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Abstract

Superoxide dismutase (SOD) responsible for dismutation of ROS produced
in cell controls the aging and longevity of animals. An attempt has been made to re-
port on sequence to structure analysis of the genes and proteins of SOD1 and SOD2
of freshwater turtles, Pelodiscus sinensis and Mauremys reevesii. Analysis of gene
and protein sequences of these SODs retrieved from the NCBI database suggest-
ed that the there were minor variations in their molecular weight of the gene se-
quences, melting temperature, folding, aliphatic index and isoelectric point. Gene
sequences were all AT rich with 5 restriction sites each in SOD1 of both the turtles
and SOD2 of Pelodiscus sinensis while 8 restriction sites in SOD2 of Mauremys
reevesii were obtained. SOD1 were dominated by B Strands, whereas, SOD2 were
by the alpha helices. Homology models were generated by MODELLER 9.12 pre-
sented that all the models of SODs within acceptable range. Solvent accessible sur-
face area (SASA) and active sites analysis of refined models of the SOD proteins
were acidic and with 5 to 11 number of active sites in all the proteins and high per-
centage of exposed aliphatic residues. Therefore, it could well be inferred that these
models have the potentiality to be used for understanding the aging process.

Keywords: SOD1; SOD2; Structural characterization of Protein; Turtles P. sinen-
sis; M. reevesii

Introduction

Superoxide dismutase (SOD) is the most effective enzyme in the aging pro-
cess and longevity, regulates the Reactive Oxygen Species (ROS), produced in the
metabolic and physiological events of animals!!. Unbalanced concentration of ROS
often contributes to diseases like cancer, diabetes, premature aging, inflammation and
hypertension!. The SODI1 is found in cytoplasm and outer mitochondrial space, pro-
tects the cells against any lethal effects of radiation, drugs or toxicity of ROSPlwhile
the SOD2 found in inner mitochondrial space, promotes cellular differentiation,
apoptosis, tumorgenesis and hypoxia induced pulmonary disease!®?). Among all the
Superoxide dismutase found in organisms, only the SOD1 (Cu, Zn SOD) and SOD2
(Mn SOD) have been sequenced so far in a limited number of chelonians, but without
structural information'?. The group turtles, many of them survived for a prolonged
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period and that too with very active life has
been an interesting model to understand the
agingl!1Z], Reliable 3-D structural predic-
tions using Homology modeling of these
proteins might be significant to understand
the aging process'™. Pelodiscus sinensis
Wiegmann, 1835 and Mauremys reevesii
Grey, 1831 are the two freshwater turtles!!¥
have often been used as models for turtle
evolution and development studies, where
SOD1 and SOD2 have been sequenced re-
cently!">!71, Therefore, an attempt has been
made to analyze the SOD gene and pro-
tein sequences and their characterization
(SOD1 and SOD2) in Pelodiscus sinensis
and Mauremys reevesii at structural and
functional level. Prediction of the second-
ary structures, analysis of gene and pro-
tein sequence properties, restriction sites,
homology modeling and evaluation, Sol-
vent Accessible Surface Area (SASA) and
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active site prediction of the SODs of Pelodiscus sinensis and
Mauremys reevesii were carried out to understand their structur-
al and functional status.

Methods

Sequence Retrieval and Sequence Analysis

SOD nucleotide and protein sequences of Pelodiscus
sinensis (GenBank SOD1: GenBank: JX470524.1, GenPept:
AEKS80392.1, SOD2: GenBank: JX470525.1, GenPept:
AEK22120.1) and Mauremys reevesii (SOD1: GenBank:
JX843790.1, GenPept: AFX95918.1, SOD2: GenBank:
JX843791.1, GenPept: AFX95919.1) were retrieved from
NCBI. Sequence lengths of SOD1 (155 aa) and SOD2 (226 aa)
were similar in both the turtle species. Nucleotide lengths of
SOD1 were 727 bp and 749 bp, while the SOD2 had 1436 bp
and 1687 bp in Pelodiscus sinensis and Mauremys reevesii re-
spectively. Nucleotide and protein sequences were run in CLC
workbench package (CLC Bio)!'* to analyze sequence proper-
ties, secondary structure prediction as well the restriction sites.
Clustal W2 program!'®! was used to align the protein sequences.

Homology Modeling of Protein and Evaluation

The 3D structures of SOD1 and SODs were generated
using comparative method in MODELLER 9.128%, Validation
of the models was done by PROCHECK?" and RAMPAGE®.
The minimization of energy and refinement of protein structures
were carried out by Discovery Studio package (Accelrys)*! and
Chiron¥. Refined structures were evaluated using PROSESS,
PROCHECK and RAMPAGE and ProFunc?®

Solvent Accessible Surface Area (SASA) and Active Site Pre-
diction

SASA and active site predictions were carried out
by using the best refined model structures of the proteins. Get
Areal”), Discovery Studio Client 4.0 was used to find out the
SASA percentage. Active sites and cleft predictions of SODI
and SOD2 were determined by Active Site Prediction and Anal-
ysis Server, DoG Site Scorer?®! and ProFunc. DoG Site Scorer
identifies all cavities in a protein and analyses the amino acid
composition of each cavities. It scores the cavities by functional
protein lining around them based on their physicochemical prop-
erties. Amino acid residue types were evaluated at the largest
pocket and clefts.

Results

Nucleotide Sequence Analysis
Sequence Retrieval and Sequence Analysis:

SODI1 and SOD2 nucleotide sequences of Pelodiscus
sinensis and Mauremys reevesii were downloaded from the
NCBI database. Molecular weight for SOD1 was 236.155kDa
and 243.483 kDa, whereas for SOD2 it was 463.464kDa and
544.515kDa in Pelodiscus sinensis and Mauremys reevesii re-
spectively. The genes were found to be AT rich. (Table 1)
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Table 1: Comparative Nucleotide sequence statistics of the SODs of Pelodiscus
sinensis and Mauremys reevesii

SOD1 SOD2
Information M. M.
P, sinensis . P, sinensis .
reevesii reevesii
Length (bp) 727 749 1436 1687
Molecular Weight 236.155 | 243483 | 463464 | 544.515
(kDa)
Melting Temperature
[Salt]=0.1M € 82.78 81.76 81.35 82.11
C+G count 317 308 576 708
A+T count 410 441 860 979

Restriction Enzyme Digestion

The nucleotide SOD sequences were restriction di-
gested in- silico with 8 restriction enzymes namely, Bglll, Eco-
RI, Fokl, HindIII, Mspl, Pstl, Smal and Xbal based on 4-base
and 6-base cutters, virtual gene map of the gene sequences (Ta-
ble 2). Results showed that the Gene sequences of SOD1 and
SOD2 of Pelodiscus sinensis have 5 restriction sites, while the
SOD?2 of Mauremys reevesii presented 8 restriction sites.

Table 2: Various restriction cuts and position of the SOD gene against 8 different
restriction enzyme in Pelodiscus sinensis and Mauremys reevesii

Name of | Pattern | Over- | SODI1 SOD1 SOD2 of | SOD2 of
Restriction hang | of Pel- of Pelodis- Maure-
enzymes odiscus | Maure- cus mys
sinensis mys sinensis reevesii
(cut po- | reevesii | (cut posi- | (cut posi-
sitions) | (cut po- tions) tions)
sitions)
Bglll agatct 5' 280,492 | 281,493 - -
@ @
EcoRI gaattc 5 - - - 930
Fokl ggatg s' 213 214,273 - 171,555
@ @)
HindIII aagctt ' - 602 898, 1189 963,
2) 1442 (2)
Mspl ccgg 5 116 - 57 24
Pstl ctgcag 3 63 - 521 585
Smal cceggg | Blunt - - - 25
Xbal tctaga s' - - 106 -
Total Num- 5 5 5 8
ber of cuts

Protein Sequence Analysis

Analysis of protein sequences for SOD1 of Pelodis-
cus sinensis had molecular weight 15.819 kDa, isoelectric point
6.47 with aliphatic index at 76.71 whereas SOD1 of Mauremys
reevesii had 16.022 kDa molecular weight, isoelectric point
6.87 and aliphatic index at 82.97.SOD?2 in Pelodiscus sinensis
demonstrated molecular weight of 25.166 kDa, isoelectric point
9.01 and aliphatic index 83.319 compared to 25.049 kDa, 9.04
and 83.761 respectively for SOD2 of Mauremys reevesii (Table
3).
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Table 3: Comparison of residue types of SOD1 and SOD2 between Pelodiscus

sinensis and Mauremys reevesii

Residue SOD1 SOD1 SOD2 SOD2
types (Pelodiscus (Mauremys (Pelodiscus (Mauremys
yp sinensis) reevesir) sinensis) reevesii)
Hydro- | Cou | Fre- | Cou | Fre- | Cou| Fre- Cou | Fre-
phobicity | nt | quency | nt |quency | nt | quency | nt | quency
Hydro-

phobic

(AFG.LL 80 | 0.516 80 | 0.516 | 115 | 0.509 | 112 | 0.496
;M,P.V,W)

Hydro-

philic

(CN,Q, 36 | 0232 | 34 | 0219 | 62 0.274 65 | 0.288
S,T.Y)

Others 39 | 0252 | 41 0.265 | 49 0217 | 49 | 0.217
Charge | Cou | Fre- Cou Fre- | Cou Fre- Cou | Fre-
type nt | quency nt quency | nt quency nt | quency
Nega-

tively 9 1 0123 | 17 | 0.110 | 18 | 0.080 | 18 | 0.080
Charged

(D &E)

Positively

Charged 15 | 0.097 14 | 0.090 | 22 0.097 22 | 0.097
(R &K)

Other 121 | 0.781 | 124 | 0.800 | 186 | 0.823 | 186 | 0.823
Dominant residue

Glycine

(SOD1) 27 | 0.174 | 25 0.161 - - -
Luecine

(SOD2) - 25 0.111 25 | 0.111

Model Prediction and Evaluation

MODELLER 9.12 was used to predict the 3D struc-
tures of SOD1s and SOD2s for P. sinensis and M. reevesii. Fi-
nal templates selected for MODELLER 9.12 were as follows;
for SOD1, 3GTV_A (153aa, 78% identical for P. sinensis) and
3GTT_A (153aa and 75% identical for M. reevesii) and for
SOD2, 1PL4 A (198aa, 89% identical for P. sinensis) and INO-
J_A (199 aa, 86% identical for M. reevesii). In MODELLER, 3D
structures were generated comparing target sequences with the
help of template sequences and aligned with the maximum sim-
ilar structure on the basis of DOPE Score and mole PDF Score.
In PROCHECK analysis, SOD1 of P. sinensis and M. reevesii
scored 91.0% and 89.5% while the SOD2 scored at 92.7% and
96.7% respectively. On the other hand, in RAMPAGE analy-
sis, SOD1 secured 98.0% against 98.7% in SOD?2 for P. sinensis
while SOD1 and SOD2 of M. reevesii scored 97.4% and 98.6%
respectively. The SOD1 and SOD2 models were refined using
Chiron by minimizing the number of clashes (non-physical
atomic interactions, Figurel. Refined SOD1 of P. sinensis and
M. reevesii scored 81.1% and 89.5%, while the refined SOD2s
scored 91.6% and 96.7% respectively for both the turtle groups
in PROCHECK analysis. In RAMPAGE analysis SOD1 mod-
els scored 94.1% and 94.8% against SOD2 which scored 96.0%
and 98.0% for P. sinensis and M. reevesii respectively. G-Factor
scores of all the structures were found to be usual. Refinement
analysis suggested that the structure for SOD1 and SOD2 of M.
reevesii were more stable than P, sinensis. Refined models were
used for further analysis.
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1A. SODI1 of P. sinensis 1B. SOD2 of P. sinensis

1C. SOD1 of M. reevesii 1D. SOD2 of M. reevesii
Figure 1: Refined structures of SOD 1 and SOD 2 of P. sinensis and M. reveesii

PROSESS analysis showed that SOD1s of the tur-
tle(s) had 47% B-Strands, while 17% was present in SOD2 of
M. reevesii, compared to 12% of SOD2 in P. sinensis. B-strand
and coil dominated the SODI structures with only 2-3% helix
in both the models. In SOD2, helix was noted to be dominating
the model with 58% in M. reevesii against the 50% in the model
of P. sinensis. Covalent bond and packaging bond qualities were
within the acceptable range for all the SOD structures.

Discovery studio 4.0 calculated that the refined SOD1
of P. sinensis had 1366nos. of atom at a molecular weight of
15,801.8 kDa with net formal charge (-2) demonstrating the
chemical formula as C_; H, .. N, . O,,, S,, while the SOD2 had
2,177 number of atoms, molecular weight of 25,139.8kDa and
net formal charge of 5 presenting the chemical formula C, H .,
N, 0., S,- Whereas, SOD1 of M. reevesii had 1,383 atoms,
16,003.1 kDa molecular weight, net formal charge -3 showing
the chemical formula as C . H, ;o N, O,,, S; and the SOD2 had
1,417 atoms, 16,434.7 kDa molecular weight, net formal charge
(-1) with chemical formula C.,, H, ,. N,,. O, . S,. The net formal
charge indicated that the SOD1 of P. sinensis as well the SOD1
of SOD2 of M. reevesii had higher anion atoms, whereas, the
SOD?2 of P. sinensis, (MODELLER) had large numbers cationic
charge. All the SODs were of single stranded. The size of the ex-
posed protein groups were found to be higher than the size of the
buried protein groups in all the SODs. Hydrophilic residue size
was higher than the hydrophobic residue size in SOD1s, while

vice-versa was detected in SOD2s.

Solvent Accessible Surface Area (SASA) and Active site pre-
dictions

Get Area server analysis predicted that the total solvent
accessibility of SOD1s were 7508.24 and 7835.29 as well for
SOD2 was 13424.35 and 8767.77 respectively for Psinensis
and M. reevesii. A polar surface area was found to be dominant
in all the proteins. Likewise, in Discovery studio it was found
that solvent accessibility for SOD1 and SOD2 was 7,663.26 and
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13,724.3 for P. sinensis models while 7,978.09 and 8,964.37 was
achieved for M. reevesii respectively.

The pocket properties were tabulated in (Table 4). The
largest active site volume (A?) in SOD1 of P, sinensis was 579.50
against 333.06 in M. reevesii, whereas, the SOD2 had presented
the largest active site volume with 559.17 and 991.94 respec-
tively for both the model of P. sinensis and M. reevesii. Gly res-
idue was found to be dominant in both the largest active sites of
SOD1 models followed by Val residues. Hydrophobicity ratio of
0.38 of SOD1 model in M. reevesii was better than the 0.52 of P
sinensis in the largest active site. However, in SOD2 model, the
largest pockets had the highest number of amino acid residues of
Gly and Leu in both the P, sinensis and M. reevesii models with
hydrophobicity ratio of 0.49 and 0.65 respectively. ProFunc re-
sults showed that the SOD1 models of P. sinensis and M. reevesii
had the largest cleft size of 2045.67 A and 2234.67 A, while
SOD2 had 1666.41 A and 2122.88 A respectively. Comparison
of residue types in the largest clefts suggested that the SODI1
model of P. sinensis had dominant equal numbers of positive,
neutral and aliphatic residues (10 residues in each) while the
model of M. reevesii was aliphatic residue dominant (11 residues
in each) followed by negative residues (10 residues). The SOD2
was with positive and neutral residues (6 residues each) how-
ever, was dominant in the model of P. sinensis while aliphatic
(11 residues) followed by aromatic residues (10 residues) were
dominant in the model of M. reevesii.

Table 4: Cavity size and properties of SOD1 and SOD2 of P. sinensis and M.
reevesii analyzed using DogSiteScorer server

P. sinensis M. reevesii
SOD1 SOD2 SOD1 SOD2
Na | Vol- | Sur- | Na | Vol- | Sur- | Na | Vol- | Sur- | Na | Vol- | Sur-
me | ume | face | me | ume | face | me | ume | face | me | ume | face
[A7 | [A%] [A7] | [A7] (A | [AY] (A | [AY
PO | 597 | 125 | PO | 559 | 997 | PO | 333 676 | PO | 991 127
S50 | 3.23 17 41 .06 .03 94 7.61
P1 | 180 | 426 | Pl 351 492 | P1 | 228 506 | Pl | 234 519
22 | .61 55 | .69 .67 .07 .30 95
P2 | 176 | 352 | P2 | 281 |582 |P2 220 |483 |P2 | 186 |421
13 34 15 44 .67 .83 .50 .61
P3 | 166 | 271 | P3 172 | 352 | P3 | 178 414 | P3 | 123 252
08 | .72 74 | .86 .94 18 .20 73
P4 | 156 | 390 | P4 | 170 | 463 | P4 | 127 | 406 | P4 | 104 | 277
93 .76 .62 47 49 .82 .96 Sl
P5 | 104 | 447 | P5 162 | 294 | P5 | 120 143
.64 | .23 69 | 43 .70 .76
P6 137 | 367 | P6 | 111 346
92 72 .68 .16
P7 118 | 224
78 | .80
P8 115 | 257
.58 .74
P9 107 | 191
1|29
P10 | 101 | 382
25 .66
Discussion

Nucleotide base composition analysis of SOD1s and
SOD2s suggested that all the genes were AT rich where ‘Ade-
nine’ was dominating (Table 1). DNA replication starts at the
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AT rich regions and these regions are universally the most con-
served regions found in replicons®-*!. In both the SODI1, ad-
enine percentage was followed by almost the same frequency
ranges for guanine, thymine and low percentage for cytosine.
While in SOD2, adenine percentage is marginally higher than
the thymine followed by guanine and low cytosine percentage.
Analysis of SOD1 and SOD2 nucleotide sequences showed that
that there were minor variations in melting temperatures and no
coding regions were defined in the sequences. /n silico analysis
of restriction site variability has been suggestive of their differ-
ences may lead to high degree of polymorphism. Further, sim-
ilarity in the conserved sequence is in fact suggestive predicted
their identical longevity.

Aliphatic index of SOD1 of Mauremys reevesii were
higher, indicative of its stability over different temperatures
ranges than the SOD1 of Pelodiscus sinensis. Isoelectric point
indicated that the pH of both the SOD1 were acidic when not
carrying any net electrical charge. Results indicated that SOD2
of Mauremys reevesii had more stability than the SOD2 of Pel-
odiscus sinensis. Half-life of all the SODs were > 20 hrs. SOD1
of both the turtles had the similar frequency of hydrophobic
residues, but there were variations in frequencies of hydrophilic
residue with both the negative and positive charges. Where as
in case of SOD2, charged residue frequencies were of same but
there were variations in frequencies of hydrophobic and hydro-
philic residues. Glycine (G) residue distribution was found to be
dominant in both the SOD1, while the distribution frequency of
leucine (L) was dominant in SOD2s. Due to dominance of Gly-
cine, helix forming probabilities were low in SOD1, while such
helix forming probabilities were evident in the SOD2 with leu-
cine dominance. Moreover, all the four SOD sequences might be
highly conserved since the Glycine and Leucine have low muta-
bility and are more frequent in conserved sequence elements2.

Prediction of secondary structures locates the positions
of the amino acid residues, whether they lie in helixes, strands
or in coils®¥. Secondary structure prediction indicated that the
SODI1 of both the Pelodiscus sinensis and Mauremys reevesii
had same 12 numbers of 3 strands with no o helices. Though the
number of beta strands was same, yet variations at the 2", 3" and
4™ strand positions of both the structures were noticed. SOD2 of
Pelodiscus sinensis had 13 o helices and 4 3 strands compared
to 12 o helices and 5 B strands of SOD2 from Mauremys reeve-
sii. The structure was suggestive of the dominance of o helix in
both the SOD2. Further, sequence alignment suggested that the
SODI1 and SOD2 of both the turtles had 90.32% and 97.78%
conserved sequence similarity respectively.

From the ProFunc evaluation, it could be outlined that
all the proteins were associated with cellular oxygen and reac-
tive oxygen species and metabolic processes. SASA prediction
helps in understanding the probable binding oriented confor-
mational changes that may occur in the protein structures?®*. It
could be suggested from the results that the models had greater
potentiality of binding to the ligands in solvent.

Active site predictions are essential for prediction of
functions, classification and drug binding ability of proteins®>!.
It has been found that SOD1 of P. sinensis had 6 numbers of
pockets against the model of M. reevesii, which had 7 pockets;
on the other hand, the SOD2 had 11 and 5 numbers of pockets
for the models of P, sinensis and M. reevesii respectively.
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The aromatic residues at the active sites stabilize the
monomers in a hydrophobic core. Since the binding site affini-
ties and specificities are mainly achieved by hydrogen bond in-
teractions), the results of active sites and clefts predictions, it
could well be inferred that both the SOD1 and SOD2 proteins
of the two turtles had acceptable and applicable range of active
sites and cavity size.

Conclusion

Analysis of the nucleotide sequences of the SODs
suggested that the genes were AT rich and had minor melting
temperature differences with good number of restriction sites
indicate high degree of polymorphism. Analysis of protein se-
quences of SOD1 and SOD?2 and evaluation of the predicted sec-
ondary and tertiary refined structures of the two SODs generated
by MODELLER 9.12 indicated that all the 4 SODs structure (s)
were within acceptable range. Comparison among the models
with their counterparts suggested that although they had the se-
quence similarity of around 90%, yet all the SODs had their own
individual structural characteristics. SOD structures were sub-
mitted to PMDB database under the IDs PMDB ID: PM0079765
(SODI of P, sinensis), PMDB ID: PM0079766 (SOD2 of P. sin-
ensis), PM0079772 (SOD1 of M. reevesii) and PM0079773for
SOD2 of M. reevesii. Thus it could be assumed that these models
and the data have the potentiality to be used as source for further
understanding on the aging process and drug binding related at-
tempts.
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