ecUvrD [41]. Furthermore, the activity of drUvrD is modulated by
additional drSSB proteins, which favors drUvrD helicase activity
over translocase activity on duplex DNA containing the 5'-tail.
Thus, it is probably no coincidence that the direct interaction
between drRecJ and drRecQ was not observed in vitro [15]. drUvrD,
instead of drRecQ, seems to be the primary helicase required for
coordinated activity with drRec] for DSB end resection. These find-
ings suggested that D. radiodurans has evolved to efficiently pro-
cess DSB ends by a novel helicase-nuclease machinery.

2.2. DdrA, DdrB and PprA proteins

As mentioned above, the transcriptional levels of ddrA, ddrB and
pprA are highly induced in response to ionizing radiation and
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DNA repair
proteins

PDB: :6A28

PDB: 3DTI

Ddr and Ppr
proteins

SOD Trxr FrnE
PDB: 2CDY PDB: 2Q7V PDB: 5CNW
Antioxidation

Fig. 1. [llustration of the structures of stress-related proteins in Deinococcus species. (A-D) Protein domains from monomeric proteins are shown in distinct colors. ssDNA and
the C-terminal region of drSSB protein in (A) are colored red and magenta, respectively. dsDNA in (C) is colored red. (E-M) Protomers from protein homo-oligomer structures
are distinctively colored based on protein self-assembly. ssDNA in (E) is colored red. Their PDB accession codes are shown and references can be found in the Table 1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

desiccation in D. radiodurans. These proteins have been found only
in Deinococcus species and are proposed to be involved in the DNA
repair processes according to their mutants’ phenotypes: deletion
of these genes sensitized D. radiodurans to ionizing radiation,
DNA crosslinking reagents, or oxidative stress to varying degrees
[17]. With significant differences in substrate preference, drDdrA,
drDdrB and drPprA are able to bind DNA and perform unique bio-
chemical activities [42-44].

drDdrA is evolutionarily related to the Rad52 family proteins.
Despite the ability to bind ssDNA with 3'-overhangs, drDdrA does
not exhibit single-strand annealing activity in vitro [42], which
has been observed for the human Rad52 protein. It was proposed
that drDdrA is involved in the DNA end-protection system, which
preserves ssDNA for recombinational repair. Using a combination
of negative stain electron microscopy, genetic and biochemical
techniques, the N-terminal region of DdrA from Deinococcus deserti
(ddDdrA) was shown to be involved in DNA binding, likely forming
a large heptameric ring-shaped complex [45]. However, no struc-
tural information is currently available for the full-length DdrA
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or DdrA-DNA complex. The exact role of DdrA remains unclear
since the N-terminal region of ddDdrA only partially recovered
the phenotype in vivo [45].

DdrB is an SSB protein that is recruited to the nucleoid in the
early step of DSB repair after DNA damage [43,46,47]. Unlike bac-
terial SSBs or human RPAs, the canonical OB fold domain is absent
in DdrB. Instead, DdrB possesses a unique structural topology that
differs from the conserved Greek key topology observed in other
OB fold-containing proteins [48]. Biochemical analysis showed that
drDdrB could bind only ssDNA but not dsDNA. Moreover, drDdrB is
able to perform single-strand annealing reactions similar to those
of Rad52 protein, which contributes to the repair of DSBs in a
RecA-independent manner [43]. Crystal structures of DdrB and
DdrB-ssDNA complexes revealed an elegant mechanism for DdrB-
mediated accurate annealing (Fig. 1E) [49,50]. In contrast to
dimeric drSSB [51] or ecSSB [52] proteins, drDdrB forms stacked
face-to-face pentameric rings with a continuous flat DNA binding
surface on each drDdrB pentamer, which is different from the
intertwining of ssDNA observed in the canonical OB fold domain.
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Moreover, the access of free ssDNA with unpaired bases is
restricted, and dissociation occurs only when two ssDNAs are fully
complementary. These features ensure the high fidelity of the DdrB
annealing reaction.

PprA (pleiotropic protein promoting DNA repair) is a Deinococ-
cus species-specific protein required for DNA repair and chromo-
some segregation [53]. PprA is able to stimulate the biochemical
activities of many proteins, such as DNA ligase [54] and DNA gyr-
ase holoenzyme [53], by protein-protein interactions. It has also
been reported that PprA has a substrate preference for DSB-
containing DNA, preventing nuclease-mediated degradation [44].
However, wild type drPprA forms a wide range of oligomeric
assemblies that are not suitable for crystallographic studies. By
mutagenesis screening using the hydroxylamine method and
error-prone PCR, crystals of two mutant drPprA proteins were
obtained successfully, which contain a dimer arrangement in the
asymmetric unit (Fig. 1F) [55]. The most striking feature of drPprA
is that it forms a face-to-face dimeric interface and displays a novel
right-handed periodic screw assembly. Such oligomeric structure
may function as a platform, allowing DNA ends exposed to other
DNA repair proteins. Together with the X-ray small-angle scatter-
ing results confirming the filamentous structure in solution, the
drPprA structure provides valuable information for understanding
the mechanism of PprA involved in DNA repair.

2.3. Pprl-DdrO system

After two decades of extensive research, the PprI-DdrO system
appears to be one of the most important DNA damage response
systems and is conserved within Deinococcus species. While DdrO
is essential for cell viability, the inactivation of Pprl in Deinococcus
led to a dramatic increase in sensitivity to radiation and oxidative
stress [56]. In parallel to the well-documented SOS response
requiring RecA-ssDNA-ATP filaments for LexA autocleavage, the
cleavage of DdrO protein by Pprl depends on manganese or zinc
ions [21,22]. The crystal structure of D. deserti Pprl (ddPprl) has
been determined as a dimer and consists of an N-terminal domain,
a middle HTH motif, and a C-terminal GAF-like domain (Fig. 1G)
[57]. The N-terminal domain of ddPprl is superimposable on
mono-zinc metallopeptidases with one zinc ion sequestered by
conserved His and Glu residues. The C-terminal GAF domain, in
concert with the HTH motif, was proposed to function as the sensor
domain and to undergo conformational change upon binding of the
unknown ligands.

Apo structures of DdrO proteins from Deinococcus geothermalis
(Fig. TH) [20] and D. deserti [19] have been determined recently
and are essentially identical. Structural analysis revealed that DdrO
has an HTH-containing N-terminal domain with a pair of oppo-
sitely charged residues (RE pair) for substrate binding, which is
conserved within XRE family proteins [20]. An additional C-
terminal domain with a novel fold is connected by a 15 amino acid
linker loop. As calculated by the PDBePISA server, DdrO has a more
extensive dimeric interface largely mediated by this C-terminal
domain, distinguishing DdrO from LexA and other XRE family pro-
teins. The cleavage site region (CSR) of DdrO is located in the loop
region between the last two a-helices of the C-terminal domain,
which forms a stable hydrophobic core. Similar to other XRE
proteins, DdrO exists as a stable dimer in solution through its
NTD (Fig. 1H), which is essential for substrate DNA binding. The
CSR of DdrO is involved in the crystal packing between two sym-
metrical protein molecules. Based on the structures of full-length
ddDdrO and the CTD of ddDdrO [19], it was proposed that the
CTD of DdrO can also mediate protein dimerization, adopting a
much more extended conformation than in NTD dimerization.
However, there is a need for more evidence to confirm DdrO dimer
formation in solution. Nevertheless, given that the C-terminal
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domain is involved in the protein-protein interface of the DdrO
dimer (both NTD-mediated dimerization and the possible CTD-
mediated dimerization), cleavage of the CSR by Pprl destabilizes
DdrO dimer formation, further eliminating the DNA binding of
DdrO. These structural features illuminate the mechanism of the
DNA damage response mediated by the Pprl-DdrO system.

3. Proteins involved in antioxidation systems
3.1. Oxidoreductases

Oxidoreductases play a critical role in antioxidation in D. radio-
durans. At present, the structures of KatE1 [58], MnSOD [59], TrxR
[27] and FrnE [60] have been determined. drKatE1 is a clade 1 type
of monofunctional catalase. Mutant strain lacking the KatE1 exhib-
ited increased sensitivity to both chronic ionizing radiation and
H,0, treatments [29,61]. Among all the catalases characterized in
D. radiodurans, KatE1 is present in most of Deinococcus species
and displays the highest catalase activity, indicating that KatE1 is
the major catalase in D. radiodurans [29]. The crystal structure of
drKatE1 revealed a symmetric homotetramer with heme mole-
cules in the active site (Fig. 11) [58]. The protomer containing an
alternative heme channel is very similar to previously solved
monofunctional catalases, which indicates that drKatE1 is a highly
conserved catalase.

D. radiodurans contains one cytoplasmic Mn-containing SOD
(drSodA), which is conserved within almost all Deinococcus species.
Despite the high protein sequence identity with its homologue
from E. coli (ecSod), drSodA is a more efficient enzyme to eliminate
superoxide radicals in vitro. Two crystal forms of drSodA were
obtained with either one or two homodimers in the asymmetric
unit (Fig. 1]) [59], which is almost identical to that reported previ-
ously for ecSod [62]. A positively charged loop located at the pro-
tein-protein interface of the drSodA dimer was also observed in
ecSod. It has been reported that the Mn-containing SOD from
E. coli is capable of binding both DNA and RNA [63]. The disruption
of drSodA only moderately increased the sensitivity of D. radiodu-
rans to ionizing radiation [1], indicating that drSodA is mainly
involved in superoxide detoxification in D. radiodurans.

Thioredoxin reductase (TrxR) plays a central role in the thiore-
doxin system, which is involved in intracellular ROS scavenging in
D. radiodurans [27]. The TrxR in D. radiodurans (drTrxR) is well con-
served within Deinococcus species and has a strong cofactor prefer-
ence for NADPH [27]. The crystal structure of drTrxR revealed a
similar homodimeric configuration to its homologue from E. coli
(ecTrxR) but showed variants of the Trx-interacting surface
(Fig. 1K) [27]. Compared with ecTrxR, a conserved Phe residue from
drTrxR was in a different rotamer state and caused a possible
change in TrxR-Trx interaction, which may explain the much
higher affinity for its own substrate drTrx1. FrnE from D. radiodu-
rans (drFrnE) has been recently characterized as a novel cytoplas-
mic disulfide oxidoreductase that is also shared among
Deinococcus species [60]. Crystal structures of drFrnE in different
redox states have been determined (Fig. 1L) [60], representing
snapshots of the catalytic steps [64]|. Moreover, the structures
reveal a unique C-terminal tail containing an additional dithiol
motif, which is likely to facilitate the regeneration of the active site
in a reduced form.

3.2. Dps proteins

DNA binding proteins from starved cells (Dps) belong to the fer-
ritin family and play an important role in ROS detoxification, DNA
protection and iron uptake and storage. D. radiodurans has two Dps
proteins, Dps1 and Dps2. While Dps1 is well conserved within all
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Deinococcus species, Dps2 is present only in two species of
Deinococcus. Compared with other bacterial Dps family members,
Dps1 (drDps1) and Dps2 (drDps2) from D. radiodurans have an
unusually long N-terminal extension (54 and 41 amino acids in
drDps1 and drDps2, respectively) before the ferritin core structure.
And these N-terminal extensions are rich in positively charged Lys
and Arg residues. Crystal structures of drDps1 (Fig. 1M) and drDps2
have been determined at high atomic resolution [65-67], revealing
a conserved dodecameric assembly with metal ions bound in the
ferroxidase center. Notably, the N-terminal extension of drDps1
contains a novel metal ion site, which is required for DNA binding.
Nevertheless, large portions of these N-terminal extension regions
in drDps1 and drDps2 were disordered in solved crystal structures
due to flexibility. Aided by time-resolved SAXS, it has been
reported that, in contrast to drDps1, the N-terminal extension of
drDps2 is essential for its dodecameric assembly and likely to be
involved in membrane interactions [68]. These results suggested
the distinct roles of N-terminal extension of Dps proteins in D.
radiodurans.

3.3. MntH

As mentioned above, D. radiodurans has an exceptionally high
intracellular Mn concentration, which was proposed to play a crit-
ical role in antioxidation. To our knowledge, the structural infor-
mation currently available for manganese transporters in D.
radiodurans comes from the study of MntH (drMntH) [69]. drMntH
belongs to the Nramp family transporters, which are involved in
the high-affinity system for Mn uptake. The crystal structure of
drMntH was originally solved in an inward-facing conformation
in the presence of a monoclonal antibody fragment, which revealed
a pseudosymmetric LeuT-fold-like conformation, as observed in
the structures of other bacterial Nramp proteins. However, through
the transport cycle, drMntH undergoes a more agile conforma-
tional change distinct from the rigid body movement of canonical
LeuT-fold transporters. Given that these are the first solved com-
plementary structures of the same Nramp protein, it remains to
be investigated whether this metal transport mechanism is con-
served among MntH proteins.

4. Metalloenzymes

Divalent metal ions, including Mg?*, Mn?*, Zn®* and Ca?" are
essential for the enzymatic activities of many metalloproteins
and are frequently used to promote or improve protein crystalliza-
tion. For nucleic-acid-processing enzymes, these divalent metal
ions serve as protein cofactors involved in substrate DNA/RNA
binding (in DNA binding proteins), nucleophilic attack (in nucle-
ases and polymerases) and ATP hydrolysis (in helicases). Given
their highly specific role in cellular processes, these divalent metal
ions must be carefully selected to avoid possible enzymatic abnor-
malities. For example, different divalent cations cause alterations
in the kinetics and fidelity of DNA polymerases [70]. DNA nucle-
ases exhibit altered substrate binding preferences in catalytic
activities depending on the identity of the divalent cations in the
reaction [71].

D. radiodurans has an unusual metal ion content with a high
intracellular Mn concentration (~millimolar level), which is differ-
ent from other radiation-sensitive bacteria. Therefore, it is interest-
ing to investigate the possible role of these metal ions in proteins
that function in the extreme resistance of D. radiodurans. Mn and
Zn metal ions, which come from either protein copurification or
the reservoir solution for crystallization, are two divalent metal
ions frequently observed in the currently solved structures of
Deinococcus proteins. Mn ions are found in the structures of Rec]
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[15], RNase ] [72], MazG [73], MntH [69], and SodA [59], and the
structures of Pprl [57], RecO [74,75], RecR [76,77], RecQ [40], DinB
[78], PolX [79], Dps1 [66], LuxS [80], and several peptidases [81,82]
contain Zn ions.

However, the Mn and Zn ions present in these structures are not
fully consistent with their biochemical activities. Mn ions are pre-
ferred for the enzymatic activities of Rec] [15], MazG [83], and PolX
[79], while Zn ions are involved in protein folding and substrate
processing/binding by RNase ] [72], Pprl [21], RecOR [77], DinB
[78], and LuxS [80]. Compared with E. coli homologues that mainly
use Mg ions as cofactors, RecJ [15], MazG [83], MutS2 [84] and PolX
[79] in D. radiodurans exhibited a strong preference for Mn over
Mg, which might be due to the intrinsic properties of these two
metal ions, e.g., the coordination geometry required for catalysis.
Moreover, Mn was essential for the protein dimerization of RNase
J from D. radiodurans [72], which is likely to be involved in the bal-
ance of its exo- and endonucleolytic activity. These structures sug-
gest a broad role for metal ions in protein-function regulation in D.
radiodurans.

5. Summary and outlook

To date, more than 900 protein structures from Deinococcus
species have been deposited in the Protein Data Bank, providing
valuable information on the mechanisms of the extreme resistance
of D. radiodurans. And structural studies of large protein complexes
including ribosomal proteins and ribonucleoprotein complexes
shed new light on the mechanisms of antibiotic inhibition and
RNA degradation [85,86]. These proteins, with both commonalities
and diversity in structural features, are involved in the efficient
repair of DNA damage and strong antioxidation systems. While
several studies revealed both protein conformations and biochem-
ical activities shared with homologous proteins, some of these pro-
teins contain novel protein folds, protein-protein interaction
interfaces and altered metal ion binding sites, which give rise to
their distinct functions in vivo. For example, many nucleic-acid
binding proteins (e.g., RecJ and DdrO) have unique domain
arrangement and substrate binding capabilities, which shed light
on the prompt DNA damage repair in in D. radiodurans.

D. radiodurans can survive under extreme conditions, and the
first crystal structure of a D. radiodurans protein was determined
in 2001 [80]. However, after 20 years of probing, our knowledge
of how these proteins contribute to the robustness of D. radiodu-
rans remains vague. Almost all the Deinococcus proteins solved
by X-ray crystallography come from D. radiodurans, the most
extensively studied Deinococcus species, and most structural infor-
mation of protein-protein or protein-substrate complex listed in
Table 1 are currently not available from other bacteria. DdrB and
DdrO (both species-specific) are the only two proteins with
cross-species structural information available. Although these
two proteins from two different Deinococcus species are struc-
turally conserved, it is still unclear whether the structures and
functions of other species-specific proteins from D. radiodurans,
such as PprA, PprM and DdrR, are universal among Deinococcus
species. Additional structural information (e.g., DdrO in complex
with DNA or Pprl) is needed to elucidate the detailed mechanism
of the Pprl-DdrO system in Deinococcus species.

There are still a large number of questions that need to be
addressed. What is the structural basis of nucleic acid-processing
enzymes involved in DNA repair processes in D. radiodurans?
Structural information of these proteins (e.g. RecQ, RecOR and
RecA) in complex with substrate DNA is required to elucidate the
structure-function relationships. Given that species-specific Ddr
and Ppr proteins were highly induced after environmental stresses
and their DNA-binding capabilities, biochemical and structural
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studies may shed light on their shared and unique molecular
mechanisms underlying diverse DNA repair pathways. Compared
with DNA repair proteins exhibiting characteristic structural fea-
tures, two major ROS scavenging enzymes from D. radiodurans,
KatE1 and SodA, show striking similarities to their bacterial coun-
terparts, indicating possible shared reductase-based antioxidation
mechanisms. In view of the antioxidation role of elevated intracel-
lular Mn concentrations in D. radiodurans, it is thus important to
evaluate the protein structures of Mn transporters to better under-
stand the mechanisms and regulation of the intracellular Mn
homeostasis in D. radiodurans. Remarkably, structural studies
revealed novel OB domains (with distinctive protein folding
[15,50], assembly [51] and DNA recognition [15]) in DNA bind-
ing/processing proteins in D. radiodurans, which are critical for
the DNA repair process. More work is needed to identify the molec-
ular and structural features of these proteins and their complex
with DNA, which could potentially illuminate their function in
DNA repair. In addition, protein posttranslational modifications
(PTMs) including the phosphorylation [87], PARylation [88], and
succinylation [89] of several stress-response-related proteins from
D. radiodurans, have been characterized and are likely to affect the
regulation of protein activities, structures, and subcellular localiza-
tion. Further studies are needed to obtain more detailed insights
into the structural properties resulting from PTMs. In general,
structural studies of stress-related proteins that contribute to the
robustness of D. radiodurans remain important topics for further
research.
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