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Abstract

Nitric Oxide (NO) is a hetero-nuclear diatomic molecule which is
formed from L-arginine through catalytic activity of Nitric Oxide
Synthase (NOS). NO is an important messenger molecule
known to be involved in dilation of smooth muscles, penile
erection, synaptic plasticity. The three isoforms of NOS are
nNOS (neuronal NOS), iNOS (inducible NOS), and eNOS
(endothelial NOS). The iNOS is coded by NOS2 gene and is
known to play an important role in body’s immune response
involving inflammatory response, leukocyte mediated microbial
destruction. In this study the INOS sequences was compared
among 18 organisms from arthropods to mammals including
bacteria. To understand the implication of INOS the domain as
well as phylogenetic analysis was done. The various
biochemical, physico-chemical, and nearly two possible
transmembrane models were predicted to know more about the
functional regions and structural features of INOS. One
deleterious SNP was predicted through literature survey which
is known to have harmful impact on the function of protein and
may be used for genomic association studies. The 14 different
Post-translational Modifications (PTMs) were predicted which
might play an important role in influencing protein interaction
network. Nearly 8 Transcription Factors (TFs) were predicted in
mouse and rat which may directly influence the NOS2
expression. Using different in silico methods we actually made a
comparative analysis of the different parameters of iINOS to
deeply understand more of its regulatory activities. In
conclusion, results obtained from this study may be used to
create a link between the regulations of INOS in various
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organisms and in future the results might be exploited for the
clinical trials to regulate various autoimmune disorders.

Keywords: Nitric Oxide Synthase (NOS) 2; Single nucleotide po
lymorphisms; Post translational modifications; Transcription
factors; Nitric oxide; Autoimmune disorders

Introduction

Nitric oxide synthases are a family of enzymes that catalyze the
Nitric Oxide (NO) production from L-arginine in the presence of 02,
Nicotinamide Adenine Dinucleotide Phosphate (NADPH), Flavin
Adenine Dinucleotide (FAD), Flavin Mononucleotide (FMN) [1]. The
three isoforms of NOS are coded by separate genes as neuronal NOS
coded by NOSI, inducible NOS by NOS2, and endothelial NOS by
NOS3. Early roles of NO in the dilation of the smooth muscles were
known but recent discoveries have proved its important roles in
inflammatory responses, leukocyte mediated microbe destruction,
penile erection and release of Luteinizing Hormone Releasing
Hormone (LHRH) [2]. Nitric oxide produced by inducible NOS
(INOS) in the immune system is a cytotoxic agent [3]. Inducible NO
synthase (iNOS) is expressed after cell activation and NO is produced
for long periods of time (hours to days) compared to other isoforms
[4]. The iNOS has been described as calcium insensitive, likely due to
its non-covalent interaction with Calmodulin (CaM). The iNOS
activity is mostly regulated at transcriptional level and through its
intracellular distribution. NO immediately diffuses across the
biological membranes following its synthesis as it is not stored in the
vesicles. However to exert an action is delineated in the NO by its
half-life and also by the proximity of NO containing cells to their
target which must be between 200 um [5,6]. It has been reported that
the receptor of NO is the Soluble Guanylate Cyclase (sGC) which
results in the formation of cGMP to mediate intracellular effects when
activated by nitric oxide [7].

NOS2 gene found on human chromosome 17 q 11.2-12 with 37 kb
length comprises 1153 amino acid sequence and has molecular weight
of 131 kDa. Human iNOS gene comprises 27 exons with transcription
start site in exon 2 and stop codon in exon 27. Exons 1-13 encode
oxygenase domain and 14-27 codes for reductase domain. C-terminal
reductase domain of NOS2 binds to NADPH which transfers electrons
to FAD, and then to FMN and finally to N-terminal domain. This N-
terminal oxygenase domain contains a heme, arginine binding sites,
tetrahydrobiopterin and calmodulin.

A very high level of nitric oxide is secreted by the induced
macrophages which cause the breaking and fragmentation of DNA
strands in the target cells. Due to the more affinity towards the iron
which is protein bound, NO may inhibit enzymes which are known to
contain iron into their catalytic centers which may include iron sulphur
cluster depending enzymes (complexes I and II) known to be involved
into the mitochondrion electron transport. Interestingly, the non-
immune cells can also be induced by the cytokines to secrete the NO
causing tumor cell lysis. It is reported that the tumor and immune
system interact with each other through macrophages and for the
activation of M1 macrophages iNOS is the surrogate marker [8].
Excessive high levels of nitric oxide secreted by the iNOS may result
in septic shock and atherosclerosis [9,10]. Studies have shown that
ghrelin hormone alters the activity of iNOS. A recent data from the rat
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heart suggests the alteration of NOS2 activity due to ghrelin hormone
as ghrelin might activate IGF-1 (insulin like growth factor-1) pathway
involving interaction with Akt/ERK 1/2 signaling pathways [11,12].
Evidences have shown that members of MAPK family are important
modulators of NOS2 gene expression in the multiple cell types [13].

Compared with the wild types, the maximum activity of NO is
retained by the deletion mutants at free calcium ions in lower
concentration [14]. According to some case control and genomic
association studies there exists a strong linkage between single
nucleotide polymorphisms (SNPs) in NOS2 gene and the occurrence
of rheumatoid arthritis, osteoarthritis, muscular dystrophy, gastric
cancer, cardiovascular diseases, diabetes, tuberculosis, malaria and
bacterial meningitis [15]. It has been observed that during the
conditional knock out of NOS2 gene in mouse model (CVN-AD), a
great alteration in the NO mediated effects were seen which were
related to the AB-production and deposition of amyloid leading to
Alzheimer’s disease and producing more human like responses [16].
In another study the knockout of NOS2 gene in mice resulted in the
increased Barbering Behavior (BB) that is generally seen in the
laboratory animals and is a model for Trichotillomania (TTM) which
is an impulse control disorder. It suggests that the maturation of the
cortical neurons would be affected by the lack of NOS2 expression in
the early stages which may result in the described phenotype [17]. The
post mortem reports have claimed the presence of iNOS protein in the
brains of patients with neurodegenerative diseases including
Parkinson’s and Alzheimer’s disease [18]. The growth of the tumor
cells suppresses the host’s immunity which is supported by the fact
that during their proliferation, the tumor cells secrete the nitric oxide
which is known to inhibit the proliferation and finally apoptosis of the
T-lymphocytes [19]. An effective DNA repairing system and the
expression of the heat shock proteins (HSPB1 and HSPA1A) make the
human cells more resistant towards the harmful effects of NO [20]. It
has been reported that the co expression of COX-2 (Cyclooxygenase-2)
and NOS2 enhances the growth of tumor and in turn reducing the
survivability in the estrogen receptor negative breast cancers [21].
COX-2 and NOS2 are indicators with strong prognostics in the patients
with triple negative breast cancer. The presence of iron-heme group in
COX-2 suggests its direct interaction with the NOS2 [22]. It has been
reported that COX-2 induces angiogenesis which is essential for tumor
growth and its activity is enhanced by Nitric Oxide (NO) produced by
NOS2. NO and COX-2 produce mediators that regulate cellular growth
in tumors which may be mediated by formation of peroxinitrate and
prostanoids involving cross-talk between the two enzyme systems.
Recent data suggested that translational blockage is produced in gene
expression of hiNOS (human NOS) by miRNA (miR-939) which binds
to 3’UTR. The increase in miR-939 and iNOS transcription is induced
by cytokines which may lead to inhibition in translation in a type of
check and balance system suggesting a dual regulation of NOS2
expression [23]. It was demonstrated that NLR family CARD domain-
containing protein 4 (NLRC4)/Caspase-1 plays a very important role in
regulating chromatin accessibility of NOS2 promoter by involving
poly ADP-ribose polymerase-1(PARP 1) cleavage [24]. The binding of
STAT5B in the promoter element (gamma-interferon-activated
element) of the NOS2 gene leads to the transcription of NOS2 mRNA
resulting into the protein expression in the pancreatic p-cell lines in
mouse. The mutated STATSB cause the silencing of NOS2 gene which
leads to the accumulation of H,O,. The resultant oxidative damage
causes the B-cell damage [25]. The low level expression of NOS2
cause the over expression of mutant p53 protein which may lead to

over expression, cell proliferation in excess and finally result in the
progression of the hepatocellular carcinoma. EIK-3, member of ETS
(E26 transformation specific) transcription factor family has been
proved as a strong repressor of NOS2 promoter and hence may serve
in regulation of NOS2 gene. The uncoupling of NOS2 and decreased
levels of tetrahydrobiopterin (BH,) cause arterial oxidative stress and
lead to chronic heart failure.

By considering the functional relevance and the significance in the
clinical aspects of NOS2, a necessity generates for computational
characterization of it to deeply understand more about the
characteristics which are less studied that might otherwise be time
consuming and a tedious work. Additionally, the in-silico analysis of
NOS2 may be of great help for its implications in the population
studies. The data provided by this study would help to unravel various
functions of NOS2. In this paper, we actually tend to compile the data
based on different parameters from different species starting from
arthropods to mammals including prokaryotes (bacteria) to study the
interactions of iNOS with other molecules/factors and provide a link
between them. In future this may be exploited for the clinical trials in
the treatment of various disorders especially the autoimmune diseases.

Materials and Methods

The computational methodology which is followed in the study is
represented in the form of a flow diagram (Figurel) which includes
the 9 main steps that are as follows:

¢ Domains analysis,

* Phylogenetic analysis,

* Sequence feature based analysis,

* Detection of signal peptides and transmembrane regions,

¢ Protein sub cellular localization,

Identification of the regulatory elements and overrepresented TFBS,
Prediction of Single Nucleotide Polymorphism (SNP) with their
phenotypic effects,

Identification of post-translational modification sites,

* Protein-protein interaction studies.
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Figure 1: Schematic representation of the computational
methodology used.
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Data mining

The sequence of protein for human NOS2 was retrieved from the
National Center for Biotechnology Information with uniprot KB ID:
P35228 and gene ID: 4843. The protein sequence was taken in FASTA
format. The human protein sequence was used as query sequence to
deeply understand the NOS2 gene. The protein sequences of 17 other
species from arthropods to mammals including bacterial sequence
were retrieved from Gene Bank which compares sequence of our
interest with the available sequences in database considering
maximum similarity and lower e-value. The bacterial oxygenase and
reductase sequences were taken separately as no complete bacterial
sequence was found.

Phylogenetic analysis

Pfam database provides an accurate and complete classification of
the protein families along with their domains. Identifying the domains
present in the protein helps us to accurately and deeply understand the
functions of that protein. Protein sequences of NOS2 gene across all
the organisms under study were investigated for domain analysis in
Pfam. For the analysis of evolutionary relationship, NOS2 protein
sequence for the human and other species obtained were provided as an
input and then multiple sequence alignment and the phylogenetic tree
construction was done using Clustal Q. Clustal Q uses seeded guide
trees and HMM profile-profile techniques to generate multiple
sequence alignments. For the phylogenetic reconstruction the Neighbor
Joining (NJ) method with 1000 bootstrap value was applied.

Sequence feature-based analysis

It includes various biochemical, physiochemical features including
the structural properties that might help to unravel its various
characteristics which in turn help in the analysis of protein functions,
characters and the protein-protein interactions. For this ProtParam and
Prostate were used and protein sequences were provided as an input.
ProtParam was used for computing various physiochemical properties
which include instability index, molecular weight and Grand Average
of Hydropathicity (GRAVY), atomic composition, aliphatic index,
amino acid composition, estimated half-life and theoretical pl.
ProtScale was used to compute biochemical and structural features
which include hydrophobicity, bulkiness, accessibility, mutability,
polarity and flexibility that play an important role to retain protein
structure and its stability.

Identification of signal peptides and the transmembrane
regions

Signal P-5.0Server was used for prediction of Signal peptide (SP),
location of their Cleavage Sites (CS) and others (when sequences do
not have any kind of signal peptide). The Signal P-5.0 server can
distinguish between three different types of signal peptides in Bacteria
and Archaea. Including the conditional random field, Signal P-5.0 is
also based on the deep convolutional and architecture of recurrent
neural network. The TMpred program was used to make predictions of
membrane spanning regions along with their orientations. The
algorithm is based on the statistical analysis of TMbase which is a
database of naturally occurring transmembrane proteins. The
prediction is made by using a combination of several weight- matrices

for scoring. DeepLoc-1.0 was used to predict the location of iNOS, as
it can differentiate between 10 different localizations: Cytoplasm,

Endoplasmic reticulum, Peroxisome, Lysosome/Vacuole,
Extracellular, Golgi apparatus, Cell Membrane, Chloroplast,
Mitochondrion and Nucleus.

Identification of distant regulatory elements and

transcription factor with their binding sites (TFBS

DIRE (Distant Regulatory Elements of co-regulated genes) was
used for the identification of the Regulatory Elements (REs) and
Transcriptional Factor with their Binding Sites (TFBS). Identification
of REs and TFs enhance functional annotation of genome that lead to
better understanding of gene regulation. Regulatory elements in NOS2
gene were identified with top 3 ECRs+promoter ECRs as target
elements and random set of 5000 genes as background/control genes
(default settings).

Prediction of nucleotide

polymorphisms

non-synonymous  single

SIFT (Sorting Intolerant from Tolerant) was used for predicting
whether an amino acid substitution affects the protein function based
on amino acid physical properties and sequence homology. This
database can be applied to both naturally occurring non-synonymous
polymorphisms as well as laboratory-induced missense mutations. It
gives SIFT score, SIFT median, number of sequences at position,
SIFT prediction and many other relevant information related to the
Single Nucleotide Polymorphisms (SNPs). SIFT score value ranges
from 0 to 1 and amino acid substitution is predicted if score is < 0.05
and considered tolerated if score is >0.05. Median score value has
range between 0 to 4.32, ideally between 2.75 and 3.5. This can be
used for measuring diversity of sequences for prediction. A warning
will occur if it is >3.25 indicating that prediction was based on closely
related sequences. Sequence at position shows number of sequences
that have an amino acid at the position of prediction. If the substitution
is located at beginning or end of any protein, there may be only a few
sequences represented at that position. SIFT prediction shows whether
the SNP is tolerated or deleterious.

Elucidation of post-translational modification sites

Post translational modifications are studied in order to characterize
the regulation of gene expression. It defines the fate of proteins after
the process of translation in eukaryotic cells. Hence the prediction of
PTM sites is useful in study of diagnosis of various diseases. PTM
sites includes BDM-PUB for ubiquitination, GPS-MSP for
methylation, CSS-Palm for palmitoylation, GPS-SUMO for
sumoylation, GPS-SNO for S-nitrosylation, GPS-YNO2 for tyrosine
nitration, GPS-CCD for calpain cleavages, GPD-Polo for Polo like
kinases, GPS-PUP for pupylation, GPS-MBA for MHC-binding, GPS-
ARM for APC/C recognition motif, GPS-TSP for tyrosine sulfation,
GPS-PAIL for lysine acetylation and NetPhos for phosphorylation.

Protein-protein interaction studies

STRING version 11.0 is used for generating protein—protein
interaction network that helps in the system level of understanding of
the cellular processes. Such networks might be very useful for
analyzing functional, structural and evolutionary properties of the
proteins. The exploration of protein-protein interactions may put
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forward new directions in the future experimental research and
prediction of cross species for an efficient interaction mapping.

Results

Data retrieval

The amino acid sequence of human NOS2 was obtained from NCBI
and used as query sequence against Gene Bank. The sequences of 17

other species from arthropods to mammals including bacteria were
retrieved depending upon the lowest e-value. These sequences were
identified as putative NOS2 gene which was further confirmed by
conserved domain prediction. These NOS2 protein sequences from 18
different families were analyzed and compared using various in silico
tools. The list of species under study along with their IDs and common
names used are listed in supplementary Table 1.

Species Instability index Aliphatic index Considering n-terminal Extinction coefficients
of sequence for
estimating half life

(M cm,at 280 nm measured in water)

Assuming all Cys Assuming all Cys

residues form cystines residues are reduced
Human 48.97 79.56 M (Met) 172255 170630
Alligator 57.27 85.56 P (Pro) 122030 120780
Aplysia 45.37 74.68 R (Arg) 169025 167650
Bacteria oxygenase 46 83.08 Q (Glu) 68090 67840
Bacteria reductase 33.28 92.13 1 (lle) 74955 74830
Cow 51.54 79.39 M (Met) 172130 170630
Danio rerio 45.6 82.61 P (Pro) 155670 153670
Dog 49.78 81.25 M (Met) 168245 166620
Drosophila 51.45 79.83 S (Ser) 175235 173610
Gallus 45.85 84.86 M (Met) 164235 162610
Horse 449 78.29 M (Met) 173495 172120
Monkey 48.58 79.99 M (Met) 169400 167650
Mouse 45.56 79.95 M (Met) 166630 165130
Ostrinia 426 78.13 G (Gly) 155045 153670
Pipra 45.83 83.91 M (Met) 168830 167080
Rabbit 46.16 78.39 M (Met) 63090 62340
Rat 45.73 77.94 M (Met) 166630 165130
Rhincodon 43.55 77.73 M (Met) 161130 159630

Table 1: The comparative values of the ProtParam parameters in the organisms under study.

The Pfam database provides us accurate and complete classification
of the protein families and domains. The presence of different domains
in varying combinations in different proteins give rise to diverse
repertoire of proteins found in nature. Pfam is a collection of protein
domain families with each family represented by multiple sequence
alignments and hidden Markov model. The results show that there are
four domains in human. The oxygenase domain lies at aligned region
137-497 while it has no clan. Flavodoxin domain lies at aligned region
541-672 and it has clan CL0076 which has 5 families i.e. FAD binding
1, FAD binding 6, FAD binding 8, FAD binding 9, LUM binding. FAD

binding domain lies at aligned region 725-947 and it has clan CL0042
which comprises of 7 member families i.e. flavodoxin 1, flavodoxin 2,
flavodoxin 3, flavodoxin 4, flavodoxin 5, flavodoxinNdr 1, FMN red.
The oxidoreductase NAD binding domain lies at aligned region
979-1093 and it has clan CL0091 which has 4 families i.e. Colicin M,
NAD binding 1, NAD binding 6, SIP. As complete sequence of
bacteria was not available so bacteria oxygenase and reductase
sequences were taken separately. Oxygenase sequence showed only
the oxygenase domain while reductase sequence showed flavodoxin,
FAD binding and oxidoreductase NAD-binding domains. Rabbit
shows only FAD binding domain at aligned region 96-318, and
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oxidoreductase NAD-binding domain at aligned region 350-464. The
domain positions of all the species are shown in Table 2.

Organism Parametres (maximum or minimum position)
Polarity Hydrophobicity Mutability Assesibility Flexibility Bulkiness
MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX
Human 0.403 45.37 -3.822 2.72 47.2 105.4 2.978 7.878 0.348 0.513 9.09 19.09
98322 50822 50822 52504 7ea 23822 2272 60422 52502 27722 5982a 519qa
Rat 0.403 39.89 -3.122 25 456 104.2 2.733 7.756 0.366 0.506 9.764 19.53
98022 50522 111922 5222a 7ea 2533 22423 60122 5ea 12822 595ea 4612a
Mouse 0.403 39.89 -3.122 2.678 44.4 104.2 2.733 7.9 0.36 0.506 9.764 19.69
97822 5032 111722 5167a 7ea 2433 22222 113222 52022 12622 593ea 5152
Drosophila |  0.403 39.78 -3.278 2.622 46.1 104.7 3.422 8.278 0.38 0.509 10.432 19.517
100122 113922 6aa 542aa 1031aa 7422 103322 5812a 102922 95622 95622 4132a
Oxygenase| 0.578 34.06 -2.956 2.156 50.2 100.4 3.856 7.222 0.38 0.489 11.016 19.643
2222a 223 1132 2782 153aa 1182 6322 10022 6922 11622 155%a 323qa
Reductase | 0.291 39.57 -2.844 1.856 51 103.6 3.789 7.878 0.362 0.51 9.192 19.09
g7aa 19122 53022 4728 2312a 33322 42502 78aa 6922 60aa 35502 22822
Cow 0.403 40.54 -3.844 25 47.77 104.7 2.978 7.9 0.357 0.518 8.647 19.517
98322 50822 50722 52522 29722 23aa 22722 69aa 73122 50722 59822 46433
Alligator |  0.403 34.97 -3.444 2.311 43.22 105.1 3.589 8.533 0.366 0.514 10.289 19.53
70022 4153 83922 2532 5922a 32022 1972a 31822 194aa 26422 26222 131aa
Aplysia 0.419 39.3 -3.287 2.333 46.77 106.4 3.344 8.367 0.376 0.514 9.726 19.56
2437 43722 4392 24222 23022 592aa 102022 4402 50822 581aa 5812a 89822
Gallus 0.272 39.78 -3.4 2.889 47.77 109.3 3.078 7.822 3.368 0.503 9.693 19.38
5222a 50522 5047a 5222a 29422 23aa 2242a 1972 5ea 595aa 59522 89622
Daniorerio | 0.243 39.67 -3.422 2.578 46.33 102.5 3.144 7.9 0.34 0.497 9.09 19.72
90222 104122 104122 44432a 85922 71222 1462 73% 55622 57502 5172a 22472
Dog 0.403 40.24 -3.823 2.522 47.77 106.2 3.011 7.878 0.363 0.512 8.647 19.51
98322 50722 50822 5212a 29722 23aa 22722 60422 52502 5982a 59822 46433
Horse 0.403 34.65 -3.367 2.522 47.55 105.4 3.011 7.878 0.363 0.509 9.794 19
98322 50722 50822 5212a 7ea 23822 22722 60422 52502 51022 59822 46423
Monkey | 0.403 45.33 -3.867 2.722 47.778 105.4 3.011 7.878 0.346 0.513 9.09 19.51
98322 50822 50822 52522 29722 23822 22722 60422 52502 27722 59822 46422
Ostrinia 0.403 39.72 -3.378 2.422 43.111 104.6 3.356 7.856 0.371 0.519 10.661 18.94
92522 106322 106322 9192a 95502 5447a 93822 541aa 44622 5ea 4753 3372a
Pipra 0.413 39.761 -3.41 2.267 47.778 103.2 2.789 7.756 0.366 0.512 8.647 19.53
98622 50972 50922 59222 30022 24272 23022 19aa 524aa 60122 60122 46722
Rabbit 0.403 34.513 -2.567 1.978 54.556 104.2 3.356 75 0.363 0.501 10.481 18.68
35422 22722 22722 29622 275% 2842a 5,688 12072 6ea 30522 3223 2702
Rhincodon |  0.403 39.97 -3.433 2.622 47.77 108.7 2.867 8.322 0.361 0.512 8.647 19.82
97422 99022 99022 57722 44823 32aa 2153 73472 67022 58622 58622 89022

Table 2: The comparative values of ProtScale parameters in the organisms under study.
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Phylogenetic analysis exhibits evolutionary links of NOS2
disclosing its conservation profile

Multiple sequence alignment of organisms under study was done
using Clustal Q using its default settings which makes use of seeded
guide trees and the HMM profile-profile techniques. It helps us in
inferring the presence of ancestral relationships between the sequences
of different organisms. It was seen that sequence was conserved from
aplysia to dog while bacteria (oxygenase) shows no similar conserved
sequences. The phylogenetic tree using neighbor- joining (N-J) method
obtained represents evolutionary links among 18 different species from
arthropods to mammals, also including prokaryotic (bacteria) sequence
(Figure 2).

WP_reductase 0.0747
WP _oxygenase- -0.0747
rabbit- 0.02721

mouse 0.02823

rat 0.02767
NP_aplysia- 0.22648
drosophila- 0.21036
ostrinia- 0.19657
alligator- 0.24298
NP_danio 0.21628
XP_rhincodon 0.1968
NP-gallus_ 0.07664
XP_pipra- 0.09091
sp|human 0.02195
XP_monkey- 0.02315
NP_horse- 0.06806
NP_cow- 0.05785
NP_dog- 0.05376

— =
{—
=
|
—
[

Figure 2: Phylogenetic analysis using Clustal omega.

From the tree it could be observed that drosophila and ostrinia,
human and monkey, gallus and pipra, cow and dog, mouse and rat are
more closely related to each other. Surprisingly, Rabbit and bacteria
belong to the same clad. Horse is an out-group which is the most
distant related species in the cladogram in terms of NOS2 sequence
and functions as a point of comparison and reference group. Similarly,
the relatedness of all other species could be seen from the tree.

NOS2 is found to be a hydrophilic protein

The ProtParam result includes GRAVY (Grand average of
hydropathicity) which is of negative value in all the species. Hence,
NOS2 is hydrophilic in all species. Protein is considered stable if
instability index value is less than 40. The Aliphatic index which is
defined as the relative volume occupied by aliphatic side chains is
considered one of the positive factor for the increment in thermo
stability of globular proteins. The in vivo half-life is defined as the
prediction time taken by half amount of protein to disappear after its
synthesis in a cell. The Extinction coefficient indicates the amount of
light absorbed by protein at certain wavelength. Two values have been
produced by the ProtParam based on Extinction coefficients for
proteins measured at 280nm with the first one showing the computed
value based on assumption that all cysteine residues appear as cystines
and the second one assuming that no cysteine appears as half cystine.
The comparative values of the ProtParam parameters of all 18 species
under study are listed in Table 1. From the table we observe that value
of instability index (II) is greater than 40 in all the organisms except
bacteria reductase which has II value of 33.28, describing protein as

stable. Similarly, the Aliphatic index value is highest in bacteria
reductase (92.13) and lowest in aplysia (74.68), which describes
reductase as most thermostable. The ProtScale was used for analyzing
hydrobhobicity, bulkiness, accessibility, mutability, polarity and
flexibility. The hydrophobicity directs protein-protein interactions
influencing folding of protein and side chain packing of amino acid
and so determines the protein stability. The dipole-dipole interactions
between positively and negatively charged residues represent polarity.
The probability of the protein to change during evolution is shown by
relative mutability. The free transfer energy from inside to the outside
of globular proteins is represented by accessibility. Flexibility helps in
the building of the interactions of protein with other proteins, ligands
or nucleic acids forming complex structures 35. Functions of the
individual protein residues in its entire configuration are represented
by bulkiness which in turn influences the local conformation of
protein 36. In human, the polarity value ranges from 0.403 (9832%) to
45.376 (5082%), hydrophobicity value ranges from -3.822 (507,508%%)
to 2.722 (525%), mutability value ranges from 47.222 (7%) to 105.444
(238%), accessibility value ranges from 2.978 (2272%) to 7.878 (604%?),
flexibility value ranges from 0.348 (525%%) to 0.513 (277), bulkiness
value ranges from 9.090 (598%) to 19.092 (519%) (Figure 3). The
comparative values of the 6 ProtScale parameters of all the species
under study are listed in the Table 2.

. m I iww

w‘

Figure 3: Accessibility, bulkiness, flexibility, hydrophobicity,
mutability and polarity in iNOS using ProtScale.

Transmembrane models and signal peptide in NOS2

SignalP 5.0 was used to compute signal peptide in all the organisms
under study. It includes scores of Signal Peptide (SP) depending on its
types, Cleavage Sites (CS) and others (no signal peptide). Comparing
the scores in all the species the values were very less than the
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threshold value of 0.5. Therefore, no significant score of signal The TMpred server results show that there are two possible
peptide was found indicating no signal peptide (Figure 4). predicted models for transmembrane helixes in NOS2 in most of the
species. One of them is strongly preferred model while the other is the

TR alternative model. Prediction score above 500 are taken as significant.

o] The location along with the score values of the strongly preferred

model and alternative model of all the species is listed in the Table 3.

Protability
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Figure 4: Prediction of signal peptide in iNOS using Signal P 5.0

server.
S.No Organism i-olo-i Strongly Alternative model
preferred model
(Location) (Score) (Location) (Score)

1 Alligator o-i 386-406 590 _ _
i-0 497-515 614 _ _
0-i 591-611 653 _ _
i-0 _ _ 497-515 614
0-i _ _ 591-611 653

2 Aplysia o-i 19-38 724 _ —
i-o 272-292 511 _ _
0-i 320-348 641 _ —
i-o _ _ 19-39 524
0-i _ _ 320-348 641

3 Bacteria i-o 365-385 890 _ _

oxygenase

0-i _ _ 360-385 531

4 Bacteria reductase No such

5 Cow 0-i 386-406 590 _ _
i-0 497-515 614 _ _
0-i 591-611 653 _ _
i-0 _ _ 497-515 614
o-i _ _ 591-611 653

6 Danio rerio O-i 306-326 623 _ _
i-0 593-614 117 _ _
0-i 725-744 924 _ _
i-0 933-952 727 _ _
i-0 _ _ 593-614 117
O-i _ _ 725-744 924
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i-o _ _ 933-952 727
7 Dog i-0 31-55 807 _ _

o-i 397-417 590 _ _

i-o 508-526 614 _ _

o-i 671-688 572 _ _

o-i _ B 38-59 1145

-0 B B 508-526 614

o-i B B 671-688 572
8 Drosophila i-0 341-367 1123 _ _

o-i 454-478 761 _ _

i-o 672-693 1023 _ _

o-i _ _ 340-369 830

o B _ 451-469 581

0-i _ _ 677-697 761
9 Gallus i-0 32-51 915 _ _

0-i 386-406 882 _ _

-0 497-515 506 _ B

o-i 554-574 577 _ _

-0 591-611 781 B B

o-i _ _ 31-51 1145

-0 B B 389-414 534

o-i _ _ 500-524 595

-0 B B 591-611 781
10 Horse o-i 390-410 614 _ _

_ _ No such

11 Human o-i 554-574 590 _ _

i-o 665-683 577 _ —

o-i 759-779 1387 _ _

-0 _ _ 665-683 577

i _ _ 759-779 1387
12 Monkey o-i 391-411 590 _ _

i-0 502-520 592 _ —

i 576-616 1378 _ B

) _ _ 502-520 592

o-i _ _ 596-616 1378
13 Mouse 0-i 366-386 722 _ _
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-0 477-495 532 _ B
0-i 638-657 577 _ —
i-o _ _ 477-495 532
0-i _ _ 638-657 577
14 Ostrinia o-i 374-398 628 _ _
-0 592-613 878 _ B
o-i 957-975 1096 B B
-0 B B 592-613 878
o-i B B 597-975 1096
15 Pipra -0 35-53 1082 _ _
o-i 394-414 612 _ _
i-o 505-523 527 _ _
o-i 599-619 593 _ —
0-i _ _ 35-51 606
i-o _ _ 505-523 527
0-i _ _ 599-619 593
16 Rabbit No such
17 Rat o-i 502-522 722 _ _
-0 613-631 532 B B
o-i 668-690 763 _ B
i-o 773-793 582 _ —
o ~ _ 613-631 532
o-i _ _ 668-690 763
i-o _ _ 773-793 582
18 Rhincodon o-i 379-399 644 _ _
i-o 650-670 642 _ _
o-i 923-943 534 _ _
i-o _ _ 374-394 513
o-i _ _ 923-943 534

Table 3: The comparative values of TMpred parameters in the organisms under study.

Rabbit and bacteria (reductase) sequences do not show any
predicted models or score. Horse sequence do not show any predicted
alternative model but it contains one strongly preferred model having
score 614 (390-410%%) from outside to inside. Gallus shows maximum
number of helixes, 5 of them under the strongly preferred model and
four of them under the alternative model. Bacteria reductase shows
one helix under strongly preferred model with score 890 (365-385%2)
from inside to outside and one helix in alternative model with
maximum score 531 (360-385%%) from outside to inside. Human shows
5 helixes. The strongly preferred model includes three helixes with

scores 1387 (759-779) from outside to inside, 577 (665-683%?) from
inside to outside, 590 (554-574%%) from outside to inside. The
alternative model includes two helixes with scores 577 (665-683) from
inside to outside, 1387 (759-779%%) from outside to inside as shown in
Figure 5.
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Figure 5: Predicted transmembrane regions in iNOS using TMpred
server.

NOS2 is cytoplasmic and soluble

DeepLoc-1.0 was used to calculate the likelihood values of many
different sub-cellular localizations of the protein. It also includes
the likelihood values of the protein type i.e. soluble or membrane.
The likelihood value of human NOS2 for cytoplasm is 0.6854,
Golgi apparatus is 0.0899, peroxisome is 0.0681, cell membrane is
0.0474, lysosome/vacuole is 0.046, nucleus is 0.0235, endoplasmic
reticulum is 0.0194, extracellular is 0.0105, mitochondrion is
0.0078, plastid is 0.0019, soluble type is 0.8492, membrane type is
0.1508. Similarly, the sub cellular localization of NOS2 in other
species was also predicted. The hierarchical tree representation
of human NOS2 predicted by DeepLOC-1.0 is shown in Figure 6.

Figure 6: Hierarchial tree of human iNOS.

Prediction of regulatory elements and transcription factor
binding sites (TFBS

The DIRE server was used for identification of distant Regulatory
Elements (REs) and transcription factors with their binding sites. The
DIRE server is available only for human, mouse and rat. The program
was run with default settings of 5000 for the random set of genes. The
results of this server do not predict any regulatory elements or
transcription factors related to NOS2. Rat contains one regulatory
element i.e. promoter and corresponds to 33% of the total regulatory
regions in NOS2. It contains only one transcription factor SEF1 at
position 238. Mouse contains three regulatory elements ie. two
promoters comprising 67% and one intron comprising 33%. Promoter
contains two transcription factors ire. SEF1 (at 135%) and
COREBINDINGFACTOR (at 184%). Intron contains 5 transcription
factors i.e. DELTAEF1 (0%?), NRSF (150%), GCM (197%%), NRSF
(242%%), NFMUEL (320%%) (Table 4).

Species Regulatory element Type Score Locus Gene Candidate
trancription factor
binding
sites(relative
positions)

Rat Chr10:65036303-6 Promoter 0.186 Chr10:64867531-6 Nos2 1::SEF1(238)

5036622 5075512

Mouse Chr11:78733862-7 Promoter 0.743 Chr11:78666747-7 Nos2 2::SEF1(135)

8734073 8775859 COREBINDINGFA
CTOR(184)

Chr11:78749017-7 Intron 2.8 Chr11:78666747-7 Nos2 5::DELTAEF1(0)

8749373 8775859 NRSF(150)
GCM(197)
NRSF(242)
NFMUE1(320)

Table 4: Regulatory elements, their type, locus and candidate transcription factors with their positions.
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The transcription factors along with their importance and % of
occurrence is shown in the Table 5.

Organism Transcription factor Occurrence Importance

RAT SEF 1 33.33% 0.3293

MOUSE SEF1 33.33% 0.16437
COREBINDINGFACTOR 33.33% 0.08333
DELTAEF1 33.33% 0.33073
NRSF 33.33% 0.29635
GCM 33.33% 0.14583
NFMUE1 33.33% 0.31042

Table 5: The list of TFs in iNOS of Rat and Mouse determined by DiRE with their occurrence and importance.

The 33% of occurrence is same for all the transcription factors
while in mouse the maximum score (0.33073) of importance is
predicted in DELTAEF1, while minimum (0.08333) by
core binding factor. In rat SEF1 shows the importance rate of
0.32930.

Predicted deleterious and tolerated SNPs in iNOS

Numerous SNP databases suggest that large portion of SNP is non-
synonymous SNPs (nsSNPs). The deleterious ones may lead to prompt

phenotypic outcomes while the tolerant ones keep the protein function
despite changes in protein structure. The input was provided in the
form of nearly ~ 68 rs IDs which were obtained from the literature

survey. Among these 7 (rs3730017,

1516966563,

rs28999412,

rs28730832, rs1137933, rs1060826, 1s2297518) were detected by
SIFT. Among these, the SIFT score of rs3730017 was found as 0.022
which is <0.05, so it is predicted as deleterious. The SIFT scores of the
rest IDs were >0.05, so these were detected as tolerant (Table 6).

S.No 1 2 3 4 5 6 7

SNPs rs3730017 rs16966563 rs28999412 rs28730832 rs1137933 rs1060826 rs2297518

ORGANISM/ Homo_sapiens/ Homo_sapiens/ Homo_sapiens/ Homo_sapiens/ Homo_sapiens/ Homo_sapiens/ Homo_sapiens/

BUILD GRCh37.74 GRCh37.74 GRCh37.74 GRCh37.74 GRCh37.74 GRCh37.74 GRCh37.74

Chr 17 17 17 17 17 17 17

Co- ordinate 26109102 26115949 26097993 26115856 26105932 26089867 26096597

REF ALLELE G T C T G T G

ALT ALLELE A C T A A C A

A.A CHANGE R221W P68P L585L T99T D385D T919T S608L

GENE NAME NOS2 NOS2 NOS2 NOS2 NOS2 NOS2 NOS2

GENE ID ENSG00000007 ENSG00000007 ENSG00000007 ENSG00000007 ENSG00000007 ENSG00000007 ENSG00000007
171 171 171 171 171 171 171

TRANSCRIPT ENST00000313 ENST00000313 ENST00000313 ENST00000313 ENST00000313 ENST00000313 ENST00000313

ID 735 735 735 735 735 735 735

PROTEIN ID ENSP00000327 ENSP00000327 ENSP00000327 ENSP00000327 ENSP00000327 ENSP00000327 ENSP00000327
251 251 251 251 251 251 251

REGION CDS CDS CDS CDS CDS CDS CDS

SIFT SCORE 0.022 1 1 1 1 0.404 0.104

SIFT MEDIAN 2.55 2.81 2.56 2.6 2.55 2.55 2.58

NO,OF SEQAT 110 56 107 90 113 100 104

POSITION

SIFT Deleterious Tolerated Tolerated Tolerated Tolerated Tolerated Tolerated

PREDICTION
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AVG ALLELEFR 0.083 0.086 0.011 0.007 0.194 0.73 0.165
EQ

EAS ALLELEFR 0.007 0.007 0.02 0.034 0.174 0.67 0.152
EQ

AME 0.073 0.073 0.053 0 0.197 0.648 0.174
ALLELEFR EQ

AFR ALLELEFR 0.229 0.241 0 0 0.181 0.804 0.127
EQ

EUR ALLELEFR 0.014 0.014 0 0 0.244 0.615 0.232
EQ

SAS ALLELEFR 0.044 0.043 0 0 0.18 0.867 0.156
EQ

Table 6: The deleterious and tolerated nsSNPs detected by SIFT in the coding sequence of iNOS.

Various post-translational sites

predicted in NOS2

modification (PTMs)

PTMs regulate numerous cellular processes influencing the protein
interaction network while their deregulation might result in
modulation of the pathway and finally to the outcome of a disease.

NetPhos is used for the prediction of phosphorylation sites at
tyrosine (Y), Serine (S) and Threonine (T) residues in the protein
sequences. The proteins are considered as phosphorylated when the
score > 0.5. It is seen that maximum number of phosphorylation occurs
at serine followed by threonine. Tyrosine shows minimum number of
phosphorylation. If observed individually, serine phosphorylation
occurs maximum in drosophila and minimum in bacteria (oxygenize).
Threonine phosphorylation occur maximum in rat and minimum in
bacteria (oxygenize). The tyrosine phosphorylation occurs maximum in
drosophila and minimum in alligator.

The graphical representation of wvarious Post Translational
Modifications (PTMs) with their maximum and minimum scores in
organisms along with the human PTM scores is shown in Figure 7.

70

3

B maximum score O Human score B minimum score

Figure 7: The graphical representation of PTMs with max. and min.
score along with human scores.

BDM-PUB serves to predict the sites of ubiquitination in NOS2
using Bayesian Discriminant Method. The ubiquitination is one of the
major modifications in a protein which leads to its degradation in
eukaryotes playing an important role in DNA repair and cell cycle
regulation. Ubiquitination has been shown to occur in the lysine sites
of the peptide sequence in all the species. Maximum ubiquitination
occurs in Pipra with 4.50 (1143%%) and minimum in bacteria
(reductase) with 2.30 (75%).

CSS-PALM server is used for identifying palmitoylation sites in
any sequence. Palmitoylation is the covalent attachment of fatty acids
(palmitic acid to cysteine). Palmitoylation increases the membrane
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affinity and surface hydrophobicity through palmitic acid addition to
the protein substrates. It has been shown to occur in the cystine
residues of the peptide sequence in all the species. Maximum score is
seen in Pipra with 41.74 (3%%) and minimum in bacteria reductase with
1.81 (99%).

GPS-CCD tool was used for prediction of the calpain-cleavage
sites in Nos2. Calpains constitute a very important family of
Ca?"dependant cysteine proteases containing a nucleophilic cysteine
in the catalytically active sites. General degradation and limited
proteolysis are the two modes by which calpain activation takes place.
The maximum score is seen in case of horse and monkey with 1.562
(744% positions) in both. The minimum score was predicted in rat
with 0.799 (73822).

GPS-MSP tool is utilized for identifying methylation of proteins
which is considered as an important reversible PTM. The methylation
can occur on either side chain or backbone of amino acids residues
which includes Arginine (R), Lysine (K), Alanine (A), Proline
(P), Asparagines (N) and Histidine (H). Arginine methylation is
classified into mono (R.mono), asymmetry di- methylation
(R.a.di) and symmetry di-(R.s.di) while Lysine methylation is
classified into mono-(K.mono), di-(K.di) and tri-methylation (K.tri)
45. Among R.di type methylation maximum predicted score is of
cow with 7.16 (750%). Along with R.di type of methylation aplysia
also shows K.mono type of methylation at 1422 position.

GPS-POLO tool was used for identifying Polo like kinase (Plks)
which play crucial roles in orchestrating the cell cycle progression via
phosphorylation dependent molecular recognition and
phosphorylation. Plks have Polo-Box Domain (PBD) in the C-terminal
non catalytic region for proper sub-cellular localization of Plks during
multiple stages of mitosis. Among phosphorylation type maximum
score predicted is of alligator with 5.721 (862%%) and minimum of cow
with 2.667 (663%*). Among Phospho-binding type maximum score
predicted is of human with 10.214 (772%) and minimum of Gallus with
6.661 (651%%). No polo-like cleavage sites has been predicted in
bacteria (oxygenize).

GPS-PAIL 2.0 tool predicts the acetylation processes in the proteins
which is of two types i.e. Na-terminal acetylation which is rare in
prokaryotes but 85%in eukaryotic proteins while the other one is Ne-
lysine acetylation which is less common but one of the most important
and ubiquitous PTMs conserved in prokaryotes and eukaryotes.
Acetylation is regulated by histone acetyltransferases (HATs) and
histone deacetylases (HDACs). GPS-PAIL software was used for
prediction of substrates and sites of 7 HATs (Histone
acetyltransferases) including CREBBP, EP300, HATI1, KAT2A,
KAT2B, KATS, and KAT8. No lysine acetylation sites were predicted
in rabbit. Lysine acetylation for human is predicted for 5 HATSs i.e.
EP300 at 6% position, KAT2A at 66% position, KAT2B at 1322
position, KATS at 66* position, KAT8 at 105aa position. Ostrinia
shows maximum lysine acetylation sites predicted for 6 HATs.
Bacteria (oxygenize) show lysine acetylation at 351% by CREBBP
while bacteria (reductase) show lysine acetylation at 108%? position by
KAT2B.

GPS-PUP was used to identify Prokaryotic Ubiquitin like protein
(PUP) modification of which is the pupylation. Despite the
enzymology of both pupylation and ubiquitylation being different,
ubiquitin and PUP has quite similar functions. The maximum score is
predicted in danio rerio with 3.803 (5012%) and minimum in case of
rabbit with 2.709 (275%%). Bacteria oxygenize and reductase show

significant scores with 3.488 (282?) and 3.354 (143%). No pupylation
site was predicted in alligator.

GPS ARM was used to find the APC/C (Anaphase promoting
complex) which is an E3 ubiquitin ligase that marks target cell cycle
protein for degradation by 26S proteasome. The D-box and the KEN-
box are the major APC/C recognition motifs. The destruction box or
the D-box follows a minimal consensus of RXXL (where X is any
amino acid). No recognition motifs are detected in rat, mouse,
bacteria, cow, aplysia, dog, rabbit, and Rhincodon. The maximum
score of 8.027 (572-575%) is predicted in alligator while the minimum
score of 5.662 at (752-755%%) position in also predicted in the same
species.

GPS-TSP tool is used to identify tyrosine sulfation which is a
ubiquitous PTM which modifies proteins in a secretory pathway. The
maximum score is seen in Rhincodon with 3.406 (859%) and
minimum in bacteria oxygenase with 1.163 (196%%). Bacteria
(reductase) do not show any tyrosine sulfation sites.

GPS YNO?2 tool is used to predict the tyrosine nitration of proteins
which is a kind of covalent post translational modification and adds a
nitro group (-NO2) to onto either one of the two ortho-carbons of the
aromatic ring of the tyrosine residues. The maximum score for cutoff
0.554 (Cluster A) is seen in rabbit with 1.915 (22%). The maximum
score for cutoff 1.065 (Cluster B) is seen in pipra with 2.056 (1058%2).
The maximum score for cutoff 0.828 (Cluster C) is seen in bacteria
reductase with 4.15 (531%%). The maximum score for cutoff 1.16
(Cluster D) is seen in mouse with 9.214 (925%?). Rat and monkey did
not show any score in cutoff 1.16 (Cluster D). Bacteria oxygenase and
reductase did not show any score in cutoff 1.065 (Cluster B). Scores
were obtained for all species in cutoff 0.828 (Cluster C). Human, rat,
mouse, bacteria oxygenase, dog, horse, monkey, ostrinia, rhincodon
did not show any score in cutoff 0.554 (Cluster A).

GPS-SNO 1.0 tool is used to predict the S-nitrosylation of proteins
which includes covalent attachment of a nitrogen monoxide group to
the thiol side chain of cysteine. The maximum score for cutoff 1.67
(Cluster A) is seen in Alligator with 2.36 (344%%). The maximum score
for cutoff 2.454 (Cluster B) is seen in mouse with 4.532 (110aa). The
maximum score for cutoff 20.743 (Cluster C) is seen in Gallus with
22.686 (10662?). Danio rerio, aplysia, bacteria oxygenase did not show
any score with cutoff 1.67 (Cluster A), while Rhincodon, ostrinia, dog,
horse, monkey, cow, rat, bacteria oxygenase did not show any score
with cutoff 20.743 (Cluster C). Interestingly, no S- nitrosylation sites
were predicted in rabbit and bacteria reductase.

GPS-SUMO 2.0 tool is used to predict the small ubiquitin like
modifier (SUMO), a 97-residue protein that is attached covalently to
lysine residues on the target protein. Sumoylation sites follow a
canonical consensus motif g—K-X-E (where is hydrophobic amino acid
and X is any amino acid residue). The maximum scores of cutoff 0.13
(p-K-X-E) has been seen in Danio rerio with 2.744 (1037%) and
minimum in Gallus with 0.13 (155%%). The maximum scores of cutoff
2.64 (non-consensus) has been seen in drosophila with 3.926 (1122aa)
and minimum in bacteria oxygenase with 2.809 (307%%). No
sumoylation sites of cutoff 0.13 (¢-K-X-E type) were been seen in
Rhincodon, Pipra, Aplysia and Bacteria (oxygenase) while no
sumoylation sites of cutoff 2.64 (non-consensus type) were observed
in rabbit. Alligator and Bacteria (reductase) did not show any of the
sumoylation types.
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GPS-MBA 1.0 tool is used to predict MHC class- 11 haplotype, 1-
Ag7.The score is maximum in Danio rerio with 3.279 (3-11%%) and
minimum in bacteria oxygenase with 1.797 (102-1102).

Details for each PTM among all the organisms used in this study
are provided in the supplementary material.

NOS?2 interactions with other proteins

The STRING 11.0 database provides estimation of protein-protein
interactions including both direct as well as indirect ones and the view
of STRING network is provided in the Figure 8. It shows maximum
interaction with CALM1 (Calmodulinl) followed by TNF (Tumor
Necrosis Factor), ARG2 (Arginase2), ARGI1 (Arginasel), SRC (SRC
Proto-oncogene/Non-Receptor Tyrosine Kinase), CALM3
(Calmodulin 3), CALM2 (Calmodulin 2), CAT (Catalase), JUN (Jun
Proto-oncogene/AP-1 Transcription Factor Subunit), and minimum
interaction with STAT3 (Signal Transducer and Activator of
Transcription 3).

Figure 8: The STRING network view of NOS2.

Discussion

In this study we actually attempted to give a comparative analysis
of the structure and function of NOS2 between different species using
various bioinformatics tools. Multiple sequence alignment was used to
identify important sites such as binding sites, predicting structural and
functional characteristics to suggest oligonucleotide primers for PCR
and locating the conserved domains. So, it will help in better
understanding of protein evolution at the molecular level. While
analyzing it we found that amino acid sequences are mostly conserved
from aplysia to dog whereas bacteria (oxygenize) shows no similar
conserved sequences. Phylogenic profiles constructed after multiple
sequence alignment can be used to infer functions of the protein in the
entire species. Closely related species are expected to have high
similarity in their molecular sequences. From this study it could be
inferred that the sequences are conserved throughout the ancestry
although they have difference in genomes.

While analyzing the domains we found that the four domains i.e.
oxygenize domain, flavodoxin domain, FAD domain, oxidoreductase
NAD- binding domain are same in all the species but the difference
lies in the position in which these domains are present in different

species. This suggests that the function of all the domains is conserved
in all the species amid evolution but surprisingly the rabbit showed
only the FAD and oxidoreductase NAD binding domains. So, only the
reductase domains were found in it. Therefore, it could be inferred that
maybe the function of oxygenize domain is performed by any other
sequence within iNOS or maybe any other protein. Identification of
the protein domains provides view into the functions of that protein.

While investigating the physico-chemical characteristics in NOS2
we found that GRAVY (Grand average of hydropathicity) value is
negative in all the species. This indicates that NOS2 is hydrophilic in
all the species. So, this may inversely affect the folding of protein, side
chain packing and the stability of the protein. The protein stability in
test tube is estimated by the instability index (II). The instability index
(II) value is >40 in all the species indicating instability but
surprisingly bacteria reductase have the value 33.28 indicating its
stability. The instability index can provide essential information in the
pharmaceutical industry where the expanding utilization of
recombinantly expressed protein has highlighted some issues
regarding their stability amid long term storage. Aliphatic index value
is directly proportional to the thermo stability of the protein. Bacteria
reductase with the value of 92.13 is the highest thermostable while
aplysia with the value 74.68 is least thermostable. During the
pathological conditions there is an alteration in the in vivo half-life. So
understanding the protein degradation rates would help in designing
drugs related to various human disorders. Overall identifying the
physico-chemical properties of NOS2 might help to unravel the
physiological functions related to the protein. The structural and
biochemical features of NOS2 which include bulkiness, accessibility,
mutability, polarity, hydrophilicity and flexibility are known to play an
important role for retaining protein structure and stability.

Efficiency of protein secretion is strongly determined by signal
peptide. As the value of signal peptide is less than the threshold i.e.
0.5, so no signal peptide is detected in NOS2 in all the species.
Proteins without signal peptide may be secreted by unconventional
mechanisms and may stay in cytosol for rest of translation. The two
possible transmembrane helix models predicted serves in recognition
of functional regions in NOS2. While investigating the sub-cellular
localization of NOS2 we found that that likelihood value of
cytoplasmic location and soluble type are of maximum value in all the
species which indicate that NOS2 is cytoplasmic and soluble. The
prediction of sub-cellular location is a very important step to
understand the protein function.

The information of Transcription Factors (TFs) and Transcription
Factor Binding Sites (TFBS) may be useful to unravel different ways
to modulate the expression of NOS2. The TFs and TFBS, directly
influencing the NOS2 expression could be targeted for achieving
desired alterations. Among all the 7 SNPs detected by SIFT, SNP of
rs3730017 which is located on exon 7 and associated with
asymptomatic malaria was detected as deleterious. This may be
explored for studying how it impacts the NOS2 protein function and
structure.

Numerous post-translational modifications were predicted among
which phosphorylation, methylation, palmitoylation, sumoylation, S-
nitrosylation, calpain cleavage sites, pupylation, lysine acetylation,
and ubiquitination were the major PTM sites. The enzymatic activity
of iNOS has been modulated by phosphorylation at multiple sites
which may facilitate crosstalk between NO and other signaling
pathways via different protein kinases. Phosphorylation of iNOS
occurs at multiple residues including serine, threonine, and tyrosine
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which may be associated with either activation or inactivation of
enzyme directly or by modulating other regulatory domains of iNOS.
Phosphorylation of iNOS by Src kinases helps in regulation of iNOS
and NO production. Hyperactivation of c-Src has been reported in the
development of cancer, mainly lung cancer. So, Src inhibition has
been investigated as the potential therapy for non- small cell lung
cancer in Phase 1 and Il clinical trials. Ubiquitination of iNOS is
required for its degradation. Deregulation of the ubiquitination plays
an important role in cancer progression, muscular dystrophy,
neurodegenerative disease and autoimmunity. Similarly pupylation
also resembles eukaryotic ubiquitination but the difference is that it
occurs in Mycobacterium in which it tags protein for degradation via
proteosome. Recently PUP (prokaryotic ubiquitin like protein) has
been identified as a tagging method in prokaryotes that can be coupled
to its targets by deamidation through dop (PUP deamidase/
depupylase) following conjugation which is catalyzed by PafA (PUP
protein ligase). Although the details of pup protease system needs
further characterization, discovery of degradation mechanism opens
the door to investigate the dynamic protein regulation in
Mycobacterium which could be targeted by pathogen specific drugs.
As expected, Prokaryotes (bacteria) should have shown maximum
score for pupylation but predicted results have shown that maximum
score is of Danio rerio (zebra fish). During the host defense,
mechanism of our body cells controlling the NO synthesis levels may
somehow be revealed by degradation of iNOS. The trafficking,
membrane- tethering and compartmentalization of various proteins is
modulated by palmitoylation. Previous studies have shown that
palmitoylation of iNOS at Cys-3 is required for proper intracellular
traffic and NO synthesis. Pharmacological inhibition of palmitoyl
transferases involved in NOS2 thioacylation might be a useful
approach in dealing with inflammatory diseases associated with
increased NOS2 levels. Knowing the exact positions of the calpain
cleavage sites is very important to understand the working mechanism
of calpain as location of cleavage sites are closely related to how
calpain precisely modulate gene expression, signal transduction, cell
death and apoptosis. Presently, there are 16 known calpain isoform
genes in humans. Calpain activation is an early event in cellular
response to pathological conditions. This response if sustained may
lead to pathological conditions including muscular dystrophy, diabetes
and tumorigenesis. Methylation may be a unique molecular
mechanism which has been reported in the transcriptional regulation
of INOS gene expression in mensangial cells. Hypermethylation of
iNOS gene promoter inhibits its transcription, which may be exploited
in the therapeutics. Recent study suggests that acetylation is the key
component of histone code. It has been suggested that acetylation of
Stat 1 protein leads to decreased Stat 1 binding to the promoter of
iNOS. This results in inhibition of IFN-gamma mediated iNOS
expression. Acetylation of Stat 1 protein may be exploited
therapeutically to down regulate iNOS expression in pro-inflammatory
states. The identification of sumoylation sites and SUMO-interaction
Motifs (SIMs) is the basis for understanding regulatory mechanisms
and biological functions of SUMOs (small ubiquitin like modifiers)
which may provide potential targets for further diagnostics and
therapeutics. Studies have shown that sumoylation plays an important
role in regulating NOS2 expression in astrocytes. Increasing the
sumoylation processes can reduce NOS2 expression which may
provide novel targets in a variety of neurological diseases. The NO
produced by S-nitrosylation of NOS2 reacts with EGFR (epidermal
growth factor receptor) and Src- signaling to form a nexus for driving
multiple molecular pathways that leads to basal-like breast cancer
phenotype in human cell lines. So, NO inhibition may provide a novel

strategy for treating basal-like breast cancer. MHC class- 11 haplotype,
I-Ag7 is strongly linked to susceptibility to TID (Diabetes mellitus
type 1) in the Non-obese Diabetic (NOD) mouse. Identification of the
I-Ag7 epitopes is considered important to understand the molecular
mechanisms of T1D and then designing the immunotherapeutic
peptides. It has been proved that over expression of NOS2 leads to the
increase in MHC 1I cell surface expression in Dendritic Cells (DC)
which leads to their degradation. Protection of CD74 (the MHC II-
associated invariant chain) degradation could be one of the
mechanisms contributing to the increase in antigen presenting
efficiency of maturing dendritic cells, so inhibition of NOS2
expression may somehow reduce the degradation of CD74. Clinical
evidence suggests that aberrant expression of polo like kinase (Plk -1)
is closely associated with tumorigenesis. Both the kinase domain as
well as Polo-Box Domain (PBD) can be considered as attractive targets
for designing the anticancer chemotherapeutics. APC/C (Anaphase
promoting complex) mediated degradation also helps in regulating
Rho GTPase activity, axon growth, cell adhesion and glycolysis. In
this regard identifying the APC/C specific degradation substrates is
required to understand the regulatory roles and molecular mechanisms
of APC/C. Tyrosine sulfation is an important PTM which plays an
important role in regulating chemotaxis, inflammatory response and
cell adhesion. In animals sulfation is catalyzed by two closely related
Tyrosyl Protein Sulphotransferases (TPST- land TPST-2). It is
convinced that tyrosine nitration of protein plays a critical role in
pathology as well as physiology. Many studies have linked nitration to
the loss of function, but again the concept of tyrosine nitration as
“gain of function” was raised by some reports. Although a very few
protein and tyrosine could be nitrated, but still it has very important
role in influencing phosphorylation of tyrosine, biomarker for
oxidative stress, altering the functions and structure. Current advances
have shown the important roles of protein tyrosine in
immunomodulation, apoptosis, cell cycle, cell death and ageing.

While we were investigating the protein-protein interactions we
found that iNOS shows maximum interaction with CALM1 which is
involved in calcium linked pathways. Second-most interacting partner
of iNOS is TNF which is linked to tumor Necrosis Factor signaling.
ARG2 is involved in metabolism and arginine synthesis. Related
pathways of ARGI include ATF-2 transcription factor network and
metabolism. Related pathways of SRC include Thromboxane A2
receptor signaling and Development dopamine D2 receptor
transactivation of EGFR. CALM3 is related to genetic pathway which
regulates centrosome cycle progression by cytokinensis. CALM?2 is a
member of calmodulin gene family while CAT is related to Wnt/B-
catenin signaling. JUN is related to JNK signaling pathway. Minimum
interaction predicted is with STAT3 which is related to JAK/STAT
signaling pathway. The involvement of all these protein-protein
interactions with iNOS under various disease and physiological
conditions and their regulation is still uncertain. Future studies on the
iNOS interactions with these proteins may lead to more knowledge
about the pathways, mechanisms, and the interlinkage between the
different associations of different proteins for targeting the drug ability
of the molecule.

Conclusion

The NO generated by iNOS is involved in immunomodulatory,
antitumor mechanisms. Dysfunctional induction in expression of
iNOS seems to be involved in various human disorders. So, there is a
need to tightly regulate the iNOS which includes alteration in
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expression at both transcriptional as well as post-transcriptional levels.
Multiple sequence alignment was done and the evolutionary links of
iNOS from 18 different species from arthropods to mammals
including bacteria was investigated to understand the protein evolution
at the molecular level and to find whether the sequence is conserved.
Identification of domains provided insights into functions of iNOS.
The comparative analysis of physico-chemical, biochemical and
structure features of NOS2 revealed different physiological properties,
information about protein stability and structure of the gene. Though
no signal peptide was detected but two possible transmembrane helix
models were predicted helping in the recognition of functional
regions. Through no regulatory elements or Transcription Factors (TF)
were detected in human NOS2 but 8 TF were detected in mouse and
rat in the promoter and intron regions of NOS2 which may directly
influence the NOS2 expression and targeted to achieve desired
alterations. The level of NOS2 gene product is altered by
polymorphism in the promoter region whereas the activity of NOS2
gene product is altered by polymorphism in the coding region. The in-
silico analysis of the SNPs obtained from the literature survey
predicted 1 deleterious SNP of 1s3730017 on exon 7, that might have
negative impact on the function of protein and ultimately individual’s
inclination to several diseases. Overall, comparative in silico analysis
of iINOS wunravels various physiological properties, regulatory
activities, pathways, and its interaction with different proteins in
different species creating a link between them. It is hoped that
inhibition of NO by regulating the NOS2 gene will have tremendous
impact in multiple disciplines including in the treatment of
autoimmune disorders like muscular dystrophy, osteoarthritis and also
in tumors.
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