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Abstract: Glutaredoxin-5 (Grx5) is a mitochondrial monothiol, participating in iron-sulfur clusters’ biogenesis. It 
directly maintains normal cytosolic and mitochondrial iron homeostasis, participates in erythropoiesis and oxidative 
stress sensing, and regulates the oxidative-stress-induced apoptosis. The current investigation involved various 
techniques to associate rat- and human-Grx5 genes. The rat Grx5 protein’s 3D structure was predicted (C-score = � 
1.10) and its stereochemical qualities were validated, with 88.2% of amino-acid-residues in the favoured regions of 
“Ramachandran plot”. Z-score (-5.93) also confirmed reliability of the model. Superimposition results demonstrated 93% 
resemblance, and COFACTOR server predicted 10 conserved ligand-binding-sites in rat- and human-Grx5. Upstream the 
ATG start site, 26 conserved and 26 aligned transcription factors’ binding sites were identified, indicating resemblances 
in transcriptional regulation of the gene in two organisms. Rat liver also expressed Grx5, indicating Grx5’s possible 
involvement in hepatic iron metabolism not only in housekeeping but in pathophysiological conditions as well. The 
investigation concluded that rat could logically be used to study the role of Grx5 during health and disease 
conditions, understanding of which might prove crucial for targeting Grx5 for managing various acute or chronic iron-
induced oxidative stress conditions. 
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INTRODUCTION 
 
Iron, one of the key trace metals in the living organisms, 
is directly or indirectly involved in several vital anabolic 
and catabolic pathways in health and disease conditions 
(Huang et al., 2011). During disease conditions 
particularly, its role becomes even more central due to its 
ability to donate electron. Iron concentration in plasma 
normally remains in the range of 10 to 30mM; however, 
as part of the immune reaction to any injuring noxae, iron 
is withdrawn from serum and is re-distributed to various 
vital organs of the body, mainly to the liver where it 
actively contributes to the inflammatory process (Ganz 
and Nemeth 2012). Iron re-distribution in the body is with 
the assistance of various classes of iron regulatory 
proteins (IRPs) (Ahmad et al., 2011).  
 
Many prosthetic groups such as iron-sulfur (Fe-S) clusters 
also require iron for their respective functions in the body, 
and organisms have accordingly developed refined 
mechanisms to acquire and maintain iron (Rouault 2006). 
Fe-S clusters are among the earliest and important 
catalysts in the evolution of biomolecules (Lill and 
Muhlenhoff 2008). Fe-S proteins in eukaryotes are 
localized in various components of the cell including the 
mitochondria, cytosol, endoplasmic reticulum and 
nucleus, and perform a wide variety of cellular activities, 
including sensing of iron and oxygen, enzymatic 
catalysis, DNA replication, DNA repair and regulation of 
protein translation (Rodriguez-Manzaneque et al., 1999; 
Wang et al., 2009; Ye et al., 2010).  

 
Glutaredoxin-5 (Grx5), a mitochondrial single-domain 
monothiol glutaredoxin, is a thiol disulfide 
oxidoreductase, which directly participates in the 
mitochondrial and cytosolic iron homeostasis 
maintenance (Ye et al., 2010). It is required at a stage 
following the mitochondrial Fe–S clusters’ biogenesis (Ye 
et al., 2010) and facilitates in the Fe-S clusters’ transfer to 
target apoproteins by acting as a scaffold (Berndt et al., 
2007; Ye and Rouault 2010). Its deficiency results in low 
Fe-S clusters biogenesis, causing mitochondrial iron 
overload and cytosolic iron scarcity that ultimately 
triggers the IRPs 1 and 2 in the cytosol. During low iron 
conditions, the IRPs are activated and bind to the 5' end of 
ferritin mRNA, inhibiting production of ferritin protein; 
and to the 3' end of TfR mRNA, preventing its 
degradation by RNases. During high iron concentration in 
the cytosol the reverse happens, and the IRPs do not bind 
to 5' end of ferritin mRNA and therefore allowing its 
translation, while simultaneously facilitating the 
degradation of TfR mRNA by not binding to its 3' end 
(fig. 1). The clinical significance of this protein has been 
shown in studies where a mutation in this gene resulting 
in its decreased expression caused microcytic 
sideroblastic anaemia (Camaschella et al., 2007), or 
where it resulted in hypochromic anaemia due to 
defective Fe-S cluster assembly which was required for 
proper haem biosynthesis (Ye et al., 2010). Grx5 acts as 
an oxidative stress sensor, associated with transcription 
regulators (Molina-Navarro et al., 2006). In mammalian 
cells, it not only regulates apoptosis but also is important 
in protecting cells against oxidative-stress-induced 
apoptosis (fig. 2) (Linares et al., 2009). During normal *Corresponding author: e-mail: gahmad@uhs.edu.pk 
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growth, the Grx5 functions as a housekeeper for the 
adequate protein-redox-state and also as the mediator that 
helps to detoxify oxidative damage (Rodriguez-
Manzaneque et al., 1999). The deficiency of Grx5 protein 
causes defective Fe-S clusters' biogenesis in various 
tissues (Ye and Rouault 2010), which affect many 
components of the cell by generating reactive oxygen 
species (ROS), ultimately leading to oxidative stress 
(Linares et al., 2009); for example, Grx5 deficient 
mitochondria in cardiomyocytes have been reported to 
participate in the development of cardiovascular diseases 
due to abrogated iron metabolism in these cells (Kalinina 
et al., 2008). 
 

Rat is the most common animal being used to study 
various disease-conditions; however, because of the 
variations in the structures and regulation patterns of 
various genes and the corresponding proteins, not all the 
data generated in this animal model are applicable to 
human. The present study aimed at predicting the 
differences and similarities between the rat and the human 
Grx5 both at gene and at protein levels by developing in 
silico 3D structure of rat Grx5, its validation, establishing 
its structural features and by developing phylogenetic 
relationship of rat Grx5 to human Grx5. Differences in 
gene expression regulation of Grx5 were predicted by 
comparing the transcription factors’ binding sites in the 
gene promoters of both organisms. Moreover, Grx5 gene 
expression was analysed in the rat liver through 
polymerase chain reaction. 
 

MATERIALS AND METHODS 
 
Retrieval of rat Grx5 protein sequence 
The aim of current study was to perform structure-based 
sequence analyses on Grx5 protein of rat. The rat Grx5 
amino acid sequence was obtained from NCBI protein 
database using the accession number NP_001102192.1 to 
generate the three-dimensional structure of the protein 
using homology modeling. It was also confirmed the non-
availability of crystal or NMR structure of rat Grx5 
protein in the PDB. 
 
Calculation of physical parameters 
Physical parameters of the rat Grx5 protein were 
determined to obtain general idea about the subunits. 
ProtParam (Wilkins et al., 1999) online tool was used to 
compute different parameters of primary structure that 
included the molecular weight, theoretical isoelectric 
point (pI), aliphatic index, amino acid composition, 
atomic composition, extinction coefficient, estimated half-
life, and Grand average of hydropathicity”(GRAVY). 
 
Sequence alignment for conservation analysis 
Amino acid sequences of rat Grx5 (accession number 
NP_001102192.1) and human Grx5 (accession number 
NP_057501.2) were obtained from the NCBI database 
and subjected to pairwise sequence alignment using 
“Needleman-Wunsch algorithm” to find out the conserved 

residues making the structural motifs (Needleman and 
Wunsch 1970).  
 
Phylogenetic analysis of Grx5  
The evolutionary relationship between rat and human 
Grx5 was further confirmed by phylogenetic analysis. The 
phylogenetic tree of Grx5 was constructed by MAFFT 
online v7.0. For this purpose, multispecies protein 
sequences of Grx5 homologues in FASTA format were 
obtained from eggNOG v3.0 (Muller et al., 2010) and 
submitted to MAFFT online server v7.0 to construct 
evolutionary tree (Katoh and Standley 2013). 
 
Secondary structure analysis 
Secondary structure of rat Grx5 was predicted by 
PDBsum server was analyzed through various online 
servers. System classification and disulfide connectivity 
of secondary structure was analyzed by DiANNA tool 
(Ferre and Clote 2005).  
 
Tertiary structure prediction, stereochemical analysis 
and model evaluation 
To generate the rat Grx5 3D protein’s structure through 
homology modeling, the I-TASSER online server (Zhang 
2008) was used. The generated 3D model was subjected 
to structure analysis and stereochemical analysis by 
various evaluation and validation tools. The PROCHECK 
server (Laskowski et al., 1993) generated the Psi/Phi 
Ramachandran plot which is used to evaluate the 
backbone conformation and also check non-GLY residues 
at the disallowed regions. Quality of the generated 3D 
model was assured by Z-score using ProSA web tool 
(Wiederstein and Sippl 2007) which provides the overall 
model quality and also give surety about the generated 
structure that is within the range of score as found in the 
native protein. 
 
Ligand binding site identification 
For the identification of the possible ligand binding sites, 
COFACTOR server (Roy et al., 2012) predicted the rat 
Grx5 ligand binding sites using different templates. 
 
Predicted rat Grx5 3D structure alignment with human 
Grx5 
The final predicted Grx5 3D structure of rat was aligned 
with 3D structure of human Grx5 using DaliLite server. 
The server made a pairwise comparison between the two 
proteins. The “heuristic algorithm” was used to illustrate 
random structural alignments of proteins with different 
folds (Holm and Park 2000). 
 
Promoter analysis for common transcription factors’ 
binding sites 
rVISTA 2.0 online tool (Loots and Ovcharenko 2004) was 
used to obtain functional transcription factors’ binding 
sites (TFBS) conserved across rat and human. For this 
purpose, nucleotide sequences of 1000bp upstream to the 
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ATG start site were retrieved from Ensembl database, and 
submitted in FASTA format to rVISTA v2.0 online server. 
 

Animal dissections 
Six weeks old, male Wistar-derived rats were purchased 
from National Institute of Health, Islamabad, Pakistan. In 
accordance with the institutional guidelines and the 
National Institutes of Health’s guidelines, animals were 
humanely handled, were given standard laboratory chow, 

free access to water, and were maintained on a 12h:12h 
light: dark cycle. The ethical review board of University 
of Health Sciences, Lahore, Pakistan approved the 
protocol for experiments on animals. Animals were 
anaesthetized using ether, and were then sacrificed. The 
liver was excised, rinsed with physiological saline 
solution, snap frozen in liquid nitrogen and stored at −80 
°C until further use. 

Table 1: Template proteins with similar binding site in protein data bank (PDB) 
 

 
Rank 

(a) 
C-scoreLB 

PDB 
Hit 

(b) 
TM-
score 

(c) 
RMSDa

(d) 
IDENa 

(e) 
Cov. 

(f) 
BS-

score 

Lig. 
Name Predicted binding site residues 

1 0.90 2wulA 0.666 1.37 0.917 0.717 1.97 Mul. 
Part 55, 63, 65, 93, 97, 104, 105, 117, 118, 119 

2 0.53 2yanB 0.644 1.47 0.429 0.691 1.62 GTT 55, 62, 63, 65, 93 
3 0.21 3grxA 0.477 1.81 0.220 0.539 1.25 GTT 63, 65, 102, 103, 104, 105 
4 0.21 2wciA 0.668 1.62 0.336 0.724 1.75 NA 61, 62, 63, 64, 68 

 
Table 2: ‘TM-align’ computer algorithm showing the proteins with highly similar structures in Protein Data Bank 
(PDB) 
 

Rank PDB Hit (a)TM-score (b)RMSDa (c)IDENa (d)Cov. 
1 3ipzA 0.701 0.70 0.495 0.717 
2 2wulD 0.671 1.30 0.917 0.717 
3 2wciA 0.668 1.62 0.336 0.724 
4 3gx8A 0.658 1.59 0.477 0.717 
5 2yanA 0.643 1.46 0.429 0.691 
6 1z7rA 0.634 2.35 0.248 0.717 
7 3d4mA 0.631 1.35 0.252 0.678 
8 3zywA 0.627 1.47 0.352 0.678 
9 3c1rA 0.625 1.51 0.202 0.684 

10 2jadA2 0.625 2.07 0.188 0.704 
 

 
Fig. 1: Grx5 regulates cellular iron homeostasis: Mitochondrial Fe-S clusters biogenesis by Grx5 and its effects on 
cytosolic IRP1 and IRP2. “↑” and “↓” indicate increase and decrease respectively. (The diagram was drawn using 
“Edraw Mind Map 6.8” software.)  
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RNA isolation and cDNA synthesis 
Total RNA was isolated from liver tissue samples (100g) 
using “ONE STEP-RNA Reagent kit” (Bio Basic Inc., 
Canada), as per the manufacturer's guidelines. The cDNA 
was synthesized using “RevertAid First Strand cDNA 
Synthesis Kit” (Thermo Fisher Scientific), by reverse 
transcription of 1µg of total RNA according to the 
manufacturer's guidelines. 
 
Polymerase chain reaction (PCR) amplification of rat 
Grx5 
Amplification of Grx5, hepcidin and β-actin genes were 
performed through Polymerase Chain Reaction (PCR) 
using “T100TM Thermal Cycler” (Bio-Rad) with specific 
primer pairs for ratas follows: Grx5 (Forward:5′-
AAGGACAAGGTGGTGGTGTT-3′, Reverse:5′-TTGA 
GGTACACTTGCGGGAT-3′), Hepcidin (Forward:5′-
CTGCCTGTCTCCTGCTTCTC-3′, Reverse:5′-GTTGGT 
GTCTCGCTTCCTTC-3′), β-actin (Forward:5′-AGCCA 
TGTACGTAGCCATCC-3′, Reverse:5′-CTCTCAGCTGT 
GGTGGTGAA-3′). Hepcidin and β-actin were used as 
control genes to confirm the authenticity of the PCR 
cycle. The cycling conditions of PCR were as follows: 
initial denaturation and enzyme activation at 95°C for 2 
minutes, followed by 35 cycles of denaturation at 95°C 
for 15 seconds, primer annealing at 61°C for 30 seconds 
and extension at 72°C for 30 seconds. Final extension was 
done at 72°C for 5 minutes.Gel electrophoresis of the 
PCR products was performed on 2% TAE agarose gel, 
with ethidium bromide added to it at the time of gel 
preparation. 100bp DNA ladder was used to confirm 
specific PCR amplifications. 
 
RESULTS 
 
Structural description of the model 
The molecular formula of Grx5 is C724H1167N209O219S4 and 
total number of atoms is 2323. Primary structure analysis 
of the rat Grx5protein had showed molecular weight of 
16431.7 daltons andtheoretical isoelectric point (pI) of 
6.73. An isoelectricpoint less than 7 reflects a negatively 
charged protein.The instability index (II) was 43.30, and 
itclassified the protein as unstable. Estimated half-life of 
Grx5 is 30 hours in mammalian reticulocytes in vitro, 
more than 20 hours in yeast in vivo and around10 hours in 
Escherichia coli in vivo. The N-terminus of the sequence 
was Methionine (M). The negative GRAVY of minus 
0.232 indicated that the protein was hydrophobic. Leucine 
(L), Glycine (G), Alanine (A), Valine (V), Aspartate (D) 
and Glutamine (Q) were present in excess amounts in the 
protein. 
 
Conservation analysis  
Conservation analysis is an important and critical step as 
the structural domains represents the actual function and 
the generated results can be helpful in both modeling and 
drug discovery. The pairwise sequence alignments 
performed by Needleman-Wunsch algorithm revealed that 

the amino acids represented by vertical lines had high 
conservation and identity (fig. 3A). As anticipated, the 
Grx5 sequences from rat and human showed significant 
similaritybetween them. This observation was further 
revivedby phylogeneticanalysis which represents the 
evolutionaryconvergence and divergence of the protein 
concerned (fig. 3B). 

 
Fig. 2: Schematic diagram showing the proposed 
functions of Grx5 during oxidative stress conditions. (The 
diagram was drawn using “Edraw Mind Map 6.8” 
software.) 

 
Fig. 3: Sequence alignment and phylogenetic analysis of 
Grx5: (A) Comparison of amino acid sequence of rat and 
human Grx5. The vertical lines ‘|’ represents the region of 
high conservation and ‘:’ indicates region of high 
similarity. (B) Phylogram representing evolutionary 
relatedness between rat and human Grx5. 
 
Phylogenetic relationship 
Evolutionary analysis through phylogenetic tree of Grx5 
constructed by MAFFT v7.0 (fig. 3B) indicated the 
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conservation and evolutionary relationship of Grx5 
protein in rat and human. 

 
Fig. 4: Secondary structure of rat Grx5 protein: (A) The 
secondary structural elements. (B) Number of structural 
motifs observed. (C) Disulfide bonds predicted by 
DiANNA tool, showing cysteine residues involved in 
protein fold stabilization. 
 
Secondary structure analysis  
PDBsum server analysis revealed the presence of beta 
turns, beta sheets, beta-alpha-beta motif, psi loop, strands, 
helices, helix-helix interactions, and coils in Grx5 protein 
of rat (fig. 4A & 4B). Disulfide bonds were predicted by 
DiANNA tool (fig.4C) which can be useful in 
understanding the secondary structure of the protein and 
the disulfide bond bridges are important in protein fold 
stabilization. Disulfide connectivity was predicted to be in 
between 1-2 (between cysteines 63 and 118). 

Three dimensional structure prediction and validation  
The 3D structure of proteins are important for providing 
information about protein functions, interactions and 
localizations (Ferre and Clote 2005). Therefore, I-
TASSER online server generated the 3D structures of rat 
Grx5 and the best predicted-structure having maximum 
confidence score (C-score = � 1.10) was chosen (fig. 5). 
Ramachandran plot and Z-score evaluated the quality and 
reliability of the predicted structure. Ramachandran plot 
checked the stereochemical quality of the 3D structure via 
analyzing residue by residue geometry and overall 
structure geometry. The red shaded areas are the "core" 
regions indicating the most favourable combinations of 
phi-psi values (fig. 6A). The result showed that 88.2% of 
residues are present in favourable/core region and 0.8% 
residues in disallowed regions of the Ramachandran plot 
(fig. 6B) representing an acceptable stereochemical 
quality of the predicted model. ProSA tool was used to 
analyze overall quality of the predicted model. The Z-
score value calculated by ProSA tool, for rat Grx5 protein 
was −5.93 (fig.6C). The results of Ramachandran plot and 
Z-score confirmed the quality of the homology model of 
rat Grx5 protein. 

 
Fig. 5: Three-dimensional (3D) protein structure of rat 
Grx5: UCSF Chimera visualization tool used to view and 
analyze rat Grx5 3D structure generated through I-
TASSER server. 
 
Predicted ligand binding sites  
The identification of binding site by COFACTOR server 
predicted the following ten binding sites’ residues and 
their positions; Lys55, Cys63, Phe65, Arg93, Lys97, 
Thr104, Ile105, Gly117, Cys118 and Asp119 that are 
conserved in human Grx5 on the basis of C-scoreLB= 
0.90, TM-score= 0.666 and RMSDa= 1.37. Template 
proteins with similar binding site are also presented in 
(table 1). 
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Fig. 6: Model evaluation of rat Grx5: (A) Ramachandran 
plot showing the stereochemical spatial arrangement of 
amino acid residues. (B) Ramachandran plot statistics 

showing the percentage residues of Grx5 protein. (C) Z-
score showing the quality of the 3D structure. 
 
Rat Grx5 3D structures alignment with crystal structure 
of human Grx5  
The rat Grx5 3D protein structure was aligned with 
crystal structure of human Grx5 through DaliLite server 
by pairwise comparison of the two proteins’ structures 
simultaneously (fig. 7). The rat Grx5 protein’s structure 
superimposition analysis illustrated 93% resemblance 
with human Grx5 based on Z-score= 15.6 and RMSD= 
1.3. 

 
Fig. 7: Superimposition of 3D model of rat Grx5: 
(A)Superimposition of rat Grx5 on chain D of human 
Grx5 (PDB ID: 2wulD). (B) Pairwise alignment score 
between predicted structure of rat Grx5 and crystal Grx5 
structure of human. 

 
 
Fig. 8: Conserved transcription factors across rat and 
human Grx5 analyzed through rVISTA v2.0 server. 
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Promoter analysis for common transcription factors’ 
binding sites 
Promoter analysis detected 364 TFBS in the base 
sequence of rat and 439 TFBS detected in the human 
Grx5 sequence, upstream to the ATG start site. Promoter 
analysis also identified 26 conserved and 26 aligned 
TFBS, shown in (fig. 8). 
 
Expression of Grx5 in rat liver 
The basal expression analysis of Grx5 gene in rat liver 
was done through qualitative PCR analysis, which 
showed that Grx5 was expressed in rat liver tissue in 
housekeeping conditions (fig. 9A) and therefore could be 
involved in regulating iron metabolism and related basal 
housekeeping functions. Hepcidin and β-actin were used 
as positive control genes (fig. 9B & 9C) to validate the 
PCR. Two types of negative controls i.e., one without 
cDNA and one without primer pair for all primer pairs 
were used to further confirm that the PCR reaction only 
amplified the desired gene products and that no unwanted 
non-specific PCR product was amplified under the given 
thermal cycling conditions. 

 
Fig. 9: Basal expression of Grx5, hepcidin and β-actin 
genes in rat liver: NC1 and NC2 are the negative controls 
of primers and cDNA respectively. (A) Amplicons of 
Grx5 gene (194 bp). (B) Amplicons of hepcidin gene (161 
bp). (C) Amplicons of β-actin gene (228 bp). 
 
DISCUSSION 
 
Computational genetic approaches have a great many 
roles not only in the prediction but also in the 

confirmation of established laboratory-based 
investigations in the de novo analysis. During the course 
of current investigation, various computational genetic 
tools were used to analyze the similarities between rat and 
human Grx5 proteins. Physical characteristics of the 
protein, accessed computationally and through sequence 
alignment showed highly conserved regions of rat and 
human Grx5. Mammals and other vertebrates have a 
conserved Grx5 region “CGFS” where Fe-S cluster 
bridges two subunits as a ligand along with two GSH 
molecules. Many other conserved residues are also 
considered to be occupied where GSH ligand docks to the 
Grx5 protein (Ye et al., 2010). Our approach showed that 
both the rat’s and the human’s Grx5 proteins had this 
conserved region “CGFS”. Phylogenetic analysis further 
confirmed the evolutionary relationship of Grx5 protein 
(fig. 3). 
 
In protein-folding prediction, the positions of disulfide 
bridges are important in finding out the conformational 
space. Therefore the correct prediction of the disulfide 
connectivityhelps in prediction of the 3D structure of a 
protein (Fariselli and Casadio 2001). Rat Grx5 protein has 
two cysteines that form a disulfide bond, with 
connectivity pattern 1–2 (between cysteines 63 and 118) 
(fig.4C). Disulfide bonds are formed by covalent 
attachment of sulfur atoms from cysteine residues, and 
involved in protein structure stabilization (Ferre and Clote 
2005).In addition to cysteine 63 in rat Grx5 sequence and 
cysteine 67 in human Grx5 sequence at the “CGFS” site, 
both Grx5 sequences have a second cysteine (Cys 118 in 
rat Grx5 and Cys 122 in human Grx5) which is 
conserved. Wang and colleagues have shown that this 
second cysteine residue may be involved in the 
antioxidant activity of Grx5 (Wang et al., 2009).  
 
PDBsum server was used to analyze the rat Grx5 
secondary structural motif. The secondary structure 
showed the presence of 1 beta sheet, 1 beta-alpha-beta 
motif, 1 psi loop, 3 strands, 5 helices, 4 helix-helix 
interactions and 23 beta turns (fig. 4B). Secondary 
structure elements and motifs are arranged in different 
combinations to form domains. A polypeptide chain is 
thus a sequential arrangement motif. 
 
The three-dimensional structures can be helpful in the 
identification of rat Grx5 protein’s structure, function and 
putative active site residues. Moreover, the predicted 3D 
structure can not only be helpful in drug designing but 
also in understanding the interactions between proteins 
(Vyas et al., 2012). Therefore, I-TASSER online server 
was used to predict the 3D structure of the rat Grx5 
protein. Based on the maximum confidence score and 
maximum number of decoys, the most suitable Grx5 3D 
structure was chosen for evaluation and verifications. 
Confidence score (C-score) assessed the quality of 
proteins’ models, predicted by I-TASSER. The C-score 
value ranges from -5 to 2and a higher value of C-score 
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means a model with a high confidence and vice-versa 
(Zhang 2008). The predicted model of the rat Grx5 has 
the C-score of -1.10, and Maximum number of decoys = 
5830, TM-score = 0.58±0.14 and RMSD = 7.1±4.2 Ao. 
 
The template modeling score (TM-score) was used to 
assess the structural resemblance between model and 
templates (Zhang and Skolnick 2004). The sequence 
identity in the structurally aligned regions was also 
determined. I-TASSER server predicted ten structure-
models of rat Grx5 protein. The selected model and the 
templates showed the structural similarity which had 
expected TM-score ranging from 0.701 to 0.625 and 
RMSD (root mean square deviation) score lied between 
0.70 and 2.07 A° for Grx5 proteins from I-TASSER server 
(table 2). The results of C-score, TM-score and RMSD 
suggested the selected models in correct topology. 
 
Ramachandran plot of protein backbone torsions phi/psi 
( /ψ) are used to authenticate the 3D structures of 
proteins (Frank et al., 2007). It plots the complete 
conformational space of a polypeptide and explains the 
allowed and disallowed conformations (Sun et al., 2012). 
The topology of the protein 3D structure is actually under 
the control of three backbone dihedral torsion angles 
along with the protein peptide chains, i.e. � (involving 
backbone atoms C-N-Cα-C), ψ (N-Cα-C-N), and ω (Cα-
C-N-Cα). However, the torsion angle ω is almost fixed at 
180° with rare cis cases of 0° due to the planarity of the 
partial-double peptide bond. So with known values of phi 
(�) and psi (ψ) angles, the overall geometry of the protein 
structures can be built (Wu and Zhang 2008). The 
stereochemical qualities of the predicted rat Grx5’s 3D 
model were verified by Ramachandran plot using 
PROCHECK server, which explained the phi-psi torsion 
angles for all residues in the structure (apart from the 
chain termini location). The results signified that the 
88.2% residues were present in the allowed/core region, 
7.9% of residues were in additional allowed regions and 
0.8% of residues has phi-psi angles in the disallowed 
regions (fig. 6B), signifying the suitability of the 
Ramachandran plot and a satisfactory stereochemical 
quality of the rat Grx5 protein model. 
 
ProSA tool was also used to evaluate three dimensional 
model of rat Grx5 protein for potential errors (Wiederstein 
and Sippl 2007). It calculated the Z-score value to 
describe model quality and measured the energy 
efficiency of the structure. The Z-scores values outside a 
specified range for native proteins designate incorrect 
structures (Wiederstein and Sippl 2007). The Z-score 
value of minus 5.93 for rat Grx5 protein confirmed the 
reliability of the model (fig. 6C). 
 
To determine homology between two or more structures, 
structural alignment is performed on the basis of their 
shape and 3D conformation (Hung and Lin 2013). It can 
also be used on protein tertiary structures and for large 

RNA molecules. The rat Grx5 3D structure alignment 
with human Grx5 showed Z-score 15.6, root-mean-square 
deviation (RMSD) of C-alphas (Angstrom) value 1.3 and 
93% resemblance with human Grx5 3D structure (PDB 
ID: 2wulD). The similarity is based on the shape and 
three-dimensional conformation between rat and human 
Grx5 3D structures. 
 
Ligand binding site is usually the largest cleft in a protein 
and is the region where the protein interacts with a 
specific molecule or ion. Proteins are usually ligand 
specific and the identification and comparison of such 
regions in a protein can suggest putative functions 
(Loewenstein et al., 2009). In protein-ligand binding, 
ligand is generally a signal-triggering molecule that binds 
to a location in the target protein, commonly in the largest 
cleft of the protein. When a ligand binds to a receptor 
protein, it alters its conformation, which establishes its 
functional state. The COFACTOR server selected the 
template protein with similar binding sites on the basis of 
C-scoreLB, which is the confidence score of predicted 
binding site. The value of C-scoreLB ranges from 0 to 1; 
and a more reliable ligand-binding site prediction is 
confirmed by higher score (Roy et al., 2012). 
COFACTOR server predicted 10 conserved binding sites’ 
residues at positions Lys55, Cys63, Phe65, Arg93, Lys97, 
Thr104, Ile105, Gly117, Cys118 and Asp119 with that of 
human Grx5 protein structure (PDB ID: 2wulA), (C-
scoreLB= 0.90) (table 1). Upstream the ATG start site, the 
promoter analysis identified 26 conserved and 26 aligned 
transcription factors’ binding sites (TFBS), indicating 
resemblances in transcriptional regulation of the gene in 
the two organisms.  
 
Major changes in iron metabolism take place during 
various pathological conditions and liver is the main 
organ regulating iron homeostasis of the body (Anderson 
and Shah 2013).  
 
CONCLUSION 
 
The current study is the first to show that Grx5, an iron 
regulatory protein, is expressed in normal housekeeping 
conditions in rat liver. This basal expression not only 
indicates that Grx5 is involved in hepatic iron regulation 
during various physiological conditions but also points 
towards its participation in iron-induced oxidative stress 
during pathological conditions as well. The results of the 
computational analysis logically suggest that rat can be 
used as an animal model of choice to study the role of 
Grx5 in iron regulation during health and disease 
conditions. 
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