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Abstract 
About 60 years ago, Nobel Laureate, Max F. Perutz, who discovered the structure 
of the globular protein Haemoglobin (Hb), suggested that changes in the molecule 
were seen in neurodegenerative diseases and argued its role as a drug receptor. 
Neurodegeneration is more likely to be affected by a fundamental yet inevitable 
phenomenon of ageing. There has been sufficient evidence that changes in the 
powerhouse of the cell, mitochondria dysfunction, is one of the hallmarks of ageing 
and neurodegeneration. Yet we are still far off from deciphering direct links and 
pathways conclusively leading to it. The project was aimed to find that, if Hb is 
localised in the mitochondria, it must influence the proteins situated there.  Hence 
to validate the theory the project entailed working on the unique and mysterious 
icefish that are the only vertebrate organisms without Hb and acted as a model to 
understand the differences observed in the presence/absence of this protein. 

In general protein-protein interactions (PPI) can influence many biological 
processes, metabolic pathways and, cell-to-cell interactions [1]. These 
interactions could be transient or permanent [2], where transient interactions 
would form signalling pathways and permanent interactions will form a stable 
protein complex. New functionality of a characterised protein or a new protein 
can be predicted on the evidence of their interaction with well characterised 
proteins in the proteome.  

PPI data can be categorised into three types, 
-in vitro, which includes liquid chromatography (LC), gel-electrophoresis, western
blots, coimmunoprecipitation, mass spectrophotometry (MS), X-ray
crystallographic, NMR techniques,
-in vivo, where the techniques are involved with the whole organism,
-in silico, techniques involving, sequence and structural based approaches,
chromosome proximity, phylogenetic tree, and proteins/gene expression data.

 The thesis entails in vitro and in silico approaches combined to decipher a Hb 
interactome. The three result chapters were primarily focussed on important 
mitochondrial proteins associated with mitochondrial Hb. (i) First, new insights on 
the ATP synthase mitochondrial encoded Fo motor subunits, ATP6 and ATP8 in the 
icefish were established using sequential and structural comparison of the 
nucleotide and protein sequences, where changes were observed in the Hb-less 
icefish C. gunnari. The changes in protein expression were also observed for ATP6 
protein in the icefish using immunoblotting (ii) Second, changes in the 
mitochondrial proteome of the icefish were observed when compared to closely 
related red-blooded fish, in two different muscle tissues, red and white, using 
LC/LC-MS and network analysis. The changes were observed in important 
pathways such as citric acid cycle, ribosome machinery and fatty acid degradation. 
(iii) Finally, the last chapter aimed at understanding the sequential and structural
changes in the 3’ remnant haemoglobin alpha (HbA) protein in the icefish. A
plausible new role for HbA was suggested, where interaction between natural
inhibitor of ATP synthase, ATPIF1 and HbA was established using molecular
docking and simulations and supported by in vitro co-
immunoprecipitation/immunoblotting. In summary the thesis adds onto our
understanding of mitochondrial Hb and its putative role in the mitochondria.
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Hypothesis 
The dynamic location of haemoglobin in mitochondria plays 
an important role in regulation of mitochondrial function 
and overall metabolic health. 
 
 

AIM 
To establish and understand more about mitochondrial 
haemoglobin using insights gained from the Antarctic icefish 
which are natural knockouts for haemoglobin. 
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Chapter  1 : Introduction 

1.1  Mitochondria 

Mitochondria are organelles that produce adenosine triphosphate (ATP) via 
oxidative phosphorylation (OxPhos), a process that involves the transfer of 
electrons between multi-subunit complexes (I to IV) of the electron transport chain 
(ETC) coupled with the reduction of molecular oxygen. They are thought to have 
originated from a bacterial ancestor and are known to maintain their own 
genome[3]. Having a small genome, in the form of mitochondrial DNA that encodes 
thirteen mitochondrial proteins in humans involved in oxidative phosphorylation 
complexes, out of which two are part of the complex V, ATP8 and ATP6. 
Nevertheless, most mitochondrial proteins are encoded in the nucleus and are 
imported into mitochondria. Mitochondria are also known for their involvement in 
many vital cellular activities such as apoptosis, calcium homeostasis and regulation 
of cell homeostasis. The electrochemical proton gradient across the inner 
mitochondrial membrane required by ATP synthase is maintained by the electron 
transport chain proton-pumping complexes I, III and IV. 

Complex I is the proton pumping complex of the mitochondrial respiratory chain 
and is one of the largest complexes. Complex I couples electron transfer from NADH 
(reduced nicotinamide adenine dinucleotide) to ubiquinone to the translocation of 
four protons from the mitochondrial matrix to the intermembrane space (IMS), that 
provides much of the proton-motive force for adenosine triphosphate synthesis[4]. 
Mammalian complex I is built of 45 (44 unique) subunits. There are 14 central 
subunits forming the core of the complex [5]. 

Complex II, also known as the succinate dehydrogenase, accepts electrons from 
succinate which is also an intermediate in citric acid cycle. Succinate is oxidised to 
fumarate and two electrons are accepted by FAD within complex II, which are 
transferred to Fe-S clusters and subsequently to coenzyme Q. But unlike complex I, 
no protons are transferred across the membrane by complex II[6]. Coenzyme Q 
transfers electrons to complex III. 

Complex III or cytochrome c reductase is made up of cytochrome b, Rieske subunits 
(containing two Fe-S clusters) and cytochrome c proteins. The haem containing 
complex alternates between two ferrous states during electron transfer. Unlike in 
complex I and complex II, cytochrome c can only accept one electron at a time hence 
the process occurs in two steps, releasing four protons into the intermembrane 
space at the end of the cycle[7,8].    

Complex IV or cytochrome c oxidase, oxidises cytochrome c and transfers the 
electrons to oxygen which is the final electron carrier in aerobic cellular respiration. 
The bound dioxygen species are converted into molecules of water and release four 
protons into the intermembrane space[9]. 

1



 

Complex V or ATP synthase (ATPase), utilises the ETC generated proton gradient 
across the inner mitochondrial membrane to form ATP. This complex is discussed 
in detail in the subsequent sections.  
 

 
Figure 1-1 Representation of the mitochondrial respiratory chain complexes and the 
oxidative phosphorylation system, showing plausible localisation and the role of 
haemoglobin in mitochondria. 

 
Mitochondria play an important role in multiple functions in addition to ATP 
production which makes it highly complex and crucial to understand mitochondrial 
dynamics and pathways involved in it[10].Due to this, there has been an increasing 
interest in the structure and function of mitochondrial proteins [11–14]. Efforts 
have been made to decipher the structure, assembly process, coupling mechanism 
and associated pathologies of respiratory chain complexes[15,16]. However, the 
exact organisation of the many proteins and super-complexes involved is still a 
challenge due to changes in stoichiometry that vary with different physiological 
conditions and cell types[17,18].  
 
 

1.1.1  Mitochondrial DNA 
 
Mitochondria maintain a small genome that encodes 13 mitochondrial proteins and 
24 RNAs in humans. The human mtDNA genome compromises 16, 569 base pairs, 
with an inner ‘light’ strand and outer ‘heavy’ strand[19]. The replication machinery 
of mtDNA consists of mtDNA polymerase γ (Pol γ), a helicase (Twinkle or PEO1), 
topoisomerase I, mtDNA single-stranded DNA-binding protein and others. There 
are two models of DNA replication that have been proposed, ‘stand-displacement’ 
model and strand-coupled replication. In strand-displacement model, replication is 
initiated by transcription within non-coding mtDNA displacement loop and 
proceeds clockwise from the origin of heavy strand replication until the origin of 
light-strand replication is exposed leading to light-strand synthesis[20]. Stranded-
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coupled replication only occurs in certain circumstances[21]. Overall mtDNA is 
extremely compact where each protein and rRNA genes are immediately flanked by 
at least one tRNA gene[19]. And yet even though the overall genetic content and 
gene order is remarkedly conserved among vertebrates, the nucleotide sequence 
and organisation of mtDNA regulatory elements of the genome vary considerably.  
 
The mitochondrial mRNA translation is controlled by several regulatory proteins 
that eventually also regulate the assembly of OxPhos machinery. The proteins 
encoded by mtDNA are part of complex I, complex III, complex IV and complex V. 
NADH dehydrogenase 1 (MTND1)-MTND6 and MTND4L of complex I are encoded 
by mtDNA. Cytochrome b, a central subunit of the cytochrome c reductase complex 
(complex III) is encoded by mtDNA[22]. The core of the cytochrome c complex 
(complex IV) comprises three mtDNA encoded proteins CO1, CO2 and CO3 part of 
cytochrome c oxidase I[23]. ATP6, ATP8 and ATP9 of complex V are encoded by 
mtDNA where ATP6 and ATP8 are encoded on bicistronic mRNA transcript, that is 
encoding both the proteins by a single mRNA transcript [24]. In cold environments, 
protective mtDNA lineages seem to have arisen including relative uncoupling of 
mitochondria to increase heat generation at the expense of ATP production [25,26].  
 
Defects in mtDNA results in impaired synthesis of mtDNA encoded ETC complex 
subunits, ultimately resulting in an impaired OxPhos and energy deficiency[27]. 
Defects in the mtDNA are more common than in nuclear DNA, such as basal 
mutations. mtDNA lies close to the ETC complexes in the mitochondrial matrix and 
is usually subjected to reactive oxygen species (ROS) which could result in mtDNA 
mutations and contribute in the process of ageing[28]. Since mtDNA and 
mitochondria are ubiquitous it can affect every tissue in the body. There are three 
types of mtDNA mutations, namely, single deletions, point mutations in tRNA 
genes and point mutations in protein coding genes. mtDNA variation affects our 
physiology and our ability to adapt to environmental change such as adjustment to 
thermal stress and activity demands[29].  
 
 

1.1.2  Mitochondria Role in signalling 
 
Mitochondria are not isolated organelles but form a dynamic network within the 
cell and are continuously fusing and dividing. Mitochondria have about 1500 
proteins that perform multiple functions originating from two genomes, 
mitochondrial and nuclear[30]. Most functions are encoded in the nucleus and 
imported to the cytosol for translation. This requires the mitochondrial gene 
expression to be tightly connected with inter-compartmental crosstalk with the cell 
and other organelles for proper mitochondrial function. Mitochondria are known 
to regulate the different genes to facilitate different cellular functions. There are 
four main mechanisms, regulation of TCA metabolites[31], mitochondrial ROS[32], 
regulation of calcium uptake[33,34], and ATP concentration subsequently 
membrane potential[35] through which mitochondria use to communicate with the 
rest of the cell.  
  

3



 

1.1.3 Mitochondria in ageing and neurodegeneration 
 
Ageing can be defined as a complex process of molecular, cellular and organ damage 
leading to loss of function increasing vulnerability and ultimately death. The 
consequence of ageing can result in pathological conditions such as cancer, 
neurodegeneration, cardiovascular disorders, to name a few[36]. A lot of studies 
suggest mitochondria are a hallmark for ageing caused by mitochondrial 
abnormalities including accumulation of reactive oxygen species (ROS) that can 
cause defects in the mitochondrial DNA and structural components[37–39]. Hence, 
it’s important to understand the changes that occur in mitochondria to have a better 
understanding of the pathophysiology of the diseases.  
 
Major changes occur in the brain during ageing and neurodegeneration, leading to 
conditions such as dementia, Alzheimer’s disease (AD), Parkinson’s disease (PD), 
and Huntington’s disease (HD)[40]. The brain is a highly active organ with high 
energy requirements and about 20 % of body’s oxygen is required to cater for the 
brain’s energy needs for many important mechanisms, including maintaining cell’s 
membrane potential, re-establishing ion-balance, and to trigger release of 
neurotransmitters. Hence mitochondria play an important role in neuronal cells in 
response to high metabolic demands [41].  
 
Mitochondrial dysfunction within the neurons of substantia nigra (SN) neurons is 
prominent in both ageing and Parkinson’s disease. Alpha-synuclein protein is 
known to cause synaptic dysfunction in PD, which interacts with mitochondria 
causing their dysfunction, and also impair the mitochondrial protein import [42] 
indicating direct changes in the organelle. A decrease in the protein import activity 
is linked to reduced protein levels of various OxPhos subunits [43]. Another study 
has shown that the axons of SN neurons in PD cases show a very high expression of 
porin per axonal volume, suggesting and increase in mitochondrial density per axon 
[44].In AD as well changes in the mitochondrial trafficking are observed[45].  
 
Impairment of certain mitochondrial respiratory components has been linked to 
neurodegenerative diseases[46]. Complex I (NADH: ubiquinone oxidoreductase) is 
the first of the five complexes of the respiratory chain and oxidative 
phosphorylation [47]. Studies carried out in humans, using post-mortem brain 
regions from older people compared with brain regions from young people, have 
shown a rise in nitration and oxidation with a decrease in superoxide dismutase 
(SOD), catalase, GSH reductase activity and complex I activity in hippocampus and 
frontal cortex [41]. This causes redox imbalance and negatively impacts 
mitochondrial function. A defective complex I is observed in Parkinson’s disease 
[47], as shown in a study that inhibition of Complex I, leads to disruption of OPA1 
oligomeric complexes that maintain the cristae structure in mitochondria, as a 
consequence, major structural abnormalities are observed similar to the defects 
observed in PD [48]. Alpha synuclein oligomers, discussed previously, interact with 
and impair complex I respiration, inducing the opening of permeability transition 
pore and increasing the permeability of the inner mitochondria membrane[49]. 
This leads to swelling of matrix, cristae unfolding, rupturing of outer mitochondrial 
membrane, increase ROS and ultimately cell death.[49,50].  
 
Reduced activity of Complex II and Complex III have been observed in Huntingtin 
Disease (HD), where it has been seen that huntingtin gene knock-in mouse 
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embryos, show significant impair of mitochondrial respiration and ATP production 
[51] . Cytochrome c and Complex IV mediate the transfer of electrons to oxygen in 
ETC [52]. A decreased level of cytochrome oxidase activity was found in transgenic 
mouse models of AD[53]. Even though mitochondrial calcium accumulation is 
tightly controlled yet sometimes due to abnormal accumulation of calcium various 
pathways are triggered that dysfunction of mitochondria. Calcium ions also 
stimulate nitric oxide synthase which is known to inhibit complex IV and produce 
more ROS [54]. A calcium dys-homeostasis has been found in patients with 
Huntington's disease [55]. Calcium homeostasis is essential for normal neuronal 
function[56]. A cross talk is observed between the calcium ions (Ca2+) and reactive 
oxygen species, where ROS are regulated by Ca2+ dependent pathways [57]. The free 
intracellular calcium plays a signalling role through the membranes of 
mitochondria.  With ageing, a gradual increase in the calcium ion levels is a threat 
for the cell and lead to its dismal by activation of proteases and phospholipases 
[58].A negative correlation has been found between brain cytochrome oxidase 
activity and increased point mutation levels in cytochrome oxidase gene [59]. This 
can be correlated to with cytochrome oxidase deficiency in substantia nigra 
contributing to PD [60]. 
 
Reductions in OxPhos is a hallmark of neurodegenerative diseases causing energy 
crises in neurons. Complex V, which is discussed later in the chapter, has been 
suggested to regulate cell life and death in neurodegenerative 
diseases[61].Mutations in complex V of OxPhos subunit ATP6, have been observed 
to be in the maternally inherited neurodegenerative disease Leigh’s syndrome [62]. 
 
Mitochondrial DNA (mtDNA) has a high mutation rate in vertebrates[63,64], and 
mutations have been linked with many diseases[65,66]. In general, mtDNA, 
accumulates mutations with ageing, such as large-scale deletions and point 
mutations that correlates with decline in mitochondrial function [25]. As mtDNA 
lies very close in proximity to the sites of OxPhos, its prone to oxidative damage, 
especially with ageing[67]. Neuronal cells are very prone to oxidative damage which 
makes mitochondria and subsequently mtDNA susceptible to the damage[68].  
 
 

1.2  ATP Synthase 
 
ATP synthase (ATPase/Complex V) is a molecular machine that uses chemical and 
mechanical aspects of enzyme function[69]. Complex V of the electron transport 
chain, ATP synthase, is responsible for the production of intracellular ATP from 
ADP and inorganic phosphate[70]. ATP synthase not only synthesizes ATP but is 
also crucial for the architecture of the mitochondrial inner membrane[71]. 
Structurally these enzymes in lower organisms consist of four distinct features, a 
headpiece, a base piece, a central stalk and a second stalk extending from the base 
piece to the head of the headpiece[72–74]. In higher vertebrates, there is an 
additional ring like structure surrounding the central stalk. 
 
There are two components that are defined biochemically, an F0 and F1 component, 
the F0 component is responsible for channelling protons from the intermembrane 
space across the inner mitochondrial membrane and into the mitochondrial 
matrix([75–77] (See Figure 1-2). The F1 component of the enzyme is water soluble 
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and contains five subunit types in the ratio a3b3gde whereas the F0 component is 
detergent soluble and has three subunits in bacteria (a1b2c12) and about eleven 
subunits in animal[78,79]. Additional to the two subunits the enzyme also has a 
regulatory subunit, IF1. The F1 motor is driven by ATP binding and hydrolysis 
whereas the F0 motor is driven by the proton gradient[80].  
 

 
Figure 1-2. Human mitochondrial ATP synthase. Complex V consists of two functional 
domains, F1 and Fo. F1 comprises 5 different subunits (three α, three β, and one γ, δ 
and ε) and is situated in the mitochondrial matrix. Fo contains subunits c, a (ATP6), 
b, d, F6, OSCP and the accessory subunits e, f, g and 8/A6L. F1 subunits γ, δ and ε 
constitute the central stalk of complex V. Subunits b, d, F6 and OSCP form the 
peripheral stalk.  

 
The ATP synthesis F0 motor is composed of components c and a is believed to drive 
the F1 motor in reverse through the central stalk or rotor F1-gamma subunit[81]. 
The g- and e-subunits of the F1 core are linked to the c12 ring through interactions 
with the polar loop of subunit c[82,83] and would rotate in concert with the c12 ring 
[84,85]. 
 
Many studies suggest dysregulation of the ATP synthase enzyme in ageing and 
neurodegeneration[86–88]. Previously it has been reported that overexpression of 
anti-apoptotic protein Bcl-xL in neurons increases the production of ATP 
production, as it directly binds to the enzyme indicating a neuroprotective role. 
Thus the enzyme has a role beyond oxidative phosphorylation and such emerging 
roles suggest the enzyme might be involved in new pathways and have more 
interacting partners than already known [89]. 
 
 

1.2.1  F0 Motor 
 
The F0 component of ATPase spans the inner mitochondria membrane and 
functions as a proton transporter[90]. The motor unit F0 is composed of subunits 
b, OSCP (oligomycin sensitivity conferring protein), d, e, f, g, h, i/j, k which are 
encoded by nuclear genes and subunits a (ATP6) and 8 (ATP8), which are encoded 
by mitochondrial genes[91].   
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A study suggested that the F1 region of ATP synthase is shielded by F0 which has a 
functional significance, making the study of the structural units of F0 subunit quite 
important in the context of ATP synthesis[92]. Despite the structure of the complex 
having been first resolved decades ago, and hypotheses of the chemical mechanism 
were developed over half a century ago, significant breakthroughs continue to be 
made in our understanding of both the structure and function of the enzyme and its 
F0 component[93–96].  
 
Subunit a of the F0 subunit is largely hydrophobic and folds in the membrane with 
five transmembrane helices[97,98], at least two of which interact with subunit c 
during proton transport[99]. The two hydrophobic transmembrane a-helices are 
joined by a more polar loop region that is exposed to the F1 binding side of the 
membrane, where helix-2 is thought to be the site of H+ binding during 
transport[100]. Subunit b is a single transmembrane helix that is connected to a 
polar elongated cytoplasmic domain which plays a key role in fixing F1 to F0. 
Subunit c folds in the membrane in a hairpin-like structure[101,102].  The proton 
translocation through F0 involves residues Asp 61 of subunit c and Arg 210 of 
subunit a. Since Asp 61 is buried in the membrane bilayer it requires a hydrophilic 
access pathway from both sides of membrane[103]. This is achieved by set of polar 
residues Gln 252, Asn 214, Asn 148, Asn 119, His 245, Glu 219, Ser 144 and Asn 238 
forming a hydrophilic path between Arg 210 and periplasmic membrane 
surface[103]. During the synthesis of ATP, the transmembrane H+ electrochemical 
potential is high at the periplasmic face and low towards F1 face (cytoplasmic) and 
this drives protonation of Asp 61 through the subunit a and causes the c-terminal 
helix of subunit c to rotate (clockwise) and adopt a stable protonated 
conformation[104].  
 

1.2.2  ATP8-ATP6 
 
The genes encoding the F0 subunits ATP6 and ATP8 are in the mitochondrial 
genome[105]. Both ATP synthase subunit a (ATP6) and subunit 8 (ATP8) are 
proteins that function as part of the F0 component of ATP synthase and unusually 
they are encoded by genes that overlap within the mitochondrial genome[105]. This 
overlap is over a short, but variable between species, base pair sequence where the 
translation initiation site of subunit 8 is contained within the coding region of 
subunit 6.  
 
ATP6 protein with the c-ring is known to form the proton-conducting channel of 
the F0 region[103]. A study with high-resolution cryo-electron microscopic 
structure of the dimeric F0 region of yeast ATP synthase also showed that the 
subunits ATP6 and i/j form the contact sites between two ATP synthase monomers 
which supported by interaction between subunits e and k[106]. Subunits e, g and f 
help in the integration of the subunits ATP6 and ATP8 which subsequently helps 
for the proton conduction channel between ATP6 and c-ring[107]. This is followed 
by the inhibitory protein IF1 is released and in the final step DAPIT (diabetes 
associated protein in insulin-sensitive tissue) is added to the assembly line to 
promote dimerization and oligomerization of the ATP synthase. 
 
ATP8 is an integral transmembrane component of the peripheral stalk, serving an 
important role in the assembly of the complex[108]. The peripheral stalk is a crucial 
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component of the F0 component, forming a physical connection between the 
membrane sector of the complex and the catalytic core. It provides flexibility, aids 
in the assembly and stability of the complex, and forms the dimerization interface 
between ATP synthase pairs[109]. The C-terminus of ATP8 extends 70 Å from the 
surface and makes contacts with subunits b, d and F6, while the N-terminus has 
been reported to make connections with subunits b, f and 6 in the intermembrane 
space[110,111]. Subunit 8 is also known to play a role in the activity of the enzyme 
complex[112]. ATP6 is an α-helical protein embedded within the inner 
mitochondrial membrane and it interacts closely with the c-ring of F0, providing 
aqueous half-channels that shuttle protons to and from the rotating c-ring[76,113]. 
It has previously been reported that ATP6 has at least five hydrophobic 
transmembrane spanning α helices domain, where two of the helices h4 and h5 are 
well conserved across many species[114].  
 
mtDNA is subjected to a number of mutations ultimately causing reduction in the 
OxPhos capacity[115,116].  Since ATP8 and ATP6 are overlapping genes, mutation 
in one gene can affect either or both. Mutations in ATP8 have been previously 
reported in neurological disorders, cardiovascular diseases schizophrenia and 
autism[67,117–120]. Mutations in ATP6 have been observed in patients with NARP 
or MILS syndrome, where ATP production was severely compromised[121,122]. 
This was due to either a block in proton translocation, less sufficient coupling or 
defects in the assembly and stability of ATP synthase[123–126]. Hence, diseases 
associated with mutations in ATP6 and ATP8 are challenging to study due to factors 
such as complex inheritance and interactions with nuclear genes. Overall, changes 
in these proteins affect the ATP synthase structure and mechanism. 
 

1.2.3  ATP-IF1 
 
The ATP synthase Inhibitory Factor 1 (ATPIF1/IF1), is the natural inhibitor of the 
enzyme and a nuclear encoded mitochondrial protein.[127]. It is an α-helical 
protein that contains inhibitory domain at the N-terminus and a dimerization 
domain at the C-terminus[128].  
 
The inhibitory protein IF1 is expressed to prevent ATP hydrolysis by the uncoupled 
ATPase. ATP synthase can function in reverse, acting as an ATP hydrolase for 
maintaining the proton motive force and this process is regulated by the inhibitor 
peptide of IF1, which is a highly conserved protein[129,130]. When the 
mitochondrial matrix pH drops (<6.5), IF1 becomes activated and binds between 
the α and β-F1-ATPase reaching the γ subunit of the central stalk with its N-
terminus[128], blocking ATP hydrolysis and preventing a waste of energy[131]. IF1 
is regulated by pH acting upon the  histidine present in the C-terminal forming 
inactive tetramers, dimers or at times even as monomers[132]. IF1 plays a role in 
limiting oxidative phosphorylation and promoting glycolysis[133]. Studies show 
that the mitochondrial content of IF1 controls the activity of oxidative 
phosphorylation mediating the shift of cancer cells to an enhanced aerobic 
glycolysis. 
 
IF1 has previously reported to be associated with cardiovascular disease, anaemia 
and visual impairment in different animal models[134–136]. The protein is also 
overexpressed in numerous cancers due to high oxidative stress[137]. IF1 is also 
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highly expressed in neurons, probably in a protective role to prevent ATP 
depletion and cellular damage during ischaemia[138,139].  The protein lies at the 
crossroad between mitochondrial dynamics and energy balance yet very little has 
been discussed about this protein in the literature.    
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1.3  Haemoglobin 
 

1.3.1  Haemoglobin – The tetramer 
 
Haemoglobin (Hb) is composed of four polypeptide globin chains (tetramer). Each 
globin chain contains a haem moiety which has an organic part (a protoporphyrin 
ring made up of four pyrrole rings) and central iron ion in the ferrous state 
(Fe2+)[140].  Haem synthesis occurs in both the cytosol and mitochondria, where 
protoporphyrin is synthesised from the condensation of glycine and succinyl 
coenzyme A. Eight molecules of each cyclises into protoporphyrin ring, which binds 
to a Fe2+ ion to form haem[141]. The Fe2+ forms 6 bonds to the haem moiety out of 
which, 4 binds to nitrogen atoms and one binds to histidine residue at position 87 
(proximal) on α-globin chain and last bond to a histidine at position 89 on the same 
chain at position 89 (distal)[142].  
 
The adult human Hb is in the form of two α-globin (HbA)and two β-globin (HbB) 
chains. Each α- chain has 141 amino acids and each β- chain has 146 amino acids. 
Genes for the α- chain are found on chromosome 16 and those for β- chain are on 
chromosome 11[143–145]. Globin chains are synthesised in the cytosol. There are 
three clusters of hydrophobic residues near the haem: one on the side of His E7, 
another on the side of His F8, and the third at the bottom of the haem. There are 
two metal binding sites, 59 and 88 in the α- chain. The β-chain of haemoglobin has 
two metal binding sites, 64 & 93, positions 2,3, 83, 144 are binding sites for 2,3-
bisphosphoglycerate. These conserved positions are especially important for the 
function of the haemoglobin molecule. Several of them, such as histidine His87 and 
His63 are directly involved in the oxygen-binding site. Phenylalanine Phe43 and 
leucine F4 (Leu83) are also in direct contact with the haem group. Tyrosine Tyr140 
stabilizes the molecule by forming a hydrogen bond between the H and F helices. 
Proline Pro37 is important because it terminates the C helix.  
 
The tetramer has multiple functions; oxygen transport, carbon dioxide transport, 
buffering of hydrogen ions, anti-oxidant functions[146] and nitric oxide 
metabolism[147,148]. Hb is an allosteric protein, that is the binding of oxygen of 
one haem group increases the oxygen affinity within the remaining haem groups; 
which means oxyhaemoglobin has a different quaternary structure than 
deoxyhaemoglobin[149].  It has been suggested previously that the globins or 
derived peptide fragments have additional physiological functions, where the 
presence of α- and β- globin chains was found in cells other than erythrocytes, 
including human brain and peripheral tissues[150–152].  Hb also plays a role in 
several neurological conditions, including superficial siderosis[153], Alzheimer 
disease and progressive multiple sclerosis[154]. 
 
Single amino acid substitutions in proteins can lead to disorders and diseases. In 
haemolytic anaemia, sickle cell anaemia[155] an amino acid substitution at the sixth 
position of β-chain of Hbs results in loss of negative charge and a gain in 
hydrophobicity that alters the Hbs dimer-tetramer assembly, resulting in the 
instability and polymerisation of the protein. The residue changes at key sites within 
a protein may result in a series of conformation changes, including the breakage of 
salt bridges, alteration of interaction network and disruption of hydrogen bonds, 
which in turn may perturb the energy landscape[156].  
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1.3.2  Dynamic Location of Haemoglobin    
 
There is a wide range of evidence that suggests that Hb has dynamic locations in 
cell, neurons, endothelial cells, mitochondria, and vascular expression[157–161]. 
This leads to the argument that Hb has roles other than that of transporting oxygen 
and carbon dioxide. Haem, the major component of haemoglobin, is incorporated 
in several other protein groups including the cytochrome family, peroxidase and 
NO synthase [162]. Ferrochelatase and other enzymes involved in haemoglobin 
biosynthesis, are located in mitochondria and haem is manufactured entirely within 
the mitochondrion; it is reasonable to suggest that haem-containing proteins may 
also reside in the organelle where they are constructed [163] .  
 
Hb has also been seen expressed in brain tissues, where it is speculated to play 
protective role against oxidative and nitrostative stresses, as Hb is known to bind to 
NO, the strongest ligand of the ferrous haem iron of HB[164,165]. The presence of 
Hb in brain tissue acts as a sensor of the energy status of neurons and as an oxygen 
storage reservoir to regulate mitochondrial function[159,166]. 
 
Hb is seen to localise in the inter-membrane space of mitochondria, in the regions 
where a continuous supply of oxygen is critical for survival. The presence of 
haemoglobin in mitochondria is attributed as a protective mechanism in circulating 
leukocytes [26]. Hb β-chain has been found to interact with subunits of ATP 
synthase which could also be seen as regulation of OxPhos [167]. Another study has 
shown the presence of HbA in the endothelium walls of the retina of, Antarctic 
icefish, that has been speculated to play an uncharacterised role[161]. HbA has also 
been observed to modulate endothelial NO flux. This evidence of Hbs having a 
dynamic location highlight towards an additional role as a regulator of different 
cellular mechanisms in various cellular locations.  
 
 

1.3.3  Role of Mitochondria Haemoglobin in 
Ageing/Neurodegeneration  

 
A decrease in the levels of Hb can have an impact on the respiratory chain which is 
a hallmark of ageing and neurodegeneration [168]. A decrease in haem synthesis 
with an increase in age causes mitochondrial complex IV inhibition, oxidative 
stress, iron accumulation and cell death [162]. Haem breakdown is catalysed by the 
enzyme haem oxygenase-1 (HO1) which has been shown to bring about the 
oxidative neurotoxicity of haemoglobin in cortical neurons. The overexpression of 
HO1 in the substantia nigra (mid-brain), in the affected mice has significantly 
shown to increase in survival of dopaminergic neurons [162]. An increase in HbB 
has been seen in normal ageing with a simultaneous increase in an amyloid 
precursor protein/PS1 as a compensatory mechanism for hypoxia[169]. 
It has been observed that mitochondrial haemoglobin is reduced in neurons in 
Parkinson's disease by interacting with alpha-synuclein by the regulation of AKT 
[160]. A study showed changes in the distribution of alpha and beta haemoglobin 
proteins in the degenerating brain [160].  Neuronal haemoglobin is known to play 
a critical role in maintaining normal mitochondrial functioning in the brain. In AD 
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brains Hb expression has been found to be increased[170] and there is good 
evidence that anaemia is a risk factor for dementia and AD[171–173]. There have 
been studies on neuronal HbB playing a role in neuroprotection by being part of 
neuronal energetics in patients with multiple sclerosis (MS)[174,175].  These 
findings about Hb can help improve therapeutics for diseases and new insights in 
disease pathophysiology. 
 

1.3.4  Haemoglobin Null mutants 
 
Antarctic Icefishes (Antarctic white fish), belonging to family Channichthyidae, 
suborder Notothenioidei are the only vertebrates that lack functional haemoglobin 
genes and red blood cells [176,177]. All notothenioid species, except the 16 icefish 
species have red blood and express haemoglobin. This makes them the only 
reported vertebrates to completely devoid of oxygen transporting proteins[178], 
despite the fact that all other vertebrates have the same general mechanism for 
getting oxygen to the cells, via RBCs which contain Hb. The loss of Hb in the 
Antarctic Icefish is postulated to be due to a mutational process, which has resulted 
in the loss of the β-globin gene and partial omission of the α-globin gene from α-
/β-globin leading to the locus becoming functionally inactive. 15 out of the 16 icefish 
species are known to retain only a 3’fragment of an α- globin gene[179]. The 
sixteenth species, Neopagetopsis ionah retained an intact but unexpressed HbA 
gene fused to two β-pseudogenes [180]. Previously, it has also been shown that 
excess of β- chain produced is capable of contributing β- chains to newly 
synthesised haemoglobin A[181]. 
 
The icefish make an excellent model organism for studying adaptations in 
vertebrates. Many species within the Channichthyid family also lack Mb, an 
intracellular oxygen-binding protein found in muscle. In total, six out of 16 icefish 
species lack Mb expression in their heart ventricles, a loss that has occurred through 
four different mutational events [182]. The fish have high mitochondrial densities 
in order to counter the pressures of a cold environment. This is a likely 
compensation for the lack of Hb and Mb and to enhance oxygen storage and 
diffusion[183]. An overall increase in mitochondrial phospholipids may be 
attributable to an upregulation in the glycerol-lipid synthesis pathway, yet it is 
unknown how the synthesis of phospholipids is integrated into mitochondrial 
biogenesis in either fish or mammals[184]. The other adaptations suggested to 
compensate for the lack of Hb are large hearts containing more mitochondria than 
hearts of similar-sized Hb- expressing fishes[185]. Interestingly, the hearts of 
icefishes lack the mitochondrial isoform of creatine kinase, an enzyme that plays a 
pivotal role in energy flux by catalysing the reversible transfer of phosphate between 
creatine and ADP [186].  
 
Mitochondria play a central role in defining the thermal responses of aerobic energy 
metabolism of ectothermic animals[187], little is known about the biochemical 
mechanisms involved [188].Thermal range and upper limits of mitochondrial 
function in ice fish fall well below values predicted based on temperate organisms, 
indicating that stenothermy and cold specialization detected in Antarctic fish are 
reflected at the cellular and molecular level [189]. Maximal enzyme activities of 
citrate synthase (CS) and lactate dehydrogenase (LDH) in brain homogenates of 
Antarctic and tropical fishes, showed a partial temperature compensation of ATP-
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generating capacity in notothenioids[190], consistent with earlier observations of 
partial compensation in the brain oxygen consumption rate observed in these fish. 
 
A lot of attention has been given to the mitochondrial NADH dehydrogenase 
subunit 6 gene (ND6). ND6 is involved in the assembly and function of ETC 
complex I, where certain changes in this protein’s amino acid composition may have 
a role in the thermal sensitivity of mitochondrial ATP synthesis[187,191,192]. Thus, 
these linkages make it interesting and essential to study the mitochondrial 
proteome for this sub order. It is important to look at the mitochondria of these fish, 
as Antarctic notothenioid fish are characterised by their evolutionary adaptation to 
the cold, which is associated with unique physiological adaptations in mitochondria 
to withstand the cold and reduce energetic requirements. There are many other 
biochemical and cellular adaptations that have helped Icefish to survive sub-zero 
temperatures. The loss ability to up-regulate key chaperoning molecules such as 
heat shock proteins, which functions to maintain protein homeostasis in the cold 
and lack of an inducible HSR under thermal stress are favoured in these fish 
regardless of it being evolutionarily advantageous or not [193]. Antarctic species are 
similar in terms of their ecology, but strongly differ in their geographical 
distribution, and therefore environmental temperature exposure[194]. 
 
We have samples from four species of the Notothenioid sub-order, 
Champsocephalus gunnari (C. gunnari) (common name: Mackerel icefish) and 
Chionodraco rastorspinosus (C. rastrospinosus) (common name: Ocellated 
icefish) are devoid of haemoglobin, whereas the species, Notothenia coriiceps (N. 
coriiceps) (common name: Marbled rockcod) and Trematomus bernacchii (T. 
bernacchii) (common name: Black rockcod) are species that express haemoglobin. 
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1.4 METHODS 
 
The thesis combines in vitro and in silico approaches to predict a Hb interactome.  
 

1.4.1 In vitro Methods 
 
Proteins extracted from tissues/cells can be separated using SDS-PAGE and 
detecting proteins using western blots by transferring the proteins to a membrane 
and using antibodies to detect antigen for the specific protein of interest. The 
subcellular fractionations can be confirmed using specific protein markers. 
Liquid chromatography–mass spectrometry (LC/MS) gives qualitative summary of 
the proteins identified from the sample as well as it provides a label-free, intensity-
based quantification for comparing relative protein amounts between samples and 
for determining significant differences. 
Coimmunoprecipitation is a well-established method that uses an immobilised 
antibody, the protein in question, in a pull-down assay to detect stable complexes.  
 
Antarctic Fish Muscle tissue used in this thesis.  
SVMS Clinical Ethical Review, University of Nottingham, (ref # 2744 190509). 
White and red muscle samples of Antarctic notothenioid fish, N. rossii, T. 
bernacchii (red-blooded species – Cruise PS112, Weddell Sea in 2013-2014), C. 
gunnari and C. rastrospinosus [icefish species – Cruise ANTXXVIII (PS79), 
Antarctic Peninsula in 2012].  
 
 

1.4.2  In silico Methods- Sequence and Structure 
Homology 

 
In silico methods and webservers have developed to predict function and structure 
of proteins and genes alike[195]. Although the amino acid sequence determines the 
three-dimensional structure and the biochemical function of the protein, the 
specific relation as how the proteins work in a cohort are still not known in many 
cases[196]. The extensive data set of amino acid sequences, three-dimensional 
structures, biochemical and biological functions of gene products proteins can 
potentially explain the pathophysiology of many disease conditions[197]. The 
propensity of protein sites to be occupied by any of the 20 amino acids, is known as 
site specific amino acid preferences. A general consequence of amino acid 
substitutions is the changes in biophysical and evolutionary forces that correlates 
with the changes in molecular structure and function of the protein, 
thermodynamic stability, protein-folding, protein-protein interactions, and protein 
expression[198].  
In bioinformatics, the sequence alignments are used to show evolutionary 
relationships by constructing phylogenetic trees. A multiple sequence alignment 
describes the mode of arrangement of three or more protein sequences, in order to 
distinguish the areas of similarity among them, where alignment refers to matching 
as many characters as possible from each sequence[199]. The sequence alignment 
is applied to infer the functional, morphological and evolutionary relationship 
between the protein sequences[200]. To solve multiple sequence alignment 
problems by using dynamic programming, the current tools use the iterative 
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algorithms with the progressive approach[201]. Some commonly used methods that 
employ progressive and iterative approaches are Clustal Omega[202], DIALIGN 
[203], M-Coffee [204]. 
 
Gene expression method is used for the quantification of the level at which a 
particular gene is expressed within a cell, tissue or organism under varied disease 
or experimental conditions. The genes can be clustered together according to their 
expression levels and develop functional relationships among them.  
 
 

1.4.3  In silico Methods- Computational Analysis of PPI 
network 

 
A PPI network is a mathematical graph consisting of nodes and edges where 
proteins are nodes that are joined by different interactions as edges. The network 
can show a various thing such as a, a neighbouring protein in a graph may share 
same functionality, a densely connected subgraph could predict formation of 
protein complexes. The protein function can be predicted from the topology or the 
connectivity of the PPI network[205]. There are several protein interaction 
databases that are available to curate and organise the biological relevant data. 
Some commonly used databases are, BioGRID[206], DIP[207], BIND[208], 
MINT[209], STRING[210]. 
 
Currently, although large-scale mitochondrial comparative proteomic data have 
been accumulated, mitochondrial proteomics still faces the challenge of how to 
investigate biofunctions of the identified uncommented mitochondrial 
proteins and how to build mitochondria specific signalling networks.   
 

1.4.4  In silico Methods- Molecular Docking and MD 
Simulations 

 
All proteins exert their functions by recognising other molecular components[211]. 
Molecular docking techniques aim to predict best binding or interacting of proteins 
to either the ligand or another macromolecule. This requires an experimentally 
solved structure such as X-ray crystallography or NMR or through homology 
modelling. The docking can be broadly described into two main steps, one the 
production of conformations or docking pose, and second a scoring function which 
is associated with each predicted conformation[212,213]. There are three types of 
docking, rigid docking, semi-flexible docking, and flexible docking. We have used 
automated protein-protein docking software PatchDock, that uses a rigid docking, 
considering both the protein entities as rigid bodies[214], verified by the Critical 
Assessment of Prediction of Interactions (CAPRI)[215].  A protein-protein docking 
entails prediction of residue-residue contacts involved in the target interaction. The 
server aims to find best docking transformation with good molecular shape 
complementarity. Each transformation is evaluated by scoring function that 
considers both geometric fit and desolvation energy[216]. Desolvation energy is 
described as the free energy changes accompanying movement of water molecules 
into the binding pocket of a protein[217]. An RMSD clustering is applied to discard 
redundant solutions[214]. FireDock (Fast Interaction REfinement in molecular 
DOCKing) refinement tool for rigid body docking solutions was also used, where 
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the refinement rearranges the interface side chains and adjusts relative orientation 
of the molecules[218]. 
 
Understanding how biological macromolecules work requires knowledge of their 
structure and dynamics. Molecular Dynamics (MD) is a computational technique 
for simulating the dynamic behaviour of molecular systems as a function of time 
where all entities in a simulation box are considered flexible[211]. MD computes the 
movement of atoms along time by using classical Newton’s mechanics[219]. MD 
simulation and constructive interplay between experiments can help in refinement 
of methodologies for structural biologist. MD is highly used for to predict and 
validate unreported interactions between proteins. Some widely used MD 
simulation software are NAMD, GROMACS and AMBER. I have used GROMACS 
for the current work[220].  There are multiple steps involved in an MD simulation, 
where first step is to get the knowledge of the initial system with respect to its 
positional coordinates. A simulation will then replicate experimental conditions, 
taking in account temperature, pressure, density, which is then solvated with an 
explicit solvent[221]. The whole system is energy minimised with respect to the 
position of side chains, assuming the net attractive charge on each atom as 
maximum. The system is then equilibrated and heated at a desired temperature. 
The final step encompasses a time scale trajectory of protein complex in compliance 
to equilibrated conditions. The analysis of an MD simulation using total energy of 
the system, RMSD differences between two structures before and after simulation, 
radius of gyration to gather the stability of the structure throughout the simulation 
[222,223].  
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Figure 1-3 Schematic representation of the methodology used in this thesis.  

Cellular level life is a finely orchestrated interplay of many different proteins 
interacting with each other and their environment. Thus, the work in this PhD 
focuses on studying the protein-protein interactions of dynamically localised 
haemoglobin using the various techniques described above (Figure 1-3). The first 
chapter focusses on adaptation of two mitochondrial encoded proteins that are part 
of the ATP synthase complex, involved in energy mechanisms in the oxidative 
phosphorylation in Hb-less Antarctic fish. It explores the sequence and structural 
changes in the proteins ATP8 and ATP6. The second chapter highlights proteins 
seen differentially regulated in the mitochondria of the Antarctic fish, a direct 
comparison among the fish that has retained globins, retained only myoglobin but 
lost Hb, and a complete loss of all globins using LC/LC-MS and network analysis. 
The final chapter combines experimental and docking/molecular dynamic 
simulations to explore interactions of energy modulator, the inhibitory protein of 
ATP synthase, Inhibitory Factor 1 and Hb. In summary, I focussed on deciphering 
a haemoglobin interactome that emphasises on a plausible role of haemoglobin as 
a modulator of the energy mechanism in the mitochondria.  

a) Chapter 1 b) Chapter 2

c) Chapter 3
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Abstract 
Mitochondrial changes such as tight coupling of the mitochondria have facilitated sustained 
oxygen and respiratory activity in haemoglobin-less icefish of the Channichthyidae family. 
We aimed to characterise features in the sequence and structure of the proteins directly 
involved in proton transport, which have potential physiological implications. ATP synthase 
subunit a (ATP6) and subunit 8 (ATP8) are proteins that function as part of the F0 

component (proton pump) of the F0F1complex. Both proteins are encoded by the 
mitochondrial genome and involved in oxidative phosphorylation. To explore mitochondrial 
sequence variation for ATP6 and ATP8 we analysed sequences from C. gunnari and C. 
rastrospinosus and compared them with their closely related red-blooded species and eight 
other vertebrate species. Our comparison of the amino acid sequence of these proteins 
reveals important differences that could underlie aspects of the unique physiology of the 
icefish. In this study we find that changes in the sequence of subunit a of the icefish C. 
gunnari at position 35 where there is a hydrophobic alanine which is not seen in the other 
notothenioids we analysed. An amino acid change of this type is significant since it may 
have a structural impact. The biology of the haemoglobin-less icefish is necessarily unique 
and any insights about these animals will help to generate a better overall understanding 
of important physiological pathways. 
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2.1 Introduction 
The oceans which surround Antarctica, and their sub-zero temperatures 
provide a home to fish of the suborder Notothenioidei—a prime example of a 
marine species flock. 
Notothenioids are renowned for their physiological adaptations to cold 
temperatures. This includes the ability to synthesise antifreeze glycoproteins 
(AFGP) and antifreeze-potentiating proteins (AFPP) [1]. The capacity to 
synthesise antifreeze glycopeptides (AFGPs) is a biochemical adaptation that 
enabled the Notothenioidei to colonize and thrive in the extreme polar 
environment [2]. These proteins are largely composed of a Thr-Ala-Ala repeat 
with a conjugated disaccharide via the hydroxyl group of the Thr residue and 
reduce the freezing point of the animals internal fluids [3,4]. 
Channichthyidae, contained within the Notothenioid suborder, are 
remarkable due to the absence of haemoglobin and, in some species, 
myoglobin too [5–7]. The sub-zero temperatures of the water they inhabit 
allow the highest levels of oxygen solubility, which is suggested to facilitate 
their survival despite the loss of globin proteins [7]. 
Myoglobin is absent in the oxidative skeletal muscle in all icefish, but the 
absence of myoglobin in cardiac muscle has been reported in only six of the 
species of the Channichthyinae [8,9]. While the molecular genetics of how 
myoglobin expression has been lost have been studied, the physiological 
differences between those that express and those that do not express 
myoglobin are not fully understood. Small intracellular diffusion distances to 
mitochondria and a greater percentage of cell volume occupied by 
mitochondria are two evolutionary adaptations that might compensate for the 
absence of myoglobin [10,11]. In the particular case of Champsocephalus 
gunnari, the mRNA transcript of myoglobin is present in the cardiac tissue but 
a 5-bp frameshift insertion hinders the synthesis of protein from the mRNA 
transcript 
[8,12]. 
Notothenioidei have high densities of mitochondria in muscle cells, versatility 
in mitochondrial biogenesis and a unique lipidomic profile [13–15]. These 
features have also been hypothesised to facilitate sustained oxygen 
consumption and respiratory activity in the absence of haemoglobin and 
myoglobin. 
Complex V of the electron transport chain, ATP synthase, is responsible for 
the production of intracellular ATP from ADP and inorganic phosphate. 
Composed of an F0 and F1 component, the F0 component is responsible for 
channelling protons from the intermembrane space across the inner 
mitochondrial membrane and into the mitochondrial matrix [16–18]. The 
rotation of the c-ring in F0, and with this the γ-subunit of the central stalk, 
facilitates the translocation of protons across the inner mitochondrial 
membrane that ultimately drives the catalytic mechanism of the F1 
component [19,20]. 
The motor unit F0, embedded in the inner membrane of mitochondria, is 
composed of subunits b, OSCP (oligomycin sensitivity conferring protein), d, 
e, f, g, h, i/j, k which are encoded by nuclear genes and subunits a (ATP6) and 
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8 (ATP8), which are encoded by mitochondrial genes [21]. Despite the 
structure of the complex having been first resolved decades ago, and 
hypotheses of the chemical mechanism were developed over half a century 
ago, significant breakthroughs continue to be made in our understanding of 
both the structure and function of the enzyme and its F0 component [22–25]. 
Both ATP synthase subunit a (ATP6) and subunit 8 (ATP8) are proteins that 
function as part of the F0 component of ATP synthase, encoded by genes that 
overlap within the mitochondrial genome [26]. This overlap is over a short, 
but variable between species, base pair sequence where the translation 
initiation site of subunit 8 is contained within the coding region of subunit 6. 

The peripheral stalk is a crucial component of the F0 component 
forming a physical connection between the membrane sector of the 
complex and the catalytic core. It provides flexibility, aids in the 
assembly and stability of the complex, and forms the dimerization 
interface between ATP synthase pairs [27]. ATP8 is an integral 
transmembrane component of the peripheral stalk, serving an 
important role in the assembly of the complex [28]. The C-terminus of 
ATP8 extends 70 Å from the surface of the makes contacts with subunits 
b, d and F6, while the N-terminus has been reported to make 
connections with subunits b, f and 6 in the intermembrane space 
[29,30]. Subunit 8 is also known to play a role in the activity of the 
enzyme complex [31]. 

ATP6 is an α-helical protein embedded within the inner 
mitochondrial membrane and it interacts closely with the c-ring of F0, 
providing aqueous half-channels that shuttle protons to and from the 
rotating c-ring [17,32]. It has previously been reported that ATP6 has at 
least five hydrophobic transmembrane spanning α helices domain, 
where two of the helices h4 and h5 are well conserved across many 
species [33]. 

Proteins coded by mitochondrial DNA (mtDNA) are involved in 
oxidative phosphorylation and can directly influence the metabolic 
performance of this pathway. Evaluating the selective pressures acting 
on these proteins can provide insights in their evolution, where 
mutations in the mtDNA can be favourable, neutral, or harmful. The 
amino acid changes can cause inefficiencies in the electron transfer 
chain, causing oxidative damage by excess production of reactive 
oxygen species and eventually interrupting the production of 
mitochondrial energy. Due to the tight coupling of icefish mitochondria 
relative to their red-blooded relatives, any changes in the structure of 
ATP Synthase subunits, particularly those directly involved in the 
transport of protons across the membrane, could result in significant 
physiological outcomes [34]. 

In this work, we combine sequence analyses and secondary structure 
prediction analyses to explore mitochondrial genetic variation for ATP6 
and ATP8 in the Notothenioidei suborder species as well as other 
vertebrate species. The species considered include Champsocephalus 
gunnari, Chionodraco rastrospinosus and Chaenocephalus aceratus from the 
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Channichthyidae family, Notothenia coriiceps and Trematomus bernacchii 
from the Nototheniidae family and the sub-Antarctic Eleginops 
maclovinus from family Eleginopsidae, all the broader Notothenioidei 
suborder. The species of suborder Notothenioidei are further compared 
with the following eight vertebrates: Homo sapiens (family: Hominidae), 
Nothobranchius furzeri (family: Nothobranchiidae), Danio rerio (family: 
Cyprinidae), Anolis carolinensis (family: Dactyloidae), Cavia porcellus 
(family: Caviidae), Balaena mysticetus (family: Balaenidae), 
Heterocephalus glaber (family: Heterocephalidae), and Lasiurus borealis 
(family: Vespertilionidae) to shed light on the changes of these proteins 
in the notothenioid species by comparing them to better characterised 
diverse vertebrate species. These species choices help us decipher amino 
acid changes specific to notothenioids and those that are potentially 
species specific (S1 Fig). 

 
2.2  Methodology 

 
2.2.1  Extraction of gene and protein sequences of ATP8 and 

ATP6 suborder Notothenioidei and other vertebrates 
The list of complete coding sequences (CDS) and protein sequences of 
the proteins were obtained from the National Centre for Biotechnology 
Information (NCBI) protein database search, we chose only the Refseq 
(provides a comprehensive, integrated, non-redundant, wellannotated 
set of sequences, including genomic DNA, transcripts, and proteins) 
sequence queries (https://www.ncbi.nlm.nih.gov/ lMSast searched:17th 

August 2020). Though these sequences have been taken from highly 
reliable Refseq database [35] validated by different sources it is 
important to recognise they could still be prone to error. 

2.2.2  Multiple protein sequence alignment (MSA) 
 (-/-) indicates absence of both haemoglobin and myoglobin genes, 
whereas (-/+) indicate absence of haemoglobin but presence of 
myoglobin. The sequences for the Notothenioidei suborder species C. 
gunnari (-/-), C. rastrospinosus (-/+), C. aceratus (-/-), N. coriiceps (+/+), T. 
bernacchii, E. maclovinus (+/+), and eight other vertebrate species, N. 
furzeri, D. rerio, A. carolinensis, C. porcellus, B. mysticetus, H. glaber, L. 
borealis, H. sapiens were aligned using Clustal omega [36] to prepare the 
initial alignment of ATP6 protein under the criteria of the presence and 
the absence of haemoglobin and myoglobin proteins in the species, the 
alignments were also verified using the other two progressive methods, 
MAFFT [37] and MUSCLE [36]. The same method was applied for 
protein ATP8. The MSA was visualised and edited using JALVIEW [38]. 
The eight vertebrate species were selected as well known and sequenced 
representative of different groups under vertebrate: fish (N. furzeri and 
D. rerio), reptiles (A. 
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carolinesis), mammals (C. porcellus, H. glaber, L. borealis, H. sapiens, B. 
mysticetus). H.sapiens sequences have been included in our analyses 
since much of what is known about these proteins has previously been 
characterised in humans. The selection of these different species shows 
the conservation of these mitochondrial proteins across vertebrate 
species, including H. 
sapiens. 

2.2.3  Codon alignment 
Complete nucleotide coding sequences for genes ATP6 and ATP8 from the 
fourteen vertebrate species were retrieved from NCBI GenBank 
database (see Table 1). The sequences were aligned using Clustal omega 
[36] and were manually edited and visualised as codons using MATLAB 
version R2018b (9.5.0). 

2.2.4  Comparison of properties of amino acids among the 
sequence from the above-mentioned species 

Using the ExPASy [39] tool ProtScale [40], different amino acid 
properties such as the molecular weight of amino acids across the 
sequence, hydrophobicity trend of amino acids, α—helix forming amino 
acids, average flexibility trend and mutability for the protein ATP6 were 
compared graphically among the seven fish species (5 Antarctic, 1 sub-
Antarctic, D. rerio and N. furzeri) (https://web.expasy.org/protscale/). 

2.2.5  Structure prediction for protein sequences 
The MSA was structurally validated using the structure prediction tool 
I-TASSER [41] (Iterative Threading ASSEmbly Refinement) a 
hierarchical approach to protein structure and function prediction, to 
generate the protein structure for AT6 from different species (https:// 
zhanglab.ccmb.med.umich.edu/I-TASSER/). The structures were 
validated using SAVES v6.0 (https://saves.mbi.ucla.edu/), using 
ERRAT [42], PROCHECK [43,44] and ProSA-web [45]. 
 (Figures in supplementary files). 

2.2.6  Figures 
Protein structure images were produced with PyMOL v. 2.3.2. (The 
PyMOL Molecular Graphics System, Version 2.0 Schro¨dinger, LLC.) 
Graphs were produced with MATLAB version R2018b (9.5.0). Sequence 
logos were created using the webserver WebLogo using alignment of 
5947 vertebrate (NCBI:txid7742) protein sequences for the protein 
ATP6 (http://weblogo. threeplusone.com/). Using RefSeq sequences 
with custom range of sequence length of 224– 231 to obtain full 
sequences only (searched: 3rd May 2021). 

2.3 Results 
2.3.1 Codon alignment 

MSA of all the sequences of ATP8 (see Fig 1) and ATP6 (see Fig 2) from 
the different vertebrate s
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pecies (see Table 1) for both nucleotide (codon) and proteins 
identified several 
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Fig 1. Multiple sequence alignment for nucleotide sequences of ATP synthase subunit 8. Multiple codon 
alignment of nucleotide sequences of ATP synthase subunit 8 was created using the Clustal omega 
alignment of nucleotides we screened five Antarctic and one sub-Antarctic fish species and eight 
vertebrate outgroups same as ATP6 MSA (See Fig 1 for colour key). The highlighted boxes show the 
overlap of the ATP8 and ATP6 sequences for different species where different colour of the boxes 
correspond to the different lengths of overlap. 

 
https://doi.org/10.1371/journal.pone.0245822.g001 

conserved codons and amino acid residues. The sequence 
knowledge was gathered from curated entries in RefSeq which 
nevertheless could be subject to error. 

Five of the six Antarctic fish species have twelve nucleotides 
(four codons) at the 5’ end of the gene sequence which are not 
found in the other eight vertebrate species. The codon alignment 
ATP6 for species E. maclovinus, N. coriiceps, C. rastrospinosus and C. 
aceratus show that GTG codes for methionine, as the start codon 
for the protein. GTG which is originally known for coding the 
amino acid valine has been accepted as a mitochondrion start 
codon for invertebrate mitogenomes [46–48]. A common feature 
with the species that have GTG as a start codon is that N. coriiceps, 
E. maclovinus, C. rastrospinosus have genes coding for myoglobin, 
where the latter is devoid of haemoglobin. C. aceratus do not 
express myoglobin due to a 15 bp sequence insertion, other than 
that difference, their myoglobin gene sequence is identical to that 
of C. rastrospinosus [9]. The only exception to this is the red-
blooded species T. bernacchii, but this may be attributed to the 
unverified source of its sequence submission. 

Another trend that has been observed through sequence 
alignment is that the species that are more similar and have the 
same amino acid for a particular position also have codons with 
the same nucleotide (nt) at the third position. ‘TGA’ codons or 
‘stop codons’ are found within the translated sequence, here these 
code for tryptophan, as seen in human and yeast mitochondria 
[49]. A variation in the length of the sequences was observed, with 
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an average length for ATP6 nt sequence of 683 and 74 nt for ATP8 
gene sequences. The ATP6 sequence ends with a TAA stop codon in 
all species except the two red blooded Antarctic fish species, N. 
coriiceps and E. maclovinus. 

2.3.2  Overlapping genes 
The overlap between genes is encoded on the same strand (Table 
1). The length of overlap was 
22 nt in ATP8-ATP6 for the five of the six species of 
Notothenioidei suborder, that is excluding 

 
Fig 2. (a-d) Multiple sequence alignment for nucleotide sequences of ATP synthase subunit 6. Multiple codon alignment of nucleotide 
sequences of ATP synthase subunit 6 was created using the Clustal omega alignment of nucleotides for five Antarctic and one 
sub-Antarctic fish species and eight vertebrate outgroups and visualised) using MATLAB. The colour of the codon boxes 
corresponds to the respective amino acid (See colour key). 

 
https://doi.org/10.1371/journal.pone.0245822.g002 

icefish C. gunnari where the overlap was of 10nt. Species H. sapiens, 
H. glaber, L. borealis and C. porcellus had an overlap of 43nt between 
ATP6 and ATP8. The shortest overlap between the two genes were 
observed in the species A. carolinesis has an overlap of 10nt and N. 
furzeri and D. rerio, have an overlap of 7nts. 
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2.3.3  Protein alignment and structural changes in ATP6 
The complete amino acid sequences for ATP8 and ATP6 were 
aligned separately for the fourteen vertebrate species (see Figs 3 & 
4). Protein sequence alignment showed conserved residues across 
the species based on identity and similarity. Four Antarctic fish 
species, N. coriiceps, T. bernacchii, C. rastrospinosus, C. aceratus and 
the sub-Antarctic E. maclovinus have four amino acids at the N-
terminal with a total of 231 residues. As previously mentioned, the 
only exception to this, is the species C. gunnari with 227 residues 
similar to that of other fish species, N. furzeri and D. rerio. Species 
H. sapiens, A. carolinesis, L. borealis, H. glaber and C. porcellus have 
226 residues and B. mysticetus has 225 residues. The protein ATP6 
in vertebrates is known to have 226–228 residues. In humans, 
four point mutations in the ATP6 gene account for 82% of disease 
associated with this gene, suggesting point mutations could have 
physiological relevance [50,51]. Common features in all fourteen 
species were as follows: (1) several hydrophobic amino acids (light 
pink) were observed to be conserved across the sequences in 

 
Fig 3. Multiple sequence alignment of ATP8 protein sequences. The ATP8 protein sequences were 
aligned using Clustal omega and edited using zappo colour scheme in JalView. Notothenioidei are 
grouped together in blue; all species are displayed to the colour corresponding to their phylogenetic 
closeness. (Colours according to physiochemical properties of amino acids; Aliphatic/hydrophobic-
A, I, L, M, V- light pink; Aromatic-F, W, Y- mustard; 
Conformationally special- Glycine, P- magenta; C-yellow; Hydrophilic- N, Q, S, Q, T- light green; 
Negatively charged/ D,E-Red; Positively charged/R,H,K-Blue) in jalview. The bar-graphs below 
represent a quantitative measure of conservation at each position. The figure was created using 
JalView. 

 
https://doi.org/10.1371/journal.pone.0245822.g003 

the species, (2) insertions and deletions of amino acids occurred 
more frequently near N-termini, and (3) the C-terminal of the 
protein sequence is hydrophilic. Dashes in the amino acid 
sequence represent gaps which may be an insertion or deletion of 
a residue. The gap in the alignment is observed for the species H. 
sapiens, L. borealis, C. porcellus, B. mysticetus and H. glaber at position 
35, and at the C-terminal end for A. carolinesis and B. mysticetus, at 
position 226 and 225 respectively. 
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The amino acid at position 35 has predominantly hydrophilic 
residues except in the two species C. gunnari and N. furzeri, where it 
is substituted with alanine or leucine respectively. 

 
Fig 4. Multiple sequence alignment for protein sequences of ATP synthase F0 subunit 6. The ATP6 protein 
sequences were aligned using Clustal omega and edited using zappo colour scheme. 

 
https://doi.org/10.1371/journal.pone.0245822.g004 

 
Fig 5. Sequence logos displaying conservation of residues created for all aligned blocks of the MSA for 
protein ATP synthase F0 subunit 6 for 5947 vertebrate species from NCBI using webserver WebLogo 
(http://weblogo. threeplusone.com/) the y axis represents probability of the residue occurring at that 
position from the MSA. 

 
https://doi.org/10.1371/journal.pone.0245822.g005 

All the Antarctic species except C. gunnari, the sub-Antarctic 
species, E. maclovinus and surprisingly H. sapiens from the 
mammalian species have a serine at this position. When we look 

43



 

 

at the codon alignment of the ATP6 gene, serine is encoded by 
codon TCT predominantly at position 39 for all the species except 
T. bernacchii and H. sapiens and the alanine for the species C. gunnari 
is encoded by GCT (see Fig 2). 

The logo (see Fig 5) displays the conserved amino acids in the 
protein ATP6 for a particular position for 5947 vertebrate species. 
The protein is overall very conserved in the vertebrates, and 
position 38–39 show conservation for amino acids serine and 
threonine as also seen in the Antarctic species (except C. gunnari) 
and E. maclovinus. 

A similar pattern was found in the amino acid alignment of 
ATP8, where the species, H. sapiens, B. mysticetus, H. glaber, C. 
porcellus and L. borealis, that showed a gap in the previous 
alignment have hydrophilic residues whereas the other species 
have a gap at the position 47. This observation could be attributed 
to the overlapping nature of the nucleotide sequences coding for 
the two proteins. The protein sequence of ATP6 was observed to 
be more conserved than ATP8. The amino acid sequences at the 
N- terminal are more diverse, and the methionine residues are 
usually followed by amino acids with short polar side chains [52]. 
Alanine is a non-polar amino acid whereas serine is a polar amino 
acid. The hydrophobicity plot, average flexibility, mutability, and 
coil prediction across the sequences has shown that T. bernacchii 
and E. maclovinus show similar trends in their physico-chemical 
properties across the sequence. Notothenia coriiceps, C. aceratus and 
C. rastrospinosus follow this trend. Champsocephalus gunnari is the 
only species out of the seven fish species compared, that is 
different from the others (see Fig 6). 

Protein structure differences were predicted at position 38–39 
for species C. gunnari (icefish), N. furzeri, D. rerio and A. carolinesis, 
where a strand-strand structure is found at that position. All other 
species have coil structures at those positions (see Fig 7). For 
species T. bernacchii and E. maclovinus there is also a prediction for 
a strand structure at positions 42–43. 

 
Fig 6. Primary sequence features of ATP Synthase F0 subunit 6 in species C. gunnari (red), C. rastrospinosus, 
C. aceratus, N. coriiceps, T. bernacchii, E. maclovinus, N. furzeri and D. rerio. Red Box: N-terminal 
property changes, Purple Box: Changes in properties observed at 35/39 variation, blue box: 
Conserved regions 90–170 (Active site 160– 169), Pink Box: C-terminal low hydrophobicity. A 
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difference in the peaks have been observed for different properties (highlighted) such as molecular 
weight and hydrophobicity of amino acid residues across the sequence and other properties such as 
tendency of amino acid residues towards beta-sheet, bulkiness and flexibility. 

 
https://doi.org/10.1371/journal.pone.0245822.g006 

2.4 Discussion 
We present our analyses highlighting differences in sequence and 
structure observed in the two proteins of complex V, ATP8 and 
ATP6, encoded by mtDNA between the red- and white blooded 
species of suborder Notothenioidei. Our analyses are based on the 
current genome annotation available which is subject to change as 
more information becomes available. We have only selected RefSeq 
sequences as these are reviewed by NCBI and represent a 
compilation of the current knowledge of a gene and protein 
products and is synthesised using information integrated from 
multiple sources. RefSeq is used as a reference standard for a 
variety of purposes such as genome annotation and reporting 
locations of sequence variation. It is important to acknowledge 
however that database information is regularly updated and may 
change. Currently, the RefSeq and GenBank entries available for a 
ATP6 sequences for the Antarctic/sub-Antarctic fish, 
NC_015653.1, AP006021.1 (N. coriiceps), NC_039543.1, 
MF622064.1 (C. rastrospinosus), NC_033386.1, KY038381.1 (E. 
maclovinus), NC_015654.1, YP_004581502.1 (C. aceratus), which 
are submitted by different authors, have the start codon as GTG 
for the five species of Notothenioidei suborder. The protein length 
of ATP6 has been consistent in all the entries, 231 amino acids. 

It has previously been shown that mitochondria from icefish are 
more tightly coupled than those of their red-blooded counterparts 
[34]. Mitochondria that are tightly coupled usually have 
competent membranes and protons can only get into the matrix 
by passing through complex V. The red-blooded species N. 
coriiceps, E. maclovinus, T. bernacchii, the two icefish C. rastrospinosus 
(devoid of hb, have mb), C. aceratus (devoid of hb, do not express 
mb but have a nearly identical gene to that of C. rastrospinosus for 
mb), have an additional 12 nucleotides at the N-terminal. The only 
exception to this is the icefish C. gunnari which is completely devoid 
of both hb and mb. Since C. gunnari is the extreme of all the species 
of Notothenioidei suborder in question in terms of loss of globins, 
the change observed could be an altered variation for the gene. 
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Fig 7. Representative structures of ATP synthase F0 subunit 6 for the fourteen vertebrate species created using I-TASSER [41] suite and 
visualised and edited using PyMOL v. 2.3.2. a) C. gunnari (-/-) residues 38 (valine) and 39 (isoleucine) shows strand structure b) C. 
aceratus (-/-) residues 42 (valine) and 43 coil (isoleucine), aligning with 38/39 in MSA, show a coil structure c) C. rastrospinosus 
(-/+) residues 42-Valine and 43-Isoleucine has a coil structure d) T. bernacchii (+/+) residues 42-Valine and 43-Valine show a 
strand structure e) E. maclovinus (+/+) residues 42 
-Valine and 43-Valine show a strand structure f) N. coriiceps (+/+) residues 42 (Valine) 43 (isoleucine) has a coil structure. g) A. 
carolinesis residues 38 (Leucine) and 39 (Valine) show a strand structure h) D. rerio residues 38 (tryptophan) and 39 (Isoleucine) 
show a strand structure i) N. furzeri residues 38 (Tryptophan) and 39 (Leucine) show a strand structure. j) C. porcellus residues 38 
(Isoleucine) and 39 (Asparagine) show a coil structure k) B. mysticetus residues 38 (Isoleucine) and 39 (Asparagine) show a coil 
structure. l) H. glaber residues 38 (Isoleucine) and 39 (Asparagine) show a coil structure—m) L. borealis residues 38 (Isoleucine) 
and 39 (Asparagine) show a coil structure. 

 
https://doi.org/10.1371/journal.pone.0245822.g007 

2.4.1 GTG as an alternative start codon 
The biosynthesis of proteins encoded by their respective mRNA 
requires an initiation codon for their translation. ATG is the usual 
initiation codon but GTG has been reported as initiation codon in 
some lower organisms, the frequency of annotated alternate 
codon in higher organisms is found to be less than 1% [53]. An in-
vitro study of GTG-mediated translation of enhanced green 
fluorescent protein suggested that initiation with GTG codon 
regulates expression of lower levels of the protein and a similar 
observation was made for the protein endopin 2B-2 [54]. It has 
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also been observed in a few human diseases that a mutation of the 
ATG initiation codon to a GTG are associated with diseases such 
as beta-thalassemia and Norrie disease, where GTG mutation 
leads to inactivation of the gene [55,56]. Another example is 
a disruption caused by GTG as the initiation codon in the gene 
CYP2C19, which resulted in poor metabolism of a drug, 
mephenytoin, when compared to the gene with an ATG initiation 
codon [57]. Numerous studies on bacteria and lower organisms 
show GTG as a start codon, where the non-methionine codon is 
initially coded for, however, when they act as a start codon the 
initial amino acid is substituted with a methionine [54,58]. There 
is only a single report of a vertebrate species, rat, where GTG is the 
start codon in mtDNA [59]. An ATG to GTG exchange in human 
gene FRMD7 (FERM Domain Containing 7) has been found as a 
first base transversion of the start codon that accounts for a 
mutation, causing morphological changes in the optic nerve head 
[60]. The level of corresponding protein expression has been 
shown to be lower when initiated using an alternative codon such 
as GTG rather than ATG [54,61]. GTG was observed as a start 
codon for ATP8 in fish Philomycus bilineatus, which adds onto the 
show GTG as an acceptable start codon [62]. 

A few but increasing number of mammalian genes have been 
found to give rise to an alternative initiation codon in regulatory 
proteins such as transcription factors, growth factors and a few 
kinases in humans and rats. The finding in all these studies have 
shown a similar trend of a lower level of protein production when 
compared to an ATG start codon [63–65]. It has been shown that 
the fish inhabiting colder climates had undergone stronger 
selective constraints in order to avoid deleterious mutations 
[66,67]. MtDNA coding genes such as ATP6, could be placed under 
selective pressures by low environmental temperatures. A larger 
ratio of substitution for different sites could indicate proteins 
undergoing adaptations [68]. A decrease in ATP6 activity 
previously reported, shows incomplete ATPase complexes that are 
capable of ATP hydrolysis but not ATP synthesis. ATPase 
complexes completely lacking subunit a, were capable of 
maintaining structural interactions between F1 and F0 parts of the 
enzyme but the interactions were found to be weaker [69]. 

The GTG initiation for protein ATP6 in these fish species could 
suggest a common parallel evolution of the translation machinery. 
The favouring of GTG as a start codon could also mean a higher 
stability of the protein as GC base pair has higher thermal stability 
when compared to the AT base pair which is attributed from 
stronger stacking interaction between GC bases and a presence of 
triple bond compared to that of AT double bond [70]. 

2.4.2 Overlap of ATP8 and ATP6 genes 
Protein coding genes ATP8 and ATP6 are located adjacent to each 
other and are overlapping on the same strand in humans and other 
vertebrates, with an overlap of 44 nt (NCBI: 
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NC_012920.1) observed in the humans for the gene. It has been 
previously reported that ATP8-ATP6 overlap is generally of 10 nt 
in the fish genome [71]. Species T. bernacchii, E. maclovinus, N. 
coriiceps, C. rastrospinosus and C. aceratus show an overlap of 22 nts 
and C. gunnari has a 10 nt overlap, as reported previously in other 
fish genomes mentioned above. The overlap for the four out of six 
species of suborder Notothenioidei start from the third nucleotide 
for codon AAG coding for amino acid lysine whereas for the other 
two species, T. bernacchii and C. gunnari, it is encoded by AAA. It is 
hypothesised that overlaps are a mechanism for reduction of 
genome size and regulation of gene expression [72,73], which is 
seen in the species C. gunnari and the eight vertebrate outgroups. 

The gene coding ATP8 ends with the stop codon TAG for all 
species of suborder Notothenioidei and TAA for the other 
vertebrate species, a single exception to this was H. glaber that ends 
with a TAG stop codon. It has been previously hypothesised that 
TAG is a sub-optimal stop codon which is less likely to be selected. 
A study showed that the protein encoding genes that end with TAA 
stop codons are, on average more abundant than those with genes 
ending with TGA or TAG and further shows that a switch of stop 
codon TAG from TGA might pass through the mutational path of 
TAA stop codon which could be subject to positive selection in 
several groups [74]. 

2.4.3  Protein alignment and structural changes in ATP6 
The four Antarctic fish species, N. coriiceps, T. bernacchii, C. 
rastrospinosus, C. aceratus and the sub-Antarctic E. maclovinus have 
four amino acids at the N-terminal of ATP6 and a total of 231 
residues. As previously mentioned, the only exception to this is the 
species C. gunnari with 227 residues similar to N. furzeri and D. rerio. 
N-terminal addition of amino acids can influence the properties of 
the protein, as it can change the molecular weight of the protein, 
the charge, hydrophobicity, and this has been seen in the yeast 
meta-caspase prion protein Mca1 [75]. 

Amino acid position 35 is populated with predominantly 
hydrophilic residues, apart for the two species C. gunnari and N. 
furzeri, where respectively, alanine and leucine are found. All the 
other Antarctic fish species and E. maclovinus have a serine at this 
position. When we look at the codon alignment of the ATP6 gene, 
serine is encoded by codon TCT at position 39 for all the species 
except T. bernacchii (encoded by TCC) and the alanine for the 
species C. gunnari is encoded by GCT. Serine is the only amino acid 
that is encoded by two codon sets. A common example of a 
missense mutation is where the single base pair can alter the 
corresponding codon to a different amino acid. This base 
substitution even though affecting a single codon can still have a 
significant effect on the protein production. It has been recently 
discovered that serine at a highly conserved position is more often 
encoded in TCN fashion and will tend to substitute non-
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synonymously to proline and alanine, which shows that codon for 
which serine is coded indicate different types of selection for 
amino acid and its acceptable substitutions [76]. This may be 
suggested as a reason for the presence of hydrophobic alanine 
observed in C. gunnari at position 35. 

The weblogo for protein ATP6 shows overall conservation 
across the sequence for the vertebrates where the C-terminal of the 
protein is more conserved than the N-terminal. High conservation 
is observed from residues 85–112 and 165–185, as also seen in our 
MSA for the fourteen species. The position 35 is seen to be 
conserved preferably for threonine or serine as in the weblogo (Fig 
5). 

The hydrophobicity plot, average flexibility, mutability, and coil 
prediction across the sequences highlights differences in the 
physiochemical properties across the sequence of protein ATP6 in 
the species C. gunnari. 

The secondary structure of a protein is the way in which protein 
molecules are coiled and folded in a certain way according to the 
primary sequence. Beta-strands give stability to the structure of a 
protein, its intrinsic flexibility can sometimes return it to coil 
configuration in order for the protein to perform other functions. 
Structural changes were observed at position 38–39 for species C. 
gunnari, N. furzeri, D. rerio and A. carolinesis, where strand-strand 
structure was predicted at that position. All other species are 
predicted to have coil structures at those positions (Figs 6 & 7). 
Species T. bernacchii and E. maclovinus are predicted to have strand 
structures at positions 42–43. 

Protein structure, dynamics and function are all interlinked and 
it is vital to understand the structure of a protein in relation to 
function to comprehend molecular processes [77]. We have used 
the unique biology of the icefish to gain a better understanding of 
the variability of ATP6 and ATP8 sequence and structure which 
has importance for mitochondrial function. 

2.5 Conclusions 
In this study we suggest that mitochondrial encoded protein ATP6 
has an alternative start codon GTG in the species of suborder 
Notothenioidei except for the hb-less C. gunnari. This could be 
related to a higher thermal stability with altered expression of this 
protein. Another striking difference observed only in C. gunnari for 
the protein, was a substitution of hydrophilic amino acid serine 
(TCT) to hydrophobic amino acid alanine (GCT). This could be a 
base substitution for thymine to guanine at N1 position of the 
codon that might have a structural impact on the protein. Our 
predictions based on the available curated sequence data now 
point to the need for targeted experimentation to understand the 
full physiological impact of our findings. 
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2.6 Supporting information 
S1 Fig. A pictographic representation of the relatedness of ‘ATP6 
protein’ sequence for notothenioids to other species using NJ-
phylogenetic tree (Clustal omega[35]) analysed by taking alignment 
data that shows similarity in the amino acid composition of the 
protein for different vertebrate species (pictures source: 
Wikipedia.com, human skull: Bonesclones.com, naked mole rat: 
Wikiwand.com, E. maclovinus: Scanndposters.com). (DOCX) 

S2 Fig. Protein structure evaluations of ATP6 for fish species C. 
aceratus, C. gunnari, C. rastrospinosus, E. maclovinus, N. corriceps, 
T. bernacchii, D. rerio and N. furzeri (A-I) using SAVES v6.0 
(https://saves.mbi.ucla.edu/), using ERRAT[41], PROCHECK[42,43] 
and ProSA-web[44]. (DOCX) 
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2.9 APENDIX A 

 
2.9.1  Methods: Western Blotting  

  
1. Antarctic Fish Muscle tissue. SVMS Clinical Ethical Review, University of 

Nottingham,  (ref # 2744 190509). White and red muscle samples 
of Antarctic notothenioid fish, N. rossii, T. bernacchii  (red-blooded species 
– Cruise PS112, Weddell Sea in 2013-
2014), C. gunnari and C. rastrospinosus [icefish species – Cruise 
ANTXXVIII  (PS79), Antarctic Peninsula in 
2012] N. rossii and T. bernacchii have 30-45 % of haematocrit and 18-28 % 
haematocrit respectively.  

2. Subcellular fractionation. The liver tissues were stored at -80°C and while 
obtaining the fractions were put on ice throughout. The tissues were cut 
with a sterile blade and then homogenised using Dounce homogeniser, in 
2 mL mitochondria extraction buffer  (50 mM Tris-Cl pH 7.4, 100 mM KCl, 
1.5 mM MgCl2, 1 mM EGTA, 50 mM HEPES and 100mM sucrose). The 
whole cell fractions were used for western blotting. Western blotting was 
performed as follow: 18 μl sample x 9 μl DTT x 9 μl LDS buffer were added 
and the samples were boiled for 10 mins and vortex before loading onto 
precast 12 well NuPage 12% Bis-Tris Gels (Novex, Life Technologies) and 
run at 200 V for 35 min. Gels were transferred at 30 V for 60 min to 
0.45 μm Nitrocellulose membrane (Novex, Life Technologies). Membrane 
was blocked in 3% (w/v) milk powder in TBS-T (Tris-Buffered Saline and 
0.1% Tween-20) for 1 h at room temperature, then incubated at 4 °C 
overnight in primary antibodies (ATP6 – abcam, ab192423; 1:5000 
dilution). Membrane was washed 3 × 5 min at room temperature in TBS-T 
and incubated in peroxidase conjugate goat anti-rabbit for 1h at room temp, 
at a 1:2500 dilution in 3% milk powder (w/v) in TBS-T. Membrane was 
further washed 3 × 5 min in TBS-T and developed using ECL Plus for 5 min 
(Pierce ThermoFisher) and imaged using ChemiDoc (BioRad)_. The 
membranes are re-probed with GAPDH (abcam ab8245; 1:5000) and was 
left overnight at 4 °C and the same steps were repeated. Membranes were 
washed 3 × 5 min at room temperature in TBS-T and incubated in 
peroxidase conjugate anti-mouse (1:25000) for 1h at room temperature. 
Membrane was washed 3 × 5 min in TBS-T and developed using ECL Plus 
for 5 min and imaged using ChemiDoc.  
 
 

2.9.2  RESULTS:  
 

The isolated whole cell fractions of liver samples isolated from four 
notothenioid species, N. rossii and T. bernacchii (the red-blooded 
species) and C. rastrospinosus and C. gunnari (the icefish) were 
subjected to western blotting. The ATP6 protein was seen significantly 
lowered for icefish C. gunnari in comparison to the other species. This 
might be correlated with the changes observed for alternate start codons 
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for the other species and specific amino acid substitution. GAPDH was 
used as a loading control for the samples.   

 
Figure 2-1. Liver tissues from N. rossii, T. bernacchii, C. rastrospinosus and C. gunnari 
whole cell lysate separated on SDS-PAGE and analysed by Western blotting using antibody 
against 25-kD subunit of ATP synthase, ATP6 using GAPDH as a loading control. 

 
On performing westerns with ATP6 on liber tissue, we saw variable expression 
of ATP6 in the icefish and red-blooded fish, with GAPDH as a control. The 
expression of ATP6 was seen the lowest in icefish C. gunnari, and highest in T. 
bernacchii. Despite of having a comparable expression of ATP6 in the two red-
blooded fish, T. bernacchii, is the only red-blooded Antarctic fish that has ATG 
start codon unlike GTG in the other Antarctic fish.  
 

2.9.3  RESULTS 
 

 

Supplementary Figure 2-2. A pictographic representation of the relatedness of ‘ATP6 
protein’ sequence for notothenioids to other species using NJ-phylogenetic tree (Clustal 
omega (Madeira et al., 2019)) analysed by taking alignment data that shows similarity in the 

Source: scanndposters.com
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amino acid composition of the protein for different vertebrate species (pictures source: 
wikipedia.com, human skull: bonesclones.com, naked mole rat: wikiwand.com, E. 
maclovinus: scanndposters.com). 

 
 
In the study we have aligned the nucleotide and protein sequences for ATP6. The 
choice of different vertebrate species as outgroups apart from the notothenioids 
(Supplementary Fig 2.2) for the protein allow us to highlight changes in the amino 
acid sequences that may be specific to the notothenioid fish and those changes 
that may be species specific. 
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structures generally produce values around 95% or higher.  For lower
resolutions (2.5 to 3A) the average overall quality factor is around 91%. 
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saves_01.ps

PROCHECK

B

A

L

b

a

l

p

~p

~b

~a

~l

b

~b

b
~b

~b

-180 -135 -90 -45 0 45 90 135 180

 -135

  -90

  -45

    0

   45

   90

  135

  180

Ramachandran Plot
saves  

Phi (degrees)

Ps
i (

de
gr

ee
s)

ARG 37 (A)

ASN 40 (A)

ASN 41 (A)

THR 123 (A)

ILE 175 (A)

Plot statistics
Residues in most favoured regions  [A,B,L]              168  84.8%
Residues in additional allowed regions  [a,b,l,p]        25  12.6%
Residues in generously allowed regions  [~a,~b,~l,~p]      2   1.0%
Residues in disallowed regions                            3   1.5%
                                                       ---- ------
Number of non-glycine and non-proline residues          198 100.0%
Number of end-residues (excl. Gly and Pro)                2       
Number of glycine residues (shown as triangles)          10       
Number of proline residues                               17       
                                                       ----       
Total number of residues                                227       

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected 

to have over 90% in the most favoured regions.

2)H.

3)

4)1) Chain#:A
File: drerio.pdb

Overall quality factor**: 90.868

Program: ERRAT2

Residue # (window center)

95%

99%

*On the error axis, two lines are drawn to indicate the confidence with
which it is possible to reject regions that exceed that error value.
**Expressed as the percentage of the protein for which the calculated
error value falls below the 95% rejection limit.  Good high resolution
structures generally produce values around 95% or higher.  For lower
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Supplementary Figure 2-3 . Protein structure evaluations of ATP6 for fish species C. 
aceratus, C. gunnari, C. rastrospinosus, E. maclovinus, N. corriceps, T. bernacchii, D. rerio 
and N. furzeri (A-I) using SAVES v6.0 (https://saves.mbi.ucla.edu/), using ERRAT[41], 
PROCHECK[42,43] and ProSA-web[44]. 

The structures are predicted models with 93-95% overall score for the 
model (ERRAT, the method provides an unbiased and statistically sound 
tool for identifying incorrectly built regions in protein models). The 
Ramachandran plot on average showed allowed regions from >85 %. An 
acceptable high-quality model will have allowed regions >90%, and this low 
percentage can be either attributed to either high active side residues that 
sometimes are found in disallowed regions or low resolution of the model 
that can have disallowed conformations (Supplementary Fig 3.).  
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Abstract 
Antarctic icefish are extraordinary in their ability to thrive without haemoglobin. We 
wanted to understand how the mitochondrial proteome has adapted to the loss of this 
protein. Metabolic pathways that utilise oxygen are most likely to be rearranged in 
these species. Here, we have defined the mitochondrial proteomes of both, the red 
and white muscle of two different icefish species (Champsocephalus gunnari and 
Chionodraco rastrospinosus) and compared these with two related red-blooded 
Notothenioids (Notothenia rossii, Trematomus bernacchii). Liquid Chromatography-
Mass spectrometry (LC-MS/MS) was used to generate and examine the proteomic 
profiles of the two groups. We recorded a total of nighty-one differentially expressed 
proteins in the icefish red muscle mitochondria and eighty-nine in the white muscle 
mitochondria when compared with the red-blooded related species. The icefishes 
have a relatively higher abundance of proteins involved with Complex V of oxidative 
phosphorylation, RNA metabolism, and homeostasis, and fewer proteins for striated 
muscle contraction, haem, iron, creatine, and carbohydrate metabolism. Enrichment 
analyses showed that many important pathways were different in both red muscle and 
white muscle, including the citric acid cycle, ribosome machinery and fatty acid 
degradation. Life in the Antarctic waters poses extra challenges to the organisms that 
reside within them. The icefish have successfully inhabited this environment and we 
surmise that the species without haemoglobin uniquely maintain their physiology. Our 
study highlights the mitochondrial protein pathway differences between similar fish 
species according to their specific tissue oxygenation idiosyncrasies.  
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3.1 Introduction 

Mitochondria are crucial organelles that produce ATP via oxidative phosphorylation, a 
process that involves the transfer of electrons between multi-subunit complexes (I to 
IV) of the electron transport chain (ETC) resulting in the reduction of molecular oxygen.
These organelles are also known for their involvement in many vital cellular activities
such as apoptosis, calcium homeostasis, and regulation of cell homeostasis. Due to
this, there has been an increasing interest in the structure and function of
mitochondrial proteins  [1–4]. Efforts have been made to decipher the structure,
assembly process, coupling mechanism, and associated pathologies of respiratory
chain complexes [5,6].

Haemoglobin (Hb) synthesis requires a coordinated production of both haem and 
globin. Hb is a multi-subunit globular molecule made up of four polypeptide subunits, 
two alpha and two beta subunits. Each of the four subunits has a haem moiety that 
contains iron [7]. The prosthetic group haem is synthesised in a series of steps 
shuttling between the mitochondrion and the cytosol of immature erythrocytes [8]. To 
understand the role of haemoglobin it can be useful to examine eukaryotic systems 
that express this important protein at different levels. There is a wide range of evidence 
that suggests that Hb has dynamic locations in cell, neurons, endothelial cells, 
mitochondria, and vascular expression [9–13]. Previously, we have shown that 
haemoglobin proteins are located in the mitochondrion and both direct and indirect 
links have been established between mitochondria function and Hb expression 
[11,14,15].  

Interestingly, a group of vertebrates known as Antarctic icefish are “null-mutants” for 
haemoglobin have some likely relevant cellular modifications, including a high 
mitochondrial density [16]. Antarctic icefish/white-blooded fish, (subfamily 
Channichthyidae, family Nototheniidae, suborder Notothenioidei [17]) are the only 
known vertebrates that do not possess functional haemoglobin genes and red blood 
cells (RBCs), in stark contrast to all the others that depend upon Hb to get oxygen to 
tissues and cells, via RBCs  [18–20]. The loss of Hb in the Antarctic icefish is 
postulated to be a mutational process, resulting in the loss of the β-globin (hbb) gene 
and partial omission of the α-globin (hba) gene from α-/β-globin, causing the locus to 
become functionally inactive. Fifteen out of the sixteen icefish species are known to 
retain only a 3’ fragment of an α-globin gene [21]. The sixteenth species, 
Neopagetopsis ionah, retains an intact but unexpressed hba gene fused to two β-
globin pseudogenes  [22].  

As might be expected, some proteins have been shown to be altered in the icefish and 
reasons have been suggested for these differences. Previously, studies have shown 
changes in the iron transporting proteins such as transferrin, ceruloplasmin, and 
ferritin [23]. All notothenioid species  do not express myoglobin (Mb), an intracellular 
oxygen-binding protein in the muscle. In total, six of the sixteen icefish species don’t 
express Mb in their heart ventricles, a loss that occurred through four different 
mutational events  [24]. Icefish have large hearts [25], which do not contain the 
mitochondrial creatine kinase  [26]. They also have high mitochondrial densities which 
is postulated to counter the effects of cold temperature [27]. The high density of 
mitochondria rich in lipids serves as a pathway that enhances oxygen storage and 
diffusion which compensates for the lack of Hb and Mb [28]  . An observed increase 
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in mitochondrial phospholipids may be due to an upregulation in the glycerol-lipid 
synthesis pathway, there is still a lot to be learned about protein networks and 
pathways in the icefish [29].  

Proteomics can be used to identify protein-protein interactions which in turn influence 
protein expression or regulation [30]. In silico methods and web servers have been 
developed to predict the function and structure of proteins [31].  Although large-scale 
mitochondrial comparative proteomic data have been accumulated, mitochondrial 
proteomics still faces the challenge of how to investigate the functions of the identified 
mitochondrial proteins and how to build mitochondria specific signalling networks. An 
integrative network analysis approach can accommodate information from PPIs and 
proteomics and bridge that gap between the two. Hence using an interactive network 
approach could lay the foundation for a better understanding of the mitochondrial 
changes in the icefish [32]. 

Here, we establish for the first time the proteomes of red muscle mitochondria (RMM) 
and white muscle mitochondria (WMM) from four species of the suborder 
Notothenioidei: two icefish, Champsocephalus gunnari (C. gunnari) devoid of Hb and 
Mb (the loss of Hb and Mb completely) and Chionodraco rastrospinosus (C. 
rastrospinosus) devoid of Hb but with tissue specific expression of Mb, that is only 
expressed in the hearts of these species, are compared to their closely related red-
blooded species Notothenia rossii (N. rossii) and Trematomus bernacchii (T. 
bernacchii), both the species belonging to the subfamily Nototheniidae, that express 
Hb and has tissue specific expression of Mb only heart ventricles. Mammalian skeleton 
muscles are mainly composed of two kinds of fibres, white-fast twitch type that makes 
the white muscle and red-slow twitch type that makes the red muscle [33]. White 
muscle requires a greater capacity for anaerobic energy production to meet the 
demands of the fast-twitch fibres [34].In contrast to mammalian white muscle tissue, 
the central regions of icefish red muscle contain numerous mitochondria [16].  In 
establishing these proteomes, we can understand how the mitochondrial proteome 
has adapted to the loss of this protein and potentially understand the role and 
interaction pathways of haemoglobin in the context of mitochondrial biology.  
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3.2  Methodology 

3.2.1  Antarctic Fish Muscle tissue. 
SVMS Clinical Ethical Review, University of Nottingham, (ref # 2744 190509). 
White and red muscle samples of Antarctic notothenioid fish, N. rossii, T. 
bernacchii (red-blooded species – Cruise PS112, Weddell Sea in 2013-2014), C. 
gunnari and C. rastrospinosus  [icefish species – Cruise ANTXXVIII (PS79), 
Antarctic Peninsula in 2012]. N. rossii and T. bernacchii have 30-45 % of 
haematocrit and 18-28 % haematocrit respectively.  

Ethics Statement 
The proposal for the Antarctic Fish project was approved by Veterinary School's 
Clinical Ethical Review panel, University of Nottingham, with responses from at 
least four members of the panel. No ethical issues were raised by the panel. The 
Ethical project Number issued: 2744 190509. 

3.2.2  Subcellular fractionation. 
The white and red muscle tissues were stored at -80°C and while obtaining the 
fractions were put on ice throughout. The tissues were cut with a sterile blade and 
then homogenised using Dounce homogeniser, in 2 mL mitochondria extraction 
buffer (50 mM Tris-Cl pH 7.4, 100 mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 50 mM 
HEPES and 100 mM sucrose). The homogenized mixture was centrifuged at 800 
rpm for 10 minutes at 4°C to remove the insoluble fraction, and the first supernatant 
was centrifuged at 1000 rpm to pellet nuclear fraction. The supernatant obtained 
from the second centrifuge, was centrifuged at 10,500 rpm at 4°C for 30 minutes 
to obtain the mitochondrial fraction. The supernatant which contained the cytosolic 
fraction was transferred into a separate tube and the pellet contained the 
mitochondrial fraction. The quality of the crude fractions was confirmed using 
standard western blotting techniques with nuclear, mitochondrial and cytoplasmic 
markers (Histone H3, ab1791 (Abcam) Rb pAB; COX IV ab16056 (Abcam) Rb Ab; 
and GAPDH, Sigma G9545 Rb respectively) as described previously specific blots 
or this study can be found  [15]. Majority of the proteins identified are associated 
with mitochondrial processes confirming the successful fractionation. 

3.2.3  Liquid Chromatography-Mass spectroscopy 
proteomic analysis (LC-MS/MS). 

Red Muscle: The extracted mitochondrial fractions of three specimens per 
species (C. gunnari: samples 639, 673, 690; C. rastrospinosus: sample 1005, 
1020, 1355; N. rossii: 4-10, 4-27, 5-14; T. bernacchii: samples 7-23, 7-56, 8-24) 
were captured in gel and sent to the Metabolomics and Proteomics Lab (University 
of York, UK) for Liquid Chromatography-Mass spectroscopy (D-100) proteomic 
analysis. A label-free, intensity-based quantification for comparing relative 
protein amounts between samples approach was used. Mass spectrometry data 
were analysed using PEAKSX software. The mapped ion areas were used as metric 
for significance testing for changes in the abundances between groups by using the 
PEAKSQ interpretation of the significance of the B model. These were converted 
into relative percent of the total ion area for analysis. The PEAKSQ significance 
values have been multiply-test-corrected using the Hochberg and Benjamin FDR 
approach (q<0.01).  
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Protein identification: The spectra from PEAKSX studio were searched against 
the combined NCBI deposited proteins from Notothenia coriiceps (32,361 
sequences; 15,554,893 residues), Chaenocephalus aceratus (223 sequences; 
59,314 residues), Dissostichus mawsoni (210 sequences; 61,335 residues) and 
Eleginops maclovinus (193 sequences; 53,595 residues), in addition to 115 
common proteomic contaminant proteins. Protein identifications were filtered to 
achieve <1% false discovery rate (FDR) as assessed against a reverse 
database. Identifications were further filtered to require a minimum of two unique 
peptide identifications per protein group.  

 
White Muscle: The extracted mitochondrial fractions of three specimens per 
species (C. gunnari: 675, 708, 641 samples; C. rastrospinosus: 1006, 1021, 1386 
samples; T. bernacchii: 7-37, 7-54, 8-22 samples; N. rossii: 4-25, 4-42, 4-59 
samples) were captured in gel and sent to the Metabolomics and Proteomics Lab 
(University of York, UK) for Liquid Chromatography-Mass spectroscopy (D-270) 
proteomic analysis. The same approach was applied for analysing the mass 
spectrometry data for the white muscle mitochondria samples and was matched 
against the previously mentioned NCBI deposited proteins. 

 
From the proteomic data, we used ‘number of spectral matches’ as it shows the 
best metric for the presence and absence of a predicted protein. For the 
quantitative analysis of the changes in protein proportions, we used the relative 
percent of total ion map area for comparison of the proteins. 

 
Proteins that were individually low in abundance or higher in abundance for each 
species were characterised using the number of spectral matches and Ion Map 
Area (Supplementary Tables 1-12). The proteins from those lists present in 
species-specific quantities were grouped and used for comparing the abundance 
of proteins in red-blooded species (N. rossii & T. bernacchii) samples and with 
icefish species (C. gunnari & C. rastrospinosus) samples. This also took in 
account the proteins that followed a similar trend in their amounts i.e., more in 
abundance in icefish in comparison to red-blooded species and vice versa. 

 

3.2.4  STRING Network analysis and Clustering.  
The list of proteins that were found to follow a definite pattern in the proteome of 
the icefish in comparison to the red-blooded fish were checked as separate 
groups on STRING database (http://string-db.org). The protein IDs of the 
selected protein was extracted from the proteomics data and the respective 
FASTA sequences were extracted. The multiple FASTA sequence of the proteins 
was searched against the closest available species on the STRING db, Danio 
rerio (zebrafish) using the multiple sequence option. Network analyses were 
visualised in Cytoscape_v3.8.0 and to obtain the top hub proteins, a molecular 
complex detection plug-in (MCODE) was used to obtain the modules. The criteria 
used were Degree cut-off =2, node score cut-off=0.2, k-core=2 and max Depth= 
100 [35]. The top modules were selected for graphical representation. Cytoscape 
with the GeneMANIA plugin was used to identify the genes most related to the 
groups of gene sets to form a network of functional genes based on their 
interaction, such as co-expression, physical-interaction, and shared protein 
domains. GeneMANIA, a plug-in for Cytoscape predicts the function of the 
identified gene sets by using a ‘guilt-by-association’ approach which is informed 
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by functional networks from multiple organisms [36]. The gene symbols for the 
proteins were inputted with default parameters using in-built D. rerio gene 
information, which have been collected from GEO, BioGRID and organism-
specific functional genomic data sets. The pathway enrichment was analysed for 
GO terms ‘biological significance’ and ‘associated metabolic pathways in KEGG’. 
The enrichment database fishENRICHR was run using gene symbols (Table 1-
4), these were sorted according to the p values (P < 0.05, probability of any gene 
belonging to any set) [37,38].  

Graphical representation. R package ggplot2 v.3.5.1. was used for generating 
heatmaps and volcano plots. 
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3.3 Results 

3.3.1  LC/LC-MS Data for RMM and WMM 

The purpose of the study was to identify mitochondrial and mitochondrial-
associated proteins in the icefish and to understand how the loss of haemoglobin 
affects the proteome. LC-MS/MS data were analysed using PEAKSX for reliable 
matching to the available sequence database and the data were filtered to 1% false 
discovery rate by at least two unique peptides for each protein group (Figure. 3-1 
A1 & B1). For red muscle mitochondria (RMM) 1148 proteins were identified 
belonging to unique protein groups this contrasts with white muscle mitochondria 
(WMM) where 429 proteins were identified. Haemoglobin α, β and γ were only 
identified in the red-blooded fish confirming sample specificity. The two types of 
muscle are faced with very different energetic demands, However, previously it has 
been shown that there are no big differences in mitochondrial protein expression 
when surveying different porcine muscle tissues [39].  

Group 1 consisted of the proteins that were significantly more abundant, and group 
2 consisted of less abundant proteins in the two icefish species when compared 
with the red-blooded species (Tables 1-4).  The reported significance value is the 
–log10P value, with the null hypothesis being that protein is of equal abundance in
all samples.  The higher the significance value the greater the probability that the
protein is not equal in abundance in all groups. The volcano plot distinctively shows
the significant differentially expressed proteins (DEPs) (q<0.05) that were
downregulated (green) and upregulated (red). The WMM had fewer proteins that
weren’t significant when compared to the RMM. A heat map that includes the
differentially expressed proteins (DEPs) in red muscle (Figure. 3-1 A2) and white
muscle (Figure. 3-1 B2) mitochondria illustrates that protein expression profiles
are characteristic for the haemoglobin-less species when compared with red-
blooded groups. The mapped ion areas were converted to relative percent values
by weighting each protein equally to point out differences between groups.

There was a common increase in abundance in the complex V proteins and a 
group of ribosomal proteins (more evidently in the white muscle) in the icefish in 
both the muscle mitochondria tissues. A few mitochondrial import proteins were 
also seen increased such as ADP/ATP translocases, voltage-dependent anion 
channel, and heat shock proteins. A common decrease in abundance in the 
proteins for the icefish were seen in Hb and haem/Hb-associated proteins such as 
cytochrome c, transferrin, haem oxygenase 2 and hemopexin. Apart from those, a 
decrease in the abundance was seen in muscle proteins such as creatine kinase, 
troponin, titin, and myosin heavy chain. 

The two groups of proteins from both the tissues RMM and WMM were mapped 
into protein-protein interaction (PPI) networks constructed using STRINGdb. The 
enrichment p-value for each of the three PPI networks is lesser than10-16 indicating 
that proteins share more interactions than would be expected for a random set of 
proteins of similar size drawn from the proteome suggesting at least partial 
biological connection as a group [40]. The network was retrieved and analysed 

70



using Cytoscape software which allowed us to visualize and analyse molecular 
interaction networks [41] (Figure. 3-2 & Figure. 3-4) [36].  

 
 

 
Figure 3-1 Volcano Plot and Heat Map of DEPs for the two tissue types. Volcano plot for 
differentially expressed proteins (A1. & B1.) The x axis depicts log fold change and Y axis 
depicts FDR; the lower genes are low p values; less significant. Genes that are upregulated are 
right side of the graph and those down regulate are left side of the graph (FDR>0.01). DEPs in 
red muscle mitochondria (A 2.) and white muscle mitochondria (B 2.) for the four species (Red 
is significantly more highly expressed). The heat maps are produced using the relative percent 
of total ion area that is used for comparing the change in abundance for the same protein from 
different samples. A clear distinction in the expression of the protein abundance among 
different species can be seen, red being more abundant and yellow being less (List of proteins 
Table 1-4).  
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3.4.1  Analysis of proteins more in abundance in icefish 
 
 

 
Figure 3-2 Gene interaction networks for DEPs with increased abudance in icefish. 
A) RMM Analysis and B) WMM Analysis. A GeneMANIA gene–gene interaction 
network for protein abundance following the pattern N. rossii (+/+), T. bernacchii 
(+/+), C. rastrospinosus (-/+) and C. gunnari (-/-) in increasing order of their protein 
abundance, laid out and visualised with Cytoscape, showing interaction strength 
(edge thickness), interaction type (colour-bottom right), multiple edges between 
nodes, protein score (node size). Black nodes indicate query proteins, and grey 
nodes are neighbouring proteins with interactions as co-expressed, physical, or 
shared protein domains. 
 
Forty-three proteins were differentially expressed with higher abundance in the RMM 
of the two icefishes compared to the red-blooded nonfamilial species. Fifty-seven 
proteins were significantly higher expressed in the WMM (Tables 1 and 2). Most 
proteins that were seen upregulated in both RMM and WMM were found to be part of 
the complex V, ribosomal and proteosome machineries in addition to a common 
upregulated expression of malate dehydrogenase and Fragile X mental retardation 
isoform 2 protein. In RMM components of complex V of the electron transport chain 
and proteins involved in transportation across mitochondria were observed. The 
upregulated proteins of WMM were involved in the citrate cycle and carbon 
metabolism.  
 
GeneMANIA (based on zebrafish) analysis for interactions of the proteins with 
increased abundance in icefish produced one network per each muscle tissue 
(Figure. 3-2 A & B). In RMM, co-expression occupied 98.66% of the interactions seen 
in the network; shared protein domains occupied 1.13%; physical interaction 0.21%. 
The network showed shared domains among proteins, slc25a5, slc25a6, slc25a20, 
vdac3 and slc25a12, and, between atp5a1 and atp5b. The network showed physical 
interactions between atp5a1, atp5o, predicted cyc1 and coq9. In WMM, co-expression 

Physical Interaction

Co-expression

Shared protein domain
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occupied 98.46% of the interactions seen in the network; physical interactions 
occupied 1.431%; and shared protein domains occupied 0.11%. The network showed 
physical interactions between ribosomal proteins and separately also between 
proteasome proteins.  

Table 1 - Differentially expressed proteins (DEPs) among the four species in RMM - higher 
abundance in icefish. 

Figure. 3-3 A shows PPI network generated using the FASTA sequences 
(corresponding NCBI IDs) for the proteins using STRING. The forty-three identified 
DEPs that were more abundant in RMM were analysed and connected with a PPI 
enrichment p-value < 1.0e-16, with 42 nodes (proteins RPL27 was not identified for 
organism D. rerio), 143 edges, and an average node-degree of 6.8. Four of forty-two 
DEPs (RTN4IP1, PFKMA, FRX2 and HAPLN1b) did not connect to any type of 
network (STRING interaction score=0.4). Thirty-eight of the remaining DEPs were 
connected to networks by complex relationships. RPL23, MDH1AA, ATP5B, and 
VDAC3 showed network hubs highly associated with other nodes in PPI. 
(Supplementary Figure 3-7). A single network was formed between DEPs ITIH4, 
A2ML, KNG1, F2 and APOBB. The highly connected proteins are majorly involved in 
energy metabolism and protein metabolism. Three distinctive clusters were seen for 
RMM upregulated proteins. Cluster 1 had proteins involved in ETC and oxidative 
phosphorylation, Cluster 2 proteins involved in cell signalling and Cluster 3 proteins 
involved in fatty acid biosynthesis (Supplementary Figure 3-6). 
Functional enrichment analysis (FDR <1.9 * 10-2) ) showed proteins involved in TCA 
cycle, oxidative phosphorylation, degradation of RNA, cristae formation, mitochondrial 

Protein Abundance - Higher in icefish (Red Muscle)

S. No. Protein Name Gene Name
Quant Significance 
H&B multiple test 
corrected q-value

N. rossii
T. 

bernacch
ii

C. 
rastrospi

nosus

C. 
gunnari

Accession 
Number

1 26S protease regulatory subunit 4 isoform X1 & X2 psmc1a 1.26E-06 4.9 6.6 7 81.4 XP_010780333.1
2 Apolipoprotein B-100-like  partial apobb 3.76E-19 3.2 3.3 27.9 65.6 XP_010781933.1
3 NAD(P) transhydrogenase  mitochondrial-like nnt 2.96E-19 5.5 5.8 29.6 59.2 XP_010786020.1
4 Hyaluronan and proteoglycan link protein 1 hapln1 7.26E-20 9.1 5.2 30 55.7 XP_010767902.1
5 Sarcolemmal membrane-associated protein-like isoform X1 & X2 slmapa 9.74E-03 15.2 15.7 24 45.1 XP_010782086.1
6 ADP/ATP translocase 2-like slc25a5 1.04E-18 13 6.2 36.5 44.3 XP_010765274.1
7 Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex  dlat 9.10E-12 15.9 16.3 27.3 40.5 XP_010773292.1
8 Alpha-2-macroglobulin-like  partial a2ml 1.24E-04 14.7 22.1 23.1 40.1 XP_010771939.1
9 Inter-alpha-trypsin inhibitor heavy chain H4-like itih3a.2 1.38E-11 12.1 12.7 35.9 39.3 XP_010793736.1

10 Stress-70 protein  mitochondrial-like hspa9 1.58E-05 20 18.3 33.7 28.1 XP_010766277.1
11 Epoxide hydrolase 1 ephx1l 3.80E-20 10.2 21.6 31.1 37.1 XP_010790338.1
12 Sorting and assembly machinery component 50 homolog samm50 1.66E-19 17.4 8.9 37.3 36.4 XP_010773400.1
13 Calcium-binding mitochondrial carrier protein Aralar1 slc25a12 1.22E-19 23 7.8 32.8 36.4 XP_010768357.1
14 Long chain fatty acyl CoA synthetase acsl1a 5.89E-07 2.6 19.1 42.1 36.1 AAK07470.1
15 Malonyl-CoA decarboxylase  mitochondrial mlycd 3.73E-20 10.9 18.7 34.7 35.6 XP_010792494.1
16 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8  mitochondrial ndufb8 6.63E-07 13.1 19.5 31.9 35.6 XP_010779169.1
17 60S ribosomal protein L27a isoform X1 & X2 rpl27a 5.18E-20 10.7 14.8 38.9 35.6 XP_010790259.1
18 Fatty acid binding protein H8-isoform fabp3 2.44E-19 2.4 25.6 37.2 34.8 AAC60356.1
19 ATP-dependent 6-phosphofructokinase  muscle type-like pfkm 2.03E-10 22.3 12.5 31 34.2 XP_010794434.1
20  Carnitine/acylcarnitine carrier protein slc25a20 1.20E-19 20 9.9 36.2 33.9 XP_010773584.1
21 ATP synthase subunit O  atp5o 4.06E-08 24.6 13.4 29.1 32.9 XP_010772138.1
22 Proliferation-associated protein 2G4-like pa2g4b 4.31E-03 19 21.8 27.3 32 XP_010782747.1
23  ATP synthase subunit g  mitochondrial atp5l 2.26E-07 23.1 10.6 34.4 31.9 XP_010779232.1
24 Voltage-dependent anion-selective channel protein 3 vdac3 4.60E-19 13.2 12.1 43.2 31.6 XP_010782516.1
25 ATP synthase subunit alpha  mitochondrial atp5fa1 7.03E-09 22.2 14.9 31.7 31.2 XP_010779868.1
26 ATP synthase subunit beta  mitochondrial zgc:163069 1.07E-08 24.7 13.4 31.1 30.8 XP_010765728.1
27 ATP synthase subunit gamma  mitochondrial isoform X1 atp5g 2.54E-14 18.3 10 41.5 30.1 XP_010778067.1
28 60S ribosomal protein L35 rpl35 2.93E-15 14.9 15.2 40.2 29.6 XP_010790499.1
29 ATP synthase F(0) complex subunit B1  mitochondrial atp5pb 1.54E-15 23 11.6 36 29.5 XP_010786327.1
30 ATP synthase subunit delta  mitochondrial atp5d 6.63E-03 18.8 23.4 28.4 29.4 XP_010775450.1
31 Prothrombin  partial f2 5.96E-20 14.3 23.2 33.2 29.3 XP_010786167.1
32  ADP/ATP translocase 3 slc25a6 5.06E-12 23.5 13.6 33.9 29 XP_010784438.1
33 60S ribosomal protein L18a-like rpl18a 3.98E-08 18.2 18.8 34.1 28.9 XP_010774792.1
34 ATP synthase subunit d  mitochondrial atp5pd 8.45E-20 25.2 8.6 37.5 28.7 XP_010766730.1
35 Malate dehydrogenase  cytoplasmic-like  partial mdh1aa 7.88E-16 13.2 16.9 42.1 27.8 XP_010766317.1
36 Cytochrome c oxidase subunit 5A  mitochondrial isoform X2 cox5a 5.67E-20 16.5 9.2 46.4 27.8 XP_010766309.1
37 60S ribosomal protein L23 rpl23 1.14E-12 15.9 20.4 37 26.7 XP_010783746.1
38 Prohibitin phb 2.72E-06 18.1 18.4 39.1 24.5 XP_010773724.1
39 Ubiquinone biosynthesis protein COQ9  coq9 8.44E-11 17.2 17.6 42.1 23 XP_010793356.1
40 26S proteasome non-ATPase regulatory subunit 6 psmd6 3.76E-02 8.5 15 28.3 48.1 XP_010773228.1
41 Fragile X mental retardation syndrome-related protein 2 fxr2 7.07E-02 9.6 10.5 16.4 63.5 XP_010770797.1
42 Reticulon-4-interacting protein 1 homolog  mitochondrial-like rtn4ip1 1.05E-01 19.8 20.5 28.7 31 XP_010790805.1
43 Kininogen-1 kng1 1.28E-01 13.7 16.6 25.8 43.8 XP_010787469.1

Relative Percent of Total Ion Area (Mapped) - 
Converted from tptal  sum of ion  area to 

relative percent of totsl ion area
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protein import and carbon metabolism (See Figure. 3-3 A) using the STRINGdb 
information provided under KEGG and Reactome pathways.  
Using FishENRICHR [37,38], the most used GO Terms for different biological 
processes were: GO:0019674, NAD  metabolic process; GO:0070306 lens fibre cell 
differentiation; GO:0006754 ATP biosynthesis; GO:0006839 mitochondrial transport; 
GO:0045898 regulation of RNA polymerase II transcriptional pre-initiation complex 
assembly. (See Figure. 3-3 C 1 & 2)
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Figure 3-3. Network analysis of more highly abundant proteins in icefish mitochondria compared with closely related red-blooded species. A. 
RMM DEPs, number of nodes 42 with 143 edges, the average node degree is 6.8 and B. WMM, number of nodes 56 with 382 edges with an average 
node degree of 13.6. Network analysed using STRINGdb. The network highlights proteins involved in different pathways curated by STRINGdb 
from KEGG and Reactome databases. Nodes are coloured according to pathways. The edge shows type of interactions, experimentally 
determined interactions database derived, predicted interactions such as gene neighbourhood, gene co-occurrence, gene fusions respectively, 
co-expression interactions, text-mining interactions, and homology, thicker the edge higher the confidence obtained the mentioned sources. C. 
Using FishEnrichr [37,38] analyser KEGG Pathways and GO terms for Biological process showed proteins in different pathways. The length of the 
bar represents the significance of that specific gene-set or term. Brighter colours are highly significant. 
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Table 2 - DEPs between WMM with increased abundance in icefish specifically seen 
upregulated in icefish Champsocephalus gunnari 

  

 
 
 
Using the same steps as for RMM, a PPI network was generated for WMM DEPs 
(Figure. 3-3 B). As for the WMM the intra network connections were strongest (PPI 
enrichment p-value <1.0e-16, with fifty-six nodes 382 edges and an average node-
degree of 13.6). Nine of the fifty-six DEPs did not connect to any network (RTNA1, 
MYOZ1B, HSPB1, KLH41B, TUBA8L2, VTG2, ZGC:110377, PALLD, and FXR2- 
Table 2).  
The remaining forty-seven of the differentially expressed proteins were connected to 
networks, where differentially expressed proteins ATP5B, GNB2L1, RPL11, RPL13, 
RPSA, PKMA, are the major protein-hubs (See Supplementary Figure 3-8). A single 
network was formed between DEPs MYLPFB, AMPD, ACTN2, and VCLA.  
Three distinctive clusters were seen for WMM upregulated proteins similar to RMM. 
Cluster 1 had proteins of ribosome machinery, Cluster 2 proteins involved in ETC and 
TCA, and Cluster 3 proteins involved in fatty acid biosynthesis (Supplementary 
Figure 3-6). 

Protein Abundance - Higher in icefish (White Muscle)

S. No. Protein Name Gene Name
Quant Significance 
H&B multiple test 
corrected q-value

N. rossii T. bernacchii C. rastrospinosus C. gunnari Accession 
Number

1 Myosin regulatory light chain 2  skeletal muscle isoform-like mylpfb 3.42E-19 1 2.2 2.3 94.4 XP_010770965.1
2 Myozenin-1 isoform X1 & X2 myoz1b 1.55E-07 0 7.8 13.3 78.9 XP_010791910.1
3 Heat shock protein beta-1 hspb1 9.49E-05 9.9 4.1 11.5 74.6 XP_010788098.1
4 60S ribosomal protein L35 rpl35 4.58E-20 3.4 7.9 32.7 56 XP_010790499.1
5 40S ribosomal protein S16 isoform X1 rps16 9.30E-03 12.3 16.9 17.9 52.8 XP_010773777.1
6 60S ribosomal protein L7 rpl7 1.08E-06 6.9 7.8 33.1 52.3 XP_010770361.1
7 Fragile X mental retardation syndrome-related protein 2 fxr2 6.55E-04 4.6 11.6 32.2 51.6 XP_010770797.1
8 40S ribosomal protein S12 rps12 1.13E-04 8.4 13.8 27 50.8 XP_010783785.1
9 60S ribosomal protein L30 rpl30 8.33E-05 3.1 22.6 24 50.3 XP_010765856.1

10 60S ribosomal protein L12 isoform X2 rpl12 5.13E-20 9.9 11.7 28.5 49.8 XP_010779104.1
11 Reticulon rtn1a 5.52E-20 14.9 13 22.7 49.4 XP_010790870.1
12 Palladin-like palld 1.07E-14 2.7 15.9 32.1 49.2 XP_010785200.1
13 60S ribosomal protein L9 rpl9 4.71E-20 4.2 3.4 43.7 48.7 XP_010776310.1
14 AMP deaminase 1 isoform X1 & X2 [Notothenia coriiceps] ampd1 1.65E-19 18.6 10.9 22.8 48.4 XP_010793467.1
15 ADP/ATP translocase 3 slc25a5 3.22E-10 7.8 10.6 33.7 47.8 XP_010784438.1

16 40S ribosomal protein S13 [Notothenia coriiceps] rps13 9.88E-04 13.1 10.6 29.1 47.3 XP_010794693.1

17 40S ribosomal protein S8-like  partial rps8 2.92E-10 9.1 11.8 33 46 XP_010787537.1

18 Alpha-actinin-2 actn2 1.43E-08 12.1 18.2 23.6 46 XP_010791686.1
19 Kelch-like protein 41b klhl41b 5.58E-20 4.2 11.6 38.5 45.7 XP_010774286.1
20 60S ribosomal protein L6 rpl6 4.54E-20 7 11.3 36.3 45.4 XP_010782543.1
21 40S ribosomal protein S5 rps5 7.75E-04 17 12.2 25.5 45.3 XP_010783741.1
22 Cytochrome c oxidase subunit II mt-co2 5.92E-13 2.6 26.8 25.9 44.7 YP_004581500.1
23 40S ribosomal protein S25 rps25 6.64E-03 13 14.5 28.4 44.2 XP_010776714.1
24 60S ribosomal protein L11 rpl11 4.98E-20 15.6 11.7 29.1 43.7 XP_010779161.1

25 Voltage-dependent anion-selective channel protein 2 vdac2 8.77E-07 15.6 10.6 30.4 43.5 XP_010767141.1
26 40S ribosomal protein S4 rps4x 6.41E-20 7.5 16 33.6 43 XP_010792965.1
27 40S ribosomal protein S2 rps2 5.40E-20 6.8 11.4 39 42.8 XP_010783756.1
28 60S ribosomal protein L10a rpl10a 2.26E-14 14.8 15.1 29.7 40.4 XP_010791484.1
29 40S ribosomal protein S9 rps9 4.40E-08 12.5 17.9 29.3 40.3 XP_010786813.1
30 ATP synthase subunit g atp5l 4.66E-20 18.7 11.6 32.7 37 XP_010794136.1
31 Vinculin vcla 1.15E-07 18.7 11.6 32.7 37 XP_010787927.1
32 60S ribosomal protein L13 rpl13  5.51E-11 8.2 16 39.4 36.5 XP_010789836.1
33 Fructose-1 6-bisphosphatase isozyme 2-like fbp2 5.64E-20 9.8 26 28.1 36.1 XP_010781656.1
34 40S ribosomal protein SA isoform X2 rpsa 6.11E-20 10 17.7 37.1 35.3 XP_010768032.1
35 Succinyl-CoA ligase suclg1 6.66E-11 5.5 10.2 49.4 35 XP_010778226.1
36 Tubulin alpha chain-like isoform X1 & X2 tuba8l2 4.49E-04 11.3 23.9 29.9 34.9 XP_010766070.1
37 60S ribosomal protein L23a rpl23a 5.29E-08 3.5 9.8 56.9 34.8 XP_010791811.1
38 NADH-ubiquinone oxidoreductase mt-nd1 8.22E-07 3.5 9.8 51.9 34.7 XP_010777506.1
39 Alpha-enolase-like eno1a 4.27E-04 13 22.3 30.3 34.5 XP_010765339.1
40 Isocitrate dehydrogenase idh1 1.22E-19 20.6 11 35.7 32.6 XP_010791048.1
41 26S proteasome non-ATPase regulatory subunit 12 psmd12 1.19E-03 10 11.8 47.6 30.6 XP_010777584.1
42 ATP synthase F(0) complex subunit B1 atp5pb 2.07E-10 19 6.4 44.2 30.2 XP_010786327.1
43 Peptidyl-prolyl cis-trans isomerase-like pplb 1.03E-03 8 27.2 35.3 29.5 XP_010790691.1
44 Malate dehydrogenase  mdh1aa 1.71E-19 15.1 9 46.6 29.4 XP_010780749.1
45 ATP synthase subunit O atp5o 5.16E-04 16.1 9.4 45.9 28.6 XP_010772138.1
46 NAD(P) transhydrogenase nnt 5.81E-08 15.9 16.7 39 28.3 XP_010776087.1
47 Glycogen phosphorylase  muscle form-like pygma 8.47E-06 17.7 25.3 30 26.9 XP_010788355.1
48 Ubiquitin carboxyl-terminal hydrolase 5 isoform X1 usp5 4.80E-04 9.3 19.1 44.8 26.7 XP_010769500.1
49 Cytochrome b-c1 complex subunit 2 uqcrfs1 4.32E-04 11.7 10.4 52.9 25 XP_010784571.1
50 ATP synthase subunit gamma atp5c1 1.42E-12 13.4 12.3 49.6 24.7 XP_010778067.1
51 ATP synthase subunit beta zgc:163069 9.98E-16 17.5 12.4 46.2 23.8 XP_010765728.1
52 Pyruvate kinase PKM pkma 5.13E-19 11 10.3 56 22.7 XP_010766216.1
53 Vitellogenin-1-like vtg2 1.38E-02 0 2 93.6 4.4 XP_010779640.1
54 Proteasome subunit alpha type-7-like psma8 1.97E-02 9.6 11.7 55.1 23.6 XP_010783619.1
55 Guanine nucleotide-binding protein subunit beta-2-like 1 gnb2l1 1.57E-02 13.2 21 29.6 36.2 XP_010780163.1
56 ATP-dependent 6-phosphofructokinase  muscle type-like pfkmb 1.84E-02 16.7 17.3 26.1 39.9 XP_010782695.1
57 Inter-alpha-trypsin inhibitor heavy chain H3-like zgc:110377 1.92E-02 0 14.4 46.5 39.1 XP_010777740.1

Relative Percent of Total Ion Area (Mapped) - Converted from 
tptal  sum of ion  area to relative percent of totsl ion area
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Functional enrichment analysis (FDR <1.4*10-2) showed proteins involved in TCA, 
ribosomal proteins, downstream signalling events of B cell receptors and L13a-
mediated translational silencing of ceruloplasmin. The fishENRICHR identified, 
GO:0000463: “maturation of LSU-rRNA”, GO:0045727 and GO:0000470: “positive 
regulation of translation”, GO:0000027 and GO:0042273: “ribosomal large subunit 
assembly” as most common GO terms. Enriched KEGG pathways included ribosome, 
glycolysis and gluconeogenesis, and the pentose pathway (pathways sorted 
according to p-values) (Figure 3-3. C 3 & 4). The proteins involved in gluconeogenesis 
have previously been reported altered in their expression in rainbow trout. The study 
goes onto show an increase in the enzyme FB2 a key enzyme of gluconeogenesis to 
be increased in red muscle for the fish. On contrary we see FB2 to be increased 
fourfold in the white muscle tissue for the icefish rather than the red muscle [42]. 

The protein networks between RMM and WMM differ. In RMM, there is one quite 
dense cluster with some weak “satellites” and another cluster with similar connectivity 
as seen in WMM. In WMM there are three separate clusters with good and quite similar 
connection. 
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3.4.1  Proteins with lower abundance in icefish 

Figure 3-4. Gene interaction network for proteins with lower abundance in icefish A) RMM and 
B) WMM. A GeneMANIA gene–gene interaction network for protein abundance following the
pattern N. rossii (+/+), T. bernacchii (+/+), C. rastrospinosus (-/+) and C. gunnari (-/-) in
decreasing order of their protein abundance, laid out and visualised with Cytoscape, showing
interaction strength (edge thickness), interaction type (colour-bottom right), multiple edges
between nodes, protein score (node size) Black dots indicate query proteins, and grey dots
depict neighbouring proteins.

Forty-eight proteins were found in lower quantities in RMM (ENSDARG00000030638, 
ca1, casq, gdh, mdh, pygm, rdh13, wu:fd55e03 were not recognised by GENEmania) 
and thirty-two proteins were differentially expressed in WMM in icefish compared to 
their red-blooded relatives (Tables 3 & 4). As before, GeneMANIA was used to 
analyse the interactions and produced one network per tissue (Figure. 3-4 A & B). In 
RMM, co-expression accounted for 96.14% of the total interactions seen in the 
network; and shared protein domains occupied 3.86%. In WMM, co-expression 
occupied 94.76%; physical interactions occupied 5.02%; and shared protein domains 
occupied 0.21%. The network showed physical interactions between ribosomal 
proteins and nebulin and this was predicted for the neighbouring protein tropomodulin. 

A. Red Muscle Mitochondria B. White Muscle Mitochondria
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Shared protein domain
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Table 3 - DEPs in RMM with decreased abundance in icefish specifically seen downregulated 
in icefish Champsocephalus gunnari 

    

 
 
In RMM, PPI networks include forty-eight protein nodes (Figure. 3-5 A), nine proteins 
(MUT, RPN1, CKMT2A, PDPR, DHRS7CB, ALDH7A1, WU:FD55e03, USP5, PLIN3) 
did not connect to any type of network (STRING interaction score=0.4). The PPI 
enrichment (p-value <1.0e-16) had thirty-nine nodes and fifty-three edges and an 
average node degree of 2.52. The rest of the DEPs were connected to networks by 
complex relationships, where proteins ACTN3B, TTNA, CKMB, MYBPC1, TTNT3B, 
and CYCSB showed network hubs highly associated with many proteins 
(Supplementary Figure 3-10). Single networks were observed between FBN2A and 
TFA, SLC4A1A and HBAE1. Two distinctive clusters were seen for RMM. Cluster 1 
had proteins involved in striated muscle contraction, and Cluster 2 proteins involved 
in oxidative stress (Supplementary Figure 3-9). 
 
In WMM, six (ZGC:153629, HBZ, HBAA1, MYOM1A, EVA1BA and, MDH1AA) out of 
the thirty-two protein nodes in the network, did not connect to any type of network 
(Figure. 3-5 B). Proteins FGA, TFA, and TTNA represent network hubs, highly 
associated with other proteins (Supplementary Figure 6). The PPI enrichment (p-
value <3.49e-12) gave thirty-two nodes with forty-five edges and an average node-
degree of 2.58. Three distinctive clusters were seen for WMM downregulated proteins. 
Cluster 1 had proteins of actin filament regulation, Cluster 2 proteins involved in 
muscle contraction, and Cluster 3 proteins involved with collagen (Supplementary 
Figure 3-8 to 3-9). 
 
 
The functional enrichment analysis (FDR <3.8*10-3) for RMM reduced proteins in 
icefish were involved in striated muscle contraction, erythrocytes absorbing oxygen, 

Protein Abundance - Lower  in icefish (Red Muscle)

S. No. Protein Name Gene Name
Quant Significance 
H&B multiple test 
corrected q-value

N. rossii T. bernacchii C. rastrospinosus C. gunnari Accession Number

1 Hemoglobin subunit alpha-1 hbae1 1.88E-19 60 38.7 0.8 0.5 NP_001290227.1
2 Calsequestrin-1 casq1 6.09E-20 33.3 44.4 18.6 3.7 XP_010782377.1
3 Perilipin-3 plin3 1.53E-19 48.8 35.6 11.1 4.5 XP_010778108.1
4 creatine kinase S-type  mitochondrial-like ckmt2a 4.36E-19 71.4 22.4 1.4 4.8 XP_010772488.1
5 Transferrin tfa 8.36E-20 34 54.2 17.3 5.5 CAL92189.1
6 Dehydrogenase/reductase SDR family member 7C dhrs7cb 3.01E-09 68.9 18.2 7.1 5.7 XP_010784042.1
7 Myosin-binding protein H-like mybpha 9.10E-20 66.6 20.7 5.9 6.8 XP_010764981.1
8 Band 3 anion transport protein slc4a1 1.92E-08 39 52 2.1 6.9 XP_010785995.1
9 Cytochrome c oxidase subunit 4 isoform 2  mitochondrial-like cox4i2 5.79E-20 60.1 22.5 9.6 7.7 XP_010770791.1

10 Titin-like ttna 2.47E-11 50.9 21.6 19.4 8.1 XP_010787367.1
11 Glutaryl-CoA dehydrogenase  mitochondrial-like gcdh 4.93E-20 34 28.8 28.2 9 XP_010795730.1
12 Fibrillin-1-like isoform X1 fbn2a 5.14E-20 67.5 17.5 6 9 XP_010767938.1

13 heme oxygenase 2 hmox1 1.18E-04 48.5 20.6 21.3 9.7 XP_010786435.1
14 NADP-dependent malic enzyme  me1 1.29E-19 33.9 40.3 16 9.8 XP_010776993.1

15 Pyruvate dehydrogenase phosphatase regulatory subunit pdpr 8.31E-09 24.9 48.6 15.4 11.1 XP_010773093.1

16 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 rpn1 7.17E-12 38.5 30.1 20.2 11.2 XP_010777725.1
17 CDGSH iron-sulfur domain-containing protein 1 zgc:110843 4.55E-20 41 36 11.6 11.5 XP_010767760.1
18 Glutamate dehydrogenase gdh 3.07E-19 29.9 48.6 11.1 11.9 P82264.1
19 Thioredoxin-dependent peroxide reductase  mitochondrial prdx3 6.47E-20 31.2 29.5 27.2 12.1 XP_010779546.1
20  malate dehydrogenase mdh 1.18E-12 32.5 37 18.4 12.1 XP_010765488.1
21 Cytochrome c cycsb 5.56E-20 42.8 28.7 16.1 12.5 XP_010792793.1
22 Troponin T  fast skeletal muscle isoforms-like isoform X1 to X3 tnnt3a 4.90E-20 37.2 29.6 20.5 12.7 XP_010784864.1
23 Superoxide dismutase [Mn]  mitochondrial sod2 1.02E-10 42 33.4 11.5 13.1 XP_010771234.1
24 Carnitine O-acetyltransferase crat 6.47E-13 29.1 38.8 19 13.1 XP_010795330.1
25 PDZ and LIM domain protein 7 ENSDARG00000030638 1.45E-08 45.5 21 20.3 13.3 XP_010765699.1
26 Protein FAM162B-like fam162a 4.14E-04 41.5 32 13 13.6 XP_010783349.1
27 Aconitate hydratase  mitochondrial aco1 4.14E-19 45.3 26.8 14 14 XP_010781940.1
28 Retinol dehydrogenase 13-like isoform X1 & X2 wu:fd55e03 2.60E-13 42.1 26.2 17.6 14.1 XP_010791045.1
29 Myosin-binding protein C  slow-type isoform X1 to X17 mybpc 2.39E-03 39.8 27.3 18.8 14.1 XP_010774860.1
30 Lumican lum 2.21E-07 47.8 26.9 11.3 14.1 XP_010795529.1
31 Retinol dehydrogenase 13-like isoform X1 rdh13 2.60E-13 26.2 42.1 17.6 14.1 XP_010791045.1
32 PDZ and LIM domain protein 7-like isoform X2 ENSDARG00000030638 4.70E-20 40.6 26.1 18.9 14.4 XP_010785930.1
33 Glycogen phosphorylase pygm 7.81E-20 30.6 44.1 10.9 14.4 XP_010788472.1
34 Alpha-aminoadipic semialdehyde dehydrogenase aldh7a1 1.25E-19 36.3 28.9 20 14.7 XP_010772035.1
35 Myozenin-1-like myoz1a 7.08E-20 46.5 26.8 12 14.7 XP_010764663.1
36 Collagen alpha-1(I) chain-like col1a1a 9.41E-20 52.6 27.3 5.3 14.8 XP_010768975.1
37 Peroxiredoxin-5  mitochondrial prdx5 8.33E-07 30.5 28.9 25.2 15.4 XP_010783999.1
38 Short-chain specific acyl-CoA dehydrogenase  mitochondrial acads 4.55E-08 32.5 26.7 25.1 15.8 XP_010779541.1
39 Troponin alpha-3 chain-like tnnt3b 1.56E-19 36.9 35.9 11 16.1 XP_010771394.1
40 Creatine kinase M-type ckmb 4.11E-05 34.8 25.6 23.3 16.3 XP_010791917.1
41 Glycerol-3-phosphate dehydrogenase  mitochondrial gpd2 1.14E-10 42.6 23.5 17 16.9 XP_010791177.1
42 electron transfer flavoprotein subunit beta etfb 2.38E-05 33.9 24.8 24.2 17.1 XP_010791064.1
43 1 4-alpha-glucan-branching enzyme gbe1b 2.21E-10 28.1 44.4 10.4 17.1 XP_010775191.1
44 Ubiquitin carboxyl-terminal hydrolase 5 isoform X1 & X2 usp5 8.41E-05 34.9 25.9 21.1 18 XP_010769508.1
45 Methylmalonyl-CoA mutase  mitochondrial mut 2.49E-04 33.7 26.7 21.5 18 XP_010784587.1
46 probable acyl-CoA dehydrogenase 6 zgc:85777 1.82E-03 31.3 26.9 23.2 18.6 XP_010772948.1
47 Alpha-actinin-3 actn3b 5.52E-19 39.5 28.5 13.3 18.7 XP_010784415.1
48 Carbonic anhydrase 1 ca1 7.89E-20 49.4 20 10.9 19.6 XP_010765900.1

Relative Percent of Total Ion Area (Mapped) - Converted from tptal  sum of 
ion  area to relative percent of totsl ion area
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fibrin clot formation hemostasias and haeme-associated proteins (Figure. 3-5 A). The 
following GO terms for biological processes were found overrepresented: 
GO:0006941 and GO:0006936: “striated muscle contraction” and GO:0045214: 
“sarcomere organisation”. The following KEGG pathways were affected: amino acid 
metabolism, fatty acid degradation, and peroxisome, glyoxylate, and dicarboxylate 
metabolism (Figure. 3-5 C 1& 2).  

Table 4 - DEPs between WMM with decreased abundance in the icefish 

The functional enrichment analysis (FDR <2.5*10-4) for white muscle downregulated 
proteins in icefish identified multiple pathways, including translational silencing 
proteins and signal-recognition particle SRP-dependent co-translational protein 
targeting, the latter being involved in binding to the endoplasmic reticulum (ER) 
(Figure. 5 B). 

Based on fishENRICHR analysis, the most used GO Terms for different biological 
processes were, GO:0019674 NAD metabolic process, GO:0060956 endocardial cell 
differentiation, GO:0020027 haemoglobin metabolic process, GO:1903512 
endoplasmic reticulum to cytosol transport (Figure. 3-5 C 4). AGE-RAGE signalling 
pathway metabolism, glyoxylate, and dicarboxylate metabolism, amino acid 
metabolism, ECM-receptor interaction, and focal adhesion were identified by KEGG 
pathway analysis (See Figure. 3-5 C 3). 

Protein Abundance - Lower in icefish (White 
Muscle)

S. No. Protein Name Gene 
Name

Quant Significance 
H&B multiple test 
corrected q-value

N. rossii T. bernacchii C. rastrospinosus C. gunnari Accession 
Number

1 Calreticulin calr 5.73E-03 75.4 4.7 19.8 0 XP_010773398.1

2 Creatine kinase S-type  mitochondrial-like ckmt2a 1.19E-19 78.2 14.8 6.4 0.7 XP_010772488.1
3 Myosin heavy chain  fast skeletal 13 zgc:66156 3.68E-03 37.8 34.7 26.6 0.9 XP_010791001.1
4 Prothrombin  partial f2 7.78E-04 37.3 30.3 31.2 1.1 XP_010786167.1
5 Fibronectin fn1a 1.34E-05 33.1 30.2 34.9 1.8 XP_010794764.1
6 Transmembrane protease serine 2-like LOC571565 6.81E-03 81.2 16.8 0 2 XP_010778161.1
7 Hemoglobin subunit zeta hbz 2.99E-04 80.5 16.4 0.3 2.5 XP_010778322.1
8 Fibrinogen alpha chain-like fga 2.67E-05 51.4 39.8 5.2 2.8 XP_010771898.1
9 Alpha globin hbaa1 7.77E-20 79.6 16.5 0.4 3.3 AAC25100.1

10 Beta-globin ba-1 7.45E-09 87.5 9.1 0 3.4 AAC60372.1
11 Haemoglobin hb 7.33E-09 87.5 9.1 0 3.4 NP_001290226.1
12 Ryanodine receptor 1- ryr1a 3.16E-04 54.5 19.7 21.1 4.5 XP_010787188.1
13 Keratin  type I cytoskeletal 19-like zgc:153629 8.84E-20 54.7 31.8 8.9 4.6 XP_010787448.1
14 Myosin heavy chain  fast skeletal muscle-like myhb 4.59E-12 46.7 27.6 19.2 6.5 NP_001290213.1
15 Malate dehydrogenase  cytoplasmic mdh1aa 5.57E-07 54.8 24.1 13.3 7.8 XP_010765488.1
16 Apolipoprotein A apoa1 1.28E-19 54.4 20 16.1 9.3 XP_010792180.1
17 Myomesin-1-like myom1 1.31E-19 31.1 29.8 21.8 17.3 XP_010789743.1
18 Betaine-homocysteine S-methyltransferase 1-like bhmt 7.33E-20 53.1 20.8 14.4 11.6 XP_010794476.1
19 Collagen alpha-1(I) chain-like col1a1b 6.56E-04 37.2 34.6 15.8 12.4 XP_010768975.1
20 Hemopexin zgc:152945 3.14E-06 40.7 26.6 19.7 13 XP_010788340.1
21 T-complex protein 1 subunit theta cct8 3.35E-06 60.6 18.2 7.4 13.9 NP_001290219.1
22 Transitional endoplasmic reticulum ATPase-like vcp 3.11E-03 51.4 20.5 12.7 15.4 XP_010770092.1
23 40S ribosomal protein S11 rps11 8.27E-04 43.2 32.7 8.7 15.5 XP_010791578.1
24 Titin-like  partial ttna 1.66E-03 32.9 28.7 21.1 17.2 XP_010790363.1
25 Calmodulin calm1a 1.20E-10 36.2 30.9 14 18.9 XP_010768524.1
26 40S ribosomal protein S3a rps3a 9.93E-12 35.1 30.1 15.3 19.5 XP_010773841.1
27 Obscurin isoform X2 obscnb 2.11E-02 36.8 30.2 14.9 18.1 XP_010790854.1
28 Transferrin tfa 3.15E-02 36.3 33.5 22.7 7.6 CAL92189.1
29 Collagen alpha-1(XII) chain isoform X1, X2, X3, X4 & X5 col12a1a 8.53E-02 68.8 18.2 8.5 4.5 XP_010777236.1
30 Nebulin-like isoform X4 neb 2.23E-01 54.2 23.8 9.2 12.7 XP_010772593.1
31 Myosin-binding protein C  slow-type isoform X1 to X17 mybpc3 1.31E-01 45.6 26.9 12.6 14.9 XP_010774870.1
32 Collagen alpha-2(I) chain isoform X1 col1a2 2.91E-01 54.6 20.8 9.6 14.9 XP_010772950.1

Relative Percent of Total Ion Area (Mapped) - Converted 
from tptal  sum of ion  area to relative percent of totsl ion 

area
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Figure 3-5. Network analysis of proteins lower expressed in icefish in comparison to closely related red-blooded species. A) RMM DEPs, number of 
nodes 48 with 53 edges, the average node degree is 2.52 and B) WMM, number of nodes 32 with 45 edges, the average node degree is 2.5. Network 
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analysed using STRINGdb. The network highlights proteins involved in different pathways curated by string from Reactome database. The nodes 
are coloured according to the pathways determined with Reactome Pathway Database. The edge shows type of interactions, experimentally 
determined interactions database derived, predicted interactions such as gene neighbourhood, gene co-occurrence, gene fusions respectively, co-
expression interactions, text-mining interactions and homology, thicker the edge higher the confidence obtained the mentioned sources. C. Using 
FishEnrichr analyser KEGG Pathway and GO terms for biological process showed proteins involved in different pathways 
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3.5 Discussion 

The paper presents the comparative analysis of the mitochondrial proteomes of white 
(WMM) and red muscle (RMM) of the icefish species that do not express haemoglobin 
protein to the closely related red-blooded species. We wanted to understand how the 
mitochondrial proteome has adapted to the loss of this protein. The differentially 
expressed proteins are identified using LC/LC-MS technique. The networks build 
using STRING database provided unbiased identification of network hubs as it builds 
all the networks entirely on external information. Network enrichment analysis 
provided several KEGG pathways that were linked to protein machinery, amino acid 
metabolism, energy production, and fatty acid metabolism.  

Proteins involved in energy metabolism 

 The RMM and WMM tissues had a few proteins following a similar trend in their 
protein abundance in the icefish, The proteins involved in the ribosomal machinery, 
and cellular hypoxia were found to be commonly increased in the icefish (RMM: 
ATP5O, ATP5D ATP5B1, ATP5G; WMM: PSMD12, PSMA8). In cluster 1 of the red 
muscle tissue apart from involvement in hypoxia, some were also involved in the ETC, 
oxidative phosphorylation, and the TCA cycle (Figure 3-3A; increased abundance in 
icefish). ATP synthase subunit O (ATP5O), stress 70 protein (HSPA9), and malate 
dehydrogenase (MDH1AA) were found to be highly connected to the other nodes, and 
changes in any highly connected network proteins are likely to be lethal for an 
organism [43–45].  ATP5O is a component of the multi-subunit enzyme ATP synthase 
(complex V of the electron transport chain), which is located in the stalk that connects 
catalytic core (F1) to membrane proton channel (FO ) [46]. The protein is known to 
influence the proton conductance by conformational changes [47]. ATP5O has also 
been found to interact directly with sirtuin 3 (SIRT3) that is significantly involved in 
energy production and stress responses [48]. ATP5O may contribute to the age-
associated decline in association with SIRT3, mitochondria dysfunction, and diseases 
linked to mitochondrial homeostasis under hypoxia [48,49]. Another component of 
complex V, ATP synthase subunit gamma (ATPγ), which is also a part of the central 
stalk, was comparably high in the icefish cohort. ATPγ helps in the binding change 
mechanism by helping in the rotation of the β subunit. The icefish has been previously 
reported to show an increased coupling of proton transport and ATP synthase 
compared with the red-blooded notothenioids [50] and this could be correlated to the 
increase in the specific subunits of complex V that are directly involved in proton 
translocation . Previously, we have shown the ATP synthase subunit 6 of complex V 
to be sequentially and structurally different in the icefish C. gunnari when compared to 
its red-blooded related species [51]. 

One of the proteins densely connected in RMM (a hub node) in cluster 1 also involved 
in the TCA, was dihydrolipoyllysine-residue acetyltransferase component (DLAT). The 
increase in the abundance of this protein subunit in the icefish, component of pyruvate 
dehydrogenase complex (PDH), involved in the breakdown of pyruvate to acetyl-CoA 
that requires NAD+ converting it to NADH, could be a response to moderate the 
pyruvate levels. This could be to prevent pyruvate being converted into acetyl-CoA for 
TCA and instead be used to meet the muscle energetic demands via anaerobic 
respiration [52,53]. The skeletal muscle is known to have metabolic flexibility in 
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meeting the energy demands of the tissue to respond and adapt to environmental 
changes [52,54]. The hearts and skeletal muscle of icefish have been suggested to 
have a dual oxidative-anaerobic metabolism to maintain the ATP levels [55–59]. An 
increase in the metabolites of fatty acid metabolism in the icefish have also been 
suggested previously [59]. This further could suggest that increase in DLAT is to 
maintain pyruvate levels, which could be converted to oxaloacetate for fatty acid 
cholesterol biosynthesis via glycolytic pathway [52]. PDH has been seen to be involved 
in metabolic rate depression in vertebrates which is a common element of 
anaerobiosis [60]. The regeneration of NAD+ either happens aerobically via OxPhos 
or anaerobically by fermentation wherein lactate dehydrogenase (LDH) converts 
pyruvate to lactate. LDH enzyme has previously been reported to be highly increased 
in the icefish myocardium, which indicates involvement of anaerobic energetics in the 
icefish heart muscle [61]. LDH is regulated by the relative concentrations of its 
substrates, an increase in pyruvate could inhibit the enzyme [62–64].   
 
 
Muscle-contraction proteins 
 
 A common decrease in the expression in the icefish for the proteins associated with 
biological processes, striated muscle contraction (RMM: MYBPC1, MYBPHA, NEB, 
TNA3, TTN3A, TNNT3A; WMM: MYBPC1, MYHB, MYBPC2A, MYBPC2B, MYBPC3, 
TTNA), creatine metabolism (RMM: CKMT2A, CKMB; WMM: CKMT2A), amino 
acid/protein metabolism (RMM: GCDH, OGDHA, BCKDHA, PSME2, CKMT2A; WMM: 
CCT8, VCP, TFA, RPS11, RPS3A) was observed in both RMM and WMM. Creatine 
kinase (CK) which has previously been shown by western blot to be absent in the 
hearts of the icefish did not appear in our protein lists from skeletal muscle 
mitochondria   [65]. The mitochondria are enlarged in the oxidative muscle of icefish 
which decreases the distance for the diffusion of oxygen and for ATP between 
mitochondria and myofibrils which might reduce the demand for CK [29]. Mitochondrial 
CK helps maintain flux through the respiratory chain by maintaining low levels of ATP 
levels [66]. This is coherent with our observation of an increase in the abundance of 
proteins of complex V. Notothenioids lacking mtCK may compensate by increasing 
levels of ADP/ATP nucleotide translocases and voltage dependent anion-selective 
channel proteins (VDACs), as observed in our proteomics study as well, where VDAC3 
is selectively seen higher.  The lower levels or absence of this enzyme has previously 
been also reported to be an example of ‘paedomorphic trait’, a juvenile trait that 
persists into adulthood. This trait observed as a result of delayed development that 
has been seen as a common feature in the icefish, whether this is energetically 
efficient or not is still debatable [65,67]. 
 
A common muscle protein that was found to be downregulated both in RMM and WMM 
tissues, is myosin binding protein C isoforms (MYBPC) which encodes myosin binding 
protein C. MYBPC a thick filament associated protein that has both structural and 
regulatory roles in sarcomere assembly [68]. The protein was seen to decrease four 
folds in the icefish C. gunnari when compared to the red-blooded species, but the 
amount was comparable in in the icefish C. rastrospinosus. MYBPC mutations have 
been shown to increase the energetic cost of contraction in the muscle, and usually 
are found to act by reducing the protein content  [69–71]. The downregulation of this 
protein in the icefish is in contrast to the study that has shown significant upregulation 
of MYBPC in colder temperatures, which is coherent to the observation of the amount 
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of this protein seen in their closely related red-blooded species [72]. Previously, 
mutations in MYBPC are seen to be involved in increased cardiac oxidative stress in 
the mouse model [73]. The other sarcomere protein that was seen significantly less in 
abundance in icefish was, myosin heavy chain b (MYBPH), the activity of this protein 
has been used as a model to explain the mechanism underlying that accompanies 
alterations in skeletal muscle contraction [74].  The ATPase reaction of a muscle fibre 
is determined by its myosin heavy chain composition, which might be altered with 
ageing seen previously in human skeletal muscle [75]. An impaired sarcomere 
energetics such as mutations in muscle contractions protein, can cause mitochondrial 
dysfunction due to Ca2+ imbalance or ROS accumulation impairing the oxidative 
phosphorylation capacity [76].The other proteins that were connected to MYBPH were 
titin, nebulin and CK. Titin, nebulin, and CK proteins have previously been seen to be 
downregulated under long term exposure to hypoxia in the zebrafish model  [77]. 
Chaperonin proteins, T-complex protein 1 encoded by CCT8 is known for its role 
in folding of cytoskeleton proteins upon ATP hydrolysis and changes in the protein can 
cause defects in the functioning of cytoskeleton and mitosis arrest. A study with C. 
elegans showed CCT8 as a candidate to sustain proteostasis during organismal 
ageing [78]. The decrease in the level of the protein is observed in human brain ageing 
and neurodegenerative diseases [79]. 

Redox 

The proteins, GCDH- glutaryl-CoA dehydrogenase and Aldh7a1- Alpha aminoadipic 
semialdehyde dehydrogenase were remarkedly seen lower in the icefish C. gunnari 
specifically in WMM tissue. GCDH is a mitochondrial enzyme necessary for the 
metabolism of lysine/tryptophan and hydroxylysine. The absence of this enzyme is 
known to result in mitochondrial dysfunction. ALDH7A1 is an enzyme that metabolises 
betaine aldehyde to betaine, which is an important cellular osmolyte and methyl donor 
that helps in protecting the cell from oxidative stress. The enzyme is seen to be 
involved in lysine catabolism helps in maintaining the cellular nitrogen pool [80]. The 
changes in expression of these proteins might indicate the red-muscle tissue of N. 
rossii and T. bernacchii and even C. rastrospinosus (that has the expression mb) has 
enhanced defences against oxidative stress, which is coherent to the previous 
observation made in the cardiac mitochondrial protein expression data [81]. In WMM, 
we see that transmembrane protease serine 2-like is very reduced and perhaps 
missing in icefish. This protein has not been investigated very much to date and has 
not been reported as absent in these fish previously, the higher levels of it in the red-
blooded fish suggest this difference may be of biological relevance.  

Haem-associated proteins 

Consistent with all the studies on the icefish, haemoglobin alpha and beta were solely 
identified in the red-blooded species. We also show that Hemopexin (Hx) protein is 
reduced in the WMM of icefish. It was previously shown that Hx transcription occurs 
at levels comparable to those in the red-blooded notothenioids, however, it seems 
possible that there is a discrepancy between transcript and protein levels of Hx [82]. 
Cytochrome c oxidase (CO) is an important haem-containing protein just like 
haemoglobin and in our study was also found to be much reduced in icefish RMM. As 
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this protein performs a multitude of functions, including cell apoptosis and energy 
metabolism, it remains to be seen what this reduced level means for the physiology of 
this tissue [83,84]. The oxygen-carrying capacity of their blood is only 10 % compared 
to that of red-blooded species. Cytochrome c oxidase is at first the terminal electron 
carrier of the respiratory chain, so lower protein expression may indicate a modification 
in redox metabolism in the icefish. Previously, it has also been shown that maximal 
capacities of CO and another mitochondrial enzyme citrate synthase activities to be 
higher in the red-blooded fish species in comparison to the icefish [85]. Transferrin 
was another protein that was found to be significantly reduced (5-fold) in the WMM of 
the icefish C. gunnari. 
 
 
 
Ribosome Machinery in WMM 
 
Overall, a striking finding in the samples we interrogated is the numbers of 26S, 40S 
and 60S ribosome proteins that are differentially (mostly) upregulated in icefish. There 
have been extensive studies on close interaction between mitochondria and the 
endoplasmic reticulum [86]. FXR2P, a ribosomal binding protein, was also measured 
at much higher levels in icefish muscle, it would be interesting to probe the connections 
between ribosome and mitochondrial biology in these organisms. FXR2P protein has 
not been found to be present in mammalian muscle and therefore its role in icefish 
muscle remains to be elucidated [87].  
 
With this study, we have established biological pathways and proteins that can be 
used to understand the unique ‘haemoglobin-free’ biology of the icefish. We analysed 
samples directly taken from the field in the late summer season, ensuring that the 
pressures of a captive environment are not a factor. We show that muscle 
mitochondrial proteomes are distinct between the fish with different quantities of 
haemoglobin. We expect our contribution now directs researchers in this field to focus 
on the identified proteins and pathways that allow these remarkable and unique fish 
to survive and thrive in Antarctic waters. 
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3.7 APENDIX B: Chapter 3 
 
 Results: 

 
Supplementary Figure 3-6. Top modules obtained from the PPI network using Cytoscape’s 
plugin MCODE for Red muscle tissue network (C) and white muscle tissue network (D) for 
upregulated proteins in the icefish in comparison to red-blooded species. There are common 
modules seen in both RMM and WMM for complex V subunits.  

 
Supplementary Figure 3-7. Highly connected protein nodes for RMM PPI using CentiScaPe, 
Cytoscape plugin. ATP5B had the highest percentage of OutDegree whereas MDH1AA has the 
highest percentage of indegree with VDAC3, RPL23 and SLC25A5 following the trend. 

  

A. Red Muscle Mitochondria (Increase in 
abundance in icefish)
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Supplementary Figure 3-8. Highly connected protein nodes for WMM PPI. Protein GNB2L1 
followed by ATP5B (also seen in RMM), RP11 and PKMA have the highest percentage of 
outdegree. Proteins RPSA, followed by ribosomal proteins RP13 and RP12 and SLC25A5 have 
the highest percentage of inDegree. 

B. White Muscle Mitochondria (Increase 
in abundance in icefish)
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Supplementary Figure 3-9. Top modules obtained from the PPI network using Cytoscape’s 
plugin MCODE for Red muscle tissue network (C) and white muscle tissue network (D) for 
upregulated proteins in the icefish in comparison to red-blooded species. Genes with the 
highest degree of connectivity obtained from the PPI network with Cytoscape. 

Supplementary Figure 3-10. Highly connected protein nodes for RMM PPI. Proteins ACTN3B, 
followed by CKMB, CYSB and MYBPC1 have high percentage of OutDegree. Proteins TTNA 
and TNNT3B have the highest percentage of InDegree. 

A. Red Muscle Mitochondria (Decrease in 
abundance in icefish)
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Supplementary Figure 3-11. Highly connected protein nodes for WMM PPI. Protein APOA1A 
followed by FGA have the highest percentage of outdegree. Protein TTNA has the highest 
percentage of inDegree. 

Proteomics protein trend across species. 

3.7.1  Red Muscle Mitochondria 

Supplementary Table 1. Proteins higher in abundance in N. rossii 

Accession Id's Protein Name 
Relative percentage of Total Ion 

Area 
CAC27776.1 Myosin heavy chain 33.8 

XP_010777618.1 myosin heavy chain fast skeletal 66.6 

AAO21697.1 alpha actin 47.9 

XP_010792310.1 actin cytoplasmic 3 32.4 
XP_010784415.1 alpha-actinin-3 39.5 

XP_010794573.1 desmin 71.8 

AAO24741.1 creatine kinase mitochondrial isoform 41.7 

XP_010776201.1 titin 60.2 
XP_010791686.1 alpha-actinin-2 48.2 
XP_010777287.1 tropomyosin alpha-1 chain 37.3 
XP_010792180.1 apolipoprotein A-I 30.9 

B. White Muscle Mitochondria 
(Decrease in abundance in icefish)
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XP_010794773.1 myomesin-2 38.0 
AAC25100.1 alpha globin 60.0 
AAC59671.1 alpha-1 globin 60.0 

XP_010781418.1 isocitrate dehydrogenase  [NADP] 32.6 
XP_010784569.1 Cytochrome b-c1 complex subunit 2 64.7 
XP_010767505.1 myosin regulatory light chain 2 41.6 
XP_010771394.1 tropomyosin alpha-3 chain 36.9 
XP_010778108.1 perilipin-3 48.8 
XP_010774927.1 histone H2AX 30.8 
XP_010774355.1 myomesin-1 32.4 
XP_010776993.1 NADP-dependent malic enzyme 33.9 
XP_010765036.1 aspartate aminotransferase 28.5 
XP_010772035.1 alpha-aminoadipic semialdehyde dehydrogenase 36.3 
XP_010777712.1 cytochrome b-c1 complex subunit 1 33.6 
XP_010770990.1 troponin I 39.1 
XP_010768648.1 nebulin 58.7 
XP_010765900.1 carbonic anhydrase 1  [ 49.4 
XP_010788472.1 glycogen phosphorylase 30.6 

XP_010771131.1 NADH dehydrogenase  [ubiquinone] iron-sulphur 
protein 7 33.8 

XP_010788098.1 heat shock protein beta 1 49.4 
XP_010768865.1 cytochrome c oxidase subunit 5B 31.8 
XP_010770791.1 cytochrome c oxidase subunit 4 isoform 2 60.1 

XP_010766259.1 NADH dehydrogenase  [ubiquinone] 1 alpha 
subcomplex subunit 7 39.2 

XP_010792793.1 cytochrome c 42.8 
XP_010767026.1 cytochrome c oxidase subunit NDUFA4 75.3 
XP_010765537.1 glutaryl-CoA dehydrogenase 33.1 
XP_010767938.1 fibrillin-1 isoform X1 67.5 
XP_010795730.1 glutaryl-CoA dehydrogenase 34.0 
XP_010776996.1 mitochondrial pyruvate carrier 2 36.7 

XP_010767760.1 CDGSH iron-sulphur domain-containing protein 
1 41.0 

XP_010766700.1 palladin 52.7 

XP_010794954.1 calcium/calmodulin-dependent protein kinase 
type II subunit beta 49.8 

XP_010769019.1 NADH dehydrogenase  [ubiquinone] 1 beta 
subcomplex subunit 5 33.0 

XP_010773120.1 apolipoprotein O 40.0 
XP_010791045.1 retinol dehydrogenase 13 isoform X1 42.1 
XP_010766696.1 enoyl-CoA delta isomerase 2 42.8 
XP_010783831.1 alanine aminotransferase 1 51.3 
XP_010771234.1 superoxide dismutase  [Mn] 42.0 
XP_010795670.1 3-hydroxyisobutyrate dehydrogenase 43.5 

XP_010781417.1 1-acyl-sn-glycerol-3-phosphate acyltransferase
gamma 75.8 

XP_010772950.1 collagen alpha-2 (I) chain isoform X1 39.6 

XP_010784042.1 dehydrogenase/reductase SDR family member 
7C 68.9 

XP_010788327.1 nebulin 57.4 
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XP_010778895.1 long-chain specific acyl-CoA dehydrogenase 57.8 

XP_010779324.1 mitochondrial import inner membrane 
translocase subunit Tim21 70.4 

XP_010778764.1 alanine aminotransferase 2 40.5 
NP_001290228.1 fatty acid-binding protein 72.5 
XP_010773093.1 Pyruvate dehydrogenase phosphatase 

regulatory subunit 
24.9 

Sulfur compound biosynthesis

Organonitrogen acid biosynthesis

Carboxylic acid metabolism

Precursor metabolites synthesis

2-oxoglutarate metabolic process

ETC, NADH to ubiquinone

Carboxylic acid catabolism

ETC, ubiquinol to cytochrome c 

Alpha-amino acid catabolism

Oxidation-reduction process

Actin-mediated cell contraction

A)

B)
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Figure 3-12. PPI networks generated by STRINGdb for proteins in RMM for N. rossii A) 
Increased protein abundance. B) Decreased protein abundance. 

PPI network for differentially expressed proteins in RMM in N. rossii are seen in 
Supplementary Table 1 & supplementary table 2.  Figure 3-12 shows the network 
with more abundant proteins (A) and decreased abundance of proteins (B). The 
increased proteins PPI (relative ion area >25) has 42 protein nodes with 110 number 
of edges and a PPI enrichment p-value < 1.0e-16. Functional enrichment of the 
proteins showed, more abundant proteins belonging to complex I, amino acid 
metabolism, complex III, and muscle proteins. The less abundant PPI (relative ion 
area <20) has 35 protein nodes and 33 edges, with a PPI enrichment p-value < 7.39e-
06 and the functional enrichment analysis showed proteins involved in sulphur 
compound metabolism, organonitrogen biosynthesis and carboxylic acid 
metabolism.  



Supplementary Table 2. Proteins lower in abundance in N. rossii 

Accession Id's 
Relative 

percentage of 
Total Ion Area 

Protein Name 

CAC27777.1 7.9 MyoHC-A3 
XP_010765274.1 13.0 ADP/ATP translocase 2 

AGN90720.1 14.8 beta-actin 
XP_010776110.1 14.8 actin cytoplasmic 1 
XP_010782516.1 13.2 voltage-dependent anion-selective channel protein 3 
XP_010786020.1 5.5 NAD (P) transhydrogenase 

AAC60356.1 2.4 fatty acid binding protein H8-isoform 
XP_010772744.1 15.2 calcium-binding mitochondrial carrier protein Aralar1 
XP_010773400.1 17.4 sorting and assembly machinery component 50 homolog 
XP_010782695.1 9.3 ATP-dependent 6-phosphofructokinase 
XP_010773584.1 20.0 mitochondrial carnitine/acylcarnitine carrier protein 
XP_010771546.1 6.5 apolipoprotein B-100 
XP_010768502.1 16.0 sodium/potassium-transporting ATPase subunit alpha-3 
XP_010789292.1 21.0 eukaryotic initiation factor 4A-I 
XP_010780086.1 6.2 NAD-dependent malic enzyme 

CAL92187.1 4.0 transferrin 
XP_010767902.1 9.1 hyaluronan and proteoglycan link protein 1 

XP_010790586.1 3.9 KH domain-containing RNA-binding  signal transduction-associated 
protein 1 

XP_010786167.1 14.3 prothrombin 
XP_010774874.1 16.3 neurofilament medium polypeptide 
XP_010778213.1 15.2 pyruvate dehyrogenase phosphatase catalytic subunit 1 
XP_010766309.1 16.5 cytochrome c oxidase subunit 5A   isoform X2 
XP_010786726.1 19.0 glutathione S-transferase kappa 1 
XP_010782566.1 12.5 elongation factor 1-gamma 
XP_010780100.1 13.1 stomatin protein 2 
XP_010766151.1 14.9 elongation factor 1-gamma 
XP_010790260.1 10.7 60S ribosomal protein L27a isoform X2 
XP_010790259.1 10.7 60S ribosomal protein L27a isoform X1 
XP_010772921.1 14.1 kelch protein 31 
XP_010781656.1 14.1 fructose-1 6-bisphosphatase isozyme 2 
XP_010793467.1 16.1 AMP deaminase 1 isoform X2 
XP_010782071.1 16.5 vitellogenin-2 
XP_010771562.1 13.4 glycogen debranching enzyme 
XP_010773277.1 17.7 cystatin-B 
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XP_010782228.1 17.3 mitochondrial fission process protein 1 
XP_010792412.1 9.3 stomatin protein 2 
XP_010791811.1 8.4 60S ribosomal protein L23a 
XP_010795420.1 18.5 synaptic vesicle membrane protein VAT-1 homolog 
XP_010774286.1 18.6 kelch protein 41b 

XP_010787572.1 18.3 methenyltetrahydrofolate synthase domain-containing protein 
isoform X1 

XP_010778366.1 17.7 ATP-dependent Clp protease proteolytic subunit 
XP_010784742.1 6.7 calpain small subunit 1 
XP_010779525.1 7.5 aconitate hydratase 
XP_010773293.1 9.0 histone H1 
XP_010776100.1 17.3 mitochondrial pyruvate carrier 1 
XP_010792543.1 6.7 flotillin-1 
XP_010789836.1 14.4 60S ribosomal protein L13 
XP_010790338.1 10.2 epoxide hydrolase 1 
XP_010793737.1 16.9 fatty-acid amide hydrolase 1 
XP_010792494.1 10.9 malonyl-CoA decarboxylase 
XP_010792115.1 12.0 glutathione S-transferase A 
XP_010766317.1 13.2 malate dehydrogenase 
XP_010796013.1 1.4 myosin heavy chain fast 
XP_010782096.1 6.8 14-3-3 protein beta/alpha-1

AAK07470.1 2.6 long chain fatty acyl CoA synthetase 
XP_010780333.1 4.9 26S protease regulatory subunit 4 isoform X1 
XP_010766277.1 20 Stress-70 protein  mitochondrial-like 
XP_010772138.1 24.6 ATP synthase subunit O 
XP_010779232.1 23.1 ATP synthase subunit g  mitochondrial 
XP_010779868.1 22.2 ATP synthase subunit alpha  mitochondrial 
XP_010765728.1 24.7 ATP synthase subunit beta  mitochondrial 
XP_010778067.1 18.3 ATP synthase subunit gamma  mitochondrial isoform X1 
XP_010786327.1 23 ATP synthase F (0) complex subunit B1  mitochondrial 
XP_010775450.1 18.8 ATP synthase subunit delta  mitochondrial 
XP_010784438.1 23.5 ADP/ATP translocase 3 
XP_010783746.1 15.9 60S ribosomal protein L23 
XP_010793356.1 17.2 Ubiquinone biosynthesis protein COQ9 
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Supplementary Table 3. Proteins higher in abundance in C. rastrospinosus 

Accession Id's 
Relative 

percentage of 
Total Ion Area 

Protein Name 

XP_010765274.1 36.5 ADP/ATP translocase 2 

XP_010774339.1 39.3 ADP/ATP translocase 1 

XP_010782516.1 43.2 voltage-dependent anion-selective channel protein 3 

XP_010777287.1 30.4 tropomyosin alpha-1 chain isoform X1 

AAC60356.1 37.2 fatty acid binding protein H8-isoform 

XP_010770006.1 37.2 NADH dehydrogenase  [ubiquinone] iron-sulfur protein 2 

XP_010772744.1 42 calcium-binding mitochondrial carrier protein Aralar1 

XP_010773400.1 37.3 sorting and assembly machinery component 50 homolog 

XP_010790716.1 33.5 NADH dehydrogenase  [ubiquinone] flavoprotein 1 

XP_010789886.1 33.7 cytochrome c1  heme protein  mitochondrial 

XP_010774927.1 42.5 histone H2AX 

XP_010794136.1 34.4 ATP synthase subunit g 

XP_010785217.1 36.2 NADH dehydrogenase  [ubiquinone] iron-sulfur protein 3 

XP_010768357.1 32.8 calcium-binding mitochondrial carrier protein Aralar1 

XP_010773584.1 36.2 mitochondrial carnitine/acylcarnitine carrier protein 

XP_010768822.1 38 NADH dehydrogenase  [ubiquinone] flavoprotein 2 

XP_010792996.1 40.5 histone H4 

XP_010766804.1 32 sideroflexin-1 

XP_010794867.1 36.9 sodium/potassium-transporting ATPase subunit alpha-1 

XP_010769976.1 44.2 myosin-binding protein H 

XP_010765220.1 38.3 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 12 

XP_010789215.1 45.7 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 9 

XP_010785201.1 31.9 titin 

XP_010789292.1 43.4 eukaryotic initiation factor 4A-I 

XP_010766730.1 37.5 ATP synthase subunit d 

XP_010773903.1 50.1 cytochrome b-c1 complex subunit Rieske 

XP_010766290.1 42.6 elongation factor Tu 

XP_010778686.1 38.8 isocitrate dehydrogenase  [NAD] subunit alpha 

CAL92187.1 40.5 transferrin 

XP_010780431.1 38.9 cytochrome b-c1 complex subunit 8 

XP_010772963.1 38.2 NADH dehydrogenase  [ubiquinone] 1 beta subcomplex subunit 4 

XP_010768865.1 35.4 cytochrome c oxidase subunit 5B 

XP_010775725.1 43 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 5 

XP_010783386.1 38.7 EH domain-containing protein 2 isoform X2 
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XP_010784582.1 35.8 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 9 

XP_010793340.1 46.4 obg ATPase 1 

XP_010778644.1 36.9 NADH dehydrogenase  [ubiquinone] 1 beta subcomplex subunit 3 

XP_010766309.1 46.4 cytochrome c oxidase subunit 5Al isoform X2 

XP_010766259.1 30.1 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 7 

XP_010770879.1 40.8 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 8 

XP_010771148.1 30.2 troponin C 

XP_010786726.1 45 glutathione S-transferase kappa 1 

XP_010782566.1 45.1 elongation factor 1-gamma 

XP_010780100.1 43.6 stomatin protein 2 

XP_010766151.1 40 elongation factor 1-gamma 

XP_010790260.1 38.9 60S ribosomal protein L27a isoform X2 

XP_010790259.1 38.9 60S ribosomal protein L27a isoform X1 

XP_010792329.1 39.6 NADH dehydrogenase  [ubiquinone] 1 beta subcomplex subunit 6 

XP_010782228.1 49.4 mitochondrial fission process protein 1 

XP_010792412.1 47.1 stomatin protein 2 

XP_010791811.1 37.2 60S ribosomal protein L23a 

XP_010784618.1 37.8 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 6 

XP_010779525.1 72.8 aconitate hydratase 

XP_010773293.1 57.3 histone H1 

XP_010776100.1 45.7 mitochondrial pyruvate carrier 1 

XP_010789836.1 43.3 60S ribosomal protein L13 

XP_010766317.1 42.1 malate dehydrogenase 

XP_010786327.1 36 ATP synthase F (0) complex subunit B1  mitochondrial 

XP_010765152.1 36.9 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 10 

XP_010788090.1 42 complement component 1 Q subcomponent-binding 

XP_010774413.1 44.8 adenylosuccinate synthetase isozyme 1 

XP_010787501.1 37.1 60S ribosomal protein L5 

XP_010791295.1 39.4 pyruvate dehydrogenase (acetyl-transferring) kinase isozyme 2 

XP_010786834.1 37.2 60S ribosomal protein L18 

XP_010784234.1 39.5 NADH-cytochrome b5 reductase 3 

XP_010764848.1 37.1 moesin isoform X1 

XP_010792965.1 39.4 40S ribosomal protein S4 

XP_010792689.1 42.5 cytochrome b-c1 complex subunit 1 

XP_010782003.1 34.2 carnitine O-palmitoyltransferase 1 

XP_010764516.1 69.8 nucleolar protein 56 

XP_010783746.1 37 60S ribosomal protein L23 

XP_010788817.1 33.3 phosphoglucomutase-1 
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XP_010764118.1 33.6 probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 

XP_010766620.1 35 proteasome subunit alpha type-5 

XP_010788586.1 33.5 nucleolin 

XP_010792044.1 41.2 isocitrate dehydrogenase  [NAD] subunit beta isoform X2 

XP_010785528.1 31.6 annexin A6 isoform X1 

XP_010785529.1 31.6 annexin A6 isoform X2 

XP_010793356.1 42.1 ubiquinone biosynthesis protein COQ9 

XP_010788727.1 35.4 heat shock protein HSP 90-alpha 1 

XP_010786454.1 36.9 heat shock protein 75 kDa 

XP_010776005.1 39.7 transmembrane emp24 domain-containing protein 10 

XP_010795693.1 33.3 60S ribosomal protein L4 

XP_010767141.1 30.9 voltage-dependent anion-selective channel protein 2 

XP_010787333.1 39.1 voltage-dependent anion-selective channel protein 1 

XP_010783785.1 38.5 40S ribosomal protein S12 

XP_010779868.1 31.7 ATP synthase subunit alpha 

XP_010779103.1 33.4 60S ribosomal protein L12 isoform X1 

XP_010779104.1 33.4 60S ribosomal protein L12 isoform X2 

XP_010788657.1 27.9 60S ribosomal protein L7a 

XP_010778828.1 34.2 26S protease regulatory subunit 8 

XP_010777506.1 30.4 NADH-ubiquinone oxidoreductase 75 kDa 

XP_010774792.1 34.1 60S ribosomal protein L18a 

XP_010772138.1 29.1 ATP synthase subunit O 

XP_010782878.1 34.4 40S ribosomal protein S18 

XP_010774669.1 36.1 voltage-dependent anion-selective channel protein 2 

XP_010772721.1 35.6 succinyl-CoA ligase  [ADP-forming] subunit beta 

XP_010788571.1 30.6 T-complex protein 1 subunit gamma

XP_010773777.1 38.3 40S ribosomal protein S16 isoform X1 

XP_010769328.1 31.9 phosphoglycerate mutase 2 

XP_010795246.1 35.8 elongation factor 1-beta 

XP_010773724.1 39.1 prohibitin 

XP_010777155.1 32.8 thioredoxin-related transmembrane protein 1 

XP_010790696.1 36.6 mitochondrial import receptor subunit TOM40 homolog 

XP_010774042.1 27.6 FK506-binding protein 1 

XP_010795081.1 30 annexin A4 

XP_010765060.1 33.9 60S ribosomal protein L21 

XP_010774335.1 35.6 fatty acid-binding protein 

XP_010774833.1 36.2 eukaryotic translation initiation factor 2 subunit 1 

XP_010789111.1 29.3 glyceraldehyde-3-phosphate dehydrogenase 
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XP_010766874.1 34.7 40S ribosomal protein S20 

XP_010779594.1 53.4 proteasome subunit alpha type-2 

XP_010773596.1 31.8 succinate dehydrogenase  [ubiquinone] iron-sulfur subunit 

XP_010776147.1 30.6 40S ribosomal protein S3 

XP_010795570.1 91.7 ryanodine receptor 1 

XP_010773129.1 49.5 transferrin receptor protein 1 

XP_010786813.1 42.5 40S ribosomal protein S9 

XP_010777993.1 45.8 ATP synthase subunit s 

XP_010765492.1 44.8 UTP--glucose-1-phosphate uridylyltransferase 

XP_010786020.1 29.6 NAD (P) transhydrogenase  mitochondrial-like 

XP_010782086.1 24 Sarcolemmal membrane-associated protein 

XP_010773292.1 27.3 Dihydrolipoyllysine-residue acetyltransferase component of pyruvate 
dehydrogenase 

XP_010766277.1 33.7 Stress-70 protein 

XP_010775450.1 28.4 ATP synthase subunit delta  mitochondrial 
XP_010781933.1 27.9 Apolipoprotein B-100-like  partial 

XP_010783388.1 40.7 26S proteasome non-ATPase regulatory subunit 8 

Figure 3-13. PPI networks generated by STRINGdb for proteins in RMM for icefish C. 
rastrospinosus A) Increased protein abundance. B) Decreased protein abundance. 
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PPI network for differentially expressed proteins in RMM in C. rastrospinosus are 
seen in Supplementary Table 3 & 4. Figure 3-13 shows the network with more 
abundant proteins (A) and decreased abundance of proteins (B). The increased 
proteins PPI (relative ion area >30) had 89 protein nodes with 9861 number of edges 
and a PPI enrichment p-value < 1.0e-16. C. rastrospinosus has the greatest number 
of proteins that were seen increased. Functional enrichment of the proteins showed, 
more abundant proteins belonging to SRP-dependent co-translational, complex I, 
complex III, and complex V and mitochondrial transport. The less abundant PPI 
(relative ion area <20) had 29 protein nodes and 48 edges, with a PPI enrichment p-
value < 1.0e-16 and the functional enrichment analysis showed proteins involved in 
glycogen metabolism, regulation of NADP metabolic process, sarcomere 
organisation, and isocitrate metabolism.  
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Supplementary Table 4. Proteins lower in abundance in C. rastrospinosus 

Accession Id's 

Relative 
percentage 

of Total 
Ion Area 

Protein Name 

CAC27776.1 1.4 myosin heavy chain 
CAC27777.1 1.9 MyoHC-A3 
AAO21697.1 8.7 alpha actin 

XP_010784415.1 13.3 alpha-actinin-3 
XP_010794573.1 8.6 desmin 

AAO24741.1 2.3 creatine kinase mitochondrial isoform 
XP_010772488.1 1.4 creatine kinase S-type 
XP_010781940.1 14.0 aconitate hydratase 
XP_010793425.1 0.7 myosin-7 isoform X1 
XP_010791227.1 12.1 myosin-binding protein C fast-type isoform X2 
XP_010776201.1 11.1 titin 
XP_010792180.1 15.3 apolipoprotein A-I 
XP_010794773.1 10.5 myomesin-2 
XP_010785535.1 13.1 keratin type II cytoskeletal 8 

AAC25100.1 0.8 alpha globin 
AAC59671.1 0.8 alpha-1 globin 

XP_010781418.1 17.2 isocitrate dehydrogenase  [NADP] 
XP_010784569.1 12.4 cytochrome b-c1 complex subunit 2 isoform X1 
XP_010771394.1 11.0 tropomyosin alpha-3 chain 
XP_010778108.1 11.1 perilipin-3 
XP_010774355.1 8.8 myomesin-1 
XP_010776993.1 16.0 NADP-dependent malic enzyme 
XP_010765036.1 21.7 aspartate aminotransferase cytoplasmic 
XP_010772035.1 20.0 alpha-aminoadipic semialdehyde dehydrogenase 
XP_010777712.1 6.8 cytochrome b-c1 complex subunit 1 
XP_010767025.1 11.5 plectin isoform X1 
XP_010791816.1 15.3 fructose-bisphosphate aldolase C-B 
XP_010768648.1 5.2 nebulin 
XP_010765900.1 10.9 carbonic anhydrase 1 
XP_010788472.1 10.9 glycogen phosphorylase 
XP_010780086.1 17.0 NAD-dependent malic enzyme 
XP_010773075.1 6.6 M-protein striated muscle
XP_010794764.1 10.1 fibronectin 
XP_010792793.1 16.1 cytochrome c 
XP_010767026.1 12.6 cytochrome c oxidase subunit NDUFA4 
XP_010782071.1 12.9 vitellogenin-2 
XP_010771562.1 9.2 glycogen debranching enzyme 
XP_010787466.1 14.0 methylcrotonoyl-CoA carboxylase subunit alpha isoform X1 
XP_010788355.1 19.3 glycogen phosphorylase 
XP_010771234.1 11.5 superoxide dismutase  [Mn] 
XP_010791177.1 17.0 glycerol-3-phosphate dehydrogenase 
XP_010770992.1 12.5 troponin I 
XP_010773093.1 15.4 pyruvate dehydrogenase phosphatase regulatory subunit 
XP_010785995.1 2.1 band 3 anion transport protein 
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XP_010786435.1 21.3 heme oxygenase 2 

XP_010784864.1 20.5 Troponin T  fast skeletal muscle isoforms-like isoform X1 to X3 

XP_010765699.1 20.3 PDZ and LIM domain protein 7 

XP_010772035.1 20 Alpha-aminoadipic semialdehyde dehydrogenase 

XP_010791917.1 23.3 Creatine kinase M-type 

XP_010769508.1 21.1 Ubiquitin carboxyl-terminal hydrolase 5 isoform X1 & X2 
XP_010784587.1 21.5 Methylmalonyl-CoA mutase 

Supplementary Table 5. Proteins more in abundance in C. gunnari 

Accession Id's 
Relative 

percentage of 
Total Ion Area 

Protein Name 

NP_001290213.1 69.7 myosin heavy chain 
XP_010765274.1 44.3 ADP/ATP translocase 2 
XP_010781933.1 65.6 apolipoprotein B-100 
NP_001290222.1 33.9 long-chain-fatty-acid--CoA ligase 1 
XP_010782516.1 31.6 voltage-dependent anion-selective channel protein 3 
XP_010786020.1 59.2 NAD (P) transhydrogenase 
XP_010788987.1 30.8 titin 

AAC60356.1 34.8 fatty acid binding protein H8-isoform 
XP_010773400.1 36.4 sorting and assembly machinery component 50 homolog 
XP_010794136.1 31.9 ATP synthase subunit g 
XP_010777712.1 32.5 cytochrome b-c1 complex subunit 1 
XP_010768357.1 36.4 calcium-binding mitochondrial carrier protein Aralar1 
XP_010773584.1 33.9 mitochondrial carnitine/acylcarnitine carrier protein 
XP_010771546.1 83.3 apolipoprotein B-100 
XP_010766804.1 34.0 sideroflexin-1 
XP_010767902.1 55.7 hyaluronan and proteoglycan link protein 1 
XP_010772963.1 27.7 NADH dehydrogenase  [ubiquinone] 1 beta subcomplex subunit 4 
XP_010786167.1 29.3 prothrombin 
XP_010770879.1 29.8 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 8 
XP_010766151.1 31.1 elongation factor 1-gamma 
XP_010790260.1 35.6 60S ribosomal protein L27a isoform X2 
XP_010790259.1 35.6 60S ribosomal protein L27a isoform X1 
XP_010771562.1 31.8 glycogen debranching enzyme 
XP_010774059.1 33.7 AFG3 protein 2 
XP_010776936.1 43.8 60S ribosomal protein L28 
XP_010790338.1 37.1 epoxide hydrolase 1 
XP_010766317.1 27.8 malate dehydrogenase 
XP_010786327.1 29.5 ATP synthase F (0) complex subunit B1 
XP_010778067.1 30.1 ATP synthase subunit gamma X1 
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XP_010773598.1 35.0 ATPase family AAA domain-containing protein 3A 
XP_010770997.1 42.4 dynamin-1 protein 
XP_010768163.1 64.7 adenylate kinase 4 
XP_010793736.1 39.3 inter-alpha-trypsin inhibitor heavy chain H4 
XP_010794434.1 34.2 ATP-dependent 6-phosphofructokinase 
XP_010767276.1 31.0 ATP-binding cassette sub-family B member 7 
XP_010765728.1 30.8 ATP synthase subunit beta 
XP_010774792.1 28.9 60S ribosomal protein L18a 
XP_010772138.1 32.9 ATP synthase subunit O 
XP_010779169.1 35.6 NADH dehydrogenase  [ubiquinone] 1 beta subcomplex subunit 8 
XP_010780333.1 81.4 26S protease regulatory subunit 4 isoform X1 
XP_010780334.1 81.4 26S protease regulatory subunit 4 isoform X2 
XP_010765060.1 39.8 60S ribosomal protein L21 
XP_010772504.1 39.8 voltage-dependent anion-selective channel protein 2 isoform X2 
XP_010775450.1 29.4 ATP synthase subunit delta 
XP_010771726.1 30.4 cytochrome c oxidase subunit 4 isoform 1  isoform X1 
XP_010771732.1 30.4 cytochrome c oxidase subunit 4 isoform 1 isoform X2 
XP_010790855.1 34.2 obscurin isoform X3 
XP_010790853.1 34.2 obscurin isoform X1 
XP_010790854.1 34.2 obscurin isoform X2 
XP_010781840.1 40.8 transitional endoplasmic reticulum ATPase 
XP_010780029.1 52.3 ATP-binding cassette sub-family F member 2 
XP_010773228.1 48.1 26S proteasome non-ATPase regulatory subunit 6 
XP_010770797.1 63.5 fragile X mental retardation syndrome-related protein 2 
XP_010768595.1 37.7 stress-70 protein 
XP_010790499.1 29.6 60S ribosomal protein L35 
XP_010786327.1 29.5 ATP synthase F (0) complex subunit B1  mitochondrial 
XP_010775450.1 29.4 ATP synthase subunit delta 
XP_010784438.1 29.0 ADP/ATP translocase 3 
XP_010786167.1 29.3 Prothrombin  partial 
XP_010774792.1 28.9 60S ribosomal protein L18a-like 
XP_010766730.1 28.7 ATP synthase subunit d 
XP_010766317.1 27.8 Malate dehydrogenase 
XP_010766309.1 27.8 Cytochrome c oxidase subunit 5A 
XP_010783746.1 26.7 60S ribosomal protein L23 
XP_010773724.1 24.5 Prohibitin 
XP_010793356.1 23 Ubiquinone biosynthesis protein 
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Figure 3-14. PPI networks generated by STRINGdb for proteins in RMM for C. gunnari A) 
Increased protein abundance. B) Decreased protein abundance. 

PPI network for differentially expressed proteins in RMM in C. gunnari are seen in 
Supplementary Table 5 & 6. Figure 3-14 shows the network with more abundant 
proteins (A) and decreased abundance of proteins (B). The increased proteins PPI 
(relative ion area >30) had 38 protein nodes with 119 number of edges and a PPI 
enrichment p-value < 1.0e-16. Functional enrichment of the proteins showed, more 
abundant proteins belonging NADH metabolic process, ATP synthase coupled 
transport, cytoskeleton organisation, and transmembrane transport. The less 
abundant PPI (relative ion area <20) had 32 protein nodes and 59 edges, with a PPI 
enrichment p-value < 1.0e-16 and the functional enrichment analysis showed proteins 
involved in scavenging free radicals, complex III, sarcomere organisation, and muscle 
filament sliding 

Supplementary Table 6. Proteins less in abundance in C. gunnari 

Accession Id's 
Relative 

percentage of 
Total Ion Area 

Protein Name 

AGN90720.1 12.1 beta-actin 
XP_010776110.1 12.1 actin cytoplasmic 1 
XP_010794573.1 9.9 desmin 
XP_010772488.1 4.8 creatine kinase S-type 
XP_010781940.1 14.0 aconitate hydratase 
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XP_010793425.1 3.9 myosin-7 isoform X1 
AAC25100.1 0.5 alpha globin 
AAC59671.1 0.5 alpha-1 globin 

XP_010767505.1 8.1 myosin regulatory light chain 2 
XP_010771394.1 16.1 tropomyosin alpha-3 chain 
XP_010778108.1 4.5 perilipin-3 
XP_010776993.1 9.8 NADP-dependent malic enzyme 
XP_010765036.1 15.4 aspartate aminotransferase 
XP_010772035.1 14.7 alpha-aminoadipic semialdehyde dehydrogenase 
XP_010768975.1 14.8 collagen alpha-1 (I) chain 
XP_010785475.1 10.5 titin 
XP_010791816.1 11.8 fructose-bisphosphate aldolase C-B 
XP_010768648.1 15.2 nebulin 

CAL92189.1 5.5 transferrin 
NP_001290225.1 5.5 serotransferrin precursor 
XP_010765900.1 19.6 carbonic anhydrase 1 
XP_010788472.1 14.4 glycogen phosphorylase 
XP_010772394.1 14.7 titin 
XP_010766290.1 12.4 elongation factor Tu 
XP_010778686.1 12.6 isocitrate dehydrogenase  [NAD] subunit alpha 
XP_010768865.1 12.2 cytochrome c oxidase subunit 5B 
XP_010775725.1 22.1 NADH dehydrogenase  [ubiquinone] 1 alpha subcomplex subunit 5 
XP_010782377.1 3.7 calsequestrin-1 
XP_010770791.1 7.7 cytochrome c oxidase subunit 4 isoform 2 
XP_010792793.1 12.5 cytochrome c 
XP_010771148.1 9.9 troponin C 
XP_010786726.1 15.5 glutathione S-transferase kappa 1 
XP_010767938.1 9.0 fibrillin-1 isoform X1 
XP_010784864.1 12.7 troponin T  fast skeletal muscle isoforms isoform X4 
XP_010767760.1 11.5 CDGSH iron-sulphur domain-containing protein 1 
XP_010765498.1 10.4 ornithine aminotransferase 
XP_010790914.1 13.5 flotillin-2 isoform X1 
XP_010776148.1 13.2 enoyl-CoA delta isomerase 1 
XP_010795570.1 3.2 ryanodine receptor 1 
XP_010779324.1 10.0 mitochondrial import inner membrane translocase subunit Tim21 
XP_010774135.1 6.2 clathrin heavy chain 1 
XP_010765900.1 19.6 Carbonic anhydrase 1 
XP_010784415.1 18.7 Alpha-actinin-3 
XP_010772948.1 18.6 probable acyl-CoA dehydrogenase 6 

XP_010783999.1 15.4 Peroxiredoxin-5 

XP_010771394.1 16.1 Troponin alpha-3 chain-like 

XP_010779541.1 15.8 Short-chain specific acyl-CoA dehydrogenase 

XP_010791917.1 16.3 Creatine kinase M-type 

XP_010791177.1 16.9 Glycerol-3-phosphate dehydrogenase 

XP_010791064.1 17.1 electron transfer flavoprotein subunit beta 
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XP_010775191.1 17.1 1 4-alpha-glucan-branching enzyme 
XP_010769508.1 18 Ubiquitin carboxyl-terminal hydrolase 5 isoform X1 & X2 
XP_010784587.1 18 Methylmalonyl-CoA mutase 

3.7.2  White Muscle Mitochondria (WMM) 

Supplementary Table 7. Proteins more in abundance in N. rossii 

Accession Id's 

Relative 
percentage 

of Total 
Ion Area 

Protein Name 

CAC27776.1 49.0 myosin heavy chain 
XP_010768010.1 44.1 titin 
XP_010785479.1 40.6 titin 
XP_010791917.1 37.8 creatine kinase M-type 
XP_010778896.1 41.0 myosin light chain 1/3 
XP_010782377.1 41.0 calsequestrin-1 
XP_010792180.1 54.5 apolipoprotein A-I 
XP_010772488.1 78.2 creatine kinase S-type 
XP_010787448.1 54.7 keratin type I cytoskeletal 19 

AAC25100.1 79.7 alpha globin 
AAC59671.1 79.7 alpha-1 globin 

XP_010794476.1 53.1 betaine--homocysteine S-methyltransferase 1 
XP_010788362.1 38.3 annexin A1 
XP_010781921.1 49.0 histidine-rich glycoprotein 
XP_010764663.1 35.3 myozenin-1 
XP_010764532.1 45.1 ryanodine receptor 1 
XP_010771614.1 29.0 tropomyosin alpha-1 chain isoform X3 
XP_010773841.1 35.1 40S ribosomal protein S3a 
XP_010794954.1 9.5 calcium/calmodulin-dependent protein kinase type II subunit beta 

AAC60372.1 87.5 beta-globin 
XP_010781066.1 41.2 aspartate aminotransferase 
XP_010783999.1 47.5 peroxiredoxin-5 
XP_010765488.1 54.8 malate dehydrogenase 
XP_010778325.1 40.2 haemoglobin subunit beta-C 
XP_010788340.1 40.7 hemopexin 
XP_010775215.1 62.6 collagen alpha-3 (VI) chain 
XP_010791819.1 60.6 T-complex protein 1 subunit theta isoform X1
XP_010785995.1 64.3 band 3 anion transport protein 
XP_010771898.1 51.4 fibrinogen alpha chain 
XP_010778322.1 80.6 haemoglobin subunit zeta 
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XP_010791578.1 43.2 40S ribosomal protein S11 
XP_010778161.1 81.2 transmembrane protease serine 2 
XP_010776993.1 95.0 NADP-dependent malic enzyme 

CAL92189.1 36.3 transferrin 
NP_001290225.1 36.3 serotransferrin precursor 
XP_010778035.1 58.2 succinate dehydrogenase  [ubiquinone] flavoprotein 

Figure 3-15. PPI networks generated by STRINGdb for proteins in WMM for N. rossii A) 
Increased protein abundance. B) Decreased protein abundance. 

PPI network for differentially expressed proteins in WMM in N. rossii are seen in 
Supplementary Table 7 & Table 8.  shows the network with more abundant 
proteins (A) and decreased abundance of proteins (B). The increased proteins PPI 
(relative ion area >30) has 27 protein nodes with 39 number of edges and a PPI 
enrichment p-value < 1.0e-16. Functional enrichment of the proteins showed, more 
abundant proteins belonging to hydrogen peroxide metabolism, sarcomere 
organisation, platelet degranulation. The less abundant PPI (relative ion area <20) 
has 62 protein nodes and 498 edges, with a PPI enrichment p-value < 1.0e-16 and 
the functional enrichment analysis showed proteins involved in ATP synthase 
coupled proton transport, cristae formation, pyruvate metabolism, transmembrane 
transport.  

Supplementary Table 8. Proteins less in abundance in N. rossii 

Accession Id's 
Relative percentage of 

Total Ion Area 
Protein Name 

Hydrogen peroxide catabolic process
Platelet degranulation

Dicarboxylic acid metabolic process

Sarcomere organisation 

Mitochondrial ATP synthase coupled proton transport

SRP-dependent co-translational protein targeting to 
membrane

Purine ribonucleoside triphosphate biosynthetic process

Cristae formation

Pyruvate metabolic process

Translation initiation

Mitochondrial transmembrane transport

Muscle filament slide

Protein transport

A)

B)
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XP_010766216.1 11.0 pyruvate kinase PKM 
XP_010781933.1 4.2 apolipoprotein B-100 
XP_010779868.1 19.0 ATP synthase subunit alpha 
XP_010794573.1 15.8 desmin 
XP_010770965.1 1.0 myosin regulatory light chain 2 
XP_010794434.1 7.1 ATP-dependent 6-phosphofructokinase 
XP_010785886.1 22.3 nucleoside diphosphate kinase B 
XP_010769976.1 8.4 myosin-binding protein H 
XP_010764264.1 16.0 elongation factor 2 
XP_010774339.1 20.6 ADP/ATP translocase 1 
XP_010788727.1 10.9 heat shock protein HSP 90-alpha 1 
XP_010782071.1 9.6 vitellogenin-2 
XP_010774413.1 9.7 adenylosuccinate synthetase isozyme 1 
XP_010766317.1 2.8 malate dehydrogenase 
XP_010777526.1 17.7 nebulin 
XP_010789292.1 5.9 eukaryotic initiation factor 4A-I 
XP_010793340.1 11.8 obg ATPase 1 
XP_010792965.1 7.5 40S ribosomal protein S4 
XP_010766151.1 5.7 elongation factor 1-gamma 

XP_010773292.1 7.9 dihydrolipoyllysine-residue acetyltransferase component of 
pyruvate dehydrogenase complex 

XP_010771231.1 9.8 T-complex protein 1 subunit alpha
XP_010768032.1 10.0 40S ribosomal protein SA isoform X2 
XP_010781656.1 9.8 fructose-1 6-bisphosphatase isozyme 2 
XP_010774286.1 4.2 kelch protein 41b 
XP_010783756.1 6.8 40S ribosomal protein S2 
XP_010785174.1 8.5 T-complex protein 1 subunit delta
XP_010779161.1 15.6 60S ribosomal protein L11 isoform X2 
XP_010776310.1 4.2 60S ribosomal protein L9 
XP_010794136.1 18.7 ATP synthase subunit g 
XP_010793781.1 12.7 phosphoglycerate kinase 
XP_010790499.1 3.4 60S ribosomal protein L35 
XP_010782543.1 7.0 60S ribosomal protein L6 
XP_010765728.1 17.5 ATP synthase subunit beta 
XP_010779184.1 12.4 elongation factor 1-alpha 
XP_010771942.1 12.3 vitellogenin-1 
XP_010785200.1 2.7 palladin 
XP_010791484.1 14.8 60S ribosomal protein L10a 

AAL99930.1 0.0 IgM heavy chain secretory form 
BAV53298.1 2.6 cytochrome c oxidase subunit II 

XP_010782566.1 7.1 elongation factor 1-gamma 
XP_010778067.1 13.4 ATP synthase subunit gamma 
XP_010793954.1 15.8 plasma membrane calcium-transporting ATPase 2 
XP_010789836.1 8.2 60S ribosomal protein L13 
XP_010778226.1 5.5 succinyl-CoA ligase  [ADP/GDP-forming] subunit alpha 
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XP_010794954.1 9.5 calcium/calmodulin-dependent protein kinase type II subunit beta 
XP_010771562.1 16.3 glycogen debranching enzyme 
XP_010786327.1 19.2 ATP synthase F (0) complex subunit B1 
XP_010787537.1 9.1 40S ribosomal protein S8 
XP_010784438.1 7.8 ADP/ATP translocase 3 
XP_010772744.1 8.9 calcium-binding mitochondrial carrier protein Aralar1 
XP_010788735.1 15.4 glucose-6-phosphate isomerase 
XP_010778188.1 10.0 sarcalumenin 

AAC60356.1 7.7 fatty acid binding protein H8-isoform 
XP_010795693.1 3.8 60S ribosomal protein L4 
XP_010789111.1 18.0 glyceraldehyde-3-phosphate dehydrogenase 
XP_010764689.1 3.5 ATP-dependent RNA helicase DDX3X 
XP_010791686.1 12.1 alpha-actinin-2 
XP_010765741.1 19.1 heat shock 70 kDa protein 
XP_010786813.1 12.5 40S ribosomal protein S9 
XP_010791811.1 5.6 60S ribosomal protein L23a 
XP_010776087.1 15.9 NAD (P) transhydrogenase 
XP_010765274.1 12.1 ADP/ATP translocase 2 
XP_010767141.1 15.6 voltage-dependent anion-selective channel protein 2 
XP_010781251.1 8.2 26S protease regulatory subunit 6A 
XP_010770361.1 6.9 60S ribosomal protein L7 
XP_010764414.1 1.5 troponin C 
XP_010796172.1 14.1 40S ribosomal protein S19 
XP_010766874.1 9.1 40S ribosomal protein S20 
XP_010768357.1 9.8 calcium-binding mitochondrial carrier protein Aralar1 
XP_010766286.1 3.5 glycogen  [starch] synthase 
XP_010795485.1 2.6 fragile X mental retardation syndrome-related protein 1 isoform X3 
XP_010784570.1 11.7 cytochrome b-c1 complex subunit 2 isoform X2 
XP_010765339.1 13.0 alpha-enolase 
XP_010769508.1 9.3 ubiquitin carboxyl-terminal hydrolase 5 isoform X2 
XP_010772138.1 16.1 ATP synthase subunit O 
XP_010783741.1 17.0 40S ribosomal protein S5 
XP_010773196.1 5.9 betaine--homocysteine S-methyltransferase 1 
XP_010776714.1 13.0 40S ribosomal protein S25 
XP_010795528.1 17.7 decorin 
XP_010795081.1 3.3 annexin A4 
XP_010769990.1 9.2 heat shock 70 kDa protein 6 
XP_010791048.1 20.6 Isocitrate dehydrogenase 
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Supplementary Table 9. Proteins less in abundance in C. rastrospinosus 

Accession Id’s 
Relative 

percentage of 
Total Ion Area 

Protein Name 

XP_010794573.1 5.7 desmin 
XP_010770965.1 2.3 myosin regulatory light chain 2 

ACN49202.1 4.7 parvalbumin 
XP_010782377.1 11.6 calsequestrin-1 
XP_010782071.1 11.1 vitellogenin-2 

AAC25100.1 0.4 alpha globin 
AAC59671.1 0.4 alpha-1 globin 

XP_010794476.1 11.6 betaine--homocysteine S-methyltransferase 1 
XP_010771942.1 2.5 vitellogenin-1 
XP_010771614.1 15.8 tropomyosin alpha-1 chain isoform X3 
XP_010794954.1 9.5 calcium/calmodulin-dependent protein kinase type II subunit beta 
XP_010768524.1 14.0 calmodulin 

AAC60358.1 3.7 fatty acid binding protein H8-isoform 
AAC60372.1 0.0 beta-globin 
AAD56588.1 0.0 beta globin 

XP_010765488.1 7.8 malate dehydrogenase 
XP_010764414.1 1.9 troponin C 
XP_010787278.1 12.1 angiotensinogen 
XP_010788340.1 13.0 hemopexin 
XP_010793059.1 5.7 fibrinogen gamma chain 
XP_010778322.1 0.3 haemoglobin subunit zeta 
XP_010778161.1 2.0 transmembrane protease serine 2 
XP_010771900.1 9.9 fibrinogen beta chain 
XP_010785851.1 12.0 protein disulphide-isomerase 
XP_010776993.1 5.0 NADP-dependent malic enzyme 

CAL92189.1 7.6 transferrin 
NP_001290225.1 7.6 serotransferrin precursor 

XP_010773398.1 19.8 Calreticulin 

XP_010791001.1 26.6 Myosin heavy chain  fast skeletal 13 

XP_010787188.1 21.1 Ryanodine receptor 1 
XP_010790363.1 21.1 Titin-like  partial 

CAL92189.1 22.7 Transferrin 
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Figure 3-16. PPI networks generated by STRINGdb for proteins in WMM for C. rastrospinosus 
A) Increased protein abundance. B) Decreased protein abundance.

PPI network for differentially expressed proteins in WMM in C. rastrospinosus are 
seen in Table 9 & Table 10. Figure 3-16 shows the network with more abundant 
proteins (A) and decreased abundance of proteins (B). The increased proteins PPI 
(relative ion area >30) had 45 protein nodes with 254 number of edges and a PPI 
enrichment p-value < 1.0e-16. Functional enrichment of the proteins showed, more 
abundant proteins belonging to SRP-dependent co-translational, glycolytic process, 
and complex V and protein transport. The less abundant PPI (relative ion area <20) 
had 21 protein nodes and 23 edges, with a PPI enrichment p-value < 1.23e-14 and the 
functional enrichment analysis showed proteins involved in regulation of NADP 
metabolic process, malate metabolic process, muscle filament sliding, 
transmembrane transport and isocitrate cellular homeostasis.  

Supplementary Table 10. Proteins more in abundance in C. rastrospinosus 

Accession Id's 
Relative 

percentage of 
Total Ion Area 

Protein Name 

XP_010785279.1 33.2 myosin heavy chain fast skeletal muscle 
XP_010776201.1 27.8 titin 

AAO24738.1 64.0 creatine kinase muscle isoform 1 
XP_010766208.1 56.0 pyruvate kinase PKM 
XP_010781933.1 61.4 apolipoprotein B-100 
XP_010779868.1 42.2 ATP synthase subunit alpha 

Mitochondrial ATP synthase coupled proton transport

Glycolytic process

Purine ribonucleoside triphosphate biosynthetic process

Fructose 1,6-bisphosphate metabolic process

SRP-dependent co-translational protein targeting to membrane

Translation

Protein transport

Cellular nitrogen biosynthesis

Malate metabolic process

Glycolytic process

Negative regulation of endothelial cell apoptotic process

Regulation of NADP metabolic process

Positive regulation of transmembrane transport

Blood circulation

Cellular homeostasis

A)

B)
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XP_010794434.1 42.2 ATP-dependent 6-phosphofructokinase 
XP_010785886.1 26.1 nucleoside diphosphate kinase B 
XP_010769976.1 44.6 myosin-binding protein H 
XP_010764264.1 35.1 elongation factor 2 
XP_010774339.1 54.6 ADP/ATP translocase 1 
XP_010788727.1 51.1 heat shock protein HSP 90-alpha 1 
XP_010780749.1 46.6 malate dehydrogenase 
XP_010774927.1 45.5 histone H2AX 
XP_010791048.1 35.7 isocitrate dehydrogenase  [NADP] 
XP_010783416.1 34.3 ryanodine receptor 3 
XP_010774282.1 73.6 immunoglobulin and fibronectin type III domain-containing protein 1 isoform X4 
XP_010766317.1 34.5 malate dehydrogenase 
XP_010782516.1 58.4 voltage-dependent anion-selective channel protein 3 
XP_010788362.1 36.4 annexin A1 
XP_010789292.1 42.1 eukaryotic initiation factor 4A-I 
XP_010793340.1 49.8 obg ATPase 1 
XP_010792965.1 33.6 40S ribosomal protein S4 
XP_010766151.1 45.2 elongation factor 1-gamma 

XP_010773292.1 43.9 dihydrolipoyllysine-residue acetyltransferase component of pyruvate 
dehydrogenase complex 

XP_010771231.1 46.8 T-complex protein 1 subunit alpha
XP_010768032.1 37.1 40S ribosomal protein SA isoform X2 
XP_010768026.1 37.1 40S ribosomal protein SA isoform X1 
XP_010773064.1 47.8 phosphate carrier protein 
XP_010783756.1 39.0 40S ribosomal protein S2 
XP_010788327.1 67.6 nebulin 
XP_010776310.1 43.7 60S ribosomal protein L9 
XP_010794136.1 32.7 ATP synthase subunit g 
XP_010793781.1 41.9 phosphoglycerate kinase 
XP_010790499.1 32.7 60S ribosomal protein L35 
XP_010782543.1 36.3 60S ribosomal protein L6 
XP_010765728.1 46.2 ATP synthase subunit beta 
XP_010779184.1 48.7 elongation factor 1-alpha 
XP_010767902.1 59.4 hyaluronan and proteoglycan link protein 1 
XP_010778067.1 49.6 ATP synthase subunit gamma isoform X1 
XP_010778068.1 49.6 ATP synthase subunit gamma isoform X2 
XP_010789836.1 39.4 60S ribosomal protein L13 
XP_010778226.1 49.4 succinyl-CoA ligase  [ADP/GDP-forming] subunit alpha 
XP_010771562.1 32.6 glycogen debranching enzyme 
XP_010786327.1 44.2 ATP synthase F (0) complex subunit B1  mitochondrial 
XP_010787537.1 33.0 40S ribosomal protein S8 
XP_010784438.1 33.7 ADP/ATP translocase 3 
XP_010772744.1 60.2 calcium-binding mitochondrial carrier protein Aralar1 
XP_010795693.1 51.1 60S ribosomal protein L4 
XP_010777506.1 45.8 NADH-ubiquinone oxidoreductase 75 kDa subunit 
XP_010772746.1 82.8 plasminogen activator inhibitor 1 RNA-binding protein isoform X2 
XP_010768357.1 58.1 calcium-binding mitochondrial carrier protein Aralar1 
XP_010782556.1 33.6 fructose-bisphosphate aldolase A 
XP_010795485.1 46.0 fragile X mental retardation syndrome-related protein 1 isoform X3 
XP_010772138.1 45.9 ATP synthase subunit O 
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XP_010784946.1 41.6 T-complex protein 1 subunit zeta
XP_010777740.1 39.1 inter-alpha-trypsin inhibitor heavy chain H3 

QBF53709.1 85.1 hemopexin 
XP_010766540.1 31.7 glyceraldehyde-3-phosphate dehydrogenase 
XP_010769990.1 86.2 heat shock 70 kDa protein 6 

XP_010783785.1 27 40S ribosomal protein S12 
XP_010765856.1 24 60S ribosomal protein L30 
XP_010779104.1 28.5 60S ribosomal protein L12 isoform X2 
XP_010790870.1 22.7 Reticulon 
XP_010793467.1 22.8 AMP deaminase 1 isoform X1 & X2  [Notothenia coriiceps] 
XP_010794693.1 29.1 40S ribosomal protein S13  [Notothenia coriiceps] 

XP_010783741.1 25.5 40S ribosomal protein 
YP_004581500.1 25.9 Cytochrome c oxidase subunit II 
XP_010776714.1 28.4 40S ribosomal protein S25 

XP_010779161.1 29.1 60S ribosomal protein L11 
XP_010791484.1 29.7 60S ribosomal protein L10a 

XP_010786813.1 29.3 40S ribosomal protein S9 
XP_010781656.1 28.1 Fructose-1 6-bisphosphatase isozyme 2-like 
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. Proteins more in abundance in C. gunnari 

Figure 3-17. PPI networks generated by STRINGdb for proteins in WMM for C. gunnari A) 
Increased protein abundance. B) Decreased protein abundance. 

PPI network for differentially expressed proteins in WMM in C. gunnari are seen in 
Supplementary Table 11 & Table 12. Figure 3-17 shows the network with more 
abundant proteins (A) and decreased abundance of proteins (B). The increased 
proteins PPI (relative ion area >30) had 46 protein nodes with 242 number of edges 
and a PPI enrichment p-value < 1.0e-16. Functional enrichment of the proteins 
showed, more abundant proteins belonging Sr-dependent co-translational, TCA, 
muscle filament, translation initiation, and protein transport. The less abundant PPI 
(relative ion area <20) had 32 protein nodes and 59 edges, with a PPI enrichment p-
value= 0.000341, which is low and hence there wasn’t any functional enrichment 
analysis for these set of proteins.  

Supplementary Table 11. Proteins more in abundance in C. gunnari 

Accession Id's Relative percentage of Total Ion 
Area Protein Name 

XP_010770965.1 Myosin regulatory light chain 2 
skeletal muscle isoform-like  

94.4 

XP_010791910.1 Myozenin-1 isoform X1 & X2 78.9 
XP_010788098.1 Heat shock protein beta-1 74.6 
XP_010790499.1 60S ribosomal protein L35 56 

Fumarate metabolic process

SRP-dependent co-translational protein targeting to membrane

TCA
Muscle filament sliding

Translation Initiation

Ribosomal large subunit

Protein transport

Nitrogen compound transport

A)

B)
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XP_010773777.1 40S ribosomal protein S16 isoform 
X1  

52.8 

XP_010770361.1 60S ribosomal protein L7 52.3 
XP_010770797.1 Fragile X mental retardation 

syndrome-related protein 2  
51.6 

XP_010783785.1 40S ribosomal protein S12 50.8 
XP_010765856.1 60S ribosomal protein L30 50.3 
XP_010779104.1 60S ribosomal protein L12 isoform 

X2  
49.8 

XP_010790870.1 Reticulon 49.4 
XP_010785200.1 Palladin-like 49.2 
XP_010776310.1 60S ribosomal protein L9 48.7 
XP_010793467.1 AMP deaminase 1 isoform X1 & X2 

[Notothenia coriiceps] 
48.4 

XP_010784438.1 ADP/ATP translocase 3 47.8 
XP_010794693.1 40S ribosomal protein S13 

[Notothenia coriiceps] 
47.3 

XP_010787537.1 40S ribosomal protein S8-like  
partial  

46 

XP_010791686.1 Alpha-actinin-2 46 
XP_010768845.1 Ryanodine receptor 3-like 32.9 
XP_010791686.1 Alpha-actinin-2 46 
XP_010774286.1 Kelch-like protein 41b 45.7 
XP_010782543.1 60S ribosomal protein L6 45.4 
XP_010783741.1 40S ribosomal protein S5 45.3 
YP_004581500.1 Cytochrome c oxidase subunit II 44.7 
XP_010776714.1 40S ribosomal protein S25 44.2 
XP_010779161.1 60S ribosomal protein L11 43.7 
XP_010767141.1 Voltage-dependent anion-selective 

channel protein 2 
43.5 

XP_010764830.1 40S ribosomal protein S26 32.7 
XP_010792965.1 40S ribosomal protein S4 43 
XP_010783756.1 40S ribosomal protein S2 42.8 
XP_010791484.1 60S ribosomal protein L10a 40.4 
XP_010786813.1 40S ribosomal protein S9 40.3 
XP_010782695.1 ATP-dependent 6-

phosphofructokinase  muscle 
type-like  

39.9 

XP_010777740.1 Inter-alpha-trypsin inhibitor heavy 
chain H3-like  

39.1 

XP_010794136.1 ATP synthase subunit g 37 
XP_010787927.1 Vinculin 37 
XP_010789836.1 60S ribosomal protein L13 36.5 
XP_010780163.1 Guanine nucleotide-binding 

protein subunit beta-2-like 1 
36.2 

XP_010781656.1 Fructose-1 6-bisphosphatase 
isozyme 2-like  

36.1 
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XP_010768032.1 40S ribosomal protein SA isoform 
X2 

35.3 

XP_010778226.1 Succinyl-CoA ligase 35 
XP_010766070.1 Tubulin alpha chain-like isoform X1 

& X2  
34.9 

XP_010791811.1 60S ribosomal protein L23a 34.8 
XP_010777506.1 NADH-ubiquinone oxidoreductase 34.7 
XP_010765339.1 Alpha-enolase-like 34.5 
XP_010791048.1 Isocitrate dehydrogenase 32.6 
XP_010777584.1 26S proteasome non-ATPase 

regulatory subunit 12  
30.6 

XP_010786327.1 ATP synthase F (0) complex 
subunit B1 

30.2 

XP_010790691.1 Peptidyl-prolyl cis-trans 
isomerase-like  

29.5 

XP_010780749.1 Malate dehydrogenase 29.4 
XP_010772138.1 ATP synthase subunit O 28.6 
XP_010785896.1 Glycine-rich RNA-binding protein 

GRP2A-like  
28.4 

XP_010776087.1 NAD (P) transhydrogenase 28.3 
XP_010788355.1 Glycogen phosphorylase  muscle 

form-like  
26.9 

XP_010769500.1 Ubiquitin carboxyl-terminal 
hydrolase 5 isoform X1  

26.7 

XP_010784571.1 Cytochrome b-c1 complex subunit 
2 

25 

XP_010778067.1 ATP synthase subunit gamma 24.7 
XP_010765728.1 ATP synthase subunit beta 23.8 
XP_010783619.1 Proteasome subunit alpha type-7-

like  
23.6 

XP_010766216.1 Pyruvate kinase PKM 22.7 
XP_010774042.1 FK506-binding protein 1 28.1 
XP_010774927.1 histone H2AX 45.5 
XP_010794764.1 fibronectin 34.9 

Supplementary Table 12. Proteins less in abundance in C. gunnari 

Accession Id's 

Relative 
percentage 

of Total 
Ion Area 

Protein Name 

XP_010766216.1 22.7 pyruvate kinase PKM 
XP_010779868.1 9.8 ATP synthase subunit alpha 
XP_010785886.1 13.3 nucleoside diphosphate kinase B 
XP_010788727.1 16.1 heat shock protein HSP 90-alpha 1 
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XP_010764982.1 6.2 myosin-binding protein H 
XP_010770129.1 0.5 parvalbumin beta 
XP_010774927.1 13.4 histone H2AX 
XP_010782377.1 3.9 calsequestrin-1 
XP_010782071.1 8.0 vitellogenin-2 
XP_010792180.1 9.4 apolipoprotein A-I 
XP_010772488.1 14.8 creatine kinase S-type 
XP_010769328.1 11.8 phosphoglycerate mutase 2 
XP_010786426.1 12.3 sarcalumenin isoform X2 
XP_010783416.1 10.6 ryanodine receptor 3 

AAC25100.1 3.4 alpha globin 
AAC59671.1 3.4 alpha-1 globin 

XP_010788362.1 8.1 annexin A1 
XP_010771942.1 1.2 vitellogenin-1 

AAL99930.1 0.2 IgM heavy chain secretory form 
CAL92187.1 2.8 transferrin 

XP_010767902.1 4.9 hyaluronan and proteoglycan link protein 1 
AAC60372.1 3.4 beta-globin 

XP_010765741.1 16.9 heat shock 70 kDa protein 
XP_010783999.1 12.0 peroxiredoxin-5 
XP_010778322.1 2.6 haemoglobin subunit zeta 
XP_010777584.1 11.8 26S proteasome non-ATPase regulatory subunit 12 
XP_010792310.1 4.8 actin cytoplasmic 3 
XP_010768524.1 18.9 Calmodulin 

XP_010773841.1 19.5 40S ribosomal protein S3a 
XP_010790854.1 18.1 Obscurin isoform X2 
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Chapter  4 : Unconventional role of 
Haemoglobin alpha 
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Abstract: 
The conventional role of haemoglobin (Hb) only as an oxygen and carbon 
dioxide transporter is being challenged by researchers due to enough evidence of 
its presence in different organelles  [1–4] The protein was previously found to 
have enzymatic activity as it has structural similarity with other haem proteins.  
Even in the haemoglobin-less icefish within the Channichthyidae family, all 
species have retained the 3’truncated haemoglobin alpha (HbA) protein. Many 
mitochondrial changes have been observed in these fish including tight coupling 
of the mitochondria. ATPase inhibitor (ATPIF1), a mitochondrial enzyme, is 
involved in the regulation of the catalytic activity of ATP synthase (ATPase). 
Apart from interacting with ATPases, ATPIF1 has previously reported in 
interacting with a membrane protein other than ATPase  [5]. The current study is 
aimed at understanding the sequential and structural changes in the 
haemoglobin alpha protein in the icefish compared to that of their closely related 
red-blooded fish and other well studied vertebrate species. We speculated 
whether HbA and ATPIF1 interact using in silico approaches of docking and 
molecular dynamics simulations. A change in expression of the protein ATPIF1 
was also observed in the red muscle tissue of Antarctic icefish when compared to 
red-blooded species.  
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4.1  Introduction 
 
The Antarctic fish, of perciform order Notothenioidei is very diverse due to 
evolutionary adaptations to survive in a challenging environment. The sub-order 
has eight known families under its name, Bovichtidae, Pseudaphritidae, 
Eleginopsidae, Nototheniidae, Harpagiferidae, Bathydraconidae and 
Channichthyidae. Notothenioidei have acquired traits for survival such as the 
expression of antifreeze glycoproteins [6], they have also undergone losses like the 
heat shock response [7] and of the protein haemoglobin (Hb/Hbs) which is absent 
in the Channichthyidae family, also known as the icefish (species from this family 
are referred to as icefish in this manuscript from hereon) [8]. The absence of Hb 
has been attributed to a single deletional event, where the fish lost the globin 
genes, retaining just the 3’end of alpha-globin (HbA/α-globin) [9,10].  The 
remnants of the α-globin gene contain the 3’ portion of intron 2, exon 3, and the 
3’ untranslated region of α-globin gene [11]. Myoglobin is absent in the oxidative 
skeletal muscle of all icefish, but the absence of myoglobin in cardiac muscle has 
only been reported in the six species of Channichthyinae[12,13]. The red-blooded 
species have also evolved physiological and molecular adaptations, with a decrease 
in the concentration of Hb and its affinity for oxygen[14]. The reduced haematocrit 
in these fish has  led to decrease in the elemental iron[15] . Though there are subtle 
differences the α-globin gene of the red-blooded species is very similar to that of 
other vertebrates[11].The remnant α-globin genes from icefish Chionodraco 
rastrospinosus (C. rastrospinosus) and Chaenocephalus aceratus (C. aceratus) 
show 96.4% and 95.1% similarity respectively, with the overlapping regions of the 
gene from Notothenia corriceps (N. corriceps), a red-blooded species from the 
family Nototheniidae[11]. The loss of Hb and Mb in the icefish is related to 
increased levels of nitric oxide (NO) levels compared with the red-blooded 
species[16]. The fish C. gunnari has been an exception for most of its adaptation. 
Even with nitric oxide (NO) steady state levels all icefish have higher steady state 
levels of NO except C. gunnari, that has an NO concentration similar to that of 
red-blooded species[17]. Previously, we reported changes we found in 
mitochondrial encoded protein ATP6, a key subunit of the F0 component of ATP 
synthase complex (ATPase/complex V) in the icefish C. gunnari[18].  
 
The structure of haemoglobin was elucidated in 1966 by Nobel Laureate Dr. Max 
F Perutz[19]. The protein has four subunits, with each having one polypeptide 
chain, alpha of 141 amino acids and beta of 146 amino acids in humans, and one 
haeme group. The alpha chain of all human Hbs remains the same throughout 
adult life unlike the beta chain which switches from foetal to adult HbB, that is 
developmentally regulated[20]. Hb is synthesised in a complex series of steps, 
where the haem moiety is partially synthesised in mitochondria and cytosol, and 
globin proteins are synthesised by ribosomes in the cytosol[21,22]. Conventionally 
Hb, is known as a two-way respiratory carrier, transporting oxygen and carbon 
dioxide. At a low pH, the cooperative oxygen binding capacity of Hb is decreased 
due to significant conformational changes in its structure[23,24]. Hbs are highly 
sensitive to temperature and the structure and function could be influenced by its 
environmental conditions encountered by its species. Amino-acid substitutions 
can be attributed to many the functional differences in the vertebrate Hbs in 
correlation with species-adaptation theory by Perutz[25].   
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The concept that Hb is only responsible for carrying oxygen and carbon dioxide is 
being challenged by new research around the protein. As it stands, the protein 
shares structure similarities with other haemoproteins which corresponds to its 
enzymatic activities. It has been seen to play protective roles against oxidative and 
nitrostative stresses[26]. The deoxy structure of Hb has a higher affinity for 
protons, chloride, and organic phosphate than oxygen. In high Antarctic 
notothenioids the presence of single Hb in contrast to the normal multiplicity or 
several globin gene highlights its reduced role as an oxygen-carrier [14]. Several 
studies have shown the binding of adenosine nucleotides to haemoglobin[27–30]. 
HbA, specifically has been assigned roles other than that of oxygen transport, such 
as in vascular remodelling through endothelial nitric oxide signalling[1,31]. The 
structure analysis of the remnant HbA in the icefish has shown that all the haem 
binding sites are excluded from the fragment[4]. These evidence suggests that Hb 
could be having a role other than that of transporting gases. The genome of 
Notothenia corriceps (N. corriceps) shows that Hb and some mitochondrial 
proteins have adapted to increase the efficiency of aerobic cellular respiration for 
these Antarctic species and support the oxidative phosphorylation 
mechanism[32].   
 
In vertebrates the majority of energy requirements are met by the ATP produced 
through the oxidative phosphorylation pathway. Complex V is responsible for the 
production of intracellular ATP from ADP and inorganic phosphate, the final step 
of oxidative phosphorylation. ATPase is a multi-subunit complex where each 
subunit is directly or indirectly involved in mitochondrial protein interactions and 
facilitates mitochondrial function[33]. The activity of proton pumping in complex 
V is regulated by ADP, proton motive force and by its natural inhibitor Inhibitory 
Factor 1 (IF1). To advance our understanding of the protein interactome within 
mitochondria, it is important to detect, dynamic or/and transient interaction 
between different membrane proteins. Cellular functions rely on protein-protein 
interactions. A lot of literature is available on protein-ligand interactions, but 
macromolecular interactions have come to light only recently[34,35]. Previously, 
Hb in neurons has been shown to act as a sensor of energy status, where Hb is 
linked to ATP concentration and mitochondria function[36].  
The ATPase inhibitory factor 1 (ATPIF1/IF1), is a natural regulator of ATP 
synthase activity. It is a protein of 84 amino acids, regulates proton motive force 
via mitochondrial influx of H+ ions, mitochondrial structure, and ATP synthesis. 
When the membrane potential is low the reverse action of ATPase, that is 
hydrolysis of ATP is favoured. This hydrolysis is inhibited by IF1, and a restoration 
of the membrane potential displaces IF1 from ATPase interacting with its γ 
subunit of F1 domain. At pH 6.5 the hydrolase activity of ATPase is inhibited and 
is dimeric, at pH 8 it forms a tetramer. The residues between position 32 and 43 
are necessary for a tetramer formation and are pH dependent. The protein 
dimerises in antiparallel α-helical fashion and inhibits the hydrolysis activity of 
ATPase and, in its tetrameric form the inhibitory regions are masked. In the 
conditions of low oxygen or an uncoupler of oxidative phosphorylation, ATP 
hydrolysis is favoured, and glycolysis becomes the only source of ATP. Due to this 
the cytosolic pH decreases that subsequently decreases the pH of mitochondrial 
matrix where ATP is made, promoting the action of IF1[37]. The question that still 
is unanswered is where does the unbound tetrameric IF1 go in the mitochondrion? 
A study conducted in 1993 suggested that the mitochondrial inhibitor protein IF1 
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docks to a membrane protein other than that of ATP synthase[5]. This binding to 
a small protein of 5-6 kDa hampers the activity of IF1 as an inhibitor of ATPase[5].  
Interestingly, a zebrafish non-lethal mutant for gene pinotage (pnt) was found to 
be anaemic despite normal expression of the β-globin and another erythroid cell 
marker, band-3. The candidate gene found for the pnt locus was ATPIF1, further 
the results showed a reduced level of expression of atpif1a[38]. The teleosts have 
a gene duplication for atpif1[39]. However, on conducting a nucleotide BLAST 
search with atpif1 nucleotide sequence from zebrafish against the Notothenioidei 
(taxid:8205) species we found a similarity of 76.98% with the atp5if1a with the 
red-blooded species Trematomus bernacchii (T. bernacchii) and Notothenia 
corriceps (N. corriceps) and 72.63% and 72.98 for atp5if1b respectively for the two 
species. The BLAST search for atp5if1b resulted 76.11% and 75.83 with atp5if1b 
from N. corriceps and T. bernacchii, and 70.04 % for atp5if1a for both the species. 
The zebrafish study also went on to show that a knockdown of atpif1a lacked 
haemoglobinized cells[38]. A possible role of atpif1a is suggested in haeme 
synthesis, as the protein was seen increased in expression with other proteins 
required for haeme synthesis such as ferrochelatase and mitoferrin in developing 
erythroblasts[38].  
In this work we combine sequence and structure analysis to understand the 
conservation and variation in the remnant HbA sequence of the icefish aligned 
with other notothenioid species as well as vertebrate species. We also investigate 
a previously raised question whether the remnant C-terminal peptide of HbA in 
the two icefish and subsequently the protein, has an alternative role in the cellular 
machinery. We have used molecular docking and molecular dynamics (MD) to 
decipher if the ATP complex inhibitor interacts with haemoglobin. By employing 
dynamic refinement using MD simulations the aim is to find the lowest 
macromolecular association complex energy of the docked proteins.  
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4.2 Methodology 
 

4.2.1  Multiple Sequence Alignment 
The list of protein sequences  were obtained from the National Centre for 
Biotechnology Information (NCBI) protein database search, we chose only the 
Refseq (provides a comprehensive, integrated, non-redundant, well-annotated set 
of sequences, including genomic DNA, transcripts, and proteins) sequence queries 
(https://www.ncbi.nlm.nih.gov/ lMSast searched:4th March 2021). Though these 
sequences have been taken from highly reliable Refseq database [40] validated by 
different sources it is important to recognise they could still be prone to error.  (-
/-) Indicates absence of both haemoglobin and myoglobin genes, whereas (-/+) 
indicates absence of haemoglobin but presence of myoglobin. The sequences for 
the Notothenioidei suborder species  C. rastrospinosus (-/+), C. aceratus (-/-), 
red-blooded Antarctic fish, T. newnesi, T. bernacchii, N. corriceps, N. angustata, 
N. neglecta, P. borchgrevinki, D. mawsoni, G. acuticeps, C. mawsoni, G. 
gibberifrons, and sub-Antarctic species, E. maclovinus, five fish species including, 
S. trutta, O. mykiss, S. namacyus, D. rerio, and N. furzeri  as an outgroup, 
mammalian species, H. glaber, M. musculus, B. taurus, P. Anubis and H. sapiens. 
CLUSTAL [41] were used for the initial alignment of ATP6 protein under the 
criteria of the presence and the absence of haemoglobin and myoglobin proteins 
in the species, the alignments were also verified using the other two progressive 
methods, MAFFT [42] and MUSCLE. The same method was applied for protein 
ATP8. The MSA was visualised and edited using JALVIEW [43]. The selection of 
these different species shows the conservation of these mitochondrial proteins 
across vertebrate species, including H. sapiens. 
 

4.2.2  Comparison of properties of amino acids for 
HbA among the species. 

 Using the ExPASy [44] tool ProtScale, different amino acid properties such as the 
molecular weight of amino acids across the sequence, hydrophobicity trend of 
amino acids, α--helix forming amino acids, average flexibility trend and mutability 
for the protein HbA were compared graphically for all the species. 
(https://web.expasy.org/protscale/). 
 

4.2.3  Structure prediction and structure alignment 
for protein sequences.  

Structures for HbA in the Antarctic species were created using the structure 
prediction tool I-TASSER [45] (Iterative Threading ASSEmbly Refinement) a 
hierarchical approach to protein structure and function prediction 
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/). The structures were 
validated using SAVES v6.0 (https://saves.mbi.ucla.edu/), using ERRAT, 
PROCHECK [46] and ProSA-web [47]. (Figures in supplementary files). The 
structure for the 3’HbA fragment for C. rastrospinosus was aligned with the red-
blooded species, D. mawsoni, sub-Antarctic species E. maclovinus, fish species, S. 
trutta and D. rerio, mammalian species, M. musculus (PDB:3HRW) and H. 
sapiens (PDB:4HHB) using TM-Align suite (https://zhanggroup.org/TM-align/).  
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4.2.4 Structures from PDB for investigation. 
  

The ATPIF1 3D structure was extracted from its X-ray resolved complex with ATP 
synthase complex from B. taurus (cow) (PDB ID: 1GMJ) and was used for docking 
simulations. The choice of the selection of the organism is due to the fact that B. 
taurus is the only verified structure from mammals available. The haemoglobin 
structure was taken from 3D structure of haemoglobin from B. taurus (PDB 
ID:6II1), to keep the consistency in the choice of organism and was prepared for 
docking as tetrameric, dimeric, and monomeric forms (only HbA). All protein 
structures were minimised before proceeding with docking.  
 

4.2.5  Protein-protein docking. 
 
Patch dock protein-protein[48] docking (bioinfo3d.cs.tau.ac.il/ PatchDock/) 
server was used for different dockings a) ATPIF1 to ATPase complex. B) ATPIF1 
monomer to Hb all chains no ligands. C) ATPIF1 dimer to Hb all chains no 
ligands. D) ATPIF1 monomer with HB dimer E) ATPIF1 dimer to Hb dimer. F) 
ATPIF1 with HbA chains A and C. G) Voxelotor inhibitor for Hb. The results 
obtained from this server were further improved with submission to associate 
refinement server FireDock [49]. The poses were selected based on Global 
energy. The PDBsum interaction analysis represents interaction residues on 
either chain with residues shown in different colours based on their properties 
and the coloured lines joining these residues representing the type of interaction 
between these residues [50]. The docked proteins were analysed and visualised 
using UCSF Chimera [51]. The proteins were docked using different webservers 
for comparison, HDOCK [52] and ClusPro[53] (Supplementary Figure 3). All 
proteins were minimised using Chimera [51]. 
 
Molecular dynamics of protein–protein complexes and MM/ PBSA calculation 
Protein–protein complexes were subsequently prepared for MD simulation with 
GROMACS (‘S2352711015000059’, no date) by generating topology files and 
coordinate files.  Simulation boxes of 11.88 × 11.88 × 11.88 nm (Hb All chains- 
IF1), 11.89× 11.89 × 11.89 nm (HbA – IF1), were initially set, with the protein 
complex centred inside. spc216.gro solvent configuration was used to add water 
molecules together with the addition of NaCl to neutralize the entire system. The 
resulting models were parametrised using AMBER99SB-ILDNP Force Field 
[55,56] implemented in the GROMACS 5.0 software package. A robust energy 
minimization protocol was applied consisting of 50 000 cycles with the Steepest 
Descent minimization algorithm (Fmax < 1500 kJ mol−1) was reached. Velocity 
was generated using a V-rescale thermostat,48 according to a Maxwell 
distribution at 310 K, with a short 200 ps run in the NVT ensemble. Position 
restraints were applied to the protein with a force constant of 1000 kJ mol−1, for 
the whole NVT run. The accurate leap-frog algorithm was used as the MD 
integrator for the whole dynamics using 0.002 fs as the time step for integration. 
Periodic boundary conditions were applied in all directions (pbc = XYZ). The 
LINCS algorithm was used to constrain the stretching of all bonds. Electrostatic 
interactions were calculated applying the Particle Mesh Ewald (PME) algorithm 
and a cut-off at 1.2 nm.49 The same cut-off (1.2 nm) was also chosen for 
switching off the van der Waals potential. Changing the ensemble to the NPT one 
required an 8 ns equilibration run with the Parrinello–Rahman algorithm for 
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pressure coupling under isotropic conditions and V-rescale was still used for 
temperature coupling. MD analysis was mostly performed using Pymol[57] and 
CHIMERA[51]. 
We used a similar approach to the docking as mentioned in the protein-protein 
interaction of human glyoxalase II paper[58]. 
 

4.2.6 Western Blotting.  
 
Antarctic Fish Muscle tissue samples. This Antarctic fish project was approved 
by Veterinary School's Clinical Ethical Review panel, University of Nottingham, 
with responses from at least four members of the panel. No ethical issues were 
raised by the panel and assigned #2744 190509. White muscle and red muscle 
samples of notothenioid Antarctic fish, Red-Blooded fish species – N. rossii, T. 
bernacchhii (Cruise PS112) and Icefish species- C. gunnari, C. rastorspinosus 
(Cruise ANTXXVIII) were obtained from Dr. Magnus Lucassen of the Alfred-
Wegener-Institut, Helmholtzzentrum für Polar- und Meeresforschung - 
Integrative Ecophysiology Institute. N. rossii and T. bernacchhii have 30-45 % 
haematocrit and 18-28 % haematocrit respectively. Both icefish species lack 
haemoglobin, whereas C. gunnari lacks myoglobin as well. Each sample weighed 
about 200-300mg. Summary of samples given in Table 1. 
 

Species  Tissue  Sample No  
N. rossii  Red muscle   4-27 

T. bernacchii  Red muscle   5-12 

C. rastrospinosus  Red muscle   1355 

C. gunnari  Red muscle   690 

 
 
Whole cell fractions were prepared with buffer (100 mM dithiothreitol, LDS) and 
boiled for 10 min. Protein samples were resolved by SDS-PAGE, transferred to 
nitrocellulose membrane (Thermo Scientific), and blocked in 3% milk (w/v) in tris 
Buffered Saline-Tween 20 (TBS-T) for 1 hour at room temperature. The 
membrane was probed with primary antibody ATPIF1 rabbit polyclonal (sigma 
SAB2100188) 1:1000 dilution, overnight at 4 C, blocked in 3% BSA (w/v) in TBS-
T. Washed with TBS-T 5mins x 3. Immunoblots were then probed with 
horseradish peroxidase-coupled anti-rabbit antibodies (abcam ab6721) at 1:5000 
dilution and developed with Enhanced Chemiluminescent Plus reagent (Pierce 
Thermofisher) and incubated for 5 minutes on the roller at room temperature. 
Bands were visualised using the ChemiDoc visualizer using the 
chemiluminescence and colorimetry option.  
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4.3  Results 
 

4.3.1  Protein sequence and structure alignment of 
HbA 

 
Figure 4-1. Multiple Sequence Alignment of haemoglobin subunit alpha 
sequences. The HbA protein sequences were aligned using Clustal omega and visualised using 
zappo colour scheme in JalView. (Colours according to physio-chemical properties of amino acids; 
Aliphatic/hydrophobic-A, I, L, M, V- light pink; Aromatic-F, W, Y- mustard; Conformationally special- 
Glycine, P- magenta; C-yellow; Hydrophilic- N, Q, S, Q, T- light green; Negatively charged/D,E-
Red; Positively charged/R,H,K-Blue) in jalview. The bar-graphs below represent a quantitative 
measure of conservation at each position. The figure was created using JalView. The conservation 
bargraph shows how each residue is conserve for that position in the given alignment. 
 
The complete HbA sequences were aligned for twenty-four vertebrate species 
showing conserved sequences across the species based on identity and similarity 
(Figure 4-1). Fifteen out of the sixteen species of icefish from the subfamily 
Channichthyinae, have retained only a 3’ fragment of an α-globin gene. Figure 1 
shows the alignment of two icefish, C. rastrospinosus & C. gunnari, α-globin 
fragment, with five closely related red-blooded Antarctic fish, T. newnesi, T. 
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bernacchii, N. corriceps, N. angustata, N. neglecta, P. borchgrevinki, D. 
mawsoni, G. acuticeps, C. mawsoni, G. gibberifrons, and sub-Antarctic species, 
E. maclovinus, five fish species including, S. trutta, O. mykiss, S. namacyus, D. 
rerio, and N. furzeri  also as an outgroup, mammalian species, H. glaber, M. 
musculus, B. taurus, P. Anubis and H. sapiens. The protein sequence for HbA is 
highly conserved across the twenty-four vertebrate species, including the C-
terminal fragment of the two icefish species. The C-terminal end of HbA is 
relatively more hydrophobic in comparison to the whole protein sequence (Figure 
2 B). The icefish HbA remnant is identical to the rest of the closely Antarctic fish 
species. Previously it has been suggested that 3’ truncated HbA that was not 
eliminated genetically might be still expressed as a protein influencing the cellular 
machinery of these fish[4] . Preservation of a deleterious trait even when these fish 
have adapted to a diffusion-based oxygen transport which has a higher energetic 
cost[59], suggests an alternate role to the protein as seen in previous studies[1,31].  
 
A conservation of residues, Ile-Leu-Arg-His-Cys-Ile-Leu-Val-Val-Ile-x-x-Meth-
Phe-Pro-Lys-AspA/GluA-Phe-Thr-Pro-GluA-Ala-His-Val-Ser-Leu-AspA-Lys-
Phe-Leu-Gly-Val-Ala-Leu-Ala-Glu-Arg-Trp-Arg is seen for all the species. The 
icefish have two distinctive changes in their 3’truncated HbA sequence, one at 
position 136/137 where all species except the icefish have an alanine whereas the 
icefish has a serine residue. The other is the presence of alanine at the position 
132/133 instead of glycine as in all their closely related red-blooded Antarctic and 
sub-Antarctic species. A glycine to alanine or vice-versa change can interfere with 
the conformation and flexibility of the protein, this is because conventionally 
alanine is bigger than glycine due to an additional methyl group. This has been 
seen before for mitochondrial protein cytochrome b [60],even single change of Gly 
to Ala may have pathological significance [61]. Having a Gly residue instead of 
alanine brings down the stability in small peptide[62].  Sometimes adaptive 
changes in structure happens away from its active site which could affect the 
thermal stability and energy changes associated with it, one such trend is having 
glycine clusters[63].  
 
Position 139 is occupied by serine for all mammalian species whereas the other 
species have either glutamic acid or aspartic acid for the same position with an 
exception to this in notothenioid species N. neglecta that has glutamine in that 
position. Serine is often mutated to glutamic acid and/or sometimes to aspartic 
acid to mimic phosphorylation of the serine. The conserved residue lysine at 
positions 102 and 137 are predicted to be a binding site by I-TASSER structure and 
function prediction tool. 

135



 

 
Figure 4-2. Primary sequence features of HbA across the twenty-four 
vertebrate species. 
 
When comparing the amino acid properties of such as hydrophobicity and 
mutability (Figure 4-2), the Hb sequences are quite conserved across vertebrate 
species, where the C-terminal is hydrophobic with a hydrophilic tail of three amino 
residues. The mutability graph (graph 2) shows a likelihood of variability at the N-
terminal end than C-terminal end for HbA, also seen in the alignment (Figure 
4-1), the conservation bar graph. 
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Figure 4-3. Truncated HbA protein structure (red) from icefish C. aceratus (structure 
obtained using I-TASSER) aligned to HbA sequences (green) of related red-blooded 
species C. mawsoni, sub-Antarctic species E. maclovinus, two fish species, D. rerio and S. 
trutta, and mammalian species, H. sapiens (PDB ID: 4HHB) and B. taurus (PDB ID: 6II1) 
using TM-ALIGN. 
 
 
We mapped the truncated 3’HbA fragment from the icefish C. aceratus 
(structure produced using I-TASSER from NCBI ID sequence: AAC25098.1) with 
HbA sequences from sub-Antarctic species, E. maclovinus, closely related red-
blooded species C. mawsoni, fish species D. rerio and S. trutta and mammalian 
species, H. sapiens and B. taurus. The predicted alignment showed that the 
icefish has retained predicted ligand binding sites, 102 and 137 (Hit PDB ID: 
3KMF).  
 
The truncated HbA sequence was used to model a structure for the peptide in the 
icefish C. aceratus (I-TASSER[45]) and structurally aligned to the sub-Antarctic 
species, E. maclovinus, closely related red-blooded species, C. mawsoni, fish 
species, D. rerio and S. trouta and, mammalian species, H. sapiens and B. 
taurus  aligned using TM-Align ( (Figure 4-3). As can be seen, the residues 
involved haem group stabilisation and O2 binding ability are missing in the 
truncated HbA sequence[4]. The truncated HbA from icefish has two helices, a 
truncated smaller helix and C-terminal helix. The larger helix aligns structurally 
perfectly for all the species. A slight difference in the structure of the truncated 
helix is observed.  
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4.3.2  Westerns ATP-IF1 Notothenioid tissues 
 

 
Figure 4-4. Western analysis of ATP synthase complex inhibitory factor 1 (ATPIF1) in 
whole cell lysate from red muscle tissue of notothenioid fish. ATPIF1 is seen reduced in 
icefish C. gunnari (a, c). The GAPDH control shows the presence of the proteins (b) in the 
lysate for C. gunnari. 
 
The bands for ATP-IF1 appear at a larger weight that is predicted. The predicted 
band size is Bands were observed at 34kDa and 55kDa (Figure 4-4). The 
expression of protein was seen highest in icefish, C. rastrospinosus.  The antibody 
Is seen to have bands at 50kDa and 10kDa previously, the higher band observed 
was as the gel was run for a shorter duration of 25 mins instead of 35 mins. No or 
low expression was observed for C. gunnari, but by seeing the intensity of bands 
of the control, GAPDH, there might be low protein loaded, and the expression 
might be lower and not completely absent. A co-immunoprecipitation with 
ATPIF1 antibody with N. rossii red muscle tissue lysate was performed followed 
by western analysis for the final eluted proteins and last wash buffer proteins with, 
antibodies HbA and HbB. Interestingly, a faint HbA band was observed in the last 
wash buffer protein lane (Appendix C Figure 4-12). No band was observed for 
HbB for any of the protein extractions. To further this investigation, we performed 
docking and MD simulations for Hb and ATPIF1, as discussed in the subsequent 
sections.  
 
  

N. rossii C. gunnariC. rastrospinosusT. bernacchii

34kDa

55kDa

N. rossii C. gunnariC. rastrospinosusT. bernacchii

a) IF1 b) GAPDH

c) IF1 (55kDa)/GAPDH 
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4.3.3  Docking ATPIF1 to Haemoglobin 

 
Table 4-1 Docking scores from PatchDock and FireDock for Haemoglobin 
alpha chain and ATP-IF1. Global energy calculated by FireDock is the binding energy 
of the compound in solution. Score calculated by PatchDock represents the geometric 
shape complementary, higher the score lesser the stearic clashes. Area shows in 
approximate interface area of the complex. ACE is the atomic contact energy, the energy 
required transfer from water to protein site. Attractive van der Waals (VdW) indicate 
specific binding of the protein in that pose.  

S. No. 
 

(FireDock) 

Solution 
Number 

 
(PatchDock) 

Global 
Energy 

(kcal/mol) 

Attractive 
VdW 

(kcal/mol) 

Repulsive 
VdW 

 (kcal/mol) 

ACE 
(kcal/mol) Score Area 

1 8 -37.84   -27.85     13.77      3.13   11588  1356.50  
2 3 -20.75   -18.22     6.18      2.50   11988  1706.30  
3 34 -19.64   -33.34     24.33      10.24   10584  1428.20  
4 25 -10.15   -28.12     15.34      6.04   10824  1323.70  
5 43 -5.36   -37.07     30.53      18.52   10296  1449.80  
6 31 -5.14   -27.18     7.12      12.45   10608  1849.70  
7 2 -3.89   -28.98     7.95      5.50   12304  1659.30  
8 5 -2.64   -18.48     2.52      6.48   11966  1606.50  
         

         
 
The work is focused on the protein-protein interactions involved in possible Hb-
ATPIF1. We have used the well-established structures of haemoglobin (PDB ID- 
6II1) and ATP-IF1 (PDB ID- 1GMJ) for organisms Bos taurus. PatchDock is an 
online webserver for protein-protein docking accurately predicting residue-
residue contacts in the target interaction[48]. It uses a scoring function that 
considers both geometric fit and atomic desolvation energy with a final application 
of RMSD (root mean square deviation) to remove redundant solutions. Table 1 
and Table 2 have the geometric score, interface area size and normalised 
desolvation energy from PatchDock and subsequently FireDock tools for docking 
of ATPIF1 with Hb all chains and HbA respectively.  FireDock server provides 
flexible refinement and scoring. The different docking poses revealed that if 
ATPIF1 were to interact with Hb, it interacts with the c-terminal end of the alpha 
globin chain. This was also seen with other automated servers HDOCK[52] and 
ClusPro (Appendix C Figure 4-14).  Docking was performed for minimised 
structure of Hb with all chains and no ligands and for HbA chain C with ATPIF1 
chain.  The docking of known inhibitor of Hb, voxelotor, was also performed using 
PatchDock to compare it to the docking with ATPIF1 (Appendix C Figure 4-13). 
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Figure 4-5. Top 10 best ranked Docking results for Hb-all chains and IF1. Hb is 
represented by a molecular green surface, the IF1 structures are represented by different 
colours 

 
On docking the IF1-monomer to Hb-all chains tetramer, we chose 50 docking 
conformations ranked based on their PatchDock scores and then submitted to 
Firedock refinement.  The top 10 were selected based on global energy (Figure 
4-5). After assessing the structures using Ramachandran plot to validate the 
docking pose, we chose FireDock solution number 1 (solution 8 of PatchDock), the 
conformation that had high global energy, attractive van der Waals and low 
repulsive van der Waals (Table 4-1). A high global energy indicates robust binding 
of two proteins. Solution 8 docked pose showed interactions of IF1 with Hb chains 
A and C (Figure 4-6). More interactions with Chain C of HbA were seen (Figure 
4-7), Chain C was then used as a monomer to dock with IF1 again using PatchDock 
and FireDock (Figure 4-8).  The subsequent best docked score also showed that 
the IF1 interacts with the c-terminal end residues of HbA (Figure 4-16).  
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Figure 4-6. The interacting residues of haemoglobin with ATPIF1 best docked pose using 
PatchDock (Schneidman-Duhovny et al., 2005) and FireDock (Andrusier, Nussinov and 
Wolfson, 2007) refinement tool. (Hb PDB ID:6II1; ATPIF1 PDB ID: 1GMJ). 

Docking the minimised structure of Hb (including all chains, AC chains HbA and 
BD chains corresponding HbB) with minimised structure of IF1 (chain H), the best 
refined-docked structure showed contacts between the two alpha chains of Hb 
with IF1. 
 
The possible interaction of IF1 (monomer) with Hb all chains (Figure 4-6) and 
only HbA chains (Figure 4-8) was assessed. The previous study that has suggested 
that IF1 binds to a membrane protein may maintain the protein monomer form 
while binding to the unknown membrane protein[5] . The bovine IF1 is 84 amino 
acids in length. IF1 attaches to F1 catalytic subunit of ATPase to inhibit its 
hydrolysis activity when conditions are unfavourable such as absence of oxygen. 
At that point the IF1 forms a dimer, and its N-terminal region is free to be inserted 
in the F1 heads.  The binding depends on the presence of MgATP.   
 
The energy stable computational structures produced by PatchDock showed 
residues 35-60 of IF1 interacting with Hb (all chain) residues (Figure 4-6 & 
Figure 4-7). Residues between 32-43 contains amino acid that are involved in pH 
dependent interconversion in the states from dimer to tetramer for IF1[37]. 
Residue 39, lysine in IF1 chain makes a polar hydrogen bond with Serine 81 of Hb 
Chain A of HbA.  
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Figure 4-7. Graphical representation of interacting residues of protein 
chains for (Figure 4-6) dock pose generated using PDBsum (Laskowski et al., 2018). 
Interacting chains are joined by coloured lines representing different kind of interactions; 
red- salt bridges, yellow- disulphide bonds, blue-hydrogen bonds, orange-non bonded 
contacts. Each amino acid residue colour represents different properties; blue- positively 
charged (H,K,R), red-negatively charged (D,E), green- neutral (S,T,N,Q), grey-aliphatic 
(A,V,L,I,M), magenta-aromatic (F,Y,W), mustard-P & G, yellow-cysteine.  
 
 
 
 
Table 4-2 Docking scores from PatchDock and FireDock for Haemoglobin alpha 
chain and ATP-IF1 

S. No. 
 (FireDock) 

Solution 
Number 

 
(PatchDock) 

Global 
Energy 

(kcal/mol) 

Attractive 
VdW 

(kcal/mol) 

Repulsive VdW 
 (kcal/mol) 

ACE 
(kcal/mol) Score Area 

1 30 -27.01   29.93  11.49  7.74   8696  1125.90  

2 19 -16.10   -25.88     13.35      11.48   8852  1081.70  

3 44 -15.84   -28.74     26.23      5.54   8340  1267.10  

4 15 -12.18   -29.70     13.98      8.57   9022  1087.50  

5 38 -8.08   -18.35     14.55      5.09   8464  1444.70  

6 7 -6.67   -33.25     18.06      15.48   9368  1154.40  

7 11 -4.14   -6.10     2.72      4.76   9132  1123.70  

8 25 -0.54   -26.40     13.84      10.61   8814  1202.00  

9 36 -0.33   -19.90     7.34      4.43   8502  1368.90  

         
 

Chain A Chain H

Asp74 Lys47

Gly78

Asp75

Pro77 Ala43

Asn131 Lys46

Ala4 Ser54

Ser138 Leu42

Leu2 Glu50

Asp85 Arg35

Ser81 Lys39

Chain C Chain H

Asp75

Gly78 Glu52

Ser81 His56

Pro77 Lys49

Thr134

Asn131

Val135

Asp85

His89 Ile60

Ser138 Ile53

Leu73

Asp74

Leu2

Lys7 Leu45

Val1 Lys46

Leu42

AA

BB

CC

DD

HH

a)

b)

c)

142



 

 
Figure 4-8. Interacting residues of only α globin chain with IF1 residues. C) 
Graphical representation of interacting residues of protein chains for generated using 
PDBsum (Laskowski et al., 2018). Interacting chains are joined by coloured lines 
representing different kind of interactions; red- salt bridges, yellow- disulphide bonds, 
blue-hydrogen bonds, orange-non bonded contacts. Each amino acid residue colour 
represents different properties; blue- positively charged (H,K,R), red-negatively charged 
(D,E), green- neutral (S,T,N,Q), grey-aliphatic (A,V,L,I,M), magenta-aromatic (F,Y,W), 
mustard-P & G, yellow-cysteine.  
 
 
On docking, only the alpha globin peptide of haemoglobin (Chain C) with ATPIF1 
(Chain A), it showed two polar contacts between the two molecules (5 Å) between 
residues Glu66 of ATPIF1 protein and Lys99 of HbA bond length 2.7 Å and, 
His56 of ATPIF1 and Ser138 of HbA of a 3.5 Å (See Figure 6. b & c). The isolated 
HbA chain interacted with residues 52-74 (c-terminal end) of IF1. The 
interacting residues of Hb in common between the two docking were Val1, Leu2, 
Asn131, Thr134, Thr137, Ser 138 (Table 4-3).  
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4.3.4 MD Simulation (8 ns) 

 
Figure 4-9. Hb-IF1 association after 8 ns MD simulation: A) IF1 docked in the cleft of two 
alpha chains of Hb (Pink- Chain A, light blue- Chain C, yellow-IF1). B) Shows interaction of 
Hb residues with IF1 residues where residues Serine84 and Asparagine131 of HbA show 
polar contacts with IF1.   

The best docked conformation (solution 8, Table 4-1) was chosen according to 
the global energy of the docked compound. The docked protein was prepared 
creating a topology file that contains all the information of the structure. 
AMBER99SB-ILDN (Lindorff-Larsen)[64] forcefield was applied on the 
complex. The choice of force field is very important for relevant and accurate 
conformations for protein energetics. The information given by the forcefield 
includes addition of hydrogen atoms to an amino acid residue taking in account 
the molecular geometry and selected properties of tested structures. The 
AMBER99SB-IL forcefield is tailored for amino acids specifically as it improves 
backbone and side chain torsion potentials[64]. The system was equilibrated at 
305K constant temperature, density, and pressure (Appendix C Figure 4-18-
2,3,4) The structure was relaxed using energy minimisation (Appendix C 
Figure 4-18-1). 
 
The quality of simulated structure is checked using root-mean-square deviation 
over the simulation time (8 ns) a common technique to verify the stability of MD 
simulation. Figure 4-10 shows that the system was approximately stable 
somewhere between 4 ns to 7 ns. Therefore, it can be concluded that the 
structure did not deviate much and was stable over the simulation. The radius of 
gyration (Rg) is an important parameter in protein stability during simulation. If 

A)

B)

Serine81_HbA

Asparagine131_HbA
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the protein was stable during the simulation, the radius of gyration would be 
reasonably invariant in its compact form (Figure 4-10). The accepted range of 
Rg for a tetramer and globular protein of a similar molecular weight about is 2.5-
2.6nm at a temperature 300-350K [65,66] which was seen in the simulation 
(2.52nm) for the Hb-IF1 complex.  

 
Figure 4-10. Quantitative quality check for the MD run. A) RMSD B) Radius of Gyration 
shows a reasonable invariant Rg values (2.5-26nm) across the MD run of 8ns indicating 
the protein remains very stable. C) The thermodynamic factors such as density, pressure 
and temperature are very stable across the MD run.  

 
 
Figure 4-9 shows the IF1 bound to Hb after the MD simulation run of 8 ns. Most 
of the interactions that were present at the start of the MD run, that is the best 
docked complex were seen at the end of the MD stabilisation as well (Table 4-3).  
An additional hydrogen bond was seen between Asn131 and Lys46, with a 
measured distance of 2.1 Å.  The residue Ser81 of Hb was seen to make hydrogen 
bond with Lys39 both before and after MD stabilisation.  Another polar contact 
observed was Leu2 of Hb with Glu50 of IF1, a measured distance of 2.1 Å. All the 
other interacting residues within 4 Å of the protein, that were seen before the MD 
simulation were also seen after MD run (Table 4-3), suggesting stable binding. 

A) RMSD B) Radius of Gyration

2. Pressure stabilisation (NPT)1. Density stabilisation 3. Temperature stabilisation (NVT)

C) Over the trajectory
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Table 4-3. IF1 interacting residues with Hb. The first part of the table shows residues interacting between IF1 and HbA, and IF1 and Hb all chains 
from the FireDock best docking pose.  Second half of the table shows stable interacting residues that remained through the MD trajectory.  

Before simulation After simulation 
IF1  HbA   Hb-all chains IF1  Hb-all chains  

Chain C 
 

Chain A Chain C 
 

Chain A Chain C   
Arg35   Asp85  Arg35 Asp85    
Lys39   Asp85, Ser81  Lys39 Ser81, Asp85    
Leu42   Ser138 Val1 Leu42 Ser138 Val1   

Ala43   Gly78, Asp75, 
Pro77 

 Ala43 Gly78, Asp75    

Leu45    Leu73, Asp74, Leu2, 
Lys7, Val1 Leu45  Leu2, Asp74, 

Lys7, Val1 
  

Lys46   Pro77, Asn131 Val1 Lys46 Pro77, Asn131, 
Val135 Val1   

Lys47   Asp74  Lys47 Asp74    

Lys49    Pro77, Thr134, 
Asn131, Val135 Lys49  Pro77, Thr134   

Glu50   Leu2  Glu50 Leu2    
Glu52 Arg92   Asp75, Gly78, Pro77 Glu52  Asp75, Pro7   
Ile53    Ser138 Ile53  Ser138   
Ser54   Ala4  Ser54 Ser3, Ala4, Leu2    

His56 Ala88, Thr137, 
Ser138 

  Ser81, Pro77 His56  Ser81   

Ala57     Ala57 Ser3    
Glu59 Pro95    Glu59     
Ile60 Thr134, Ser138   His89, Asp85 Ile60     
Arg62 Lys99    Arg62     

Leu63 Lys99, Thr134, 
Ser133, Ala130 

   Leu63     

Gln64 Val1    Gln64     
Glu66 Lys99    Glu66     

Ile67 Ala130, Asn131, 
Lys127 

   Ile67     

His70 Asp126, Lys127    His70     

Lys71 Lys127, Asp6, 
Ser3, Leu2 

   Lys71     

Ile74 Lys127, Ala123, 
Asp6       Ile74         
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4.4  Discussion 
 
Changes have been observed in the protein haemoglobin in neurodegenerative 
diseases[67–70] and its role as a drug receptor has been argued previously[71]. This 
has led to the speculation whether the protein has a role other than transporting gases 
oxygen and carbon dioxide in the blood. There is evidence describing the dynamic 
location of the protein. The fish in the waters of the Southern Ocean, Antarctic fish, 
give us the opportunity to study the protein closely. The ice fish have undergone many 
adaptations, such as a reduced red blood cells (RBCs) concentration to total loss of 
RBCs and loss of two globins, haemoglobin and myoglobin, in the icefish.  The 
preservation of the 3’truncated fragment of HbA has previously been suggested to have 
a vascular function[4] and there is evidence for HbA to influence vascular remodelling 
through nitric oxide signalling in the endothelial [1,31]. It has been seen to colocalise 
in the mitochondria[72,73], which made us hypothesise whether it has a 
mitochondrial-specific function, specifically in the energy mechanism.  
 
The main proteins involved in the energy mechanism in the mitochondria are the 
OxPhos complexes, mainly Complex I, II, III, IV of the electron transport chain (ETC) 
and the final complex V. The final step of ATP synthesis is catalysed by the multiple 
subunit complex, ATP synthase, whose enzyme activity is modulated by its natural 
inhibitor ATP synthase inhibitory factor 1 (ATPIF1/ IF1). The binding of IF1 to the F1 
complex of ATPase occurs only in a pH below neutrality and in de-energised inner 
mitochondrial membrane in response to low oxygen levels[74]. Yet, it is still not known 
where IF1 binds in the inner membrane when it is not bound to ATP synthase that is 
under the aerobic conditions it is poorly understood. It has been speculated that the 
protein binds to a small protein other than that of the ATP synthase, in the inner 
mitochondria membrane[5].  
 
IF1 knock out has been previously reported to correlate with anaemia in zebra fish 
despite the normal expression of HbB. HbA was reported to be localised in the inner 
membrane of the mitochondria. Due to these pieces of indirect evidence, we 
questioned whether a part of HbA interacts with IF1 protein in the inner-
mitochondrial membrane when it’s not bound to the ATP synthase, this might be 
signalled by the protons (Figure 4-11). 
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Figure 4-11. A schematic representation of HbA interacting with IF1- modulating energy status 
in mitochondria. 

 
To check if there were differences at sequence level for the Antarctic species, we 
aligned the sequences of truncated 3’HbA from the icefish C. rastrospinosus and C. 
aceratus with the other species of sub-order Notothenioidei that have complete 
sequences of HbA. We included temperate water species, D. rerio, S. trutta, O. mykiss, 
S. namacyus, and N. furzeri as an outgroup. HbA is relatively well conserved across 
the species examined however the variation in sequence is still high considering its 
single canonical function.  
Certain anaemias are caused due to defects in the mitochondrial enzyme, 
ferrochelatase, involved in haem biosynthesis[75–77]. Investigation of 
interdependence functions of regulators of mitochondria, such as, IF1 and the 
enzymes responsible in haem synthesis showed IF1 regulates the catalytic activity of 
enzyme ferrochelatase to synthesise haem. Hence, a loss of Atpif1 impairs 
haemoglobin synthesis in zebrafish, mouse, and human models of anaemia because of 
elevated mitochondrial pH[38]. IF1 is known to inhibit the reversal, that is the 
hydrolysis, of ATP synthase enzyme and also has a role in maintaining the membrane 
potential and proton motive force[78,79]. The Antarctic fish stands as a natural model 
for drastic reduction in haemoglobin content in the red-blooded fish[14] and the 
condition is seen extreme in the icefish by complete loss of haemoglobin[80].  
 
We wanted to see how the protein expression for ATPIF1 might be in the different 
species of the Antarctic fish in the red-blooded, N. corriceps, T. bernacchii, and icefish 
C. rastrospinosus and C. gunnari where we had samples from red muscle. There was 
as significant lower expression of ATPIFI observed in Hb-less C. gunnari. The co-
immunoprecipitation (co-IP) with anti-IF1 antibody showed pulled down of HbA by 
IF1 though the HbA band observed was very faint which could be due to the fact a 
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monoclonal IF1 antibody was used for the co-IP. This association was investigated by 
docking and MD simulations.  
 
IF1 a key regulator of the ATP synthase[81], also has a protective role from hypoxia in 
tissues that require high energy[82]. The other roles of IF1 include, regulation of stem 
cell differentiation[83], haem synthesis[38], cell proliferation and programmed cell 
death[84,85].  The IF1 interacts with the γ subunit of ATP synthase by its N-terminus 
in a super coiled helix form, between the catalytic interface of α and β subunits of ATP 
synthase, which is empty[86]. After the hydrolysis of two ATP molecules, that 
represents two rotations of γ subunit, α β adopt a closed conformation,  rearranging 
the IF1 moiety[87]. The rearrangement causes changes in the IF1 protein itself. An 
increase in pH makes IF1 stickier and it forms a tetramer masking the inhibitory 
region of IF1 at its N-terminus [37,88,89].  
 
The N-terminal region  of IF1 has been seen to interact with the C-terminal of 
calmodulin in a Ca2+ and pH dependent way [90,91]. IF1 when not bound to ATP 
synthase, is an intrinsically disordered protein, such proteins are important 
components of cell signalling and make transient interactions with other proteins[92]. 
Yet it is not known where the unbound protein resides in the mitochondria. There is a 
suggestion that it binds to a membrane receptor but not to the subunits of ATP 
synthase[5]. Though IF1 is predominantly compartmentalised inside the 
mitochondrial matrix it has also been reported  in cytosol, plasma membrane[93], 
serum[94], and in the extracellular environment, involved in modulation of activity of 
endothelial cells[95]. This all supports roles for IF1 in addition to modulating ATP 
synthase[94,95].  
 
Using a reliable docking protocol combined with MD simulation, we investigated 
bovine IF1-monomer interactions with bovine Hb tetramer. The interacting residues 
for the best docked structure, solution 8, ranked 1 using FireDock refinement showed 
interacting residues Pro77, Gly78, Asp85, Ser81, Asn131, Ser138, Pro77, Thr134, Val 
135 of HbA. The important interacting residues seen in IF1 were residues 35-75. The 
activity of IF1 is regulated by pH by its five key histidine residues, His48, 49, 55, 56 
and 70, that are also evolutionary conserved. The residues 44-84 in IF1 are involved 
in dimerization of the protein, while in its tetrameric form it is extended to residues 
32-84 [37]. The residue E30 in IF1 has been previously reported to form a salt bridge 
with the β subunit of ATP synthase. Changes in its Ser39 can stop the interaction and 
inhibitory activity of IF1 on the ATP synthase. 
From our docking results IF1 seems to interact from the central residues (35-70) and 
towards C-terminal end of the protein with haemoglobin. The residues 48-70 are 
involved in the pH sensing mechanism of IF1[96]. At pH < 6.5 the protein is a dimer, 
at pH 6.5 protein dimers and oligomers are in equilibrium, at pH 7-8, the dimers can 
exist as inactive tetramers or higher oligomers involving residues 32-44. Even though 
a monomer form of IF1 was reported in human serum using SDS PAGE, western 
blotting, and mass spectrometry[94]. In the same study they speculated interaction of 
If1 with other proteins[94].  
IF1 comes into play when electrochemical gradient collapses, under anaerobic 
conditions, matrix pH decreases and the proton gradient favourable for ATP synthesis 
declines. The role of Hb as a regulator of stress response could be attributed to the fact 
it modulates ATP concentration[36] through its interaction with IF1. As seen with our 
docking results, IF1 has been seen to interact with several inner mitochondrial 
membrane proteins with its c-terminal end [5,97–99] where HbA is also seen to be 
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localised in intermembrane space of mitochondrial membrane[100]. Thus, like the 
interactions of IF1 with other proteins from its c-terminal end, we speculate that IF1 
could be interacting with HbA with its c-terminal end.  
 
Throughout these studies all observations needed validation to increase the 
probability of the predictions being correct, so the simulations were validated with 
RMSD and ROG. The RMSD between structures created in the simulation in the time 
dimension was an appropriate criterion to ensure the stability of the dynamic 
molecular simulation[65,101]. In addition, the gyration radius is an important factor 
that indicates the amount of protein folding. If a protein is folded well, the gyration 
radius for that protein is fixed during simulation[102]. This factor provides useful 
information about the distribution of proteins in the spherical form[102]. Thus, 
changes in the structure of a protein can be examined by taking into consideration the 
gyration radius. Both RMSD and ROG were stable during the simulation, indicating 
the first docked pose was very stable throughout the simulation.  
 
After the MD simulations all the interacting residues that were present before the 
simulation remained after the simulation, showing stable interactions. The polar 
contacts between Asparagine 131 of HbA with Lysine 46 of IF1, and Serine 81 of HbA 
with Lys39 were seen after the MD simulation as well. Changes in potential energy, 
pressure, temperature, and density for each of the structures through the equilibration 
phase were examined to ensure the stability of the simulations. Each provided 
acceptable sustainability in the best docked structures for the two proteins, the 
computational results showed a high stabilization of the complexes. The role of Hb as 
an energy modulator[103] and stress response[36] has been previously reported. With 
the current data we also suggest a possible interaction of HbA and ATPIF1 for the 
modulation of energy mechanism in mitochondria. Further, in vitro investigation, 
such as yeast two-hybrid assay a repetition of co-IP or reverse co-IP whether HbA pull-
down ATPIF1 would be required to validate this finding. 
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4.6  APENDIX C: Chapter 4 

 
4.6.1  C.1 Methods:  

 
Dynabeads M-270 epoxy (suspended in C1 solution 10mg/ml), were weighed 10µg and 
washed with 500µL of C1 in 1.5 ml Eppendorf tubes. The tube was then placed on the 
disinfected magnet for 1 min allowing the beads to collect at the tube wall, and 
supernatant was removed. The 10µL of C1 and 40µL IF1 antibody (abcam ab110277 
mouse monoclonal) solution was mixed by gentle pipetting and then C2 was added to 
the solution making the total volume 100µL mixing it by gentle pipetting. The solution 
was incubated on the roller overnight at room temperature. The tube with solution was 
put on magnet for 1 min, allowing the beads to collect on the tube wall, and 
supernatant was removed. The tube was removed from the magnet and 400µL of HB 
was added for washing. Repeat the magnet step and remove he supernatant. The step 
was repeated with 400µL of LB and the supernatant was removed. The step was 
repeated twice with 400µL of SB wash and the supernatant was removed. The SB wash 
was added again, and the tube was incubated for 15 mins on the roller and the 
supernatant was removed thereafter. The tube was removed from the magnet and 
resuspended with 100µL of SB per mg of the beads. Meanwhile cell lysate was 
prepared using 100 µL Co-IP extraction buffer, red muscle tissue (mass=0.2g), from 
red-blooded Antarctic species, N. rossii sample number 4-33 (Antarctic Fish 
Muscle tissue. SVMS Clinical Ethical Review, University of Nottingham, (ref # 2744 
190509). Red muscle samples of Antarctic notothenioid fish (red-blooded species –
 Cruise PS112, Weddell Sea in 2013-2014)). The homogenised tissue was centrifuged 
at 850g for 10 minutes at 4 deg. Celsius to clear debris. The co-immunoprecipitation 
protein samples were prepared using 2mL of Extraction buffer (1x IP) and 200µL of 
Last wash buffer (1x LWB). The antibody coupled Dynabeads were washed with 900µL 
of EB and was placed on the tube containing solution for 1min, and the supernatant 
was removed. The antibody coupled Dynabeads were then resuspended in the 
prepared cell lysate and incubated on a roller at room temperature for 30 mins. The 
tube was then put on the magnet for 1 min and the supernatant was transferred to 
‘unbound’ labelled tube. The tube was removed from the magnet and the solution was 
washed with 200µL of 1X IP by gentle pipetting. The tube was put on the magnet for 1 
min and the supernatant was transferred to tube labelled IP1. This step was repeated 
twice, and the supernatant was transferred to tubes labelled IP2 and IP3. After the 
transfer of last supernatant, the Dynabeads were washed in 200µL of LWB, mixed by 
gentle pipetting and left on the roller at room temperature for 5 mins. The solution 
was kept on the magnet and the supernatant was transferred to LWB labelled tube. 
After the transfer the tube was removed from the magnet and the Dynabeads were 
suspended in 60µL of Elution Buffer (EB) and incubated on the roller for 5mins at 
room temperature. The tube was placed on the magnet and the supernatant contained 
the purified protein complex that was prepared for Western Blot, with UB as control 
and LWB as well. UB was prepared with 2µL of UB solution 10µL of phosphate buffer 
saline (PBS) mixed with 6µL DTT and 6 µL LDS and, EB and LWB were prepared with 
2µL of sample mixed in 6µL of DTT and LDS each. All the samples were boiled at 70 
deg. Celsius. The westerns were followed as mentioned in the methodology before.   
The primary antibodies used were HbA (abcam ab 227552 rabbit polyclonal) at a 
dilution 1:1000 and HbB (abcam ab82871 rabbit polyclonal) at a dilution 1:1000. The 
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secondary antibody was peroxidase conjugate goat anti-rabbit for 1h at room temp, at 
a 1:5000 dilution. 
 

4.6.2  C.1 Results: 

 
Figure 4-12. Co-immunoprecipitations’ fractions were immunoblotted with HbA and HbB. A 
faint HbA antibody band was observed in the LWB lane (UB- unbound protein lane, EB-Eluted 
Buffer protein lane, LWB-Last wash buffer protein lane). 

The red-muscle tissue cell lysate from N. rossii was used for co-immunoprecipitation 
with IF1 monoclonal antibody. The resulting fractions, unbound proteins used as a 
control, LWB and EB were used for western blots. The fractions were immunoblotted 
using HbA polyclonal (rabbit) and HbB polyclonal (rabbit) antibodies. The results 
showed HbA and HbB in the control lanes for the antibodies. A faint band of HbA was 
observed in the EB lane. No bands were observed for HbB antibody in LWB or EB 
lanes. The western blot will be repeated for confirming the HbA association with IF1 
protein.  
 

4.6.3  C.2 Methods: 
 
The docking was done using the Patchdock and FireDock protein-protein docking 
protocol described before in the methodology for chapter 4.   

 
4.6.4  C.2 Results: 

 
This comparison docking of Hb with its known drug voxelotor, a small drug compound 
used for treating sickle-cell anaemia, which forms a bond with N-terminal end of α-
chain of Hb. This was done as a relative test to see if the global energy were 
comparable. Since IF1 is a 80 residues protein yet, it showed a comparable global 
energy when compared to the small compound voxelotor.  
 

EBLWB

WBs_HbA

UB LWB EB

WBs_HbB

UB
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Figure 4-13. Comparison of overall docking scores of Hb and its known drug voxelotor and Hb 
and ATPIF1 using PatchDock docking and FireDock refinement tools.  

 
 
4.6.5  C.3 Methods: 

 
The docking was done using the HDOCK (Yan et al., 2020) and ClusPro ( protein-
protein docking protocol using HbA alpha chain for the HDOCK and HB-all chains for 
ClusPro with IF1 minimised structure for both.  
 
 

4.6.6  C.3 Results: 
 
The docking with two automated protein-protein docking tool HDOCK that provides 
ab initio template free docking (Supplementary Figure 3 A). Since the tool only 
takes one peptide as an input, it was tested to see if it binds to HbA c-terminal residues. 
Interesting IF1 binds to residues seen in the docking with PatchDock best scored 
model for HbA and IF1. Similarly, ClusPro, taking Hb all chains as an input showed 
that IF1 interacts with HbA chains of haemoglobin and interacting with c-terminal end 
of HbA (Supplementary Figure 3 A). This supports the docking pose selection. 

Voxelotor- A drug for Sickle cell anaemia IF1

a) Docking with Hb drug Voxelotor b) Docking with atpif1
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Figure 4-14. Best dock poses from servers HDOCK and ClusPro showing ATP-IF1 interacting 
with the c-terminal end residues of HbA (70-09). 

 

 
 
 
 
 
 
 
 
 
 
 
 

a) HDOCK docking tool

b) ClusPro docking tool
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4.6.7  Results 

 
Figure 4-15. A) FireDock solution 2 HbA and ATPIF1. B) The interacting residues of second 
best docked pose using FireDock (Andrusier, Nussinov and Wolfson, 2007) refinement tool. 
(Hb PDB ID:6II1; ATPIF1 PDB ID: 1GMJ); Chain H-ATPIF1, Chain C-HbA. 

Figure 4-16 shows the second-best docked pose of HbA and ATPIF1, where again the 
complex V inhibitor is seen to interact with IF1 residues at the C-terminal end. 
Interestingly, it also shows residues 1-3 & 6 of the N-terminal, these interacting 
residues were seen after the MD simulation run.  
 
 

 
Figure 4-16.  FireDock solution 3 Hb all chains and ATPIF1. B) The interacting residues of 
docked pose using FireDock (Andrusier, Nussinov and Wolfson, 2007) refinement tool. (Hb 
PDB ID:6II1; ATPIF1 PDB ID: 1GMJ); Chain H-ATPIF1, Chain C-HbA. 

Haemoglobin (PDB ID: 6II1) A chain docked with ATPIF1 
single chain
FireDock Solution 2

a) b)
Chain A Chain C

Glu59 Pro95

Ala88
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Leu63 Ser133
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Ala130

Asn131

Ile67 Asp126

His70 Lys127

Ile74 Ala123

Lys71 Asp6

Ser3

Leu2

Gln64 Val1

Glu52 Arg92

Chain H

Haemoglobin (PDB ID: 6II1) all chains docked with 
ATPIF1 single chain

a)

b) c)Chain A Chain H

Ser138 Lys39

Glu50

His89 Lys46

Ala4

Ser3 Lys24

Ala5

Leu73

Asp74 Glu31

Lys7

Pro77 Arg35

Ser81 Leu42

Chain C Chain H

Ser3 Ala43

Ala4

Lys7 Glu40

Asp74 Arg37

Tyr33

Val1 Ala36

Asp75 Lys39

Gly78 Glu29

Pro77 Arg32

162



 

Figure 4-16, was the third solution from the FireDock (Andrusier, Nussinov and 
Wolfson, 2007) refinement tool, for Hb all chains and ATPIF1. The interacting 
residues were again very consistent as seen in the best docked structure and stabilised 
structure after the MD run. Figure 4-17 was the second-best docked structure from 
FireDock results, and one of the two where ATPIF1 was seen interacting with a few 
residues at the centre of HbA and also the D chain of HbB. The other docked protein 
showing interactions with HbB and HbA was docked pose 10 which had high global 
energy (positive). This can be further confirmed by doing an MD run with docked pose 
2 and see if the protein-complex is stable throughout the MD run or the interactions 
change back to our MD run.  
 

 

 

 
Figure 4-17. FireDock solution 8 Hb all chains and ATPIF1. B) The interacting residues of the 
docked pose using FireDock (Andrusier, Nussinov and Wolfson, 2007) refinement tool. (Hb 
PDB ID:6II1; ATPIF1 PDB ID: 1GMJ); Chain H-ATPIF1, Chain C-HbA, Chain D-HbB. 

 
 

4.6.8 RESULTS 
 
The equilibration plots show that the system prepared for MD run was stabilised at 
305 K temperature, constant pressure, and density, where the whole system was 
minimised using robust steepest descent energy minimisation algorithm. The 8ns MD 
interaction of protein IF1 and Hb can be seen in the video.  

Haemoglobin (PDB ID: 6II1) all chains docked with 
ATPIF1 single chain

a)

b)

c)

AA

BB CC

DD

HH

Chain A Chain H
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His45 Glu30

Tyr42 Glu29

Chain D Chain H

His63

Phe45 Leu45

Lys66 His48

Lys49

Lys65 Glu52

Asp69

Glu43

Ser44 Ala38

Lys59 Leu42

Phe41 Gln41

Leu96 Arg37

Lys95 Glu40

Arg40 Tyr33

d)

163



 

 
Figure 4-18. MD Simulation for Hb and IF1. a) Energy Minimisation of the system, 
demonstrating a nice steady convergence of potential energy. b) Temperature equilibration 
(NVT), the plot shows that temperature ranges 302-306 K (average temperature 305 K). c) 
Pressure equilibration, the pressure fluctuates but in the expected range maintaining the 
average value. d) Density equilibration, the density plot is very close to the expected values 
and is stable over time. 

 

 

1. Energy Minimisation 2. Temperature stabilisation (NVT)

4. Pressure stabilisation (NPT)3. Density stabilisation

Equilibration Plots

An Mpg video of 8ns simulation showing the interaction of ATPIF1 with Haemoglobin. 
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Chapter  5 : DISCUSSION  
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5.1 Discussion 
 
Life evolved from single cell to multi-cellular organisms, is dependent on the highly 
specialised molecular machines, that we know as proteins and their functional 
interactions. 
The protein-protein interactions occur at both inter and intra-cellular levels making it 
complex and essential for an overall analysis of their mechanism to understand 
various cellular functions. Mitochondria are essential for several cellular processes, yet 
many of the mitochondrial proteins are either uncharacterised or fully annotated [1]. 
A consistent effort of large-scale proteomics and computational tools have helped in 
establishing mitochondrial proteome much more efficiently. This has helped to 
understand many dysfunctions of these organelles to be associated with many diseases 
and disorders [2]. Many transient interactions that take place in the cell modifying the 
behaviour of the proteins and modulating different pathways [3,4]. The dynamic 
localisation of protein Hb in different cellular compartments could be argued against 
that its only role is in transporting oxygen and carbon dioxide.   
 
All vertebrates have haemoglobin (Hb) in their blood but the exception to this is a 
small family of fish living in the cold waters of Antarctica, the unique Antarctic icefish, 
of the Channichthyidae family of the sub-order Notothenioidei. Haemoglobin is an 
important protein that predates the origin of animals and links many species. It has 
been suggested that changes in the molecule was seen in neurodegenerative diseases 
and argued its role as a drug receptor. Neurodegeneration is directly affected by a 
rather fundamental yet inevitable phenomenon of ageing as discussed previously and 
direct and indirect evidence have shown mitochondria dysfunction as one of the 
hallmarks of the neurodegenerative diseases.  
 
The theory behind this project is that oxygen carrying haemoglobin is localised in the 
mitochondria where its presence might influence other proteins situated there. The 
icefish that are the only organisms without Hb and can act as a perfect model to 
understand the differences observed in the presence/absence of this protein. This can 
be done by recording subtle changes that occur at cellular level and answer a long-
standing question of proteins use information about their surroundings to make 
adaptive responses. The data generated in this thesis is to help understand the role of 
mitochondrial haemoglobin and its interacting partners (protein) which might help 
shed light on how these fish survive and indirectly help understand haemoglobin’s role 
apart from carrying oxygen especially in the studies of ageing and neurodegeneration. 
 
Protein function and protein-protein interactions are highly dependent on their 
primary sequence, structure, their dynamics, and stability. A number of research 
suggests that Hb has a dynamic location [5–9] and is not just found in the red-blood 
cells as previously believed. The presence of Hb in in the mitochondria could influence 
its machinery, specifically oxidative phosphorylation. Previously there have been 
studies connecting haemoglobin and neurodegeneration. There has been enough 
evidence on change in expression of Hb as discussed in our introduction. 
 
Mitochondrial ATP production via the OxPhos system is the main source of energy in 
cells for intracellular metabolic pathways. The complex V or ATP synthase (ATPase) is 
the fifth multi-subunit enzyme of the OxPhos system. The complex consists of two 
components, the F1, catalytic part and, the F0 component, that is the motor part. 
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Complex V is composed of 15 structural and two assembly subunits encoded by both 
the nuclear and mitochondrial genomes. 
 
 

5.1.1 Chapter 2 - ATP6 of the proton pump 
 
In the first chapter of this thesis, we have looked at the two subunits of F0 component 
of ATP synthase, ATP6, also known as subunit a, and ATP8. The aim was to see 
whether there were sequential or structural changes in the proteins of the 
haemoglobin-less fish for these proteins. The mitochondria of these fish have 
significant modifications, such as tight coupling of the mitochondria to facilitate 
sustained oxygen and hence we wanted to see the proteins that are directly involved in 
proton translocation. ATP6 and ATP8 are two mitochondrial encoded proteins that 
are overlapping in the genome. Subunit a, encoded by gene ATP6, contains the proton 
channel that releases the proton gradient established across the inner mitochondrial 
membrane. There have been numerous studies that have reported mutations in the 
mitochondrial encoded protein ATP6 that have directly associated with mitochondrial 
diseases [10–12] in humans including neurodegenerative diseases [13–16]. Simple 
four-point mutations in the gene can lead to a disease [13–15].  A mutation in the gene 
for ATP6 doesn’t necessarily impact the inherent activity of the enzyme but rather has 
a direct functional impairment of the coupling of proton pumping and ATP synthesis 
[12,17–20]. Interestingly about 45 years ago it was reported that Hb has ATP binding 
sites and changes have been observed in the phosphate groups of the ATP in the 
presence and absence of Hb [21] and there has been evidence for Hb to modulate 
energy mechanism in high demanding tissues such as neurons [22].  
 
This led our interest to investigate if there were any sequential changes in the 
gene/protein for ATP6 in the icefish and other notothenioid fish. Since the protein is 
prone to single mutations manifesting into a physiological or pathological change for 
the protein it was important to check the genomic sequence for ATP6. Our first 
observation with the genomic sequences was there was an addition of 12 nucleotides 
(nt) at the N-terminal end of the gene for the five Antarctic fish species, of the sub-
order Notothenioidei, including the red-blooded N. corriceps, T. bernacchii, sub-
Antarctic red-blooded species, E. maclovinus and the two icefish C. rastrospinosus 
(devoid of Hb and has Mb) C. aceratus (devoid of Hb, has remnant 3’ fragment of HbA, 
do not express Mb but have a nearly identical gene to that of C. rastrospinosus for 
Mb). The only exception, is the icefish C. gunnari which is an extreme case of complete 
loss of Hb and Mb that does not have the addition of 12 nucleotide. Interestingly, 
length of nt in C. gunnari is the same as the other vertebrates, including mammals 
such as H. sapiens (humans) and C. porcellus (guinea pig). The change observed in 
the gene length could be attributed an altered variation of the gene for this fish. The 
other observation that was important to the study was these additional nucleotide 
sequences start with an alternative codon “GTG”, which has been previously observed 
more in recent studies for the mitochondrial genome. Again, the exception to this was 
C. gunnari icefish like the other vertebrate species. Alternative codons have come into 
light in the recent years where for very long only “ATG” was an accepted start codon. 
As explained previously an alternate initiation codon for protein ATP6 can suggest a 
common parallel evolution translation machinery. The favouring of GTG as a start 
codon can indicate higher stability of the protein as GC base pair due to its higher 
thermal stability. This raises the question whether the red-blooded counter parts of 
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the Antarctic icefish have evolved more to retain the globins whereas C. gunnari is just 
another fish that lost its haemoglobin due to environmental factors. Another 
important observation was made with codon alignment of the genes that serine 
encoded by codon TCT/TCC at position 39 for all species except C. gunnari that had 
GCT instead, which codes for the amino acid serine. As previously mentioned, point 
mutations in ATP6 has led to altered pathology more regarding the proton pumping 
activity of ATP synthase. An alanine in this position seems like a mutation non-
synonymous base substitution of thymine to guanine at N1 position, from TCT serine 
to GCT alanine. 
 
 

5.1.2 Chapter 3- Differential expression of 
Mitochondrial proteins. 

 
Protein-protein interactions (PPI) are important for many biological processes 
including cell signalling, metabolic pathways and development [23]. The PPI 
knowledge and data has expanded in recent years with technologies like mass 
spectrometry, two-hybrid systems, and phage display to name a few [24]. In the 
second chapter of my thesis, we employed liquid chromatography with tandem mass 
spectrometry (LC-MS/MS) for mitochondria fractions from skeletal muscle tissues, 
red muscle tissue, and white muscle tissue of Antarctic fish species, the red-blooded 
fish, N. rossii, T. bernacchii (the controls for experiment), and icefish C. 
rastrospinosus (has Mb expression only in cardiac myocytes, and 3’ remnant of HbA), 
and C. gunnari, previously discussed the extreme case of no Hb or Mb [25,26]. The 
purpose of this experiment was to find and understand the changes that might have 
occurred in the mitochondria, at protein expression level, in these fish without Hb. It 
has been previously reported that the icefish has an exceptionally high mitochondrial 
density that helps in oxygen storage [27]. The question that arises with this is: does 
Hb help in storage of oxygen in mitochondria when the need arises and hence icefish 
requires an extreme modification for their mitochondria? 
 
We chose the two different muscle tissues, the red muscle is a slow-twitch fibre where 
the major source of energy comes from OxPhos, and white muscle is a fast-twitch fibre 
where anaerobic energy is utilised to meet the demands of fast-twitch fibre [28]. Both 
the tissues contain numerous mitochondria to support our study [29]. Cellular 
respiration is the primary means of energy production in the Antarctic fishes as they 
have reduced anaerobic capacity when compared to their temperate teleost. As we 
know ATP production is the primary function of skeletal muscle mitochondria and it 
has been observed during acclimation that aerobic enzymes are notably high for the 
organism [30,31]. It has been suggested that a higher demand for mitochondria 
biogenesis might be present in the icefish which could be achieved by increased supply 
of mitochondrial components through mutations at genetic levels and selective 
increase or decrease of mitochondrial protein’s expression level [32]. This has been 
tested previously at transcriptomic level for icefish Chionodraco hamatus [32] but not 
for protein expression until now. Hence a comparative approach was chosen to find 
differentially expressed proteins in the icefish while comparing to their closely related 
species that has haemoglobin. The expression of Hb was found only in the red-blooded 
species and not in the icefish.  
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In the study we observed eighty-two differentially expressed proteins (DEPs) in the 
mitochondria of the red muscle tissue for the icefish. A total number of seventy DEPs 
were recorded for the mitochondria of white muscle tissue for the icefish. In the red 
muscle mitochondria (RMM), the proteins that were seen significantly higher in 
number in the icefish when compared to the red-blooded closely related species, were 
proteins involved in energy metabolism, specifically complex V of the OxPhos were 
seen as a compact cluster. The subunits ATP synthase, gamma (γ), subunit O, subunit 
b1 (F0 complex), subunit delta, subunit g and subunit d were seen comparatively 
higher in the icefish. The subunit gamma during ATP synthesis, the proton movement 
rotates the assembly of γ, with other two subunits c and ɛ, changing the conformation 
of catalytic sites to release ATP. The other subunits d, b1, g is part of the 
transmembrane rotatory motor F0 and helps in proton translocation. The other 
proteins that were seen significantly increased were, proteins involved protein 
transport,   
ADP/ATP translocase 2 and ADP/ATP translocase 3, Aralar, a calcium binding 
mitochondrial, carnitine/acylcarnitine carrier translocase protein, and VDAC/VDAC3 
another protein to transport ATP and other metabolites. The activity of these 
translocases depends on availability of ADP/ATP or/and the membrane potential and 
act as contact points between the inner and outer mitochondrial membrane.  
Previously, it has been seen in pyramidal neurons, that HbB interacts with ADP/ATP 
translocase, acting as an energy sensor, which might indicate a selective increase of 
these proteins as a response to absence of HbB in the icefish [33].  A comparable 
increase in some ribosomal proteins was observed in the icefish mitochondria. 
 
The protein network of down-regulated in the icefish in both red-muscle mitochondria 
and white muscle mitochondria showed hub-proteins: NEB, CKMB, MYBPC1, 
MYBPC2B, TTN and CYCSB. All these proteins are part of muscle assembly and 
contraction. The muscle proteins include structural and contractile proteins (actins, 
myosin, and troponin) as well as soluble muscle protein enzymes (creatine kinase). A 
common decrease of protein creatine kinase was observed, which plays a role in 
maintaining ATP levels, this could be attributed to enlarged mitochondria in the 
icefish which might decrease the distance for the diffusion of oxygen and for ATP 
between mitochondria and myofibril which might reduce the demand for CK [34]. The 
complete loss of expression of the enzyme is observed previously in the heart ventricle 
of icefish, C. aceratus and C. gunnari, where these species rely majorly on fatty acid 
oxidation for cardiac energy requirements [35,36]. Notothenioids lacking mtCK may 
compensate by increasing levels of ADP/ATP nucleotide translocases and VDACs, as 
observed in our proteomics study as well. The other proteins that were seen to be 
lowered in the icefish involved in redox metabolism, GCDH and Aldh7aq. All the haem 
associated proteins were significantly lower in the mitochondria of the icefish.   

169



 

5.1.3 Chapter 4- HbA has a role in modulating IF1? 
 
Many studies suggest that haemoglobin has variety of roles in the endothelium In 
vertebrates such as vascular remodelling through endothelial nitric oxide signalling  
[5,6]. Studies have also shown Hb playing a role as an energy sensor, as discussed 
previously  [33]. There also have been links between neuronal expression of Hb in 
regulating stress response in relative to ATP concentration and mitochondrial function  
[22]. ATP synthase Inhibitor Factor 1 (ATPIF1) is a natural regulator of ATP synthesis 
and hydrolysis activities of the complex V, and hence keeps the ATP levels and 
membrane potential intact in the mitochondria. ATPIF1 is previously reported as a 
regulator of haem synthesis indicating interdependence of mitochondrial homeostasis 
and haem synthesis  [37]. It is still unclear where the inactive ATPIF1 binds when it is 
not bound to ATP synthase subunits, with one study directly suggesting it binds to an 
unknown inner membrane protein  [38]. A few studies have also shown it to interact 
with other inner mitochondrial proteins  [39–41] supporting roles for IF1 in addition 
to modulating ATP synthase. We wanted to see whether ATPIF1 interacts with Hb 
using docking studies. Hb showed relative affinity for IF1 when compared to an already 
known drug inhibitor, voxelotor. To further this, we used MD simulations to see the 
stability of the docked structures of IF1 and Hb, where HbA shown interacting with 
IF1 residues mainly 35-70 of the c-terminal end. Further experimental studies would 
require confirming this hypothesis.  
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5.1 Conclusions 
 
In conclusion, mitochondria are crucial organelles for most of the energy production 
of the cell. As discussed previously mitochondria are significantly 
compromised/altered in ageing, neurodegeneration, and cancer  [42,43]. The role of 
haemoglobin for transporting O2 is established, but it’s presence in mitochondria  
[44,45] is very novel and can contribute to our basic understanding of mitochondrial 
biology in science and medicine. The haemoglobin interactome would change are view 
of mitochondrial specific networks and could be targeted for therapeutics in ageing, 
neurodegeneration and cancer diseases. Point mutations in mtDNA encoded proteins 
can be seen more extensively. The changes in protein expression observed in the 
muscle tissues of icefish highlight pathways modulated in the absence of Hb, which 
can further be explored as therapeutic targets to support mitochondria in health and 
disease. Lastly, interaction of the natural inhibitor of Complex V of OxPhos, ATPIF1 
with mitochondrial Hb can help us delve into deeper understanding of the energy 
mechanism, which is at the heart of the mitochondria.  Hence the thesis adds onto 
substantiate our understanding of mitochondrial Hb and its putative role.  
 

5.2  Future Work 
 
Further experimental studies would be required to confirm this hypothesis. 
Experimental techniques such as far western blot can be used for mitochondrial 
extracts from different species to support and establish direct contacts between 
mitochondrial protein and mitochondrial Hb. Further the sub-mitochondrial location 
of these interactions can also be established by subcellular fractionation and 
immunoblotting techniques. Techniques involving globin knock-downs specifically in 
organisms such as Caenorhabditis elegans using RNAi constructs and observe 
changes in their mitochondria and compare it with our already established proteomes 
in the icefish. ATP production assays can be further employed to measure ATP and cell 
viability. 
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