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ABSTRACT 

 

Mitochondrial Complex-I (NADH: ubiquinone oxidoreductase) is the protein 

complex that carries out the first step in the respiratory chain process. During cellular 

respiration Complex-I transfers two electrons from NADH to ubiquinone with 

simultaneous pumping of four protons across the inner mitochondrial membrane, 

generating a proton motive force driving ATP synthase to synthesize ATP. Being a 

large complex structure it has many constituent subunits, 44 in eukaryotes and 14 in 

prokaryotes. This multi subunit complex is divided into 3 domains: dehydrogenase 

domain (N module), hydrogenase/ ubiquinone reduction domain (Q module) and 

proton pumping domain (P module). Determining the atomic resolution structure of 

the entire Complex-I is a daunting task owing to its large size. Due to the absence of 

information on subunit organization; Complex-I was considered an L-shaped black 

box. Only recently the three-dimensional structure of a prokaryotic Complex-I from 

Thermus thermophilus has become available (PDB ID: 2FUG, 4HE8, 4HEA). This 

structure is a 550 kDa complex consisting of 14 subunits conserved across organisms 

and some additional accessory subunits. Owing to poor resolution the individual 

subunits are not distinguishable in the available eukaryotic Complex-I structure from 

yeast. Thus, further exploration is required to understand eukaryotic complex, in 

particular the human mitochondrial Complex-I. 

The subunits of human Complex-I are known mutational hot spots for several 

disorders. The mutations may be mitochondrial or nuclear in origin resulting in 

genetic diseases which may be inherited maternally or in an autosomal recessive 

fashion. The mutations result in a dysfunctional Complex-I causing Complex-I deficit 

disorders. The symptoms observed range from encephalopathy, cardiomyopathy, 

neurological disorders or a combination of two or more of these symptoms. Leigh 

syndrome is one such genetic neurological disorder caused by mutations of Complex-

I. Two among every 1,00,000 newborns is affected by this disorder. There is also 

speculation about the damage that can be caused by reactive oxygen species (ROS) 

produced when Complex-I is not properly assembled. Only correctly assembled 

hydrophilic domain can prevent ROS production. Thus, these disorders are thought to 

be due to disruption of Complex-I assembly by mutations in subunits affecting 

function and causing damage due to ROS generation. Analyzing the differences 
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between wild-type (w-t) and mutant subunits would be a step towards understanding 

at molecular level the potential defects in complex assembly caused by pathogenic 

mutations and its resultant dysfunction. It would also help associating the broad 

nature of symptoms specifically to functional deficit of Complex-I in the diseases like 

Leigh syndrome. 

In the present thesis, in silico and biophysical approaches have been adopted 

to study some of the core subunits of the ubiquinone reduction module (Q module) of 

the human mitochondrial Complex-I. The Q module possesses the iron sulphur cluster 

N2 vital for its activity. The module acts as a connecting link between the N and P 

module and assembles during the early stages of Complex-I assembly to form the 

peripheral arm. The core subunits of Q module are NDUFS2, 3, 7 & 8. These subunits 

are highly conserved in bacteria to mammals; especially their C-terminal part shows 

an identity of 42% in certain cases. Utilizing the similarity between the human and 

Thermus thermophilus Complex-I subunits, the four core human subunits in the Q 

module were modelled using molecular modelling based on the T thermophilus 

structure (3I9V, 3IAM, 3FUG) in MODELLER9.10 and PRIME v3.1 of the 

Schrodinger suite. The mutants causing Leigh syndrome were prepared in silico using 

the FoldX program. The mutations were then classified into those in the interior, those 

at the interface and those near the binding site depending on their positions in the Q 

module.  

Molecular dynamic simulations were performed in GROMACS v4.5 to 

understand the effects of these double/point mutations on the structure. The w-t and 

mutant structures were compared in terms of root mean square fluctuation (RMSF) of 

residues, radius of gyration (Rg), hydrogen bonding, solvent accessibility etc along a 

15 ns trajectory. The substrate n-decyl ubiquionone (n-DBQ) was docked at the 

interface of NDUFS2 & 7 using Glide v5.8. Energy calculations were performed in 

Bioluminate 1.0 to study the effects of subunit mutations on the stability of the Q 

module, iron sulphur cluster, mutual affinities of subunits and affinity to n-DBQ. 

 In the dynamic simulation studies NDUFS2 showed a high RMSF mainly at 

the location of mutation, whereas NDUFS3, 7 & 8 showed fluctuations spread over 

the whole protein. In the case of NDUFS3 & 8 the w-t proteins were more compact 

(measured by Rg) compared to mutant proteins. All the mutant subunits were found 

energetically unstable compared to their w-t counterparts. Some of them showed 
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reduced affinity to n-DBQ or iron sulphur cluster N2. Although the mutations caused 

minimum perturbation to the overall secondary structure, the root mean square 

fluctuations of certain segments were substantial, especially those in the loop regions. 

The mutations affected the hydrogen bonded interactions, solvent accessible area and 

the observed radius of gyration to various extents. Molecular dynamic simulations of 

the NDUFS2 and 7 complex along with n-DBQ revealed the reduced affinity of the 

mutants towards n-DBQ. Also, high fluctuations of residues near the n-DBQ binding 

site was observed in the mutants during MD simulations; indicating that even when 

the mutation positions are not in the vicinity of binding sites, they certainly influence 

the binding.  

The cumulative effect of all the changes due to mutations on the formation of 

complex assembly is reflected in the observed unfavourable energy variations, 

instability of subunit association and a reduced affinity for substrates such as 

ubiquinone. Thus the analysis indicates that Leigh syndrome mutations lead to 

formation of structurally and functionally defective complex, which in turn results in 

disease phenotype. Further attempt was made to observe the nature of the subunits in 

vitro to extrapolate the in silico observations in solution. 

Although we tried to clone and express all the subunits of Q module, finally 

we were successful in completing studies only on two subunits, the structural subunit 

NDUFS3 and the functional subunit NDUFS7, which were cloned and expressed via 

autoinduction in E coli. The full length genes of both the subunits were amplified 

from the cDNA obtained from RNA of the HT 29 cell line. The genes were further 

cloned into pGEM-T vector followed by subcloning in pET28b(+) expression vector 

between Nde I and Xho I sites and transformed in BL21DE3 expression cells . The 

subunits engineered by incorporating mutations identified with Leigh syndrome were 

prepared by site-directed mutagenesis. A double mutant of NDUFS3 (T145I+R199W) 

was prepared by a two step PCR protocol. Two point mutants of NDUFS7: V122M 

and R145H were prepared in a single PCR step. The products of site-directed 

mutagenesis were ligated and further subcloned in expression vector pET28(+) 

between Nde I and Xho I sites. The w-t proteins and corresponding mutants were 

further expressed by autoinduction and purified. NDUFS3 and its mutant were 

purified by Q-Sepharose ion-exchange chromatography followed by Sephadex G-200 

size exclusion chromatography. NDUFS7 and its mutants were purified by Ni-NTA 
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affinity chromatography followed by Superose 12 size exclusion chromatography. 

The expression and purity of proteins were confirmed by 12% SDS-PAGE and 

Western blot; molecular weights were determined using MALDI TOF/TOF.  

The w-t and mutant proteins have been compared for their stability, 

aggregation propensities, binding with n-decylubiquinone and other biophysical 

properties. The mutant proteins of both the subunits showed differences with respect 

to the corresponding w-t counterparts in secondary and tertiary structure and higher 

aggregation propensity. Apart from these, mutant NDUFS3 showed a different native 

structure as compared to the w-t although the conformational transitions at different 

pH, temperature and Gdn-HCl concentrations were similar. The tryptophan 

microenvironment and secondary and tertiary structure of w-t NDUFS3 were 

substantially different from that of the double mutant. Despite the point mutants of 

NDUFS7 showing a structure similar to the native w-t NDUFS7 the peak at 325 nm 

characterising cluster N2 was absent in them. Both the mutants of NDUFS7 showed 

reduced binding affinity towards n-DBQ. In the w-t, an increase in the binding 

affinity to n-DBQ was observed with an increase in temperature, however, the 

mutants showed an opposite trend of decrease in binding affinity with temperature. 

Rayleigh scattering, Thioflavin-T and Congo red dye binding studies helped to 

compare and quantify the differences in aggregation tendency of the proteins. The 

mutants showed a high aggregation propensity in both NDUFS3 and 7 as compared to 

the w-t. At physiological temperature (37°C), an increase in aggregation was observed 

only in the mutant proteins. A higher aggregation propensity of the mutants would 

lead to lesser number of molecules available for assembly of Complex-I.  

These different properties highlighted the change in the functional nature of 

the mutant proteins in vitro. These changes have been correlated with complex 

functional defects or complex disassembly observed in Leigh syndrome.  Using 

computational and biophysical approaches, the structural and functional defects in the 

mutant subunits have been demonstrated. This has contributed to understanding 

molecular level effects of pathological mutations causing Leigh syndrome.  
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ABBREVIATIONS 

Abbreviation Long form 

ANS 8-anilino-1-naphthalene sulfonic acid 

ATP Adenosine 5’-triphosphate 

BN-PAGE Blue Native Polyacrylamide Gel Electrophoresis 

bp Base pair 

CD Circular dichroism 

cDNA complementary DNA 

CR Congo red 

CsCl Caesium chloride 

CSF Cerebrospinal fluid 

DTT Dithiothreitol 

EDTA Ethylene-diamine-tetra-acetate 

Fe-S Iron-sulphur cluster 

FMN Flavin mononucleotide 

FP Flavoprotein 

Gdn-HCl Guanidium- Hydrochloride 

IP Iron-sulphur protein 

KI Potassium iodide 

LHON Leber’s Heriditary optic neuropathy 

MALDI-TOF Matrix-assisted laser-desorption ionization-time of flight 

MD Molecular dynamics 

MELAS Mitochondrial encephalopathy, lactic acidosis and stroke 
like episodes 

mtDNA Mitochondrial DNA 

NAD Nicotinamide adenine dinucleotide 

n-DBQ n-decyl-ubiquinone 

nDNA Nuclear DNA 

NCBI National Centre for Biotechnology Information 

NIDDM Non insulin dependent diabetes mellitus 

NDUFS NADH dehydrogenase (ubiquinone) iron sulphur (Fe-S)  

NMR Nuclear magnetic resonance 

ns Nanosecond 

ORF Open reading frame 

OXPHOS Oxidative phosphorylation 

PBS Phosphate buffer saline 
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PCR Polymerase Chain reaction 

ps Picoseconds 

PVDF Polyvinylidene fluoride 

Rg Radius of gyration 

RMSD Root mean square deviation 

RMSF Root mean square fluctuation 

ROS Reactive oxygen species 

SDM Site-directed mutagenesis 

SDS Sodium dodecyl sulphate 

Th-T Thioflavin-T 

Unord Unordered region 

woFe-S Without iron-sulphur cluster 

w-t Wild type 
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itochondria are eukaryotic cellular organelles bound by a double 

membrane and possessing their own circular genome (mt-DNA). They 

are sometimes referred to as “cellular power plants” as they generate 

most of the cells’ supply of adenosine 5’ triphosphate (ATP) used as a source of 

chemical energy by the cells. The word mitochondrion was coined by Carl Benda in 

1898 and comes from the Greek word mitos, i.e. thread and chondrion, i.e. granule. 

They are present in all eukaryotes, however, their number varies in different 

organisms and tissues. Their size ranges from 0.5 to 1.0 μm in diameter. Every 

mitochondrion is composed of 4 compartments that carry out specialized functions; 

outer membrane, inner membrane, cristae and matrix (Figure 1.1).  

 
Figure 1.1: Structural features of mitochondria. Reproduced from Molecular Expressions™ Cell 

Biology: mitochondria and Wikipedia, the free encyclopedia. 

Mitochondria play a pivotal role in generating 90% of the cellular energy in the form 

of ATP by oxidative phosphorylation (OXPHOS). Along with energy generation, they 

are also involved in apoptosis, free radical production, calcium signalling, 

intermediary metabolism and cellular homeostasis [Rossignaol et al, 2003; Wallace, 

2013].  

The mitochondria utilize five multi-domain enzyme complexes present on the inner 

mitochondrial membrane for OXPHOS to synthesize energy in the form of ATP 

(Figure 1.2). The complexes are: 

1. Complex-I or NADH dehydrogenase; EC 1.6.5.3 

2. Complex-II or succinate dehydrogenase; EC 1.3.5.1 

3. Complex-III or cytochrome bc1 complex; EC 1.10.2.2 

4. Complex IV or cytochrome c oxidase; EC 1.9.3.1 

M
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5. Complex V or ATP synthase; EC 3.6.3.14 

The first four complexes are involved in the step wise transfer of electrons to the 

ultimate electron acceptor oxygen, simultaneously pumping protons across the 

membrane generating a proton motive force which drives ATP synthase to synthesize 

ATP. 

 

Figure 1.2: Schematic of the mitochondrial respiratory electron transport chain showing the 5 

complexes. Reproduced from Dimauro et al, 2003. 

1.1 Mitochondrial genome 

Mitochondria possess their own circular DNA. It is widely accepted that mitochondria 

evolved from bacteria that were engulfed by nucleated ancestral cells. Thus, they 

possess their own genome (mtDNA) as well as their own biosynthetic machinery for 

making RNA and organelle proteins.  

 

Figure 1.3: Human mtDNA map. ND1-6, 

NADH dehydrogenase subunits; COX 1-3, 

Cytochrome c oxidase subunits, ATP6 and 

ATP8, subunits of ATP synthase, Cyt b, 

Cytochrome b. Reproduced from Bellance 

et al, 2009. 
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The human mtDNA is 16,568 bp in size (Figure 1.3). It is a double stranded circular 

molecule coding for 13 polypeptides of the mitochondrial respiratory chain, 22 

tRNA’s and 2 rRNA. The non coding regulatory region also known as the D loop is of 

~600 bp. HSP and LSP are the heavy and light strand promoters, respectively and OH 

is a purine rich region which is the origin of replication. Transcription is polycistronic 

and translation has a different codon usage than the universal codons. For amino acids 

Met, Trp and for termination the codons are different than the universal ones (Table 

1.1). The remaining amino acids have the standard codons. 

Table 1.1: Universal codon usage versus 

codon usage in mitochondria. 

 

 

 

 

 

The nuclear genome codes for the remaining proteins of the mitochondrial respiratory 

chain, metabolic enzymes, DNA/RNA polymerase, ribosomal proteins, mtDNA 

regulatory factors and mitochondrial transcription factor A (Tfam). Thus, the 

mitochondrial and nuclear genomes co-operate and co-ordinate for the smooth 

functioning of the OXPHOS. Since the mitochondrial DNA was discovered in 1963 

and its entire genome sequenced by 1981, a large number of studies on migrations of 

populations were reported, and several genetic disorders caused by mutations in 

mitochondrial DNA were also defined.  

1.1.1 Population studies 

Population studies involved tracing back the origin, pre-historic migrations, 

haplotypes, genetic relationships and genetic variations of various population groups. 

Since the mtDNA is maternally inherited with no recombination events, migration and 

genetic relationships of various populations could be mapped by restriction site 

mapping and D loop sequencing followed by analysis of the phylogentic networks. 

Such studies were carried out in various ethnic groups such as Africans, Caucasians, 

Chinese, Indians, South-East Asians, Australian tribes etc. These studies lead to the 

identification of several population-specific mtDNA polymorphisms which were 

further linked to the predisposition of a broad range of metabolic and degenerative 

Codon Translation 

Universal Mitochondria 

AGA Arg (R) Ter (*) 

AGG Arg (R) Ter (*) 

AUA Ile (I) Met (M) 

UGA Ter (*) Trp (W) 
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diseases.  These variants were ancient and have accumulated along with radiating 

maternal lineages during the human expansion out of Africa [Wallace, 2013]. 

1.1.2   Genetic disorder studies 

Mitochondrial genetic diseases are a group of, often untreatable, disorders affecting 

the eyes, nervous system, heart, muscles etc occurring due to mutations in the mtDNA 

or nDNA. Thornburn [Thornburn, 2004] defined the minimum prevalence of such 

mitochondrial disorders as 13.1 in 1,00,000 individuals. Of which the prevalence of 

primary OXPHOS related disorders is 1 in 7,634 individuals. Thus, the misnomer that 

mitochondrial diseases are rare is slowly being wiped out. Disease based 

epidemiological studies estimate the prevalence of mitochondrial disease to be ~1 in 

5000. This number however doesn’t take into account asymptomatic carriers or new 

mutations that may cause disease [Elliott et al, 2008; Thorburn et al, 2004]. The 

clinical presentation of these diseases is diverse. They may affect children as well as 

adults and are progressive and systemic in nature.  

Since the first report about pathogenic mutation in mitochondrial DNA in 1988, a 

large number of primary mutations causing diseases have been described. Since, both 

mitochondrial as well as nuclear genome code for the proteins in OXPHOS; disorders 

related to OXPHOS proteins may be due to either mutations in mtDNA or in nDNA 

or in both. The mtDNA is known to have a mutation rate 10-20 times more than the 

nDNA. This is due to the absence of protective histones, the poor repair mechanisms 

and lack of proof reading activity of mtDNA polymerase [Schmiedel et al, 2003]. 

Thus, a large number of mutations accumulate in the mitochondrial genome. These 

may vary from neutral polymorphisms to pathogenic mutations. A mutation is 

considered pathogenic when it satisfies certain criteria: 

1. It should not be seen in the control population. 

2. It should be observed in unrelated pedigrees with similar disease presentation. 

3. The nature and location of the disease suggests a logical mechanism of the 

disease. 

4. It should be heteroplasmic. 

Neutral mutations go on accumulating in the mtDNA, which is maternally inherited. 

Since the mtDNA codes for the most important mitochondrial energy genes the 

effects of mutations in these are lethal. Clinical diagnosis, pedigree analysis, 
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biochemical and histological analysis, restriction enzyme site polymorphism (RSP) 

and sequencing of mtDNA may be done to diagnose and establish that the disease has 

a mitochondrial origin [Taylor et al, 2004; Munnich et al, 2001]. The mutations 

hamper the smooth functioning of the complexes or their assembly thereby affecting 

OXPHOS and cause an energy deficit. Muscles and nerves are the worst hit in the 

case of such mutations due to their large energy dependency. Hence most of the 

diseases show up as encephalopathy and cardiomyopathy along with several other 

associated symptoms. 

1.1.3 Human mitochondrial genome database 

MITOMAP: A human mitochondrial genome database is a compilation of all the 

genetic variations reported in mtDNA [Kogelnik et al, 1995]. It brings together 

information on mitochondrial genome structure, function, pathogenic mutations, their 

clinical characteristics, population associated variations and gene-gene interactions. 

Till date, ~277 disease causing mutations have been reported in the coding and 

control regions of the mtDNA and 300 mutations in rRNA and tRNA. Approximately 

264 DNA rearrangements have been enlisted which include deletions, inversions, 

insertions and complex rearrangements.  

1.2 Mitochondrial proteome 

The mitochondrial proteome consists of approximately 1500 gene products.  These 

proteins have a dual genetic origin, either from nDNA or mtDNA. Amongst them 13 

polypeptides are encoded by the mtDNA and the rest of the subunits and assembly 

factors are encoded by the nDNA. Mutations have been reported in the different 

subunits of the 5 complexes involved in OXPHOS as well as the assembly factors 

leading to energy deficit and mitochondrial diseases. 

1.2.1    Mitochondrial proteome database 

MitoP2: Mitochondrial proteome database gives information on mitochondrial 

proteins, their molecular functions and associated diseases. This database has several 

useful features like the identification of putative orthologous proteins to study 

evolutionary conserved functions and pathways, integration of data from systematic 

genome-wide studies such as proteomics and deletion phenotype screening, prediction 

of novel mitochondrial proteins and systematic searches to find genes underlying 

mitochondrial diseases [Prokisch et al, 2005]. 
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This thesis focuses on the subunits of the Complex-I and its mutants causing 

mitochondrial disorders in humans. 

1.3 Complex-I  

Complex-I or NADH: ubiquinone oxidoreductase or NADH dehydrogenase is the first 

multi-domain enzyme complex in the electron respiratory chain pathway. Its function 

is to transfer two electrons from NADH to ubiquinone (Q) through various protein 

bound prosthetic groups with simultaneous pumping of four protons across the 

bacterial or inner mitochondrial membrane to generate a proton motive force which 

activates ATP synthase to synthesize ATP [Ripple et al, 2013]. It is also involved in 

minimizing reactive oxygen species (ROS) production in the cell. 

NADH + H+ + Q + 4H+ in                   NAD+ + QH2 + 4H+
out  

1.3.1 Subunit Composition and Nomenclature  

Complex-I is one of the largest multi subunit enzyme complexes comprising of 14 

subunits (~550 kDa) in prokaryotes and 45 subunits (~950 kDa) in eukaryotes. Of the 

45 subunits constituting this giant complex in eukaryotes, 7 are encoded by the 

mitochondrial genome and the rest 38 by the nuclear genome. This gives the 

Complex-I a dual genetic origin, where majority of the subunits are encoded by the 

nDNA, synthesized in the cytoplasm and transferred to the mitochondria where they 

get assembled with the mtDNA encoded subunits. 

The 45 subunits in eukaryotes are divided into 3 domains which carry out 

specialized functions; the N module having dehydrogenase activity, the Q module 

involved in ubiquinone reduction and the P module involved in proton pumping 

across the inner mitochondrial membrane. Out of these 45 subunits, 14 are core 

subunits, highly conserved across all species and play a vital role in the functioning of 

the complex from bacteria to humans. These subunits are considered to be ‘minimal’ 

subunits required to build the complex with electron transfer and proton translocation 

activities. The nomenclature of the subunits across species is enlisted in Table 1.2.  
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Table 1.2: Nomenclature of the 14 conserved subunits of Complex-I across the N, Q and P 

module. Adopted from Baradaran et al, 2013.  Nqo stands for NADH:quinone oxidoreductase. 

NDU in eukaryotes stands for NADH dehydrogenase ubiquinone and MT-ND mitochondrial 

NADH dehydrogenase.   

Domain Escherichia coli Thermus thermophilus Bos taurus Homo sapiens 

                                     Hydrophilic domain 

N module 

Nqo1 NqoF 51 kDa NDUFV1 

Nqo2 NqoE 24 kDa NDUFV2 

Nqo3 NqoG 75 kDa NDUFS1 

Q module 

Nqo4 NdoD fused with NqoC 49 kDa NDUFS2 

Nqo5 NqoC fused with NqoD 30 kDa NDUFS3 

Nqo6 NqoB PSST NDUFS7 

Nqo9 NqoI TKYK NDUFS8 

                                      Membrane domain 

P module 

Nqo7 NqoA ND3 MT-ND3 

Nqo8 NqoH ND1 MT-ND1 

Nqo10 NqoJ ND6 MT-ND6 

Nqo11 NqoK ND4L MT-ND4L 

Nqo12 NqoL ND5 MT-ND5 

Nqo13 NqoM ND4 MT-ND4 

Nqo14 NqoN ND2 MT-ND2 

Apart from these 14 conserved subunits, ~30 additional accessory subunits present in 

eukaryotes form a protective shell around the core. They help in the biogenesis of the 

eukaryotic Complex-I and give structural stability. These are also referred to as 

‘supernumerary subunits’ as they have no homologues in prokaryotes [Baradaran et 

al, 2013]. 

The arrangement of the 14 conserved subunits in E coli and bovine is shown in 

Figure 1.4. 
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Figure 1.4: Arrangement of the conserved subunits of Complex-I in A: E. coli and B: Bovine. 

Reproduced from Leif et al, 1995; Saznov et al, 2006; Carroll et al, 2006. 

1.3.2 Structural studies of Complex-I 

Complex-I is one of the largest multi subunit enzyme complexes with a 

molecular weight of ~550 kDa in prokaryotes and 1 mDa in eukaryotes. The initial 

studies on the structure of Complex-I involved cryo-electron microscopy to 

understand the shape of this large enzyme. Reverse phase HPLC, two-dimensional gel 

analysis with isoelectric focusing and mass spectroscopy were used to determine the 

composition of the Complex-I especially in eukaryotes. In low resolution cryo-

electron microscopic images from E.coli, Neurospora crassa, Yarrowia lipolytica and 

bovine, Complex-I appears to be an L-shaped structure divided into 3 domains 

[Grigorieff, 1998; Zickermann et al, 2009; Radermacher et al, 2006] 

1. Dehydrogenase domain (N module) 

2. Hydrogenase domain (Q module) 

3. Membrane domain (P module) 

These three domains co-ordinate and function together maintaining the activity of 

Complex-I.  

In the L-shaped structure of Complex-I, the two arms are arranged almost 

perpendicular to each other. The dehydrogenase (N) and hydrogenase (Q) domain 

form the hydrophilic portion protruding out of the membrane into the cytosol. The 

membrane fraction (P) is embedded in the bacterial or in the inner mitochondrial 

membrane (Figure 1.5). 
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Figure 1.5: Cryo-electron microscopy of the bovine 

respiratory Complex-I (22Å); L-shaped structure 

showing the 3 domains. The dotted lines represent the 

membrane [Grigorieff, 1998] 

 

 

 

 

Mass spectroscopic studies have been done, especially in eukaryotic systems like 

bovine, to get insights into the nature of large number of subunits in Complex-I. 

1.3.2.1 Structure of prokaryotic Complex-I 

Owing to the presence of a large number of subunits and the resultant large size of 

Complex-I, its atomic resolution structure was not successfully determined until 

recently. The structure of Thermus thermophilus Complex-I determined at high 

resolution for the first time provided insights into both the structure and the 

functioning of Complex-I in prokaryotes. The 3.3 Å resolution structure (2FMN, 

3I9V, 3IAM) of the hydrophilic domain of Complex-I from T. thermophilus was 

published by Saznov et al [Saznov et al, 2006]. The architecture of the entire complex 

was determined subsequently at 4.5 Å resolution. However, in this structure only the 

arrangement of subunits and helices in the membrane domain could be resolved 

[Efremov et al, 2011]. This was followed by a 3.0 Å resolution structure of the 

membrane domain from E. coli Complex-I (3RKO). Three large domains NuoM, L 

and N were identified, which could function as putative proton translocation channels. 

The pumping of the 4th proton still remained undetermined as only three channels 

were defined [Efremov et al, 2011]. In 2013, Baradaran et al [Baradaran et al, 2013] 

determined the entire structure of respiratory Complex-I at resolution 3.3 Å (4HE8, 

4HEA). 

The 536 kDa structure of Complex-I comprises of 9 hydrophilic subunits with 

9 iron sulphur clusters and FMN along with 7 membrane subunits possessing 64 
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transmembrane helices. An additional assembly-like factor Nqo16 was also present in 

the structure (Figure 1.6).  

Figure 1.6: Crystal 

structure of the entire 

respiratory Complex-I from 

Thermus thermophilus. 

Reproduced from 

Baradaran et al, 2013. 

 

 

 

A. Hydrophilic domain  

The structure of the hydrophilic domain was initially described in structure file 

2FMN.  However, the missing features like loops of Nqo4 present at the interface of 

hydrophilic and membrane domain were resolved only by the structure of the entire 

complex. This domain contained eight subunits (Nqo1, 2, 3, 4, 5, 6, 9 and 15), a non-

covalently bound FMN, nine iron-sulphur clusters and the NADH binding site. The 

peripheral arm was a Y shaped assembly made up of Nqo1, 2 and the C-terminal of 

Nqo3. The N-terminal of Nqo3 acts as a connecting link between the subunits. The 

base of the domain is formed by Nqo4 and 6 (Figure 1.7A). The FMN is coordinated 

by Nqo1 at the deep end of a solvent cavity containing the NADH binding site. The 

pathway defined by NADH-FMN-N3-N1b-N4-N5-N6a-N6b-N2-quinone is the main 

route for electron transfer within the enzyme (Figure 1.7B). Binuclear cluster N1a acts 

as an antioxidant. The large number of iron sulphur clusters reflects the modular 

assembly of Complex-I built from many small building blocks. 
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Figure 1.7: A: Structure of the hydrophilic domain of Complex-I from Thermus thermophilus. 

Eight subunits are shown. The grey arrow shows the entry point for ubiquinone (Q). B: The 

arrangement of the iron sulphur clusters in Complex-I is shown. The arrows show the path of 

electrons that travel to reach the ultimate electron acceptor N2. Reproduced from Saznov et al, 

2006. 

B. Membrane domain 

The seven membrane subunits (Nqo7, 8, 10, 11, 12, 13 and 14) form the membrane 

domain of the complex in Thermus thermophilus. On one side of the domain a long 

connecting helix HL is present; which is an extension of the carboxyl terminal of 

Nqo12. The helix is involved in the conformational coupling of electron transfer and 

proton pumping. On the opposite side of the domain a β-hairpin-helix (β-H) and 

connecting elements (CH) are present which link these subunits together (Figure 

1.8B). 
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Figure 1.8: Membrane domain of Thermus thermophilus Complex-I. A: Major subunits Nqo12, 

13 and 14 containing two half channels each related by inverse symmetry. B: The domains are 

connected by βH elements on one side of the domain and the C terminal extension of Nqo12; HL 

connects the membrane subunits together. Reproduced from Baradaran et al, 2013. 

Nqo12, 13 and 14 are three largest of the subunits containing two half channels each 

related by inverted symmetry (Figure 1.8A). The fourth channel is formed by a half 

channel of Nqo8 connected to the second half channel between Nqo10 and Nqo11. 

Thus, the membrane possesses four channels, the fourth being at the interface of 

Nqo11 and Nqo14. Upon electron transfer in the hydrophilic domain, these half 

channels undergo conformational changes to form single proton translocation 

channels which are lined by charged residues. In Nqo8, the two half channels are 

linked by a Glu/Asp quadret and is referred to as the ‘E channel’. Residues in the E 

channel are conserved and are essential for the activity. Thus, the membrane domain 

comprises of 64 transmembrane helices, which couple with the hydrophilic domain 

for activity.  

C. Quinone reaction centre 

 The quinone reaction chamber is an enclosed 30 Å long chamber with a narrow entry 

point between subunits Nqo7 and Nqo8. The residues facing the lipid bilayer are 

hydrophobic, whereas those lining the inside of the chamber are hydrophilic. The 

front side of the cavity is negatively charged, top neutral and area near cluster N2 is 

positively charged (Figure 1.9). A small hydrophobic patch is present within the 

chamber to accommodate the quinone tail which remains in an extended 

conformation. During the binding of native ubiquinone, the last 1-3 isoprenoid units 

protrude out of the cavity into the lipid. Structural rearrangements are essential for the 

movement of the quinone head group in and out of the chamber. A probable second 

quinone binding site is unlikely to be present. 
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Figure 1.9: The structure of Q 

site/ quinone reduction centre. 

Red coloured part represents 

the negatively charged front 

region of the cavity, white 

region is the neutral top part 

of the cavity and blue colour 

represents the positively 

charged region near iron-

sulphur cluster N2. The 

arrow indicates the entry 

point of quinone. Reproduced 

from Baradaran et al, 2013. 

D. Coupling mechanism in prokaryotes 

Tight coupling is observed between quinone reduction and proton pumping in 

Complex-I. Conformational changes involve the central hydrophilic axis of the 

hydrophilic domain and the helix HL and βH elements of the membrane domain. The 

electrons are transferred via the iron sulphur centres to cluster N2 in the hydrophilic 

domain. The cluster N2 on reduction, drives the movement of helices of Nqo4 and 6, 

which interact with Nqo8 providing a driving force for conformational changes. As 

the electrons are transferred from cluster N2 to quinone for reduction, the head group 

of the quinone is protonated by either Tyr87 or His38 further resulting in 

conformational changes. The Q site is linked to the Glu/Asp quadret in the centre of 

the E channel of Nqo8 by a hydrophilic funnel. This hydrophilic tunnel runs through 

the entire membrane domain till the tip of Nqo12 giving the membrane domain 

overall flexibility along the axis (Figure 1.10). 
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Figure 1.10: Hydrophilic and membrane domains of Complex-I highlighting Helix HL, βH 

structure of the membrane domain involved in conformational coupling. The Q site is shown in 

brown. The hydrophilic channel from the Q site links with the Nqo8 site and spans the entire 

membrane domain. Reproduced from Baradaran et al, 2013. 

The N2 and electrostatically driven E channel cause conformational changes in 

Nqo14, 13 and 12 one after the other through a central axis. The movement of the 

helix HL results in proton pumping. In the oxidised state, the half channels of the 

membrane on the periplasmic side are open which take up the protons (Figure 1.11A). 

On reduction of quinone, there is movement of helix HL, which closes the half 

channels on the periplasmic side and the protons are pumped out (Figure 1.11B).  

Figure 1.11: Conformational coupling 

of hydrophilic domain with 

membrane arm for quinone reduction 

and proton pumping. A: Oxidised 

form. B: Reduced form. Reproduced 

from Saznov et al, 2006; Efremov et 

al, 2011] 
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1.3.2.2 Structure of eukaryotic Complex-I 

I. Complex-I of Neurospora crassa 

 The Complex-I from N. crassa is made up of 35 subunits, 7 of which are encoded by 

mtDNA [Weiss et al, 1991; Ise et al, 1985]. Under the electron microscope, the N. 

crassa Complex-I structure is L-shaped with two arms perpendicular to each other. 

The hydrophilic arm protrudes out into the cytosol whereas the membrane arm is 

embedded in the mitochondrial membrane. The two arms are equivalent to 

subcomplexes 1λ and 1γ of the bovine complex with some minor differences in the 

prosthetic groups present [Videira, 1998]. 

N. crassa Complex-I possesses the 14 ‘minimal’ subunits required for oxidative 

phosphorylation, in addition it has a large number of accessory subunits. FMN and the 

four iron-sulphur clusters (binuclear N1 and tetranuclear N2, N3 and N4) are present 

in the hydrophilic domain [Wang et al, 1991]. Arrangement of prosthetic groups in 

different domains in the structure is enlisted in the Table 1.3. 

Table 1.3: List of subunits of Complex-

I from N. crassa possessing different 

prosthetic groups; FMN, iron sulphur 

clusters or ubiquinone (Q). 

Reproduced from Videira, 1998. 

 

 

 

 

 

The cluster N2 is the direct reducer of ubiquinone and contributor to the proton 

translocation activity of Complex-I. It is most likely bound to subunits TYKY and 

PSST. A small 9.3 kDa subunit is identified to possess the ubiquinone binding pocket 

[Heinrich et al, 1992]. However, this subunit doesn’t have a homologue in 

prokaryotes. Around 11 subunits of this Complex-I show homologues in bacteria. The 

N. crassa 

subunit (kDa)

Bovine 

homologue 

Prosthetic 

group 

78 75 IP N4, N1 

51 51 FP FMN, N3 

24 24 FP N1 

21.3c TKYK N2 

19.3 PSST N2 

9.3 B9 Q 
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nuclear encoded subunits of Complex-I in N. crassa are related to either NAD+-

reducing hydrogenase of Alcaligenes eutrophus or to formate hydrogenlyase of E. coli 

[Schulte et al, 1994](Figure 1.12). 

 

Figure 1.12: Structural model of N. crassa Complex-I. The peripheral matrix arm and membrane 

arms are separated by broken lines. The small and large shaded regions represent subunits 

related to NAD+ reducing hydrogenase and formate hydrogenlyase respectively. Reproduced 

from Videira, 1998. 

The 75 kDa, 51 kDa and 24 kDa subunits of Complex-I are homologues of the 

NADH oxidoreductase (αϒ dimer) of the NAD+ -reducing hydrogenase [Friedrich et 

al, 1995]. The 49 kDa, 30 kDa, TKYK, PSST, ND1 and ND5 are homologous to 

bacterial formate hydrogenlyase [Weidner et al, 1993]. Apart from these subunits, the 

Complex-I also possesses an acyl-carrier protein. This reflects the additional roles 

played by the Complex-I in the fungus, apart from OXPHOS function. Thus, apart 

from OXPHOS, Complex-I is also involved in lipid biosynthesis [Brody et al, 1988]. 

Some portions of the N. crassa mitochondrial Complex-I are related to 

enzyme complexes from chloroplast and bacteria indicating that they are functional 

modules with a common origin. The structure is thus, speculated to be a result of 

association of pre-existing enzymes during evolution [Friedrich et al, 1997]. 
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II Complex-I structure of Yarrowia lipolytica 

The Complex-I of Yarrowia lipolytica has a molecular mass of 946.5 kDa constituting 

40 subunits. Amongst these 40 subunits, 14 were the conserved core subunits essential 

for the activity of the assembly. The remaining 26 accessory subunits are arranged 

around these 14 subunits and function in assembly, stabilization, regulation and are 

involved in additional metabolic pathways.  

The X-ray crystallographic structure at 6.3 Å revealed an L-shaped molecule, with the 

two arms oriented at 100° to each other. The membrane arm is 180 Å in length [Hunte 

et al, 2010]. 

A. Hydrophilic domain 

Superimposition of the yeast structure with the bacterial structure revealed that the 

two parts of the peripheral arm form rigid bodies corresponding to the N and Q 

modules. As compared to the bacterial structure, these modules are opened 3° wider 

and twisted slightly relative to each other. One FMN and eight iron sulphur clusters 

are present in the peripheral hydrophilic arm. The distance between clusters were 

similar as seen in the complex of Thermus thermophilus. Seven of the clusters form a 

continuous electron chain between the catalytic sites (Figure 1.13). 

B. Membrane domain 

The membrane domain is divided into 2 portions of equal size: proximal and distal 

domains (Figure 1.13). These are connected by a narrow, centrally located interface in 

the membrane arm. The membrane domain comprises of 17 membrane integral 

subunits with more than 70 transmembrane helical segments. Some of the helices are 

interrupted in the middle of the membrane core indicating discontinuous helices 

similar to bacterial complex. The helices appear curved from the side view with the 

concave side facing the mitochondrial matrix.  
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Figure 1.13: Schematic representation of the 4 functional modules of Complex-I from Y. 

lipolytica. A chain of 7 iron sulphur clusters (orange circles) lead form the N module to the 

cluster N2 in the Q module with FMN as a primary electron acceptor. Ubiquinone reduction site 

involves cluster N2 and Y144 (pink hexagon) in the Q module. The ubiquinone head group 

interacts with the Y144. The membrane domain is further divided into 2 sub-domains proximal 

Pp (green) and distal PD (grey). A transmission element (yellow) forms a bridge across the two 

subdomains in the Q module. Reproduced from Hunte et al, 2010. 

C. Quinone binding site 

The ubiquinone binding site is at the interface of the highly conserved 49 kDa subunit 

and PSST subunit of the Q module. Cluster N2 present in the PSST subunit is the 

immediate electron donor to ubiquinone. A funnel like cavity leading from the N-

terminal of the 49 kDa subunit towards the Tyr144 (Tyr87 in T. thermophilus) is the 

entry point of ubiquinone. The cavity is long enough to accommodate nine isoprenoid 

units of ubiquinone. The long ubiquinone tail acts as a tether that slides along the 

channel whereas the head group diffuses through the water phase. The binding cavity 

can be divided into a hydrophobic region around Tyr144 and a hydrophilic region 

formed by the C-terminal of the 49 kDa subunit [Hunte et al, 2010]. 

D. Coupling mechanism in eukaryotes 

Energy released during redox reactions in the N and Q modules is transmitted to the 

proton-pumping machinery via long-range conformational changes. A long helix 

present, similar to helix HL of T. thermophilus, which is lateral to the membrane and 

embedded in the transmembrane segments near the matrix facing surface, is the key 

player in the conformational coupling.  
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III Bovine Complex-I of Bos Taurus 

The bovine Complex-I is made up of ~45 subunits of which 7 are encoded by the 

mtDNA [Carroll et al, 2003]. It also comprises of a non-covalently bound FMN and 

eight iron sulphur clusters. Of the 45 subunits, 14 form the catalytic core while the 

remaining are supernumerary subunits. 

Bovine Complex-I is also an L-shaped structure with one arm embedded in the 

mitochondrial membrane and the other arm protruding out into the mitochondrial 

matrix [Grigorieff, 1998]. The complex can be dissociated using mild chaotropic 

agents into four subcomplexes [Carroll et al, 2006].  

i. Subcomplex 1λ: corresponding to the peripheral arm contains 15 

subunits and has all the redox centres and the NADH binding site. 

ii. Subcomplex 1α: A part of the subcomplex 1λ has 9 additional subunits. 

iii. Subcomplex 1β has 13 subunits.  

iv. Subcomplex 1γ: Consists of 6 subunits, which constitute the membrane 

arm. 

The bovine Complex-I structure is closely related to the human Complex-I and gives 

insights into the structural complexity and arrangement of subunits in the complex. 

However, an atomic resolution structure is still not available. 

Thus, the eukaryotic Complex-I requires further exploration. 

1.3.3 Assembly and formation of Complex-I in eukaryotes 

The assembly of Complex-I is a complicated and dynamic process. The large number 

of subunits and their dual genetic origin further complicates the assembly process. 

The hydrophilic subunits of nuclear origin together with the hydrophobic subunits of 

mitochondrial origin form a fully functional and mature Complex-I. The assembly of 

this complex has been extensively studied in Neurospora crassa [Videira, 1998], 

Caenorhabditis elegans [Van den Ecker et al, 2012], Chlamydomonas reinharditii 

[Cardol et al, 2008; Remacle et al, 2008] and in cultures of mammalian cell lines 

[Mimaki et al, 2012]. 
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I. Complex-I assembly in Neurospora crassa 

The Complex-I of N. crassa contains 35 subunits, of which 7 are encoded by the 

mitochondrial genome. N. crassa Complex-I assembles via the evolutionarily 

conserved core subunits. The hydrophilic matrix arm and the membrane arm are 

assembled independently. The membrane arm is formed from two assembly 

intermediates. One of them is a ~200 kDa complex consisting of ND2 and ND5 and 

the other a ~350 kDa complex containing ND1, ND4, ND4L and ND6. The 350 kDa 

complex utilizes CIA chaperones to assemble. Although the study of N. crassa 

Complex-I gave the first insight into the assembly process of Complex-I it couldn’t be 

extended to the mammalian system because of the presence of extra subunits in 

mammalian system, which are absent in fungus [Videira, 1998]. 

II. Complex-I assembly in Caenorhabditis elegans 

C. elegans is an established model to study mitochondrial function in a range of 

OXPHOS diseases [Van den Ecker et al, 2012]. There is a large conservation of 

mitochondrial composition between mammalian and C. elegans. Almost 84% of 

human Complex-I subunits are found in C. elegans. Thus, they probably follow the 

same assembly pattern as in human Complex-I.   

III.     Complex-I assembly in Chlamydomonas reinhardtii 

The assembly of the mitochondrially encoded subunits is well characterized in green 

algae; C. reinhardtii. A 200 kDa nuclear encoded subcomplex containing NDUFS1 

and NDUFS2 subunits binds to the membrane by combining with ND1, ND3, ND4L 

and ND6. ND3 and NDUFA9 are located at the junction between the matrix and 

membrane. A 700 kDa mega-complex is formed when the subunits NDUFV1, 

NDUFV2, NDUFS3, NDUFS4, NDUFS7, NDUFS8 and NDUFA12 get associated 

with the NDUFS1 and NDUFS2. This 700 kDa mega-complex further expands by the 

addition of ND4 and ND5 to form the holo Complex-I enzyme. Thus, the 700 kDa 

complex is firmly anchored to the membrane by the ND4 and ND5 subunits [Cardol 

et al, 2008; Remacle et al, 2008]. 
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IV. Complex-I assembly in humans 

Several assembly models have been proposed in humans by studying conditional 

assembly systems in cell lines where the assembly process is disturbed [Ugalde et al, 

2004a]. Several experiments have been done by tracing assembly intermediates in 

wild type cell lines by pulse chase experiments, by tracking the assembly of the 

individual nuclear encoded subunits by using an in vitro mitochondrial import and 

assembly assay [Lazarou et al, 2007], by monitoring the assembly pattern of the green 

fluorescent protein tagged NDUFS3 subunit and its progression into a holoenzyme 

[Vogel et al, 2007] for understanding the assembly process. 

 

Figure 1.14: Diagrammatic representation of the assembly process of Complex-I in humans. The 

core subunits are shown in red, nDNA encoded subunits in blue and mtDNA encoded subunits in 

green.  Reproduced from Mimaki et al, 2012. 

A general consensus model from all these studies revealed that like in N. Crassa the 

hydrophilic matrix arm and membrane arm assemble independently in humans as well 

(Figure 1.14). Evidence shows that it occurs in a stepwise fashion, where the 

intermediates N, Q and P modules assemble individually and then come together to 

form a viable complex [Vogel et al, 2007]. During the early stages of assembly, 

NDUFS2 and NDUFS3 form a small hydrophilic sub-complex which further expands 

on the addition of NDUFS7, NDUFS8 and NDUFA9. This peripheral sub-complex 

binds to mitochondrially encoded ND1 subunit to form a 400 kDa assembly 

intermediate. On the other hand, subunits ND3, 6, 2, 4L and NDUFB6 assemble to 

form a 450 kDa complex which combines with the peripheral assembly intermediate 
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to form a 650 kDa sub-complex. Subunits ND4, 5 and NDUFC2 assemble 

independently and then join the 650 kDa complex to form a 830 kDa assembly 

intermediate. In the meanwhile, NDUFV1, 2, 3, NDUFS1, 4, 6 and NDUAF12 

combine independently to form the N module which joins the 830 kDa complex along 

with NDUFA8 and NDUFS5 to form a fully functional mature Complex-I.  

1.3.4 Complex-I related diseases 

Complex-I is the largest multi-subunit enzyme complex in the mitochondria. Due to 

large number of subunits, their dual genetic origin and also due to the dynamic 

assembly process Complex-I is prone to malfunction resulting in OXPHOS disorders. 

Mutations may affect either the subunits or assembly factors. It has been pointed out 

that in 40% of the mitochondrial diseases it is the Complex-I malfunctioning that 

happens to be the reason for the disease. Isolated Complex-I deficiency is the most 

commonly identified biochemical defect in childhood onset mitochondrial disease. It 

is clinically heterogeneous. Majority of the affected individuals, develop symptoms 

during the first one year of their life and have a rapidly progressive disease course 

resulting in a fatal outcome. Certain selected mutations in the 14 conserved subunits 

and assembly factors along with their clinical phenotype are enlisted in Table 1.3.  

Table 1.4: Mutations in the subunits of Complex-I. 

Subunit Mutation Clinical Phenotype References 

                                                           N module  

NDUFV1 Y204C-C206G 

A341    
...............................   

R386C/H 

Leigh like syndrome 

Leukoencephalopathy 
with macrocephaly 

Leukoencephalopathy 

Benit et al, 2001 

Schuelke et al, 
1999,.............. 

Vilain et al, 2012; Marin et 
al, 2013 

NDUFV2 IVS2+5_8delGTAA

(skipping of exon 2)

Cardiomyopathy and 
encephalopathy 

Benit et al, 2003; Pagniez-
Mammeri et al, 2009 

NDUFS1 R241W-R557X          
. 

M707V-LS deletion 

Unspecified 
encephalomyopathy 

Leigh like syndrome 

Benit et al, 
2001.................... 

Benit et al, 2001 
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Q522K 

L231V 

D619N-R557X 

R408C 

Leukoencephalopathy 

Leigh syndrome 

Leukoencephalopathy 

Leigh syndrome and 
leukoencephalopathy 

Bugiani et al, 2004 

Martín et al, 2005 

Hoefs et al, 2010 

Hoefs et al, 2010 

                          Q module  

NDUFS2 

R228Q-S413P 

R138Q-R333Q 

M292T-RR118Q 

M292T-R443K 

M292T-E148K 

Leigh syndrome 

Leigh like syndrome 

Leigh syndrome 

Leigh syndrome 

Leigh syndrome 

Loeffen et al, 2001 

Tuppen et al, 2010 

NSUFS3 T145I-R199W Leigh syndrome Benit et al, 2004 

NDUFS7 V122M 

R145H 

Leigh syndrome 

Leigh like syndrome 

Triepels et al, 1999 

Lebon et al, 2007b 

NDUFS8 P79L-R102H 

P85L-R138H 

Leigh syndrome 

Leigh syndrome 

Loeffen et al, 1998 

Procaccio et al, 2004 

                          P module  

MT-ND1 A52T 

E143K 

LHON 

LHON 

Howell et al, 1991 

Achilli et al, 2012 

MT-ND2 L71P 

L128Q 

Leigh syndrome 

LHON 

Ugalde et al, 2007 

Kumar et al, 2010 

MT-ND3 A47T 

S45P 

LHON and dystonia 

Leigh syndrome 

Wang et al, 2009 

Nesbitt et al, 2012 

MT-ND4 R340H LHON Kumar et al, 2010 

MT-ND4L V65A LHON Achilli et al, 2012 

MT-ND5 V253A 

I596V 

D393N 

Leigh syndrome 

OXPHOS diseases 

OXPHOS diseases 

Ching et al, 2013 

Hinttala et al, 2006 

Brautbar et al, 2008 
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MT-ND6 M64V/I 

L60S 

A72V 

LHON 

LHON 

LHON and dystonia 

Kumar et al, 2012 

Achilli et al, 2012 

Achilli et al, 2012 

                                            Supernummery subunits  

NDUFS4 W97S 

R106X 

W14X 

Leigh like syndrome 

Leigh like syndrome 

Leigh like syndrome 

Budde et al, 2000 

 

Petruzzella et al, 2001 

NDUFS6 C115Y Severe neonatal lactic 
acidosis 

Spiegel et al, 2009 

NDUFA12 R60X Leigh syndrome Ostergaard et al, 2001 

NDUFA11 IVS1+5G>A 
(splicing 
abnormality) 

Lethal infantile 
mitochondrial disease 

Berger et al, 2008 

NDUFA2 C208+5G>A Leigh like syndrome Hoefs et al, 2008 

NDUFA10 C1A>G and 
C425A>G 

Leigh syndrome Hoefs et al, 2011 

NDUFA1 G8R 

R37S 

G32R 

Leigh like syndrome 

Encephalomyopathy 

Progressive 
neurodegeneration 

Fernandez-Moreira et al, 
2007.... 

......................... 

Potluri et al, 2009 

Mutations may lead to diseases with the involvement of single organ or tissue such as 

hypertrophic cardiomyopathy (HCM) or Leber’s hereditary optic neuropathy 

(LHON). Diverse clinical presentations are also observed in cases of fatal neonatal 

lactic acidosis, infantile onset Leigh syndrome, MELAS syndrome (mitochondrial 

encephalomyopathy, lactic acidosis and stroke like episodes) and in certain cases of 

adult onset of encepahlomyopathy syndrome.  

I.  Mutations in the nDNA encoded subunits 

Of the 38 nuclear encoded Complex-I subunits, 17 have mutations reported in them 

responsible for Complex-I deficiency. Till date more than 100 patients with 

mitochondrial diseases have been identified of which ~60% have mutations in the 
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core subunits and the remaining 40% have mutations in the accessory subunits. Most 

mutations have been reported in the NDUFS1 and 4 subunits (24 and 21 cases, 

respectively). Most frequently observed phenotypes are Leigh syndrome, 

leukoencephalopathy and hypertrophic cardiomyopathy. These mutations follow an 

autosomal recessive inheritance pattern. 

II.  Mutations in the mtDNA encoded subunits 

Mutations have been reported in all the seven genes of Complex-I encoded by the 

mtDNA. These mutations were linked to LHON and were homoplasmic in nature. 

Heteroplasmic mutations were reported to cause dystonia, MELAS and Leigh 

syndrome. Many patients may have overlapping features of two syndromes like 

LHON plus dystonia. These mutations are maternally inherited. 

III. Mutations in tRNA and rRNA 

22 tRNA’s and 2 rRNA’s encoded in mtDNA are involved in translation. 

Approximately 300 mutations have been reported in these RNA’s [MITOMAP 2013]. 

The tRNA genes are one of the hot spots of mutations resulting in mitochondrial 

disorders [Ukei et al, 2006].  There is a large clinical spectrum of the diseases due to 

mutations in tRNA genes, ranging from mitochondrial myopathy, myglobinuria, 

MELAS, tubulointerstitial nephtritis, deafness, movement disorder (dystonia), Leigh’s 

syndrome, Diabetes mellitus and deafness (DMDF), Chronic Progressive External 

Opthalmoplegia (CPEO), Ocular myopathy, encephalomyopathy, LHON, 

gastrointestinal syndrome to multiple sclerosis. Of all the mutations in tRNA, 39 are 

located in tRNA Leu gene (UUR and CUN). Mutations in tRNA and rRNA genes 

lead to dominantly acting, qualitative translation defects like amino acid 

misincorporation or premature translation termination products. Each type of tRNA 

mutation may result in the synthesis of a different set of aberrant translation products, 

thereby resulting in diverse clinical effects. A point mutation in a tRNA gene may 

thus, influence protein synthesis either quantitatively or qualitatively. 
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IV. Mutations in assembly factors 

A large number of assembly factors are involved in the assembly of the holo-

Complex-I enzyme. They are not a part of the final Complex-I structure but are 

involved in Complex-I biogenesis and stability of intermediates. 

Mutations in the assembly factors prevent the assembly of Complex-I at different 

stages (Table 1.5) resulting in varied clinical phenotypes. 

Table 1.5: A list of selected mutations reported in the assembly factors of Complex-I and their 

clinical manifestations. 

Assembly 
factor 

Mutation Clinical 
Phenotype 

Assembly defect References 

C20orf7 L229P 

 

L159F 

G250V 

Lethal infantile 
mitochondrial 
disease                   
Leigh syndrome 

Leigh syndrome 

Translation or 
stabilization of 
ND1 subunit is 
impaired. 

Sugiania et al, 
2008; Gerards et 
al, 2011; Saada et 
al, 2012 

NDUFAF3 G77R 

R122P 

M1T-
R122P 

Lethal infantile 
mitochondrial 
disease 

Peripheral 
subcomplex 
containing 
NDUFS2, 3, 7 & 8 
fails to insert in the 
membrane. 

Saada et al, 2008; 
2009 

NDUFAF4 L65P Lethal infantile 
mitochondrial 
disease, antenatal 
cardiomyopathy 

Peripheral 
subcomplex 
containing 
NDUFS2, 3, 7 & 8 
fails to insert in the 
membrane. 

Saada et al, 2008; 
2009 

NDUFAF1 K253R-
T207P 

Cardioencephalo
myopathy 

Assembly 
intermediate 
containing ND2, 
ND3, ND4L is not 
formed. 

Vogel et al,  
2005; Dunning et 
al, 2007 

ACAD9 R518H 

 

 

Cardiomyopathy, 
hearing loss and 
exercise 
intolerance 

Encephalopathy, 

Decreased levels of 
NDUFAF1, Ecsit 
and mature 
Complex-I. 

Nouws et al, 
2010; Haack et al, 
2010; Gerards et 
al, 2011 
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E63X-
E413H 

R532W.......
.... 

R127Q-
R469W 

cardiomyopathy... 

Excercise 
intolerance 

Excercise 
intolerance 

NDUFAF2 R45X 

M1L 

Y38X 

W74X 

Encephalopathy 

Encephalopathy 

Leigh syndrome 

Leigh syndrome 

Late stages of 
Complex-I 
assembly are 
impaired (N 
module cannot 
assemble). 

Ogilvie et al 
2005; Hoefs et al 
,2009; Calvo et 
al, 2010; Barghuti  
et al, 2008. 

NUBPL G56R Encephalopathy Peripheral 
subcomplex cannot 
assemble or insert 
into the membrane 
and the N module 
cannot assemble.  

Calvo et al, 2010, 
Bych et al, 2008 

Structural and functional understanding of the subunits of Complex-I and their 

assembly factors would help to understand at molecular level the effects of pathogenic 

mutations leading to disease condition. 

1.3.5 Leigh syndrome 

Leigh syndrome is a fatal subacute necrotising encephalopathy. It is a rare genetic 

disorder resulting in progressive neurodegeneration. It is caused by the mutations in 

the subunits or assembly factors of the complexes of the respiratory chain (Table 1.6). 

It is inherited in an autosomal recessive fashion or maternally inherited. This disorder 

was first described by Denis Leigh in 1951 [Leigh, 1951].  The prevalence of Leigh 

syndrome is 2.05 cases per 1,00,000 [Castro-Gago et al, 2006] with a pre-school 

incidence of 1 in 32,000 [Darin et al, 2001].  
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Table 1.6: List of mutations in the subunits of the respiratory chain causing Leigh syndrome. 

Respiratory 
chain Complex 
deficiency 

Disorder Genes References 

I  Complex-I deficient 
Leigh syndrome 

NDUFV1, NDUFS1, 
2, 3, 4, 7, 8, 
NDUFA1, NDUFA2, 
NDUFA10, 
NDUFAF2, C8orf38, 
C20orf7, FOXRED1 

Loeffen et al, 2000; Benit et 
al, 2001; 2004; Fernandez-
Moreira et al, 2007; Hoefs et 
al, 2008; 2009; 2011; 
Pagliarini et al, 2008; Calvo 
et al, 2010; Gerards et al, 
2010; Tuppen et al, 2010 

II 

 

 

Complex-II deficient 
Leigh syndrome 

SDHA Bourgeron et al, 1995; 
Pagnamenta et al, 2006 

IV Cytochrome c 
oxidase-deficient 
Leigh syndrome 

SURF1, COX10, 
COX15 

Pequignot et al, 2001; 
Antonicka et al, 2003; 
Oquendo et al, 2004 

French-Canadian or 
Saguenay-Lac Saint 
Jean type 

LRPPRC Mootha et al, 2003 

II + III Coenzyme Q10 
deficiency 

PDSS2 Van Maldergem et al, 2002; 
Lopez et al, 2006 

I, III+IV Mitochondrial 
translation defect 

C12orf65 Antonicka et al, 2010 

 

I. Diagnosis of Leigh syndrome 

The typical symptoms include psychomotor regression, abnormal muscle tone, 

weakness, dystonia, brainstem and cerebral dysfunction (ataxia), visual loss, missed 

milestones, tachypnea, seizures, lactic academia and acute deterioration following 

common infections. Symptoms appear within the first year of life with difficulties in 

feeding, vomiting and failure to thrive. The progression of the disease is fast and 

typically death occurs within a few years due to progressive respiratory failure 

[Shrikhande et al, 2010; Fassone et al, 2012].  

However, certain individuals with clinical features of Leigh syndrome do not fulfil 

stringent diagnostic criteria because of atypical neuropathology or normal 
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neuroimaging, blood and CSF lactate levels are said to have symptoms of Leigh like 

syndrome [Thorburn et al, 2011]. 

Rahman et al 1996, defined stringent diagnostic criteria for Leigh syndrome. 

Diagnosis includes identifying initial symptoms of motor and intellectual 

developmental delay, signs and symptoms of brain-stem and/or basal ganglia disease, 

characteristic symmetric nectrotic lesions in the basal ganglia and/or brain stem. 

Laboratory analysis helps in diagnosis by indicators like metabolic acidosis with 

elevated lactate and pyruvate concentration in blood or CSF.  

A.   Biochemical diagnosis 

Diagnosis is generally done by estimating the lactate levels in blood and CSF 

samples. The lactate levels are usually elevated. Plasma amino acids may show 

increased alanine concentration. Urine organic acid analysis may also be done to 

detect lactic aciduria. Activities of the respiratory chain enzyme complexes may also 

be checked. Generally, skeletal muscles or skin fibroblasts are the tissue of choice for 

activity assays. 

B. Muscle biopsy 

Histological examination shows accumulation of intra-cytoplasmic neutral liquid 

droplets. Ragged red fibres which are a hallmark in adult-onset of mitochondrial 

diseases are not observed in the case of Leigh syndrome. 

C. Molecular Genetic testing 

Targeted mutational analysis is done on DNA extracted from leukocytes. Sequencing 

of mitochondrial genes MT-ND1, 2, 3, 4, 5, 6 or nuclear genes like NDUFS2, 3, 7, 8 

etc is done to detect mutations. 

D.  Brain imaging 

Magnetic resonance imaging (MRI) shows characteristic bilateral symmetric 

hypodensities in the basal ganglia or bilateral symmetric hyperintense signal 

abnormality in the brainstem or basal ganglia [Arii et al, 2000; Rossi et al, 2003]. 

Brain lesions may also be observed in certain cases. 

E. Management of disease 

Post diagnosis, the progression of the disorder is monitored by developmental 

assessment, routine neurological evaluation (MRI, MRS, EEG etc), metabolic 
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evaluation (plasma and CSF lactate and pyruvate concentrations and urine organic 

acids), ophthalmologic and cardiac activity monitoring. 

II.  Therapies 

Leigh syndrome, unfortunately, is a fatal disorder with no cure. However, several 

therapies have been put forth for the management of the disorder. Management for 

specific symptoms include treatment of acidosis, seizures, dystonia and 

cardiomyopathy with specific drugs. Some alternative therapies under consideration 

are: 

A.   Antioxidants 

Mitochondrial-targeted antioxidants such as coenzyme Q, mitoQ or analogues like 

idebenone show protection against oxidative stress in cultured cells and animal 

models. A range of vitamins and other antioxidants like riboflavin, thiamine and 

coenzyme Q10 are often used to improve mitochondrial function. A high fat diet 

along with biotin, creatine and succinate is also recommended. Role of α-

ketoglutarate and aspartate in increasing the flux of citric acid cycle, thereby 

increasing ATP production independent of OXPHOS has also been explored [Sgarbi 

et al, 2009].  

B. Gene therapy 

Gene therapy provides a potential approach to decreasing the proportion of mutant 

mtDNA in the cells of an individual. Studies have shown the utility of 

mitochondrially targeted restriction endonuclease delivered by an adenoviral vector in 

recognizing and degrading mutant mtDNA while leaving the wild type DNA intact 

[Tanaka et al, 2002; Alexeyev et al, 2008]. However, the clinical applicability of such 

approaches is still questionable.   

C. Genetic counselling 

Genetic counselling is the process of providing individuals and families with a history 

of the disorder; information on the nature, inheritance and implications of genetic 

disorders to help them make informed medical and personal decisions. Pre-natal 

diagnosis plays an important role in cases where an affected family member has been 
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identified. Analysis is done on the DNA extracted from non-cultured foetal cells 

obtained by amniocentesis or chronic villus sampling.  

1.3.6 Mouse models of Complex-I deficiency 

Recently a number of mouse models for Complex-I deficiency have been developed 

which help in understanding disease mechanisms in Complex-I deficiency [Fassone et 

al, 2012]. One of the first models was that of the Harlequin mouse, possessing the 

hypomorphic mutation in the Aif gene encoding the apoptosis inducing factor [Benit 

et al, 2008]. However, the human homologue of the gene AIFM1 resulted in 

progressive encephalopathy with multiple respiratory chain defects rather than 

isolated Complex-I deficiency [Ghezzi et al, 2010]. Hence, it is not the best model for 

studying human complex-I deficiency. Since then many knockout mouse models of 

nuclear encoded mitochondrial genes were developed, however, they were lethal at 

the embryo stage itself.  

A mouse with a conditional knockout of the NDUFS4 gene was born healthy, 

however; it developed ataxia at 5 weeks and progressive encephalopathy leading to its 

death by 7 weeks. Its neuropathological features resembled that of the Leigh 

syndrome [Kruse et al, 2008; Quintana et al, 2010]. Another model, NDUFS6 gene 

trap mouse model showed isolated Complex-I deficiency; cardiomyopathy starting 

from day 30 with heart failure, weight loss or sudden death at 4-8 months. Complex-I 

activity was 10% of control values due to very low levels of assembled complex and 

reduced ATP production [Ke et al, 2012].  Such mouse models are useful tools for 

understanding the effects of pathogenic mutations or the prognosis of diseases in 

cases of isolated Complex-I deficiency. 

1.3.7 Structural effects of Complex-I mutations 

Apart from the clinical perspective, several researchers have tried to explore the 

structural consequences of the mutations on Complex-I. However, due to the lack of a 

high resolution structure of Complex-I for several years, the structural aspects of the 

pathological mutations could not be explored to a great extent. Owing to the recent 

developments and using the recently reported structure from T thermophilus and Y. 

lipolytica several studies have been possible mapping the mutation sites onto the 
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structures. This has helped in exploring the structural aspects of mutations and 

hindrances caused by them in assembly or activity of Complex-I. 

Early studies included, noting the changes in the amino acids on mutation, observing 

the conservation of mutated residue, predicting possible change in secondary structure 

and several such preliminary observations correlating the dysfunction to possible 

structural changes. DeHaan et al [DeHaan et al, 2004] extensively studied the 

mutations associated with LHON in the subunit ND6. They modelled the subunit 

ND6 and showed the changes in the secondary structure on mutation. Mutation in 

ND6 significantly changed the accessible surface area of the protein and orientation of 

individual amino acids, which resulted in secondary structure changes from helix to 

coil. These secondary structure changes were thought to alter the proton conductance 

properties resulting in defective respiration control. In another study by Ngu et al 

[Ngu et al, 2012], several mutations in the human NDUFS2 responsible for Leigh 

syndrome were mapped onto the modelled structure in order to understand the 

location of the mutations with respect to the quinone binding site and the other 

subunits. Such attempts were made to correlate the structural effects of the mutation 

to dysfunction in Complex-I and disease phenotype. 

The crystal structure of Complex-I from T. thermophilus at atomic resolution of 3.3 Å 

aided Braradaran et al [Braradaran et al, 2013] not only to understand the structure 

and functioning of Complex-I but has also helped in understanding the location of 

mutations in the ND1 subunit. Different mutations associated with diseases like 

LHON, MELAS, NIDDM, encephalopathy, cardiomyopathy etc were studied and 

correlated with dysfunction of Complex-I. 

In the present thesis, in silico and biophysical studies have been conducted on 

the core subunits of the ubiquinone reduction module (Q module) of the human 

mitochondrial Complex-I. The 4 subunits NDUFS2, 3, 7 & 8 in humans have been 

studied by molecular modelling and dynamic simulations to understand the structural 

consequences of the mutations on the subunit assembly and complex function. 

Attempts were made to clone and express these proteins for detailed experimental 

studies. Finally, only two subunits NDUFS3 (structural) & NDUFS7 (functional) 

could be cloned and expressed in E coli. The subunits engineered with mutations 
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associated with Leigh syndrome have been prepared by site-directed mutagenesis. 

The w-t and mutant proteins have been compared in terms of their stability, 

aggregation propensities, binding with n-decylubiquinone and other biophysical 

properties. The differences in their properties highlight the change in nature of the 

mutant proteins in vitro in solution. The changes have been correlated with complex 

functional defects or complex disassembly.   

  

 



 

 

 

 

 

 

 

 

 

CHAPTER 2 

Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis                                                                                                                             Chapter 2 

Tulika Jaokar      Page 34 

n the research presented here, several approaches have been used to study the 

structure, stability and function of the ubiquinone reduction (Q) module. The 

materials and methods utilized in the entire study are enlisted below.   

2.1 Phylogenetic analysis 

Protein sequences of subunits NDUFS2, 3, 7 and 8 available from bacteria to 

mammals were downloaded from UniProtKB (http://uniprot.org ) protein database. 

The sequences for each have been aligned using ClustalW, the program that is part of 

the MEGA: Molecular Evolutionary Genetics Analysis software [Thompson et al, 

1994; Tamura et al, 2011]. Phylogenetic analysis was performed with the MEGA 5.5 

software [Tamura et al, 2011; Hall BG, 2013], using the neighbor joining statistical 

method with 1000 bootstrap replications. The phylogenetic trees generated were 

visualized in FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/) [Rambaut, 

2009]. 

2.2 Molecular modelling  

2.2.1 Core subunits of the Q module 

The Q module is made up of four core subunits NDUFS2, 3 7 & 8, the constituents of 

complex-I common from bacteria to mammals. The protein sequences of these four 

core subunits of Q module were acquired from the UniProtKB protein databank 

(Entry number: O75306, O75489, O75251, O00217). A similarity search carried out 

using the BLAST server [Altschul et al, 1990] to choose model templates, identified 

the bacterial complex (PDB ID: 2FUG, 3I9V, 3IAM) of the organism Thermus 

thermophilus in PROTEIN DATABANK (PDB) (http://www.rcsb.org). These had 

40-50% sequence identity with the corresponding four subunits of human Complex-I 

Q module [Berrisford et al, 2009; Saznov et al, 2006]. Subunits NDUFS2 and 

NDUFS7 were modelled using D and F chains of 3I9V (resolution: 3.1 A°) whereas 

subunits NDUFS3 and NDUFS8 were modelled using E and G chains of 3IAM 

(3.1A°), templates were chosen based on higher sequence similarity and better 

resolution of the crystal structure. The signal sequences for subunits were predicted 

using MITOPROT: prediction of mitochondrial targeting sequences server [Claros et 

al, 1996]. Signal sequences were not part of modelling (Table 2.1). 

 

 

I
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Table 2.1: Signal sequences are shown predicted by MITOPROT for the four core subunits. 

These regions were excluded from modelling.   

Subunit Signal sequence Cleavage site 

NDUFS2 MAALRALCGFRGVAAQVLRP  21  
NDUFS3 MAAAAVARLWWRGILGASALTRGTGRPSV

LLLPVRRE  
38  

NDUFS7 MAVLSAPGLRGFRILGLRSSVGPAVQARGV
HQSVATDGPSSTQPALPKARA  

52  

NDUFS8 MRCLTTPMLLRALAQAARAGPPGGRSLHS
SAVAA  

35  

The molecular models were prepared using the software MODELLERv9.10 [Eswar et 

al, 2007; 2008]. 20 models were generated in each case. Energy minimization of both 

wild type and mutants was carried out by using GROMACS v.4.5 [Hess et al, 2008] 

by the steepest descent minimization for 100ps with maximum force field cut off 

being 1 KJ/mol. 

2.2.2  Modelling Q module assembly 

The subunit assembly of Q module was modelled by comparing with the arrangement 

of chains D, E, F and G (PDB ID:  2I9V) using the alignment program in molecular 

modelling suite PRIME v3.1 (Schrȍdinger). Ten initial models of Q module along 

with three iron sulphur clusters were first generated. The models were then energy 

minimized and prepared in the “protein preparation wizard” of Maestro 9.3. 

2.3  Evaluation of the generated models 

The molecular models, subunits as well as the entire Q module, were evaluated using 

Discrete Optimized Protein Energy (DOPE) score, ERRAT (version 2.0) [Colovos et 

al, 1993], PDBsum [Laskowski, 2009], ProSA-web Protein structure analysis 

[Wiederstein et al, 2007] and RMSD based on Cα overlap between target and 

template. 

The DOPE score is an independent assessment of the accuracy of the output 

models in the MODELLERv9.10. The program assigns a score for a model by 

considering the positions of all the non-hydrogen atoms. Lower scores correspond to 

predicted models that are more accurate. The ERRAT program verifies the quality of 

the model. This program plots error values as a function of position in the sequence 
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by sliding a nine residue window along the sequence. The error function is based on 

the statistics of non-bonded atom-atom interactions in the template structure. 

PDBSum is a pictorial database providing an overview of the model structure in terms 

of Ramachandran plot statistics, main chain parameters etc. ProSA is a tool widely 

used to check errors in 3D protein models. An overall quality score or Z score is 

estimated and shown in a plot where scores estimated from experimentally 

determined structures in PDB are plotted. The Z score is an indication of the overall 

quality of model and measures the deviation of the total energy of the modelled 

structure from an energy distribution derived from random conformations. 

The 20 models generated for each of the 4 subunits of the Q module and the 

10 models generated for the entire Q module were evaluated with the above 

parameters. The ones with the best statistics were utilized for further study.  

2.4          In silico mutagenesis of the subunits 

 The in silico mutants were generated using the program FoldX (Table 2.2) 

[Schymkowitz et al, 2005].  

Table 2.2: List of in silico mutations generated using the FoldX program.  All these mutations are 

known to result in Leigh or Leigh like syndrome. 

Subunit Mutation Reference 

NDUFS2 R228Q+S413P 

R138Q+R333Q 

M292T+R118Q 

M292T+M443K 

M292T+E18K 

Loeffen J et al 2001 

 

Tuppen HA et al 2010 

NDUFS3 T145I+R199W Benit P et al 2004 

NDUFS7 V122M 

R145H 

Triepels RH et al 1999... 

Lebon S et al 2007 

NDUFS8 P85L+R138H Loeffen J et al 2001 

Procaccio V et al 2004 
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2.5 Molecular Dynamics (MD) simulation of individual subunits 

The molecular models of wild-type and mutant proteins were used to perform 

molecular dynamics simulation using GROMACS v.4.5 with the OPLS-AA/L all-

atom force field. The subunits were solvated with SPC water model using the genbox 

program of GROMACS suite. The default cubic boxes of GROMACS with 

dimensions: 12.03 nm (NDUFS2), 10.55 nm (NDUFS3), 9.38 nm (NDUFS7) and 7.49 

nm (NDUFS8) were used. Sodium and chloride ions were added to each system 

depending on the requirement for charge neutralization (Table 2.3). 

 

Table 2.3: Ions introduced to neutralize the 

system for each subunit and its in silico mutant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Subunit Ions added to 
neutralize the 
system 

Na+ Cl- 

NDUFS2 

w-t 4 - 

R228Q+S413P 5 - 

R138Q+R333Q 6 - 

M292T+R118Q 5 - 

M292T+M443K 3 - 

M292T+E18K  2 - 

NDUFS3 

w-t 5 - 

T145I+R199W 6 - 

NDUFS7 

w-t - 1 

V122M - 1 

R145H - 1 

NDUFS8 

w-t 6 - 

P85L+R138H 7 - 
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Energy minimization was performed by the steepest descent method for 50000 steps 

(the minimization tolerance was set to 1000 kJ/mol-nm). Equilibration was carried out 

in 2 steps using conditions NVT and NPT, respectively. Long range electrostatics was 

computed using the Particle Mesh Ewald (PME) method [Darden et al, 1993] and 

Lennard-Jones energy cut off was set to 1.0 nm. Bond lengths were constrained with 

the LINCS algorithm [Hess et al, 1997]. Simulations of 15 ns duration were 

performed on the wild type and mutant structures at constant temperature of 300 K 

maintained by modified Berendsen thermostat coupling [Berendsen et al, 1984] and at 

a constant pressure of 1 bar by Parrinello-Rahman pressure coupling. The time step 

employed was 2 fs and coordinates were saved every 2 ps for analysis of MD 

trajectory. Analyses were performed with the tools available in the GROMACS 

utilities. RMSD, RMSF, Radius of gyration (Rg), average number of inter and intra-

molecular hydrogen bonds formed, solvent accessible area and secondary structure 

prediction along the trajectory (DSSP) were estimated. 

2.6 Docking of n-decyl-ubiquinone (DBQ) in Q module 

The molecular model of Q module prepared as already described was used to dock n-

decyl-ubiquinone (DBQ) using Glide 5.8 (Schrȍdinger) [Friesner et al, 2004]. The 

model structure was imported and a centroid receptor grid was generated around the 

residue Y141 known to interact with DBQ [Angerer et al, 2012]. The ligand molecule 

DBQ (CID 2971) was downloaded from PubChem compound database [Balton et al, 

2008] and prepared in the LigPrep v2.5 of the Schrȍdinger suite. This was then 

docked in the Q module and ten poses were generated. Out of these poses, the most 

likely one was chosen based on parameters such as glide gscore, glide emodel value 

and essential interactions were confirmed by experimental mutagenesis data [Angerer 

et al, 2012]. 

2.7 In silico mutation analysis 

Residue scanning wizard of BioLuminate 1.0 in Schrȍdinger suite was used to study 

the structural effects of mutations on the Q module. For individual mutations the 

difference in the stability of mutant compared to wild-type protein was estimated.  

Similarly, the difference in binding affinity of each mutant for the three iron-sulphur 

clusters, the DBQ and other interacting subunits in comparison with corresponding 

wild-type proteins was also considered. 
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2.8 MD simulation of subunit complex with bound nDBQ 

In order to determine the effects of mutations on the binding of n-DBQ, MD 

simulations were performed on the subunit complex of NDUFS2 and 7. The mutants 

of NDUFS7, V122M and R145H were the only ones considered in this study as they 

have been further verified by experimentation. 

Desmond Molecular Dynamics systems v3.1 [Guo et al, 2010] with Optimized 

Potentials for Liquid Simulations (OPLS) all atom force field 2005 [Kaminski et al, 

2001, Jorgensen et al, 1996] was used to perform molecular dynamic simulations on 

w-t complex of NDUFS2 and 7, w-t without Fe-S cluster and n-DBQ bound mutant 

proteins V122M and R145H. A complex of NDUFS2 and 7 was modelled using 

Prime v.3.1 [Jacobson et al, 2004] n-DBQ was docked at the interface of NDUFS2 

and 7 using Glide v.5.8 [Friesner et al, 2004]. Suitable pose was chosen depending on 

the Glide gscore and the presence of the essential hydrogen bond between Y141 of 

NDUFS2 and head carbonyl group of n-DBQ. Mutants were prepared in the 

mutagenesis wizard of Maestro v9.3. Modelled protein bound with n-DBQ were 

prepared in the protein preparation wizard of Maestro v 9.3. Preparation of protein 

structures included addition and optimization of hydrogen atoms, generating metal 

binding states of the Fe-S cluster and restrained minimization using impref. The 

prepared structures were then uploaded in Desmond setup wizard and were solvated 

with SPC water model in an orthorhombic periodic boundary box so as to minimize 

system volume. Systems were neutralized using appropriate number of counterions. 

Energy of the prepared system was minimized up to maximum 1000 steps using 

steepest descent method until a gradient threshold (25 kcal/mol/A°) is reached 

followed by LBFGS (Low-memory Broyden-Fletcher-Goldfarb-Shanno quasi-

Newtonian minimizer) until a convergence threshold of 1 kcal/mol/A° was achieved. 

The systems were equilibrated with the default parameters in Desmond v3.1 and MD 

simulations were carried out for 5 ns at a constant temperature of 300 K and a 

constant pressure of 1 bar with a time step of 2 fs. Long range electrostatic 

interactions were calculated by the smooth particle mesh Ewald method and a 9 A° 

cut-off radius was used for Coulombic short range interaction cut-off method. 

The quality of simulations in terms of total energy, potential energy, 

temperature, pressure and volume were analyzed. The root mean square deviation 
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(RMSD), fluctuation of residues (RMSF), hydrogen bond between ligand and residues 

and distances were calculated by the Simulation Event Analysis module in Desmond 

v3.1. All the figures for the molecular modelling, docking and simulation studies were 

prepared in the PyMOL Molecular Graphics System, Version 1.5.0.4. 

Cloning, expression and purification of the four core subunits of the Q module and the 

ND1 gene was attempted. Due to several problems associated with either cloning or 

expression of NDUFS2, NDUFS8 and ND1 (cloning is described in Appendix), 

further characterization and study of these proteins was not successful. Thus, the other 

two proteins NDUFS3 and 7 cloned were utilized for detailed study. The cloning, 

expression, purification and further biophysical studies performed on the purified 

proteins are described ahead.  

2.9 RNA isolation, cDNA preparation, primer design and PCR amplification 

Total RNA was isolated from the human colorectal adenocarcinoma cell line HT29 

(1x106 cells) using Trizol® Reagent (Life Technologies, Cat#10296-010) as per the 

manufacturer’s instructions. Purified RNA samples were analyzed by denaturing 

agarose gel electrophoresis and concentration was spectrophotometrically determined 

using Nanodrop (Thermo Scientific, USA). One μg of purified RNA was used for the 

preparation of cDNA using the SuperScript™ III First Strand Synthesis System (Life 

Technologies, Cat#18080-051).  

2.9.1 Preparation of NDUFS3 clone 

Suitable primers (NDUFS3F: 5’ ATC ATA TGG CGG CGG CGG C 3’ & 

NDUFS3R: 5’ TGC TCG AGC TAC TTG GCA TCA GGC TTC 3’) were designed 

based on the RNA sequences downloaded from from National centre for 

biotechnology information NCBI (http://www.ncbi.nlm.nih.gov/) for amplification of 

the full length NDUFS3 ORF. The PCR reactions were set in a 50 μl volume 

containing 1X Pfu buffer (20 mM Tris-HCl pH 8.8 at 25ºC, 10 mM KCl, 10 mM 

(NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, & 0.1 mg ml-1 nuclease free BSA), 1 

unit of Pfu polymerase, 200 µM each of dNTP and forward and reverse primers and 

100 ng of the amplified cDNA. Cycling conditions were 95°C for 3 min, followed by 

30 cycles of 95°C for 10 s, 50°C for 45 s, 72°C for 1 min and final extension of 72ºC 

for 20  min with hold of 25°C forever. The amplicon of desired size (808 bp) was gel 
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extracted using the QIAQuick Gel Purification kit (Qiagen, Cat#28704), which was 

used for TA cloning in pGEM-T vector (Promega). 

2.9.2 Preparation of NDUFS7 clone 

Suitable primers (NDUFS7F: 5’ GCC ATA TGG CGG TGC TGT CAG CTC 3’ & 

NDUFS7R: 5’ TGC TCG AGC TAC CTG CGG TAC CAG ATC 3’) were designed 

based on the RNA sequences downloaded from NCBI (http://www.ncbi.nlm.nih.gov/) 

for amplification of the full length NDUFS7 ORF. The PCR reactions were set in a 50 

μl volume containing 1X Pfu buffer (20 mM Tris-HCl pH 8.8 at 25ºC, 10 mM KCl, 

10 mM (NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, & 0.1 mg ml-1 nuclease free 

BSA), 1 unit of Pfu polymerase, 200 µM each of dNTP and forward and reverse 

primers and 100 ng of the amplified cDNA. Cycling conditions were 95°C for 3 min, 

followed by 30 cycles of 95°C for 10 s, 50°C for 45 s, 72°C for 1 min and final 

extension of 72ºC for 20  min with hold of 25°C forever. The amplicon of desired size 

(656 bp) was gel extracted using the QIAQuick Gel Purification kit (Qiagen, 

Cat#28704), which was used for TA cloning in pGEM-T vector (Promega). 

2.10 TA cloning and sub-cloning in pET bacterial expression vector 

The purified amplicon was A-tailed using Taq polymerase in 1X Thermopol buffer 

(NEB) containing 200 µM dATP and 5 units of Taq DNA polymerase (NEB) at 72°C 

for 20 minutes. The A-tailed amplicons were then cloned into pGEM-T vector 

(Promega), followed by chemical transformation into E. coli DH5α (Invitrogen). The 

plasmids from the positive colonies, screened through colony PCR, were purified by 

the standard alkaline lysis method. Full length NDUFS3 cDNA ORF or NDUFS7 

cDNA ORF from pGEM-T vector was further subcloned into pET-28b(+) vector 

(Novagen) between NdeI and XhoI sites. Sequences were confirmed by DNA 

sequencing using BigDye™ Terminator Cycle Sequencing Ready Reaction Kit v3.1 

(ABI, Cat#4337457) in an automated 3730 DNA analyzer (ABI). Appropriate 

plasmids were transformed into E. coli BL21(DE3) for protein expression. 
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2.11 Site-directed mutagenesis 

2.11.1 NDUFS3 

The double mutant T145I-R199W is known to cause Leigh syndrome. A two step 

approach was used to prepare the double mutant (T145I-R199W) of NDUFS3. Two 

sets of primers were designed for the same. The SDMF1 5’CGG ATC CGT GTG 

AAG ATC TAC ACA GAT GAG CTG3’, SDMR1 5’CAG CTC ATC TGT GTA 

GAT CTT CAC ACG GAT CCG3’ and SDMF2 5’CTT CGA GGG ACA TCC TTT 

CTG GAA AGA CTT TCC TCT ATC3’, SDMR2 5’GAT AGA GGA AAG TCT 

TTC CAG AAA GGA TGT CCC TCG AAG3’. Site-directed mutagenesis was 

carried out with the help of Phusion™ Site-Directed Mutagenesis kit (Finnzymes, 

Cat#F541). The PCR reactions were set in a 50 μl volume containing the w-t 

NDUFS3 gene cloned in pGEM-T vector, 1X HF buffer, 200 µM each of dNTP and 

forward and reverse primers, 0.02U/µl Phusion Hot Start DNA polymerase. Cycling 

conditions were 95°C for 3 min, followed by 30 cycles of 95°C for 10 s, 55°C for 5 

min, 68°C for 6 min and final extension of 72ºC for 20  min with hold of 25°C 

forever. In the first PCR cycle the first set of primers (SDMF1 and SDMR1) were 

used. The purified amplicons were phosphorylated and ligated to circularize the 

plasmid and transformed into E. coli DH5α cells. The plasmids were sequenced and 

mutant plasmids were used for a second round of PCR with the second set of primers 

(SDMF2 and SDMR2). The PCR protocol was repeated and the plasmids were 

sequenced to choose the suitable construct. The double mutant of NDUFS3 was 

further sub-cloned in the pET-28b(+) vector (Novagen) between NdeI and XhoI 

restriction enzyme sites and the plasmids were transformed in E coli BL21(DE3) for 

protein expression. Sequences were confirmed by DNA sequencing using BigDye™ 

Terminator Cycle Sequencing Ready Reaction Kit v3.1 (ABI, Cat#4337457) in an 

automated 3730 DNA analyzer (ABI) at each step. 

2.11.2 NDUFS7 

Two mutants containing point mutations V122M and R145H were prepared. Suitable 

primers were designed for the same. SDMF1 5’GAT CAT GGC CGG CAC ACT 

CAC CAA CAA GAT GGC 3’, SDMR1 5’ATG ACG TCG GAC TGG CGC GGG 

CTG 3’ and SDMF2 5’CCG CAC TAC GTG GTC TCC ATG GGG AG 3’, SDMR2 

5’CTC CGG CAT CTG GTC GTA GAC CTT GCG AA 3’. SDMF1 and SDMR1 
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were used for V122M mutation and SDMF2 and SDMR2 were used for R145H 

mutation.  Site-directed mutagenesis was done with the help of Phusion™ Site-

Directed Mutagenesis kit (Finnzymes, Cat#F541). The PCR reactions were set in a 50 

μl volume containing the w-t NDUFS7 gene cloned in pGEM-T vector, 1X HF buffer, 

200 µM each of dNTP and forward and reverse primers, 0.02U/µl Phusion Hot Start 

DNA polymerase. Cycling conditions were 95°C for 3 min, followed by 30 cycles of 

95°C for 10 s, 55°C for 5 min, 68°C for 6 min and final extension of 68ºC for 20  min 

with hold of 25°C forever. The purified amplicons were phosphorylated and ligated to 

circularize the plasmid and transformed into E. coli DH5α cells. The plasmids were 

sequenced to confirm the mutagenesis. Both the mutants of NDUFS7 were further 

sub-cloned in the pET-28b(+) vector (Novagen) between NdeI and XhoI restriction 

enzyme sites and the plasmids were transformed in E coli BL21(DE3) for protein 

expression. Sequences were confirmed by DNA sequencing using BigDye™ 

Terminator Cycle Sequencing Ready Reaction Kit v3.1 (ABI, Cat#4337457) in an 

automated 3730 DNA analyzer (ABI) at each step.    

2.12 Protein expression and solubility  

A fresh sterile plate of LB containing 60 µg/ml Kanamycin was streaked using the 

glycerol stock of BL21(DE3) E. coli cells transformed with suitable gene cloned in 

pET-28b(+) expression vector. The plate was incubated at 37°C for 14 hours. A single 

colony from the plate was further inoculated in 5 ml sterile LB containing 60 µg/ml 

kanamycin. The culture was incubated for 12-14 hours at 37°C with a shaking of 150 

rpm.  

Autoinduction method was used to obtain soluble expression of the protein. This 

method as described by Studier [Studier, 2005] utilizes the Rich (ZYM-5052) 

autoinduction medium for soluble expression of proteins. In short, the media 

comprises of the following solutions: 

Stock solutions 

 Sterile 1 M MgSO4 stock solution  

 Sterile 50 X 5052 solution    

For 100 ml sequentially dissolve 2.5 g glucose and 10 g -lactose in 75  ml 

water and finally add 25 g glycerol. 
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 Sterile 25 X M solution 

For 200 ml sequentially dissolve in 80 ml water 3.6 g Na2SO4 anhydrous, 

13.4 g NH4Cl anhydrous, 17.0 g KH2PO4 anhydrous and 17.7 g Na2HPO4 

anhydrous. Make up the volume to 200 ml.  

 ZY medium 

For 1000 ml medium, dissolve 10 g N-Z-amine AS (or tryptone), 5 g Yeast 

extract in 937 ml water. 

 1000x metal solution 

For 100 ml, autoclaved solutions of 50 ml 0.1 M FeCl3-6H2O (in 0.1 M HCl), 

2 ml 1 M CaCl2, 1 ml 1 M MnCl2-4H2O, 1 ml 1 M ZnSO4-7H2O, 1 ml 0.2 M 

CoCl2-6H2O, 2 ml 0.1 M CuCl2-2H2O, 1 ml 0.2 M NiCl2-6H2O, 2 ml 0.1 M 

Na2MoO4-5H2O, 2 ml 0.1 M Na2SeO3-5H2O and 2 ml 0.1 M H3BO3 were 

mixed in 36 ml water. 

All the above solutions were autoclaved seperately at 120°C for 15 minutes. 

The Rich medium for autoinduction was prepared by mixing the above stock solutions 

aseptically in the following ratios 

Table 2.4: Composition of the Rich ZY medium. 

Stock solution For 1000 ml of Rich ZY medium 

1M MgSO4 1 ml 

1000X metals 1 ml 

50 X 5052 20 ml 

25 X M 40 ml 

Kanamycin (60 mg ml-1) 1 ml 

ZY medium Make up the volume to 1000 ml 

The expression protocol in short involves, inoculating 1 ml of the primary culture in 

fresh LB medium with Kanamycin (5 ml) and incubation at 37°C to activate dormant 

cells. In the meanwhile, autoinduction media is prepared by adding required amount 

of ZY medium, 50 X 5052 solution, 25 X M solution and Kanamycin (Table 2.4) in a 

sterile flask under aseptic conditions. 10 ml of the primary culture was added to 1000 

ml of the Rich ZYM autoinduction medium. The inoculated medium was kept at 37°C 

shaker for 2 hours. The culture was then incubated at 16°C for 16 hours. 
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Following prolonged incubation, the cells were harvested by spinning at 4000 rpm for 

15 minutes at 4°C. The cell pellet was re-dissolved in suitable amounts of Lysis 

Buffer (50 mM Tris-Cl pH 8.5, 100 mM NaCl, 0.01% IGEPAL® CA-630 and 1 

mg/ml lysozyme) for NDUFS3 and (20 mM sodium phosphate buffer pH 7.0, 300 

mM NaCl,  0.01% IGEPAL® CA-630 and 1 mg/ml lysozyme) for NDUFS7 and was 

kept in ice for 30 minutes with intermittent shaking. Cells were lysed by sonication at 

60% power in Esquire Biotech Ultrasonic homogenizer with a pulse of 6 s followed 

by pause of 8 s for 10 minutes. The sonicated solution was centrifuged at 10,000 rpm 

for 45 minutes at 4°C. The pellet and supernatant were separated. The expression 

profile was checked on 12% SDS-PAGE gel followed by Coomassie Brilliant Blue R-

250 staining.  

2.13 Purification of NDUFS3 and NDUFS7 

2.13.1 NDUFS3 

The protein from the crude cell lysate was purified in two steps of column 

chromatography, anion exchange followed by size exclusion chromatography. In 

short, the supernatant obtained from the lysed cells was centrifuged at 10,000 rpm for 

15 minutes at 4°C. It was then used for loading directly onto a Q-Sepharose (Sigma-

Aldrich, Cat#Q1126) column pre-equilibrated with 50 mM Tris-Cl pH 8.5, 100 mM 

NaCl and 0.01% IGEPAL® CA-630. The column was washed with the above buffer 

till the eluate showed no absorbance at 280 nm. The column was subjected to a NaCl 

gradient from 0.1 M to 0.5 M and final wash was given with the buffer containing 1 

M NaCl. Absorbance of the fractions was recorded at 280 nm. The fractions showing 

OD >0.2 were run on 12% SDS-PAGE gel to detect the presence of the protein.  The 

fractions showing the protein with desired molecular weight (~35 kDa) were pooled 

and concentrated in a Labcono vacuum concentrator. The OD280 was noted and 

concentration of the protein solution was checked using Bradford assay [Bradford, 

1976]. The Sephadex G-200 column (Sigma-Aldrich, Cat#G-200-120) was pre-

equilibrated with 50 mM Tris-Cl pH 8.5, 300 mM NaCl and 0.01% IGEPAL® CA-

630. The protein was loaded onto the column and washed with three column volumes 

of equilibration buffer. Absorbance of the fractions was measured at 280 nm. The 

fractions showing an OD >0.2 were run on 12% SDS-PAGE gel to identify protein 
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fractions. Both w-t and mutant (T145I-R199W) proteins were purified by this 

protocol.  

2.13.2 NDUFS7 

The supernatant obtained from the lysed cells was used for loading directly on Ni-

NTA agarose (Life technologies, Cat#R109-15)) column pre-equilibrated with 20 mM 

sodium phosphate buffer pH 7.0, 300 mM NaCl, 20mM imidazole and 0.01% 

IGEPAL® CA-630. The column was washed with the above buffer till the eluate 

didn’t show any absorbance at 280 nm. The column was subjected to an imidazole 

gradient from 0.1 M to 0.4 M and final wash was given with buffer containing 0.5 M 

imidazole. Absorbance of the fractions was taken at 280 nm. The fractions showing 

an OD >0.2 were run on a 12% SDS-PAGE gel to detect the presence of the protein 

of interest.  The fractions showing the protein with desired molecular weight (~20 

kDa) were pooled and dialyzed to remove the imidazole and concentrated in a 

Labcono vacuum concentrator. The OD280 and concentration of the concentrated 

protein was checked using Bradford’s assay [Bradford, 1976]. The Superose 12 

column (GE Healthcare, Cat#G-17-5173-01) was pre-equilibrated with 20 mM 

sodium phosphate buffer pH 7.0, 150 mM NaCl and 0.01% IGEPAL® CA-630. The 

protein was loaded onto the column and was subjected to 2 column volumes of 

equilibration buffer washes. Absorbance of the fractions was taken at 280 nm. The 

fractions showing an OD >0.2 were run on 12% SDS-PAGE gel to detect the presence 

of the protein. Western Blot with anti-His tag antibody and MALDI TOF/TOF was 

used to confirm the presence of the protein and its molecular weight. 

2.14  Western Blot and MALDI-TOF/TOFTM 

Western blots were prepared by electroblotting the SDS-PAGE gels onto PVDF 

membrane [Towbin et al, 1979]. The membrane was blocked with 5% fat-free 

skimmed milk in PBS for 60 minutes followed by 3 washes of 5 minutes each in PBS 

containing 0.05% TWEEN® 20. The membrane was further incubated with the 

monoclonal anti-polyhistidine antiboby (Sigma-Aldrich, Cat# H1029) at 1:1000 

dilution in PBS containing 1% BSA overnight. The membrane was washed 3 times 

for 5 minutes each in PBS containing 0.05% Tween®20 and incubated with anti-

mouse Ig-G (Fc-specific) Peroxidase conjugate antibody in PBS and Tween®20 at a 
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concentration of 1:6000 (Sigma-Aldrich, Cat#A0168). The membrane was further 

treated with Novex HRP Substrate (Invitrogen Cat#WP 20004) to visualize the bands. 

For MALDI-TOF/TOF™ the concentration of the purified protein sample was 

determined by Bradford assay. 10µg ml-1 sample was mixed with a saturated solution 

of α-cyanohydroxy cinapinic acid in a mixture of 0.1% TFA:ACN and spotted onto 

the MALDI plate. The plate was dried at room temperature and was analyzed with 

AB SCIEX TOF/TOFTM 5800 System for MALDI mass spectrometry imaging. 

2.15 Biophysical characterization  

2.15.1 Circular Dichroism (CD) Spectroscopy 

CD spectra of the purified proteins were recorded using a Jasco J-815-150S (Jasco, 

Tokyo, Japan) spectropolarimeter connected to a Peltier Type CD/FL Cell circulating 

water bath at room temperature. Far UV spectra was recorded in a rectangular quartz 

cell of 1 mm path length in the range of 200-250 nm at a scan speed of 100 nm min-1 

with a response time of 1 s and a slit width of 1 nm. Purified w-t NDUFS3 at a 

concentration of 0.05 mg ml-1 and its mutant (T145I-R199W) at a concentration of 0.1 

mg ml-1 was used for all the far-UV CD samples. Purified w-t NDUFS7 at a 

concentration of 0.08 mg ml-1 was used for all the far-UV CD samples. Near UV CD 

spectrum was recorded in the range of 250-300 nm with a protein concentration of 1 

mg ml-1 for all the proteins. Each spectrum was recorded as an average of 5 scans.  

Conformational transition studies of w-t, mutant NDUFS3 and w-t, mutant NDUFS7 

at various conditions of pH, chemical denaturant and temperature were performed. 

2.15.1.1 pH variation: The purified proteins were incubated against buffers of 

different pH for 4 hours before recording the spectra. The different buffers used were: 

20 mM glycine-HCl (pH 1.0-3.0), 20 mM citrate-phosphate buffer (pH 4.0-6.0), 20 

mM tris-HCl (pH 7.0-9.0), 20 mM glycine-NaOH (pH 10.0-12.0). The native tertiary 

structure of proteins was studied by recording the near UV CD spectrum in the range 

of 250-300 nm with a working concentration range of 1 mg ml-1.  

2.15.1.2. Temperature dependence: The CD spectra of the purified proteins were 

recorded by increasing the temperature of the samples at the rate of 2°C min-1 within 
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the temperature range of 25-90°C. Ellipticity was recorded at a temperature interval of 

5°C and incubation time of 5 minutes was maintained between 200-250 nm. 

2.15.1.3. Gdn-HCl concentration: The purified proteins were incubated in Gdn-HCl 

in the concentration range of 0-4 M at pH 8.5 for 6 hours before recording the spectra. 

Buffer scans were subtracted from each spectrum for further analysis.  

Results were determined in terms of the mean residue ellipticity (MRE). CD in 

millidegrees was converted to mean residue ellipticity by the formula: 

(θ)λ    = Mθλ / 10dcr  

where, M is the molecular mass, θλ is the ellipticity in millidegrees, d is the cuvette 

path length in cm and c is the concentration of the protein in mg ml-1, r is the number 

of residues. Secondary structure content was estimated using the CDPro program 

(CDSSTR, CONTIN, SELCON3) [Sreerama et al, 2004]. 

2.15.2. Steady State Fluorescence Spectroscopy 

The intrinsic fluorescence of the proteins was recorded using a Perkin Elmer LS50 

fluorescence spectrophotometer connected to a Julabo F20 water bath. The spectra 

were recorded using a quartz cuvette at room temperature. The background emission 

due to the buffer or denaturants was subtracted for further analysis. The protein 

solutions were excited at 295 nm and the emission spectra were recorded between 

300-400 nm setting the slit width 7 nm and speed 100 nm min-1. The effect of pH was 

recorded by incubating the protein in suitable buffers of different pH (1-12) as 

described in the section 2.15.1.1. Thermal unfolding was monitored by incubating the 

protein for 5 min at the desired temperature followed by recording the spectra. 

Thermal aggregation was studied by the Rayleigh scattering measurement on the 

same instrument under different conditions of protein concentration (25-200 µg ml-1), 

in the presence of salt (5-355 mM NaCl) and detergent (0.05-0.16 mM IGEPAL® CA-

630). Chemical unfolding was monitored by recording the spectra of the protein 

incubated in Gdn-HCl (0-6 M) for 6 hours at room temperature. The decomposition 

analysis of tryptophans was performed by the PFAST: Protein Fluorescence and 

Structural Toolkit [Shen et al, 2008; Hixon et al, 2009].  

 



Ph.D. Thesis                                                                                                                             Chapter 2 

Tulika Jaokar      Page 49 

2.15.3 Solute Quenching studies 

2.15.3.1. Steady-state Fluorescence Quenching 

Fluorescence quenching measurement was done with quenchers: acrylamide (5 M), 

caesium chloride (5 M) prepared in milliQ water and KI (5 M) prepared in 0.2 M 

sodium thiosulphate by titrating 80 µg ml-1 of the protein solution prepared in 50 mM 

Tris-Cl pH 8.5, 100 mM NaCl and 0.01% IGEPAL®CA-630. Quencher from the 

stock solutions was added till the final concentration of quencher in the protein 

solution reached 0.5 M. The fluorescence intensities were measured at the wavelength 

corresponding to maximum emission and volume correction was done before 

analyzing the quenching data [Lakowicz, 1983]. Stern-Volmer analysis of the 

quenching data was used to estimate Ksv and modified Stern-Volmer plots for 

determining fa (fraction accessibility) [Lehrer et al, 1978]. The Stern-Volmer 

equation given below was used for the same.  

Fo/Fc=1+Ksv[Q]                                       (1) 

Where Fo and Fc represent the relative fluorescence intensities corrected for dilution 

in absence and presence of the quencher [Q]. Ksv is the Stern-Volmer constant for the 

given quencher.  

2.15.3.2. Fluorescence lifetime measurement 

Lifetime measurements were recorded on Edinburgh Instruments FLS-920 single 

photon counting spectrofluorimeter. The excitation source was a laser pico second 

pulsed light emitting diode (model EPLED-295) and fluorescence was detected by a 

synchronization photomultiplier. Diluted Ludox solution was used for measuring the 

Instrument response function (IRF). The samples (1 mg ml-1) were excited at 295 nm 

and emission was recorded at 342 nm, 346 nm and 356 nm for w-t, mutant and 

denatured protein samples. Slit widths of 15 nm each were used for the excitation and 

emission monochromators. The resultant decay curves were analyzed by a 

multiexponential iterative fitting program provided by Edinburgh Instruments. The 

average lifetimes after each step of quenching was calculated using the equations 

[Inokuti et al, 1965; Grinvald et al, 1974] 

τ=∑i αi τi/∑i αi                                                 (2)  
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<τ>=∑i αi τi
2/∑i αiτi                                                             (3) 

Where i=1,2,... 

The average lifetimes τ and <τ> were obtained by two different approaches and the 

plot of τo/τ against quencher concentration [Q] gave the Ksv. The bimolecular 

quenching constant, kq was calculated using equation given below [Lehrer, 1971]. 

kq=Ksv/τ                                             (4) 

The dynamic and static components were resolved by using the equation shown below 

[Lacowicz et al, 1973]: 

Fo/Fc=(1+Ksv[Q])(1+Ks[Q])                   (5) 

Where Ksv is the Stern-Volmer (dynamic) quenching constant, Ks is the static 

quenching constant and [Q] is the concentration of quencher. The dynamic quenching 

constant is the reflection of the degree to which the quencher achieves the encounter 

distance of the fluorophore and is determined by the fluorescence lifetime 

measurement fitted to the equation [Lacowicz et al, 1973]: 

τo/τ = (1+Ksv[Q])                                     (6) 

where τo is the average lifetime in the absence of quencher and τ is the lifetime in the 

presence of the quencher at concentration [Q].  

2.15.4. Hydrophobic dye binding 

Binding of the hydrophobic dye 8-Anilino-1-naphthalene sulfonic acid (ANS) was 

studied by recording the emission spectra between 400-550 nm post excitation at 375 

nm using a steady state spectrofluorimeter. ANS has been shown to bind to 

hydrophobic regions of partially unfolded proteins that are exposed to the solvent 

[Semisotnov et al, 1991]. The proteins were incubated at various pH (1-12), Gdn-HCl 

concentrations (0-6 M) and at different temperatures (25-90°C) to study the unfolding 

of polypeptide chain. 5 µl of 15 mM ANS was mixed with 2 ml of protein solution 

(0.05 mg ml-1). Buffer spectrum with ANS present was subtracted in each case for 

further analysis. 
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2.15.5. Assays for studying protein aggregation 

2.15.5.1. Rayleigh scattering 

The measurement of scattering of the w-t and mutant proteins were carried out in the 

time drive module of the Perkin Elmer LS50 fluorescence spectrophotometer 

connected to a Julabo F20 water bath. Measurements were recorded at 28°C and 

37°C. Buffer values were subtracted in each case for further analysis. 

2.15.5.2 Thioflavin-T (Th-T) binding assay 

The amyloidophilic Thioflavin-T dye shows a characteristic increase in fluorescence 

upon binding to amyloid fibrils. Binding of Thioflavin-T was studied by recording the 

fluorescence emission spectra between 450-600 nm with an excitation at 442 nm 

using a steady state fluorescence spectrofluorimeter [Groenning, 2010; Chang et al, 

2009; Khurana et al, 2005]. In short, a stock solution of 2 mM Th-T was prepared in 

150 mM NaCl and 100 mM sodium phosphate buffer (pH 7.0) and filtered through 

0.22 µm Millipore filter. A fresh working solution was prepared by adjusting the dye 

concentration to 200 µM. Protein samples (25-100 µg ml-1) were incubated at 25°C 

and 37°C at pH 8.5 for 1 hour and further used for the assay. A 250 µl aliquot of 

sample solution was mixed with a 250 µl Th-T working solution and the spectra were 

recorded. Buffer spectrum with Th-T was subtracted in each case for further analysis. 

2.15.5.3 Congo red (CR) assay 

CR is similar to Th-T and binds to β-rich structures, inducing an increase in 

absorption and a red shit in the CR absorption band from 490 to 540 nm. Binding of 

Congo red was studied by recording the absorbance spectra on a UV-Vis 

spectrophotometer between 380-700 nm [Chang et al, 2009; Klunk et al 1999]. In 

short a 2 mM CR stock solution prepared in 150 mM NaCl and 5 mM potassium 

phosphate buffer (pH 7.5) was filtered through 0.22 µM Millipore filter. A fresh 

working solution was prepared by adjusting dye concentration to 200 µM. Protein 

samples were incubated at 25°C and 37°C for 1 hour. A 250 µl protein sample (25-

100 µg ml-1) was mixed with 50 µl of the working stock solution and 700 µl of the 

above buffer and the UV spectrum was recorded. Buffer spectrum with CR was 

subtracted in each case for further analysis. 
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2.16  Fe-S cluster detection  

W-t NDUFS7 possesses an iron sulphur cluster N2. A spectrum was recorded on a 

UV-visible spectrophotometer between 300-800 nm for the w-t, V122M, R145H and 

w-t after removal of the Fe-S cluster for the detection of this cluster. Buffer spectrum 

was subtracted in each case for further analysis. The Fe-S cluster was removed from 

the w-t by incubating the protein in 5 mM DTT and 2 mM EDTA for 1 hour. Far and 

near-UV CD spectra were recorded for the w-t, R145H, V122M with Fe-S cluster and 

then with w-t without Fe-S cluster to detect structural changes. 

2.17  n-DBQ binding assay 

NDUFS7 possess a partial binding site for nDBQ. In order to explore the binding 

affinity of n-DBQ to protein; a fluorescence based assay was designed. The w-t and 

V122M, R145H mutant proteins in 20 mM sodium phosphate buffer pH 7.4, 100 mM 

NaCl and 0.01% IGEPAL-CA630 were placed in a quartz cuvette and maintained at a 

desired temperature (28°, 32°, 37° and 42°C) with a Julabo circulating water bath. A 

0.1 mM stock solution of n-DBQ was prepared in dimethylsulfoxide (DMSO). The n-

DBQ solution was added in 12-14 aliquots (3-5 µl) each and fluorescence spectra 

were recorded with each addition. Samples were excited at 295 nm and spectra were 

recorded between 310- 400nm. The fluorescence intensity at 341 nm (λmax of w-t and 

mutant proteins) was considered for further analysis. Corrections were made to 

compensate for the dilution effect upon addition of nDBQ. Each data point was an 

average of 3 independent sets of experiments with standard deviation less than 5%. 

The association constants were calculated by the method of Chipman et al (Chipman 

et al, 1967). The abscissa intercept of the plot of log [C]f against log {(ΔF)/(Fc-F∞)}, 

where [C]f is the free concentration of n-DBQ, yielded pKa value for protein-nDBQ 

interaction according to 

log [ (Fo-Fc)/(Fc-F∞)] = log Ka + log {[C]t-[P]t (ΔF/ΔF∞)}     (1) 

where, Fc is the fluorescence intensity of protein at any point during the titration, [Pt] 

is the total protein concentration, ΔF∞ is the change in fluorescence intensity at 

saturation of binding, [Ct] is the total n-DBQ concentration given by, 

[C]f = {[C]t – [P]t (ΔF/ ΔF∞)}      (2) 
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Free energy changes of association (ΔG) were determined by: 

ΔG = -RT lnKa      (3) 

Temperature dependence of the association constants was used to determine 

thermodynamic parameters. Change in enthalpy (ΔH) was determined from the Van’t 

Hoff plot by equation: 

lnKa = (- ΔH/RT) + ΔS/R     (4) 

where, ΔH is enthalpy change, R is gas constant, ΔS is entropy change and T is the 

absolute temperature. The entropy change was obtained from the equation  

ΔG = ΔH -T ΔS      (5) 
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In silico studies on the effects of Leigh syndrome 
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he human mitochondrial Complex-I is a relatively less explored protein 

complex owing to its large size. For several years it was referred to as an ‘L-

shaped black box’ because of its mutation prone nature and lack of 

structural information. About 40% of the mitochondrial diseases reported are owing to 

Complex-I deficiency. Even then the structural studies on this complex are limited 

owing to its large size and complex nature. The recent structure from the bacterial 

homologue Thermus thermophilus gave several insights in the functioning and 

structural aspects of the complex. Like the bacterial homologue, the human Complex-

I is also divided into 3 domains which co-ordinate for the smooth functioning of the 

Complex-I. These are, 

1. Dehydrogenase domain (N module) 

2. Hydrogenase or ubiquinone reduction domain (Q module) 

3. Membrane or proton pumping domain (P module) 

The 14 core subunits forming the minimal complex in prokaryotes are present in the 

human Complex-I as well. These core subunits show ~40-45% identity with their 

prokaryotic counterpart. The eukaryotic proteins, in certain cases, carry an additional 

sequence located in between the signal sequence and the prokaryotic homologous 

sequence. This sequence is thought to be essential for binding with the accessory or 

supernummery subunits. These subunits provide protection to the core region from 

oxidative injury, are involved in regulation of activity and their role in assembly and 

stabilization of Complex-I has also been speculated.  

3.1 Human Q module 

The human Q module or ubiquinone reduction domain also acts as a connecting 

domain between the N and P modules. It is involved in the transfer of electrons from 

NADH to the ultimate electron acceptor ubiquinone. It harbors the ubiquinone 

binding and reduction site. It is made up of 4 core subunits; NDUFS2, 3, 7 and 8 and 

possesses three iron sulphur clusters, N6a, N6b and N2. Their function is to transfer 

electrons for ubiquinone reduction. 

The Q module possesses the binding site for ubiquinone as well as several Complex-I 

inhibitors. The ubiquinone binding site lies at the interface of NDUFS2 and 7. 

T
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Ubiquinone plays a dual role by acting as a substrate by accepting electrons during 

NADH oxidation and as a tightly bound co-factor during electron recycling [Prieur et 

al, 2001]. Of the three iron sulphur clusters, cluster N2 acts as an electron donating 

group to ubiquinone. This cluster, located at the end of the redox centres, transfers 

electrons from the flavin site to quinine [Hinchliffe et al, 2005]. This is also suggested 

to play a role in coupling the redox reactions that translocates protons across the 

membrane [Berrisford et al, 2009]. Thus, Q module is also the electron donor for the 

ubiquinone [Tocilescu et al, 2010; Angerer et al, 2012].  In addition to ubiquinone, 

NDUFS2 harbours binding sites for quinone related Complex-I inhibitors such as 

piericidin and rotenone [Darrouzet et al, 1998]. 

3.1.1 Mutations in the human Q module 

A large number of mutations have been reported in the subunits forming the Q 

module resulting in different neuromuscular disorders. Proper assembly and 

stabilization of Complex-I is essential for its activity as well as structural stability of 

the inner mitochondrial membrane. Deleterious mutations perturb the assembly of 

Complex-I  and induce structural changes in the mitochondrial membrane causing 

proton leakage, accumulation of reactive oxygen species and thereby release of 

apoptotic factors, which remain the primary causes of these diseases [Ugalde et al, 

2004a]. Reports of BN-PAGE studies indicate that the mutations affect the assembly 

process at an early stage resulting in the accumulation of assembly intermediates. The 

various stages of subunit association are determined such that NDUFS2 and NDUFS3 

assemble first followed by NDUFS7 and finally NDUFS8, which indicate that a 

mutation in any one subunit would affect assembling successfully into full functional 

module [Ugalde et al, 2004b]. Lack of a properly assembled Complex-I results in 

severe energy deficiency affecting muscles and nerves. Also, normally, the iron-

sulphur clusters in Complex-I are present close to each other so as to reduce the ROS 

production, however, lack of proper assembly would lead to the excessive production 

of ROS causing further damage to the cell. This causes a wide range of symptoms that 

depict the disorder. The mutations of the Q module and their clinical phenotypes 

considered in the present study are enlisted in Table 3.1. 
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Table 3.1: List of mutations and their clinical phenotypes considered in the present study. 

Subunit Mutation  Clinical phenotype Reference 

NDUFS2 R228Q-S413P 

R138Q-R333Q 

M292T-RR118Q 

M292T-R443K 

M292T-E148K 

Leigh syndrome 

Leigh like syndrome 

Leigh syndrome 

Leigh syndrome 

Leigh syndrome 

Loeffen et al 2001 

Tuppen et al 2010 

NDUFS3 T145I-R199W Leigh syndrome Benit et al 2004 

NDUFS7 V122M 

R145H 

Leigh syndrome 

Leigh like syndrome 

Triepels et al 1999 

Lebon et al 2007a 

NDUFS8 P85L-R138H Leigh syndrome Procaccio et al 2004 

In the present study, the core subunits of the human Q module have been modeled 

individually. The arrangement of subunits in the human Q module has been studied in 

order to understand the positions of the mutations with respect to the other subunits 

and the binding site. Molecular dynamic simulations have been done to study the 

changes in w-t and mutant structures. In silico energy calculations have been useful to 

observe the destabilizing effect of the mutations on the structure of the complex. 

3.1.2 Core subunits of the human Q module 

NDUFS2, 3, 7 and 8 are the core subunits of the Q module. NDUFS2 and 7 are the 

functional subunits while NDUFS3 and 8 are the structural subunits. These four 

subunits are highly conserved across all species. They show a very high identity with 

their homologues.  

Phylogenetic analysis of the four subunits showed that the sequences clustered into 

primarily 3 groups: Eubacteria, insects and mammals (Figure 3.1). This clustering was 

mainly due to the extra signal sequence in the eukaryotes. In certain cases like 
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NDUFS2 and 7, in eukaryotes, apart from the signal sequence an additional stretch of 

amino acid sequence is also present, which may probably bind to the accessory 

subunits present in eukaryotes. 

 

Figure 3.1: Phylogenetic trees for the 4 core subunits of the human Q module; A: NDUFS2 B: 

NDUFS3, C: NDUFS7 and D: NDUFS8, The blue branch indicates mammals, red branch 

indicates insects and green branch indicates eubacteria. The trees were prepared in MEGA 5.5 

and plotted using Figtree 1.3.1. 

Apart from the signal sequence and some extra amino acid sequence, all the 4 

subunits show a highly conserved C-terminal part (upto 45% identity) with the 

homologous subunits of prokaryote Thermus thermophilus.  
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3.1.3 Modeling of the core subunits 

The 4 core subunits of human Complex-I were modeled in Modeller v9.10. The 

subunits showed a high sequence identity with homologous subunits in the T. 

thermophilus. The templates were chosen based on sequence identity, coverage and 

resolution of template structure (Table 3.2). 

Table 3.2: Templates used for modeling the subunits of the human Q module. 

Subunit Templates 

 PDB ID Chain Sequence 

Identity (%) 

Resolution 

(A°)  

Coverage 

NDUFS2  3I9V D 46 3.1 73-463 

NDUFS3  3IAM E 42 3.1 107-204 

NDUFS7  3I9V F 53 3.1 58-202 

NDUFS8  3IAM G 48 3.1 64-174 

Molecular models were generated for each subunit using corresponding templates. 

The signal sequence was not modeled (Table 2.1). The N-terminal residues, first 49 of 

NDUFS2 and 57 of NDUFS8, following the signal peptide, could not be modeled due 

to the absence of suitable template for that part of the sequence (Figure 3.2).  
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Figure 3.2: Sequence alignment of the human subunits with the respective templates. A: NDUFS2 

with 3I9V-D, B: NDUFS3 with 3IAM-E, C: NDUFS7 with 3I9V-F and D: NDUFS8 with 3IAM-G.  
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The quality of the models was checked and the best model among them were chosen 

depending on the DOPE score, ERRAT score, PDBsum analysis and ProSA-web 

protein structure analysis (Table 3.3).  

Table 3.3: Estimated values of evaluation parameters to assess the quality of molecular models 

and validation scores to select the best model. 

Subunit DOPE 
score  

ERRAT 
Score 

Ramachandran Plot 
number of residues 

G 
score 

Z 
score 

RMSD from 
template 

(Å) Allowed 
region (%) 

Disallowed 
region (%) 

NDUFS2  -46629  78.41 99.7 0.3 -0.3 -8.53 0.49 

NDUFS3  -19345  85.14 99 1 -0.49 -1.68 1.36 

NDUFS7  -15989  95.45 100 0 -0.32 -4.58 0.77 

NDUFS8  -12353  79.01 97 3 -0.4 -1.85 0.45 

Q module  NA  73.086 98.8 1.2 -0.4 -9.29 0.41 

The models with best validation parameters are chosen for further study (Figure 3.3). 

NDUFS2 and 7 are primarily helical structures with a few β-sheets present while 

NDUFS3 and 8 comprise of loops and β-sheets along with few helices. 
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Figure 3.3.1: A: Molecular model of NDUFS2 prepared using pdb structure 3I9V(D-chain) as 

template, B: Ramachandran plot, C: ProSa analysis, D: ERRAT score.  

 

 

Figure 3.3.2: A: Molecular model of NDUFS3 prepared using pdb structure 3IAM (E-chain) as 

template, B: Ramachandran plot, C: ProSa analysis, D: ERRAT score.  
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Figure 3.3.3: A: Molecular model of NDUFS7 prepared using pdb structure 3I9V (F-chain) as 

template, B: Ramachandran plot, C: ProSa analysis, D: ERRAT score.  

 

Figure 3.3.4: A: Molecular model of NDUFS8 prepared using pdb structure 3IAM (F-chain) as 

template, B: Ramachandran plot, C: ProSa analysis, D: ERRAT score.  
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The mutant structures were generated using in silico mutagenesis for all the four 

subunits of Q module. The RMSD were insignificant for residues forming secondary 

structure in the post energy minimized models of these mutants.  

3.1.4 Modeling of the human Q module 

The subunit arrangement in the human Q module was studied by modeling the Q 

module using the template from T. thermophilus (3I9V). The conserved residues at 

the interface of four subunits in the Q module assembly modeled (Figure 3.4) were 

examined. Most interacting interface residues of the T. thermophilus were found to be 

conserved in the human mitochondrial Q module as well. The three iron-sulphur 

clusters (N6a, N6b and N2) modeled within the Q module remains the path for the 

entry of DBQ, indicating importance of the correct assembly in the formation of 

functional complex. 

 

Figure 3.4: Subunit arrangement of the core subunits in the human Q module. Subunits NDUFS2 

(green), NDUFS3 (magenta), NDUFS7 (red) and NDUFS8 (blue) are shown. The iron sulphur 

cluster N6a, N6b and N2 are shown as spacefill. The amino acid residues highlighted are the 

points of mutation considered. The red arrow indicates the entry point of n-DBQ (cyan). 
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The positions of the mutations were noted with respect to the disposition of other 

subunits, binding site and iron-sulphur clusters. On the basis of these observations the 

mutations were classified into those present on the surface, those in the interior and 

those at the interface or in the proximity of the ubiquinone binding site or near the 

iron sulphur clusters (Table 3.4)  

Table 3.4: Classification of Leigh syndrome mutations based on their location and effects. 

Mutations in NDUFS3 & 8 influence the structure whereas those in NDUFS2 & 7 have functional 

implications. 

Subunit Mutation Location of the amino acid  

NDUFS2 

Functional 

+Structural 

R118Q 

R138Q 

 

E148K 

R228Q 

M292T 

R333Q 

M443K 

Interface of NDUFS2 and 3  

Interface of NDUFS2, 7 and 8 

Close to iron sulphur cluster N2  

Interior 

Interface of NDUFS2 and 8  

Interior 

Interior 

Surface 

NDUFS3 

Structural  

T145I 

R199W 

Interior 

Surface 

NDUFS7 

Functional  

V122M 

R145H 

Close to iron sulphur cluster N2 

Surface 

NDUFS8 

Structural  

P85L 

R138H 

Interface of NDUFS7 and 8  

Interface of NDUFS3 and 8  

Interestingly, the amino acid residues at the point of mutations were highly conserved 

from bacteria to mammals (Figure 3.5) 
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Figure 3.5:Multiple sequence alignment of A: NDUFS2, B: NDUFS3, C: NDUFS7 and D: 

NDUFS8 across species. The red arrow indicates the position of the mutations.  
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3.1.5 Docking of n-DBQ 

Ten poses were generated in Glide5.8 for n-DBQ docking in Q module. The glide 

gscore and Emodel score (estimated conformational energy of the ligand) for the best 

pose was -6.08 and -31.07, respectively. The ligand interaction diagram for n-DBQ 

was plotted as a two-dimensional plot showing the interactions of the ligand bound to 

the protein (Figure 3.6B). The residue Y141 (equivalent to Y144 of yeast and Y87 of 

T. thermophilus) close to the iron-sulphur cluster N2 formed one hydrogen bond with 

the carbonyl head group of n-DBQ and the hydrophobic side chain interacted with the 

hydrophobic residues at the interface of NDUFS2 and NDUFS7 (Figure 3.6A and B). 

 

 
Figure 3.6: A: DBQ is docked at the interface of NDUFS2 and NDUFS7. Iron-sulphur cluster N2 

is in the close vicinity of residue Y141. The hydroxyl group of residue Y141 forms a hydrogen 
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bond with the carbonyl group atom O4 of DBQ.  B: Ligand interaction diagram showing the 

interaction of DBQ (yellow) with the amino acid residues at the interface of NDUFS2 (green) and 

NDUFS7 (blue). 

 Amino acid residues T189, L192, F200 and V457 of NDUFS2 and M94 and V91 of 

NDUFS7 were in the proximity of n-DBQ. It is interesting to note that the importance 

of these residues in binding of n-DBQ has been shown previously in site-directed 

mutagenesis study in yeast [Angerer et al, 2012].  

3.1.6 Energy calculations 

The differences in energies between the w-t and mutant complexes of Q module were 

calculated in Bioluminate 1.0 residue scanning module. The contribution of individual 

mutations toward the energy and stability of the complex was estimated in terms of 

differences in energies of mutant and w-t protein structures (Table 3.5). 

Table 3.5: Contribution from individual mutations to the total energy and stability of the 

complex along with the changes in affinity towards iron-sulphur clusters, DBQ and other 

subunits. 

Subunit Mutation 
 

Δ Stability 
kcal/mol 

Δ Affinity 
kcal/mol 

Fe-S clusters DBQ Neighbouring 
subunits 

NDUFS2 R118Q -8.51 -17.86 0.28 6.73 

R138Q 17.38 -22.79 -0.17 21.09 

E148K 47.59 6.72 -0.04 -2.75 

R228Q 17.91 -7.20 0.02 25.27 

M292T 10.13 0.09 0.03 0.66 

R333Q 16.08 -1.68 0.12 -0.95 

M443K 4.63 10.46 -0.01 1.02 

NDUFS3 T145I 7.17 0.00 - 0.02 

R199W 39.60 1.84 - 7.39 

NDUFS7 V122M 5.25 -0.69 0.01 -0.56 

R145H 35.35 -2.20 0.01 -0.09 

NDUFS8 P85L 26.40 3.53 - - 

R138H 12.54 -15.91 - -0.22 
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The Δ stability calculations measure the instability of mutant structures compared to 

w-t.  All mutations except R118Q showed positive values of Δ stability indicating the 

role mutations play as structure destabilizing factor. The NDUFS2 mutation S413P 

could not be tested because Bioluminate program had no provision to mutate from 

non-proline residue to proline. Estimate of the binding affinities of mutants towards 

iron-sulphur clusters, DBQ and neighbouring subunits indicated a reduction in affinity 

of certain mutants such as E148K of NDUFS2 and P85L of NDUFS8 towards iron-

sulphur clusters. Similarly, a reduction in affinity towards n-DBQ was observed for 

most mutations of NDUFS7 and mutations of NDUFS2 except R138Q, E148K and 

M443K. Majority of the mutations were affecting the inter-subunit affinity and 

stability of the Complex (Table 3.5).  

3.1.7  Molecular dynamic simulation 

In order to highlight the structural changes in the subunits on mutation, molecular 

dynamic simulations were run as described in section 2.5. A 15 ns time scale 

trajectory was analyzed after suitable stabilization of the structures. 

The RMSD corresponding to the Cα atom positions of each mutant with respect to the 

wild-type subunit were compared. Any changes in the hydrogen bonded interactions, 

on mutating each subunit followed by energy minimization, were identified. The 

changes in the solvent accessible area as well as average intra- and inter-molecular 

hydrogen bonds are listed in Table 3.6. 

 

 

 

 

 

 

 



 

 

Table 3.6: Changes in solvent accessible area (nm/S2/N) and average number of hydrogen bonds within the four subunits when compared with their corresponding 

mutant structures.

 
 

Solvent Accessible Area (nm/S2/N) Average hydrogen bonding 
Hydrophobic Hydrophilic Total D Gsolv Intra-molecular Inter-molecular or with water  

H- bonds Pairs within 0.35 nm H- bonds Pairs within 0.35 nm 

NDUFS2
Wild-Type 110.5 104.71 215.22 -540.28 257 1321 804 867 
R228Q+S413P 112.13 107.99 220.12 -559.59 259 1307 811 881 
R138Q+R333Q 107.96 104.17 212.14 -532.54 267 1321 784 843 
M292T+R118Q 109.16 105.03 214.19 -537.71 258 1322 792 876 
M292T+M443K 112.21 106.83 219.04 -549.87 260 1333 809 894 
M292T+E148K 108.89 103.6 212.49 -533.44 270 1319 771 826 

NDUFS3
Wild-Type 95.91 77.44 173.36 -435.19 115 718 405 487 
T145I+R199W 94.66 78.82 173.48 -435.50 108 703 415 495 

NDUFS7
Wild-Type 66.75 54.44 121.19 -304.23 75 529 383 488 
V122M 65.67 53.10 118.77 -298.16 82 528 371 481 
R145H 67.37 54.52 121.89 -305.99 75 531 390 481 

NDUFS8
Wild-Type 45.27 48.85 94.12 -236.27 61 390 358 372 
P85L+R138H 44.00 48.08 92.07 -231.14 64 392 351 362 
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NDUFS2: The root mean square fluctuations (RMSF) indicated minor changes in the 

positions of amino acid residues present at the mutation sites (Figure 3.7.1B). 

However, rest of the structure was almost stable. The overall compactness of the 

structure as indicated by the Radius of gyration (Rg) (Figure 3.7.1C) remains fairly 

constant at the end of the 15 ns simulation for the wild-type protein and mutants.  
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Figure 3.7.1: A: RMSD of the Cα atom positions of the w-t NDUFS2 (blue) and its mutants 

R228+S413P (red), R138+R333Q (yellow), M292T+ R118Q (brown), M292T+M443K (green) and 

M292T+ E148K (purple) over a 15 ns trajectory, B: RMSF of the amino acid residues of w-t 

(blue) and the mutants (red) at the end of the 15 ns trajectory, C: Radius of gyration (Rg) change 

of the w-t (blue), R228+S413P (green), R138+R333Q (brown), M292T+ R118Q (red), 

M292T+M443K (dark green) and M292T+ E148K (purple) over a 15 ns trajectory. 

Of the five mutants studied, two mutants influenced the hydrogen bonding with 

neighbouring residues. In the mutant R228Q+S413P, the hydrogen bond formed 

between amino acid residues Arg228 and His223 was lost with R228Q mutation, 

similarly the hydrogen bonded interaction between Ser413 and Gly394 was lost by 

S413P mutation (Figure 3.7.2A). In mutant (R138Q+R333Q) the first mutation 

destroyed side chain ionic interaction between amino acids Arg138 and Asp137 

(Figure 3.7.2B). The R333Q mutation disrupted the side chain interaction of Arg333 

with Thr453.  No change in hydrogen bonds were found in the remaining three 

mutants: (M292T+R118Q), (M292T+M443K), (M292T+E148K). 
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Figure 3.7.2: A: Hydrogen bond broken due to R228Q+S413P mutation is shown, B: Loss of 

hydrogen bond due to R138Q+R333Q mutation is shown by overlapping the amino acids 

involved in hydrogen bond in w-t and mutant. 

The three combined mutations with the interior residue mutation M292T were 

reported in four unrelated individuals of Caucasian families suffering from Leigh 

syndrome [Tuppen et al, 2010]. This mutation did not affect hydrogen bond with 

neighbouring residue G290. However, it introduced an additional protein kinase C 

phosphorylation site at threonine, potentially affecting the regulatory function of the 

Q module [Pagniez-Mammeri et al, 2012]. The R118 amino acid residue is known to 
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be involved in a post-translational methylation (R85 in bovine). The methylated 

residue probably influences the assembly of the complex or the redox potential of the 

complex [Carroll et al, 2013]. Hence, though the mutation showed a better stability 

(negative Δ stability value); the post translation modification would not occur and 

thereby causing a negative impact on the functioning of the Complex-I. Thus, a 

combined mutation would have a deleterious effect. Two NDUFS2 mutations, interior 

residue E148K and surface residue M443K mutations, although did not influence the 

hydrogen bonds, affected the affinity for the iron-sulphur clusters (Table 3.5). 

NDUFS3: The values of RMSF indicated that the mutant (T145I+R199W) structure 

had a higher number of fluctuating residues as compared to the wild-type (w-t) 

protein (Figure 3.8 B).  
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Figure 3.8: A: RMSD of the Cα atom positions of the w-t NDUFS3 (blue) and its mutant 

(T145I+R199W), B: RMSF of the amino acid residues of the w-t (blue) and its mutant (red), C: 

Rg of the w-t (blue) and its mutant (red), D: The loss of hydrogen bond due to T145I mutation is 

shown.  

This may be accounted for by the large number of loops present in NDUFS3 structure. 

At the end of the simulation, w-t protein showed a more compact structure compared 

to the mutant as measured by the radius of gyration (Rg) (Figure 3.8 C). The 

hydrogen bond between amino acid residue Thr145 and Tyr146 was lost by the 

mutation T145I however no changes were observed for R199W mutation (Figure 3.8 

D). 
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The T145I interior residue mutation in NDUFS3 was at a putative casein II 

phosphorylation site [Pagniez-Mammeri et al, 2012] and caused loss of a critical 

hydrogen bond thereby decreasing the protein stability. The surface mutation R199W 

occurring in combination with interior residue mutation T145I decreased the affinity 

of the NDUFS3 for other subunits thereby decreasing the overall stability of the Q 

module. The interesting observation is that the patient inherited individual mutations 

from each healthy parent thereby showing that the combination only caused disease 

[Benit et al, 2004]. Analysis of the post simulation structures indicated that the T145I 

mutation resulted in a shift in the secondary structure. When it occurred as a 

combination with the other mutation R199W, it resulted in the shifting of the loop 

containing amino acid residues 196-206 towards the NDUFS2 subunit causing a 

major deviation of the loops and β-sheets along the structure. Severe steric clashes 

with subunits NDUFS2 and NDUFS8 of assembly were also observed. Thus, when 

T145I mutation occurs together with R199W, the NDUFS3 subunit becomes highly 

unstable, evidenced by the increased fluctuations of residues and decreased 

compactness. The loops, by turning highly dynamic, affect the interaction between 

NDUFS3 and NDUFS2 subunits preventing the initiation of assembly process.    

NDUFS7: Both the mutant structures (V122M and R145H) show difference in 

fluctuation of residues compared to w-t protein throughout the structure (Figure 3.9 

B). The w-t protein and mutants have similar compactness as measured by Rg (Figure 

3.9 C). V122M mutation did not influence hydrogen bonding, whereas the R145H 

mutation disrupted hydrogen bonds of Arg residue with Met141 and Asp139 (Figure 

3.9 D). 
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Figure 3.9: A: RMSD of the Cα atom positions of the w-t NDUFS7 (blue) and V122M (red), 

R145H (yellow), B: RMSF of the amino acid residues of the w-t (blue) and mutants V122M (red) 

and R145H (yellow), C: Rg of the w-t (blue) and V122M (red) and R145H (yellow) D: The loss of 

hydrogen bond due to R145H mutation is shown. 
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The mutation V122M in the functionally important subunit NDUFS7 had no effect on 

any hydrogen bond. The mutated residue lies within a 4A° radius of the iron-sulphur 

cluster N2, located within the cysteine motif -CxxE-(X)60-C-(X)30-CP- and involved 

in the formation of N2 cluster [Triepels et al, 1999]. Irrespective of its proximity the 

mutation did not change affinity for the iron-sulphur clusters. Surprisingly the 

mutation slightly decreased the affinity for n-DBQ (Table 3.6), although not lying in 

the immediate vicinity of DBQ binding site, indicating the importance of this residue 

for the function of subunit. The surface mutation R145H not only caused loss of a 

hydrogen bond but also reduced the affinity towards n-DBQ. Thus, the point 

mutations in NDUFS7 severely affect the activity of Complex-I by reducing affinity 

towards DBQ.  

NDUFS8: The residue-fluctuations were more in mutant (P85L+R138H) compared to 

the w-t protein across the structure (Figure 3.10 B). At the end of simulation the 

values of Rg pointed to a more compact w-t structure than mutant (Figure 3.10 C). 

The hydrogen bond between residues Arg138 and Glu131 was lost as a result of 

R138H mutation (Figure 3.10 D). 

The interface mutation P85L of NDUFS8 reduced the affinity of the module towards 

iron-sulphur clusters. Similarly, the other surface mutation R138H resulted in removal 

of hydrogen bond with residue E131 thereby decreasing the stability of subunit. The 

patient bearing these two mutations was homozygous for both mutations, which had 

been inherited one each from healthy heterozygous parents, indicating lethality of 

their combination to cause disease [Loeffen et al, 1998]. 
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Figure 3.10: A: RMSD of the Cα atom positions of the w-t NDUFS8 (blue) and its mutant 

P85L+R138H (red), B: RMSF of the amino acid residues of the w-t (blue) and its mutants 
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P85L+R138H (red), C: Rg of the w-t (blue) and its mutant P85L+R138H, D: The loss of hydrogen 

bond due to R138H mutation is shown. 

3.1.7 Overall effect of mutations on structure 

Several structural and energetic changes were observed in the study revealing the 

unstable and deleterious effect of the mutations on the overall structure of the 

complex.  

3.1.7.1  Fluctuation of residues and compactness 

NDUFS2 and NDUFS7 act as functional subunits of the Q module whereas the role of 

NDUFS3 and NDUFS8 are more of a structural nature. Hence, during the MD 

simulation drastic structural changes were observed in the NDUFS3 and 8 whereas 

NDUFS2 and 7 showed instability contributing from energy changes associated with 

function. The structures of NDUFS3 and NDUFS8 displayed an overall increase in 

fluctuation of residues in their mutant structures, probably owing to the large number 

of loops present in these structures. Also the structures of the w-t protein of both 

subunits remained more compact compared to the corresponding mutants.  In 

NDUFS7 the residue fluctuations at the points of mutation were accompanied with 

large fluctuations in the loop regions whereas NDUFS2 had fluctuations only at the 

points of mutations. Thus, the influence of the mutations on the flexibility of 

polypeptide chain was confined to the points of mutations in NDUFS2, but extended 

to neighbourhood in others. 

3.1.7.2   Effect on solvent accessibility, hydrogen bonding and energetic 

instability  

The change in the intra- and inter-molecular hydrogen bonds of w-t and mutants 

during the 15 ns simulation and their average values at the end of the trajectory are 

listed in Table 3.6. In each case different changes were observed in either the number 

of intra- or inter-molecular hydrogen bonds formed by w-t compared to mutants. The 

changes in the number and nature of hydrogen bonds could be considered an 

indication of the changes to atomic positions in w-t and mutant structures taking place 

through the 15 ns simulation. On examining the time evolution of structures during 

the 15 ns trajectory no major changes in the secondary structure between mutants and 

w-t could be detected. In all the mutants of NDUFS2 and NDUFS8 a distinct increase 
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or decrease in the solvent accessible area of mutant compared to w-t was seen. 

Although there was no change in solvent accessible area of mutant compared to w-t of 

NDUFS3, w-t was more compact than mutant. Similarly, in the case of NDUFS7, the 

R145H mutant did not show any change in the solvent accessibility. 

The residues R118, R138 and R228 of NDUFS2 and P85 and R138 of NDUFS8 were 

present at the interface of the 4 subunits (Table 3.4). In accordance with their 

positions the mutations had a deleterious effect on the inter-subunit affinity as shown 

by the energy calculations in Bioluminate 1.0 except for NDUFS8 mutants (Table 

3.6). The positions of the mutations with respect to the iron-sulphur clusters and 

docked DBQ indicated that amino acid residues R118, R138 and R228 of NDUFS2, 

V122 of NDUFS7 and R138 of NDUFS8 were fairly close to ligands (Figure 3.4). The 

energy calculations in Bioluminate 1.0 reflect destabilizing effect of these mutations. 

3.1.8 Conclusion 

Large changes in RMSF, Rg and observed differences in the hydrogen bond 

formation showed the lethal effect of these point mutations on the structure of the 

individual subunits. Thus, the mutant molecule, with initial secondary structure 

similar to wild-type protein, tends to be distinctly different during MD simulation.  

The effect of these point mutations on the assembly and function of the Q module 

studied gave further insight on the consequences of these mutations on the structure 

assembly as a whole. However, it would be interesting to note that some of these 

mutations, especially in those residues which are structurally interior, need to occur in 

combination to show up as disease phenotype, confirming that their cumulative effect 

that is causing disease condition.  The stability values also show that most of these 

mutants are energetically highly unstable. In NDUFS3 and NDUFS8 some single 

mutations alone were not lethal as they were present in healthy parents, also reflected 

in the Δ affinity values that were not significant (Table 3.5). Hence, their effects are 

more pronounced only when occur in combination. 

 In silico structural and functional analysis of the Q module showed that the 

mutations affected the system structurally by the mutated region tending to become 

more flexible, changing the compactness of the structure and resulting in loss of some 

hydrogen bonded interactions accompanied by an increase in energy; the mutations 
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functionally affect the system by reducing affinities towards the iron-sulphur clusters, 

DBQ and with the other core subunits. The accumulation of the assembly 

intermediates observed in patients having such mutations is the net effect of all the 

factors described here with respect to the structure and function of the Q module.  

 

 



 

 

 

 

 

 

 

 

 

CHAPTER 4 

Cloning, expression, purification and 

preparation of site-directed mutants of NDUFS3 

and NDUFS7 subunits of human mitochondrial 

Complex-I Q module 
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DUFS2, 3, 7 and 8 form the core subunits of the ubiquinone (Q) 

reduction module. They form the minimal enzyme assembly required 

for the smooth functioning of the Q module. These subunits are 

encoded by the nuclear genome and are transferred to the mitochondria. All of them 

possess fairly long signal sequences, followed by additional amino acid sequence 

which binds to the accessory subunits, and next to that is a highly conserved C-

terminal domain. These subunits not only possess the binding site for ubiquinone but 

also for Complex-I inhibitors like rotenone, piericidin A etc [Darrouzet et al, 1998]. 

During the assembly of Complex-I, these subunits form the initial soluble peripheral 

arm which binds to the mitochondrially encoded ND1 subunit in the mitochondrial 

membrane [Mimaki et al, 2012]. Thus, these subunits are not only functionally 

important but are also playing an important role in the biogenesis and assembly of 

Complex-I. 

In the present study, cloning and expression of the four core subunits of human 

mitochondrial Q module was tried. However, due to problems of expression and 

solubilisation of NDUFS2, 8 and mitochondrially expressed ND1 (Appendix), 

purification and further characterization of only NDUFS3 and 7 was carried out.  

4.1 NDUFS3 

The human NDUFS3 gene (Entrez gene 4722) is present on chromosome 11p11.11 

[Emahazion et al, 1998]. This gene consists of seven exons ranging in size from 66 to 

248 bp. Intron sizes vary from 110 and 1845 bp. CCAAT and TATA boxes are absent 

in the sequence in the promoter region however, five sites for transcription factor Sp1 

are present. Sites for transcriptional factors Ets, nuclear respiratory transcription 

factor NRF-2, transcriptional activator/repressor YY1 are also present [Procaccio et 

al, 2000]. This gene encodes for the protein NADH dehydrogenase (ubiquinone) iron 

sulphur protein 3. It is composed of 264 amino acids and has a molecular weight of 

~30 kDa. The first 38 amino acid residues code for the mitochondrial targeting 

sequence. It shares 90% identity with the bovine protein. The C-terminal part is 

highly conserved from bacteria to mammals.  

 

N 
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4.1.1 Cloning of full length human NDUFS3 gene 

4.1.1.1 RNA extraction, cDNA preparation and amplification of NDUFS3 gene 

RNA was isolated from HT 29 cell line at a concentration of 415 ng µl-1 (Figure 

4.1A). The cDNA library prepared was utilized to amplify the NDUFS3 gene of size 

808 bp with the primers 

described in materials and 

methods chapter (Figure 

4.1B). 

Figure 4.1: Image of A: 

Denaturing agarose gel 

electrophoresis showing the HT 29 

RNA used for preparing cDNA 

library and amplification of w-t 

NDUFS3. B: 1% Agarose gel 

electrophoresis, lane 1: amplified 

full length NDUFS3 (808bp) gene, 

lane 2: 1 kb plus DNA ladder. 

 

4.1.1.2 Cloning in pGEM-T vector 

The A tailed NDUFS3 PCR product was ligated with the pGEM-T vector. The 

ligation mixture was transformed in E coli DH5α cells. The colonies obtained on 

incubation were subjected to colony PCR and the plasmids isolated from them were 

sequenced to confirm the NDUFS7 clones. 

Figure 4.2: Image of 1% agarose gel 

electrophoresis. Lane 1: 1kb plus 

DNA Ladder Lane 2-9: Colony PCR 

products for colony number 1-8 for 

NDUFS3 gene cloned in pGEMT 

vector and transformed in E. coli 

DH5α cells. Star indicates the 

presence of amplified NDUFS3 

Colony PCR product. 
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Colonies in lane number 7 and 8 showed amplified band of size between 850 bp -1 kb 

(Figure 4.2). The expected band for NDUFS3 is 855 bp. The plasmid from colony 

number 7 was isolated, sequenced and further used for subcloning in pET-28b(+) 

expression vector. 

4.1.1.3 Cloning in pET-28b(+) vector 

The plasmid from colony number 7 was confirmed by sequencing. It was digested 

with restriction enzymes, NdeI and XhoI. The NDUFS3 gene was thus, sub-cloned in 

pET-28b(+) vector between NdeI and XhoI sites. The ligation mixture was 

transformed and the colonies obtained on incubation were subjected to colony PCR. 

 

Figure 4.3: Image of 1% agarose gel 

electrophoresis. Lane 1: 1 kb plus DNA 

ladder, Lane 2-8: Colony PCR 

products for colony number 1-7 for 

NDUFS3 gene cloned in pET-28b(+) 

vector and transformed in E. coli 

DH5α cells. Star indicates the presence 

of NDUFS3 colony PCR product. 

 

 

 

Colonies in lane number 4, 5 and 7 showed bands of appropriate sizes for NDUFS3 

(Figure 4.3). The plasmids from these respective colonies were isolated and subjected 

to sequencing to confirm the positive clones. Blastp was run for the sequences 

obtained from plasmids isolated from colonies with a positive colony PCR. The 

plasmids obtained from all the 3 colonies showed 100% sequence identity with the 

human NADH dehydrogenase (ubiquinone) Fe-S protein 3(Figure 4.4). These 

colonies were maintained by preparing 15% glycerol stocks stored at -80°C.  
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Figure 4.4: Blastp results to show the matching of cloned sequence with that of human NDUFS3. 

4.1.2 Reported mutations 

In NDUFS3; a compound heterozygous mutation, C434T and C595T resulting in a 

transition in exon 5 and 6, respectively, is reported to cause Leigh syndrome [Benit et 

al, 2004]. These mutations result in the transition of a conserved Thr145 to Ile and 

Arg199 to Trp (Figure 4.5). A single homozygous mutation resulting in a transition of 

Arg199 to Trp has also been identified to cause Complex-I deficiency. The patient is 

reported to have suffered from encephalopathy, myopathy, developmental delay and 

lactic acidosis [Haack et al, 2012].  
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Figure 4.5: Multiple sequence alignment of NDUFS3 from different species. The red arrow 

highlights the points of mutations. 

4.1.2.1 Site-directed mutagenesis to engineer T145I+R199W double mutant 

A two step PCR protocol described in section 2.11.1 was used to engineer the double 

mutant (T145I+R199W). The protocol of Phusion™ Site-directed mutagenesis kit 

(Finnzymes Cat#F541) was used to generate the first (T145I) point mutant with 

suitably designed primers described in section 2.11.1. A second PCR protocol was 

utilized with the plasmid having T145I mutation and the second set of primers to 

generate the double mutant. 

In short, the entire plasmid was amplified with primers having suitable mutant base. 

The PCR product was phosphorylated and ligated. Two steps of PCR were performed 

to obtain the suitable double mutant (Figure 4.6A). The ligated plasmid was then 

transformed into E coli BL21(DE3) cells. The plasmids were sequenced to confirm 

the mutation (Figure 4.6B). 
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Figure 4.6: A: Image of 1% Agarose gel electrophoresis run; lane 1: 1 kb plus DNA ladder, 

lane2: PCR product with first set of primers (SDMF1 & SDMR1), lane 3: PCR product with 

second set of primers (SDMF2 & SDMR2), B: Sequence electropherogram. Upper panel is the w-

t sequence and lower panel is the mutant sequence. The red box highlights the point of mutation. 

4.1.2.2 Expression and purification of the w-t and double mutant 

(T145I+R199W)  

The w-t and mutant recombinant proteins were expressed in the soluble form by the 

autoinduction method described in section 2.12. Both the proteins were purified by a 

2 step column chromatography: Anion exchange (Q Sepharose column) followed by 

size exclusion (Sephadex G-200 column).  
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In short, the supernatant obtained after cell lysis by sonication was loaded onto the Q 

Sepharose column. The protein eluted out with 100mM NaCl. The fractions were 

pooled, dialyzed and loaded onto to Sephadex G-200 column to obtain a homogenous 

protein preparation (Figure 4.7). The yield of the w-t protein was 2 mg per litre and 

that of mutant was 1.5 mg protein per litre of culture.  

 

Figure 4.7: Purification of A: w-t NDUFS3 and B: T145I+ R199W mutant. 12% SDS-PAGE; 

lane 1: Bio-rad low molecular weight protein markers, lane 2: uninduced cells, lane 3: 

autoinduced pellet, lane 4: autoinduced supernatant, lane 5-6: 100 mM NaCl fraction, lane 7-8: 

Sephadex G-200 fraction. 

The purified proteins were confirmed by Western blot using monoclonal anti-His 

antibody and the molecular weights were confirmed by MALDI-TOF/TOF, to be 

35.35 kDa and 35.43 kDa for the w-t and mutant (T145I+R199W) proteins, 

respectively (Figure 4.8).  

 

Figure 4.8: A: Western blot of 1: w-t, 2: T145I+R199W mutant with monoclonal anti-His 

antibody, MALDI TOF/TOF of B: w-t NDUFS3 and C: T145I+R199W mutant protein. 
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4.2 NDUFS7 

The NDUFS7 gene (Entrez gene 374291) is located on the chromosome 19p13.3 

[Hyslop et al, 1996] and was found to be expressed in all tissues. This gene is 

composed of 15 distinct introns. Several regulatory transcription factor binding sites 

are defined.  

NADH dehydrogenase (ubiquinone) iron sulphur protein 7 expressed by this gene is 

composed of 213 amino acids and has a molecular weight of ~20 kDa. It is one of the 

most conserved subunits in the mitochondrial respiratory chain complex I and plays a 

central role in interaction with electron acceptor ubiquinone and in the proton 

translocation mechanism. The first 52 amino acid residues code for the mitochondrial 

targeting sequence. It shares 93% identity with the bovine protein. 

4.2.1 Cloning of full length human NDUFS7 gene 

4.2.1.1 RNA extraction, cDNA preparation and amplification of NDUFS7 gene 

RNA extracted from the HT29 cell line at a concentration of 415 ng µl-1 was utilized 

to prepare the cDNA library. The cDNA library was used to amplify NDUFS7 gene of 

656 bp with the primers described in materials and methods (Figure 4.9). 

Figure 4.9: Image of A: Denaturing 

agarose gel electrophoresis showing the 

HT 29 RNA used for preparing cDNA 

library and amplification of w-t 

NDUFS7. B: 1% Agarose gel 

electrophoresis, lane 1: 1 kb plus DNA 

ladder, lane 2: amplified full length 

NDUFS7 (656 bp) gene. 
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4.2.1.2 Cloning in pGEM-T vector 

The A tailed NDUFS7 PCR product was ligated with the pGEM-T vector. The 

ligation mixture transformed in E coli DH5α cells. The colonies obtained on 

incubation were subjected to colony PCR and the plasmids isolated from them were 

sequenced to confirm the NDUFS7 clones. 

Figure 4.10: 1% agarose 

gel electrophoresis Lane 

1-7: Colony PCR 

products for colony 

number 1-7 for NDUFS7 

gene cloned in pGEMT 

vector and transformed 

in E. coli DH5α cells, 

Lane 8: 1kb plus DNA 

Ladder. Star indicates 

the presence of amplified 

NDUFS3 colony PCR 

product. 

 

Colony number 2, 3, 4 and 7 showed an amplified product of appropriate size (Figure 

4.10). The plasmids from these colonies were isolated and sequenced. All the 5 

plasmids showed a 100 % sequence identity with the human NDUFS7 gene. These 

were further used for subcloning into the expression vector. 

4.2.1.3 Cloning in pET-28b(+) vector 

The plasmids confirmed by sequencing were restricted digested with restriction 

enzymes NdeI and XhoI. The NDUFS7 gene was ligated with a pre-digested pET-

28b(+) vector in between the NdeI and XhoI sites.  

The colonies obtained on transformation of the ligation mixture in E coli were 

subjected to colony PCR. 
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Figure 4.11: 1% agarose gel electrophoresis, Lane     

1-4: Colony PCR products for colony number 1-4 

for NDUFS7 gene cloned in pET-28b(+) vector and 

transformed in E. coli DH5α cells, lane 5: 1 kb plus 

DNA ladder. Star indicates the presence of 

NDUFS7 colony PCR product. 

 

 

 

 

Colony number 1 showed an amplified PCR product of appropriate size (Figure 4.11). 

The plasmid from this colony was isolated and sequenced for confirmation. The 

sequence obtained was subjected to Blastp search (Figure 4.12). The sequence 

showed 100% sequence identity with the human NADH dehydrogenase (ubiquinone) 

Fe-S protein 7. 

 

Figure 4.12: Blastp results to show the matching of cloned sequence with that of human 

NDUFS7. 

The colony was maintained by preparing a 15% glycerol stock and stored at -80°C. 
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4.2.2 Reported mutations 

Several reports of mutations causing Complex-I deficiency from NDUFS7 have 

highlighted the functional importance of this subunit. A V122M mutation was 

described by Smeitink et al [Smeitink et al, 1999] in two siblings with Leigh 

syndrome. Visch et al [Visch et al, 2004] showed that the V122M mutation also 

causes a defect in calcium homeostasis leading to increased calcium levels in the cell 

that may be toxic to the cell. Another mutation reported was R145H; causing Leigh 

syndrome and severe Complex-I deficiency [Lebon et al, 2007b]. Both the residues, 

namely, Val 122 and Arg 145 are highly conserved from bacteria to mammals (Figure 

4.13). 

 

Figure 4.13: Multiple sequence alignment of NDUFS7 from different species. The red arrow 

highlights the points of mutations. 

Apart from point mutations in the exons, Lebon et al [Lebon et al, 2007a] identified a 

mutation in the intron 1 of the gene, resulting in the creation of an alternative splice 
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site and the generation of a 122 bp cryptic exon. This resulted in the generation of a 

shortened mutant protein of 41 amino acids. Also in most cases of mutation a fully 

assembled Complex-I was absent indicating the structural effects that these mutations 

may have on the subunit resulting in lack of assembly. 

4.2.2.1 Site-directed mutagenesis to engineer V122M and R145H point mutants 

The protocol of Phusion™ Site-directed mutagenesis kit (Finnzymes Cat#F541) was 

utilized to generate the point mutants with suitably designed primers described in 

section 2.11.2. In short, the entire plasmid was amplified with primers having the 

suitable mutant base. The PCR product was phosphorylated and ligated. The ligated 

plasmid was then transformed into E coli BL21(DE3) cells (Figure 4.14A). The 

plasmids were sequenced to confirm the mutation (Figure 4.14B).  

 

 
Figure 4.14: A: 1% agarose gel; lane 1: V122M mutant PCR product, lane 2: 1 kb plus NEB 

DNA ladder, B: 1% agarose gel lane 1: R145H mutant PCR product, lane 2:1 kb plus NEB DNA 
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ladder, C & D: Sequence electropherogram. Upper panel is the w-t sequence and lower panel is 

the mutant sequence of V122M and R145H respectively. The red box highlights the point of 

mutation. 

4.2.2.2 Expression and purification of the w-t NDUFS7, V122M and R145H 

mutant proteins 

The w-t NDUFS7 and its mutants V122M and R145H were produced in soluble form 

by the autoinduction method. In short, the primary culture of the clones was subjected 

to prolonged incubation at low temperature in the rich ZY autoinduction medium. The 

recombinant proteins were purified from the supernatant by a 2 step column 

chromatography; Affinity chromatography (Ni-NTA) followed by size exclusion 

chromatography (Superose 12) to obtain a homogenous protein preparation. The 

proteins eluted from the Ni-NTA column with 100mM imidazole gradient fraction. 

The fractions were pooled, dialyzed and concentrated and the protein was purified to 

homogeneity on the Superose 12 column (Figure 4.15). 

The w-t protein was obtained at a concentration of 2.5 mg per litre and both V122M 

and R145H at 1.8 mg of protein per litre of culture. 

 
Figure 4.15: 12% SDS PAGE. Purification of A: w-t NDUFS7, lane 1: uninduced cells, lane 2: 

autoinduced pellet, lane 3: autoinduced supernatant, lane 4: Bio-rad low range protein marker, 

lane 5: 100 mM imidazole Ni-NTA fraction, lane 6: Superose 12 peak 1, lane 7: Superose 12 peak 

2 (purified w-t NDUFS7) and B: V122M mutant, C: R145H mutant; lane 1: uninduced cells, lane 
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2: autoinduced pellet, lane 3: autoinduced supernatant, lane 4: Bio-rad broad range molecular 

weight protein markers,  lane 5-6: 100 mM imidazole Ni-NTA fraction, lane 7-8: Superose 12 

(purified mutant protein). 

The purified proteins were confirmed by Western blot using monoclonal anti-His 

antibody and the molecular weights were confirmed by MALDI-TOF/TOF, to be 

20.71, 20.72 and 20.68 for w-t, V122M and R145H, respectively (Figure 4.16). 

 

Figure 4.16: A: Western blot of 1: w-t, 2:V122M and 3: R145H proteins with monoclonal anti-His 

antibody, MALDI TOF/TOF of B: w-t NDUFS7 and C:V122M and D: R145H proteins. 

4.3 Conclusion 

The core subunits of the Q module along with mitochondrially expressed ND1 were 

cloned and expressed. As there were problems in expression or solubility of the 

recombinant NDUFS2, 8 and ND1, only NDUFS3 and 7 were further purified and 

characterized.  

NDUFS3 and 7 full length genes were isolated from the RNA HT29 cell line. Double 

mutant (T145I+R199W) of NDUFS3 was engineered with a 2 step PCR protocol. 

Single point mutants of NDUFS7 (V122M and R145H) were prepared in a single step 
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PCR protocol. Expression of protein into soluble fraction was achieved by 

autoinduction method. The yield of the mutant proteins was less than the w-t protein 

in each case.  

The wild-type form of NDUFS3 and NDUFS7 recombinant proteins along with their 

mutants T145I+R199W of NDUFS3 and V122M and R145H of NDUFS7 were 

purified to homogeneity. The w-t and mutant proteins did not show any significant 

difference in their molecular weights. 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

Comparative studies using biophysical 
techniques of the human mitochondrial 

NDUFS3 subunit and its Leigh syndrome 
causing mutant 
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ADH dehydrogenase iron sulphur protein 3 or NDUFS3 is one of the core 

subunits of the ubiquinone reduction module of the Complex-I. It is one of 

the eight core subunits of Complex-I encoded by the nuclear genome (n-

DNA). The NDUFS3 gene consists of seven exons of varying sizes. FISH analysis 

and radioactive in situ hybridization showed that the NDUFS3 gene was located in the 

11p11-p12 region of the chromosome [Procaccio et al, 2000]. The protein 

(UniProtKB O75489) encoded by the gene comprises of 263 amino acids and has a 

predicted signal sequence of 38 amino acids (Table 2.1). It is also known as NqoC in 

bacteria or 30 kDa subunit in mammals. The structural role of NDUFS3 protein and 

changes due to mutation in the Q module studied by using in silico approaches were 

extensively discussed in Chapter 3. This chapter highlights the differences in the w-t 

and mutant NDUFS3 protein behaviour in vitro or in solution.  

5.1 NDUFS3 and its function 

The NDUFS3 protein is involved in the early assembly of the peripheral arm of the 

Complex-I in the mitochondrial matrix. Inhibiting the mitochondrial translation 

pathway leads to the accumulation of NDUFS3 in two distinct subassemblies 

reflecting its pivotal role in initiating the assembly of Complex-I [Vogel et al, 2007; 

Dieteren et al, 2008]. Its role has also been implicated as a biomarker for breast 

carcinoma [Suhane et al, 2011]. Also, aberrant expression of NDUFS3 is correlated 

with hypoxic or necrotic regions of the tumour relating it with tumour aggressiveness 

[Suhane et al, 2013].  Thus, apart from being a structural subunit of the Q module, the 

functional role of this protein in the cell has been highlighted. 

The presence of NDUFS3 protein is thus essential for the cell as it is a part of the ROS 

minimizing and energy generating cycle. A double mutant of NDUFS3; 

T145I+R199W has been reported to cause optic atrophy, Complex-I deficiency and 

delayed onset case of Leigh syndrome [Benit et al, 2004]. Mutant NDUFS3 proteins 

are reported to express at normal levels in the patient cell line. This highlights the fact 

that mutations affect the functioning of the subunit or its assembly in the Complex-I. 

Accumulation of assembly intermediates in the patient cell lines points to the possible 

structural changes caused by the double mutation affecting the formation of correct 

assembly of the Complex-I.    

N
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Thus, for understanding the pathological consequences of Complex-I defective 

mitochondria, in depth characterization of proteins involved in Complex-I biogenesis 

is essential. NDUFS3 has been considered in the present study to highlight the 

differences between the w-t and double mutant causing Leigh syndrome. The 

differences give insight into the changes in behaviour of the w-t in vitro caused by 

mutation. Finally, the broad spectrum of symptoms in Leigh syndrome, caused by the 

double mutant have been correlated to the various biophysical changes observed at 

molecular level in vitro in the present study. 

5.2 W-t and T145I+R199W mutant NDUFS3 protein 

The w-t and double mutant proteins were cloned, expressed and purified by methods 

already described in chapter 2 and 4. Both Thr145 and Arg199 are conserved amino 

acid residues in the NDUFS3 protein (Figure 5.1).  

 

Figure 5.1: Multiple sequence alignment of NDUFS3 subunit from mammals to bacteria. The red 

arrows indicate the points of mutations. 

 The T145I mutation changes a neutral amino acid residue to a polar residue in a 

putative casein II phosphorylation site. The mutation is absent in healthy individuals 

except in one case where the individual was heterozygous for the mutation with the 

absence of any other mutation. The R199W mutation changed a conserved amino acid 

and was absent in healthy controls. These two mutations together are the disease 

causing mutations in the NDUFS3 gene [Benit et al, 2004]. 
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The homology modelling study of NDUFS3 protein described in Chapter 3 based on 

the crystal structure of Thermus thermophilus Complex-I subunits has helped to locate 

the positions of the mutation sites. The T145I mutation took place in a β-sheet while 

the R199W mutation was present in a highly flexible loop (Figure 5.2). 

 

 

Figure 5.2: A: Homology model of NDUFS3 w-t protein showing positions of 3 tryptophans, B: 

Homology model of NDUFS3 mutant protein showing positions of the 3 tryptophans and the 

mutated T145I and R199W residues. 

A combined effect of the two mutations was also seen to affect the root mean square 

fluctuations, radius of gyration and hydrogen bonding of the protein according to the 

in silico studies described in Chapter 3. The purified w-t and double mutant NDUFS3 

were compared for changes in their biophysical properties. 
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5.3 Steady State Fluorescence spectroscopy and Circular Dichroism 

The intrinsic fluorescence maximum (λmax) of the full length w-t NDUFS3 protein 

was at 342 nm indicating tryptophans to be in a partially polar environment. A red 

shift in case of the mutant protein to 346 nm was observed indicating increased 

polarity of environment of the tryptophans, which could be due to the additional 

tryptophan (W199) present in the mutant (Figure 5.3.1). W-t NDUFS3 has 5 

tryptophan residues and decomposition analysis of the steady state fluorescence 

spectra revealed Class A (11%) and II (89%) of tryptophans.  The mutant protein has 

6 tryptophan residues, owing to the additional tryptophan at position 199; the classes 

have slightly differed as S (21%) and II (79%). Class A represents fluorophores which 

can’t form hydrogen bond, Class S represents buried fluorophores or tryptophans in 

1:1 ratio and Class II indicates tryptophan associated with water molecules and having 

low dipole relaxation time [Burstein et al, 2001; Reshetnyak et al, 2001a; 2001b]  

Figure 5.3.1: Steady-state 

fluorescence spectra of the 

native (342 nm) and mutant 

(346 nm) NDUFS3 protein. 

Values marked on the 

spectrum represent λmax at 

respective conditions. 

 

 

 

The far UV CD spectra of both w-t and mutant NDUFS3 proteins are shown in Figure 

5.3.2. The composition of secondary structure elements as calculated from CDPro are; 

for w-t protein: 56% α-helices, 10.2% β-sheets, 10.5% turns and 23.3% unordered 

structure. The mutant on the other hand showed 50.3% α-helices, 10.3% β-sheets, 

17.1% turns and 22.3% unordered structure, thus indicating that both the full length 

w-t and mutant proteins were predominantly α-helical. The decrease in the α-helical 

content from 56% to 50.3 % with an increase in the turns from 10.5 to 17.1 % in the 

mutant protein as compared to the w-t are due to the substitutions T145I and R199W 
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(Table 5.1). . Though the partial model predicted by MODELLER was dominated by 

unordered structure (Table 5.1), the full length purified proteins showed a high helical 

content. This discrepancy is because the model lacks the signal sequence which may 

contribute to the secondary structure content in the full length purified proteins. 

Figure 5.3.2: Far UV CD spectroscopic 

scan for the w-t (black) and mutant 

(red) protein. 

 

 

 

 

 

Table 5.1: Secondary structure composition of the w-t and mutant (T145I+R199W) proteins. 

Calculated with the CDSSTR of the CDPro suite. A part of the sequence could not be modelled 

due to absence of template structure. So, the values for model are only indicative and not actual. 

 % 

Helix 

% Sheet % Turn       % 

Unordered 

NRMSD 

w-t 56 10.2 10.5 23.3 0.049 

Mutant (T145I+R199W) 50.3 10.3 17.1 22.3 0.043 

Partial NDUFS3  model 32 8 11 49 NA 

 A noticeably different tertiary structure was observed for the mutant protein in the 

near UV CD analysis with prominent signal in the tyrosine and tryptophan regions as 

compared to the w-t (Figure 5.3.3).      

Figure 5.3.3: Near-UV CD spectroscopic 

scans for the w-t (black) and mutant (red) 

protein. 
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5.4 Time resolved fluorescence studies 

The lifetimes of intrinsic fluorescence of the w-t and mutant protein were deduced 

from the fluorescence decay curve by fitting it to a bi-exponential function. Two 

decay times τ1 and τ2 with their corresponding weight factors α1 and α2 and their 

relative contributions were estimated (Table 5.2). In the w-t protein, the shorter life-

time τ1, 2.07 ns showed 55% and the longer one τ2, 5.50 ns showed 45% contribution 

as against the mutant protein where the shorter component τ1, 1.51 ns showed 33% 

and longer one τ2, 6.62 ns  showed 67% contribution. The tryptophan population/ 

conformer with a shorter lifetime, decaying faster is supposed to be on the surface of 

the protein, while one with a longer life-time, decaying slowly is buried in the 

interior. In the w-t protein, both the components had an equal contribution, while in 

the mutant protein the longer lifetime contributed much more in the total 

fluorescence. However, the red shift observed in the mutant protein steady state 

fluorescence indicated a more polar environment. Thus, a distinct change in the 

tryptophan microenvironment and populations of tryptophan residues was observed 

for w-t and mutant protein.  

Table 5.2: The fluorescence decay lifetimes of NDUFS3 and their pre-exponential factors for the 

w-t and mutant (T145I+R199W). Figures in the bracket indicate percent contribution to the total 

fluorescence. 

 τ1(ns) τ2(ns) α1 α2 χ2 τ <τ> 

W-t 2.07 

(55) 

5.50 

(45) 

0.058 0.018 1.015 2.88 3.62 

Mutant 
(T145I+R199W) 

1.51 

(33) 

6.62 

(67) 

0.061 0.028 1.038 3.12 4.92 

 

5.5 Solute quenching studies 

Solute quenching studies for the w-t protein as well as T145I+R199Q mutant protein 

and their denatured forms (using 6M Gdn-HCl) were carried out. Three quenchers 

were utilized for the same: Acrylamide (Neutral), KI (Negative) and CsCl (Positive) 

to characterize the change in the tryptophan environments of the proteins.  
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5.5.1 Native NDUFS3 and mutant T145I+R199W 

The rate of quenching Ksv, calculated from the Stern-Volmer plots (Figure 5.4), for all 

the quenchers was higher for mutant compared to the w-t protein, indicating subtle 

changes in the tryptophan microenvironment (Table 5.3) 

Table 5.3: Quenching of tryptophan fluorescence of w-t, mutant (T145I+R199W) and denatured 

w-t and mutant (in 6M Gdn-HCl), respectively. The two values of Ksv in quenching by CsCl and 

mutant by KI and CsCl indicate Ksv 1 and Ksv 2 reflecting the two parts of the curve linearly 

fitted. 

 Acrylamide KI CsCl 

 Ksv (M
-1) fa Ksv (M

-1) fa Ksv(M
-1) fa 

w-t 2.24 0.76 1.00 0.41 0.67 

0.24 

0.12 

Mutant (T145I-R199W) 3.86 0.65 3.37 

1.17 

0.36 1.6 

0.18 

0.12 

Denatured w-t 6.4 

(Ks 2.0) 

1.00 4.85 0.65 0.63 0.10 

Denatured mutant 8.47 1.00 4.74 0.69 0.82 0.22 

In the w-t protein 76% of the fluorescence was accessible to acrylamide while for the 

mutant protein the accessibility had decreased to 65% (Table 5.3). This change in 

accessibility could be due to the additional tryptophan in the highly flexible loop of 

the mutant protein.  

The positive and negative charge density around the surface tryptophan/s is equal for 

the w-t as seen from the Ksv values (Table 5.3), while the positive charge density is 

higher in case of the mutant protein.  Also, in the mutant protein, Ksv for iodide was 

much higher than that for caesium indicating more positively charged environment of 

surface tryptophans. This reflects the increased polarity resulted due to rearrangement 

of atoms/residues in the vicinity of tryptophans, which also correlates with the red 

shift in the λmax.  
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Figure 5.4: Stern-Volmer plots for A: w-t , B: mutant (T145I+R199W); Modified Stern-Volmer 

plots for C: w-t and D: mutant (T145I+R199W) proteins. Red squares indicate quenching with 

acrylamide, blue with KI and green with CsCl. 

5.5.2 Denatured NDUFS3 and mutant T145I+R199W 

On denaturing the proteins using 6M Gdn-HCl, both the w-t and mutant 

(T145I+R199W) proteins showed an increase in the Ksv values (Figure 5.5, Table 

5.3). The positive charge density around the tryptophan was higher in the case of both 

the w-t and mutant proteins. Both the w-t and mutant proteins showed 100 % 

accessibility for acrylamide on denaturation. Accessibility of KI was almost the same 

for both, however, in the case of caesium chloride the accessibility in the case of 

mutant was slightly higher than for the w-t. 
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Figure 5.5: Stern-Volmer plots for denatured (6M Gdn-HCl) proteins A: w-t, B: mutant 

(T145I+R199W); Modified Stern-Volmer plots for C: w-t and D: mutant (T145I+R199W) 

proteins. Red squares indicate quenching with acrylamide, blue with KI and green with CsCl. 

The w-t protein denatured using 6M Gdn-HCl for 16 hours showed a positive 

curvature during quenching with acrylamide indicating that the quenching has both 

dynamic and static components (Figure 5.5A). The static component involves 

complex formation whereas the dynamic mechanism involves collisions with 

acrylamide during the lifetime of tryptophan in the excited state. These components 

were resolved and the Ksv obtained for acrylamide quenching of the denatured protein 

was 6.55 M-1 (Table 5.4, Figure 5.6A and B).  
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Table 5.4: The lifetimes of fluorescence decay of the denatured w-t NDUFS3 (in 6M Gdn-HCl) 

and the corresponding pre-exponential factors along with calculated average lifetimes τ /<τ> for 

acrylamide quenching.  

Q τ1 (ns) α1 τ2 (ns) α2 τ (ns) <τ> (ns) χ2 

0.000 1.15 0.069 3.59 0.036 1.99 2.66 1.00 

0.015 0.91 0.075 3.16 0.041 1.71 2.38 1.13 

0.030 0.97 0.078 2.92 0.037 1.60 2.12 1.08 

0.045 0.96 0.082 2.63 0.037 1.48 1.88 1.14 

0.060 0.82 0.094 2.42 0.035 1.25 1.66 1.05 

0.085 0.74 0.100 2.19 0.038 1.14 1.51 1.08 

0.110 0.81 0.108 2.19 0.026 1.08 1.35 1.05 

0.135 0.72 0.126 2.09 0.025 0.95 1.22 1.07 

0.160 0.75 0.127 2.02 0.021 0.93 1.14 1.04 

0.195 0.66 0.142 1.85 0.023 0.83 1.03 1.11 

0.230 0.73 0.141 2.08 0.017 0.88 1.08 1.07 

0.280 0.71 0.158 2.63 0.005 0.77 0.91 1.01 

0.330 0.6 0.173 1.96 0.011 0.68 0.83 1.06 

0.380 0.58 0.179 1.9 0.011 0.59 0.60 1.07 

0.455 0.51 0.196 1.76 0.010 0.57 0.70 1.06 

0.530 0.54 0.204 2.92 0.003 0.57 0.72 1.09 
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Figure 5.6: A: Quenching of denatured w-t NDUFS3 fluorescence with acrylamide on time 

resolved spectrofluorimeter. B: Plot of τo/τ versus [Q], C: Plot of (Fo/Fc)/(1+Ksv[Q]) versus [Q] 

D: Plot of ((1+Ksv[Q])(1+Ks[Q]) or Fo/Fc versus [Q]. 
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Plotting a graph of (Fo/Fc)/(1+Ksv[Q]) against [Q] gave the value of the static 

quenching constant to be 2.0 M-1 (Figure 5.5C).  The bimolecular quenching constant 

kq was calculated to be 2.47*109 M-1s-1. The mutant protein on denaturation did not 

show any upward curvature. 

5.6 Aggregation studies 

5.6.1 Rayleigh light scattering: The mutant protein showed higher scattering intensity 

as compared to the w-t protein at the same concentration, both at 25°C and 37°C 

(Figure 5.7.1) when measured in the time drive module.  

Figure 5.7.1: Rayleigh 

scattering bar graph, 

scattering intensity (AU) 

plotted for w-t (filled) and 

mutant (stripped) protein at 

25°C and 37°C.  

 

 

 

 

5.6.2 Th-T dye binding assay: The amyloidophilic Th-T dye shows a characteristic 

increase in fluorescence upon binding to amyloid fibrils [Khurana et al, 2005; Chang 

et al, 2009; Groenning, 2010]. The Th-T fluorescence of amyloid results from the 

restricted rotation of the two rings in the Th-T by the hydrophobic pocket formed by 

the amino acid side chains of the amyloid fibrils. The w-t NDUFS3 protein didn’t 

show an increase in fluorescence emission at 37°C in the concentration range of 30-

100 µg ml-1. However, the mutant protein showed a characteristic increase in 

fluorescence intensity at 25°C as well as 37°C in the same concentration range 

(Figure 5.7.2).  
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Figure 5.7.2: Thioflavin-T 

dye binding assay, for w-t 

(black) and mutant (red) 

protein at 25°C and 37°C. 

The numbers on the spectra 

represent the concentration 

of the protein in µg ml-1. 

 

 

 

 

5.6.3 Congo red (CR) dye binding assay: CR is similar to Th-T and binds to β-rich 

structures in a similar manner, inducing an increase in absorption  and a red shit in the 

CR absorption band from 490 to 540 nm [Klunk et al, 1999, Chang et al, 2009]. The 

w-t protein (0.1 mg ml-1) showed a spectrum similar to the CR dye with neither 

increase in absorption nor a shift in the absorption band. However, the mutant protein 

(0.1 mg ml-1) showed an increase in absorption along with a red shift to 540 nm 

indicating a propensity for aggregation resulting in β-sheet formed from 

intermolecular strands 

(Figure 5.7.3). 

Figure 5.7.3: Congo red 

binding assay, for w-t 

(black) and mutant (red) 

protein at 37°C. 
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Thus, the three assays performed for checking aggregation indicate that the mutant 

protein aggregates with a higher propensity than the w-t. 

5.7  Stability studies 

The effect of varying pH, temperature and concentration of Gdn-HCl on the proteins 

were studied to assess the stability differences between w-t and mutant 

(T145I+R199W) proteins.  

5.7.1 pH dependence 

5.7.1.1: Intrinsic fluorescence: Under highly protonated or deprotonated conditions of 

NDUFS3 a decrease in the intrinsic fluorescence intensities was observed in the w-t 

protein as against the mutant, which showed a significant decrease only in protonated 

conditions (Figure 5.8.1A and B). Also the positive environment of surface 

tryptophans was observed to be higher in mutant during quenching studies. 

 

Figure 5.8.1: Intrinsic fluorescence intensity changes at different pH. A: w-t, B: T145I+R199W 

mutant proteins. The numbers on the spectra indicate the pH values at which the spectra were 

recorded. 
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5.7.1.2 Extrinsic fluorescence: The extrinsic fluorescence by ANS binding to both w-t 

and mutant increased significantly at pH 1, 2 and 3 indicating an exposure of the 

hydrophobic patches at extreme acidic pH (Figure 5.8.2A and B). 

 

Figure 5.8.2: ANS binding spectra at different pH, A: w-t B: mutant (T145I+R199W) proteins. 

The numbers on the spectra indicate the pH values. 

5.7.1.3 CD analysis: At pH 8.5 both the w-t and mutant proteins showed primarily α-

helical structure with a component of β-sheets as indicated by minima at 208 and 222 

nm and by the estimated values using CDPro CDSSTR. As the pH was gradually 

reduced from neutral to acidic (pH7 to 3) there was a decrease in ellipticity in the case 

of w-t which was not observed in mutant protein. Also, a gradual loss of α-helix 

content and an increase in β-sheets was observed with decrease in pH from 7 to 3 or 

with an increase in pH from 10 to 12 in the case of both w-t and mutant proteins 

(Table 5.5) 
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Table 5.5: Secondary structure composition of w-t and mutant (T145I+R199W) proteins at 

varying pH. All the calculations were done in CDSSTR of the CDPro suite. 

pH % 

Helix 

% 

Sheet 

% 

Turn 

% 

Unord

NRMSD % 

Helix 

% 

Sheet 

% 

Turn 

% 

Unord 

NRMSD 

w-t protein Mutant (T145I+R199W) protein 

1 39.6 19.9 15.2 25.3 0.053 8.1 32.3 24.3 35.3 0.057 

2 14.7 31.1 24.1 30.1 0.063 20.9 27.8 21.7 29.6 0.062 

3 15.5 32.2 22.2 30.1 0.100 22.6 25.1 21.7 30.6 0.044 

4 20.1 28.0 23.1 28.8 0.067 20.2 27.5 22.6 29.1 0.056 

5 15.4 31.8 23.1 29.2 0.087 20.4 28.4 22.6 28.7 0.029 

6 24.2 36.0 20.5 28.6 0.071 20.6 28.6 24.4 28.3 0.080 

7 48.1 18.3 16.0 17.4 0.095 21.0 28.6 21.7 28.3 0.049 

8 56 10.2 10.5 23.3 0.049 50.3 10.3 17.1 22.3 0.043 

9 43.6 29.9 11.9 15.4 0.033 22.3 34.4 21.7 21.8 0.061 

10 18.6 33.5 19.5 28.1 0.062 22.3 34.4 20 23.5 0.021 

11 17.8 19.0 22.8 40.4 0.036 4.8 36.9 26.7 30.8 0.087 

12 22.1 33.3 22.9 21.5 0.066 4.5 37.2 26.7 30.8 0.021 

The w-t protein structure opened up at pH 2 and interestingly, refolded at pH 1 

assuming a native like secondary structure. However, this was not observed in the 

mutant protein where the structure was stable at pH 2 and opened up at pH 1 with an 

increase in the unordered structure (Figure 5.8.3A and B). Thus, they behaved 

differently at extreme low pH. 
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Figure 5.8.3: Far UV MRE spectra of the A: w-t and B: mutant protein at different pH, C: plot of 

MRE222 of w-t and mutant protein at different pH. The numbers on the spectra indicate the pH 

values. 

5.7.2 Thermal unfolding 

5.7.2.1 Intrinsic fluorescence and scattering: A gradual shift in λmax accompanied by 

decrease in relative fluorescence intensity was observed as the temperature of the w-t 

or mutant protein was 

increased from 25° to 85°C 

(Figure 5.9.1.1).  

 

Figure 5.9.1.1: Thermal unfolding 

of w-t and mutant NDUFS3 

protein, plot of λmax vs 

temperature in °C, w-t (black) 

and mutant (red).  
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Both the w-t and mutant NDUFS3 proteins showed tendency to aggregate (Figure 

5.9.1.2) at 55°C as observed in scattering measurements. The aggregation process was 

directly proportional to the protein concentration and inversely proportional to the 

concentration of salt (NaCl) and detergent (IGEPAL®). 

Figure 5.9.1.2 Thermal 

unfolding of w-t and mutant 

NDUFS3 protein, plot of 

Rayleigh scattering intensity vs 

temperature, w-t (black) and 

mutant (red). 

 

 

 

5.7.2.2 Extrinsic fluorescence: No ANS binding was observed on heating the protein 

at all temperatures, indicating the aggregation to be a fast process. 

5.7.2.3 CD analysis: Till 50°C, rapid structural rearrangements of α-helices and β-

sheets were observed in far UV CD spectra of the w-t protein (Table 5.6, Figure 

5.9.2A, B and C). Above 50°C, simultaneous alteration of protein fold into a β-sheet 

like structure was observed, which lead to aggregation along with an increase in the 

content of loops and unordered structure. Both proteins remained α-helix dominated 

structures till 50°C above which they aggregated and altered to a β-sheet structure. 
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Table 5.6: Secondary structure composition of w-t and mutant (T145I+R199W) proteins with 

increasing temperature (0C). All the calculations were done in CDSSTR of the CDPro suite. 

Temp
0C 

% 

Helix 

% 

Sheet 

% 

Turn 

% 

Unord

NRMSD % 

Helix 

% 

Sheet 

% 

Turn 

% 

Unord 

NRMSD 

w-t protein Mutant (T145I+R199W) protein 

25 56 10.2 10.5 23.3 0.049 50.3 10.3 17.1 22.3 0.043 

30 33.3 18.3 19.3 29.1 0.057 38.6 16.9 18.6 25.9 0.037 

35 30.3 21.8 19.3 29.1 0.091 39.5 14.8 18.7 26.4 0.059 

40 38.4 20.8 17.9 22.9 0.068 43.1 15.8 18.4 22.7 0.055 

45 33.9 12.0 18.9 28.3 0.075 41.4 17.1 19.9 21.3 0.048 

50 38.1 17.4 18.7 25.8 0.058 38.2 17.5 20.1 24.2 0.057 

55 17.2 31.9 21.7 21.9 0.067 34.8 18.8 23.1 23.2 0.070 

60 21.1 37.2 21.7 20.0 0.059 18.9 28.1 23.0 30.0 0.072 

65 22.5 27.1 24.7 26.4 0.060 15.4 34.2 25.4 24.2 0.093 

70 17.4 32.1 24.5 26.0 0.028 6.2 36.6 25.8 30.0 0.097 

75 4.3 37.0 30.4 28.3 0.084 4.2 32.5 27.7 34.6 0.104 

80 7.3 36.8 27.4 27.7 0.081 3.4 42.0 22.0 33.9 0.112 

85 6.0 32.5 29.3 32.6 0.122 4.6 42.7 28.0 24.1 0.114 
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Figure 5.9.2: Far UV MRE spectra of the A: w-t and B: mutant protein at different temperatures 
(0C), C: plot of MRE222 vs temperature for the wt versus mutant protein. The numbers on the 
spectra indicate the temperature. 

5.7.3 Gdn-HCl induced unfolding 

5.7.3.1 Intrinsic fluorescence: With increasing concentrations of Gdn-HCl a decrease 

in the intrinsic fluorescence intensity was observed for both w-t and mutant protein. 

The λmax 342 nm (w-t) and 346 nm (mutant) showed a red shift to 352 nm close to 

concentration 2M of Gdn-HCl indicating a loss of structure. Parameter A, which is the 

ratio of intrinsic fluorescence intensity at 320 nm to that at 365 nm, the characteristic 

of the shape and position of the spectrum, measures the sensitivity of w-t and mutant 

protein in different Gdn-HCl concentrations [Marthino et al, 2003; He et al, 2005 ;Su 

et al, 2007]. Parameter A analysis and λmax changes at different concentrations of 

Gdn-HCl for the w-t and mutant proteins indicate that the unfolding caused by Gdn-

HCl was a multi-step process for both. The w-t (A, II) and mutant protein (S, II) 

tryptophan classes slowly shift to Class III type on complete unfolding (Figure 

5.10.1). 
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Figure 5.10.1: Parameter A analysis for the Gdn-HCl induced unfolding of w-t and mutant 

(T145I+R199W) proteins, showing the tryptophan conformer classes, inset shows the graph for 

λmax vs Gdn-HCl concentrations [M]. 

5.7.3.2 Extrinsic fluorescence: Significant ANS binding with w-t NDUFS3 was 

observed in the presence of low concentrations of Gdn-HCl (<0.5M) indicating 

exposure of hydrophobic surface patches at the beginning of unfolding pathway, 

however, no ANS binding was observed in mutant protein under any condition 

(Figure 5.10.2).   

Figure 5.10.2: ANS binding 

spectra for w-t NDUFS3 at 

different Gdn-HCl 

concentrations. The 

numbers on the spectra 

indicate the different 

concentrations of Gdn-HCl 

[M]. 
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5.7.3.3 CD analysis: Far UV CD analysis (Table 5.7) showed the complete unfolding 

of the w-t and mutant protein in the presence of 2M Gdn-HCl correlating well with 

the fluorescence data. The MRE222 of the w-t and mutant proteins are distinctly 

different in the absence of Gdn-HCl, showing reduced ellipticity for mutant, while in 

the presence of Gdn-HCl, they follow a similar pattern (Figure 5.10.3) reflecting the 

different native structures but fairly similar sensitivity to Gdn-HCl mediated 

denaturation.   

Figure 5.10.3: Far UV MRE 

spectra of the w-t NDUFS3 

protein, inset shows a graph 

of MRE222 vs Gdn-HCl 

concentrations for the w-t 

(black) and mutant (red) 

protein. The numbers on the 

spectra indicate the Gdn-

HCl concentration. 

 

 

 

 

 

Table 5.7: Secondary structure composition of w-t and mutant (T145I+R199W) proteins with 

increasing Gdn-HCl concentration [M]. All the calculations were done in CDSSTR of the CDPro 

suite. 

Gdn-

HCl 

[M] 

% 

Helix 

% 

Sheet 

% 

Turn 

% 

Unord

NRMSD % 

Helix 

% 

Sheet 

% 

Turn 

% 

Unord 

NRMSD 

w-t protein Mutant (T145I+R199W) protein 

0 56 10.2 10.5 23.3 0.049 50.3 10.3 17.1 22.3 0.043 

0.5 43.8 22.8 14.1 19.4 0.024 45.4 14.9 16.4 22.5 0.015 

1 41.5 11.8 16.0 29.5 0.061 41.5 20.3 14.5 23.7 0.024 

1.5 24.3 30.5 18.5 26.6 0.089 27.3 28.5 17.5 26.6 0.041 

2 6.2 48.8 22.7 22.4 0.237 5.0 50.0 22.7 22.4 0.145 
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5.8 Conclusion 

This study highlights the differences between the wild-type protein and its Leigh 

syndrome causing mutant (T145I+R199W) protein. Although the expression of the 

defective protein is at normal levels in patients, it is the accumulation of assembly 

intermediates in patient cell lines that causes the disease, which highlights the need to 

look at this problem from a structural point of view. Biophysical studies of the 

proteins in solution have been utilized to understand the differences in their respective 

stability. The study showed that the behaviour and stability of w-t and mutant was 

almost same, however, the native states of the proteins were significantly different. 

This suggests the reasons for the lack of proper assembly of the mutant protein in the 

Complex-I. The data and the analysis presented here highlights, from a structural 

point of view, the differences in the behaviour of w-t and mutant of NDUFS3 protein 

and demonstrates that the misfolding of mutant with the resultant aggregation is the 

reason for the aberrant behaviour of Leigh syndrome mutant during Complex-I 

assembly formation.  

NDUFS3 protein is energetically unstable [Jaokar et al, 2013]. Experimental results 

presented here demonstrated the higher aggregation propensity of mutant protein and 

recognized its several modified structural and folding properties compared to w-t. 

These mutations would thus, affect the assembly of a viable Complex-I at the early 

stages itself. Lack of a properly assembled Q module would prevent the assembly of 

the N module, although the P module would get assembled independently. Lack of a 

fully functional complex not only creates energy deficiencies in the cells but also 

causes reactive oxygen species (ROS)-mediated cell damage; together they present a 

broad spectrum of symptoms in Leigh syndrome. The symptoms of dystonia, motor 

dysfunction, optic nerve atrophy etc. [Benit et al, 2004] are all indicative of muscle 

and nerve damage due to a non functional Complex-I and ROS-mediated damage. 
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ADH dehydrogenase ubiquinone iron sulphur protein 7; NDUFS7 is one of 

the core subunits of the ubiquinone reduction (Q) module [Fernández-

Vizarra et al, 2009]. It is one of the 8 core subunits of Complex-I encoded 

by the nuclear genome (n-DNA). The NDUFS7 gene (Entrez gene 374291) is located 

on the chromosome 19p13.3 [Hyslop et al, 1996] and is expressed in all tissues. This 

gene is composed of 15 distinct introns. The protein (UniProtKB O75251) encoded by 

the gene comprises of 213 amino acids and has a predicted signal sequence of 52 

amino acids (Table 2.1). It is also known as PSST subunit in bacteria or 20 kDa 

NDUFS7 subunit in mammals. The study by in silico methods on the structural role of 

w-t NDUFS7 protein and the changes in the Q module due to pathogenic mutations 

were extensively discussed in Chapter 3. This chapter highlights the differences in the 

w-t and mutant NDUFS7 protein behaviour in vitro or in the solution.  

6.1 NDUFS7 and its function 

NDUFS7 is a functional subunit of the ubiquinone reduction domain or Q module. It 

possesses the iron sulphur cluster N2 [Hinchliffe et al, 2005]. The cluster N2 is the 

ultimate electron donor to ubiquinone for reduction [Tocilescu et al, 2010; Angerer et 

al, 2012]. The ubiquinone binding site is located at the interface of the two subunits; 

NDUFS2 and 7 [Hunte et al, 2010]. Ubiquinone plays a dual role by acting as a 

substrate by accepting electrons from iron sulphur cluster N2 and as a tightly bound 

cofactor during recycling [Prieur et al, 2001]. Apart from catalytic function, NDUFS7 

or PSST subunit also plays a pivotal role in the biogenesis of the Complex-I. Two 

models highlight its role in the assembly of Complex-I. The first one involves the 

binding of NDUFS7 to NDUFB6, ND1 and ND6 to initiate assembly of the P module 

[Ugalde et al, 2004b]. This partially assembled P module then joins the peripheral 

arm to form a fully assembled Complex-I. The second model states that NDUFS7, 

NDUFS4 and NDUFV2 assemble together prior to associating with other subunits 

[Antonicka et al, 2003]. In Neurospora carassa, PSST is involved in the assembly of 

the peripheral arm, highlighting its crucial role in biogenesis of Complex-I [Duarte et 

al, 2002].  

 

 

N
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6.2 NDUFS7 and its mutants 

The NDUFS7 transcripts are present in all human tissues indicating their expression to 

be like housekeeping genes. It is the fourth most mutated nuclear gene in patients with 

Complex-I deficiency [Lebon et al, 2007a]. Tissues like muscles and nerves having 

high metabolic rates have higher expression of NDUFS7 transcripts thereby making 

them most susceptible to energy deficit in case of mutations. Two point mutations, 

V122M and R145H in the NDUFS7 gene and a mutation in one of the introns of 

NDUFS7 leading to a cryptic exon are reported to cause Leigh syndrome [Lebon et al 

2007a;b; Triepels et al, 1999]. The V122 and R145 are highly conserved positions in 

NDUFS7 protein (Figure 6.1) during evolution. 

 

Figure 6.1: Multiple sequence alignment of the NDUFS7 protein from bacteria to mammals. The 

red arrow highlights the conserved positions mutated in Leigh syndrome. 
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The V122M mutation is present in the cysteine motif -CxxE-(x)60-C-(x)30-CP- 

involved in the formation of the iron sulphur cluster N2. However, the R145H 

mutation is relatively away from the binding site of ubiquinone as well as from the 

iron sulphur N2 site (Figure 6.2).  Thus, the reasons for these point mutations to show 

such disastrous consequences are relatively unknown. 

 

Figure 6.2: Positions of the amino acids mutated (V122 and R145) with respect to the Fe-S cluster 

N2 and n-DBQ (yellow).  

In this chapter, comparative biophysical analysis was carried out to understand 

the differences between the w-t and mutant proteins in order to get further insights 

into the loss of function and disassembly of Complex-I. Attempts have been made to 

understand the broad spectrum of symptoms in the disease conditions and to correlate 

them with the effects of mutants on the structure and functioning of Complex-I. 

6.3 Comparison of fluorescence spectra and secondary/tertiary structure of 

w-t and mutants 

W-t NDUFS7 and mutant proteins have three tryptophans belonging to the class I, 

corresponding to buried tryptophans. The intrinsic fluorescence maximum (λmax) for 

w-t and mutant proteins was at 341 nm (Figure 6.3.1) indicating that the tryptophans 

were present in a buried environment. 
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Figure 6.3.1 Steady state 

intrinsic fluorescence spectrum 

of NDUFS7: w-t, V122M and 

R145H mutants. The spectra 

overlap each other and λmax for 

all the 3 proteins is 341 nm.  

 

 

 

 

However, a variation in the secondary and tertiary structures was observed (Figure 

6.3.2 and 6.3.3). The secondary structures of w-t as well as the mutants were 

primarily β-sheet (Table 6.1).  

Figure 6.3.2: Far UV CD spectra 

of w-t (black) NDUFS7 and its 

mutants V122M (red) and 

R145H (blue). 

 

 

 

 

 

In the tertiary structure, a change was observed in the tryptophan and tyrosine regions 

for the mutants as compared to w-t (Figure 6.3.3). 
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Figure 6.3.3: Near UV CD 

spectra of w-t (black) 

NDUFS7 and its V122M 

(red), R145H (blue) mutants. 

 

 

 

 

 

 

 

Table 6.1: Secondary structure composition of NDUFS7 w-t and mutant (V122M and R145H) 

proteins. All the calculations were done in CONTINLL of the CDPro suite. Since the full 

sequence of NDUFS7 could not be modelled due to absence of desired template the values shown 

for model are only indicative and not actual. 

 

 

6.4 Steady state fluorescence quenching 

The rate of quenching Ksv calculated from the Stern-Volmer plots was higher for the 

denatured w-t protein. In the w-t protein 75% of the tryptophan fluorescence was 

accessible to acrylamide which became fully accessible on complete denaturation. A 

high positive charge density is observed around the surface tryptophans in the w-t 

protein. On denaturation the negative charge density increased although the 

accessibility remained more or less same (Figure 6.4 and Table 6.2). 

 % Helix % Sheet % Turn       % 
Unord 

NRMSD 

w-t 9.3  34.7  21.9  31.4  0.03  

V122M 11  32.8  21.0  36.2  0.02  

R145H 8.7  39.3  22.0  30.0  0.08  

Partial model NDUFS7 12.0 40.0 30.0 18.0 NA 
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Figure 6.4A: Quenching of the intrinsic fluorescence of w-t NDUFS7 native A: Stern-Volmer 

plot, B: Modified Stern-Volmer plot, denatured (in 6M Gdn-HCl), C: Stern-Volmer plot, D: 

Modified Stern-Volmer plot. Acrylamide (red), KI (green), CsCl (blue). 

Table 6.2: Quenching of tryptophan fluorescence of w-t and that of corresponding denatured w-t 

(in 6M Gdn-HCl). The two values of fa in quenching by KI and CsCl are fractional accessibility; 

fa1 and fa2 reflecting the linear fitting of two parts of the curve. 

 Acrylamide KI CsCl 

 Ksv (M
-1) fa Ksv (M

-1) fa Ksv(M
-1) Fa 

w-t 6.46 0.75 2.443 0.606

0.280

0.26 

0.30 

0.080

0.210

Denatured w-t -- 1.63 6.81 0.775 1.11 0.264
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6.5   Conformational transitions 

6.5.1  pH dependence 

6.5.1.1: Intrinsic fluorescence: Under highly protonated or deprotonated conditions of 

NDUFS7 a decrease in the intrinsic fluorescence intensities was observed in the w-t 

protein (Figure 6.5.1.1). 

Figure 6.5.1.1: Relative 

intrinsic fluorescence 

intensity change of w-t 

NDUFS7 at different pH. 

The numbers on the 

spectra represent the pH 

values. 

 

 

 

6.5.1.2 Extrinsic fluorescence: The extrinsic fluorescence studied by ANS binding in 

the w-t protein increased significantly at pH 1 and 2 indicating an exposure of the 

hydrophobic patches at extreme acidic pH (Figure 6.5.1.2). 

Figure 6.5.1.2: ANS binding 

spectra of w-t NDUFS7 at 

different pH. The numbers 

on the spectra represent the 

pH values at which it was 

recorded. 

 

 

 

6.5.1.3 CD analysis: The structure of w-t NDUFS7 was sensitive to changes in pH. 

Although under the range of pH studied (1-12), the structure was dominated by β-
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sheets (Table 6.3) the changes happening to this structure were evident from the 

changes in the far UV CD spectra (Figure 6.5.1.3 A and B). 

 

Figure 6.5.1.3: Far UV CD spectra of w-t NDUFS7 at A: acidic pH and B: Basic pH. The 

numbers on the spectra represent the pH values.  

Table 6.3: Secondary structure composition of NDUFS7 protein at varying pH. All the 

calculations were done in CDSSTR of the CDPro suite. 

pH % Helix % Sheet % Turn % 
Unord 

NRMSD 

1 6.0 39.5 22.2 32.3 0.021 

2 5.8 41.0 21.8 31.4 0.018 

3 5.5 41.3 22.3 30.9 0.054 

4 4.5 44.9 21.6 29.0 0.072 

5 5.2 41.5 22.0 31.3 0.056 

6 5.2 40.7 21.5 32.6 0.038 

7 8.8 37.7 22.2 31.3 0.029 

8 7.0 38.5 22.6 31.9 0.025 

9 6.4 41.2 21.9 30.5 0.030 

10 5.7 40.8 21.9 31.6 0.025 

11 4.2 42.0 22.4 31.4 0.038 

12 5.4 41.7 22.4 30.5 0.047 
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6.5.2 Temperature effects 

6.5.2.1 Intrinsic fluorescence: A decrease in the intrinsic florescence intensity was 

observed with increase in temperature. A blue shift in λmax was observed at 60°C the 

temperature at which aggregation starts (Figure 6.5.2.1). 

Figure 6.5.2.1: 

Change in intrinsic 

fluorescence intensity 

with increase in 

temperature. Inset 

shows a plot of λmax 

versus temperature. 

 

 

 

 

6.5.2.2 Extrinsic fluorescence: No ANS binding was observed at any temperature, 

even though the aggregation was observed only from 60°C onwards. 

6.5.2.3 CD analysis: A sudden and drastic change in the CD spectrum was observed 

above 60°C. Till 70°C the structure remained dominated by β-sheet (Table 6.4) after 

which there was a drastic decrease in sheets as well as helices with a simultaneous 

increase in the unordered structure (Figure 6.5.2.2 A and B).   
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Figure 6.6.2.2: A: Far UV CD spectrum of w-t NDUFS7 with increasing temperature. B: Plot of MRE 

versus temperature in 0C; MRE210 (black) and MRE230 (red). 

Table 6.4: Secondary structure composition of NDUFS7 protein with increasing temperature 

(0C). All the calculations were done in CDSSTR of the CDPro suite. 

Temperature 
0C 

% Helix % Sheet % Turn % 
Unord 

NRMSD 

25 8.8 37.7 22.2 31.3 0.029 

30 8.2 39.6 21.2 31.0 0.022 

35 9.4 41.2 21.5 27.9 0.027 

40 8.5 38.8 21.8 30.9 0.019 

45 9.2 37.5 22.3 31.0 0.015 

50 8.7 38.9 21.6 30.8 0.014 

55 8.7 38.6 22.3 30.4 0.017 

60 8.4 36.2 22.5 32.9 0.012 

65 11.5 45.1 22.0 32.9 0.012 

70 11.5 45.1 22.0 32.9 0.138 

75 6.2 16.5 33.4 43.9 0.413 

80 4.6 17.3 32.1 46.0 0.447 

85 6.0 15.0 33.2 45.8 0.142 

90 6.0 15.9 33.2 45.8 0.438 
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6.5.3 Gdn-HCl induced unfolding 

6.5.3.1 Intrinsic fluorescence: A decrease in the intrinsic fluorescence intensity and a 

gradual red shift in the λmax (341 nm) were observed by increasing the concentrations 

of Gdn-HCl. The class to which tryptophans belonged shifted from class I to II with 

increasing Gdn-HCl concentrations and finally to class III at 2.5 M Gdn-HCl 

indicating the continuous increase in exposure of tryptophan residues during 

unfolding of the structure (Figure 6.5.3.1). 

Figure 6.5.3.1: Plot of 

change in λmax versus Gdn-

HCl concentration [M] for 

the w-t NDUFS7 protein. 

 

 

 

 

 

6.5.3.2 Extrinsic fluorescence: Interestingly, no ANS binding was observed under any 

condition. 

6.5.3.3 CD analysis: The structure gradually opened up, evidenced by the increase in 

the content of unordered structure, in the presence of increasing concentrations of 

Gdn-HCl (Table 6.5). A total structural collapse was observed at 2 M Gdn-HCl in the 

CD spectra though not evident from the CDPro calculations (Table 6.5). The spectra 

reflected the sensitivity of protein towards the denaturant (Figure 6.5.3.2).  

 

 

 



Ph.D. Thesis                                                                                                                             Chapter 6 

Tulika Jaokar  Page 132 

 

Figure 6.5.3.2: Far UV CD 

spectrum for the w-t protein 

incubated at different 

concentrations of Gdn-HCl. 

The numbers on the spectra 

indicate the Gdn-HCl 

concentration at which it is 

recorded. Inset is a plot of 

MRE222 versus Gdn-HCl 

concentration [M]. 

  

 

Table 6.5: Secondary structure composition of NDUFS7 protein with increasing Gdn-HCl 

concentration [M]. All the calculations were done in CDSSTR of the CDPro suite. 

Gdn-HCl 
[M] 

% Helix % Sheet % Turn % 
Unord 

NRMSD 

0 8.8 37.8 22.1 31.3 0.029 

0.5 5.1 41.0 22.3 31.6 0.041 

1.0 20.9 19.3 24.6 35.2 0.097 

1.5 4.5 34.0 22.5 39.0 0.141 

2.0 3.0 40.1 18.4 38.5 0.125 

The w-t and point mutants, V122M and R145H showed similar λmax and 

comparable secondary structure with similar quenching and conformational transition 

parameters. 

6.6 Iron sulphur cluster N2 

The iron sulphur cluster is an important electron donating group present in the 

NDUFS7 subunit. Its role has been implicated in the binding of ubiquinone at the 

interface of NDUFS2 and 7. A UV-visible spectrum from 300-800 nm showed a small 

peak at 325 nm representing cluster N2 in the w-t protein, which was absent in the 

case of mutant proteins (Figure 6.6.1). This reflects the destabilizing effect of 

mutations on the iron sulphur cluster N2. The V122M mutation lies within 4 Å 
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distance from the cluster in the cysteine motif. However, the R145H mutation is 

relatively away from the binding site of n-DBQ and cluster N2. 

Figure 6.6.1: UV-visible spectrum 

of the w-t (black), V122M (red)) 

and R145H (blue) proteins. The 

arrow indicates the maxima at 

325 nm for the w-t NDUFS7. 

 

 

 

The homology model of the complex NDUFS2 and 7 built using Prime v3.1 showed 

that the docked n-DBQ was relatively closer to Fe-S cluster than the sites of mutation 

(Figure 6.2). The sulphur atoms of 4 cysteines in NDUFS7 namely C88, 89, 153 and 

183 are involved in the formation of the iron sulphur cluster N2. It controls the 

movement of amino acids present in 3 loops, namely, Loop1: 84-91, Loop2: 149-169 

and Loop3: 181-187 (Figure 6.6.2 A and B).  
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Figure 6.6.2: Three loops A: in presence B: in absence of Fe-S cluster N2.  

On removal of the Fe-S cluster by incubating the w-t protein with DTT and EDTA, a 

drastic change in the secondary and tertiary structure was observed by the change in 

the CD spectra (Figure 6.6.3 A and B) 
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Figure 6.6.3: A: Far UV CD spectrum, B: Near UV CD spectrum of w-t NDUFS7 in presence (    ) 

and in absence (.....) of Fe-S cluster N2. 

 Also in the MD simulations, the structure without the Fe-S cluster showed high 

fluctuation of the above three loops and residues surrounding the binding site (Figure 

6.6.4). This instability was reflected in the breakage of the essential hydrogen bond 

between n-DBQ and Y141 of NDUFS2 during energy minimization implying the 

significant role played by N2 in the stable binding of n-DBQ. 

Figure 6.6.4: Plot of RMSF of 

residues of w-t NDUFS7 in 

presence (black) and in absence 

(red) of the Fe-S cluster N2. The 

arrows indicate the positions of 

cysteines forming the cluster. 

 

 

 

6.7 Binding of  n-DBQ 

Recently, Baradaran et al [Baradaran et al 2013], based on the crystal structure of the 

Complex-I (3M9S) from Thermus thermophilus showed that only a single binding site 
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at the interface was possible. Since the binding site is a narrow cavity, it causes 

substantial conformational changes during ubiquinone binding, reduction and 

simultaneous proton pumping. The ubiquinone binding site is similar to that found in 

the inhibitor Piericidin A [Baradaran et al, 2013; Darrouzet et al, 1998]. Although the 

knowledge about the binding site and functioning of bacterial Complex-I is 

substantial, not much is known about its eukaryotic counterpart studied from yeast. 

However, site-directed mutagenesis studies by Angerer et al [Angerer et al, 2012] in 

yeast has revealed that in eukaryotes also the ubiquinone binding site is at the 

interface of NDUFS2 and 7. The head carboxyl group of ubiquinone forms a 

hydrogen bond with the hydroxyl group of a highly conserved tyrosine Y87 in T. 

thermophilus, Y144 in yeast and Y141 in humans (Figure 6.7). It is interesting to note 

that a methionine rich region is present through which the highly hydrophobic tail of 

ubiquinone passes [Angerer et al, 2012]. 

 

Figure 6.7: Ligand interaction diagram of n-DBQ bound at the interface of NDUFS2 and 7. N-

DBQ is shown in yellow. The Fe-S cluster is represented as space-fill. 

6.7.1 Fluorescence based binding assay 

n-DBQ is a substrate showing equal activity as natural ubiquinone [Angerer et al, 

2012]. n-DBQ showed binding to w-t as well as mutant proteins (Figure 6.8).  
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Figure 6.8: Binding of n-DBQ with NDUFS7 and determination of association constants for 

interaction of n-DBQ with each of the proteins w-t, V122M and R145H mutants A: Double log 

plot of log {ΔF/(Fc-F∞)} versus log [C] for the w-t NDUDFS7, the X intercept of the plot gives pKa 

value for the interaction, inset shows the quenching of w-t NDUFS7 fluorescence with n-DBQ. B: 

Van’t Hoff plot for the association w-t (black), V122M (red) and R145H (blue) (r>0.9, N=3), C: 

Bar graph of binding affinity Ka versus temperature for the w-t (filled), V122M (vertical stripes) 

and R145H (horizontal stripes) mutants. 

The w-t showed an increase in binding affinity with an increase in temperature. 

However, both the mutants showed a decrease in binding affinity with increase in 

temperature. Also, the binding affinity of the mutants was less as compared to w-t at 

all temperatures (Table 6.6, Figure 6.8 B and C). At 37°C (physiological 

temperature), the binding affinity of the w-t protein (3.30*106 M-1) was reduced to 

half for V122M mutant (1.41*106 M-1) and reduced by four times for the R145H 
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mutant (0.80*106 M-1). The binding of n-DBQ with the w-t and mutant proteins was 

spontaneous as reflected by the negative ΔG values. The binding of n-DBQ with the 

w-t is endothermic as reflected by the positive ΔH value and that for the mutants is 

exothermic as reflected by the negative ΔH values. These thermodynamic parameters 

reflect the different modes of binding of n-DBQ with w-t as against the mutants. 

Table 6.6: Binding parameters of n-DBQ binding to NDUFS7 estimated at different 

temperatures. Affinity constant Ka is expressed as M-1, ΔH as kJ, ΔG as kJ mol-1 and ΔS as kJ 

mol-1K-1.  

Temperature 28°C 32°C 37°C 42°C 

w-t 

Ka (M-1) 2.45* 106 3.32* 106 3.30*106 5.37*106 

ΔG -36.82 -38.08 -38.68 -40.58 

ΔS 0.25 0.25 0.25 0.25 

ΔH 39.24 

V122M 

Ka (M-1) 2.14 * 106 1.58*106 1.41*106 0.98*106 

ΔG -15.84 -15.72 -15.85 -15.69 

ΔS -0.006 -0.007 -0.006 -0.007 

ΔH -17.79 

R145H 

Ka (M-1) 1.20 * 106 1.04*106 0.80*106 0.33 * 106 

ΔG -35.03 -35.13 -35.03 -33.28 

ΔS -0.003 -0.002 -0.003 -0.003 

ΔH -35.92    

 

6.7.2  MD-simulation of w-t and mutants V122M and R145H with bound n-

DBQ 

The MD-simulation of the w-t and the mutants performed for a time-scale of 5 ns was 

useful in understanding the time for which a stable bond is observed between Y141 of 

NDUFS2 and n-DBQ. The bond is between the hydroxyl group of Y141 and head 

carbonyl group of n-DBQ (Figure 6.7). In w-t the bond was observed for 1.8 ns after 

which n-DBQ moved away from the residue Y141. In the V122M mutant, the critical 
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hydrogen bond broke within 0.17 ns. In the R145H mutant, though a stable bond was 

observed till 1.4 ns it was still for less time than with w-t where the bond was 

maintained up to 1.8 ns (Figure 6.9 A).  

 
Figure 6.9.1: Plots of hydrogen bond formed between n-DBQ and Y141 of NDUFS2 versus time 

(ps) for the w-t, V122M, R145H and w-t without Fe-S cluster.  

On monitoring the distance between hydroxyl group of Y141 and the head carbonyl 

group of n-DBQ in all the 3 trajectories, it was noticed that the time point of bond 

breakage correlated with the increase in distance between the two interacting groups 

(Figure 6.9.2).  

 

 

 

 

 

 

 

 



Ph.D. Thesis                                                                                                                             Chapter 6 

Tulika Jaokar  Page 140 

 

Figure 6.9.2:  Plot of distance 

between hydroxyl group of 

Y141 and carbonyl head 

group of n-DBQ versus time 

(ps). The proteins are 

represented as w-t NDUFS7 

(black), V122M (red) and 

R145H (blue). 

 

 

 

 

 

Large fluctuations of residues near the binding site observed in both mutants would 

probably affect the binding of n-DBQ (Figure 6.9.3). 

Figure 6.9.3: Root mean square 

fluctuation (RMSF) (nm) of the 

residues of NDUFS7. The red circles 

indicate the positions of the residues 

present at the binding site. The 

proteins are represented as w-t 

(black), V122M (red) and R145H 

(blue). 

 

 

This observation correlated with the observed reduced affinity of binding in the case 

of mutants seen in fluorescence assays. 

6.8 Aggregation properties 

6.8.1 Rayleigh light scattering: Both the mutant proteins, V122M and R145H showed 

higher scattering intensity as compared to the w-t NDUFS7 at the same protein 

concentration, at temperatures 25°C and 37°C (Figure 6.10.1) when measured in the 

time drive module. Also the scattering intensity of the w-t protein remained constant 

at 25°C and 37°C which increased significantly for both V122M and R145H mutants 

(Figure 6.10.1). 
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Figure 6.10.1: Rayleigh scattering bar 

graph, scattering intensity (AU) plotted 

for w-t (filled) and V122M (vertical 

stripes) and R145H (horizontal stripes) 

proteins at 25°C and 37°C. 

 

 

 

6.8.2 Th-T dye binding assay: The amyloidophilic Th-T dye shows a characteristic 

increase in fluorescence upon binding to amyloid fibrils. The w-t NDUFS7 protein 

didn’t show an increase in fluorescence emission in the concentration range of 50-100 

µg ml-1 of the protein at 25° and 37°C. However, both the mutant proteins showed a 

characteristic increase in fluorescence intensity at 25°C as well as 37°C in the same 

protein concentration range (Figure 6.10.2). R145H mutant showed the highest 

fluorescence emission at 37°C at any given concentration followed by V122M.  

Figure 6.10.2: Thioflavin-T dye 

binding assay, at 25°C and 

37°C, the proteins are 

represented as w-t (black), 

V122M (red) and R145H 

(blue). 

 

 

 

6.8.3 Congo red (CR) dye binding assay: CR is similar to Th-T and binds to β-rich 

structures, inducing an increase in absorption and a red shift in the CR absorption 

band from 490 to 540 nm. Both the w-t protein and R145H protein showed an 

increase in absorption and maxima at 500 nm. However, the V122M mutant showed 

an increase in absorption along with a red shift to 540 nm indicating a propensity for 

aggregation resulting in β-sheet formed from intermolecular strands (Figure 6.10.3).  
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Figure 6.10.3: Congo red dye 

binding assay, the proteins are 

represented as w-t (black), 

V122M (red) and R145H (blue). 

 

 

 

 

 

6.9 Conclusion 

In the present study, the changes in the structure and behaviour of the mutants V122M 

and R145H as compared to the w-t protein have been studied. The characterization of 

the proteins has revealed their sensitivity towards pH changes, guanidium-

hydrochloride concentration and temperature variation indicating the specificity of 

environmental conditions required for their stability. The iron sulphur cluster N2 

present in the w-t protein is not only essential for the activity of the protein but also 

gives structural integrity to the protein which is reflected by the drastic changes taking 

place in the secondary and tertiary structures on removal of iron-sulphur cluster. The 

high fluctuation of the amino acid residues in the absence of N2 cluster observed 

during MD-simulation may be the result of instability in the binding of n-DBQ. Thus, 

the cluster not only controls the movement of the three loops in NDUFS7 but it also 

influences the residues near the binding site. The w-t and the two mutant proteins 

showed differences in the binding of n-DBQ and aggregation properties. The mutant 

proteins not only aggregated more promptly but also showed reduced binding affinity 

towards n-DBQ. Thus, even though the mutation sites were away from the n-DBQ 

binding site, they did influence the activity of the protein; this might be by the 

destabilizing effect they had on the iron-sulphur cluster N2. The mutated amino acid 

residue V122M lies within 4Å of the cluster N2 in a cysteine motif, and thus, its 

influence on the cluster N2 may be consequential. But the amino acid R145 lies 

comparatively away from the cluster. Several studies indicated the functional 

relevance of posttranslational modifications of arginine residues in the NDUFS2, 7 
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and ND1 subunits [Caroll et al, 2013]. These modifications have been implicated in 

the stabilization of subcomplexes that form the initial nucleus of the peripheral arm 

[Rhein et al, 2013]. Although posttranslational modification studies have not focused 

on the residue R145 of NDUFS7 as such, it could be a potential candidate for such 

modifications, thus, playing a role in stabilizing the subcomplexes.  

The mutations V122M and R145H may be reducing the binding affinity of n-DBQ by 

destabilizing the iron-sulphur cluster N2. They form aggregates with spectroscopic 

characteristics similar to that of amyloid fibrils. All these factors contribute to an 

unviable Complex-I which will not assemble properly. Enhanced generation of 

superoxides and energy deficiency leads to clinical variability in symptoms and broad 

spectrum disorders like Leigh syndrome. 
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omplex-I is a multi faceted enzyme protein complex with several functions. 

It is not only involved in transfer of electrons from NADH to ubiquinone 

but it also generates a proton motive force by pumping protons across the 

inner mitochondrial membrane. It also has provisions for reduction of reactive oxygen 

species (ROS). Hence, a large number of iron sulphur clusters are present one after 

the other at suitable distances to facilitate desired transfer of electrons. For several 

years the mitochondrial Complex-I was considered to be an L-shaped black box. This 

was not only because of the lack of structural information but also due to its mutation 

prone nature. Several mutations have been reported over the years in the 42 

mammalian mitochondrial subunits resulting in different neuromuscular disorders 

[MITOMAP 2014]. Leigh syndrome is one such sub-acute necrotizing 

encephalomyelopathy with a characteristic neuropathology occurring due to mutations 

of Complex-I subunits. It is an energy deficit disorder where clinical symptoms 

depend on the areas of central nervous system that are involved. Due to the dual 

genetic origin of the Complex-I subunits, n-DNA or mtDNA, the disease could be 

inherited in an autosomal recessive or maternal fashion. In the present thesis, the 

human Q module has been extensively studied using computational and biophysical 

approaches. The aim was to evaluate the structural and functional effects of the Leigh 

syndrome mutations at molecular level to enhance the understanding of consequences 

of mutations on Complex-I. Before assembling in the mitochondria, the subunits are 

individually expressed either within the mitochondrial matrix or transported into it. 

Thus these proteins exist as individual entities before coming together to form 

functional assembly. So, any defect in the folding at the initial stage may be carried 

over to subunit assembly or directly affects assembly formation itself. Thus it is worth 

studying the subunits individually in isolation and with respect to each other in the Q 

module environment. 

Among the three modules of Complex-I the Q module is the intermediate 

domain which links the N and P module. In addition to its structural role in Complex-I 

Q module is also involved in ubiquinone reduction. The four core subunits of the Q 

module:  NDUFS2, 3, 7 and 8 are highly conserved across species. In silico studies of 

the four subunits and the Q module reflect that point/ double mutations affect the 

structural integrity of the individual subunits. The mutations are at evolutionarily 

highly conserved positions in the protein sequence. By identifying the location of the 

mutation its consequences to some extent can be judged. Breaking of essential 

C
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hydrogen bonds and changes in solvent accessibility observed in the mutant subunits 

have made them behave differently than the w-t. The changes were observed in terms 

of changes in fluctuation of residues during dynamic simulation, the observed changes 

in compactness of the structure etc. The energetic instability of subunits by mutation 

also affected their affinity towards the other subunits, iron-sulphur (Fe-S) cluster and 

n-DBQ. It would be interesting to note that in NDUFS2, 3 and 8 the mutations 

occurred in pairs. Also it was noted that in the case of NDUFS3 and 8 the single 

mutations were not causing a lethal phenotype, as the individual mutations were 

inherited from healthy heterozygous parents [Benit et al, 2004; Loeffen et al, 1998]. 

Thus, the disease causing phenotype was observed only when the mutations occur 

together. Thus, the instability of each mutation calculated by the in silico studies 

would have a cumulative effect on the subunit leading to disastrous consequences.   

Although the four subunits of the Q module were cloned and detailed studies 

were planned, in the case of three of them, NDUFS2, 8 and ND1, there were 

difficulties during protein expression stage itself or faced with solubility problems of 

expressed proteins, hence further studies on them could not be completed. The 

subunits amenable to cloning and expression, NDUFS3 and NDUFS7, were studied 

using biochemical and biophysical techniques. These are amongst the reported top 10 

proteins most prone to mutations leading to Complex-I deficiency. In vitro studies of 

NDUFS3 and 7 highlight the common features of their mutants causing Leigh 

syndrome. Mutants of both subunits shown to be energetically unstable in silico had 

higher aggregation propensities with spectroscopic features of amyloid like fibrils. 

The T145I+R199W mutant of NDUFS3 showed a different native structure compared 

to the w-t although the stabilities under different pH conditions, temperature 

dependence and Gdn-HCl concentrations were found to be somewhat similar as that 

of w-t. The higher aggregation propensity, differences in secondary and tertiary 

structure, tryptophan microenvironment and the higher fluctuation of residues in 

mutant during molecular dynamics simulation indicate the unstable nature of the 

mutant. NDUFS3 is involved early in the assembly of the peripheral arm. Hence, 

mutation in the subunits disrupting its correct folding would result in hindrance during 

the early stages of assembly. Hence, even though the expression levels of mutant 

NDUFS3 may remain normal in the cell, mutations affect the assembly process of 

Complex-I thereby resulting in the accumulation of assembly intermediates as 

observed in patient cell lines [Benit et al, 2004].  



Ph.D. Thesis                                                                                                                            Chapter 7 

 

Tulika Jaokar  Page 146 
 

NDUFS7 plays a functional role in the Q module. It harbours partial binding 

site for ubiquinone. It is expressed in all tissues similar to housekeeping genes and is 

the fourth most mutated protein resulting in Complex-I deficiency. Hence, mutations 

in this gene cause a spectrum of disorders depending on its expression levels in the 

tissues. The protein possesses the iron-sulphur cluster N2 which plays a vital role in 

maintaining the structural integrity and functionality of the subunit. Molecular 

dynamics studies indicate that the absence of cluster N2 has a detrimental effect on 

the binding of n-DBQ revealing the involvement of cluster N2 in binding. The 

mutants V122M and R145H showed the absence of signature peak of N2 cluster in 

UV-visible spectra. The mutants destabilize the cluster N2 which would have an 

effect on their binding ability. Thus, although the mutation sites are away from the n-

DBQ binding site in the structure they can influence the binding of n-DBQ. This was 

actually proved when reduced binding affinity for n-DBQ was shown in the 

fluorescence based assay of mutants V122M and R145H of NDUFS7. The MD 

simulation studies also showed the early breakage of one critical hydrogen bond 

formed with the substrate in the mutants. Thus, even when the mutants showed a 

fairly similar secondary and tertiary structure with similar stabilities in comparison 

with the w-t; differences were seen in the aggregation propensities and n-DBQ 

binding ability as observed in both biophysical and computational studies. 

Thus, the mutations affected both the subunits structurally as well as 

functionally. The subunits NDUFS3 and 7 have been shown to assemble early during 

the Complex-I assembly process. NDUFS3 forms the early peripheral arm while 

NDUFS7 acts as an anchor joining the assembled Q module to ND1 in the membrane. 

Thus, mutations lead to the lack of a fully assembled Complex-I and consequently 

leads to energy deficit. This may be due to the structurally modified mutant proteins 

or availability of less number of molecules for assembly pre-empted by aggregation. 

In the absence of a fully and correctly assembled complex large amount of ROS 

generation results and that further leads to cellular damage. Muscles and nerves are 

the most energy dependant tissues and hence are the worst hit by the deleterious 

mutations. The wide spectrum of symptoms observed in the cases of such mutations 

are the result of different regions affected by the Complex-I deficiency and resultant 

ROS damage.  
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The points to highlight on the observations recorded and conclusions drawn from this 

study are:  

(1) Modelling the subunits structures has helped in identifying the location of 

mutations in the structure, which in turn has exemplified mutational effects on 

function based on structure.  

(2) Molecular dynamics simulation has demonstrated the effects of mutations on the 

local and global stability of subunits.  

(3) Modelling the Q module has brought out the varied influence of mutations on the 

stability of assembly, iron-sulphur cluster and ubiquinone binding.  

(4) Cloning the subunits and biophysical studies has helped to assess the folding and 

stability of individual subunits.  

(5) Preparation of selected mutants using site-directed mutagenesis and further 

experimentation has helped to compare the stability of mutants with that of the 

wild-type. 

(6) Results from both computational and experimental approaches have helped us to 

conclude that the deleterious mutations affect folding and stability of individual 

subunits as well as assembly, affect stability of iron-sulphur cluster and reduce 

ubiquinone binding affinity. 

(7) Experimental studies have specifically demonstrated the increased propensity of 

mutant subunits for aggregation in solution compared to their corresponding wild-

type protein. 

(8) Investigations on subunit NDUFS7 and mutants showed that the signature peak of 

UV-visible spectrum for iron-sulphur cluster N2 was absent in mutants. 

These studies, thus, take us closer towards understanding the molecular effects 

of pathological mutations in subunits of Complex-I leading to genetic disorders. The 

effects have been studied via both computational and biophysical approaches. Crystal 

structure of the human subunits or the entire eukaryotic complex will of course give 

further insights into understanding the nature of the structural changes resulting in 

disease phenotype. However, present studies highlight the important roles played by 

some of the core subunits making up the Q module.  
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APPENDIX 

Cloning of two nuclear encoded and one mitochondrial encoded subunits of 

human mitochondrial Complex-I 

Introduction 

NDUFS2 and 8 are two of the core subunits of Complex-I Q module. Mt-ND1 

(mitochondrially encoded NADH dehydrogenase 1) gene is encoded by the mt-DNA. 

It is a 955 bp gene containing no introns. The predicted polypeptide has a molecular 

weight of 35.6 kDa. This protein is part of the membrane domain of Complex-I and 

links the membrane domain to the hydrophilic domain. 

 Mt-ND1 is considered a mutational hotspot in the case of mitochondrial disorders. 

The initial diagnosis of any suspected mitochondrial disorder always involves the 

screening of Mt-ND1 gene sequence for mutations.  Mutations in ND1 are known to 

cause disorders like LHON, MELAS, dystonia etc.  

Materials and Methods  

1. RNA isolation, cDNA preparation, primer design and PCR amplification 

Total RNA was isolated from the human colorectal adenocarcinoma cell line HT29 

(1x106 cells) using Trizol® Reagent (Life Technologies, Cat#10296-010) as per the 

manufacturer’s instructions. Purified RNA samples were analyzed by denaturing 

agarose gel electrophoresis and concentration was spectrophotometrically determined 

using Nanodrop (Thermo Scientific, USA). One μg of purified RNA was used for the 

preparation of cDNA using the SuperScript™ III First Strand Synthesis System (Life 

Technologies, Cat#18080-051).  

1.1  NDUFS2 

Suitable primers (NDUFS2F: 5’ AAC ATA TGG CGG CGC TGA GGG 3’ & 

NDUFS3R: 5’ ATA AGC TTC ACC GAT CTA CTT CTC CAA ATA CAA TAT C 

3’) were designed based on the RNA sequences downloaded from NCBI 

(http://www.ncbi.nlm.nih.gov/) for amplification of the full length NDUFS3 ORF. 

The PCR reactions were set in a 50 μl volume containing 1X Pfu buffer (20 mM Tris-

HCl pH 8.8 at 25ºC, 10 mM KCl, 10 mM (NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-
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100, & 0.1 mg ml-1 nuclease free BSA), 1 unit of Pfu polymerase, 200 µM each of 

dNTP and forward and reverse primers and 100 ng of the amplified cDNA. Cycling 

conditions were 95°C for three minutes, followed by 30 cycles of 95°C for ten 

seconds, 45°C for forty-five seconds, and 72°C for one minute thirty seconds. The 

amplicon of desired size (808 bp) was gel extracted using the QIAQuick Gel 

Purification kit (Qiagen, Cat#28704), which was used for TA cloning in pGEM-T 

vector (Promega). 

1.2 NDUFS8 

Suitable primers (NDUFS8F: 5’CCG AAT TCA TGC GCT GCC TGA CCA 3’ & 

NDUFS8R: 5’ TGC TCG AGT CAC CGA TAC AAG TAG TCA 3’) were designed 

based on the RNA sequences downloaded from NCBI (http://www.ncbi.nlm.nih.gov/) 

for amplification of the full length NDUFS7 ORF. The PCR reactions were set in a 50 

μl volume containing 1X Pfu buffer (20 mM Tris-HCl pH 8.8 at 25ºC, 10 mM KCl, 

10 mM (NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, & 0.1 mg ml-1 nuclease free 

BSA), 1 unit of Pfu polymerase, 200 µM each of dNTP and forward and reverse 

primers and 100 ng of the amplified cDNA. Cycling conditions were 95°C for 3 min, 

followed by 30 cycles of 95°C for 10 s, 50°C for 45 s, 72°C for 1 min and final 

extension of 72ºC for 20  min with hold of 25°C forever. The amplicon of desired size 

(656 bp) was gel extracted using the QIAQuick Gel Purification kit (Qiagen, 

Cat#28704), which was used for TA cloning in pGEM-T vector (Promega). 

2. TA cloning and sub-cloning in the bacterial expression vector 

The purified amplicon was A-tailed using Taq polymerase in 1X Thermopol buffer 

(NEB) containing 200 µM dATP and 5 units of Taq DNA polymerase (NEB) at 72°C 

for 20 minutes. The A-tailed amplicons were then cloned into pGEM-T vector 

(Promega), followed by chemical transformation into E. coli DH5α (Invitrogen). The 

plasmids from the positive colonies, screened through colony PCR, were purified by 

the standard alkaline lysis method. Full length NDUFS2 cDNA ORF or NDUFS8 

cDNA ORF from pGEM-T vector was further subcloned into pET 28b(+) vector 

(Novagen) between Nde I and Xho I sites. Sequences were confirmed by DNA 

sequencing using BigDye™ Terminator Cycle Sequencing Ready Reaction Kit v3.1 
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(ABI, Cat#4337457) in an automated 3730 DNA analyzer (ABI). Appropriate 

plasmids were transformed into E. coli BL21(DE3) for protein expression. 

The plasmids from the transformed colonies were isolated by the alkaline lysis 

method. NDUFS2 was sub-cloned in pET 28b(+) vector (Promega) between Hind III 

and Xho I. NDUFS8 was sub-cloned in pGEX-4T1 vector (Promega) between EcoR I 

and Xho I. The plasmids were transformed chemically into E. coli DH5α (Invitrogen). 

The plasmids were then isolated from transformed colonies by the alkaline lysis 

method and further transformed in E. coli BL21(DE3) expression cells. Colony PCR 

and Sequencing was done using BigDye™ Terminator Cycle Sequencing Ready 

Reaction Kit v3.1 (ABI, Cat#4337457) in an automated 3730 DNA analyzer (ABI) to 

confirm positive clones. 

3. Synthesis of the ND1 gene 

The sequence of the ND1 gene was downloaded from NCBI. 24 overlapping 

oligonucleotides of 60 base pairs each were designed using the software DNAWorks 

which on annealing would form the ND1 construct. The primers were annealed and 

ND1 was amplified using the protocol described by Hoover DM and Lubkowski J, 

2002 [Hoover et al 2002]. In short it involves 2 PCR steps. All the 24 

oligonucleotides were synthesized at 50 nmol scale. They were mixed and diluted to a 

final concentration of 1 ng/µl. The PCR reaction 1X Pfu buffer, 200 µM dNTP’s and 

the primer mix was subjected to the following cycling conditions 95°C for five 

minutes after which the reaction is kept on hold at 80°C for 1 min and Pfu polymerase 

is added. This is followed by 10 cycles of 95°C for 30 seconds, 62°C for 30 seconds, 

72°C for 20 seconds with an increase of 5 seconds per cycle. One µl of this reaction 

mixture is mixed with 1X Pfu buffer, 200 µl dNTP’s, outermost oligonucleotides used 

as forward and reverse primers and Pfu polymerase and subjected to following 

reaction conditions 95°C for 5 min, 95°C for 20 seconds, 65°C for 30 seconds, 72°C 

for 1 minute 30 seconds for 30 cycles. The amplified product was checked by 

Agarose gel electrophoresis and the amplicon of desired size were purified using the 

QiaQuick Gel Purification kit (Qiagen Cat.#28704). 
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Table 1: 24 oligonucleotides designed for in-vitro synthesis of ND1 gene. 

Primer name Sequence 

ND1-1 ATGCCAATGGCGAATCTGCTCCTGCTGATCGT 

ND1-2 GTTCGGTCAGCATCAGAAACGCCATCGCAATCAGGATCGGAACGATCAGCAGGAGCAGAT 

ND1-3 GTTTCTGATGCTGACCGAACGTAAAATTCTGGGTTACATGCAGCTCCGTAAAGGTCCAAA 

ND1-4 GTCGGCGAACGGCTGGAGGAGACCATACGGACCAACGACGTTTGGACCTTTACGGAGCTG 

ND1-5 CAGCCGTTCGCCGACGCGATGAAACTGTTCACCAAAGAACCGCTGAAACCGGCGACTAGC 

ND1-6 CGTCAGCGCCAGGGTAGGCGCGGTGATGTACAGGGTGATGGTGCTAGTCGCCGGTTTCAG 

ND1-7 TACCCTGGCGCTGACGATCGCACTCCTCCTCTGGACTCCGCTGCCGATGCCTAACCCGCT 

ND1-8 AGAGGTCGCCAGGATAAAGAGCAGGCCCAGGTTCAGGTTTACCAGCGGGTTAGGCATCGG 

ND1-9 TCTTTATCCTGGCGACCTCTTCTCTCGCAGTTTATAGCATTCTGTGGTCTGGTTGGGCGT 

ND1-10 GCAACCGCACGCAGCGCACCGATGAGCGCGTAGTTAGAGTTAGACGCCCAACCAGACCAC 

ND1-11 GCTGCGTGCGGTTGCGCAGACGATCTCTTACGAAGTTACGCTCGCTATCATTCTCCTGTC 

ND1-12 AGGGTGGAGAGGTTGAAAGAGCCGGACATCAGGAGCGTAGACAGGAGAATGATAGCGAGC 

ND1-13 TCTTTCAACCTCTCCACCCTCATCACCACTCAAGAACACCTGTGGCTGCTGCTCCCATCT 

ND1-14 TTTCCGCGAGAGTAGAGATGAACCACATCATCGCCAGCGGCCAAGATGGGAGCAGCAGCC 

ND1-15 TCATCTCTACTCTCGCGGAAACCAACCGTACGCCGTTTGACCTGGCAGAAGGTGAATCCG 

ND1-16 AGGACCTGCGGCGTATTCGATGTTGAAGCCAGAAACCAGTTCGGATTCACCTTCTGCCAG 

ND1-17 AATACGCCGCAGGTCCTTTCGCGCTCTTCTTCATGGCCGAATACACCAACATCATTATGA 

ND1-18 TAGTACCGAGGAAGATGGTCGTCGTCAGGGTGTTCATCATAATGATGTTGGTGTATTCGG 

ND1-19 CGACCATCTTCCTCGGTACTACCTACGACGCGCTGTCTCCGGAACTGTACACCACTTACT 

ND1-20 AGAGAAACAGGCTAGTCAGCAGCAGAGTCTTGGTGACGAAGTAAGTGGTGTACAGTTCCG 

ND1-21 GCTGACTAGCCTGTTTCTCTGGATCCGTACCGCATACCCGCGCTTCCGTTATGATCAGCT 

ND1-22 CAGAGTCAGAGGCAGGAAGTTTTTCCACAGGAGGTGCATGAGCTGATCATAACGGAAGCG 

ND1-23 ACTTCCTGCCTCTGACTCTGGCCCTGCTCATGTGGTACGTTTCTATGCCGATTACCATTA 

ND1-24 GGTTTGTGGTGGAATAGAGCTAATGGTAATCGGCATAGAAACG 

MTND1F AACATATGCCGATGGCTAACCTG 

MTND1R  TACTCGAGTCAGGTCTGAGGTGGAATG  

4. TA cloning and sub-cloning of the synthesized ND1 gene 

The synthesized and purified ND1 gene was A tailed and cloned into pGEM-T vector 

(Promega) as already described. This was then sub-cloned into pGEX-4T1 (Promega) 

expression vector. 

All the constructs were confirmed by colony PCR and sequencing using BigDye™ 

Terminator Cycle Sequencing Ready Reaction Kit v3.1 (ABI, Cat#4337457) in an 

automated 3730 DNA analyzer (ABI).  
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5. Expression studies 

5.1 IPTG induction  

Single colony of E coli BL21(DE3) clone was inoculated in 5 ml LB containing a 

suitable antibiotic (Ampicillin 100 µg ml-1 or Kanamycin 60 µg ml-1) and incubated 

overnight at 37°C (200 rpm). The overnight grown culture was spun at 3500 rpm for 

10 min at 25 °C. The cell pellet was resuspended in 5 ml LB containing suitable 

antibiotic and transferred to 100 ml LB with suitable antibiotic. The cells were grown 

till OD read 0.3; at 37 °C and shaking at 150 rpm. The cells were then aseptically 

induced with 0.1-0.5 mM IPTG and were further grown at 18 °C, 28 °C and 37 °C 

with a shaking at 200 rpm till O.D 600 = 0.6-0.7. 1ml of the above sample was used to 

check the expression profile. Cells were harvested by spinning at 4000 rpm for 15 

minutes at 4°C. The pellet was redissolved in 20 ml Lysis Buffer (100 mM Tris, 200 

mM Nacl, 0.01 % IGEPAL® CA630 and 1 mg ml-1 lysozyme) and was kept on ice for 

30 minutes with intermittent shaking. Cells were lyzed by sonication at 60% Power in 

Esquire Biotech Ultrasonic homogenizer with a pulse of 6 s followed by pause of 8 s 

for 10 minutes. The sonicated solution was centrifuged at 10,000 rpm for 45 minutes 

at 4°C. The pellet and supernatant were separated. The expression profile was 

checked on 12% SDS-PAGE gel followed by Coomassie Brilliant Blue R-250 

staining.   

5.2 Autoinduction 

The autoinduction protocol was similar to the protocol described in Materials and 

methods section 11. In brief, the primary culture grown overnight in LB containing 

suitable antibiotic was transferred to fresh LB containing suitable antibiotic. The 

autoinduction medium was prepared as described in section 11. The primary culture 

was inoculated in the autoinduction medium (1 % inoculum). The flasks were 

incubated at 37 °C for 2, 4 and 6 hours (standardized for soluble expression) followed 

by a prolonged incubation at either 16 °C, 18 °C and 20 °C.   1ml of the above sample 

was used to check the expression profile. Cells were harvested by spinning at 4000 

rpm for 15 minutes at 4°C. The pellet was redissolved in 20 ml Lysis Buffer (100 mM 

Tris, 200 mM Nacl, 0.01 % IGEPAL® CA-630 and 1 mg ml-1 lysozyme) and was kept 

on ice for 30 minutes with intermittent shaking. Cells were lyzed by sonication at 
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60% Power in Esquire Biotech Ultrasonic homogenizer with a pulse of 6 s followed 

by pause of 8 s for 10 minutes. The sonicated solution was centrifuged at 10,000 rpm 

for 45 minutes at 4°C. The pellet and supernatant were separated. The expression 

profile was checked on 12% SDS-PAGE gel followed by Coomassie Brilliant Blue R-

250 staining.  

Results 

1. RNA was isolated from both healthy human blood and HT29 cell line. The 

concentration of RNA isolated from HT 29 cell line was estimated to be 415 ng/µl. 

This RNA was further used for cDNA preparation.  

 

Fig 1: Formaldehyde Agarose gel for identifying RNA extracted, 

Lane 1: from blood and Lane 2: from HT29 cell line. 

 

 

 

 

cDNA was prepared and used for further amplification of the genes with suitable 

primers. NDUFS2 and 8 amplified and were identified depending upon their 

appropriate sizes. NDUFS2 was ~1.4 kb and NDUFS8 was 646 bp. 

Fig 2: Agarose gel showing amplification 

of the gene constructs (A) Lane 1: 1 kb 

plus DNA ladder, Lane 2: PCR product 

amplified with NDUFS2 primers and (B) 

Lane 1: 1 kb plus DNA ladder, Lane 2: 

PCR product amplified with NDUFS8 

primers from cDNA prepared from RNA 

isolated from HT29 cell line. 
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2. Cloning in pGEMT vector and colony PCR to confirm positive clones. 

Several colonies were obtained after cloning the amplified PCR product into pGEMT 

vector. Of these a few colonies were subjected to colony PCR and appropriate clone 

was chosen for further plasmid isolation.  

 

Figure 3.1: Agarose gel electrophoresis Lane 1-15: Colony PCR products for colony number 1-15 

for NDUFS2 gene cloned in pGEMT vector and transformed in E coli DH5α cells. Lane 16: 1 kb 

NEB ladder. Star indicates: Amplified NDUFS2 colony PCR product. 

Colony number 7, 11 and 13 show amplified constructs of ~1.4 kb which is the size of 

the NDUFS2 gene. (Figure 3.1) 

Colony number 2, 3, 4 and 7 showed amplified bands at ~850 bp. The size of the 

NDUFS8  gene is 655 bp and including the extra bases incorporated by the primers 

this is the appropriate size (Figure 3.2). 

Figure 3.2: Agarose gel 

electrophoresis Lane 1: 1 kb plus 

DNA ladder, Lane 2-9: Colony 

PCR products for colony number 

1-8 for NDUFS8 gene cloned in 

pGEMT vector and transformed 

in E. coli DH5α cells. Star 

indicates the presence of 

NDUFS8 Colony PCR product.  
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          The potential positive clones were used for plasmid isolation and the plasmids 

were used for sub-cloning in expression vector and were sequenced to confirm the 

presence of the gene. 

3. Sub-cloning in expression vector. 

Colony PCR was performed to confirm positive clones followed by sequencing. 

NDUFS2 was sub-cloned in pET 28b(+) between Nde I and Hind III. 

 

Figure 4.1: Agarose gel electrophoresis Lane 1-15: Colony PCR products for colony number 1-15 

for NDUFS2 gene cloned in pET 28b(+) vector and transformed in E coli DH5α cells, Lane 16: 1 

kb NEB Ladder. Star indicates the presence of NDUFS2 Colony PCR product. 

Colony number 3, 8, 11, 13 and 14 show bands of appropriate sizes and are positive 

clones (Figure 4.1). 

NDUFS8 was sub-cloned in pGEX 4T1 between Eco RI and Xho I. 

Figure 4.2: Agarose gel 

electrophoresis Lane 1: 1 

kb NEB Ladder, Lane 2-16 

Colony PCR products for 

colony number 1-15 for 

NDUFS8 gene cloned in 

pET 28b(+) vector and 

transformed in E coli 

DH5α cells. Star indicates 

the presence of NDUFS8 

Colony PCR product. 



Ph.D. Thesis                                                                                                                             Appendix 

Tulika Jaokar  Page 156 

 

Colony number 2, 3, 5, 6, 10 and 12 showed bands of appropriate size and are positive 

clones (Figure 4.2) 

The plasmids from the positive clones were sequenced to confirm the presence of 

desired gene and transformed into E coli BL21(DE3) expression cells. The clones 

were then checked for expression. 

4.       Soluble protein expression 

Recombinant NDUFS2 and 8 proteins were expressed only as inclusion bodies in all 

the conditions of expression. 

5. In vitro synthesis of ND1 gene. 

 

Figure 5: A: PCR product after 1st PCR reaction. B: PCR product after 2nd PCR reaction. 

Arrow indicates the presence of amplified ND1 gene. 

ND1 is 956 bp. In the first PCR reaction a general assembly of the oligonucleotides 

takes place. ND1 got synthesized in the 2nd PCR reaction where the outermost 

oligonucleotides were used for amplification (Figure 5). The amplified PCR product 

was cloned into pGEM-T vector. 96 colonies were screened and sequenced to get an 

appropriate clone. The construct was further sub-cloned in pET 26b(+) (Nde I – Xho 

I), 28b(+) (Nde I-Xho I), pET 30b(+) (EcoRI – Xho I), pET 44b(+) (EcoR I – Hind 

III) and pGEX4T1. Expression was tried by inducing the cells at different IPTG 
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concentrations (0.1-1 mM) at different temperatures (16°C, 18°C, 21°C, 28°C, 37°C) 

in different expression hosts (Rosetta, pLysS, pLysE); however the clones didn’t 

show overexpression of the ND1 gene. Autoinduction was also tried, however, it also 

didn’t improvise the expression profile for carrying out further research on it. 
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