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Introduction
Every living organism is persistently exposed to stress from
its surrounding ecosystem throughout its life. Salinity is one
such abiotic stress, which enforces natural boundaries on
caloric and nutritional potential of agricultural yield and considered as a major impediment to global food security, due
to the accumulation of salt in water or soil medium hampering the growth of the organisms living in that medium
(Hussain et al. 2010). Salinity inhibits growth and development of plants by imposing osmotic stress that leads to
limitation in water uptake and chemical stress by ion disequilibrium (Abogadallah 2010). In such extreme conditions, certain plants survive in dormant stage during stress
condition, while a few tolerate it by developing some
avoidance mechanism and morphological changes (Flowers
et al. 1986). The plants incapable of coping with salinity
are known as salt-sensitive plants (glycophytes), whereas
the plants (around 2%) that can cope with high salinity are
referred as halophytes (Glenn and Brown 1999).
One of the major biochemical changes that occur inside the
cells during salt stress is the overproduction of reactive oxygen species (ROS; Rahnama and Ebrahimzadeh 2006). Salt
stress limits the gas exchange phenomena, which ultimately
reduce the CO2 supply to leaves. This leads to the production
of more ROS due to reduction of the photosynthetic electron
transport chain (Ashraf 2009). In turn, excess ROS produced
cause damage to proteins, lipids and DNA, leading to cell
death by protein denaturation, lipid peroxidation and DNA
mutation, respectively (Alscher et al. 2002). Superoxide dismutase (SOD) is one of the antioxidative enzymes, acting
∗ For correspondence. E-mail: arrao@iasri.res.in; rao.cshl.work@gmail.com.

as the first line defence against ROS by dismutating superoxide radicals to hydrogen peroxide (H2 O2 ), which prevents
consequent damage to cell by superoxide radicals (Alscher
et al. 2002). Wang et al. (2007) reported that overexpression of MnSOD reduces the cellular damage caused by ROS
in tomato plants. Meloni et al. (2003) reported that increasing the expression of SOD protects cotton plants against
salt stress. Though, a number of studies have examined the
expression of MnSOD, an accurate prediction of the function
of this protein through structural analysis across species is
not yet performed. This may be due to availability of limited
number of tertiary structures in Protein Data Bank (PDB),
especially in plant species. Therefore, in this study, an in
silico approach has been followed to identify and analyse the
probable key residues of MnSOD enzyme responsible for salt
stress tolerance mechanism across species.

Materials and methods
In this study, the MnSOD enzyme was considered due to
its wide diversity; ranging from aerobes to anaerobes, and
prokaryotes to eukaryotes, which will facilitate the identification of novel key residues involved in salt stress tolerance,
that too, across species.

Sequence data

A wide group of diversified species viz., microbes, archeons,
fishes, amphibians, mammals and plants that survive in
moderate to high saline environment were considered in
this study. Thus, the protein sequences of MnSODs of
Oryza sativa, Triticum aestivum, Nicotiana tabacum, Zea
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Table 1. The MnSOD proteins of different species available in salinity condition with their uniprot IDs and domain information.
SOD Fe-N
terminal
domain
Start End

SOD Fe-C
terminal
domain
Start End

Species

Uniprot
ID

1

Rachycentron canadum

Q2L865

28

109

114

220

2

Anguilla anguilla

Q1HEB6

24

105

110

216

3
4

Takifugu obscuru
Epinephelus coioides

C9V497
Q5IGQ5

30
28

111
109

116
114

222
220

5

Q4ZNU0

2

88

94

198

Q2G261

3

89

95

195

7

Pseudomonas syringae pv.
syringae (microbe)
Staphylococcus aureus
RN4220
Dunaliella salina

H9NIE4

2

92

100

206

8

Halobacterium salinarum

P09737

3

84

89

192

9

Salinivibrio costicola

Q9FA91

1

62

67

139

10 Staphylococcus epidermidis
11
Oryza sativa

Q8VQ15
Q43803

3
33

88
111

94
121

195
226

12
13

Triticum aestivum
Arabidopsis thaliana

P93606
O81235

30
30

111
111

121
128

226
226

14

Nicotiana tabacum

Q84QX4

18

99

109

190

15
16

Thellungiella halophila
Helianthus anuus

B0L8Q0
A6XIG5

27
2

108
83

113
88

219
194

17

Brassica napus

B1PRJ9

30

111

129

226

18

Gossypium mexicanum

Q3SAW9

27

108

118

223

19

Zea mays

P09233

30

111

129

226

20

Solanum lycopersicum

Q7YK44

30

111

121

226

21

Xenopus laevis

Q6UTE6

36

115

125

230

22

Homo sapiens

Q55BJ9

48

133

148

244

6

mays, Helianthus anuus, Brassica napus, Gossypium mexicanum, Arabidopsis thaliana, Thellungiella halophila and
Homo sapiens were downloaded from the domain UniprotKB (http://www.uniprot.org/help/uniprotkb/), and are provided in table 1.
Domain analysis

Conserved domain database (CDD, http://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi) was used to identify the
domain information present in the sequences of the MnSOD
enzymes under study (Marchler-Bauer et al. 2013). The
domain coordinates of MnSOD from each species were

Significance
Fish that survives in salinity concentration
of 5–44.5 PPT (Resley et al. 2006)
Catadromous fish which survive in both
fresh and sea waters
(http://www.iucnredlist.org/details/60344/0)
Euryhaline fish species (Kato et al. 2005)
Fish species living in Arafura Sea
(Russell and Houston 1989)
Microbe, which survive in high salinity
conditions
Halotolerant microbial species that can grow
at 1.7 M NaCl (Clements and Foster 1999)
Halophilic microbe living in sea salt
(0.05–5.5 M) fields (Oren 2005)
Extreme halophilic archeon grow in 4 m salt
or higher (DasSarma and Arora 2002).
Moderate halophilic microbe that can grow
in 0.5 to 4 M NaCL (Kushner 1978)
Salt stress tolerant bacterial species (Kunin and Rudy 1991)
Fold increase in MnSOD activity at
100 mM NaCl (Tanaka et al. 1999)
MnSOD activity is high (Sairam et al. 2005)
MnSOD expression increased twice
(Wang et al. 2004)
Overexpression of SOD in tobacco during
salt stress (Badawi et al. 2004)
Halophyte plant species (Taji et al. 2004)
Growth becomes normal with induction of
antioxidants (Davenport et al. 2003)
Cell membrane permeability is associated
with SOD (Ashraf and Ali 2008)
Salt-tolerant cotton varieties that have a
better protection against ROS by increasing
the activity of antioxidant enzymes
under salt stress (Meloni et al. 2003)
Increased activity of MnSOD protect from
salt stress induced oxidative stress (Neto et al. 2006)
One-to-two fold higher activity of
MnSOD (Shalata et al. 2001).
Tolerate salinity equivalent to 60% of sea
water (Wells 2007)
(Borgstahl et al. 1996)

collected to check the occurrence of conserved residues in
the domain.

Sequence alignment

ClustalX ver. 2.1 (Larkin et al. 2007) was used for multiple
sequence alignment (MSA) of MnSODs of all the species
under study. The alignment file was saved in Clustal format and the conserved residues were identified based on
sequence alignment. A phylogenetic tree was constructed
based on neighbour-joining algorithm with 1000 bootstrap
replications. Besides, a conserved pattern from the MSA of
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MnSODs of considered species was generated by PRATT
(http://web.expasy.org/pratt/).
Structural alignment

In addition to the sequence alignment, the structural alignment is required to identify the conserved key residues of
MnSOD enzyme across species. However, there exist no
structures at Protein Data Bank (PDB, http://www.rcsb.org/
pdb) for the considered enzyme of different species. Hence,
the protein structures were initially modelled, validated and
superimposed by following the steps given below:
Model generation: Tertiary structures of MnSOD enzymes
from all the species were modelled using Modeller ver.
9.10 (Eswar et al. 2006). The sequences were then subjected to BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi?
PROGRAM=blastp/) against PDB. The subject sequences
that shared at least 40% identity with the target proteins were
considered as the templates for homology modelling. One
best model out of five possible models generated by Modeller was chosen based on the lowest discrete optimized protein energy (DOPE) score (Shen and Sali 2006). DOPE score
of each individual predicted protein model has been assessed
by using ‘assess_dope’ module of Modeller ver. 9.10.
Model validation, loop refinement, energy minimization
and model superimposition: Empirical distribution of amino
acids in Ramachandran plot (Ramachandran et al. 1963),
according to their torsion angle (φ in X-axis, ψ in Y-axis),
was carried out using Rampage server (http://www.mordred.
bioc.cam.ac.uk/rapper/rampage.php). The loop of each predicted structures was refined using the ModLoop server
(http://www.modbase.compbio.ucsf.edu/modloop/), as loops
in a protein framework frequently determine the functional specificity in terms of recognition of its interacting
partners, enzymatic reaction with substrate and conformational change (Rossi et al. 2007). Further, the energy minimization was done for each of the predicted structure,
using YASARA (http://www.yasara.org/minimizationserver.
htm) minimization server (Krieger et al. 2009). The minimized structures were submitted in the protein model
database (PMDB).
Finally, the validated and energy minimized structures of
MnSOD from each species were superimposed in DS Visualizer ver. 3.0 (http://accelrys.com/products/discovery-studio/
visualization-download.php) using the sequence alignment
as reference. From the resultant superimposition, the common geometrical cores along with the structurally conserved
residues in the enzymes were identified.
Identification and analysis of the key residues for salt stress
tolerance

Conserved residues obtained from sequence alignment
were checked with the conserved residues found in structural alignment. The residues found conserved at both

sequence and structure levels were then located in the
domains and active sites of the enzymes through CDD search
as explained earlier. As the domains are the functional part
of the protein, and in MnSOD, they are responsible for neutralizing the generated ROS during salt stress. The residues
found conserved across species inside the domain coordinates are likely to have meaningful biological significance.
Thus, the residues found conserved in both structure and
sequence alignments and being present in the domain region
can be designated as the putative key residues responsible for
salt stress tolerance.

Results and discussion
Quite often, due to shortage of fresh water, crops are either
irrigated with saline water or grown in salt-affected soil.
Since most of the crops are glycophyte in nature, salinity
is definitely a major threat to crop productivity. To mitigate
the problem, approaches based on conventional breeding,
in vitro selection, interspecific hybridization, halophyte cultivations and marker-aided selection were followed (Dewey
1962; Rowland et al. 1989; Sherraf et al. 1994; Glenn and
Brown 1999; Yeo et al. 2000), but the success rate is low
due to their complexity (Flowers 2004). Salt stress tolerance
is known to be a multigenic trait and hence it is essential to
understand the contribution of every genomic component in
salt stress tolerance mechanism.
Salt stress causes overproduction of toxic superoxide radicals during the process of photosynthesis by reducing the
available molecular oxygen. A balanced amount of ROS
behaves as signalling molecule in organisms. However,
excess amount of ROS due to salt stress causes oxidative
stress in plant and hampers the plant growth and survival.
This dual role makes ROS more significant and hence needs
to be maintained at equilibrium. Many enzymatic and nonenzymatic antioxidants are present to neutralize the ROS in
their subcellular location. The SOD, which is a metalloenzyme, a first line defence against ROSs, converts oxide
radicals into hydrogen peroxide and consequently controls
oxidative stress. It has been observed that increased expression of SOD can combat salt stress in many cultivars and the
same has been experimentally verified and evident from literature are cited in table 1. Hence, SOD enzyme is an essential
component through which both salt and oxidative stresses is
can be addressed simultaneously as both the stresses occur
due to excess ROS. Thus, MnSOD, one of the primitive
forms of SODs present in all the species, was considered in
the present study. SODs other than MnSOD are specific to
certain class of organisms while widespread occurrences of
MnSOD are found in most of the organisms, viz., aerobes or
anaerobes, plants or animals and prokaryotes or eukaryotes
and their role in salt stress is quite prominent.
The conserved domain analysis of the MnSOD enzymes
revealed the presence of two domains, namely, SOD Fe–C
terminal domain and SOD Fe-N terminal domain. The
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positions of conserved residues obtained from MSA were
observed to be located on either of the domains (table 2).
Sequence alignment of the MnSOD enzymes had revealed 27
highly conserved residues shown in figure 1. Out of 27 conserved residues, 13 were found to be present in SOD Fe–N
terminal domain and rest 14 were found in SOD Fe–C
terminal domain. Besides, most of the conserved residues
were found to be hydrophilic in nature. A conserved pattern
of length 16 i.e., P-x(0,1)-L-x(2,3)-D-V-W-E-H-[AS]-Y-Yx(2)-[FY] was obtained from the MSA profile of MnSODs,
which can be used for annotation of SOD proteins. The above
mentioned pattern includes the conserved residues that hold
the metal atom (His163), as well as the residues present in
the active site. The phylogenetic analysis performed in the
present study depicts how MnSOD enzyme is being diverged
during the course of evolution in different species. The generated dendrogram shows the microbes, fishes and plants
in distinct clusters (figure 2). However, one exception was

observed in the dendrogram about the position of Solanum
lycopersicum (tomato); in fact it was expected to lie along
with the plant group but it shared a common node with
high saline archeon Halobacterium salinarum suggesting
the presence of some special feature related to salt stress.
Among all the species considered under study, only
MnSOD of H. sapiens was found to have the X-ray crystallographic structure (PDB ID-1N0J). Hence, rest of the
proteins were modelled by homology modelling. The template information for each MnSOD, so obtained are summarized in table 2. The selected structures that do not meet
the threshold of Ramachandran plot were further refined
and validated by ModLoop Server and Rampage Server,
respectively in an iterative way, as mentioned in Materials and methods, to get the protein in its stable conformation. The best models with their corresponding DOPE score,
normalized DOPE score (Z), Ramachandran plot information are provided in table 3. The minimized energies of

Table 2. List of template IDs, percentage identity, query coverage and E value of the templates considered for tertiary structure prediction
of MnSOD proteins of different species.
Uniprot ID
of MnSOD

PDB ID

Species

Identity (%)

Query
coverage (%)

E value

Rachycentron canadum
Anguilla anguilla
Takifugu obscuru
Epinephelus coioides
Pseudomonas syringae pv.
syringae
Staphylococcus aureus RN4220

Q2aL865
Q1HEB6
C9V497
Q5IGQ5
Q4ZNU0

1N0J_A
1N0J_A
1N0J_A
1MSD_A
3KKY_A

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Deinococcus radiodurans

86
83
86
85
60

88
89
87
88
99

1e-130
6e-129
1e-128
5e-129
2e-89

Q2G261

Dunaliella salina

H9NIE4

2RCV_A
3KKY_A
1MA1_A

62
56
46

100
96
95

3e-93
5e-80
2e-56

Halobacterium salinarum

P09737

Bacillus subtilis
Deinococcus radiodurans
Methanothermobacter
thermautotrophicus
Mycobacterium tuberculosis
Psuedoalteromonas haloplanktis
Bacillus subtilis
Haloarcula marismortui
Perkinsus marinus
Homo sapiens
Haloarcula marismortui
Perkinsus marinus
Nostoc sp.
Homo sapiens
Haloarcula marismortui
Nostoc sp.
Haloarcula marismortui
Nostoc sp.
Homo sapiens
Haloarcula marismortui
Homo sapiens
Haloarcula marismortui
Vigna unguiculata
Homo sapiens
Homo sapiens

Species

Staphylococcus epidermidis

Q8VQ15

Oryza sativa

Q43803

Triticum aestivum

P93606

Arabidopsis thaliana

O81235

Nicotiana tabacum

Q84QX4

Thellungiella halophila

B0L8Q0

Helianthus anuus
Brassica napus
Gossypium mexicanum
Zea mays
Solanum lycopersicum
Xenopus laevis
Homo sapiens

A6XIG5
B1PRJ9
Q3SAW9
P09233
Q7YK44
Q6UTE6
Q55BJ9

Template(s)

1IDS_A
3LIO_A
2RCV_A
3CD6_A
2CW2_A
1N0J_A
3DC6_A
2CW2_A
1GV3_A
1N0J_A
3DC6_A
1GV3_A
3DC6_A
1GV3_A
1MSD_A
3DC6_A
1N0J_A
3DC6_A
1UNF_X
1MSD_A
1N0J
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43
99
72
100
72
100
61
85
37
96
58
84
58
85
37
97
59
84
44
84
60
90
40
99
61
85
44
87
59
85
60
85
62
84
60
82
70
82
86
88
Tertiary structure available

2e-56
5e-70
8e-106
5e-79
3e-43
6e-79
4e-77
4e-43
1e-79
3e-53
1e-65
4e-43
2e-79
4e-54
6e-75
6e-77
5e-79
5e-75
1e-101
6e-130
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Figure 1. MSA profile of MnSODs of diversified species showing the conserved residues.

Figure 2. Dendrogram showing phylogentic relationship among MnSOD enzymes of diversified species with evolutionary distances at the
branching nodes.
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Table 3. DOPE score and Ramachandran plot statistics of each predicted MnSOD structures with potential energy (before and after energy
minimization) and PMDB identification numbers.

Uniprot ID

DOPE score

Normalized
DOPE (Z)
score

Q2L865
Q1HEB6
C9V497
Q5IGQ5
Q4ZNU0
Q2G261
H9NIE4
P09737
Q8VQ15
Q43803
P93606
O81235
Q84QX4
B0L8Q0
A6XIG5
B1PRJ9
Q3SAW9
P09233
Q7YK44
Q6UTE6
Q55BJ9

−23634.126953
−23568.652344
−23939.736328
−22852.894531
−23926.257812
−23744.457031
−23038.451172
−22287.164062
−22888.000000
−24114.302734
−24320.683594
−19413.351562
−18369.781250
−24669.347656
−23647.654297
−24344.527344
−24659.482422
−23580.621094
−26627.058594
−22957.107422
−48753.644531

−0.944
−1.107
−1.039
−0.844
−1.803
−1.964
−1.075
−1.733
−1.897
−0.455
−0.704
−0.494
−0.402
−1.061
−0.670
−0.945
−0.877
−0.311
−0.825
−0.682
−1.719

Ramachandran plot
Favoured
Allowed
Outlier
region (%) region (%) region (%)
98.7
98.6
98.7
97.8
97.3
98.0
98.1
98.5
98.5
98.7
98.3
98.3
98.4
98.3
98.7
98.7
98.7
98.3
98.4
98.2
–

1.3
1.4
1.3
2.2
2.7
2.0
1.9
1.5
1.5
1.3
1.7
1.7
1.6
1.7
1.3
1.3
1.3
1.7
1.2
1.8
–

structures obtained from YASARA minimization server are
also provided in table 3. These structures were submitted to PMDB and were subsequently accepted in PMDB.
The PMDB IDs of the structures are given in table 3.
Table 4 represents the hydrophobicity of each of the conserved residues, obtained from Kyte-Doolittle hydrophobicity index. From the structure superimposition (figure 3), the
root mean square deviation (RMSD) of all proteins from
the reference protein was found to range between 1.7226 to
6.7560 Å. The structure superimposition reveals that Ala13,
Leu14, Pro16, His26, His31, Tyr34, Asn39, His74, Phe77,
Trp78, Ile97, Gly102, Gly122, Trp123, Pro154, Asp159,
Val160 and Glu162 (based on human MnSOD 1n0j_A numbering) are structurally conserved. Residues within a distance of 6 Å radius from manganese are His26, His30, Tyr34,
His74, Phe77, Trp123, Gln143, Asp159, Trp161, His163
and Ala164 (figure 4). The metal-binding site and its gateway are analysed in three dimensional structure of MnSOD
enzyme of H. sapiens to show the path of oxide radicals
towards active site. Also, the conserved residues found from
sequence alignment were analysed individually and compared with the conserved residues found at structural level.
From the comparative analysis, Ala13, Leu14, Pro16, His26,
His31, Tyr34, Asn39, His74, Phe77, Trp78, Ile97, Gly102,
Gly122, Trp123, Pro154, Asp159, Val160 and Glu162 (based
on human MnSOD 1n0j_A numbering) were found to be
conserved both at sequence and structure levels. Few of the
residues like His26, His74, Asp159 and His163 were previously reported as metal-binding ligands in different organism
like H. sapiens, Thermus thermophilus, Escherchia coli, etc.

Potential energy
before energy
minimization

0
0
0
0
0
0
0
0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
–

−50750.4
−67369.4
−58434.2
−54910.5
−57931.9
−34328.2
−41898
−69307.2
−63310.3
−53466.5
−31032.1
−51349.5
−35758.7
−52971.2
−40312.3
−60866.1
−55749
−47365.4
−55121.4
−53085.3
–

Potential energy
after energy
minimization

PMDB ID

−121812.9
−119994.6
−121150.1
−112739.9
−109402.7
−109274.2
−103829.5
−118125.7
−116164.1
−115784.1
−117837.6
−122474.9
−90360.4
−115217.5
−115485.9
−119402.4
−121022.3
−117606.1
−126290.6
−112510.6
–

PM0078423
PM0078421
PM0078415
PM0078426
PM0078425
PM0078422
PM0078416
PM0078419
PM0078429
PM0078431
PM0078420
PM0078417
PM0078430
PM0078413
PM0078412
PM0078414
PM0078424
PM0078418
PM0078428
PM0078427
–

(Perry et al. 2010). Hence the present findings are in line with
the earlier findings about metal-binding ligand and their conservedness. It was also reported earlier that residues closer
to the active site contribute to the substrate specificity of an
enzyme (diSioudi et al. 1999). Hence residues within 6 Å
radius from manganese ion have been analysed and it was
found that Gln143, Trp161, Trp123, Tyr34, His30, Phe77
and Ala164 are present near the active site. These residues
seem to play a role in forming the gateway for the active
site and in preventing the accessibility of the metal ion from
surrounding as well as in stabilizing the conformation. Further, the MnSOD enzyme of Thermus thermophilus refined
at 1.8 Å resolution, showed that His32 and Tyr36 residues
are involved in the formation of gateway and prevent the
accessibility of metal ion to water and other molecules
(Ludwig et al. 1991). The present findings corroborate the
findings of Ludwig et al. (1991). The residues His32 and
Tyr36 were found highly conserved at sequence level in all
species, whereas tyrosine is conserved at both sequence and
structure levels. Sines et al. (1990) reported that lysine at
31 position of T. thermophilus most likely increase the rate
of substrate binding. This residue was also found to be conserved in all the species under study except in the extreme
halophile Halobacterium salinarum where it was substituted
by threonine. However, the conservedness was found in the
structural alignment with respect to lysine and threonine as
they have the same physico-chemical properties.
From the present investigation, it is inferred that MnSOD
has a significant role in protecting organisms from the toxicity of ROS by virtue of its capacity to scavenge them, thereby
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Table 4. List of conserved residues found from sequence and structure alignments, along with their position and hydrophobicity.
Amino acid residue conserved
in sequence alignment
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Leucine (L)
Tyrosine (Y)
Alanine (A)
Leucine (L)
Proline (P)
Histidine (H)
Histidine (H)
Histidine (H)
Tyrosine (Y)
Aspargine (N)
Histidine (H)
Phenylalanine (F)
Tryptophan (W)
Isoleucine (I)
Glycine (G)
Serine (S)
Glycine (G)
Tryptophan (W)
Aspargine (N)
Proline (P)
Aspartic Acid (D)
Valine (V)
Tryptophan (W)
Glutamic Acid (E)
Histidine (H)
Tyrosine (Y)
Tyrosine (Y)

Alignment
position

Conservedness at
structural alignment

Hydrophobicity*

51
56
60
61
63
73
77
78
81
86
130
133
134
156
161
180
181
182
201
216
221
222
223
224
225
227
228

Partially superimposed
Not superimposed
Perfectly superimposed
Perfectly superimposed
Properly superimposed
Properly superimposed
Partially superimposed
Properly superimposed
Properly superimposed
Properly superimposed
Properly superimposed
Properly superimposed
Partially superimposed
Perfectly superimposed
Perfectly superimposed
Partially superimposed
Perfectly superimposed
Perfectly superimposed
Not superimposed
Properly superimposed
Perfectly superimposed
Perfectly superimposed
Partially superimposed
Properly superimposed
Perfectly superimposed
Not superimposed
Not superimposed

3.8
−1.3
1.8
3.8
−1.6
−3.2
−3.2
−3.2
−1.3
−3.5
−3.2
2.8
−0.9
4.5
−0.4
−0.8
−0.4
−0.9
−3.5
−1.6
−3.5
4.2
−0.9
−3.5
−3.2
−1.3
−1.3

Residues conserved at structural alignment are grouped into perfect, proper, partial and not superimposed based on number of residues
superimposed and their degree of superimposition.
*Based on Kyte-Dolittlle, hydropathy index, each amino acids, a hydrophobicity score lies between 4.6 and −4.6. A score of 4.6 is the most
hydrophobic and a score of −4.6 is the most hydrophilic.

combating the salinity and oxidative stress. Pattern or protein
signature sequence obtained during sequence analysis of the
MnSOD enzyme is helpful for annotation of new proteins.
Except human MnSOD, the tertiary structure information of

MnSOD enzymes of the other considered species is not available in the public domain, thus, the structures were predicted
in the present study and made available in PMDB for public
reference. The predicted three-dimensional structures of the

(a)

(b)

Figure 3. (a) Structural superimposition of MnSODs. (b) Conserved residues surrounding the manganese ion are highlighted in stick model.
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Figure 4. (a) Residues lying within 6 Å radius from manganese. (b) Protein surface showing the gateway to the active site.

proteins have provided valuable information about the architecture, catalytic activity as well as residues actively involved
in the biological activity. The key residues, obtained from
the sequence as well as structure alignment are found to be
involved in the formation of metal-binding site and gateway
to the active site. Besides, few key residues that were found
conserved across species are also present within the radius of
6 Å from the metal-binding site, thereby expected to help in
stabilization of the binding site. The identified key residues
can further be targeted to enhance the activity of MnSOD to
avoid salt and oxidative stresses. Hence, mutagenesis experiments on these active residues are recommended to recognize
their role in salt-stress mechanism. Moreover, excess ROS in
cell is also due to other abiotic stresses like drought, chilling and heat. Hence, MnSOD is useful to get control over
these stresses too. Further, interaction of MnSOD with other
macromolecules needs to be understood to get better idea on
tolerance to salt and oxidative stresses.
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