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The Deinococcus radiodurans genome encodes five putative quinoproteins. Among these, the �dr2518 and �dr1769 mutants
became sensitive to gamma radiation. DR2518 with beta propeller repeats in the C-terminal domain was characterized as a radi-
ation-responsive serine/threonine protein kinase in this bacterium. DR1769 contains beta propeller repeats at the N terminus,
while its C-terminal domain is a proline-rich disordered structure and constitutes a low-complexity hydrophilic region with ali-
phatic-proline dipeptide motifs. The �dr1769 mutant showed nearly a 3-log cycle sensitivity to desiccation at 5% humidity com-
pared to that of the wild type. Interestingly, the gamma radiation and mitomycin C (MMC) resistance in mutant cells also
dropped by �1-log cycle at 10 kGy and �1.5-fold, respectively, compared to those in wild-type cells. But there was no effect of
UV (254 nm) exposure up to 800 J · m�2. These cells showed defective DNA double-strand break repair, and the average size of
the nucleoid in desiccated wild-type and �dr1769 cells was reduced by approximately 2-fold compared to that of respective con-
trols. However, the nucleoid in wild-type cells returned to a size almost similar to that of the untreated control, which did not
happen in mutant cells, at least up to 24 h postdesiccation. These results suggest that DR1769 plays an important role in desicca-
tion and radiation resistance of D. radiodurans, possibly by protecting genome integrity under extreme conditions.

Desiccation is one of the most hostile conditions that impose
physiological constraints, which few organisms can tolerate.

Desiccation causes both reversible and irreversible changes in cel-
lular milieus, including protein aggregation, membrane fusion,
and damages to DNA, RNA, and proteins (1, 2). In spite of this,
there are many organisms that can tolerate prolonged desiccation
by entering in the desiccation dormant state and/or protecting
cells from the effects of extensive water loss. The roles of disaccha-
rides and certain proteins, like anhydrin and late embryogenesis
abundant (LEA)-related proteins, have been reported in the des-
iccation tolerance of invertebrates (3) and plants (4, 5). The LEA
proteins are characterized as having the proline- and glycine-rich
low-complexity (LC) regions, which form unstructured confor-
mation under normal physiological conditions. Upon desicca-
tion, these sequences undergo structural transition from an un-
structured conformation to a well-defined and functionally viable
structure (3, 6). The mechanisms through which these amino ac-
ids could contribute to desiccation tolerance are not very clear.
However, it has been shown that disordered hydrophilic regions
could retain �20 times more water than globular proteins of
nearly similar sizes, which upon anhydrobiosis leads to the con-
formational change from a poly-proline type II helix into an �
helix (7). An alternative hypothesis also suggests that the side
chains of polar amino acids in the LC region could mimic the
nature of a water molecule and provide chaperone-like activity in
protecting the proteins from aggregation and membrane fusions
(8). The LC sequences are common in both eukaryotes (9) and
prokaryotes (10).

Deinococcus radiodurans R1 shows superlative potential to sur-
vive against the DNA-damaging and mutagenic effect of gamma
rays, UVC radiation, and desiccation (11, 12). These phenotypes
are attributed to its efficient DNA double-strand break (DSB) re-
pair (13) and strong oxidative stress tolerance mechanisms. Both
antioxidant enzymes (14) and nonenzymatic components, like

pyrroloquinoline quinine (PQQ) (15, 16), carotenoids (17), and a
high ratio of Mn to Fe (18), contribute to the oxidative stress
tolerance of this bacterium. The PQQ is characterized as an anti-
oxidant in solution (19) and subsequently as an inducer of eukary-
otic-type Ser/Thr protein kinases (STPK) with a role in radiation
resistance and DSB repair in D. radiodurans (20) and of STPKs
associated with cellular differentiation in the mammalian system
(21, 22). The D. radiodurans genome encodes a large number of
proteins with an LC region in the primary sequence, and a major-
ity of them are hypothetical proteins (23). The most notable ones
suggested for their role in DNA metabolism or protein recycling
include DNA polymerase III (DR_2410), MutT/nudix hydrolase
(DR_0550), subtilisin family serine protease (DR_1459), a ho-
molog of the LEA (DR_1172), and an uncharacterized open read-
ing frame (ORF) (DR_1769) (10, 24).

Here, we report the detailed characterization of the DR1769
protein for its role in D. radiodurans resistance to radiation and
desiccation. The primary sequence of DR1769 is found to have
72-amino-acid-long LC regions at the C terminus, nine PXXP
motifs, and 7 beta propeller repeats for PQQ interaction at the N
terminus. The �1769 mutant showed more than a 3-log cycle loss
of wild-type resistance to desiccation and an �10-fold decrease in
wild-type resistance to gamma radiation. Unlike wild-type cells,
more than 80% of mutant cells showed diffused nucleoid after

Received 10 April 2013 Accepted 18 June 2013

Published ahead of print 21 June 2013

Address correspondence to Hari S. Misra, hsmisra@barc.gov.in.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JB.00418-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JB.00418-13

3888 jb.asm.org Journal of Bacteriology p. 3888–3896 September 2013 Volume 195 Number 17

http://dx.doi.org/10.1128/JB.00418-13
http://dx.doi.org/10.1128/JB.00418-13
http://dx.doi.org/10.1128/JB.00418-13
http://jb.asm.org


desiccation, and these cells failed to assemble the shattered ge-
nome at least up to 48 h of postirradiation recovery. These results
suggest that DR1769 has a regulatory role in D. radiodurans resis-
tance to desiccation and gamma radiation, possibly by contribut-
ing through DSB repair and protecting the genome under extreme
stress conditions.

MATERIALS AND METHODS
Bacterial strains and materials. The wild-type Deinococcus radiodurans
R1 strain (ATCC 13939) was a generous gift from J. Ortner, Germany
(25). Wild-type strains and their respective derivatives were grown aero-
bically in TGY (0.5% Bacto tryptone, 0.3% Bacto yeast extract, 0.1% glu-
cose) broth or on an agar plate at 32°C in the presence of antibiotics, as
required. Shuttle expression vector pRADgro and its derivatives were
maintained in Escherichia coli strain HB101 in LB broth supplemented
with ampicillin (50 �g/ml) and in the presence of chloramphenicol (5
�g/ml), as described earlier (26). Other recombinant techniques were
used as described in reference 27.

Construction of expression plasmids. Genomic DNA of D. radio-
durans R1 was prepared as published previously (28). The coding se-
quences of DR1769 were PCR amplified from genomic DNA of D. radio-
durans using gene-specific primers 1769F (5=GCCGGGCCCATGCCTGA
CCCCGCTGCCCGCCGCT3=) and 1769R (5=CCTATCTAGATCAGCG
GCGCACGACGCCCGGGA3=), having the desired restriction sites
incorporated at the 5= end in the respective primers, and gene integrity
was confirmed by nucleotide sequencing. The PCR product was ligated at
ApaI and XbaI sites in pRADgro (26) to yield pGro1769. The pGro1769
plasmid was transformed into �dr1769 mutant cells as described earlier
(29), and the recombinant clones were scored in the presence of chloram-
phenicol (5 �g/ml). For overexpression in E. coli and purification of the
recombinant DR1769 protein, the coding sequences of the dr1769 gene
was PCR amplified using gene-specific primers 1769OF (5=CGGGATCC
GTGCTTAAAGACACCATTGA3=) and 1769OR (5=CCGCTGGAGTCA
GCCCGGGAATTCCGGCT 3=), cloned in the pET28a vector at BamHI
and XhoI sites, to yield pET1769. Similarly, dr2518 was cloned in
pET28a�, and the resultant pET2518 plasmid was obtained as described
earlier (20). These plasmids were transformed into E. coli BL21(DE3)/
pLysS, and inducible expression of recombinant proteins was confirmed
on SDS-PAGE.

Protein purification, kinase activity, and PQQ interaction studies.
Transgenic E. coli BL21(DE3)/pLysS cells harboring pET1769 and
pET2518 plasmids were induced with 200 �M isopropyl �-D-1-thiogalac-
topyranoside (IPTG), and recombinant DR1769 and DR2518 proteins
were purified under nondenaturing conditions by nickel-nitrilotriacetic
acid (Ni-NTA) (Qiagen, Germany) affinity chromatography using the
manufacturer protocols and as described in detail in reference 20. Auto-
phosphorylation of DR2518 was checked in the absence and presence of
increasing concentrations of DR1769 and 10 nM PQQ in different com-
binations as described earlier (20). The level of phosphorylation in
DR2518 was estimated as the intensity of phosphoprotein bands densito-
metrically. PQQ interaction with recombinant DR1769 was monitored
using a circular dichroism (CD) spectroscopy approach as described ear-
lier (20). In brief, 50 �M purified recombinant DR1769 was incubated
with increasing concentrations (10 nM, 50 nM, and 500 nM) of PQQ, and
CD spectra were recorded on a CD spectrometer.

Generation of deletion mutants in D. radiodurans. For generating
the deletion mutant of the dr1769 gene in D. radiodurans, pNOK1769 was
made in pNOKOUT (30) as described earlier (20). In brief, the 1-kb up-
stream and 1-kb downstream coding sequences of dr1769 were PCR am-
plified using gene-specific primers 1769UF (5= CGGGCCCCATCCCGA
GGAATTTGGTGTA3=) and 1769UR (5= GGAATTCGCGGGCAGCGG
GGTCAGGCAT3=) for upstream and 1769DF (5= GCGGGATCCAGCC
GGAATTCCCGGGCGT3=) and 1769DR (5= GTTGGATCCT TGCCCT
GCGCTTCGTCACT3=) for downstream fragments and were cloned at
ApaI-EcoRI and BamHI sites of pNOKOUT, respectively, to generate

pNOK1769. For generating the pqqE disruption mutation in the �dr1769
background, the nptII cassette flanking upstream and downstream se-
quences of pqqE, together with part of the neighboring genes in pNOK-
pqqE (16), was replaced with the chloramphenicol acetyltransferase (cat)
cassette using PstI and BamHI restriction sites to yield pPQCAT (20). The
linearized plasmids, like pNOK1769 and pPQCAT, were transformed into
D. radiodurans R1 and the �dr1769 mutant, respectively, and homozy-
gous replacement of wild-type target genes with nptII in the case of the
wild type and with pqqE::cat in the case of the dr1769 deletion mutant was
confirmed by PCR amplification using sequence-specific primers. Details
on the materials used for generating these mutants of D. radiodurans will
be provided upon inquiry. The resultant strains were designated the
�dr1769 single mutant and the �dr1769 pqqE::cat double mutant.

Desiccation, gamma irradiation, and cell survival studies. For desic-
cation, the exponentially growing D. radiodurans cells were collected by
centrifugation, washed in 4 volumes of 10 mM MgSO4, and resuspended
in an equal volume of 10 mM MgSO4. A 100-�l aliquot of this suspension,
having nearly 106 CFU each of D. radiodurans R1 and its �dr1769 mutant,
was smeared on different sets of surface-sterilized microscopic slides in
triplicate and incubated in desiccators maintained at 5% humidity at
30°C. Relative humidity within the desiccators was continuously moni-
tored online by fitting a hygrometer in the desiccators. One set of both the
wild type and mutant was removed at a regular interval (5, 10, 15, and 20
days), and the cells were recovered by soaking with 200 �l TGY under
sterilized conditions. The appropriate dilutions of these samples were
spread on a TGY agar plate and incubated at 32°C for 72 h, and CFU were
counted. The percent cell survival was computed by comparing the num-
ber of CFU smeared on the slide at time zero. Untreated controls of both
the wild type and mutant were processed identically without desiccation.
For radiation treatment, both wild-type and �dr1769 mutant cells were
treated with different doses of UV and gamma radiation as described
earlier (26). In brief, the bacteria grown in TGY medium at 32°C were
washed and suspended in sterile phosphate-buffered saline (PBS) and
treated with different doses of gamma radiation at a dose rate of 3.8 kGy/h
(Gamma 5000, 60Co; Board of Radiation and Isotopes Technology, DAE,
India). For UVC, the dilutions of these cells were plated and exposed with
different doses of UV (254-nm) radiation. The CFU were recorded after
48 h of incubation at 32°C.

Growth recovery and DSB repair studies. For studying the postdes-
iccation recovery, D. radiodurans wild-type and �dr1769 mutant cells
were desiccated at �5% humidity for 14 days as described above, and cells
were suspended in 200 �l fresh TGY. Optical density at 600 nm (OD600)
was adjusted to �0.2, and 6 replicates of each were aliquoted on a micro-
titer plate. Growth was measured continuously as OD600 on Bioscreen C,
a microplate reader-based absorbance-measuring system (Oy Growth
Curves AB Ltd., Helsinki, Finland). Untreated controls of both wild-type
D. radiodurans and �dr1769 mutant cells were processed identically, and
OD600 was adjusted to 0.2 and used for continuous monitoring of growth.

The reassembly of the shattered genome was monitored on a pulsed-
field gel electrophoresis (PFGE) gel as described earlier (20). In brief, the
cells were treated with 6 kGy gamma radiation (3.8 kGy/h) and aliquots
were collected at different time intervals during postirradiation recovery
(PIR). Cell lysis and NotI restriction digestion were carried out in gel as
detailed earlier, and DNA fragments were separated on PFGE under con-
ditions described earlier.

Fluorescence microscopic studies. Fluorescence microscopy of D. ra-
diodurans cells was carried out on a Zeiss AxioImager (model LSMS10
META; Carl Zeiss) microscope equipped with a 254 Zeiss AxioCam HRm
camera as described earlier (31). The D. radiodurans cells desiccated for 14
days at �5% humidity were allowed to grow for 24 h, and cells were
collected by centrifugation and washed twice with 10 mM MgCl2. Washed
cells were stained with 4=,6-diamidino-2-phenylindole (0.5 �g/ml)
(DAPI) for the nucleoid and with Nile red (1 �g/ml) for the membrane for
5 min in the dark, 2 �l of cells were spotted on a 0.8% agarose pad, and
fluorescence images were taken by exciting at 405 nm for DAPI and at 560
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nm for Nile red. Untreated normal-growing cells of both wild-type D.
radiodurans and the �dr1769 mutant were processed similarly and used as
controls. Cell and nucleoid sizes were measured using AxioVision 4.8.2
software, and mean values of nucleoid-to-cell diameter were used to per-
form the statistical t test using Origin Pro 6.1 data analysis software.

Data presented without standard deviations are illustrative of a typical
experiment and represent the average from three replicates wherein the
variation among replicates was less than 15%. All experiments were re-
peated at least three times.

RESULTS AND DISCUSSION
DR1769 comprised of beta propeller repeats and low-complex-
ity hydrophilic regions. The D. radiodurans genome annotated
DR1769 as a putative serine/threonine protein kinase-like quino-
protein (32). The levels of dr1769 transcript do not change during
postirradiation/desiccation recovery of D. radiodurans (33, 34).
The amino acid sequence analysis using SMART software (http:
//smart.embl-heidelberg.de/) revealed the presence of seven tan-
dem beta propeller repeats in the N-terminal domain and the
unstructured LC region at the C-terminal domain of DR1769 (Fig.
1A). Multiple sequence alignments of its N-terminal domain with
the conserved amino acid sequences from each class of beta pro-
peller family proteins were carried out using the ClustalX pro-
gram. It showed that the N-terminal domain of DR1769 had seven

WD repeats of approximately 40 amino acids each that start with
glycine (G) and end with tryptophan (W) (Fig. 1B). A molecular
model generated from DR1769 sequences using the I-TASSER
online server showed that the N terminus of this protein produces
a typical beta propeller arrangement around the central core
through which PQQ interacts in quinoproteins and a disorga-
nized C terminus (Fig. 1C). Recently, another protein, DR2518,
having a similar signature of beta propellers, albeit in its C-termi-
nal domain, has been characterized, and its role in radiation resis-
tance of D. radiodurans has been demonstrated (20). The C-ter-
minal of DR1769 contains two hydrophilic LC regions between
positions 393 and 465 and positions 548 and 566, forming a
stretch of 72 and 18 amino acids, respectively. These LC regions
are rich in glycine and proline amino acids. Linear motif analysis
of the primary sequence of DR1769 was carried out using Scansite
(http://scansite.mit.edu), which showed the presence of a couple
of tandem PXXP motifs and also proline-rich motifs (Table 1).
Proteins harboring PXXP motifs are generally known for interact-
ing with proteins having SH3 domains, and such proteins’ role in
signal transduction and in the regulation of polymerization/depo-
lymerization dynamics of the cytoskeleton has been reported (35,
36). It is shown that when an aliphatic residue precedes each pro-
line residue, the characteristic aliphatic-proline (AP) pair is

FIG 1 Functional domain analysis of DR1769. (A) Primary sequence of DR1769, searched for the presence of functional motifs showing 7 beta propeller repeats
making PQQ-interacting motifs (PQQ) in the N-terminal domain and low complexity (LC) region, largely confined to the C-terminal domain; (B) beta propeller
repeats (PQQ1 through PQQ7) showing the typical signature of the WD motif, starting with consensus G and ending with W; (C) modeled structure of DR1769
showing typical arrangement of 7 beta propeller repeats of the N-terminal domain (N-Ter) and disorganized C-terminal domain (C-Ter).

TABLE 1 Distribution of PXXP motifs in DR1769, their functional attributes, like matching scores, surface accessibility, and gene card, indicating
the similarity of a motif sequence with a similar/closely matching motif in respective candidate proteins

Site Matching score Motif sequence Surface accessibility score Gene card

P189 0.3443 GAPVFSSPAVAADGT 0.482 ABL1 (receptor tyrosine kinase)
P462 0.4825 PPVASPAPATARLTP 0.815 ABL1 (receptor tyrosine kinase)
P12 0.4204 AARRFSLPPFPLAAL 0.811 ABL1 (receptor tyrosine kinase)
P442 0.5069 QTTPRPQPTPAQPAT 2.139 SRC (tyrosine kinase)
P438 0.6067 PAPAQTTPRPQPTPA 3.871 PLCG1 (phospholipases)
P442 0.5069 QTTPRPQPTPAQPAT 2.139 SRC (tyrosine kinase)
P453 0.5072 QPATPAAPVPPVASP 0.642 CRK (adapter protein)
P455 0.5243 ATPAAPVPPVASPAP 0.472 GRB2 (adapter protein)
P15 0.6072 RFSLPPFPLAALALS 0.399 HCLS1 (substrate of the antigen receptor-coupled

tyrosine kinase)
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formed, which would establish interaction with the hydrophobic
pocket on the SH3 domain (37). The typical SH3 domain binds
with the �XX�PX�P or �PX�PX� type of motif, where � is a
hydrophobic amino acid and � is a basic amino acid. Bacterial
proteins having SH3 domains either exactly or closely similar to
eukaryotic types have been reported (38). Although DR1769 is
found with nine proline-rich motifs arranged in tandem (Table 1),
these motifs do not show consensus in the amino acids flanking to
proline residues, and the impact of this variation on the function
of this protein is not known. However, it may be possible that the
small differences in the putative SH3-interacting motif of DR1769
might be helping this protein establish interactions with deino-
coccal proteins with minor variations in SH3 motifs. Similar ob-
servations have been recorded and supported with some examples
(39). The functional motif organization in N-terminal and C-ter-
minal domains of DR1769 might predict the regulatory role of this
protein in desiccation and radiation resistance of D. radiodurans,
possibly by interacting with other deinococcal proteins with pu-
tative SH3-type domains. Thus, the role of this protein in extreme
phenotypes of this bacterium is being further investigated.

The �dr1769 mutant is sensitive to gamma radiation and hy-
persensitive to desiccation. Earlier, it has been shown that D.
radiodurans cells devoid of PQQ become sensitive to gamma ra-
diation, and the DSB repair and protein phosphorylation profiles
of these cells were significantly affected (16). Five ORFs having
putative PQQ-interacting motifs were identified from the genome
of D. radiodurans, and these were individually deleted from the
genome (20). The �dr1769 mutant showed nearly a 1.2-log cycle

drop in cell survival at 10 kGy (Fig. 2A) and nearly a 3-log cycle
loss of resistance to desiccation at 5% humidity (Fig. 2B) for 20
days, compared to those of the wild type. Interestingly, the
�dr1769 mutant responses to UVC radiation of up to 800 J/m2

(Fig. 2C) and hydrogen peroxide were the same as those of the
wild type (see Fig. S1 in the supplemental material). These cells’
response to mitomycin C (MMC) was marginally different from
that of wild-type cells (Fig. 2D). The loss of resistance to desicca-
tion and gamma radiation in the dr1769 mutant was not due to the
polar effect of this deletion, as ascertained by in trans expression of
a wild-type copy of the DR1769 protein. The mutant cells express-
ing wild-type DR1769 showed almost complete recovery of
gamma radiation as well as desiccation resistance loss in the
�dr1769 mutant (Fig. 2A and B), suggesting that the gamma ra-
diation and desiccation sensitivity in �dr1769 mutant cells was
due to the absence of DR1769 per se. Since DR1769 has 7 beta
propeller repeats, making a putative PQQ binding pocket at its N
terminus, the possibility of a PQQ-regulating function of this
protein was checked by disrupting pqqE (a gene responsible for
PQQ synthesis) in the �dr1769 mutant background. The
�dr1769pqqE::cat double mutant showed increased sensitivity to
gamma radiation compared to that of the �dr1769 single mutant
(Fig. 3), but the levels of desiccation resistance in both single and
double mutants were the same. It may, however, be noted that the
level of double-mutant sensitivity to gamma radiation was almost
similar to that of the pqqE::cat single mutant (Fig. 3A compared
with Fig. 3A in reference 31), suggesting that the PQQ role(s) in
gamma radiation resistance is dominant over DR1769 and both

FIG 2 DNA damage response of the �dr1769 mutant. D. radiodurans cells (�), �dr1769 mutant cells (�), and �dr1769 cells expressing wild-type DR1769 (Œ)
were treated with different doses of gamma radiation (A), desiccation (B), UV (254 nm) (C), and mitomycin C (D). Different dilutions of these cells were plated
on LB agar plates supplemented with the required antibiotics, numbers of CFU per milliliter were computed, and the percent cell survival was calculated by
considering the percentage of CFU of untreated samples as 100%.
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PQQ and DR1769 possibly function through common pathways
in desiccation resistance of D. radiodurans. Recently, it has been
shown that PQQ contributes to gamma radiation resistance in this
bacterium through a radiation- and DNA damage-responsive
STPK (20). These results together suggested that DR1769 has a
role in desiccation resistance of D. radiodurans.

The �dr1769 mutant showed delayed postdesiccation recov-
ery. The influence of dr1769 deletion on normal growth of D.
radiodurans was determined by comparing mutant growth with
that of wild-type cells. We observed that the �dr1769 mutant grew
almost similar to the wild type under normal growth conditions
(Fig. 4). However, the growth rates of wild-type and �dr1769 mu-
tant cells incubated for 20 days at less than 5% humidity recovered
differently. The �dr1769 mutant showed a nearly twice as long lag
phase (28 h) as that of the wild type (15 h) (Fig. 4). Earlier, the
mutants showing both desiccation and gamma radiation resis-
tance have been characterized in D. radiodurans (40, 41). Since
the �dr1769 mutant grew well under normal growth condi-
tions of D. radiodurans and showed a major defect only during
the recovery from desiccation stress, the roles of DR1769 in D.
radiodurans resistance to gamma radiation and desiccation are
demonstrated.

The �dr1769 mutant showed delayed DSB repair and recov-
ery of desiccated nucleoid. In order to understand the mecha-

nisms underlying DR1769 roles in desiccation and gamma radia-
tion resistance of D. radiodurans, the kinetics of DSB repair during
postirradiation recovery was monitored. D. radiodurans cells ex-
posed to 6 kGy gamma radiation recovered the typical NotI pat-
tern of untreated cells in less than 4 h PIR. On the contrary, the
�dr1769 mutant did not recover the typical NotI profiles of its
unirradiated genome up to 48 h PIR (Fig. 5). Since the NotI pat-
tern of the recovered genome of the �dr1769 mutant was almost
similar to the corresponding PFGE bands of the wild type, which
did not change beyond 6 h PIR in the mutant, the possibility of
DR1769 affecting the slow crossover event of homologous recom-
bination and genome maturation as characterized in the second
phase of DSB repair could be argued. Mattimore and Battista have
demonstrated that both gamma radiation and desiccation pro-
duce nearly similar effects on DNA double-strand break, and the
mechanisms contributing to DSB repair could provide resistance

FIG 3 Genetic interaction of pqqE and dr1769 loci in DNA damage response of D. radiodurans. D. radiodurans (�), �dr1769 mutant (�), and �dr1769pqqE::cat
(Œ) cells were treated with different doses of gamma radiation (A) and desiccation (B), the number of CFU per milliliter was computed, and percent cell survival
was calculated by considering the percentage of CFU of untreated samples as 100%.

FIG 4 Effect of dr1769 deletion on normal growth and recovery from desic-
cation. D. radiodurans R1 (�, Œ) and �dr1769 mutant (�,}) cells were grown
in rich medium under normal conditions (�, �) and stressed at 5% humidity
for 20 h and then allowed to recover (Œ, }). Optical density at 600 nm was
measured continuously on a microtiter-based density reader. Growth medium
(�, GM) was taken as the blank control.

FIG 5 DSB repair kinetics during postirradiation recovery in D. radiodurans.
D. radiodurans R1 (wild type) and �dr1769 mutant (�dr1769 mutant) cells
were treated with 6.5 kGy gamma radiation and allowed to grow at different
time periods (1.5, 4, 6, 24, and 48 h), and PFGE was carried out along with
unirradiated (U) respective controls.
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to both these DNA-damaging agents (41). Similar results have
been reported in the case of the two-component system (TCS)
mutant of D. radiodurans that shows sensitivity to both gamma
radiation and desiccation (40). Thus, these results suggested that
DR1769 contributes to gamma radiation and desiccation resis-
tance possibly by regulating DSB repair.

Since the desiccation response of an organism is governed by a
number of cellular and molecular changes that can also affect ge-
nome structure, the possibility of DR1769 absence affecting the
genome compactness of D. radiodurans under desiccation was hy-
pothesized. Both wild-type and mutant cells were grown under
identical conditions, and the effect of desiccation on genome com-
pactness was monitored microscopically. The nucleoids in both
wild-type (Fig. 6A; see Fig. S2A in the supplemental material for
a color picture) and �dr1769 mutant (Fig. 6B; see Fig. S2B for a
color picture) cells desiccated for 20 days at 5% humidity were
condensed by �2-fold compared to the respective untreated
controls. When these cells were allowed to recover in rich me-
dium, the nucleoid in the wild type could return to nearly the
same size as that of untreated cells in less than 24 h postdesic-
cation (Fig. 6C). However, the majority of the mutant cells
showed a dispersed nucleoid up to 24 h after desiccation recov-
ery. These results suggested that DR1769 has a role in mainte-
nance of genome integrity possibility by supporting D. radio-
durans cells to recover the original genome from desiccation/
gamma radiation-mediated DNA double-strand break and
nucleoid condensation.

Recombinant DR1769 attenuates autokinase activity of
DR2518. A homology search using the eukaryotic-type consensus
SH3 domain in the proteome of D. radiodurans R1 and then mul-
tiple sequence alignment of putative hits revealed that there are
proteins, including DRA0335 (a putative protein kinase), DR2518

(a kinase characterized for its role in radiation resistance) (20),
and drRecA, with SH3-type domains, albeit relatively less con-
served compared to those of eukaryotes (see Fig. S3 in the supple-
mental material). Since DR1769 contains PXXP motifs at the C
terminus, which is the signature implicated for interaction with
the proteins having the SH3 motif, and DR2518 apparently has the
putative SH3 motif, the possibility of DR1769 influencing the au-
tokinase activity of DR2518 was checked. Results showed that the
autophosphorylation of DR2518 was reduced by nearly 4-fold in
the presence of an �5-fold-excess molar ratio of DR1769 to
DR2518 (Fig. 7A and B). DR1769 neither showed detectable au-
tokinase activity nor acted as a substrate for DR2518 phosphory-
lation. However, the incubation of PQQ with purified DR1769
caused a significant change in the secondary structure of the pro-
tein (Fig. 7C), and the inhibition of DR2518 autokinase activity by
DR1769 was significantly enhanced in the presence of PQQ (Fig.
7B, compare bar 2 with bars 3 to 5 and bar 1 with bars 6 to 8). The
molecular basis of DR1769 attenuation of DR2518 activity in the
presence/absence of PQQ is not known. However, it appears that
DR2518 activity inhibition by DR1769 does not seem to be
through the involvement of PQQ, because the effect was seen ir-
respective of PQQ presence, albeit to a higher magnitude in the
presence of PQQ (Fig. 7B, compare lines 3 to 5 with lines 6 to 8).
The possibility of DR1769 competing for ATP with DR2518 has
also been nearly ruled out, as the former showed neither kinase
nor ATPase activity (data not shown). Therefore, these results
suggest that PQQ interacts with DR1769, which could attenuate
DR2518 autokinase activity possibly through protein-protein in-
teraction in vitro.

D. radiodurans exhibits extraordinary resistance to several
DNA-damaging agents, including radiation and desiccation (42).
Since desiccation also produces DSBs and oxidative damage to

FIG 6 Effect of dr1769 deletion on nucleoid compactness under desiccation. D. radiodurans R1 (A) and �dr1769 mutant (B) untreated cells (R1C, 1769C) were
incubated at 5% humidity for 24 h (R1D, 1769D) and allowed to recover in rich medium under normal growth conditions (R1R, 1769R). These cells were stained
for nucleoid (DAPI) and with Nile red (NR), and images were taken with a fluorescence microscope. (C) The false blue areas of DAPI-stained images were
measured using Image J software and plotted in GraphPad Prism software. Data shown here are representative of a reproducible experiment repeated three times
independently. For a color version of this figure, you may refer to Fig. S2 in the supplemental material.
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biomolecules similar to gamma radiation, the molecular basis of
desiccation resistance in D. radiodurans had been explained
mostly by considering its capabilities of DSB repair and tolerance
to oxidative stress. The effect of extreme desiccation on formation
of lethal DNA-protein crosslinks has also been reported in a bac-
terial system (43, 44). However, the depletion of water during
desiccation could also destabilize the naive interaction of pro-
teins and eventually their functions, especially those requiring
the charge transfer through the formation of salt bridges. The
organisms conferring high tolerance to desiccation contain a
large number of proteins which have unique structural motifs
known for retaining relatively large amounts of water in bound
form. One of the features of these proteins is that they have
low-complexity regions clustered with positively charged
amino acids, like proline and glycine. Calculations made from the
hydrodynamic data about the degree of hydration in the AavLEA1
(late embryogenesis abundant protein of Aphelenchus avenae)
protein as an example suggested that proteins having such struc-
ture can retain nearly 20 times more water in bound form than
globular counterparts (7). It has been shown that the proteins
containing hydrophilic LC regions protect cells from desiccation
effects by inhibiting protein aggregation and membrane fusion
during water loss (8). The D. radiodurans genome encodes a large
number of such hypothetical proteins with unstructured hydro-
philic LC regions (10). Here, we report the characterization of
DR1769, a candidate protein having 7 beta propeller repeats with
the sensory WD motif at the N terminus and a disorganized hy-
drophilic LC region along with nine tandem repeats of PXXP mo-
tifs at the C terminus, and its role in desiccation and radiation
resistance of D. radiodurans. We showed that cells lacking DR1769
become hypersensitive to desiccation and lose the wild-type capa-
bility of DSB repair. Both the wild type and the �dr1769 mutant
showed supercondensation of nucleoids upon desiccation. How-
ever, the wild type could recover its nucleoid to the size in un-

treated cells but the mutant’s nucleoid continued to be signifi-
cantly dispersed at least up to 24 h after desiccation recovery. The
molecular mechanisms underlying DR1769’s roles in DSB repair
and nucleoid compaction are not clear. The WD repeat-con-
taining proteins perform a wide range of functions, including
regulatory functions in signal transductions, RNA synthesis
and processing, genome stabilization, vesicular trafficking, cy-
toskeletal assembly, cell cycle control, and apoptosis (45, 46).
Since DR1769 contains WD repeats and other structural attri-
butes, like C-terminal hydrophilic LC regions and the AP mo-
tifs, the role of this protein in protecting the cellular milieu by
helping in establishing salt bridges with other proteins during
desiccation and by interactions with proteins containing SH3
domain could be suggested. The D. radiodurans genome en-
codes proteins having putative SH3 motifs (see Fig. S3 in the
supplemental material), and the activity of one such protein,
DR2518, was inhibited in the presence of purified DR1769 (Fig.
7). DR2518 is an important STPK characterized by its role in
radiation resistance, which seems to function through phos-
phorylation-mediated functional modulation of the DNA met-
abolic protein (Y. S. Rajpurohit and H. S. Misra, unpublished
data). Similarly, we know that RecA is an essential recombinase
that is required for maintaining genome integrity in the bacte-
ria. RecA of D. radiodurans is functionally different from other
bacteria (47) and is required in the extended synthesis-depen-
dent strand-annealing mechanism of DSB repair in this bacte-
rium (13). Therefore, the possibilities of DR1769 either pro-
tecting the SH3-type domain harboring proteins, including
RecA and DR2518 in D. radiodurans under desiccation, may be
hypothesized. These results suggest that DR1769 contributes in
desiccation and gamma radiation resistance of D. radiodurans
most likely through the regulation of DSB repair and by pro-
tecting nucleoid structure under desiccation.

FIG 7 DR1769 effect on DR2518 autophosphorylation and DR1769 interaction with pyrroloquinoline quinone (PQQ). Purified recombinant DR2518 was
mixed with increasing molar ratios of 1:1 (lanes 3 and 6), 1:5 (lanes 4 and 7), and 1:10 (lanes 5 and 8) of purified recombinant DR1769 in the presence (lanes 2
to 5) and absence (lanes 1, 6, 7, 8) of 10 nM PQQ and 1�Ci [32P]ATP for 1 h. (A) Proteins were separated on an SDS-PAGE gel, the gel was stained with Coomassie
blue (Protein) and dried, and autoradiogram (P-protein) was developed. (B) The intensity of phosphoprotein bands of each lane (1 to 8) were computed and
plotted. (C) Interaction of PQQ with recombinant purified DR1769 was checked by circular dichroism spectroscopy in the absence (control) and presence of
increasing concentrations (10 nM, 50 nM, and 500 nM) of PQQ.
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