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Introduction

1. INTRODUCTION
“The process of scientific discovery is, in effect, a continual flight from wonder”


- Albert Einstein
Alper’s disease is a spongiform cerebral degenerative disease that affects the cerebral cortex, the cerebellum, the basal ganglia and the brain stem. Alper’s syndrome is also called Alper’s–Huttenlocher syndrome, Alper’s hepatopathic poliodystrophy and hepatocerebral degeneration of childhood. It is one of the oldest recognized phenotypes associated with mitochondrial disease. It was first described by Bernard Alper’s in 1931 (Nguyen et al., 2005).

The incidence of Alper’s disease is estimated between 1/100,000 and 1/250,000 (Hasselmann et al., 2010). Alper’s disease or progressive neuronal degeneration of childhood is an autosomal recessive disorder characterized by developmental regression, intractable epilepsy, progressive neurologic deterioration, liver disease, and death usually before 10 years of age. Neuropathologic changes include patchy neuronal loss and gliosis, particularly in the striate cortex, whereas the liver shows steatosis, cellular necrosis, focal inflammation, and fibrosis. In 2004, Alpers disease was attributed to mutations in the catalytic subunit of the mitochondrial DNA (mtDNA) polymerase gene, polymerase γ (POLG1), and this association has been confirmed in several studies (Wiltshire et al., 2008).
Mitochondria are small structures that are found in all cells except red blood cells.

They contain their own DNA (known as mitochondrial DNA or mtDNA), and are responsible for producing the energy that is needed by the cell to carry out its functions. Any defect in the mitochondria will mean that there is a reduction in the amount of energy produced. This can lead to damage to the cell and ultimately to cell destruction. If this happens, it will lead to failure of the body’s systems and cause the symptoms of the mitochondrial disorder. Defects in the genes of the mtDNA are maternally inherited (Luoma, 2007).

Human DNA Pol γ holoenzyme is a heterotrimer containing one Pol γ-A subunit and a dimeric Pol γ-B subunit. The Pol γ-A active-site domain adopts a canonical polymerase configuration (Lee et al., 2009).  Mutations in POLGA, affecting the stability of mtDNA, have been identified in several human pathologies such as progressive external ophthalmoplegia and Alper’s syndrome (Hance et al., 2005). 

Disease due to defects in mitochondrial DNA (mtDNA) may be primary, that is, due to a mutation affecting this genome, or arise secondarily from a defect in a nuclear encoded protein involved in mtDNA homeostasis. Nuclear gene defects affecting mtDNA homeostasis give rise to multiple different mtDNA deletions or a quantitative loss of this genome called mtDNA depletion. Nuclear genes giving rise to multiple mtDNA deletion include the mtDNA polymerase (POLG) (Van Goethem et al., 2001), the adenine nucleotide transporter (Kaukonen et al., 2000) and Twinkle (Spelbrink et al., 2001), a mitochondrial helicase (Tzoulis et al., 2006).

Fifteen distinct cellular DNA polymerases have been identified in mammalian cells but only four of these are devoted to DNA replication, whereas the rest are devoted to DNA repair and specialized DNA synthetic processes that contribute substantially to the maintenance of genetic integrity. Although most of these enzymes are involved in nuclear DNA repair and replication, DNA polymerase gamma (POLG) remains the only DNA polymerase found in mitochondria (Hance et al., 2005).
DNA Pol γ, in contrast to the many nuclear DNA polymerases (DNAPs) that have specialized functions, is solely responsible for DNA replication and repair in mitochondria. Pol γ is critically important for mtDNA maintenance, cellular energy supply, and viability. Reduced activities of Pol γ lead to mtDNA depletion and impairment of cellular metabolism (Lee et al., 2009).
Human POLG was identified in 1996 (Ropp and Copeland, 1996) and the first mutation within the gene identified as causing human disease were first described in 2001. Since 2001, over 100 pathogenic mutations have been found to cause a vast array of both neurological and non-neurological disorders of variable age of onset and severity (Goethem et al., 2001).
Mutations in the POLG gene have emerged as one of the most common causes of inherited mitochondrial disease in children and adults. They are responsible for a heterogeneous group of at least 6 major phenotypes of neurodegenerative disease that include: 1) Childhood Myocerebrohepatopathy Spectrum disorders (MCHS), 2) Alpers syndrome, 3) Ataxia Neuropathy Spectrum (ANS) disorders, 4) Myoclonus Epilepsy Myopathy Sensory Ataxia (MEMSA), 5) autosomal recessive Progressive External Ophthalmoplegia (arPEO), and 6) autosomal dominant Progressive External Ophthalmoplegia (adPEO). Due to the clinical heterogeneity, time-dependent evolution of symptoms, overlapping phenotypes, and inconsistencies in muscle pathology findings, definitive diagnosis relies on the molecular finding of deleterious mutations (Wong et al., 2008).

Hence the present study “In silico Modeling and Mutational Studies of Human Mitochondrial DNA Polymerase γ A [POLG1] of Alper’s Disease” was intended to investigate the point mutation of Pol γ-A protein in humans and its stability. And also the study was extended to predict the interaction of Pol γ-A mutants with Pol γ-B protein.

OBJECTIVES OF THE STUDY:
· Identification of point mutations in Mitochondrial DNA Polymerase gamma A Protein.

· To predict changes in the secondary structure composition of the mutated structures of mtDNA Polymerase gamma A Protein.

· Homology modeling of the mutated protein sequences using ModWeb.

· Prediction of interaction between modeled mtDNA Polymerase gamma A Protein and mtDNA Polymerase gamma B protein using ZDOCK – Docking software.
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Review of Literature
2. REVIEW OF LITERATURE
“The literature of science is filled with answers found when the question propounded had an entirely different direction and end”

— John Steinbeck
The review of the literature pertaining to the present study “In silico Modeling and Mutational Studies of Human Mitochondrial DNA Polymerase γ A [POLG1] of Alper’s Disease” is discussed under the following headings.

2.1 MITOCHONDRIA

2.1.1 ORIGIN OF MITOCHONDRIA
2.1.2 STRUCTURE
2.1.3 FUNCTION


2.1.3.1 OXIDATIVE PHOSPHORYLATION
2.1.3.2 REACTIVE OXYGEN SPECIES (ROS)
2.2 MITOCHONDRIAL DNA
2.2.1 STRUCTURE, ORGANIZATION AND EXPRESSION
2.2.2 MITOCHONDRIAL DNA GENE EXPRESSION
2.2.3 DYSFUNCTION LEADS TO MITOCHONDRIAL DISEASE
2.2.4 MATERNAL INHERITANCE OF MITOCHONDRIAL DISEASE
2.3 MITOCHONDRIAL DNA REPLICATION

2.3.1 MECHANISMS OF DNA REPLICATION IN MITOCHONDRIA

2.3.1.1 CLAYTON-MODEL
2.3.1.2 HOLT-JACOBS MODEL
2.3.1.3 IN VITRO REPLISOME 
2.4 DNA POLYMERASE GAMMA, POLG HOLOENZYME 

2.4.1 MOLECULAR STRUCTURE OF THE POLG-Α CATALYTIC         

SUBUNIT

2.4.2 ENZYMATIC ACTIVITIES OF POLG-Α
2.4.2.1   POLYMERASE ACTIVITY
2.4.2.2   3'- 5' EXONUCLEASE ACTIVITY
2.4.2.3   POLYMERASE GAMMA IN MITOCHONDRIAL DNA                          

              REPAIR
2.5 HUMAN DISORDERS ASSOCIATED WITH DEFECTIVE 

      POLG-Α

2.5.1 ALPER’S SYNDROME
2.5.2 MOLECULAR CONSIDERATION OF ALPER’S DISEASE 
2.6 PROTEIN - PROTEIN INTERACTIONS

2.6.1 ZDOCK – PROTEIN DOCKING SOFTWARE

2. MITOCHONDRIA

2.1.1 ORIGIN OF MITOCHONDRIA

Mitochondria are thought to have been derived from endosymbiotic prokaryotes about 1.5 billion years ago as a consequence of symbiosis of oxidative bacteria and glycolytic proto-eukaryotic cells. Most likely, the common ancestor was related to α-proteobacteria, a group of intracellular parasites. Studies on prokaryotic and diverse mitochondrial genomes suggest that the bacterial genome resembles mitochondrial DNA most closely is that of the intracellular parasite Rickettsia prowazekii which seems to be the evolutionarily closest equivalent to the common ancestor of all existing mitochondria thus far known. Further evidence comes from the protozoan Reclinomonas americana. This bacterium-like mitochondrial genome contains 97 genes, out of which 67 genes encode proteins also found in all sequenced mitochondrial genomes. Theoretically, it could represent one of the transitional ancestors of all known mitochondria (Luoma, 2007).

2.1.2 STRUCTURE

The overall structure and compartmentalization of mitochondria, consisting of inner and outer phosholipid bilayers, are compatible with the bacterial origin of mitochondria (Figure 1). The inner membrane (IM) contains cardiolipin, an unusual phospholipid, which is a characteristic component of bacterial plasma membranes. The inner membrane is highly folded into cristae and there is experimental evidence to suggest that cristae might form separate discontiguous compartments. Most likely, the purpose of this folding is to maximize the inner membrane area and the volume of the intermembrane space between two membranes (Frey and Mannella, 2000).

The outer membrane (OM) has a lipid composition similar to that of the cell membrane. It contains aqueous channel-forming porins, which enable diffusion of ions and small molecules (<5000-6000 Daltons) through the membrane. OM and IM also contain specific transport protein complexes that control nuclear encoded protein import (TIM/TOM) and small molecule traffic permeases (Nupert et al., 2007).
The inner membrane has a higher protein to phospholipid ratio than the outer membrane, and it is practically impermeable. Only molecules such as molecular oxygen and water can diffuse freely through IM. IM embeds the five protein complexes I-V responsible for respiration and ATP production in a process known as oxidative phosphorylation (OXPHOS). The proton gradient between the intermembrane space and the matrix is the ultimate driving force of ATP synthesis (Scheffler, 1999).
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Figure 1. Schematic presentation of mitochondrial compartmentalization

Source: http://en.wikipedia.org/wiki/Mitochondria

 In the matrix, attached to the inner membrane, reside the nucleoids. These complex inner membrane associated structures contain a few copies of mitochondrial genomes (2-10) each, as well as proteins involved in the maintenance of mtDNA, gene expression and protein translation (Holt et al., 2007). The matrix is also the compartment where biosynthesis (amino acids, lipids, heme and steroids) as well as catabolic reactions (Krebs cycle, β-oxidation, urea cycle) take place.
2.1.3 FUNCTION

The primary function of mitochondria is to convert the chemical bond energy of fatty acids, amino acids and carbohydrates into chemical bond energy conserved as adenosine triphosphate (ATP). Mitochondria have another important role in controlling and mediating apoptosis. Additionally, mitochondria synthesize heme and steroids, regulate the cellular redox state, buffer calcium, produce heat and most likely have additional, as yet uncharacterized functions. It is therefore self evident that mitochondrial dysfunction has the potential to cause a wide variety of diseases (Zeviani and Carelli, 2007).

2.1.3.1 OXIDATIVE PHOSPHORYLATION

The initial steps of energy conversion by oxidative phosphorylation take place in the cytosol. Pyruvate, catabolized from glucose is actively transported into the mitochondrial matrix through the outer and inner membranes. In the matrix, pyruvate dehydrogenase combines pyruvate with coenzyme A, which is fed into the citric acid cycle (Kreb’s cycle). This cycle creates three molecules of NADH and one molecule of FADH2, which forward their electrons in a series of reduction/oxidation reactions within multi-subunit complexes I-IV by ubiquinone (from I and II to III) and cytochrome c (from III to IV) (Figure 2). These complexes create an electrochemical gradient across the inner membrane (IM). The proton gradient formed is exploited to drive ATP synthase (complex V), which phosphorylates ADP to ATP, hence finalizing the energy conversion process. 
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Figure 2. Principle of OXPHOS system consisting of five enzyme complexes CI-CV
Source: http://flaggedrevs.labs.wikimedia.org/wiki/Oxidative_phosphorylation
The overall principle of this OXPHOS system is simple: the chemical bond energy of nutrients is converted into chemical bond energy of ATP and heat in a highly controlled fashion. This system employs different forms of energy such as potential (electron gradient, proton gradient) and kinetic (ATPase) in order to make this conversion occur. All of these different forms of energy originally come from the energy bound in the chemical bonds of the nutrients and the net sum of energy remains constant (Scheffler, 1999).

2.1.3.2 REACTIVE OXYGEN SPECIES (ROS)
Since mitochondria are the site of cellular respiration, and molecular oxygen is the final acceptor for electrons carried through the respiratory chain, it is inevitable that some electrons leak from the respiratory chain to partially reduce molecular oxygen (O2), forming superoxide anion O2-. This highly reactive anion is rapidly converted into hydrogen peroxide H2O2 by mitochondrial superoxide dismutase (MnSOD) and further into hydroxyl radical OH- in the presence of metals such as Fe2+/3+  (Seifried et al., 2007).
The role of oxygen radicals is controversial. On the one hand, they have been regarded as the obligatory and toxic side product of respiration underlying neurodegenerative diseases and ageing in general (Raha and Robinson et al., 2001). But there is also increasing evidence that ROS formation is strictly regulated, and that these radicals are involved in various cellular processes such as signaling and modification of the mode of action of proteins (Luoma, 2007).
2.2 MITOCHONDRIAL DNA
2.2.1 STRUCTURE, ORGANIZATION AND EXPRESSION

Human mitochondrial DNA (mtDNA) is a double-stranded and closed circular molecule that consists of 16569 basepairs and is about 5.2 μm long in a linearized form. Therefore, it has to be highly condensed or supercoiled to fit inside the mitochondrion as a part of the nucleoid structure. Mitochondrial DNA encodes 13 essential protein subunits of the OXPHOS complexes I (7 subunits), III (1 subunit), IV (3 subunits) and V (2 subunits), two ribosomal RNA (16S and 12S) and 22 transfer RNA (Figure 3). The vast majority of the mitochondrial proteins are encoded by nuclear genes, including OXPHOS-subunits and proteins involved in the expression and maintenance of mtDNA (Jensen et al., 2004). Twenty-eight mtDNA genes are encoded by heavy strand genes and nine by complementary light strand genes; all mtDNA genes lack introns (Anderson et al., 1981). The largest non-coding region (≈1kb) is the displacement loop (D-loop) involved in the regulation of replication and gene expression. 

Mitochondrial DNA is localized in the inner membrane associated nucleoprotein structures known as nucleoids (2-10 copies each) (Malka et al., 2006), which also comprise such proteins as DNA polymerase gamma catalytic α-subunit (pol-α), DNA polymerase gamma accessory β-subunit (pol- β), TWINKLE DNA helicase (Spelbrink et al., 2001), single strand DNA-binding protein mtSSBP (Single Stranded Binding Protein) and major DNA packaging protein TFAM (Kanki et al., 2004). Mammalian cells may contain thousands of copies of mitochondrial DNA organized in several hundred nucleoids. Nucleoids form the basic unit redistributing during mitochondrial fission and fusion and there is evidence that they are also connected with the cytoskeleton. The mtDNA molecules in nucleoids are engaged in a variety of processes, including replication and transcription. However, the detailed organization and molecular composition of the nucleoid in higher organisms is not known (Iborra et al., 2004).
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Figure 3.  Organization of human mitochondrial genome

Source: http://www.nature.com/nrg/journal/v6/n5/fig_tab/nrg1606_F1.html

2.2.2 MITOCHONDRIAL DNA GENE EXPRESSION

Mitochondrial genes are expressed as polycistronic messenger RNA’s (mRNA) from two promoters (HSP, heavy strand promoter and LSP, light strand promoter) located in the D-loop (Clayton, 2000). The minimal human mitochondrial transcription apparatus comprises the RNA polymerase POLRMT, the transcription factor/DNA binding protein TFAM and the two co-activator proteins TFB1 and TFB2, which also posses rRNA methyltransferase activity, although this activity is not required for transcriptional activation (Bonawitz et al., 2006). In addition, the transcription termination factor mTERF controls the ratio of messenger RNA to ribosomal RNA. Two isoforms of the human mitochondrial transcription specificity factors TFB1 and TFB2 have been identified (Falkenberg, 2002). Both have been demonstrated to interact with TFAM and the mitochondrial RNA polymerase during transcription initiation. Nuclear encoded protein TFAM was originally described as a mitochondrial transcription factor also involved in mtDNA maintenance. TFAM binds conserved regulatory sequences (enhancer) within the D-loop of mtDNA and recruits other replication factors to the D-loop. Because the normal TFAM cellular levels significantly exceed those needed for transcription, TFAM has been postulated to act in a histone-like fashion, providing protection to the mitochondrial genome excluding the D-loop region (Takamatsu et al., 2002).
2.2.3 DYSFUNCTION LEADS TO MITOCHONDRIAL DISEASE

In 1962, Rolf Luft described a patient with severe hypermetabolism and abnormal mitochondria in the skeletal muscle. This was the first known diagnosed case of mitochondrial disease. One year later the mitochondrial genome was found (Nass et al., 1963). Since then, a large number of patients have been described to have evident dysfunction of the respiratory chain. Another milestone in the history of mitochondrial disorders was the sequencing of mtDNA, but it took seven years before the first pathological mtDNA mutations were discovered in 1988. Today, more than a hundred distinct mutations of mtDNA have been reported to underlie different pathological states. 

Mitochondrial genetic diseases are often characterized by alterations in the mitochondrial genome, such as point mutations, deletions, rearrangements or depletion of mitochondrial DNA (mtDNA). These mutations are either primary or secondary, the latter being due to primary mutations in nuclear-encoded mitochondrial genes such as the catalytic subunit of DNA polymerase gamma (POLG1), which lead to secondary mutations in mtDNA and OXPHOS dysfunction. The “normal” mutation rate of the mitochondrial genome is 10-20 times greater than that of nuclear DNA, and mtDNA is more prone to oxidative damage than is nuclear DNA. Mutations in human mtDNA can cause premature aging and severe neuromuscular pathologies which are maternally or autosomally inherited (Mancuso et al., 2007). 

Mitochondrial diseases cover the disorders that are caused by mutations in either nuclear or mitochondrial genes. Mitochondrial diseases may take on unique characteristics both because of their mode of inheritance and because mitochondria are critical to cell function. However, the effects of mitochondrial disease can be quite diverse. Since the distribution of defective mtDNA may vary from organ to organ within the body, a mutation that may cause liver disease in one person might cause a brain disorder in another. In addition, the severity of the defect may vary extensively. Some defects cause adult onset exercise intolerance, which is a sign of myopathy. Other defects can affect mitochondrial function more severely and cause serious multisystem consequences with early onset (Luoma, 2007).

Although mitochondrial diseases vary greatly in their presentation from person to person, several major categories of the disease have been defined, based on the most common symptoms and the particular mutations that tend to cause them.

2.2.4 MATERNAL INHERITANCE OF MITOCHONDRIAL DISEASE

Mitochondrial DNA is inherited maternally, as compared to the nuclear gene inheritance modes, namely recessive and dominant autosomal or X-linked inheritance. Nuclear genes have two copies per cell, whereas haploid germ cells have only one copy. One copy is inherited from the father and the other from the mother. Mitochondria, however, contain their own DNA and have variable numbers of copies, depending on the cell types and their energy demands. Mitochondrial DNA is strictly inherited from the mother and transmitted further by the female germline. Normally, these mtDNA copies are identical, a situation called “Homoplasmy”. If two different populations exist, the situation is called “Heteroplasmy” (Holt et al., 1988). The two mtDNA pools segregate into daughter cells upon cell division, and the segregation pattern determines the ratio of mutant to wild-type mtDNA in a given tissue or cells. A situation where more than two distinct mtDNA sequences occupy the mitochondria is called “Pleioplasmy” (Mancuso et al., 2007).
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Figure 4.  Concept of maternal inheritance
Source: http://www.eumitocombat.org/info.php?id=67

In a situation where the mother is a carrier of a heteroplasmic mtDNA pool, distinct cells and tissues may have different ratios of mutant to wild-type mtDNAs. This also applies to the ovarian precursor cells (primordial germ cells). If these precursor cells have a heteroplasmy ratio of 50/50, for example, then the individual mature ovum can have a distinct ratio of mutant to wild-type mtDNA due to reduction of mtDNA amount and random distribution of mutant and wildtype mtDNAs after meiosis. When the mature oocyte is fertilized, the outcome regarding disease depends partly on the initial ratio of mutant versus normal mtDNA in the individual oocyte. If there are enough cells in individual tissues or specific organs, which have reached the critical amount of mutated mtDNA, it would most likely lead to an impaired OXPHOS-system causing clinical manifestation (Shoubridge and Wai, 2007).

2.3 MITOCHONDRIAL DNA REPLICATION

The basic processes of mitochondrial DNA replication were initially elucidated with studies on budding yeast. Yeast mtDNA is ~80 kb, i.e. almost five times the size of human mtDNA, and it contains bidirectional origins of replication (ori/rep sequences numbered 1-8). This mechanism is similar to that of mtDNA replication in vertebrates (Bernardi, 2005). Currently, the replication of mtDNA is not fully understood, and there are two major theories (the Clayton and Holt-Jacobs models) of how this replication is accomplished (Yasukawa et al., 2005). Progress has been made by identifying a growing list of proteins involved in the replication and by reconstitution of an in vitro mitochondrial replisome capable of synthetizing single-strand DNA, which is close to the full size of mtDNA (Korhonen et al., 2004). This minimal replisome consists of pol-α, pol-β and TWINKLE helicase. The addition of mitochondrial single-stranded DNA-binding (mtSSB) protein enhances processivity, 5’-3’ DNA helicase TWINKLE unwinds the DNA, and pol-α itself catalyses mtDNA replication (Farge et al., 2007). In vivo the situation is more complex and highly regulated, requiring additional accessory proteins and synthesis and processing of RNA (Larsson and Clayton, 1995), the mechanism of mtDNA replication is given detail below.
2.3.1 MECHANISMS OF DNA REPLICATION IN MITOCHONDRIA

2.3.1.1 CLAYTON-MODEL

The first model of mammalian mtDNA replication was reported in 1982 (Clayton, 1982). According to this model, the replication of mtDNA takes place in a unidirectional and asymmetric fashion in mouse L-cells (Mouse embryo fibroblast, Moloney Sarcoma Virus transformed) (Clayton, 2003). This model has two characteristic features. Firstly, mtDNA has two distinct origins of replication: OH (Origin of Heavy Strand) in the D-loop and OL (Origin of Light Strand) approximately two thirds downstream. Secondly, transcription initiates replication from OH displacing the H-strand and synthesizing a new one until OL is reached. So far, two thirds of the new H-strand has been synthesized. At this point, displacement of the H-strand exposes the OL, from which the synthesis of the lagging strand initiates. In this model the primer for the initiation of mtDNA replication at OH is believed to be generated by processing the transcript starting at LSP (Chang and Clayton, 1985).

2.3.1.2 HOLT-JACOBS MODEL

Recently, the Clayton model was challenged by a more conventional model based

on studies of mtDNA replication using two-dimensional gel electrophoresis (Bowmaker et al., 2003). This model presumes that replication proceeds in the presence of conventional duplex replication intermediates indicating symmetric, semi discontinuous DNA replication with coupled leading and lagging strand DNA synthesis. Initially, replication was believed to initiate at or near OH, proceeding unidirectionally around mtDNA and suggesting coexistence of both asynchronous and strand coupled modes of mtDNA replication (Holt, 2000). In addition, replication was shown to initiate at multiple sites along mtDNA, proceeding bidirectionally. The most recent findings indicate that the mtDNA replication in verterbrates comprises elements called RITOLS (Ribonucleotide Incorporation ThroughOut the Lagging Strand). These are short stretches of ribonucleotides found in the lagging strand, indicating that there might be uncharacterized primase activity, or alternatively, these are preformed oligoRNAs hybridized to the L-strand. The initiation of the replication of the H-strand from RITOLS seems to occur in the non-coding region and is unidirectional (Yasukawa et al., 2006). 

2.3.1.3 IN VITRO REPLISOME 

Korhonen et al (2004) provided novel insight into the biochemical aspects of mtDNA replication reconstituting a minimal mtDNA replisome. The replisome contained recombinant pol-α and pol-β (both catalytic and accessory subunits), TWINKLE and mtSSBP. The combination of three proteins, pol-α, pol-β and TWINKLE, demonstrated efficient synthesis of single-stranded DNA approximately 2000 nucleotide in length, using double-stranded minicircle DNA as a template. Addition of mtSSBP to the complex permitted synthesis of single-stranded DNA products more than 15000 nucleotide in length, a size similar to the mammalian mitochondrial genome (Farge et al., 2007).

2.4 DNA POLYMERASE GAMMA, POLG HOLOENZYME 

So far, altogether 16 mammalian DNA polymerases have been identified. These polymerases are essential in maintaining genetic information through faithful replication and repair. Only one of these polymerases is involved in maintaining the mitochondrial genome (mtDNA), namely DNA polymerase gamma holoenzyme (polg), which is encoded, by the nuclear genes (POLG1 and POLG2) and imported into mitochondria. It represents only about 2% of total cellular polymerase activity. In mammals, including humans, it has a C-terminal DNA polymerizing activity (pol-domain) and N-terminal proofreading activity (exodomain). These domains are separated by a spacer or linker region, which is thought to have a role in DNA binding and interaction with the processivity subunit (polg-β) of the holoenzyme. Polg-α shows some exceptional characteristics, which differentiate it from the other mammalian polymerases. These include reverse transcriptase activity, sensitivity to N-ethylmaleimide (NEM), capability to incorporate dideoxy-NTPs, resistance to Aphidicolin and stimulation by salt (Longley et al., 1998). Dysfunction of polg-α has turned out to be an important and common cause of Alper’s disease. When mutated, it causes secondary defects on mtDNA, such as deletions, point mutations and depletion, which lead to defective or reduced synthesis of mtDNA-encoded components of the respiratory chain (Luoma, 2007).

The human heterotrimeric holoenzyme (195 kD) is composed of two subunits of accessory subunits (polg- β) and one subunit of catalytic polg-α which possesses DNA polymerase, 3’-5’ exonuclease and 5’dRP lyase activities (Longley et al., 1998). Mitochondrial DNA accounts for approximately 1% of total cellular DNA, and polg activity comprises only 1-5% of total cellular DNA polymerase activity. Polg-α belongs to the family A polymerases, (Ito and Braithwaite, 1991) which includes the Klenow fragment of E.coli, Taq polymerase and bacteriophage T7 DNA polymerases (Luoma, 2007).
2.4.1 MOLECULAR STRUCTURE OF THE POLG-Α CATALYTIC SUBUNIT

So far, the three-dimensional structure of polg-α has not been solved, although many 3-D structures of prokaryotic polymerases belonging to the same polymerase A family have been resolved (Brautigam and Steitz, 1998). According to these results, the predicted structure of the polg-α polymerase domain shows well-defined fingers, thumb, and palm subdomains. This model has provided structural insights into the function of many of the conserved amino acids at the active site, which has been useful in predicting the potential effect of disease mutations.

2.4.2 ENZYMATIC ACTIVITIES OF POLG-Α
2.4.2.1 POLYMERASE ACTIVITY
In addition to natural templates, human polg-α can utilize a wide variety of DNA substrates, including activated DNA, singly primed M13 DNA and several homopolymers such as poly(dA)•oligo(dT) and poly(dC)•oligo(dG). Polg-α also possesses reverse transcriptase activity, which permits differentiation of this activity from most other cellular DNA polymerases by assay on poly(rA)•oligo(dT) (Murakami et al., 2003). In addition to DNA polymerizing activity, co-purification of 3’-5’exonuclease activity has been shown in various species (Gray and Wong, 1992). 
The catalytic rate of reverse transcription is higher for polg-α than for HIV-1 reverse transcriptase, and there is also evidence of proofreading activity with the RNA template. This variety of templates might indicate that polg-α as the sole mitochondrial DNA polymerase has additional and unknown roles in nucleic acid processing. Polg-α is active between pH values of 7.5 and 9.5, and the enzyme also requires a divalent metal cation. Mn2+ cations are preferred on DNA templates, whereas Mn2+ are required for efficient utilization of ribopolymeric templates (Murakami et al., 2004).

2.4.2.2   3'- 5' EXONUCLEASE ACTIVITY

Polg-α associated exonuclease activity was first characterized in several species (Insdorf and Bogenhagen, 1989). Using a yeast homolog of polg-α, MIP1, three exonuclease motifs were identified as having significant homology with other family A polymerase exonuclease motifs. Mutagenization of the yeast exo-motifs 1, 2 and 3 retained the polymerase activity, but the strains exhibited a several 100-fold increase in the frequency of mutations of mtDNA relative to the wild-type enzyme with its intact, mismatch-specific 3'-5' exonuclease activity. Subsequently, the intrinsic 3'-5' exonuclease activity of polg-α was also shown in the human catalytic subunit and reconstituted forms of the human holoenzyme (Johnson et al., 2000). 
Exonuclease activity also has a broad pH optimum, requires a divalent metal cation and is stimulated by moderate to high concentrations of sodium chloride (NaCl). The exonuclease shows preference for 3'-terminal mispairs in double-stranded DNA and degrades efficiently single stranded DNA. Polg-α has a high mismatch specificity ranging from 5 to 34-fold, depending on the DNA substrate and the specific nucleotides that make up the mispair. Polg-α can replicate DNA accurately with error frequencies of less than 3.8x10-6/nucleotide, indicating that the exonuclease contributes to replication fidelity. All family A DNA polymerases with intrinsic exonuclease activity contain conserved residues in their exonuclease active sites, which coordinate the two metal ions involved in catalysis (Luoma, 2007).

Expression studies with human cultured cells show accumulation of point mutations when exo-deficient polg-α is introduced to cells (Spelbrink et al., 2000). Several mutations associated with PEO or Alper’s syndrome have been found in the exonuclease domain, but none of them are located within the conserved exo-motifs (Horvath et al., 2006). All these mutations are found as compound heterozygotes and mostly inherited as a recessive trait.
2.4.2.3 POLYMERASE GAMMA IN MITOCHONDRIAL DNA REPAIR

In addition to damage by reactive oxygen species, mtDNA is also damaged by exposure to radiation and chemicals. Repair of the damage to mtDNA is necessary to avoid the accumulation of point mutations and/or deletions. Certain types of DNA damage can be efficiently repaired in mitochondria. As the only DNA polymerase present in mitochondria, polg is involved in these repair processes such as base excision repair (BER) (Graziewicz et al., 2006).

2.5 HUMAN DISORDERS ASSOCIATED WITH DEFECTIVE       

      POLG-Α

POLG1 is one of the nuclear genes that is associated with mitochondrial DNA depletion or deletion disorders when mutated. Dysfunction of mitochondrial DNA polymerase gamma has been associated with disorders such as progressive external ophthalmoplegia (PEO), Alpers syndrome (Naviaux and Nguyen, 2005), Mitochondrial NeuroGastrointestinal Encephalomyopathy (MNGIE) or Sensory Ataxic Neuropathy, Dysarthria and Ophthalmoparesis (SANDO). Also, polyglutamine tract variants in the N-terminus of polg-α have been implicated in male infertility in some instances, (Rovio et al., 2001) although several reports have failed to replicate that association (Brusco et al., 2006). Since 2001, there are several publications reporting over 80 distinct POLG1 mutations associated with diverse clinical manifestations (Gago et al., 2006).

2.5.1 ALPER’S SYNDROME

Bernard Alper’s described in 1931 the neuropathology and clinical features of a 4-month-old girl with one month illness characterized by intractable generalized seizures. He termed the disorder ‘Diffuse Progressive Degeneration of the gray matter of the Cerebrum’. Alper’s syndrome is usually characterized by psychomotor retardation, intractable epilepsy and liver failure in infants and young children. Definitive diagnosis is confirmed by postmortem examination, showing typical morphological changes of the brain and liver, such as spongiosis, neuronal loss, and astrocytosis, which progresses down through the cortical layers, hepatocyte loss, bile duct proliferation, fibrosis, and often cirrhosis (Harding et al., 1995). The illness usually begins in early life with convulsions. A progressive neurologic disorder characterized by spasticity, myoclonus and cognitive decline ensues. Status epilepticus is often the terminal development (Luoma, 2007).

In 2004, the first report of POLG1 mutations underlying Alper’s syndrome was published. The authors reported an Alper’s patient with reduced electron transport chain function, dicarboxylic aciduria, fulminant hepatic failure, refractory epilepsy and lactic acidosis which resulted in death at 42 months. Sequencing revealed that the patient was compound heterozygous, predicting W748S and A467T amino acid substitutions (Naviaux and Nguyen, 2005). Since then, reports have been published of several other mutations found in POLG1 in 20 independent pedigrees (Kollberg et al., 2006). At least 16 mutations associate with Alper’s syndrome. In all cases, the POLG1 mutations found in Alper’s patients are recessive. The reports clearly suggest that when the interaction between the polg-A and polg-B is minimal or absent it leads to Alper’s disease.

It is not clear why more childhood-onset cases are associated with A467T than adult-onset cases 58.9% of the childhood-onset cases harboured the A467T linker-region mutation, but only 21.1% of the remaining cases harboured A467T. Intriguingly, the four individuals homozygous for A467T had a milder phenotype when compared with compound heterozygotes with the same mutation. This is surprising that the recent in vitro data demonstrating only 5% polymerase activity with the A467T mutant protein (Chan et al., 2005; Luoma et al., 2007), suggesting that other factors contribute to the phenotypic variability, as for the W748S mutation (Horvath et al., 2006).

2.5.2 MOLECULAR CONSIDERATION OF ALPER’S DISEASE 

Six mutant alleles were found in patients with Alper’s disease, two carrying nonsense and four carrying missense changes. Each nonsense mutation was allelic to an already reported missense mutation, namely the W748S and the A467T mutations (Table 1) (Horvath et al., 2006).

The mutations of Alper’s disease with gene position and change in amino acid residues are reported in the literature is shown below in the Table 1.

	S.NO
	MUTATIONS
	GENE POSITION
	AMINO ACID

	1
	2243G→C
	Exon 13
	W748S

	2
	731T→C
	Exon 3
	L244P

	3
	1399G→A
	Exon 7
	A467T

	4
	2869G→C
	Exon 18
	A957P

	5
	2542G→A
	Exon 16
	G848S

	6
	649C→G
	Exon 3
	R232G


Table 1. Polymerase gamma (POLG1) Mutations 

2.6 PROTEIN - PROTEIN INTERACTIONS

Protein - protein interactions involves not only the direct-contact association  of protein molecules  but also longer range interactions through the electrolyte, aqueous solution medium surrounding neighbor hydrated proteins over distances from less than one nanometer to distances of several tens of nanometers. Indeed, protein-protein interactions are at the core of the entire interactomics system of any living cell (Thomas et al., 2001). Modification of proteins can itself change protein-protein interactions. Information about these interactions improves our understanding of disease and can provide the basis for new therapeutic approaches (Hu et al., 2002).

Protein docking is the prediction of the three-dimensional (3D) structure of a protein - protein complex from the coordinates of its component structures. It is classified as bound docking or unbound docking. For the former, a protein complex is pulled apart and reassembled. For the latter, individually crystallized component structures are used. Unbound docking is of more interest to us and is the focus of this work. It has long been recognized that proteins undergo conformational changes on binding, especially their surface side-chains. This complicates unbound docking tremendously. With current computing power, it is not feasible to perform extensive conformational searches during docking, unless the binding site is known. Thus, a number of groups have adopted the two-stage approach: in the initial stage, the receptor and ligand are treated as rigid bodies and the 6D rotational and translational degrees of freedom are fully explored with scoring functions that are tolerant to conformational changes; in the refinement stage, a small number (tens to thousands) of structures obtained in the initial stage is refined and reranked by using more detailed energy functions that take into account conformational changes. Frequently, conformational searches using side-chain rotamers and energy minimizations are performed in the refinement stage (Chen et al., 2003).

Computational protein docking is a useful technique for gaining insights into protein interactions. A number of algorithms have been developed to address the initial stage of unbound protein - protein docking, such as FTDock, DOT, GRAMM and ZDOCK
2.6.1 ZDOCK – PROTEIN DOCKING SOFTWARE

The Dock Proteins (ZDOCK) protocol provides rigid body docking of two protein structures using the ZDOCK algorithm (Chen and Weng, 2002) as well as clustering the poses according to the ligand position. In addition, the protocol provides the option of reranking the docked poses with the ZRANK scoring function ZDOCK is a rigid-body docking program that requires minimal information about the binding site and is targeted at initial-stage unbound docking. The program uses individual protein structures determined by experimental or computational methods as inputs and predicts the structure of a number of protein complexes (i.e., the top 2000 complexes).
ZDOCK uses a simple shape complementarity method called Pairwise Shape Complementarity (PSC). The PSC method is optionally augmented with desolvation (DE) and electrostatic (ELEC) energy terms to rank the docked poses. Shape complementarity is the fundamental component of protein-protein docking scoring functions. The shape complimentarity approach utilizes a geometric descriptor based on surface curvatures (Connolly) or surface areas (Chen et al., 2003). 
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Materials & Methods
3. MATERIALS AND METHODS

The present study entitled “In silico Modeling and Mutational Studies of Human Mitochondrial DNA Polymerase γ A [POLG1] of Alper’s Disease” is focused on modeling and evaluating the mitochondrial polymerase gamma A protein and also predicting its interactions with polymerase gamma B protein. The following databases and tools were used to achieve the objective.

3.1 DATABASES USED
3.1.1 UNIPROT (http://www.uniprot.org/)
The mission of UniProt is to provide the scientific community with a comprehensive, high quality and freely accessible resource of protein sequence and functional information. It also provides the sequence clusters, used to speed up similarity searches. Sequence archives are used to keep track of sequences and also their identifiers.

3.1.2 PDB (http://www.rcsb.org/pdb/home/home.do)
The PDB (Protein Data Bank) archive contains information about experimentally determined structures of proteins, nucleic acids, and complex assemblies. The data, typically obtained by X-ray crystallography or NMR spectroscopy. The PDB also provides a variety of tools and resources. It allows to perform simple and advanced searches based on annotations relating to sequence, structure and function.
3.2 TOOLS USED

3.2.1 BIOEDIT
BioEdit is a mouse-driven, easy-to-use sequence alignment editor and sequence analysis program. BioEdit is intended to supply a single program that can handle most simple sequence and alignment editing and manipulation functions. It provides four modes of manual alignments which includes select and slide, dynamic grab and drag, gap insert and delete by mouse click, and on-screen typing which behaves like a text editor.
3.2.2 MODWEB

ModWeb is a server for comparative protein structure modeling. It depends on the large scale protein structure modeling pipeline, ModPipe, for its functionality. The structural templates used to build models in ModPipe consist of a set of non-redundant chains extracted from structures in the PDB.
Sequence-structure matches are established using multiple variations of sequence-sequence, profile-sequence, sequence-profile and profile-profile alignment methods. Significant alignments (E-value better than 1.0) covering at least 30 amino acid residues are selected for modeling. Models are built for each one of the sequence-structure matches using comparative modeling by satisfaction of spatial restraints as implemented in Modeller.

3.2.3 ZDOCK

ZDOCK is a rigid-body docking program that requires minimal information about the binding site and is targeted at initial-stage unbound docking. The program uses individual protein structures determined by experimental or computational methods as inputs and predicts the structure of a number of protein complexes (i.e., the top 2000 complexes). ZDOCK uses a simple shape complementarity method called Pairwise Shape Complementarity (PSC). The PSC method is optionally augmented with Desolvation (DE) and Electrostatic (ELEC) energy terms to rank the docked poses. Shape complementarity is the fundamental component of protein - protein docking scoring functions. The shape complimentarity approach utilizes a geometric descriptor based on surface curvatures or surface areas. In addition, the protocol also provides the options for reranking the docked poses with the ZRANK scoring function.

3.2.4 SPDBV


Swiss-Pdb Viewer is an application that provides a user friendly interface that allows to analyze several proteins at the same time. The proteins can be superimposed in order to deduce structural alignments and compare their active sites or any other relevant parts. Amino acid mutations, H-bonds, angles and distances between atoms are easy to obtain. Swiss-PdbViewer can also read electron density maps, and provides various tools to build into the density. 

3.3 METHODOLOGY
3.3.1 SEQUENCE RETRIEVAL:


The wild type Human mitochondrial DNA polymerase gamma subunit-A [pol γ- A] protein sequence was retrieved from Uniprot. The sequence information is given below:
Protein Name
: 
DNA polymerase subunit gamma 1

Gene Name    
: 
POLG
Organism       
: 
Homo sapiens 

Sequence length
: 
1239 amino acids

3.3.2 PROTEIN STRUCTURE IDENTIFICATION:


The crystal structure of human mitochondrial DNA polymerase holoenzyme was retrieved from Protein Data Bank. The followings are the description of the protein structure

PDB ID 

: 
3IKM

Classification

: 
Transferase

Structural weight
:
 459804.00
Molecule 

: 
DNA polymerase subunit gamma 1
Chains 

: 
A, D
Length

: 
1172
Organism 

: 
Homo sapiens
3.3.3 MUTANT STRUCTURE GENERATION USING BIOEDIT:

The mutation in the mitochondrial DNA polymerase gamma-A [pol γ-A] of Human leads to many mitochondrial disorders were collected from literature for the present study. BioEdit is a biological sequence alignment editor written for Windows 95/98/NT/2000/XP. An intuitive multiple document interface with convenient features. The residues were mutated using BioEdit. The modified residues of  pol γ A protein and their corresponding positions in the sequence are studied and the specific residues of wild type protein sequence is modified using edit menu in BioEdit select panel to generate a mutant protein. The structures for the mutated sequences were modeled using ModWeb.
3.3.4 SECONDARY STRUCTURE PREDICTION – SOPMA (Self-  
         Optimized Prediction Method with Alignment):


SOPMA is one of the secondary structure prediction tool designed by Geourjon and Deleage, 1995. SOPMA [http://www. expasy.org/tools/] of expasy server was used to predict the secondary structure of the protein sequence. This correctly predicts 69.5% of amino acids for a three state description of the secondary structures [alpha helix, beta sheet and coil].

3.3.5 HOMOLOGY MODELING USING MODWEB:

ModWeb is a server for comparative protein structure modeling. The mutated pol γ-A protein and wild type protein were modeled by ModWeb using 3IKM [PDB ID] as a template. Final models will be selected by one or more criteria specified in the form.

· The best scoring model as assessed by the normalized DOPE score 

· The longest model assessed good by normalized DOPE 
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Figure 5. Main page of ModWeb – Modeling server   
 Source: http://modbase.compbio.ucsf.edu/ModWeb20-html/modweb.html
3.3.6 Protein-Protein docking using ZDOCK:

The modeled pol γ-A protein and the Human mitochondrial DNA pol γ- B protein [PDB ID: 2G4C] were uploaded simultaneously into the ZDOCK window. ZDOCK provides an output file, ligand, receptor pdb files along with a create complexes zlab file which requires java. 

The complex structure of two protein were obtained by create complexes panel by providing Zdock ouput text file as input. The results were saved in the particular directory in a given path. Create complexes panel is shown in the figure.
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Figure 6. ZDOCK create complexes panel  
Source : http://zdock.bu.edu/

3.3.7 SPDBV

The complex pdb structutre were analysed using SwissPDB Viewer. The interaction between the polymerase gamma A protein and polymerase gamma B protein were analysed and the hydrogen bond distances were computed.
Results & Discussion
4. RESULTS AND DISCUSSION
The structural and functional changes in the catalytic subunit of Human mitochondrial DNA polymerase gamma (polg-A) that occurs through point mutation was studied. The mutated sequences were modeled and their structures were docked with the accessory subunit polg-B. The results obtained for the present study entitled “In silico Modeling and Mutational Studies of Human Mitochondrial DNA Polymerase γ A [POLG1] of Alper’s Disease” were presented and discussed below.

4.1 GENERATION OF MUTANT STRUCTURES

The point mutations in the human mitochondrial DNA polymerase gamma subunit-A leading to Alper’s disease were collected from literatures for the present study. The wild type pol γ-A sequence is modified with the corresponding residues at particular positions is shown in the following table.

Table 2 Modified Residues In pol γ A

	S.NO
	Modified residues
	Positions

	1
	W → S
	748

	2
	A  → T
	467

	3
	L  → P
	244

	4
	G → S
	848

	5
	A → P
	957

	6
	R → G
	232

	7
	A → T

L → P
	467

244

	8
	A → T

G → S
	467

848

	9
	A → T

A → P
	467

957

	10
	L → P

G→ S
	244

848

	11
	L → P

A→ P
	244

957

	12
	L → P

R→ G
	244

232

	13
	G → S

A→ P
	848

957

	14
	L → P

W→ S
	244

748


4.2 PREDICTION OF SECONDARY STRUCTURE BY SOPMA

The secondary structures for wild type human mitochondrial polymerase gamma subunit A protein and mutants was predicted using SOPMA. The SOPMA result of wild type protein is show below.

SOPMA result for: alpers mito seq

Abstract Geourjon, C. & Deléage, G., SOPMA: Significant improvement in protein secondary structure prediction by consensus prediction from multiple alignments., Cabios (1995) 11, 681-684
View SOPMA in: [AnTheProt (PC) , Download...] [HELP] 
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hhhhhhhheccccccccccccttceeecccccccccccccccchhhhhccccccccccceeeecttcccc
HNPLDIQMLSRGLHEQIFGQGGEMPGEAAVRRSVEHLQKHGLWGQPAVPLPDVELRLPPLYGDNLDQHFR

ccccchhhhhhhhhhheecccccccchhhhhhhhhhhhhttcccccccccccheeccccccccchhhhhh
LLAQKQSLPYLEAANLLLQAQLPPKPPAWAWAEGWTRYGPEGEAVPVAIPEERALVFDVEVCLAEGTCPT

hhhhttccchhhhhhhhhhccccccccceeecttcccccttcccceeccccchheeeeeeeeecttccce
LAVAISPSAWYSWCSQRLVEERYSWTSQLSPADLIPLEVPTGASSPTQRDWQEQLVVGHNVSFDRAHIRE

eeehhcccchheehhhhhhhtccccccccchhheeeecccccccccccccccceeeeeccccccthhhhh
QYLIQGSRMRFLDTMSMHMAISGLSSFQRSLWIAAKQGKHKVQPPTKQGQKSQRKARRGPAISSWDWLDI

heeeccccceehhhhhheeeettcchhhhhhhhhccccccccccccccccccccccccccccchhhhhhh
SSVNSLAEVHRLYVGGPPLEKEPRELFVKGTMKDIRENFQDLMQYCAQDVWATHEVFQQQLPLFLERCPH

hhhhhhhhhhheettcccccccccheeehhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhccccc
PVTLAGMLEMGVSYLPVNQNWERYLAEAQGTYEELQREMKKSLMDLTNDACQLLSGERYKEDPWLWDLEW

cchhhhhhhhtceecccccchhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhtttccccceeeeccc
DLQEFKQKKAKKVKKEPATASKLPIEGAGAPGDPMDQEDLGPCSEEEEFQQDVMARACLQKLKGTTELLP

chhhhhhhhcccccccccccccccccccccccccccccccccchhhhhhhhhhhhhhhhhhhhhhhhhcc
KRPQHLPGHPGWYRKLCPRLDDPAWTPGPSLLSLQMRVTPKLMALTWDGFPLHYSERHGWGYLVPGRRDN

ccccccttccchhhhhccccccccccccccceehhhhcchhhheeccttcceeeectttceeeecccccc
LAKLPTGTTLESAGVVCPYRAIESLYRKHCLEQGKQQLMPQEAGLAEEFLLTDNSAIWQTVEELDYLEVE

ccccccccchhhhhcccccchhhhhhhhhcchhhhhhhhhhhhhhhhhhhhhhhhhhcchhhhhhhhhhh
AEAKMENLRAAVPGQPLALTARGGPKDTQPSYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSPFAKDF

hhhhhhhhhhccttcceeeeetcccccccccccccccccccccctteeeeecccccccccccccccchhh
LPKMEDGTLQAGPGGASGPRALEINKMISFWRNAHKRISSQMVVWLPRSALPRAVIRHPDYDEEGLYGAI

hhhhhhhheetcccccchhhhhhhhhhhhhhhttthhhhhheeeeecttccccchhcccccccccchtee
LPQVVTAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGADVDSQELWIAAVLGDAHFAGM

cceeeettccchhhcchhheehhccchhhhhhhhhhhhhccttceeeecccccthhhhhhhhccthhhhc
HGCTAFGWMTLQGRKSRGTDLHSKTATTVGISREHAKIFNYGRIYGPGQPFAERLLMQFNHRLTQQEAAE

ttccccceeeeetccccccchhhhhhhheeeccchhheeehhheettcchhhhhhhhhhccccchhhhhh
KAQQMYAATKGLRWYRLSDEGEWLVRELNLPVDRTEGGWISLQDLRKVQRETARKSQWKKWEVVAERAWK

hhhhhhhhhttcceeeeeccthhhhhhtcccccccchhhhhhhcchhhhhhhhhhhhhhhhhhhhccccc
GGTESEMFNKLESIATSDIPRTPVLGCCISRALEPSAVQEEFMTSRVNWVVQSSAVDYLHLMLVAMKWLF

ccchhhhhhhhhhhhhccccccceehhhhhhhhccccccchhccthheeeeeccchhhhhhhhhhhhhhh
EEFAIDGRFCISIHDEVRYLVREEDRYRAALALQITNLLTRCMFAYKLGLNDLPQSVAFFSAVDIDRCLR

httttttceeeehhhhhheeehhhhhhhhhhhhhhhhhhhhhhhhhhcccccccchheeehhhhhhhhhh
KEVTMDCKTPSNPTGMERRYGIPQGEALDIYQIIELTKGSLEKRSQPGP

ttcccccccccccccccccccccttcceehhhhhhhttccccccccccc
Sequence length :  1239

SOPMA :

   Alpha helix     (Hh) :   533 is  43.02%

   310  helix       (Gg) :     0 is   0.00%

   Pi helix        (Ii) :     0 is   0.00%

   Beta bridge     (Bb) :     0 is   0.00%

   Extended strand (Ee) :   139 is  11.22%

   Beta turn       (Tt) :    71 is   5.73%

   Bend region     (Ss) :     0 is   0.00%

   Random coil     (Cc) :   496 is  40.03%

The above result reveals that the 533 residues of wild type pol γ-A protein forms alpha helix, 496 residues contribute for random coil formation and 139 residues forms extended strand. The remaining 71 residues forms beta turns. 

The secondary structure was predicted for mutant proteins and results were shown in Table 3.

Table 3 List of secondary structures in wild and mutant type polg-A
	
	Alpha helix (Hh)
	310 helix (Gg)
	pi helix

(Ii)
	Beta bridge (Bb)
	Extended       strand (Ee)
	Beta turn (Tt)
	Bend region

(Ss)
	Random coil
(Cc)

	Wild type protein
	43%

(43.02%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.73%)
	0

(0.00%)
	40%

(40.03%)



	A467T
	44%

(43.65%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	10%

(10.32%)
	6%

(5.73%)
	0

(0.00%)
	40%

(40.03%)

	W748S
	43%

(43.02%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	5%

(5.43%)
	0

(0.00%)
	41%

(40.63%)

	A957P
	43%

(43.02%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	12%

(11.52%)
	5%

(5.33%)
	0

(0.00%)
	40%

(40.03%)

	G848S
	43%

(43.02%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.73%)
	0

(0.00%)
	40%

(40.03%)

	L244P
	43%

(42.86%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.81%)
	0

(0.00%)
	40%

(40.11%)

	R232G
	43%

(43.02%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.73%)
	0

(0.00%)
	40%

(40.03%)

	W748S

L244P
	43%

(42.86%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.81%)
	0

(0.00%)
	40%

(40.11%)

	A467T

L244P
	43%

(42.86%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.81%)
	0

(0.00%)
	40%

(40.11%)

	A467T

G848S
	44%

(43.65%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	10%

(10.32%)
	6%

(5.73%)
	0

(0.00%)
	40%

(40.03%)

	A467T

A957P
	44%

(43.65%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	10%

(10.32%)
	6%

(5.73%)
	0

(0.00%)
	40%

(40.03%)

	L244P

G848S
	43%

(42.86%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.81%)
	0

(0.00%)
	40%

(40.11%)

	L244P

A957P
	43%

(42.86%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.81%)
	0

(0.00%)
	40%

(40.11%)

	L244P

R232G
	43%

(42.86%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.81%)
	0

(0.00%)
	40%

(40.11%)

	G848S

A957P
	43%

(42.86%)
	0

(0.00%)
	0

(0.00%)
	0

(0.00%)
	11%

(11.22%)
	6%

(5.81%)
	0

(0.00%)
	40%

(40.11%)


From table 3, it was clear that there is a mild changes in polg-A mutants as compared to wild type polg-A. The point mutations were found to cause structural alterations with respect to helices, turns, strands and coils in the secondary structure of mutants. The polg-A mutants A467T, A957P, A467T G848S and A467T A957P shows significant changes in α-helix, β-turns and extended strands, while other mutants shows a slight change in the secondary structure composition when compared with wild type.

Although the mutant R232G and G848S does not show any change in secondary structure composition but these mutants were also reported to be the cause of Alper’s disease.
4.3 HOMOLOGY MODELING BY MODWEB
The structures for the wild type and mutated polymerase gamma A protein were modeled by ModWeb. The modeled 3D structures for both wild and mutated forms are shown below in figure 6.

FIGURE 7

MODELED STRUCTURES USING MODWEB
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The modeled 3D structures were saved in pdb format. The modeled structures refined by energy minimization. The final energy after the structure refinement is shown in the Table 4.
TABLE 4

ENERGY VALUE FOR MODELED STRUCTURES
	S.No
	Modified residues
	Positions
	Energy (Kcal/mol)

∆G

	1
	Wild type
	-5762.17

	2
	W → S
	748
	-5768.91

	3
	A  → T
	467
	-10224.15

	4
	L  → P
	244
	-17643.82

	5
	G → S
	848
	-23169.08

	6
	A → P
	957
	-8773.165

	7
	R → G
	232
	-14159.97

	8
	L → P

A→ P
	244

957
	-13355.76

	9
	L → P

A → T
	244

467
	-2749.296

	10
	L → P
W → S
	244

748
	-14301.28

	11
	L → P

G→ S
	244

848
	-11585.00

	12
	L → P

R→ G
	244

232
	-21571.75

	13
	G → S

A→ T
	848

467
	-17364.97

	14
	G → S

A→ P
	848

957
	-1542.53

	15
	A → T

A → P
	467

957
	-15437.274


Mutations are classified as stabilizing (∆G<0) or destabilizing (∆G>0). The wild type human mitochondrial polymerase gamma A protein has energy of about -5762.17           whereas the energy value of all mutated structures varied from a range of about -1542.53 to -23169.08. All mutant polg-A protein have ∆G values less than zero and they are classified as stable structures.
4.4 DOCKING ANALYSIS
Zdock provides the complex structure of the docked proteins polg-A and polg-B. Those complex structures were analysed for their interaction with polg-B protein. Docking of two proteins is merely based on Pairwise Shape Complementarity (PSC). The results of docking analysis are computed in the following section.
4.5 INTERACTION OF POLG-A WITH POLG-B


The hydrogen bond interactions between two proteins polg-A and polg-B were analysed computationally. The hydrogen bond interactions for all mutated polg-A and polg-B are shown in the Table 6.

TABLE 6

H-BOND INTERACTION BETWEEN POLG-A AND POLG-B
	Mutated Polg-A
	Number of

H-Bonds
	Polg-A  Residues
	Polg-B

Residues
	Hydrogen bond distance (Å)

	Wild type


	16
	Arg193

Try363

Arg417

Arg1014

Gln330

Glu263

Glu263

Gln144

Asp349

Arg1034

Arg1034

Gln328

Ser1036

Arg823

Arg823

Trp347
	Asp129

Glu408

Pro415
Leu418

Gln400

His132

His132

Gln85

Gln400

Thr392

Thr392

Glu394

Leu293

Gln158

Gln151

Arg396
	2.90

2.37

3.25

3.28

3.22

2.35

2.62

3.05

3.14

3.13

2.38

2.36

2.98

2.65

3.28

2.73

	A467T
	5
	Gly476

Glu494

Asn684

Thr682

Lys561
	Leu407

Arg396

Arg107

Arg107

Glu394
	3.04
3.11

3.04

2.29

2.64

	W748S
	7
	Arg374

Lys331

Gln333

Glu205

Glu205

Gly588

Thr236
	Lys229

Ser412

Asn109

Arg154

Leu157

Asp159

Leu162
	3.01

2.69

2.92

2.57

2.34

2.51

3.17

	L244P
	13
	Try363

Gln144

Glu263
Glu263

Arg193

Arg823

Arg417

Asp349

Gln330

Arg1034

Arg1034

Ser1036

Gln328
	Glu408

Gln85

His132

His132

Asp129

Gln158

Pro415

Gln400

Gln400

Thr392

Thr392

Leu293

Glu394
	2.37

3.05

2.35

2.62
2.90

2.65

3.25

3.14

3.22

3.13

2.38

2.98

2.36

	R232G
	9
	Leu513

Asp529

Gln541

Glu537

Ser511

Ser234

Ala508

Ala510

Glu535
	His309

Gln279

Val218

Arg344

Asn305

Asn330

Pro245

Leu306

Tyr290
	2.82

3.30

2.51

3.21

3.24

2,98

3.23

2.83

2.89

	G848S
	7
	Ala117

Ala117

Glu124

Gly91

Glu93

Arg70

Pro116
	Arg146

Gly141

Val218

Asp280

Asp280

Glu298

Gly141
	3.27

2.93

3.19

2.61

2.44

3.25

3.26

	A957P
	10
	Leu199

Asp776

GLn671

Ser926

Ser942

Thr929

Asp930

Pro670

Arg943

Thr937
	Glu944

Asp198

Asn318

Arg122

Cys196

Glu123

Glu123

Asn318

Val119

Val128
	2.52

2.55

3.14

2.95

3.16

2.63

3.15

2.47

3.27

2.96

	A467T A957P
	10
	Arg417

Tyr363

Glu263

Glu263

Arg1034

Arg193

Arg1014

Gln328

Asp349

Arg1034
	Pro415

Glu408

His132

His132

Thr392

Asp129

Leu418

Glu394

Gln400

Thr392
	3.25

2.37

2.62

2.35

3.13

2.90

3.28

2.36

3.14

2.38

	A467T G848S
	6
	Gln226

Asp391

Val229

Arg374

Phe377

Glu506
	Asp280

Ser143

Gly283

Gly141

Pro140

Asn195
	3.30

2.31

3.00

2.36

2.88

3.12

	G848S A957P
	8
	Arg1209

Thr1204

Asp581

Leu513

Thr451

Glu447

Leu576

Lys496
	Asn484

Val485

Met465

Glu445

Ser481

Ser481

Lys463

Glu449
	3.06

2.71

2.79

2.64

2.52

2.24

2.82

2.26

	L244P A467T
	16
	His569

Gln493

Cys577

Leu576

Glu700

Glu477

Leu576

Arg709

Asn707

Asn707

Glu698

Glu698
Asn707

Asn707

Glu494

Leu576
	Arg88

Asn292

Asn292

Phe293

Asn330

Lys285

Gly296

Asn249

Gln250

Pro245

Asp326

Asp326

Asn249

Asn249

Trp295

Phe293
	2.62

2.66

3.27

3.25

3.24

3.02

3.28

3.28

2.83

3.02

2.88

3.19

2.21

3.20

3.23

3.25

	L244P A957P
	4
	Pro180

Ala168

Glu183

Gly179
	Arg75

His77

Lys83

Arg75
	2.37

3.11

2.92

2.64

	L244P G848S
	10
	His569

Arg709

Glu706

Gln550

Asp529

Asp832

His569

Leu530

Glu528

Glu528
	His133

Glu408

Gln397

Lys229

Ser178

Arg328

His132

Leu147

Gly179

Gly179
	3.16

2.69

3.16

2.71

2.42

2.56

2.36

2.76

3.25

2.99

	L244P R232G
	9
	Arg709

Arg709

Ser685

Ser475

Arg574

Glu494

Glu494

Trp572

Lys575
	Trp295

Glu298

Arg88

Lys297

Arg284

Arg284

Arg284

Arg284

Arg284
	2.70

3.30

2.47

2.71

2.81

3.06

3.08

2.95

3.13

	L244P W748S
	4
	Arg886

Ser926

Val939

Glu672
	Met465

Lys470

Ser481

Arg76
	2.80

2.78

2.81

2.45




The wild type human mitochondrial polymerase gamma A protein forms 16 hydrogen bonds with polymerase gamma B protein. In contrast the mutant polg-A exhibits less hydrogen bonds ranging from 4 to 13. The mutant L244P W748S and L244P A957P exhibits 4 hydrogen bonds whereas the mutant A467T shows 5 hydrogen bonds, which indicates that there is a weak interaction between wild type and those mutants. The reports also suggest that the mutant type protein which exhibits minimal interaction is the major cause of Alper’s disease.

FIGURE 8
DOCKED STRUCTURE OF WILD TYPE POLG-A WITH POLG-B PROTEIN
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FIGURE 9

DOCKED STRUCTURE OF MUTANT POLG -A (A467T)
WITH POLG -B PROTEIN
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FIGURE 10

DOCKED STRUCTURE OF MUTANT POLG -A (W748S)
WITH POLG -B PROTEIN
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FIGURE 11

DOCKED STRUCTURE OF MUTANT POLG -A (L244P)
WITH POLG -B PROTEIN
[image: image22.png]



FIGURE 12

DOCKED STRUCTURE OF MUTANT POLG-A (R232G)
WITH POLG -B PROTEIN
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FIGURE 13

DOCKED STRUCTURE OF MUTANT POLG-A (G848S)
WITH POLG-B PROTEIN
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FIGURE 14

DOCKED STRUCTURE OF MUTANT POLG-A (A957P)
WITH POLG -B PROTEIN
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FIGURE 15

DOCKED STRUCTURE OF MUTANT POLG-A (A467T A957P)
WITH POLG -B PROTEIN
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FIGURE 16

DOCKED STRUCTURE OF MUTANT POLG-A (A467T G848S)
WITH POLG -B PROTEIN
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FIGURE 17

DOCKED STRUCTURE OF MUTANT POLG-A (G848S A957P)
WITH POLG -B PROTEIN
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FIGURE 18
DOCKED STRUCTURE OF MUTANT POLG-A (L244P A467T)
WITH POLG -B PROTEIN
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FIGURE 19

DOCKED STRUCTURE OF MUTANT POLG-A (L244P A957P)
WITH POLG -B PROTEIN

[image: image30.png]



FIGURE 20

DOCKED STRUCTURE OF MUTANT POLG-A (L244P G848S)
WITH POLG -B PROTEIN
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FIGURE 21

DOCKED STRUCTURE OF MUTANT POLG-A (L244P R232G)
WITH POLG -B PROTEIN
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FIGURE 22

DOCKED STRUCTURE OF MUTANT POLG-A (L244P W748S)
WITH POLG -B PROTEIN
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The docked complex structure was analyzed for its interactions with polg-B and it was found that the mutant structures shows less hydrogen bond interactions with that of polg-B. This is because the mutant polg-A varies in their structural composition and also the amino acids in the binding domain vary in each mutant. It was also found that the mutant types L244P W748S, L244P A957P and A467T is the major cause of Alper’s disease when compared with other mutant types.

Summary & Conclusion
5. SUMMARY AND CONCLUSION
Mutations resulting in the disruption of protein function are the underlying causes of many genetic diseases. Some mutations affect the number of  expressed proteins while others alter the activity. Single amino acid substitutions are caused by nonsynonymous Single Nucleotide Polymorphisms (nsSNPs) often disrupt functions by altering protein structure, but can also wreak havoc by directly impacting the binding sites. 

The defects in human mitochondrial DNA polymerase gamma A protein is the major cause of Alper’s disease in human. Therefore the present study aimed to analyze the effect of mutation in human mitochondrial DNA polymerase gamma A (catalytic subunit) and predict their interaction with polymerase gamma B (accessory subunit).  

The point mutations in mitochondrial DNA polg-A protein of humans was found to be the major cause of Alper’s disease, were obtained from literatures. About 6 major polg-A mutations and their combinations, which was reported in literature, were taken for the present study. The wild type protein sequence was retrieved from Uniprot database. The mutant polg-A was generated by substitution of residues in place normal wild type residues. The secondary structure for both wild and mutant type protein was predicted.

The structures for wild type and mutated forms of polg-A was modeled by homology modeling using ModWeb. In this study about 15 structures were modeled and their minimal energy was computed. The modeled mutated structures were then individually docked with the accessory subunit polg-B using ZDOCK protein-protein docking software.

The findings of the study “In silico Modeling and Mutational Studies of Human Mitochondrial DNA Polymerase γ-A [POLG1] of Alper’s Disease” are summarized as follows:

The secondary structures predicted by SOPMA vary in their composition of helices, turns, strands and coils with respect to wild type polg-A. The amino acid substitution to generate mutant protein alters the secondary structure and also the residues falling under the binding domain. The mutants A467T, A957P, A467T G848S and A467T A957P shows significant changes in α-helix, β-turns and extended strands while other mutants shows a slight change in the secondary structure composition when compared with wild type. The mutants R232G and G848S shows similar structural composition as that of wild type but it is also reported to be the cause of Alper’s disease.

The human mitochondrial polg-A protein (wild type) and mutant polg-A proteins were modeled by ModWeb and the energy for those structures were analyzed. The wild type protein has energy of about -5762.17 whereas the mutant structures have minimal energy which varies from –1542.53 to –23169.08. The mutant structures except L244P A467T, G848S A957P are said to be stable because these three structures exhibit higher energy. All these structures are subjected to the docking analysis.

The protein-protein docking between mutated, wild type polg-A protein and polg-B protein were studied by Zdock. The wild type protein forms 16 hydrogen bonds with polg-B protein. But the mutant L244P W748S and L244P A957P exhibits 4 hydrogen bonds whereas the mutant A467T shows 5 hydrogen bonds this is due to the change in the interacting amino acids in the domain. These clearly suggest that there was a weak interaction between mutant type polg-A protein and polg-B. It was also clear that the mutants L244P W748S, L244P A957P and A467T show least interactions with polg-B. Among the 14 mutants these three was found to be the leading cause of Alper’s disease. 

Future prospective of the study is to discover a ligand molecule which enhances the interaction between polg-A mutants and polg-B to get rid of Alper’s disease and it can also be used as a lead molecule for drug discovery process. 
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