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The hypothetical protein ‘Alr3200’ of Anabaena sp. strain PCC7120 is highly conserved among cyanobacterial
species. It is a member of the DUF820 (Domain of Unknown Function) protein family, and is predicted to have a
DNase domain. Biochemical analysis revealed a Mg(II)-dependent DNase activity for Alr3200 with a specific activity
of 8.62×104 Kunitz Units (KU) mg−1 protein. Circular dichroism analysis predicted Alr3200 to have ~40% β-strands
and ~9% α-helical structures. Anabaena PCC7120 inherently expressed Alr3200 at very low levels, and its overexpression had no significant effect on growth of Anabaena under control conditions. However, Analr3200+, the
recombinant Anabaena strain overexpressing Alr3200, exhibited zero survival upon exposure to 6 kGy of γ-radiation,
which is the LD50 for wild type Anabaena PCC7120 as well as the vector control recombinant strain, AnpAM.
Comparative analysis of the two recombinant Anabaena strains suggested that it is not the accumulated Alr3200 per
se, but its possible interactions with the radiation-induced unidentified DNA repair proteins of Anabaena, which
hampers DNA repair resulting in radiosensitivity.
[Raghavan PS, Gupta GD, Rajaram H and Kumar V 2016 Characterization of a DUF820 family protein Alr3200 of the cyanobacterium Anabaena
sp. strain PCC7120. J. Biosci. 41 589–600]

1.

Introduction

The photosynthetic nitrogen-fixing cyanobacterium Anabaena
sp. PCC7120 displays high resistance to γ-radiation (LD50 of 6
kGy) (Singh et al. 2010), possibly because of an efficient DNA
repair system (Singh et al. 2013). However, the exact mechanism of repair is poorly understood in cyanobacteria. The
DNA repair system includes proteins which can (i) recognize
damaged DNA, (ii) remove the damaged base(s), and (iii)
repair the damage. In terms of DNA repair proteins, the role
of only single-stranded DNA binding (SSB) proteins involved
in stabilizing single-stranded DNA has been deciphered in
Anabaena (Kirti et al. 2013, 2014). Post-irradiation restoration
Keywords.

of the shattered genome of Anabaena PCC7120 (Singh et al.
2013) involving exact end-joining to ensure no incorporation
of mistakes in the genome sequence, would require the action
of nucleases to chew up the extra bases. Anabaena 7120 has 48
annotated nucleases, which include RNases, DNases, endoand exonucleases (http://genome.microbedb.jp/cyanobase/
Anabaena), and possibly several un-annotated nucleases, such
as ‘alr3199’, which codes for a hemerythrin DNase (Padmaja
et al. 2011).
A large number of the predicted proteins of Anabaena
are uncharacterized, and annotated as either ‘hypothetical’ or ‘unknown’ because of the lack of similarity to
other bacterial proteins. ‘Domains of Unknown Function’
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(DUF), found in the Pfam database refer to one such
large set of uncharacterized proteins. Proteins classified
under the DUF820 protein family have been predicted to
belong to PD-(D/E)xK superfamily of nucleases and are
greatly expanded in cyanobacteria (Feder and Bujnicki
2005). In Anabaena PCC7120 alone, 61 genes have
been annotated to belong to the DUF820 protein family
in pfam database (http://pfam.xfam.org/) (Finn et al.
2014). The proteins of this family are also found intermittently in other phyla of eubacteria, like Chloroflexi,
Proteobacteria, Fermicutes and Actinobacteria, but are
absent in plants. However, members of this protein
family have not been experimentally characterized. This
paper deals with the characterization of Alr3200 protein
of the DUF820 family from Anabaena PCC7120, in
terms of its possible biochemical and physiological roles.
The protein exhibited Mg(II)-dependent DNase activity,
and rendered Anabaena strains radiosensitive upon its
over-expression. This is the first report on the characterization of DUF820 family proteins.

2.
2.1

Materials and methods

Bioinformatic analysis and protein
structure prediction

Multiple Sequence Alignment of protein sequences were
carried out using COBALT (Papadopoulos and Agarwala
2007), and the figure was prepared with ESPript 3.0
(Robert and Gouet 2014). The secondary structure of the
protein was predicted with SYMPRED web server (www.ibi.
vu.nl/programs/sympredwww/) using PSIPRED (Jones
1999) and SSPRO (Pollastri et al. 2002) methods. The
tertiary fold of the protein was predicted using I-TASSER
(Yang et al. 2015) and Phyre2 (Kelley et al. 2015) web
servers.

2.2

Organism and growth conditions

E. coli cultures were grown in Luria-Bertani (LB) medium in
the absence or presence of appropriate antibiotics [34 μg
chloramphenicol mL−1 (Cm34), 50 μg kanamycin mL−1
(Kan50) or 100 μg carbenicillin mL−1 (Cb100)] at 37°C.
Wild-type and recombinant Anabaena cultures were grown
under axenic conditions in BG-11, pH 7.0 medium
(Castenholz 1988) containing 17 mM NaNO3 (BG-11, N+),
under continuous illumination (30 μE m−2 s−1) and shaking
(100 rpm) at 27°C ± 2°C.

2.3

Overexpression and purification of Alr3200

The 0.6 kb alr3200 ORF was PCR amplified from Anabaena
7120 genomic DNA using gene specific primers, alr3200Fwd
(5’GCAGCCCATATGACACATATCTCCCCAAAAAC3′)
and alr3200Rev (5′GCTAAAGGATCCTTAACGAGGCAGAACGTC3’), 100 μM dNTPs and 1 U of Taq DNA Polymerase (Roche Diagnostics, Germany). The amplified DNA
fragment was ligated to the expression vector pET16b (table 1)
at NdeI and BamHI restriction enzyme sites and the resulting
construct was designated as pETalr3200 (table 1). DNA sequencing of both the strands of the insert was carried out and
the sequence obtained showed 100% match to that of alr3200
in the genome database of Anabaena 7120 (http://genome.
microbedb.jp/cyanobase/Anabaena).
Overexpression of Alr3200 was induced with 1 mM IPTG
in E. coli Rosetta DE3(plysS)(pETalr3200) (table 2) cells at
18°C overnight. The protein was purified under native conditions by Ni-NTA affinity chromatography using lowpressure liquid-chromatography system (BioRad Biologic
Lp) at room temperature, and eluted with a linear gradient
of Imidazole (25 mM to 500 mM). The proteins were separated on 12% SDS-polyacrylamide gels, and visualized by
staining with Coomassie Brilliant Blue Dye (CBB G-250).

Table 1. Plasmids used in this study
Plasmid
pBS
pET16b
pFPN
pAM1956
pETalr3200
pFPNalr3200
pAMalr3200

Characteristics
Cbr, pBluescript SKII, cloning vector with Multiple cloning site
Cbr, Expression vector with N-terminal His-tag
Cbr, Kanr, Integrative shuttle expression vector for E. coli and
Anabaena
Kanr, promoterless, replicative vector with gfpmutII as a reporter gene
Cbr, 0.6 kb alr3200 gene cloned in pET16b at NdeI, BamHI restriction
sites
Cbr, Kanr, 0.6 kb alr3200 gene cloned in pFPN at NdeI, BamHI
restriction sites
Kanr, 1.3 kb SalI-XmaI fragment from pFPNalr3200 cloned in
pAM1956
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Stratagene
Novagen
Chaurasia et al. 2008
Yoon and Golden 1998
This study
This study
This study
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Table 2. Bacterial strains used in this study
Strain
E. coli strains
DH5α
HB101
Rosetta(DE3)(plysS)
Rosetta(pETalr3200)
DH5α (pFPNalr3200)
DH5α (pAMalr3200)
HB101(pRL623 + pRL443)
HB101(pAMalr3200)
Anabaena strains
Anabaena PCC7120
AnpAM
Analr3200+

Characteristics
F− recA41 endA1 gyrA96 thi-1 hsdR17(rk− mk−) supE44 relAλ
ΔlacU169
F− mcrB mrr hsdS20(rB− mB−) recA13 leuB6 ara-14 proA2 lacY1
galK2 xyl-5 mtl-1 rpsL20 (SmR) glnV44 λ−
F- ompT hsdSB(rB− mB−) gal dcm λ(DE3 [lacI lacUV5-T7 gene 1
ind1 sam7 nin5]) pLysSRARE (Cmr)
Cmr, Cbr, Rosetta cells harbouring the plasmid pETalr3200
Cbr, Kanr DH5α cells harbouring the plasmid pFPNalr3200
Kanr DH5α cells harbouring the plasmid pAMalr3200
Donor strain carrying pRL623 (encoding three methylases) and
conjugal plasmid pRL443
Kanr HB101 cells harbouring the plasmid pAMalr3200
Wild type strain
Nmr, Anabaena 7120 harbouring the plasmid pAM1956
Nmr, Anabaena harbouring the plasmid pAMalr3200

The purified protein fractions were dialysed against the
storage buffer (20 mM Tris-HCl, 20 mM NaCl pH 8.0),
and the concentration estimated using Lowry’s reagent.
2.4

Source/Reference

Circular dichroism analysis and Trp
fluorescence spectroscopy

CD Spectra for purified Alr3200 protein (0.5 mg mL−1) was
recorded in the far UV wavelength region (260–200 nm)
using JASCO spectro-polarimeter (model J-810) using 1 mm
path-length quartz cuvette at 20°C. Each spectrum was averaged for three scans. A reference spectrum was recorded
with storage buffer that was subsequently subtracted from
Alr3200 sample spectrum. The observed spectrum, measured in ellipticity units (millidegree units), was converted
to molar differential extinction coefficient units (Delta epsilon, M−1cm−1). The spectrum was further deconvoluted to
calculate the secondary structure composition of the protein
using K2D3 web server (http://www.ogic.ca/projects/k2d3/)
(Louis-Jeune et al. 2012).
Fluorescence experiments were performed using 20 μM
Alr3200 protein with 1 cm pathlength fluorescence cell
using Jasco Fluorimeter FP-8500. The scan wavelength for
the emission spectrum was from 300 to 400 nm with an
excitation wavelength of 280 nm and slit widths of 2.5 nm
(excitation) and 2.5 nm (emission). Prior to recording of the
fluorescence emission spectra, 5 mM EDTA was added to
the protein solution followed by buffer exchange to storage
buffer (20 mM Tris-HCl buffer pH 8.0, 20 mM NaCl) using
Desalting column (Bio-Rad, P6). The emission spectra were
recorded with increasing concentrations (1–20 mM) of
MgCl2 or CaCl2.

2.5

Lab collection
Lab collection
Novagen
This study
This study
This study
Yoon and Golden 1998
This study
Lab collection
Rajaram and Apte 2010
This study

Western blotting and immunodetection of Alr3200

Proteins were extracted from recombinant Anabaena strains
using Laemmli’s buffer, electrophoretically separated by
10% SDS-PAGE followed by electroblotting on to the nitrocellulose membrane. Immunodetection was carried out using
a polyclonal anti-Alr3200 antibody, generated against purified Alr3200 protein, as described earlier (Raghavan et al.
2011).

2.6

Nuclease activity assay of Alr3200

In-gel DNase activity of Alr3200 was assayed as described
earlier (Lacks and Springhorn 1980) with minor modifications. In brief, Anabaena chromosomal DNA (50 μg) was
incorporated in 10% native polyacrylamide gel. Staining was
carried out using SYBR Dye I in the presence of 10 mM
MgCl2 and visualized using UV-transilluminator and image
was captured using Vilber Lourmat Bio print ST4.
Gel-based testing of nuclease activity of Alr3200 was
carried out by incubating 500 ng of pBS plasmid DNA
(table 1) or Anabaena genomic DNA, with different concentrations of the purified Alr3200 protein in the absence or
presence of different concentrations of Mg(II) at 37°C for
varying time duration. The reaction was terminated by adding DNA loading dye, followed by electrophoretic separation on 0.8% agarose gel and visualization using UV-light.
Hyperchromicity assay was carried out by incubating Anabaena 7120 genomic DNA (1 μg) with purified Alr3200
protein (20 μM) in the presence of 10 mM MgCl2 at 37°C.
Increase in A260 was recorded over a period of 5 min. One
J. Biosci. 41(4), December 2016
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Kunitz unit (KU) is defined as 0.001 increase in A260 mL−1
min−1.

3.
3.1

2.7

Generation of recombinant Anabaena strain
overexpressing Alr3200

The 0.6 kb alr3200 gene was introduced into the expression vector pAM1956 (Yoon and Golden 1998)
(table 1) in a two-step process as described earlier
(Raghavan et al. 2011), using an intermediate vector
pFPN (Chaurasia et al. 2008) (table 1) for obtaining
the psbA1 promoter. In the resulting plasmid construct,
pAMalr3200, the promoter P psbA1 co-transcribes the
alr3200 and the gfpmutII gene as part of a single bicistronic operon. The plasmid pAMalr3200 (table 1) was
introduced into Anabaena PCC7120 (table 2) by triparental conjugation as described earlier (Raghavan
et al. 2011), and the recombinants were selected on
BG-11, N+, Neo25 plates. The recombinant strain was
designated as Analr3200+ (table 2).
Radiation stress was applied by exposing three-dayold Anabaena cultures, concentrated to 10 μg chlorophyll a (Chl a) density mL−1, to 6 kGy of 60Co γradiation. The corresponding control was kept in dark
(sham-irradiated) for the same duration. Post-irradiation
recovery was initiated by washing the irradiated cultures
three times in fresh medium followed by inoculation at
1 μg Chl a density mL−1 and growth under control
conditions. Growth was assessed in terms of Chl a
content estimated as described earlier (Mackinney
1941). Survival was assessed in terms of colony forming
units observed on BG-11, N+ agar plates after 10 days
of incubation under illumination. All comparisons were
carried out with the recombinant Anabaena strain
AnpAM (Rajaram and Apte 2010), harbouring the empty
vector pAM1956.

2.8

In gel isolation of genomic DNA

Cultures of recombinant Anabaena strains (10 μg Chl a)
were immobilized with 0.8% agarose as 1.5 mm thick and
0.5 cm long blocks. The agarose blocks were washed with
1 M NaCl and subsequently with Tris-EDTA-NaCl buffer.
In gel lysis of cells was carried out by treating the blocks
with lysozyme (2 mg mL−1) in Tris-EDTA buffer for 1 h at
37°C followed by further incubation with sarcosyl/
proteinase K mix for 3 h. The agarose gel blocks were loaded
on to 0.8% agarose gels with 1.5 mm thick wells and resolved electrophoretically. Resolved gels were visualized
under UV transillumination and the image was captured
using Vilber Lourmat Bio print ST4.
J. Biosci. 41(4), December 2016

Results

Bioinformatic analysis and structure prediction for
Alr3200 protein

Alr3200, a 201 amino acid long protein, is annotated as a
‘conserved hypothetical protein’ in the genome database of
the cyanobacterium, Anabaena sp. PCC7120 (http://genome.
microbedb.jp/cyanobase/Anabaena). Though the protein is
very well conserved across cyanobacterial genomes
(supplementary figure 1), none of its homologs has been
functionally characterized. Blast search also did not reveal
structurally similar proteins, with significant E-value, in the
Protein Data Bank. Tertiary structures (supplementary
figure 1) predicted using servers I-TASSER and Phyre2
were similar and suggested Alr3200 to be a member of the
DUF820 family (recently designated as UMA2 family) of
Pfam (Finn et al. 2014). Studies are currently underway to
obtain pure large crystals of Alr3200 to evaluate its structure.
Structure prediction was carried out with >90% confidence
value using crystal structure of Ava_3926 protein from
Anabaena variabilis as template (PDB ID: 3OT2, unpublished results of Joint Centre for Structural Genomics,
JCSG). Based on the spatial arrangement, the presence of
the catalytic motif residues [PD-(D/E)-K], which are known
to be present in proteins involved in DNA metabolism
(Kosinski et al. 2005), were identified. These putative catalytic residues were found to be highly conserved in all
homologous sequences of Alr3200 protein (supplementary
figure 1). An independent secondary structure prediction of
Alr3200 using PSIPRED (Jones 1999) and SSPRO (Pollastri
et al. 2002) methods also matched well with the predicted
fold (data not shown).

3.2

Circular dichroism and intrinsic fluorescence
studies of Alr3200

To ascertain if E. coli BL21 cells overexpress an active form
of Alr3200, in-gel DNase activity was carried out. Protein
extracts from uninduced and IPTG-induced E. coli
BL21(pETalr3200) were electrophoretically separated on
native polyacrylamide gel impregnated with chromosomal
DNA followed by staining using SYBR Dye I. Two zones of
clearance were observed in the lane containing protein from
induced cells (lane I, figure 1A), wherein the major zone was
nearer the well. Zone of clearance indicates DNase activity,
and since this was observed in much higher levels in the
induced cultures (figure 1A), it indicates overexpression of
an active DNase. The upper zone of clearance is probably a
native multimer of the protein and the lower one could
possibly be a monomer. The overexpressed protein from
these cells was purified by Ni-NTA chromatography and

Alr3200 of Anabaena
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Figure 1. Circular dichroism and fluorescent emission spectra of Alr3200. (A) In-gel DNase activity of Alr3200. Protein extracts (40 μg/
lane) from uninduced (U) and IPTG-induced (I) cultures of E. coli BL21(pETalr3200) were electrophoretically separated on 10% native
polyacrylamide gel impregnated with 50 μg Anabaena chromosomal DNA. Gel was stained with SYBR Dye I and visualized using UVtransilluminator. The negatively stained white regions indicating the presence of Alr3200 are indicated by arrows. (B) Alr3200 protein
purified by Ni-NTA affinity chromatography eluted with a linear gradient of imidazole (lane 1). Lane 2 corresponds to protein molecular
weight marker (Bangalore Genei, India). The proteins were separated on 12% SDS-polyacrylamide gel and stained with Coomassie
Brilliant Blue Dye. The purified 26 kDa Alr3200 is indicated by an arrow. (C) Circular dichroism analysis of purified Alr3200 protein in the
wavelength range of 200–260 nm, The CD spectra is expressed in molar extinction coefficient units, Δε (Mol−1 cm−1). (D) Intrinsic
tryptophan fluorescence emission spectra for Alr3200 with different concentrations of MgCl2 (Upper panel) and CaCl2 (lower panel). The
spectra shown in each panel are color coded for the apo-protein and with increasing concentration of MgCl2 and CaCl2.

detected as a 26 kDa protein (figure 1B). The secondary
structure composition of the purified recombinant Alr3200
protein was determined with CD spectroscopy, recorded in
the far-UV region. The spectrum, converted to molar differential extinction coefficient units (Delta epsilon, M−1cm−1)
(figure 1C), was deconvoluted with K2D3 server to estimate
secondary structure elements. The server predicted the protein to have ~40% β-strands with ~9% α-helices. The experimental spectrum matched well with the predicted spectrum
(closest match in the database), suggesting a reasonable
accuracy in the prediction.

As the protein belongs to PD-(D/E)-x-K nuclease
superfamily, the presence of two negatively charged
residues (Aspartate and Glutamate) in the putative catalytic motif suggests a probable divalent cation binding
site. The divalent cation binding affinity of Alr3200
protein was probed on the basis of intrinsic tryptophan
fluorescence upon excitation at 280 nm and recording
the emission spectra in 300–400 nm range. The emission
maximum (λmax) for Alr3200 was observed at 333 nm
(figure 1D). Upon addition of increasing concentrations
of MgCl2 or CaCl2, decrease in fluorescence intensity
J. Biosci. 41(4), December 2016
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was observed, which was about 8% in the presence of
1 mM MgCl2 (figure 1D). This is indicative of the
ability of Alr3200 to bind divalent cations Mg(II) and
Ca(II), as expected due to the presence of PD-(D/E)-x-K
motif.

3.3

Biochemical analysis of Alr3200 activity

The bioinformatically predicted nuclease activity of
Alr3200 was tested experimentally using plasmid and
chromosomal DNA. Low concentrations (<1 μM) induced nicking of pBS plasmid DNA in the presence of
10 mM Mg(II) (figure 2A), followed by degradation

with increasing concentration of Alr3200 (figure 2A
and B). The plasmid DNA was completely degraded
by 40 μM protein within 1 h at 37°C (figure 2B).
However, upon increasing the incubation time, significant degradation was also observed with 1 μM Alr3200
(figure 2C). The DNA degradation by Alr3200 required
a minimum of 10 mM Mg(II) which could be reduced to
1 mM only at high protein concentrations, but with a
significant compromise on its activity (figure 2B). Also,
the activity could not be observed in the absence of
Mg(II) (figure 2). The DNase activity of Alr3200 was
not detected in the presence Ca(II) also (data not
shown). DNase activity of Alr3200 was independent of
the sequence and length of the plasmid DNA, and a

Figure 2. Divalent cation dependent nuclease activity of Alr3200. Nuclease activity of Alr3200 using (A-C) plasmid DNA, pBS (500 ng),
and (D) Anabaena 7120 chromosomal DNA (1 μg) as a substrate at 37°C. DNA was visualized after electrophoretic separation on 0.8%
agarose gel stained with ethidium bromide using UV-transilluminator. The different DNA fragments are indicated by arrows. (A and B)
Plasmid DNA incubated with (A) increasing concentration of Alr3200 (0–10 μM) in the absence or presence of 10 mM Mg(II), and (B) 20
or 40 μM Alr3200 in the presence of 0, 1 or 10 mM Mg(II) for 1 h. (C and D) Incubation of (C) plasmid DNA with 1 μM Alr3200, and (D)
chromosomal DNA with 10 μM Alr3200 in the presence of 10 mM Mg(II) for varying time periods (0.5–3 h).

J. Biosci. 41(4), December 2016
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Figure 3. Overexpression of Alr3200 in Anabaena PCC7120. (A) Microfluorophotographs (600X magnification) of recombinant strains,
AnpAM and An-alr3200+ using excitation wavelength of 470 nm and emission wavelength of 508 nm. (B) Immunodetection of Alr3200.
Protein extracts from AnpAM and Analr3200+ cells were separated by 10% SDS-PAGE, followed by blotting and immunodetection with
anti-Alr3200 antibody. The cross-reacting proteins along with their estimated molecular mass are indicated by arrows.

similar profile was obtained on using linearized or
nicked plasmid DNA (data not shown). DNase activity
of Alr3200 was also observed with chromosomal DNA
as a substrate, which was degraded by 3 h at 37°C in
the presence of 10 μM Alr3200 and 10 mM Mg(II)
(figure 2D). Quantization of the DNase activity was
carried out by hyperchromicity assay using 1 μg Anabaena 7120 chromosomal DNA and 20 μM Alr3200 in
the presence of 10 mM Mg(II). The specific activity of
Alr3200 was estimated as 8.62×104 KU mg−1 protein.
Alr3200 was unable to degrade RNA (data not shown),

indicating that it is only a DNase and not an RNase as
well.

3.4

Effect of Alr3200 overexpression on stress tolerance of
Anabaena 7120

The physiological role of Alr3200 in Anabaena was assessed
by modulating its expression levels. Since, the inherent
expression levels of the protein were very low in Anabaena,
the preferred approach was to constitutively express the
J. Biosci. 41(4), December 2016
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Figure 4. Effect of γ-radiation on filament morphology of recombinant Anabaena strains. Microfluorophotographs (600× magnification)
of 3-day-old recombinant Anabaena strains, AnpAM and Analr3200+ (A) immediately after exposure to 6 kGy of 60Co γ-radiation, (B and
C) during post-irradiation recovery after (B) 2 days and (C) 5 days. Other details are as described in legend to figure 3A.

protein at higher levels. Also, the expression of the protein
remained unchanged in response to exposure to γ-radiation
and other abiotic stresses tested (data not shown). Recombinant Anabaena strain overexpressing Alr3200, Analr3200+
harbours the plasmid pAMalr3200, wherein alr3200 and
gfpmutII are transcriptionally fused forming a bicistronic
operon transcribed from psbA1 promoter. Analr3200 +
exhibited green fluorescence (figure 3A) when observed
under a fluorescence microscope, indicating expression of
the Green Fluorescent Protein (GFP). In contrast, only red
fluorescence (contributed by the presence of Chl a) was
observed for the recombinant strain, AnpAM harbouring
the empty vector pAM1956 (figure 3A). Analr3200+ cells
also exhibited much higher levels of the 23 kDa Alr3200
compared to the AnpAM cells, as indicated by Western
J. Biosci. 41(4), December 2016

blotting followed by immunodetection with anti-Alr3200
antibody (figure 3B). In addition to the 23 kDa protein, four
other proteins of higher molecular mass estimated as 46, 92,
138 and 184 kDa were also detected (figure 3B). Based on
the molecular masses, these possibly correspond to even
multimers of the 23 kDa Alr3200 protein.
Since Alr3200 exhibits DNase activity, its possible role in
modulating DNA damage or repair was investigated in terms
of effect on radiotolerance of Anabaena upon overexpression of Alr3200. Three-day-old recombinant Anabaena cultures, AnpAM and Analr3200+ were exposed to 6 kGy of
60
Co γ-radiation and the changes were assessed in terms of
(i) change in filament morphology immediately after irradiation and during post-irradiation recovery (PIR), (ii) cell
survival, and (iii) recovery from radiation stress. Under

Alr3200 of Anabaena
control growth conditions, Analr3200+ filaments exhibited
morphology similar to the vector control AnpAM cells
(figure 3A). However, upon exposure to 6 kGy of γ-radiation, the extent of fragmentation of filaments was higher in
Analr3200+ compared to AnpAM, and included a few single
or 2-3-cell filaments and lot of debris (figure 4A). When
allowed to recover after radiation, the extent of fragmentation resulting in shorter filaments and also that of debris was
significantly higher in Analr3200+ compared to AnpAM, as
observed after 2 days (figure 4B) and 5 days (figure 4C) of
post-irradiation recovery (PIR). The fragmented cells
exhibited green fluorescence (figure 4) indicating that the
expression from the plasmid pAMalr3200 was intact in
Analr3200 + cells. The extensive fragmentation of
Analr3200+ also affected the survival immediately after
irradiation, which decreased from 51% for AnpAM to ‘0’
for Analr3200+ indicated by the absence of corresponding
bar graph (figure 5A). When allowed to recover after irradiation, AnpAM cells exhibited 40-50% recovery over a 7-day
period, while Analr3200+ failed to recover even on day 7
(figure 5B). In gel genomic DNA isolation was carried out to
obtain insight into the state of the genomic DNA in the
recombinant Anabaena strains, AnpAM and Analr3200+
under control conditions and immediately after irradiation.
Under control growth conditions, the amount of intact genomic DNA isolated from the same number of cells was
lower in Analr3200+ compared to AnpAM, while the smear
of DNA was higher in Anal3200+ (figure 5C). The difference was more obvious immediately after irradiation, wherein the genomic DNA of Analr3200 + was extensively
degraded compared to that of AnpAM cells (figure 5C).
4.

Discussion

The ability of some bacteria to withstand high doses of γradiation has been attributed to a robust DNA repair (Minton
and Daly 1995). The double strand breaks which are generated as a result of exposure to γ-radiation are heterogeneous
and for these to be efficiently repaired, they are processed by
nucleases (Mimitou and Symington 2009) and helicases
(Yeeles and Dillingham 2010). The nucleolytic processing
by the endonucleases or exonucleases, based on the type of
repair pathway to be followed, ensures the accuracy of the
DNA ends available for repair by mismatch, nucleotide or
base excision or double strand break repair pathways (Marti
and Fleck 2004). Some of the nucleases also function to
recognize specific DNA structures and thus play a significant
role in DNA repair (Nishino et al. 2006). Thus, by regulating
the activity of various nucleases, the organism is able to
regulate the accumulation of single-stranded DNA during
homologous recombination (Morin et al. 2008).
Tolerance to high levels of radiation has also been
reported for cyanobacteria, such as Chroococcidiopsis
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(Billi et al. 2000) and Anabaena strains (Singh et al. 2010;
2013). However, DNA repair mechanism in cyanobacteria is
very poorly understood. RecA, a major contributor to different DNA repair mechanisms, is very poorly expressed in
Anabaena (Kumar et al. 2015), while of the three singlestranded DNA binding (SSB) proteins, only the full-length
SSB (All4779 or SSB3) contributed to radiation tolerance of
Anabaena (Kirti et al. 2013, 2014). Only two nucleases have
been characterized in Anabaena PCC7120; NucA which is a
sugar non-specific nuclease (Meiss et al. 1998) and Alr3199
or HE-DNase, a hemerythrin DNase (Padmaja et al. 2011).
However, the role for either of them in DNA repair is yet to
be demonstrated.
Alr3200 is predicted to be a member of the DUF820
protein family belonging to the PD-(D/E)xK nuclease superfamily, with all putative catalytic residues being highly conserved in orthologs (supplementary figure 1). In-gel assay
using protein extracts from E. coli BL21(pETalr3200) cells
confirmed the in vivo DNase activity of the overexpressed
Alr3200 protein (figure 1A). The PD-(D/E)xK superfamily
members share a common structural core with β-sheet of
four β-strands flanked either side by α-helices, and are involved in DNA repair, recombination and replication
(Kosinski et al. 2005). Of the proteins classified as
DUF820 belonging to PD-(D/E)xK superfamily of
nucleases, All3650 has been predicted to be structurally
homologous to Holliday Junction resolvases Hjc and Hje
of Archae (Feder and Bujnicki 2005).
The presence of aspartate and glutamate residues in the
putative catalytic motif of Alr3200 suggested possible binding of divalent cations, which was confirmed by the quenching of fluorescence of the protein observed in the presence of
Mg(II) and Ca(II) (figure 1D). However, the DNase activity
of Alr3200 was supported by Mg(II) (figure 2), and not
Ca(II) or other divalent cations (data not shown), unlike that
observed for NucA (Meiss et al. 1998), and only nicking
activity in the presence of Ca(II) for Alr3199 (Padmaja et al.
2011). Though the inhibitory effect of Ca(II) has not been
reported for DNases, several Mg(II)-dependent enzymes
have shown such effect, the reason being the preference for
a seven-fold coordination geometry by Ca(II) as against sixfold coordination geometry preferred by Mg(II) (Rosta et al.
2014). With a specific activity of 8.62×104 KU mg−1 protein
in the presence of Mg(II), compared to the highly active
NucA nuclease, having specific activity of 8.64×106 KU
mg−1 protein (Meiss et al. 1998), Alr3200 could be termed
as a moderately active DNase. Due to its ability to degrade a
circular plasmid DNA (figure 2), Alr3200 is classified as an
endonuclease.
The moderate DNase activity allowed for the overexpression of Alr3200 in Anabaena without significantly affecting
either its morphology (figure 3B) or viability (figure 5) under
control growth conditions. However, it had a profound effect
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on Anabaena exposed to γ-radiation. In general, exposure of
Anabaena to γ-radiation results in fragmentation of its filaments, with majority having about 10-30 cells per filament

as observed for AnpAM (figure 4A), contributing to about
50% survival immediately after exposure to 6 kGy of γradiation (figure 5A). This also allows for the growth of

Figure 5. Effect of γ-radiation on radiotolerance of the recombinant Anabaena strains. Three-day-old recombinant Anabaena strains,
AnpAM and Analr3200+ concentrated to 10 μg Chl a mL−1 were subjected to 6 kGy of 60Co γ-radiation. (A) Survival was measured in
terms of colony forming units immediately after irradiation ‘IR’ and the corresponding sham-control ‘C’ after 10 days of incubation of
plates under illumination. Since, no colonies were obtained in Analr3200+ after irradiation, the corresponding bar is not observed in the
graph. (B) Recovery was measured in terms of Chl a content. The sham control ‘C’ and irradiated ‘IR’ cultures were washed and inoculated
in fresh medium at 1 μg Chl a density mL−1 and grown under normal growth conditions for 7 days. (C) Sham control ‘C’ (lanes 1, 3) or
irradiated ‘IR’ (lanes 2, 4) cultures of recombinant Anabaena strains [AnpAM (lanes 1, 2) and Analr3200+ (lanes 3, 4)] (10 μg Chl a) were
immobilized in agarose block. The genomic DNA was isolated in gel, followed by electrophoretic separation on 0.8% agarose gel and
visualized using UV-transilluminator.
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Alr3200 of Anabaena
the fragmented filaments in terms of length i.e. increase in
number of cells per filament (figure 5B and C) and increase
in Chl a content (figure 5B) during post-irradiation recovery.
On the other hand, Analr3200 + cells overexpressing
Alr3200 were severely fragmented upon exposure to 6 kGy
of γ-radiation, resulting in several filaments with 1–3 cells
only and significant number of dead cells (figure 4A), which
was reflected in the 0% survival observed immediately after
irradiation (figure 5A). No colonies were observed even after
allowing over 3 weeks of recovery on plates (data not
shown) and they also failed to recover in liquid growth
medium (figure 5B). This indicates that excess Alr3200 is
probably interfering with the repair of damaged DNA, thereby preventing the cells from staging recovery postirradiation and rendering the cells extremely radiosensitive.
Degradation of genomic DNA under control conditions as
well as immediately after radiation stress was higher in
Analr3200+ compared to AnpAM cells (figure 5C), possibly
due to its DNase activity. Since, the level of the overexpressed Alr3200 remains unchanged in control and irradiated
Analr3200+ cells, the increased DNA degradation could be
the effect of other nucleases also being expressed at higher
levels post-irradiation. Though it needs to be proven unequivocally, the lower DNA degradation in AnpAM suggests that the presence of Alr3200 is possibly acting as a
trigger for other nucleases with which it may interact directly
or indirectly, thereby decreasing the availability of proper
DNA ends to ensure effective DNA repair. Further understanding of this protein in terms of its structure and interacting proteins will open an avenue for studying postirradiation DNA repair in the radio-resistant Anabaena
PCC7120.
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