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Abstract

Recent reports have made it clear that mutations in the mitochondrial DNA (mtDNA) polymerase y (POLG1) are a major
cause of many human diseases. Mutations in the mtDNA polymerase leads to defective oxidative phosphorylation and
ATP production, resulting in many mitochondrial diseases. For their mitochondrial genome replication, humans and
animals use POLG1, whose catalytic site is essentially similar to the E. coli DNA polymerase I (DNA pol ). Multiple
sequence alignment (MSA) analysis have shown that the POLG1 and E. coli DNA pol I use identical amino acids in their
polymerase catalytic sites, viz. -943R*EHAKI'FNYGRI955Y8G- (human DNA pol y) as ~-R*RSAKA'INFGLIY8G- (E. coli DNA
pol I). However, the human POLG1 shows only 31.25% identity with the E. coli DNA pol I, suggesting a highly divergent
evolution. Mutation(s) in the POLG1 gene is one of the most common causes of many inherited mitochondrial diseases
in children and adults. Depending on their location within the enzyme, mutations either lead to mtDNA depletion or
accumulation of multiple mtDNA deletions leading to various mitochondrial diseases. The most common POLG1
dominant mutation, viz. Y955—-H/C, which lead to a severe, early-onset of multi-systemic mitochondrial disease with
bilateral sensorineural hearing loss, cataract, myopathy, and liver failure is located in the template-binding pair of the
polymerase catalytic site region by MSA. Another dominant mutation, R943—-H/C is observed in patients with
Progressive External Ophthalmoplegia (adPEO, an autosomal, dominant, heritable mitochondrial disorder) is located in
the nucleoside triphosphate (NTP) selection amino acid in the polymerase catalytic site region. The nuclear-encoded
RNA polymerase (NEP) is imported from the nucleus and involves in the transcription of all the mitochondrial genes.
The human mitochondrial NEP showed 39.30%, 40.12% and 26.98% identities to the NEPs of the mitochondria and
chloroplasts of Arabidopsis thaliana, and T7 RNA polymerase, respectively, suggesting that the human and plant
mitochondrial NEPs are distinctly different. Interestingly, the human NEP’s catalytic core is almost completely
conserved in the plant mitochondrial and chloroplast NEPs, viz. -R*KVVKQ!TVMTVVY8G- (Human) and
-R4KLVKQITVMTSVY?8G- (A. Thaliana). Furthermore, the mitochondrial NEP’s catalytic core from human and different
animal sources is remarkably conserved and is in close agreement with other NEPs of plant sources. Both the human
DNA pol y and NEP possess a typical template-binding pair (-YG-), a basic catalytic amino acid (K) to initiate catalysis
and a basic nucleotide selection amino acid R at -4 from the catalytic K. The PR exonucleases of POLG1 and NEP belong
to the DEDD-superfamily of exonucleases and uses a Y or H as the proton acceptor, respectively.
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1. Introduction

Mitochondria are found in all eukaryotes and play a crucial role in generating the much needed biological energy for the
cells in the form of adenosine triphosphates (ATPs). They are semi-autonomous organelles, partly controlled by their
own genome and mostly by the nuclear imports. They are double-membrane structures and harbour both the
mitochondrial genome (mtDNA), which are double-stranded, circular molecules and mitochondrial plasmids.
Interestingly, it is the only organelle in animals other than the nucleus, with its own DNA. Not only the mitochondrial
sizes vary from 0.5 to 4 pm, but also their copy numbers and shapes vary considerably in different cell types and under
different physiological conditions. Generally, about dozens of mtDNA copies are found in a single mitochondrion. As a
single eukaryotic cell harbours 100s of mitochondria, the mtDNAs usually exceed > 1000 copies per cell.

The main function of mitochondria is to generate energy for cellular activities in the form of ATPs via oxidative
phosphorylation (OXPHOS) by the process known as aerobic respiration and hence, they are known as the ‘power house’
of the cells. In addition to ATP generation, mitochondria also perform a variety of other cellular functions like forming
Fe-S clusters, haem and amino acids, and Fe2*/Ca2* handling, regulation of signalling pathways through the release of
cytochrome ¢, immune responses, inflammation, etc. Mitochondrial reactive oxygen species (mROS), generated during
OXPHOS, affects the redox state of cells and has emerged as signalling molecules to communicate between cells [1].
Nemoto et al,, [2] have shown that the mROS not only regulate cellular metabolism, but also is involved in tumour
necrosis factor receptor signalling. Thus, the mitochondrial functions extend beyond the boundaries of the cells and
influence an organism’s physiology by regulating communication between cells and tissues [3]. Mitochondria also
contribute to various cellular stress responses such as autophagy and apoptosis. Therefore, the mitochondrial functions
are central to the physiology of humans and, consequently, “mitochondrial dysfunction” and has been implicated in a
wide range of human diseases. In humans and most multicellular organisms, the mitochondrial mode of inheritance is
strictly maternal, i.e., the mtDNA is inherited from the mother as the sperm mtDNA is actively degraded immediately
after fertilization [4, 5].

1.1. mtDNA

mtDNA is organized into discrete nucleoid complexes in the mitochondrial matrix with tightly associated proteins
responsible for its replication and maintenance, but with no histone(s). They are partly controlled by its own genome
and mostly by nuclear imports. Replication of mitochondrial genome is independent of cell-cycle with individual mtDNA
molecules being randomly selected for replication, a phenomenon referred to as relaxed replication. Human and animal
mtDNAs are compact in structure and typically lack introns in all of their genes, except in 2 tRNAs (introns of ~1 kb are
located between the tRNAPhe and tRNAPr genes), whereas introns are very common in nuclear DNAs. Human mtDNA is
a 16,569-base pair closed-circular molecule, encoding 13 polypeptides required for OXPHOS and 24 non-coding genes,
which includes specialized tRNAs and rRNAs (12S and 16S), needed for translation within the organelle [6]. These genes
are encoded asymmetrically between the two mtDNA strands, denoted heavy and light. The heavy strand encodes 2
rRNAs, 14 tRNAs and 12 mRNAs and the light strand encodes 8 tRNAs and 1 mRNA. All 13 polypeptides are in the
mitochondrial respiratory chain complex (OXPHOS) and the remaining > 67 OXPHOS subunits are nuclear-encoded. In
fact, a vast majority of the proteins present in the mammalian mitochondria (~1500 different types) are encoded
by nuclear DNA, but the genes for some, if not most of them, are thought to have originally been of bacterial origin, and
have been transferred to the nucleus during evolution. Mitochondria also exhibit heteroplasmy, i.e., the presence of
different mtDNA sequences (both wild-type and mutant ones) within the same organelle in a cell. Mutations in mtDNA
cause a wide variety of neurological, muscular, and tissue degenerative diseases which as many as1/2000 persons are
at a life-time risk [7, 8].

1.2. Mitochondrial Diseases

Mitochondrial diseases are a group of genetic disorders that are characterized by mutations in genes in the nuclear DNA
(nDNA) and/or mtDNA that encode proteins involved in mitochondrial functions. Mitochondrial diseases include:
Mitochondrial myopathy, Neuropathy, Diabetes mellitus and Deafness (DAD) (this combination at an early age can be
due to mitochondrial disease), Leber's Hereditary Optic Neuropathy (LHON), Leigh syndrome (subacute necrotizing
encephalomyelopathy), Dementia, Neuropathy Ataxia Retinitis Pigmentosa and Ptosis (NARPP), Myoneurogenic
Gastrointestinal Encephalopathy (MNGIE), progressive Myoclonic Epilepsy and "Ragged Red Fibres" (MERRF)
syndrome, Mitochondrial Encephalopathy Lactic Acidosis and Stroke-like episodes (MELAS) syndrome, Mitochondrial
DNA depletion syndrome (MDS) or Alper's disease. (Alpers' disease and other POLG1 gene-related disorders are part of
a larger family of mitochondrial DNA depletion disorders. Homozygous or compound heterozygous mutations cause
severe deficiency of mitochondrial DNA pol vy, leading to depletion of mtDNA which results in mitochondrial
dysfunction). Patients with POLGI mutations present PEO, a disease characterized by weakness of the ocular muscles
and myopathy secondary to the depletion of mitochondria. Ataxia neuropathy spectrum (ANS) is a group of POLG1-
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related disorders in which patients have difficulties with coordination along with nerve dysfunction. Alpers-
Huttenlocher syndrome (AHS), which affects children is the classical form of hepatocerebral MDS, and it has been again
attributed to mutations in POLG1. Mutations in mitochondrial tRNAs can be responsible for severe diseases like
MELAS and MERRF syndromes [9]. Mutations of mtDNA can also lead to a number of other illnesses like exercise
intolerance and Kearns-Sayre syndrome (KSS), which causes a person to lose full function of heart, eye, and muscle
movements.

1.2.1. mtDNA-associated Diseases

Mitochondrial dysfunction is associated with a large number of common diseases, such as neurodegenerative disorders
like Alzheimer's disease (AD), Huntington's disease (HD), Parkinson's disease (PD), bipolar disorder, schizophrenia, and
cardiomyopathies, metabolic syndrome, obesity, diabetes, aging and senescence, anxiety disorders, sarcopenia (gradual
loss of muscle mass, strength and function in elderly), chronic fatigue syndrome, etc. [3 and reference therein]. Several
lines of evidence indicate that dysregulation of mitochondrial function plays an important role in cancer biology also
[10, 11]. For example, data available from the International Cancer Genome Consortium (ICGC) and The Cancer Genome
Atlas (TCGA), have demonstrated that ~60% of all solid tumours bear at least one mtDNA mutation. Therefore, it is clear
that mtDNA mutations are of a very common occurrence across all solid tumours [12]. Moreover, large-scale sequencing
efforts and clinical studies have confirmed the prevalence of mutations in mtDNA in human tumours and their potential
roles in cancer progression. More specifically, mutations in the POLGI gene have also been reported in breast cancers
[13]. Some evidence also suggests that mtDNA mutations might be a major contributor to the aging process and age-
associated pathologies [14].

1.2.2. mtDNA Damage and Neurodegenerative Diseases

Point mutations, deletions, duplication or sometimes loss of entire mtDNA are implicated as the causes of aging and
several neurodegenerative diseases (caused by the progressive loss of structure or function of neurons). AD, a most
common form of dementia, is a brain disorder that slowly destroys memory and thinking skills, and eventually,
interferes even with daily tasks. It is found that the brains of individuals with AD have elevated levels of oxidative DNA
damage in both nDNA and mtDNA, but the mtDNA has approximately 10-fold higher levels of oxidative DNA damage
than nDNA. This is because the mtDNA is associated with the mitochondrial inner membrane which is the site of
oxidative phosphorylation and generation of large amount of mROS and H:0:. In AD, it has been proposed that
aged mitochondria are the critical factor in the origin of neurodegeneration. Analysis of the brains of AD patients
suggested an impaired function of the mtDNA repair pathway, which would cause reduced overall quality of their
mtDNA [15].

HD is an autosomal, dominant genetic disorder. In HD patients, the mutant Huntingtin protein causes mitochondrial
dysfunction by inhibition of mitochondrial electron transport and increased levels of mROS, leading to oxidative
stress. Thus, the mutant Huntingtin protein promotes oxidative damage to mtDNA, as well as nDNA, that may contribute
to the Huntington'’s disease pathology [16].

PD is a chronic neurologic condition named after Dr. James Parkinson, who first described the syndrome in 1817. PD is
a slowly progressive disease, which causes a gradual loss of the nerve cells in the brain that produce the
neurotransmitter dopamine. Dopamine carries signals to the part of the brain that control movement and coordination.
Therefore, decreased dopamine levels leads to unintended or uncontrollable movements, such as shaking, stiffness, and
difficulty with balancing and coordination. PD symptoms usually begin gradually and worsen over time. Again, mtDNA
damage is also implicated in PD. To investigate mtDNA damage as a potential blood-based marker for PD, Qi et al., [17]
have recently developed a PCR-based assay which allows accurate real-time quantification of mtDNA damage in a
scalable platform.

Amyotrophic lateral sclerosis (ALS) is a rare neurodegenerative disease that results in the progressive loss of motor
neurons of the brain and spinal cord that control voluntary muscles. The DNA oxidation product 8-oxoguanine (8-0x0G)
is a well-established marker of oxidative DNA damage. In persons with ALS, the enzymes that normally repair 8-oxoG
DNA damages in the mtDNA of spinal motor neurons are impaired leading to oxidative damage to mtDNA of motor
neurons, which is suggested as a significant factor in the etiology of ALS [18].

1.3. mtDNA Replication and mtDNA Polymerase

mtDNA replication is a post-mitotic process and occurs throughout the organism’s lifetime. Initiating mtDNA replication
involves a process known as priming, where short RNA primers are synthesized by the pol a-associated primase
(PriS/Pril-DNA Primase small subunit), that the DNA polymerase can use as a foundation for 3’-synthesis during the
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replication process. After POLG1 has finished replication of the full mitochondrial genome, the primers are removed by
an RNase, and the resultant gaps are filled with ANTPs by a repair polymerase and finally ligated by a ligase [19]. The
mitochondrial replication machinery consists of not only the DNA polymerase complex, but also other proteins like
TWINLKE and mitochondrial single-strand binding (SSB) proteins. (TWINLKE is a helicase that unwinds short stretches
of dsDNA in the 5'—=3' direction and the SSB maintain the two strands separated for polymerase to proceed with DNA
synthesis). All these polypeptides for replication, including the POLG1 are encoded by the nuclear genome [20].

Whereas several DNA polymerases are required to replicate nDNA, DNA pol y (POLG1) is the sole polymerase
responsible for mitochondrial DNA replication and repair. The mitochondrial DNA polymerase (EC 2.7.7.7) belongs to
Family A polymerase (Family A polymerases are found both in pro-and eukaryotes and possess two exonuclease
domains, (both 5'-3" and 3'>5' exonucleases), like bacterial DNA pol I, T7 DNA pol, pol 8 and pol v). Therefore, POLG1
is structurally homologous to the T7 DNA pol and E. coli DNA pol I. However, in contrast to T7 DNA pol and E. coli DNA
pol I, the mitochondrial DNA pol y consists of two subunits: a large subunit (POLG1) with DNA polymerase and
proofreading 3'—5’ exonuclease activities, and a small subunit (POLG2) which confers high fidelity to POLG1 [21, 22].
The DNA pol y holoenzyme is a heterotrimeric complex and comprised of two nuclear-encoded subunits, viz. the POLG1
and POLG2, where POLG2 exists as dimer). The POLG2 mediates high-affinity binding of the holoenzyme to the template
DNA, primer recognition and enhances DNA pol y processivity to several folds. Furthermore, POLG2 also confers high
fidelity to POLG1, which is approximately 100-fold greater than that of nuclear polymerases.

The DNA pol y complex, which is composed of a 140 kDa catalytic DNA polymerase subunit, encoded by the POLG1 gene,
and two 55 kDa accessory subunits, encoded by the POLGZ2 gene. The POLG1 gene is 21kb in size and comprises of 4,465
bp including a 282 bp 5'-untranslated region (UTR) and a 463 bp 3'-UTR and 23 exons spanning approximately 18.5 kb.
The POLG1 protein is synthesized as a precursor, containing an amino-terminal leader sequence (residues 1-25) that
targets the protein to mitochondria and is cleaved-off after the import. The mature 140 kDa protein is divided into three
functional domains: i) a 3'=5" exonuclease (exo) domain, ii) a linker domain, and iii) a highly conserved carboxy-
terminal polymerase (pol) domain. The POLGI gene is located on the long arm of human chromosome 15, and it maps
to 15925, whereas the POLGZ2 gene is located on Chromosome17q21 [23]. The POLG1 is an acidic protein with a pl of
6.46 and the POLGZ2 is highly basic with a pl of 8.64, suggesting its DNA binding property.

The mtDNA is placed in a highly oxidative environment in mitochondria. Therefore, it is vulnerable to high levels of
mROS, leading to mutations, which possibly could result in cellular transformations and eventually leading to
cancer. Thisis because the mROS can modify the structural properties of DNA bases and thus, damage the mtDNA. Upon
exposure of cells to oxidative stress, a highly mutagenic damage to the DNA is done due to 7,8-dihydro-8-oxo-guanine
(8-0x0-G). The 8-0x0-G is a major oxidative lesion and promutagenic. In general, the replicative DNA polymerases
inaccurately bypass the lesions and tend to incorporate dATP opposite to the 8-ox0-G, leading to C:G to A:T transversion
mutations. It should be noted that these mutations are among the most predominant somatic mutations in lung, breast,
ovarian, gastric and colorectal cancers [24]. To circumvent this problem, the replicative polymerase, POLG1, is equipped
with a 3'->5' PR exonuclease and an intrinsic deoxyribose-5-phosphate (dRP)-lyase activities. The (dRP)-lyase, as a part
of the base excision repair (BER) pathway, acts as the primary and essential repair system for the removal of damaged
mtDNA bases. It essentially removes the damaged bases by the oxidation by mROS in the mitochondrial genome. In this
pathway, a DNA-damage-specific glycosylase removes the damaged base from the DNA by cleaving the bond between
the base and the deoxyribose which creates an apurinic or apyrimidinic (AP) site. In the next step, an AP endonuclease
nicks at the sugar backbone of the damaged DNA at the AP site. Thus, the AP endonuclease generates 3’-OH and 5’-dRP
on the DNA strand. Now the 5’-dRP is removed by the (5'-dRP)-lyase and the gap is filled by a repair polymerase with
correct dNTP and the gap is sealed by the DNA ligase I [25]. Interestingly, as POLG1 is the only DNA polymerase known
to function in human and animal mitochondria [26], its efficiency in the repair system is very important to replicate the
mtDNA without any mismatch. Substituting Ala for two essential acidic residues in the PR exonuclease motif, selectively
eliminated the 3'=5" exonucleolytic function [27].

1.3.1. POLG1 gene Mutations and Inherited Mitochondrial Diseases

More than one hundred pathogenic mutations have been reported on this enzyme alone since it was first described
[28]. Mutations are found in all three domains of POLG1 protein [29]. Such POLGI mutations are known to lead to
mtDNA depletion, which is known as mtDNA depletion syndrome (MDS) in humans. Furthermore, mutations in the
POLG1gene have emerged directly or indirectly, as one of the most common causes of many mitochondrial diseases in
children and adults. For example, they are responsible for a heterogeneous group of mitochondrial diseases that include:
1) childhood Myocerebrohepatopathy Spectrum disorders (MCHS) which include myopathy or hypotonia, dementia,
and liver dysfunction; 2) Alpers syndrome also known as Alpers progressive infantile poliodystrophy; 3) Ataxia
Neuropathy Spectrum (ANS) disorders; 4) Myoclonus Epilepsy Myopathy Sensory Ataxia (MEMSA); 5) Autosomal
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recessive PEO (arPEO, which includes an overlapping spectrum of disorders like sensory ataxia, neuropathy, dysarthria,
and ophthalmoplegia (SANDO), and 6) adPEO, 7) Parkinsonism, 8) Dementia, 9) liver dysfunction, 10) male infertility,
etc. [28]. Furthermore, a mutation on POLGI gene in a homozygous state is the most common cause of AHS [30].

In this communication, both the mitochondrial replicative DNA pol y (POLG1) and the nuclear-encoded RNA polymerase
(NEP) from humans and various animals are analyzed for their polymerase and proofreading exonuclease domains and
to identify the mitochondrial disease mutations in POLG1 gene, which directly affect the functioning of the POLG1. Two
of the critical dominant mutations, viz. R%43—C/H and Y°55—C/H, which are involved in many mitochondrial diseases in
patients with a severe form of adPEO and severe, early-onset multi-systemic mitochondrial disease with bilateral
sensorineural hearing loss, cataract, myopathy, and liver failure are identified in the polymerase catalytic site amino
acids.

2. Materials and Methods

The protein sequence data of the mitochondrial DNA pol y and NEP from various animal and human mitochondria were
obtained from PUBMED and SWISS-PROT databases. The advanced version of Clustal Omega was used for protein
sequence analysis. The polymerase and PR active sites are arrived at by sequence similarities, site-directed mutagenesis
(SDM) and X-ray crystallographic data from DNA pol y and other DNA and RNA polymerases already reported.

3. Results and Discussion

Figure 1 shows the MSA of the mitochondrial POLG1 from human and various animal sources. (Only the regions required
for the discussions are shown here). The human sequence is used as the reference and highlighted in yellow. The N-
terminal domain (NTD) of ~100 amino acids are not conserved and showed many gaps in the alignment, after that,
conservations are observed and a clear demarcation of the PR exonuclease and DNA polymerase domains are observed,
and marked by arrows. The linker region is found between them. Large number of consecutive Qs (polyQ tract) is
common in some of the POLG1 sequences in the NTD and up to 13 of them are found in the human POLG1 sequence.
Several inheritable neurodegenerative diseases, (also known as the polyglutamine diseases are monogenic and are the
most common genetically inherited neurodegenerative disorders), occur due to abnormal expansion of the
polyglutamine tract (CAG repeats), and the important examples of polyglutamine diseases are the spinocerebellar
ataxia and Huntington’s disease. A unique polybasic, K rich region - 9°*KQKKAKKVKK- and a poly-E motif (highlighted
in human) are found in the linker region (Fig. 1) and its significance is not clear now.

The first completely conserved triad -D1°8VE- of the DEDD-superfamily of exonucleases is seen after ~ 200 amino acids
from the N-terminal. The PR exonuclease domain belongs to the subfamily DEDD(Y) and the active site amino acids are
highlighted in light blue. The MSA analysis data are further confirmed by SDM analysis reported already [27] (Table 2).
An SDM analysis of D198—A, E2005A and D274—A of POLG1 exhibited no PR exonuclease activity [31, 32]. (Fig. 1).

The PR exonuclease domain is followed by the linker region. The linker region is implicated in the binding of the 55 kDa
subunit. A large number of disease mutations are also found in the linker region. For example, Parkinsonism and ataxia,
the most common movement disorders, are associated with POLG1 mutations in the highly conserved linker region
(A%7>T, S5115N, K512 M and G517-V) of POLG1(Fig. 1). Among them the A*7—T substitution is the most common. For
example, the A47—>T mutation is associated with a wide range of mitochondrial disorders, including Alpers syndrome
(AS), juvenile spinocerebellar ataxia-epilepsy syndrome, and PEO, and each with vastly different clinical presentations,
tissue specificities and ages of onset. On analysis, it was found that the A47—>T mutant enzyme possesses only 4% of
wild-type DNA polymerase activity, and the catalytic defect is manifested primarily through a 6-fold reduction in kcat
with minimal effect on exonuclease function [33, 34]. Very high frequencies (~36%) make the A47—T, the most common
disease mutation of POLG1 gene. Therefore, it is proposed that loss of accessory subunit interaction with POLG1 and
reduced DNA polymerase activity are responsible for the depletion and deletion of mtDNA, observed in patients with
the above diseases. Mutations in the gene for the catalytic subunit (POLG1) have been shown to be a frequent cause
of many mitochondrial disorders. Nearly 50 disease causing mutations are located in the gene of the catalytic subunit
of POLG1. Alpers' syndrome is a rare, heritable, fatal neurogenetic disorder that affects the brain and liver of young
children. It is an autosomal recessive disease associated with mtDNA depletion disorder, characterized by refractory
seizures, neurodegeneration, and liver disease. This is found to be due to deficiency in mitochondrial POLG1 catalytic
activity. In two unrelated pedigrees of Alpers' syndrome, each affected child was found to carry a homozygous mutation
in exon 17 of the POLG1 gene locus that led to a Glu873—»Stop mutation, just upstream of the polymerase catalytic core
of the protein. In addition, each affected child was heterozygous for the mutation in exon 7 that led to an Ala*67—Thr
substitution in the POLG1 linker region (both are highlighted in magenta) [35].
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The linker region is followed by the polymerase domain which is observed after ~750 amino acids and the proposed
POLG1 catalytic site amino acids are highlighted in yellow (Fig. 1). The polymerase catalytic site,
-S942R-4EHAK47[1FNY?51GR933]Y8G956A%7- is found to be very similar to the already reported and confirmed active site
of E. coli DNA pol ], -QR#RSAK758A1INFGLIY8GM- [36] and in close agreement to the active sites of the other DNA/RNA
polymerases already reported and suggesting high degree of evolutionary conservation among them (Table 3) [37].
Some of the POLG1 catalytic site mutations have been found to be associated with autosomal recessive and dominant
PEO (PEO is an autosomal mitochondrial disorder associated with depletion of the mitochondrial genome and/or the
accumulation of mutations and deletions within mtDNA). Interestingly, it is found that the dominant POLG1 mutations
that are known to cause PEO are located within the polymerase domain and found in the amino acid substitutions of
G923-D, R93-H, Y955—C and A%7-S [31]. Ponamare et al,, [38] found that a point mutation (Y°55—C) in the DNA pol
causes error-prone DNA synthesis in patients suffering from PEO. They found that this Y95°—C version of the enzyme
retained a wild-type catalytic rate, but suffered a 45-fold decrease in apparent binding affinity for the incoming NTPs.
Furthermore, the error-prone DNA synthesis observed for the mutant Y955—»C of POLG1 is consistent with the
accumulation of mitochondrial DNA mutations in patients with PEO. Similar observation was made by van Goethem et
al,, [39] with 3 generations of Belgian pedigree, with an autosomal, dominant PEO, where they identified a heterozygous
mutation (Y955—C) in the polymerase motif B of the POLGl. Moreover, Lamantea, et al, [40]
identified the heterozygous Y?>>—C mutation in 9 unrelated families with adPEO. = Among them, 4  families
were Italian and 1 was from Greece and 4 were Swedish families. MSA analysis has shown that the Y955 is the template-
binding amino acid in the -Y955G- pair of the polymerase. Another mutation, viz. R93—H was found in patients with a
severe form of adPEO [40]. R?43 is critically important in binding the oxygen atoms of the y-phosphate of the incoming
dNTP and helps positioning it for catalysis [39, 40]. The mutant form of R%43—H at this position causes again substantial
loss of polymerase catalytic activity. For example, the recombinant protein expressing R%3—H showed only 0.2% of
wild-type polymerase activity in vitro [41]. Furthermore, the Y955 and R%43 are highly conserved from yeasts to animals
and humans (Fig. 1). MSA analysis has shown that the R%43 is placed at -4 from the catalytic K as reported and confirmed
as the amino acid involved in dNTP selection with E. coli DNA pol 1. Mutations in the POLG1 gene are also reported in
breast cancer patients. Singh et al,, [42] found that the POLG1 gene was mutated in 63% of breast cancers and identified
a total of 17 mutations across the POLG1 gene. These mutations were found in all three domains of POLG1 protein,
including T2?51-] (exonuclease domain), P587->L (linker region) and E1143—G (polymerase domain, highlighted in
magenta).

The N- and C-terminals of the POLG1 show putative zinc-binding motifs (ZBMs) (Fig. 2). Two invariant -DxD- type
metal-binding motifs are found within the polymerase domain and highlighted in green and the -D8%0VD- and -HDE136-
are implicated in chelating two Mg2*ions [28]. In addition to the PR exonuclease activity, the POLG1 is also known to
perform BER activity to remove oxidized bases and a (dRP)-lyase domain with the conserved amino acids from 353-
391 is highlighted in grey. The lyase catalytic K371is marked in red [25] and interestingly, the BER domain is also found
in the PR exonuclease region. The C-terminal domain is remarkably conserved in all with a highly conserved peptide
(highlighted in grey).

CLUSTAL O (1.2.4) MSA of DNA polymerase y from human and various animal sources.

tr | AOA6J1VABO|AOA6J1IVABY 9SAUR ————————————————————— SSSSAGLLLQEKTAPVTGAPLQEEQRMNPLGI ——————— 55
sp|P54099|DPOG1I_MOUSE PSQ-————————————————— MPSSENGQL-————————————————— 59
sp|Q9QYV8|DPOG1I_RAT QSQ-——--———————————— MPSSENGQL———=—=————————————— 59
tr | AOA6PG6HHUY | AOA6P6HHU9 PUMCO RAGRE-————————————— ARPRCTGGVAAGSWARPAGR--APGRHCGCPVGWATVRACV 104
tr | AOA2KSEPQ4 | AOA2K5EPQ4 AOTNA  RQQPQ-——————-—-— QQPPQVPSSEGGQL————————————————— 67
tr|F7IMR4 |F7IMR4_CALJA —0OQLO—-=————————— QQPPQVPSSEGGQL————————————————— 66
tr | AOA2K5PBZ5 |AOA2KS5PBZ5 CEBIM  RQQPQ-----————-— QQPPQVPSSEGGQL————————————————— 67
tr | AOAODI9RX64 | AOAODI9RX64_CHLSB RRQQQ----—-————-— LOQPQVPSSEGGQL-———————————————— 66
tr | AOA2K6AY60 | AOA2K6AY60 MACNE ~ RQQQQ--——————-—— LOQOPQVPSSEGGQL-————————————————— 66
tr | AOA2K5JYU3 |AOA2K5JYU3 COLAP RQQQLO-———————— QQOQPQVPSSEGGQL————————————————— 67

tr | AOA2K6MGTS | AOA2K6MGTS_ RHIBE ——QQOPQQQPQVPSSEDGQL————————————————— 71
tr | AOA2J8VX21 |AOA2J8VX21 PONAB RRRQQO-—--0Q0QQ0PQQOPQVPSSEGGQL————————————————— 72
sp|P54098 | DPOG1_HUMAN RROOOQQOOOQOOQOOPOQPQVLSSEGGQL-————————————————— 76
tr | G3R7U9 | G3R7U9_GORGO RRROOOOOOOOOPQQOPQQOPQOVLSSEGGQL————————————————— 76
tr | AOA3Q7TNX2 |AOA3Q7TNX2 VULVU PQQQ-———————— QQQPPPPARSSEGGQL————————————————— 68
tr | AOASF5XEZ4 | AOASF5XEZ4_FELCA —-PPR—-———————— PQQ-—-—--VPSSEGGQQ————————————————— 63
tr | MSWHT6 | M3WHT6_FELCA —PPR————————— PQQO-—-—--VPSSEGGQQ————————————————— 63
tr | AOA667FUI7 |AOAG67FUI7_LYNCA —PPR-————————— PQQ-—-—-VPSSEGGQQ-————————————————— 63
tr | AOASBC8YBT2 | AOA8C8YBT2_ PANLE PPPR-————————PQQ-—-—-VPSSEGGQQ————————————————— 64
tr | AOA7J8CKES | AOA7J8CKES_ ROUAE -PP-— --PPQPQVPSSEGGQP—-— 60
tr | AOA7J8CKIL1|AOA7JI8CKI1_ ROUAE -PP—— --PPQPQVPSSEGGQP—— 60
tr | AOASN3VIYS8|AOASN3VIYS8 MUNMU -—-P-—— --PPPPPVPSSEGGQL—— 60
tr | AOASN3X6NS5 |AOASN3X6NS5_ MUNRE e e PPPPPVPSSEGGQL-————————————————— 60
tr | AOABC2QXP3 | AOABC2Q0XP3_CAPHT ——P——————————— PPPQPVPSSVGGQL————————————————— 60
tr | AOAAW2GENG6 | AOA4W2GEN6_BOBOX ——P——————— PSPQPVPSSVGGQL-————————————————— 60
tr |[EIBDI3 |E1BDI3_BOVIN ——P-——— PSPQPVPSSVGGQL————————————— —— —— 60
tr | AOA6BOQZX2 |AOAGBOQZX2 9CETA  —— - mmmmm 0

tr | AOA7J7FHZ9 |AOA7JI7FHZ9_DICBM QP——————— PSSEGGQL———————————————— — 57
tr | AOA8B8S4S7 |AOA8B8S4S7_CAMEFR QPQ—————————————— QOQVSSSEDGQL————————————————— 62

tr | AOA340YAS50|AOA340YAS50_LIPVE
tr | AOA2Y9S364 |AOA2Y9S364_ PHYMC
tr | AOASBSWLTO | AOASBSWLTO_BALMU
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NTD PR Exo

tr|AOA6J1VABY | AOA6J1VABY 9SAUR ANVDEHFRLLAQTQSL;‘YLEAAKELIEHEMPPRPTEWAWEVGWTQYGSDGEREKVDFPDE 171
sp|P54099|DPOG1_MOUSE GNLDQHFRLLAQKQSLP| YLEAAASLLEAQLPPEPKSWAWAEGWTRYGPEGEAEPVAIPEE 175
sp|Q9QYV8 |DPOG1 RAT GNLDQHFRLLAQKQSLP| YLEAAASLSEAQLPPQPRKWVWAEGWTRYGPEGEAEPVAIPEE 175
tr|AOA6P6HHUY |AOA6P6HHU9 PUMCO GSLDQHFSALAQKQSLP| HLRRANQLLAGSACP-PPPXAWAEGWTRAWPHGGR-PHCIPE~ 219
tr|AOA2KSEPQ4 | AOA2KS5EPQ4 AOTNA DNLDEHFRLLAQKQSLP| YLEAANSLLQAQLPPQPPSWAWAEGWTRYGPEGEAVPVAIPEE 183
tr|F7IMR4|F7IMRA_ CALJA DNLDEHFRLLAQKQSLP| YLEAANSLLQAQLPPQPPSWAWAEGWTRYGPEGEAVPVAIPEE 182
tr|AOA2KSPBZS |AOA2K5PBZS5 CEBIM DNLDEHFRLLAQKQSLP| YLEAANSLLQAQLPPQPPSWAWAEGWTRYGPEGEAVPVAIPEE 183
tr|AOAODIRX64 | AOAODIRX64 CHLSB DNLDQHFRLLAQKQSLP| YLEAANSLLQAQLPPQPTGWAWAEGWTRYGPEGEAVPVAIPEE 182
tr|AOA2K6AY60|AOA2K6AYG60 MACNE DNLDQHFRLLAQKQSLP| YLEAANSLLQOAQLPPQPTGWAWAEGWTRYGPEGEAVPVAIPEE 182
tr|AOA2K5JYU3 |AOA2KS5JYU3 COLAP DNLDQHFRLLAQKQSLP| YLEAANSLLQAQLPPQPPGWAWAEGWTRYGPEGEAVPVAIPEE 183
tr|AOA2K6MGTS | AOA2K6MGTS RHIBE DNLDQHFRLLAQKQSLP| YLEAANSLLQARLPPQPPGWAWAEGWTRYGPEGEAVPVAIPEE 187
tr|AOA2J8VX21 |AOA2J8VX21 PONAB DNLDQHFRLLAQKQSLP| YLEAANLLLQAQLPPKPPAWAWAEGWTRYGPEGEAVPVAIPEE 188
sp|P54098 | DPOG1_HUMAN DNLDQHFRLLAQKQSLP

tr|G3R7U9|G3R7U9_GORGO DNLDQHFRLLAQKQSLP | YLEAANLLLQAQLPPKPPAWAWAEGWTRYGPEGEAVPVAIPEE 192
tr|AOA3Q7TNX2 |AOA3Q7TNX2 VULVU GSLDQHFRLLAQKQSLP| YLEAANSLLQAQPPPRPPSWAWVEGWTRYGPAGEAVPVAIPEE 184
tr|AOASF5XEZ4 | AOASF5XEZ4 FELCA GSLDQHFRLLAQKQSLP| YLEAANSLLRARLPPRPPSWAWAEGWTRYGPAGEAVPVAIPEE 179
tr |M3WHT6|M3WHT6 FELCA GSLDQHFRLLAQKQSLP| YLEAANSLLRARLPPRPPSWAWAEGWTRYGPAGEAVPVAIPEE 179
tr|AOA667FUIT |AOA667FUI7 LYNCA GSLDQHFRLLAQKQSLP| YLEAANSLLRARLPPRPPSWAWAEGWTRYGPAGEAVPVAIPEE 179
tr|AOABC8YBT2|AOABC8YBT2 PANLE GSLDQHFRLLAQKQSLP| YLEAANSLLRARLPPRPPSWAWAEGWTRYGPAGEAVPVAIPEE 180
tr|AOATJI8CKES | AOA7JI8CKES ROUAE GSLDQHFRLLAQKQSLP | YLEAANSLLQAQLPPRPPSWAWAEGWTRYGPAGEAVPVAIPEE 176
tr|AOA7J8CKI1|AOA7J8CKI1 ROUAE GSLDQHFRLLAQKQSLP | YLEAANSLLQAQLPPRPPSWAWAEGWTRYGPAGEAVPVAIPEE 176
tr|AOASN3VIYS |AOASN3VIYS MUNMU GSLDQHFRLLAQKQSLP | YLEAANSLLOAQLPPRPPNWAWAEGWTRYGPAGEAEPVAIPEE 176
tr|AOASN3X6N5|AOASN3X6NS5 MUNRE GSLDQHFRLLAQKQSLP | YLEAANSLLOAQLPPRPPNWAWAEGWTRYGPAGEAEPVAIPEE 176
tr|AOA8C2QXP3|AOAS8C2QXP3 CAPHI GSLDQHFRLLAQKQSLP | YLEAANSLLOAQLPPRPPSWAWAEGWTRYGPAGEAEPVAIPEE 176
tr|AOA4W2GENG | AOA4W2GEN6 BOBOX GSLDQHFRILAQKQSLP | YLEAANSLLOAQLPPRPPSWAWAEGWTRYGPAGEAEPVAIPEE 176
tr|E1BDI3|E1BDI3_ BOVIN GSLDQHFRILAQKQSLP | YLEAANSLLQAQLPPRPPSWAWAEGWTRYGPAGEAEPVAIPEE 176
tr|AOA6BOQZX2 | AOA6B0OQZX2 9CETA GSLDQHFRILAQKQSLP | YLEAANSLLQAQLPPRPPSWAWAEGWTRYGPAGEAEPVAIPEE 115
tr|AOA7JTFHZY |AOA7JITFHZ9 DICBM GSLDQHFRLLAQKQSLP | YLEAANSLLQAQLPPRPPSWAWAEGWTQYGPAGEAVPVAIPEE 173
tr|AOASB8S4S7 |AOA8B8S4ST CAMFR GSLDQHFRLLAQKQSLP | YLEAANLLLQAQLPPRPPSWAWAEGWTRYGPAGEAEPVAIPEE 178
tr|AOA340YA50|AOA340YAS50 LIPVE GSLDQHFRLLAQKQTLP | YLEAANLLLQAQLAPRPPSWAWAEGWTRYGPAGEAEPVAIPEE 180
tr|A0A2Y9S364 |AOA2Y9S364 PHYMC GSLDQHFRLLAQKQSLP | YLEAANLLLQAQLAPRPPSWAWAEGWTRYGPAGEAEPVAIPEE 176
tr|AOASBSWLTO |AOA8BSWLTO BALMU GSLDQHFRLLAQKQSLP | YLEAANLLLQAQLAPRPPNWAWAEGWTRYGPAGEAEPVAIPEE 178

:*:** ***.*:** :*. * * * * .* ***: * :*:
tr|AOA6J1IVABY |AOA6JLIVABY 9SAUR RALVEDVEMCMEEGHCPTLAVALSPNAWY SWCEKRLV---EQRYSWSNQLGLSDLIPLEN 228
sp|P54099 | DPOG1 MOUSE RALVEDVEMCLAEGICPTLAVAISPSAWY SWCPRRLV---EERY SWTSQLSPADLIPLGG 232
Sp|Q9QYV8 | DPOG1 RAT RALVHDVEMCELAEGTCPTLAVAISPSAWY SWCERRLV---EERYSWTSQLSPADLIPLGV 232
tr|AOAGP6HHUI |AOAGPEHHUY PUMCO EAPXHDVEMCELOREILPTLAVAXSPSAWY SWCBRRLV---EERYSWTSQLSPADLIPLEV 276
tr|AOA2KSEPQ4 | AOA2KSEPQ4 AOTNA RALVHDVEMCLAEGTCPTLAVAISPSAWYSWCFRRLV---EERYSWTSQLSPADLIPLEV 240
tr|F7IMR4 |F7IMR4 CALJA RALVHDVEMCLAEGTCPTLAVAISPSAWY SWCPRRLV---EERYSWTSQLSPADLIPLEV 239
tr|AOA2KSPBZ5 | AOA2K5PBZ5 CEBIM RALVEDVEMCELAEGTCPTLAVAISPSAWY SWCFRRLV---EERYSWTSQLSPADLIPLET 240
tr|AOAODIRX64 | AORODIRX64 CHLSB RALVHDVEMCELAEGTCPTLAVAISPSAWY SWCFRRLV---EERYSWTSQLSPADLIPLEV 239
tr|AOA2K6AY60 |AOA2K6AY60 MACNE RALVHDVEMCLAEGICPTLAVAISPSAWY SWCPRRLV---EERYSWTSQLSPADLIPLEV 239
tr|AOA2K5JYU3 |AOA2K5JYU3 COLAP RALVEHDVEMCELAEGTCPTLAVAISPSAWY SWCFRRLV---EERYSWTSQLSPADLIPLEV 240
tr | AOA2K6MGTS | AOA2K6MGTS RHIBE RALVHDVEMCEL.AEGTCPTLAVAISPSAWY SWCERRLV---EERYSWTSQLSPADLIPLEV 244
tr|AOA2J8VX21|A0A2J8VX21 PONAB RALVEDVEMCLAEGICPTLAVAISPSAWY SWCPRRLV---EERYSWTSQLSPADLIPLEV 245
tr|G3R7U9|G3R7U9_GORGO RALVHDVEMCELAEGTCPTLAVAISPSAWY SWCBORLV-~--EERYSWTSQLSPADLIPLEV 249
tr|AOA3Q7TNX2 |A0A3Q7TNX2 VULVU RALVHDVEMCLAEGTCPTLAVAISPSAWY SWCFRRLV---EERYSWTSQLSPADLIPLEV 241
tr|AOASFSXEZ4 |AOASF5XEZ4 FELCA RALVHDVEMCLAEGTCPTLAVAISPSAWY SWCPRRLV---EERYSWTSQLSPADLIPLEV 236
tr|M3WHT6 |M3WHT6 FELCA RALVHDVEMCELAEGTCPTLAVAISPSAWY SWCERRLV---EERYSWTSQLSPADLIPLEV 236
tr|AOA667FUIT |AOA667FUI7_LYNCA RALVHDVEMCLAEGTCPTLAVAISPSAWY SWCBRRLV---EERYSWTSQLSPADLIPLEV 236
tr|AOASC8YBT2|AOABC8YBT2 PANLE RALVEHDVEMCELAEGTCPTLAVAISPSAWY SWCBRRLV---EERYSWTSQLSPADLIPLEV 237
tr|AOA7TJI8CKES |AOA7JI8CKES ROUAE OALVEDVEMCLAEGTCPTLAVAISPSAWY SWCPRRLV---EERYSWTSQLSPADLIPLEV 233
tr|AOA7J8CKIL |AOATJI8CKI1 ROUAE QALVHDVEMCELAEGTCPTLAVAISPSAWY SWCERRLV---EERYSWTSQLSPADLIPLEV 233
tr|AOASN3VIYS|AOASN3VIYS MUNMU RALVEDVEMCLAEGTCPTLAVAISPSAWY SWCPRRLV---EERYSWTSQLSPADLIPLEV 233
tr|AOASN3X6NS5 | AOASN3X6NS MUNRE RALVHDVEMCLAEGTCPTLAVAISPSAWYSWCFRRLV---EERYSWTSQLSPADLIPLEV 233
tr|AOABC20XP3|A0ABC20XP3 CAPHI RALVEDVEMCLAEGTCPTLAVAISPSAWY SWCPRRLV---EERYSWTSQLSPADLIPLEV 233
tr|AOA4W2GENG | AOA4W2GEN6 BOBOX RALVHDVEMCLAEGTCPTLAVAISPSAWY SWCERRLV---EERYSWTSQLSPADLIPLEV 233
tr|E1BDI3|E1BDI3 BOVIN RALVHDVEMCLAEGTCPTLAVAISPSAWY SWCPRRLV---EERYSWTSQLSPADLIPLEV 233
tr|AOA6BOQZX2 | AOA6BOQZX2 9CETA RALVHDVEMCELAEGTCPTLAVAISPSAWY SWCERRLV---EERYSWTSQLSPADLIPLEV 172
tr|AOA7TJTFHZ9|AOATJITFHZ9 DICBM RALVHDVEMCLAEGTCPTLAVAISPSAWYSWCBRRLV---EERYSWTSQLSPADLIPLEV 230
tr|AOA8B8S4S7|AOA8B8S4ST CAMFR RALVEDVEMCLAEGTCPTLAVAISPSAWY SWCPRRLV---EERY SWTSQLSPADLIPLEV 235
tr|AOA340YA50 |AOA340YAS0 LIPVE RALVHDVEMCEL.AEGTCPTLAVAISPSAWY SWCPRRLXXXXEERY SWTSQLSPADLIPLEV 240
tr|AOA2Y9S364 |AO0A2Y9S364 PHYMC RALVEDVEMCLAEGTCPTLAVAISPSAWY SWCPRRLV---EERYSWTSQLSPADLIPLEV 233
tr |AOA8BSWLTO |AOASBSWLTO BALMU RALVHDVEMCEL.AEGTCPTLAVAISPSAWY SWCFRRLV---EERYSWTSQLSPADLIPLEV 235
.* s g *: Pe * Kk K x x **.**** *k:** *:****:.**. :*****
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tr|AOA6J1VABY |AOA6J1VABY 9SAUR
sp|P54099 | DPOG1_MOUSE
sp|Q9QYV8 |DPOG1_RAT
tr|AOA6P6HHUY | AOAG6P6HHU9 PUMCO
tr|AOA2K5EPQ4 | AOA2KSEPQ4 AOTNA
tr|F7IMR4|F7IMR4 CALJA
tr|AOA2K5PBZ5|AOA2K5PBZ5 CEBIM
tr|AOAODIRX64 |AOAODIRX64 CHLSB
tr|AOA2K6AY60 |AOA2K6AY60 MACNE
tr|AOA2K5JYU3|AOA2K5JYU3 COLAP
tr|AOA2K6MGT5 | AOA2K6MGT5 RHIBE
tr |AOA2J8VX21|AOA2J8VX21 PONAB

tr|G3R7U9|G3R7U9_GORGO

tr |AOA3Q7TNX2 |AOA3Q7TNX2_ VULVU
tr |AOASF5XEZ4 |AOASFS5XEZ4 FELCA
tr |M3WHT6 |M3WHT6_ FELCA

tr|AOA667FUI7 |AOA667FUIT7 LYNCA
tr|AOA8C8YBT2 |AOA8C8YBT2 PANLE
tr|AOATJI8CKES |AOATJI8CKES ROUAE
tr|AOAT7JI8CKI1 |AOAT7I8CKI1_ ROUAE
tr |AOASN3VIY8|AOASN3VIYS MUNMU
tr|AOASN3X6NS |AOASN3X6NS5 MUNRE
tr|AOA8C20QXP3|AOA8C20XP3 CAPHI
tr|AOA4W2GENG | AOA4W2GENG6 BOBOX
tr|E1BDI3|EIBDI3 BOVIN

tr |AOA6BOQZX2 |AOA6BOQZX2 9CETA
tr |AOATJ7FHZO |AOATJITFHZ9 DICBM
tr|AOA8B8S4S7 |AOA8B8S4S7 CAMER
tr|AOA340YAS50 |AOA340YAS0 LIPVE
tr|AOA2Y9S364 |AOA2Y9S364 PHYMC
tr|AOA8BSWLTO |AOA8BSWLTO BALMU

SS---SLKRQDGQERLVVGHNVS
STSASSSTKQDGQEQLVVGHNVS
SASASSSTQODWQEQLVVGHNVS
PAGAGGPTQRDWQEQLVVGHNVC
PAGASSPTQRDWQEKLVVGHNVS
PAGASGPTQRDWQEKLVVGHNVS
PAGASGPTQRDWQEKLVVGHNVS
PAGA-SPTQRDWQEQLVVGHNVS
PAGA-SPTQRDWQEQLVVGHNVS
PAGASSPTQRDWQEQLVVGHNVS
PAGASSPTQRDWQEQLVVGHNVS
PGGASSPTQRDWQEQLVVGHNVS

PAGASSPTQRDWQEQLVVGHNVS
PASAGGPTQRDWQEQLVVGHNVC
PASAGGPTQRDWQEQLVVGHNVC
PASAGGPTQRDWQEQLVVGHNVC
PASAGGPTRRDWQEQLVVGHNVC
PASAGGPTQRDWQEQLVVGHNVC
PASDGGPTQRECQEQLVVGHNVS
PASDGGPTQRECQEQLVVGHNVS
PASAGGPAQQODQQERLVVGHNVS
PASAGGPAQQDQRERLVVGHNVS
PASGGGPAQRDQQERLVVGHNVS
PASAGSPAQRDRQERLVVGHNVS
PASAGSPAQRDRQERLVVGHNVS
PASAGSPAQRDRQERLVVGHNVS
PASAGNPTQRGWQEQLVVGHNVC
PASAGGPTQRDWQEQLVVGHNVC
SASAGGPTQRDWQEQLVVGHNVC
PASAGGPTQRDWQEQLVVGHNVC
PASAGGPTQRDWQEQLVVGHNVS

ek e khk KK KKK
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DRAHIREQYLIQDSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSR
DRAHVREQYLIQGSRI
DRAHVREQYLIQGSRI
DRAHVREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSH
DRAHIREQYLIQGSRI

DRAHIREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSR
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSH
DRAHIREQYLIQGSH
DRAHIREQYLIQGSH
DRAHIREQYLIQGSH
DRAHIREQYLIQGSH
DRAHIREQYLIQGSH
DRAHTREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIQGSRI
DRAHIREQYLIRGSL
DRAHVREQYLIRGSRI

drdrx . ok kkkk . K

[RELDTMSMHMATISGLS]
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[RELDTMSMHMATISGLS]
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REFLDTMSMHMAISGLS
RELDTMSMHMAISGLS
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS]
RELDTMSMHMAISGLS

RELDTMSMHMATISGLS|
[RELDTMSMHMATISGLS
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS]
REFLDTMSMHMAISGLS
[RELDTMSMHMATISGLS
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS]
REFLDTMSMHMAISGLS
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS
RELDTMSMHMATSGLS|
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS]
[RELDTMSMHMATISGLS]
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285
292
292
336
300
299
300
298
298
300
304
305
309
309
301
296
296
296
297
293
293
293
293
293
293
293
232
290
295
300
293
295

tr|AOA6J1IVABY |A0A6J1VABI 9SAUR
sp|P54099 | DPOG1_MOUSE
Ssp|Q9QYV8 | DPOGL_RAT
tr|AOA6P6HHUI | AOA6P6HHU9_PUMCO
tr|AOA2KSEPQ4 | AOA2KSEPQ4_AOTNA
tr|F7IMR4 |F7IMR4_CALJA
tr|AOA2KSPBZ5 | AOA2K5PBZ5_CEBIM
tr|AOAODIRX64 | AOAODIRX64_CHLSB
tr|AOA2K6AY60 |AOA2K6AY60 MACNE
tr|AOA2K5JYU3|AOA2K5JYU3 COLAP
tr|AOA2K6MGTS |AOA2K6MGTS RHIBE
tr|AOA2J8VX21|AOA2J8VX21 PONAB
sp|P54098 | DPOG1_HUMAN
tr|G3R7U9|G3R7UI_GORGO
tr|AOA3Q7TNX2|AOA3Q7TNX2 VULVU
tr|AOASFSXEZ4 | AOASFS5XEZ4 FELCA
tr|M3WHT6 |M3WHT6 FELCA
tr|AOA667FUI7 |AOA667FUIT LYNCA
tr|AOABC8YBT2|AOABC8YBT2 PANLE
tr|AOA7J8CKES |AOATI8CKES ROUAE
tr|AOA7J8CKIL1|AOATJIBCKI1 ROUAE
tr|AOA5SN3VIY8|AQASN3VIY8 MUNMU
tr|AOA5N3X6N5 |AOASN3X6NS5 MUNRE
tr|AOABC20XP3|AOA8C2QXP3 CAPHI
tr|AOA4W2GENG | AOA4W2GEN6_BOBOX
tr|E1BDI3|E1BDI3_BOVIN
tr|AOA6BOQZX2 | A0A6BOQZX2 9CETA
tr|AOA7JTFHZY|AOATJITFHZY DICBM
tr|AOABB8S4S7|AOABB8S4ST_CAMFR
tr|AOA340YA50|AOA340YA50 LIPVE
tr|AOA2Y9S364 |A0A2YIS364 PHYMC
tr|AOABBSWLTO |AOASBBWLTO_ BALMU

SLWKAAKQGKGRGLQQVQOHIKKTRSKSSGPMIGSWNWVNISSINNLADVHSLYVGGQPL
SLWMGAKQGKHKNPAAHKARAEVPEESQWSSESSSWDWMDISSANNLADVHNLYVGGPPL
SLWMGAKQGKHKTQHPTKRGQ-KSQKNANGPAISSWDWMDISSANNLADVHNLYVGGPRL
SLWMAAKQGKRKARHPTQRGQKSQONKA-SGPVISAWDWLDISSVNNLADVHSLYVGGPPL
SLWIAAKQGKHKAQRLTKQDQKSQRKARGGPAISSWDWLNISSVNSLAEVHSLYVGGPHL
SLWIAAKQGKHKAQCLTKQONQKSQRKARGGPVISSWDWLNISSVNSLAEVHSLYVGGPHL
GLWIAAKQGKHKAQRLTKQDQKSQRKARGGPVISSWDWLNISSVNSLAEVHSLYVGGPHL
SLWIAAKQGRHKVQGPTKQGQKSQRKARRGPAISSWDWLDISSVNSLAEVHRLYVGGPPL
SLWIAAKQGKHKVQGSTKQGQKSQRKARRGPAISSWDWLDISSVNSLAEVHRLYVGGPPL
SLWIAAKQGKHKVQGPTKQGQKSQRKARRGPAISSWDWLDISSVNSLAEVHRLYVGGPPL
SLWIAAKQGKHKVQGPTKQGQKSQRKARRGPAISSWDWLDISSVNSLAEVHRLYVGGPPL
SLWIAAKQGKHKVQPPTKQVQKSQRKARRGPAVSSWDWLDISSVNNLAEVHRLYVGGPPL
SLWIAAKQGKHKVQPPTKQGOKSQRKARRGPAISSWDWLDISSVNSLAEVHRLYVGGPPL
SLWIAAKQGKHKVQPPTKQGQKSQRKAGRGPAISSWDWLDISSVNSLAEVHRLYVGGPPL
SLWMAAKQGKRKARHPTQRGQKSQONKA-SGPVISSWDWLDISSINNLADVHSLYVGGPPL
SLWMAAKQGKRKARHPTQRGQKSQNKA-SGPVISAWDWLDISSVNNLADVHSLYVGGPPL
SLWMAAKQGKRKARHPTQRGQKSQNKA-SGPVISAWDWLDISSVNNLADVHSLYVGGPPL
SLWMAAKQGKRKARHPTQRGQKSQNKA-SGPVISAWDWLDISSVNNLADVHSLYVGGPPL
SLWMAAKQGKRKARHPTQRGQKSQNKA-SGPVISAWDWLDISSVNNLADVHSLYVGGPPL
SLWMAAKQGKHKAQHPTQRSQKSQRKA-SGPAISSWDWLDISSVNNLADVHSLYVGGPAL
SLWMAAKQGKHKAQHPTQRSQKSQRKA-SGPAISSWDWLDISSVNNLADVHSLYVGGPAL
SLWMAARQGKHKTRPPTQRGQKSQSKA-NGPAISSWDWLDISSVNNLADVHGLYVGGPRL
SLWMAARQGKHKARPPTQRGQKSQSKA-NGPAISSWDWLDISSVNNLADVHGLYVGGPRL
SLWMAAKQGKHKARPPAQRGPKSQSRA-NSPMISSWDWLDISSVNNLADVHGLYVGGPRL
SLWMAAKQGKHKARPPTQRGQKSQSKA-NGPPISSWDWLDISSVNNLADVHGLYVGGPRL
SLWMAAKQGKHKARPPTQRGQKSQSKA-NGPPISSWDWLDISSVNNLADVHGLYVGGPRL
SLWMAAKQGKHKARPPTQRGQKSQSKA-NGPPISSWDWLDISSVNNLADVHGLYVGGPRL
SLWIAAKQGRHKARHPTQRGQKSQSKG-SGPAISSWDWLDMSSVNNLADVHSLYVGGPAL
SLWMAARQGKHKARHPAQRGOKSQSKA-NGPAISSWDWLDISSVNNLADVHSLYVGGSPL
SLWMAAKQGKRKARHPTQQGOKSQSKA-NGPAISSWDWLDISSVNNLADVHSLYVGGPRL
SLWMAAKQGKRKARHPTQRGQKSQSKA-NGPAMSSWDWLDISSVNNLADVHSLYVGGPRL
SLWMAAKQGKHKARHPTQRGQKSQSKA-NGPAISSWDWLDISSVNNLADVHSLYVGGPHL

* K Ko kKo . . ckekeookk K Kkkekk KAKKKK *

Lyase

345
352
351
395
360
359
360
358
358
360
364
365
369
369
360
355
355
355
356
352
352
352
352
352
352
352
291
349
354
359
352
354
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__ 44— PRExo Linker —»
tr|AOA6J1VARY|AOA6J1VABY 9SAUR KKEARELFIKGSMNDIRNNFQELMNYEAID: LELKRCPHPVTFAGMLE 405
sp|P54099 | DPOG1_MOUSE EKEPRELFVKGSMRDIRENFQDLMJYLAHAD LFLERCPHPVTLAGMLE 412
sp1Q90YV8 | DPOG1_RAT AKEPRELFVKGSMRDIRENFQDLMAYEAHD LFLERCPHPVTLAGMLE 411
tr|AOA6P6HHUI| AOA6PGHHUY PUMCO EKEPRELFVKGSMKDIRENFQDLMJYEA(D: LFLERCPHPVTLAGMLE 455
tr|AOA2KSEPQ4 | AOA2KSEPQ4 AOTNA EKEPRELFVKGSMKDIRENFQDLMAYLA]D LFLERCPHPVTLAGMLE 420
tr|F7IMR4|F7IMR4 CALJA EKEPRELFVKGSMKDIRENFQDLMJYLA(D LFLERCPHPVTLAGMLE 419
tr|AOA2KSPBZ5 | AOA2K5PBZ5 CEBIM EKEPRELFVKGSMKDIRENFODLMJYLA]D LFLERCPHPVTLAGMLE 420
tr|AOAODIRX64 | AOAODIRX64 CHLSB EKEPRELFVKGTMKDIRENFQDLMJYLA]D LFLERCPHPVTLAGMLE 418
tr | AOA2K6AY60 |AOA2K6AY60_MACNE EKEPRELFVKGTMKDIRENFQDLMQYERJD LFLERCPHPVTLAGMLE 418
tr|AOA2K5JYU3|A0A2K5JYU3 COLAP EKEPRELFVKGTMKDIRENFQDLMAYLR]D LFLERCPHPVTLAGMLE 420
tr|AOA2K6MGTS | AOA2K6MGT5 RHIBE EKEPRELFVKGTMKDIRENFQDLMJYEA(D: LFLERCPHPVTLAGMLE 424
tr|A0A2J8VX21|A0A2J8VX21 PONAB EKEPRELFVKGTMKDIRENFQDLMJYER(D LFLERCPHPVTLAGMLE 425
sp|P54098|DPOG1_HUMAN Lyase EKEPRELFVKGTMKDIRENFQD LFLERCPHPVTLAGMLE 429
tr|G3R7U9|G3RTUY_GORGO EKEPRELFVKGTMKDIRENFQDLMJYEAD LFLERCPHPVTLAGMLE 429
tr|AOA3Q7TNX2 | A0A3QTTNX2 VULVU EKEPRELFVKGSMKDIRENFQALMJYEA]D: LFLERCPHPVTLAGMLE 420
tr|AOASF5XEZ4 |AOASF5XEZ4 FELCA EKEPRELFVKGSMKDVRENFQDLMJYEA(D LFLERCPHPVTLAGMLE 415
tr|M3WHT6|M3WHT6 FELCA EKEPRELFVKGSMKDVRENFQDLMJYLAJD LFLERCPHPVTLAGMLE 415
tr|AOA667FUIT7 |AOAG6TFUI 7_LYNCA EKEPRELFVKGSMKDVRENFQDLMQYERJD LFLERCPHPVTLAGMLE 415
tr|AOABC8YBT2|AOABC8YBT2 PANLE EKEPRELFVKGSMKDVRENFQDLMJYLR]D LFLERCPHPVTLAGMLE 416
tr|AOA7JBCKES |AOATJISCKES ROUAE EKEPRELFVKGSMKDVRENFQDLMJYELAHD LFLERCPHPVTLAGMLE 412
tr|AOA7J8CKI1|AOATJISCKI1 ROUAE EKEPRELFVKGSMKDVRENFQDLMJYELAHD LFLERCPHPVTLAGMLE 412
tr|AOASN3VIY8|AOASN3VIY8 MUNMU EKEPRELFIKGNMKDVRENFODLMJYLA]D LFLERCPHPVTLAGMLE 412
tr|AOASN3X6NS | AOASN3X6N5 MUNRE EKEPRELFIKGNMKDVRENFQDLMJYLR(D LFLERCPHPVTLAGMLE 412
tr|AOABC20XP3|AOABC2QXP3 CAPHI EKEPRELFVKGNMKDIRENFQDLMJYEA(D: LFLERCPHPVTLAGMLE 412
tr|AOA4W2GENG | AOA4W2GENG6 BOBOX EKEPRELFVKGNMKDIRENFQDLMJYEA(D. LELERCPHPVTLAGMLE 412
tr|E1BDI3|E1BDI3 BOVIN EKEPRELFVKGNMKDIRENFQDLMJYEAJD LFLERCPHPVTLAGMLE 412
tr|AOA6BOQZX2 | AOA6B0OQZX2 9CETA EKEPRELFVKGNMKDIRENFQDLMJYLAD. LFLERCPHPVTLAGMLE 351
tr|AOATJITFHZ9|AOATITFHZY DICBM EKEPRELFVKGSMKDIRENFQDLMJYEA(D: LFLERCPHPVTLAGMLE 409
tr|AOASB8S4ST|AOABB8SAST CAMFR EKEPRELFVKGSMKDIRENFQDLMJYLR]D LFLERCPHPVTLAGMLE 414
tr|AOA340YA50|AOA340YAS0 LIPVE EKEPRELFVKGSMKDIRENFQDLMJYEA(D LFLERCPHPVTLAGMLE 419
tr|AOA2Y9S364|A0A2Y9S364 PHYMC EKEPRELFVKGSMKDIRENFQDLMJYEA(D LELERCPHPVTLAGMLE 412
tr|AOASBBWLTO | AOABBSWLTO BALMU EKEPRELFVKGSMKDIRENFQDLMJYLR]D LFLERCPHPVTLAGMLE 414
* % ****:‘k*.‘k.‘k:*:*** * % 4k * ***:*******:*****
tr|AOA6J1VABY|AOA6J1VABY 9SAUR MGVSYLPVNQNWVKYLDEAQVTYEELOKEMKKSLMNLADDACQLI|HBERYKDDPWMWDLK 465
sp|P54099|DPOG1_MOUSE MGVSYLPVNONWERYLTEAQNTYEELOREMKKSLMDLANDACQLI|S(ERYKEDPWLWDLE 472
Sp0Q9QYV8 | DPOGL RAT MGVSYLPVNQNWERYLTEAQSTYEELOREMKKSLMELANDACQLI|S¢ERYKEDPWLWDLE 471
tr|AOAG6PGHHUY |AOAGPGHHUY PUMCO MGVSYLPVNONWERYLAEAQSTYEELOREMKKSLMDLADDACQLI|S(ERYKEDPWLWDLE 515
tr|AOA2KSEPQ4 |AOA2KSEPQ4 AOTNA MGVSYLPVNONWERYLVEAQGTYEELQOREMKKSLMDLANDACQLI|S¢DRYKEDPWLWDLE 480
tr|F7IMR4 |F7IMR4 CALJA MGVSYLPVNONWERY LVEAQGTYEELOREMKKSLMDLANDACQLI|S¢ERYKEDPWLWDLE 479
tr|AOA2K5PBZ5 |AOA2K5PBZ5 CEBIM MGVSYLPVNONWERYLVEAQGTYEELOREMKKSLMDLANDACQLI|SERYKEDPWLWDLE 480
tr|AOAODIRX64 |AOAODIRX64 CHLSB MGVSYLPVNONWERY LAEAQGTYEELQOREMKKSLMDLANDACQLI|SERYKEDPWLWDLE 478
tr|AOA2K6AY60|AOA2K6AY60 MACNE MGVSYLPVNONWERYLAEAQGTYEELOREMKKSLMDLANDACQLI|S¢ERYKEDPWLWDLE 478
tr|ADA2K5JYU3 |AOA2K5JYU3 COLAP MGVSYLPVNONWERY LAEAQGTYEELQOREMKKSLMDLANDACQLI|SERYKEDPWLWDLE 480
tr|ADA2K6MGTS |AOAZK6MGT5 RHIBE MGVSYLPVNONWERYLAEAQGTYEELOREMKKSLMDLANDACQLI|S¢ERYKEDPWLWDLE 484
tr|ADA2J8VX21 |A0A2J8VX21 PONAB MGVSYLPVNONWERYLSEAQGTYEELOREMKKSLMDLANDACQLI|SERYKEDPWLWDLE 485
sp|P54098 |DPOG1 HUMAN MGVSYLPVNQNWERYLAEAQGTYEELQREMKKSTLMDLENDACQLLSGERYKEDPWLWDLE 489
tr|G3R7U9|G3R7UI_GORGO MGVSYLPVNONWERY LAEAQGTYEELOREMKKSLMDLANDACQLI|SERYKEDPWLWDLE 489
tr|AOA3QTTNX2 | AOA3QTTNX2 VULVU MGVSYLPVNONWERY LAEAQNTYEE LQWEMKKSLMDLANDACQLI|S¢ERYKEDPWLWDLE 480
tr|AOASF5XEZ4 | AOASF5XEZ4 FELCA MGVSYLPVNONWERYLAEAQSTYEELOREMKKSLMDLADDACQLI|S ERYKDDPWLWDLE 475
tr|M3WHT6 |M3WHT6 FELCA MGVSYLPVNQNWERY LAEAQSTYEELOREMKKSLMDLADDACQLI|S¢ERYKDDPWLWDLE 475
tr|AOA667TFUTIT |AOA66TFUTT LYNCA MGVSYLPVNONWERY LAEAQSTYEELOREMKKSLMDLADDACQLI|S(ERYKEDPWLWDLE 475
tr|AOABC8YBT2|AOABC8YBT2 PANLE MGVSYLPVNQNWERY LAEAQSTYEELOREMKKSLMDLADDACQLI|S¢ERYKEDPWLWDLE 476
tr|AOA7J8CKES | AOATJBCKES ROUAE MGVSYLPVNQNWERY LAEAQSTYEELOREMKKSLMDLANDACQLYSGERYKEDPWLWDLE 472
tr|AOA7JBCKI1|AOA7TJIBCKI1 ROUAE MGVSYLPVNONWERY LAEAQSTYEELOREMKKSLMDLANDACQLYS ERYKEDPWLWDLE 472
tr|AOASN3VIY8|AOASN3VIY8 MUNMU MGVSYLPVNQNWERY LAEAQSTYEELOREMKKSLMDLANDACQLI|S¢ERYKEDPWLWDLE 472
tr|ADASN3X6NS5 | AOASN3X6N5 MUNRE MGVSYLPVNONWERYLAEAQSTYEELOREMKKSLMDLANDACQLI|SGERYKEDPWLWDLE 472
tr|AOA8C20XP3|AOA8C20XP3 CAPHI MGVSYLPVNONWERY LAEAQGTYEELOREMKKSLMDLANDACQLI|S(ERYKEDPWLWDLE 472
tr|AOA4W2GENG | AOA4W2GEN6 BOBOX MGVSYLPVNONWERY LAEAQGTYEELQREMKKSLMDLANDACQLI|S¢ERYKEDPWLWDLE 472
tr|E1BDI3|E1BDI3_BOVIN MGVSYLPVNONWERY LAEAQGTYEELQREMKKSLMDLANDACQLI|S(ERYKEDPWLWDLE 472
tr|AOA6BOQZX2 | AOA6B0OQZX2 9CETA MGVSYLPVNONWERY LAEAQGTYEELQREMKKSLMDLANDACQLI|S¢ERYKEDPWLWDLE 411
tr|AOATJTFHZ9|AOATITFHZY DICBM MGVSYLPVNONWERYLAEAQSTYEELQOREMKKSLMDLANDACQLI|SGERYKEDPWLWDLE 469
tr|AOABB8S4ST|AOABBBSAST CAMFR MGVSYLPVNONWERYLVEAQSTYEELOREMKKSLMDLANDACQLI|S¢ERYKEDPWLWDLE 474
tr|AOA340YA50 |AOA340YA50 LIPVE MGVSYLPVNONWERY LAEAQSTYEELOWEMKKSLMDLANDACQLI|S(ERYKEDPWLWDLE 479
tr|AOA2Y9S364 |AOA2Y9IS364 PHYMC MGVSYLPVNQNWERY LAEAQSTYEELOWEMKKSLMDLANDACQLI|SGERYKEDPWLWDLE 472
tr|AOA8BBWLTO |AOASBSWLTO BALMU MGVSYLPVNQNWERY LAEAQSTYEE LOWEMKKSLMDLANDACQLI|S¢ERYKEDPWLWDLE 474
* ok ok Kk ok k Kk ok ok ok ok k| :‘k‘k *kk Kkhkkkk*k *****‘k*:**:***‘k*: :***:***:***:
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tr|AOA6J1VABY |AOA6J1VABY 9SAUR
sp|P54099|DPOG1_MOUSE
sp|Q9QYV8 |DPOG1_RAT
tr|AOAG6P6HHUY | AOA6PEHHUS PUMCO
tr|AOA2KSEPQ4 | AOAZKSEPQ4 AOTNA
tr|F7IMR4 |F7IMR4 CALJA
tr|AOA2K5PBZ5 | AOAZK5PBZ5 CEBIM
tr|AOAODIRX64 | AORODIRX64 CHLSB
tr|AOAZK6AY60 | AOA2K6AY60 MACNE
tr|AOA2K5JYU3 | AOA2K5JYU3 COLAP
tr|AOA2K6MGTS | AOA2K6MGTS RHIBE
tr|AOA2J8VX21|A0A2J8VX21 PONAB
sp|P54098 | DPOG1_HUMAN
tr|G3R7U9|G3RTU9_GORGO
tr|AOA3QTTNX2 | AOA3Q7TNX2 VULVU
tr|AOASFSXEZ4 | AOASFSXEZ4 FELCA
tr|M3WHT6 |M3WHT6 FELCA
tr|AOA667TFUIT|AOA66TFUIT LYNCA
tr|AOA8CBYBT2 |AOASC8YBT2 PANLE
tr|AOA7TJIBCKES | AOATJI8CKES ROUAE
tr|AOATJBCKI1|AOATISCKI1 ROUAE
tr|AOASN3VIYS |AOASN3VIY8 MUNMU
tr|AOASN3X6NS5 | AOASN3X6N5 MUNRE
tr|AOA8C20XP3|AOABC20XP3 CAPHI
tr|AOA4W2GENG | AORAW2GEN6 BOBOX
tr|E1BDI3|E1BDI3 BOVIN
tr|AOA6B0QZX2 | AOA6BOQZX2 9CETA
tr|AOATJTFHZ9|AOATITFHZ9 DICEM
tr|AOA8B8S4ST |AOABB8SA4ST CAMFR
tr|AOA340YA50 | A0A340YA50 LIPVE
tr|AOA2Y9S364 |A0A2Y9S364 PHYMC
tr|AOASBSWLTO |AOASBSWLTO BALMU

S5 =

[KPTRKKKEGANEESP-KVVGKASPPEWQEDPGP
pNKKVK--KPASASKLPIEGAGPFGDPMDQEDPGPP
pNKKVK--KTASASKLPIEGAGPFGDPMDQEDPGPP
VKOVKRKEPVAASQLPTEGAGAPGDPKDQEDPGP
ARKVK-KEPATIASKLPIEGPGAPGDPMDERDLAPP
NRKVK-KEPATASKLPIEGPGAPGDPMDQEDLGPP
ARKVK-KEPATASKLPIEGTGAPGDPMDQEDLGPP
PKKVK-KELATASKLPIEGAGAPGDPMDQEDLGP
LNKKVK-KEPATASKLPIEGAGAPGDPMDQEDLGP
PKKVK-KEPATTSKLPIEGAGAPGDPMDQEDLGP
AKKVK-KEPATASKLPIEGAGAPGDPMDQEDLGP
pFKKVK-KEPATASKLPIEGAGAPGDPMDQEDLGPC]

SONG--RQQV
LORSVTAHNR
EEEE[LOONIMAHTR
EEEERQRDVTARAC
EEEEFQQDVAARAC
EEEEFQQDVASRAC
EEEEFQQDVAARAC
EEEEFQQODVMARAC
EEEEFQQDVMARAC
EEEEFQQDVMARAC
EEEEFQQDVMARAC
EEEEFQQDVMARAC

WDLOEFKQKKAKKVK-KEPATASKLPIEGAGAPGDPMDQEDLGPCSEEEEFQQODVMARAC

L I e i B B R e R ]

* . * . K

NKKVK-KEPATASKLPIEGAGAPGDPMDQEDLGP
PKKVKRKEPTAASKLPIEGAG---DPKDQEDPGP
VKOVKRKEPVAASQLPTEGAGAPGDPKDQEDPGPP
VKOQVKRKEPVAASQLPTEGAGAPGDPKDQEDPGPP
VKOVKRKEPVAASQLPTEGAGAPGDPKDQEDPGPP
VKOQVKRKEPVAASQLPTEGAGAPGDPKDQEDPGP
\-KVKRKEPAATSNLPVEGAGVPGDPKDQEDPGPP
\-KVKRKEPAATSNLPVEGAGVPGDPKDQEDPGPP
VKKGKRREPAAASKLPLEGANAPGDPRDQEDPGPP
VKKGKRREPAAASKLPVEGANVPGDPRDQEDPGPP
NKKGKRREPAAASKLPVEGADAPGDPRDQEDPGPP
NKKGKRREPAAASKLPVEGADAPGDPRDQEDPGPP
NKKGKRREPAAASKLPVEGADAPGDPRDQEDPGPP
NKKGKRREPAATSKLPVEGADAPGDPRDQEDPGPP
NKKVKRKEPATASQLPIEGAGTPGDPKDQEDPGPP
NKKVKRKEPAAASKFPIEGAGASGDPKDQEDPGPP
NKKVKTKEPAAASKLPVEGPKAPGDPKDQEDPGPP
NKKVKTKEPAAASKLPVEGPEAPGDPKDQEDPGPP
NKKVKRKEPATASKLPVEGPEAPGDPKDQEDPGPH

EEEEFQQODVMARAC
EEEENQRDVTARAC
EEEERRRDVTARAC
EEEERRRDVTARAC
EEEERQRDVTARAC
EEEERQRDVTARAC
EEEE[LRRDVAARAC
LRRDVAARAC
[FORDVTARTC
[FORDVTARTC
FORGVTARTC
[FORDATARTC
[FORDATARTC
[FORDATARTC
[FOODVAARAC
[FORDVTARAC
[FORDVMARAC
[FORDVMARAC
FORDVMARAC

*

522
530
529
575
539
538
539
537
537
539
543
544
548
548
537
535
535
535
536
531
531
532
532
532
532
532
471
529
534
539
532
534

tr|AOA6J1IVABY |AOA6JIVABY 9SAUR
sp|P54099|DPOG1 MOUSE
sp|Q9QYV8|DPOGL RAT
tr|AOAGP6HHUI | AOA6P6HHU9 PUMCO
tr|AOA2K5SEPQ4 | AOA2K5EPQ4 AOTNA
tr|F7IMR4 |F7IMR4 CALJA
tr|AOA2KS5PBZ5 |AOA2KS5PBZS CEBIM
tr|AOAODIRX64 | AOAODIRX64 CHLSB
tr|AOA2K6AY60 |AOA2K6AY60 MACNE
tr|AOA2K5JYU3|AOA2K5JYU3 COLAP
tr|AOA2K6MGT5 |AOA2K6MGTS RHIBE
tr|AOA2J8VX21|AOA2J8VX21 PONAB
sp|P54098 | DPOG1_HUMAN
tr|G3R7U9|G3RTUI_GORGO
tr|A0A3Q7TNX2 |AO0A3Q7TNX2 VULVU
tr|AOASF5XEZ4 |AOASFS5XEZ4 FELCA
tr|M3WHT6 |M3WHT6 FELCA
tr|AOA667FUIT|AOA667FUL7_LYNCA
tr|AOABC8YBT2|AOABC8YBT2 PANLE
tr|AOA7J8CKES |AOATJI8CKES ROUAE
tr|AOA7J8CKI1|AOATI8CKI1 ROUAE
tr|AOA5SN3VIYS|AOASN3VIY8 MUNMU
tr|AOA5N3X6N5|AOASN3X6N5 MUNRE
tr|AOABC2QXP3|AOABC2QXP3 CAPHI
tr|AOA4W2GENG | AOA4W2GEN6 BOBOX
tr|E1BDI3|E1BDI3 BOVIN
tr|AOA6BOQZX2 |A0A6B0QZX2 9CETA
tr|AOA7JTFHZY |AOATJITFHZY DICBM
tr|AOA8B8S4ST|AOABB8S4ST CAMFR
tr|AOA340YA50|AOA340YAS0 LIPVE
tr|A0A2Y9S364 |A0A2Y9S364 PHYMC
tr|AOABBSWLTO |AOASBEWLTO BALMU

<4— Linker g Polymerase —p

VKSSPEYHHGNGPYNDVNIPGCWFFKLPHKDGNASNVGSP
KSSQPTYHHGNGPYNDVNIPGCWFFKLPHKDGNNYNVGSP
KTSQPTYHHGNGPYNDVDIPGCWFFKLPHKDGNNYNVGSP
RASQPAYHHGNGPYNDVDVPGCWFFKLPHKDGSSFNVGSP
KDSQPTYHHGNGPYNDVDVPGCWFFKLPHKDGNNYNVGSP
KDSQPTYHHGNGPYNDVDVPGCWFFKLPHKDGNNYNVGSP
KDSQPTYHHGNGPYNDVDVPGCWFFKLPHKDGNNYNVGSP
KDSQPNYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KDSQPNYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KDSQPNYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KDSQPNYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KDTQPSYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KDTQPSYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KDTQPSYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
RASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGGGCNVGSP
RASQPAYHHGNGPYNDVDVPGCWFFKLPHKDGSSFNVGSP
RASQPAYHHGNGPYNDVDVPGCWFFKLPHKDGSSFNVGSP
RASQPAYHHGNGPYNDVDVPGCWFFKLPHKDGSSFNVGSP
RASQPAYHHGNGPYNDVDVPGCWFFKLPHKDGSSFNVGSP
KASQPAYHHGSGPYNDVDIPGCWFFKLPHKDGNNFNVGSP
KASQPAYHHGSGPYNDVDIPGCWFFKLPHKDGNNEFNVGSP
KASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGSSCNVGSP
KASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGSSCNVGSP
KASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KASQPAYHHGNGPYDDVDIPGCWFFKLPHKDGNSCNVGSP
KASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGNIYNVGSP
KASQPAYHHGNGPYNDVGIPGCWFFKLPHKDGNSCNVGSP
KASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP
KASQPAYHHGNGPYNDVDIPGCWFFKLPHKDGNSCNVGSP

e kK kkkk kkkekk ckkkAk Ak Ak hkkx * Kk ok k

FAKDFLPKMEDGTLKAGIGA
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG

FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGTLQAGPGG
FAKDFLPKMEDGSLQAGPGG
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tr|AOA6J1VABY|AOA6J1IVABY 9SAUR ADGTHALEINHHISFWRNAHKRISSQIVVWLKKGELPRSVTRHPDYDDENAYGAILPQVV 806
sp|P54099 | DPOG1_MOUSE ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRVVTRHPAFDEEGHYGAILPQVV 824
sp|Q9QYV8|DPOG1 RAT ARGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVTRHPSFDEESHYGAILPQVV 822
tr|AOAGP6HHUY9 | AOAGP6HHUY PUMCO ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVIRHPRYDEEGHYGAILPQVV 872
tr|AOA2KSEPQ4|AOA2KSEPQ4 AOTNA ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVIRHPDYDEEGIYGAILPQVV 836
tr|F7IMR4|F7IMR4 CALJA ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVIRHPDYDEEGIYGAILPQVV 835
tr|AOA2KS5PBZ5|AOA2KS5PBZS5_CEBIM ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVIRHPDYDEEGIYGAILPQVV 836
tr |AOAODIRX64 |AOAODIRX64 CHLSB ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVIRHPDYDEEGIYGAILPQVV 834
tr|AOA2K6AY60|AOA2K6AY60 MACNE ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVIRHPDYDEEGIYGAILPQVV 834
tr|AOA2K5JYU3|AOA2K5JYU3 COLAP ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVIRHPDYDEEGIYGAILPQVV 836
tr|AOA2K6MGTS | AOA2K6MGTS RHIBE ASGHRALEINHMISFWRNAHKRISSQMVVWHPRSALPRAVIRHPDYDEEGIYGAILPQVV 840
tr|A0A2J8VX21|AOA2J8VX21 PONAB ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVIRHPDYDEEGIYGAILPQVV 841
tr|G3R7U9|G3R7U9_GORGO ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVIRHPDYDEEGIYGAILPQVV 845
tr|AOA3Q7TNX2|AOA3Q7TNX2 VULVU ASGHRALEINHMISFWRNAHKRISSQMVVWHPRSALPRAVTRHPDYDEEGHYGAILPQVV 836
tr |AOASFS5XEZ4 |AOASF5XEZ4 FELCA ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVTIRHPRYDEEGHYGAILPQVV 832
tr|M3WHT6 |M3WHT6_ FELCA ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVTRHPRYDEEGHYGAILPQVV 832
tr|AOAG67FUI7|AOAG6TFUIT _LYNCA ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVIRHPRYDEEGHYGAILPQVV 832
tr|AOA8C8YBT2|AOA8C8YBT2 PANLE ASGHRALEINHMISFWRNAHKRISSQMVVWHPRSALPRAVTRHPRYDEEGHYGAILPQVV 833
tr|AOA7J8CKES |AOA7J8CKES ROUAE ASGHRALEINHMISFWRNAHKRISSQMVVWHPRSALPRAVTRHPDYDEEGHYGAILPQVV 829
tr|AOA7J8CKI1|AOA7J8CKI1 ROUAE ASGHRALEINHMISFWRNAHKRISSQMVVWHPRSALPRAVTRHPDYDEEGHYGAILPQVV 829
tr|AQASN3VIY8|AOASN3VIY8 MUNMU ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVTRHANYDEEGHYGAILPQVV 829
tr|AOASN3X6NS|AOASN3X6NS5 MUNRE ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVTRHANYDEEGHYGAILPQVV 829
tr|AOA8C2QXP3|AO0A8C2QXP3 CAPHI ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVIRHANYDEEGHYGAILPQVV 829
tr |AOA4W2GENG | AOA4W2GEN6 BOBOX ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVTRHANYDEEGHYGAILPQVV 829
tr|E1BDI3|E1BDI3_BOVIN ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVTRHANYDEEGHYGAILPQVV 829
tr|AO0A6B0QZX2|A0A6B0QZX2 9CETA ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVTRHANYDEEGHYGAILPQVV 768
tr|AOA7J7FHZ9|AOATJTFHZ9 DICBM ASGHRALEINHMISFWRNAHKRISSQMVVWHPRSALPRAVTRHPDYDEEGHYGAILPQVV 826
tr |AOA8B8S4S7|AOA8B8S4S7 CAMFR ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVTRHPNYDEEGHYGAILPQVV 831
tr|AO0A340YA50|AO0A340YAS0 LIPVE ASGHRALEINHMISFWRNAHKRISSQMVVWIPRSALPRAVTRHPHYDEEGHYGAILPQVV 836
tr|AO0A2Y9S364|A0A2Y9S364 PHYMC ASGHRALEINHMISFWRNAHKRISSQMVVWLPRSALPRAVIRHPHYDEEGHYGAILPQVV 829
tr|AOABBS8WLTO|AOA8BSWLTO BALMU ASGHRALEINHMISFWRNAHKRISSQMVVWHPRSALPRAVTRHPHYDEEGHYGAILPQVV 831
Kok e kkkokox A [x ok K kK Rk ok ok ox k4] Kkk ok kk ek ok Prkkkk kKo
tr |AOA6J1VABY |AOA6J1VABY 9SAUR TAGTVTRRAVEPTWLTASNARTDRVGSELKAIVQAPPGYHMVGA FOELWIAAVLGEA 866
sp|P54099|DPOG1_MOUSE TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYVLVGA SOELWIAAVLGDA 884
sp|Q9QYV8 |DPOG1 RAT TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYVLVGA SOQELWIAAVLGDA 882
tr|AOA6P6HHU9 |AOA6P6HHUY PUMCO TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYVLVGA FOELWIAAVLGDA 932
tr |AOA2KSEPQ4 |AOA2KS5EPQ4 AOTNA TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGA SOELWIAAVLGDA 896
tr|F7IMR4|F7IMR4_CALJA TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGA SOELWIAAVLGDA 895
tr|AOA2KSPBZ5|AOA2K5PBZ5 CEBIM TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGA SOELWIAAVLGDA 896
tr|AOAODIRX64 |AOAODORX64 CHLSB TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGA SOELWIAAVLGDA 894
tr|AOA2K6AY60|AOA2K6AY60 MACNE TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGA FOQELWIAAVLGDA 894
tr|AOA2KS5JYU3 |AOA2K5JYU3 COLAP TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGA FOELWIAAVLGDA 896

tr | AOA2K6MGTS |AOA2K6MGTS RHIBE
tr|AQA2J8VX21|A0A2J8VX21 PONAB

tr|G3R7U9|G3R7U9_GORGO
tr |AOA3Q7TNX2 |AOA3Q7TNX2 VULVU
tr|AOASFS5XEZ4 |AOASF5XEZ4 FELCA
tr |M3WHT6 |M3WHT6 FELCA

tr |AOA667FUI7 |AOA667FUI7 LYNCA
tr |AOA8C8YBT2 |AOA8C8YBT2 PANLE
tr |AOA7J8CKES |AOA7J8CKES ROUAE
tr|AOA7J8CKI1|AOATJI8CKI1 ROUAE
tr |AOASN3VIY8 |AOASN3VIY8 MUNMU
tr|AOASN3X6N5|AOASN3X6N5 MUNRE
tr | AOA8C2QXP3|AOABC2QXP3 CAPHI
tr | AOA4W2GENG6 |AOA4W2GEN6 BOBOX
tr |E1IBDI3|E1BDI3_BOVIN

tr|AOA6BOQZX2 |AOA6BOQZX2 9CETA
tr |AOATJTFHZ9 |AOATJTFHZ9 DICBM
tr|AOA8B8S4S7|AOA8B8S4ST CAMFR
tr|AOA340YA50|AOA340YAS0 LIPVE
tr|AOA2Y9S364 |A0A2YSS364 PHYMC
tr | AOA8BSWLTO |AOA8BSWLTO BALMU

TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGA
TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGA

TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVGA
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TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYVLVGA
TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYVLVGA
TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYVLVGA
TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYVLVGA
TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYILVGA
TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYVLVGA
TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYVLVGA
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tr|AOA6J1VABY |AOA6J1VABY 9SAUR
sp|P54099|DPOG1_MOUSE
spQ9QYV8|DPOG1_RAT

tr |AOA6PGHHUY |AOA6PGHHUY PUMCO
tr |AOA2KSEPQ4 |AOA2KSEPQ4 AOTNA
tr|F7IMR4 |F7IMR4 CALJA

tr |AOA2KS5PBZ5 |AOA2KS5PBZ5 CEBIM
tr |AOAODIRX64 |AOAODIRX64 CHLSB
tr|AOA2K6AY60|AOA2K6AY60 MACNE
tr |AOA2K5JYU3 |AOA2K5JYU3 COLAP
tr |AOA2KOMGTS |AOA2K6MGTS RHIBE
tr|AOA2J8VX21|AO0A2J8VX21 PONAB

tr|G3R7U9|G3RTU9_GORGO

tr |AOA3Q7TNX2 |AOA3Q7TNX2 VULVU
tr |AOASF5XEZ4 |AOASFS5XEZ4 FELCA
tr |M3WHT6|M3WHT6_ FELCA

tr|AOA667FUIT |AOA667FUIT7_LYNCA
tr |AOABC8YBT2 |AOABCBYBT2 PANLE
tr |AOA7J8CKES |AOATJ8CKES ROUAE
tr|AOA7J8CKI1|AOA7J8CKI1 ROUAE
tr |AOASN3VIY8|AQOASN3VIY8 MUNMU
tr |AOASN3X6N5 |AOASN3X6NS5 MUNRE
tr |AOABC2QXP3|AOABC2QXP3 CAPHI
tr|AOA4W2GENG | AOAAW2GEN6 BOBOX
tr|E1BDI3|EIBDI3 BOVIN

tr|AOA6BOQZX2 |AOA6BOQZX2 9CETA
tr |AOA7JT7FHZY |AOATJTFHZY9 DICBM
tr|AOA8B8S4S7|AO0A8B8S4ST CAMFR
tr|AOA340YA50 |AOA340YAS0 LIPVE
tr|AO0A2Y9S364 |A0A2Y9S364 PHYMC
tr|AOA8BSWLTO |AOA8BSWLTO BALMU

HFAGMHGCTAFGWMTLQGKKSNNTDLHSKTASTVGI{REHAKYENY GRIIYJAGQAFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGI$REHAKIE RIYJAGQSFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIJREHAKYENY GRIIYJAGQSFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTASTVGIJREHAKIF RIYJAGQPFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTATTVGIJREHAKYENY GRIIYJAGQPFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTATTVGIJREHAKYENY GRIIYJAGQPFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTATTVGIJREHAKYE RIYJAGQPFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTATTVGIJREHAKYENY GRIIYJAGQPFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTATTVGIJREHAKYENY GRIYJAGQPFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTATTVGIJREHAKYENY GRIIYJAGQPFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIJREHAKYENY GRIIYJAGQPFAERL
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTATTVGIJREHAKENY GRIIYJAGQPFAERL

HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTATTVGIYR KIE
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIYR KIE
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTASTVGI4R KI|E
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTASTVGI4R KIF
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTASTVGIJREHAKIE
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTASTVGI4R KI|E
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIJREHAKYE
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIYR KYEF
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIYR KT
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIYR KIIT
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HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIYR KIIT
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIYR KIIT
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIJR KT
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIYR KI|E
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIJREHAKYE
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIYR
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIYR
HFAGMHGCTAFGWMTLQGRKSRGTDLHSKTAATVGIJR
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tr|AOA6J1IVABI |AOA6JIVABY 9SAUR
sp|P54099|DPOG1_MOUSE
sp|Q9QYV8 |DPOG1 RAT
tr|AOA6P6HHU9 |AOA6P6HHUY PUMCO
tr|AOA2K5EPQ4 |AOA2KSEPQ4 AOTNA
tr|F7IMR4|F7IMR4 CALJA
tr|AOA2KS5PBZS5 |AOA2K5PBZ5 CEBIM
tr |AOAODIRX64 |AOAODIRX64 CHLSB
tr|AOA2K6AY60 |AOA2K6AY60 MACNE
tr|AOA2K5JYU3 |AOA2K5JYU3 COLAP
tr|AOA2K6MGTS | AOA2K6MGT5 RHIBE
tr|AOA2J8VX21|A0A2J8VX21 PONAB

tr|G3R7U9|G3R7U9_GORGO

tr |AOA3Q7TNX2 |AOA3Q7TNX2 VULVU
tr |AOASF5XEZ4 |AOASFS5XEZ4 FELCA
tr |M3WHT6 |[M3WHT6 FELCA

tr|AOA667FUI7|AOA667FUIT7_LYNCA
tr|AOA8C8YBT2|AOA8C8YBT2 PANLE
tr |AOA7J8CKES |AOA7J8CKES ROUAE
tr|AOA7J8CKI1|AOA7TJI8CKI1 ROUAE
tr|AOASN3VIY8|AOASN3VIY8 MUNMU
tr|AOASN3X6NS5|AOASN3X6NS MUNRE
tr|AOA8C2QXP3|AOA8C2QXP3 CAPHI
tr|AOA4W2GEN6 | AOA4W2GEN6 BOBOX
tr|E1IBDI3|E1BDI3_BOVIN

tr |AOA6B0QZX2 |AOA6GBOQZX2 9CETA
tr |AOA7TJT7FHZO |AOATJTFHZ9 DICBM
tr|AOA8B8S4S7|AOA8B8S4ST CAMFR
tr|AOA340YA50|AOA340YAS50 LIPVE
tr|AOA2Y9S364|A0A2Y9S364 PHYMC
tr|AOAS8BSWLTO|AOA8BSWLTO BALMU

WRLOREAKKRSRRKKWDMVRQRVWASGTESEMFNKLESIAMSDAPSTPVLGCRISRALEP
RMIRREASRKSRWKKWEVAAERAWTGGTESEMEFNKLESIAMSDTPRTPVLGCCISRALEP
RKIRREASRKSRWKKWEVVTERAWTGGTESEMFNKLESIAMSDTPRTPVLGCCISRALEP
RKIQREASRKSHWKKWEVVAERAWMGGTESEMFNKLESIATSDTPCTPVLGCRISRALEP
RKVQREASRKSRWKKWEVVAERAWMGGTESEMFNKLESIATSDIPRTPVLGCRISRALEP
RKVQREASRKSRWKKWEVVAERAWMGGTESEMFNKLESIATSDIPCTPVLGCRISRALEP
RKVQRETLRKSRWKKWELVAERAWMGGTESEMEFNKLESTIATSDIPRTPVLGCRISRALEP
RKVQRETARKSHWKKWEVIAERAWKGGTESEMFNKLESIATSDIPRTPVLGCRISRALEP
RKVQREAARKSHWKKWEVIAERAWKGGTESEMFNKLESIATSDIPRTPVLGCRISRALEP
RKVQRETARKSHWKKWEVVAERAWKGGTESEMFNKLESIATSDIPRTPVLGCRISRALEP
RKVQRETARKSHWKKWEVVAERAWKGGTESEMFNKLESIATSDIPRTPVLGCRISRALEP
RKVQRETARKSQWRKWEVIAERAWKGGTESEMEFNKLESIATSDIPRTPVLGCRISRALEP

RKVQRETARKSQWKKWEVVAERAWKGGTESEMFNKLESIATSDIPRTPVLGCRISRALEP
————————— RSRWKKWEVAAERAWRGGTESEMFNKLESIAMSDTPCTPVLGCRISRALEP
————————— RSHWKKWEVVAERAWMGGTESEMFNKLESIATSDTPRTPVLGCRISRALEP
RKIQREASRKSHWKKWEVVAERAWMGGTESEMFNKLESIATSDTPRTPVLGCRISRALEP
RKIQREASRKSHWKKWEVVAERAWMGGTESEMFNKLESIATSDTPCTPVLGCRISRALEP
RKIQREASRKSHWKKWEVVAERAWMGGTESEMFNKLESTIATSDTPCTPVLGCRISRALEP
—————————— SRRKKWEVVAERAWMGGTESEMFNKLESIAMSDTPCTPVLGCRISRALEP
RKIQREASRKSRRKKWEVVAERAWMGGTESEMFNKLESIAMSDTPCTPVLGCRISRALEP
RRIQREASKKSRWKKWEVVAERAWMGGTESEMENKLENIATSDIPRTPVLGCRISRALEP
RRIQREASKKSRWKKWEVVAERAWMGGTESEMEFNKLENIATSDIPRTPVLGCCISRALEP
RKIQREASKKSRWKKWEVVAERAWIGGTESEMFNKLESIATSDIPSTPVLGCRISRALEP
RKIQREASKKSRWKKWEVVAQRAWMGGTESEMFNKLESIATSDIPRTPVLGCRISRALEP
RKIQREASKKSRWKKWEVVAQRAWMGGTESEMFNKLESIATSDIPRTPVLGCRISRALEP
RKIQREASKKSRWKKWEVVAQRAWMGGTESEMFNKLESIATSDIPCTPVLGCRISRALEP
RKIQREASRKSHWKKWEVVAERAWMGGTESEMFNKLESIATSDTPCTPVLGCRISRALEP
RKIQKEASRKSRWKKWEVVAERAWMGGTESEMFNKLESIAMSDTPRTPVLGCRISRALEP
RKIQREASRKSQWKKWEVVAERAWMGGTESEMFNKLESTIAMSDTPRTPVLGCRITRALEP
RKIQREASRKSQWKKWEVVAERAWMGGTESEMFNKLESIAMSDTPRTPVLGCRITRALEP
————————— RSQWKKWEVVAERAWMGGTESEMFNKLESIAMSDTPRTPVLGCRITRALEP
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tr|AOA6J1VABY |AOA6J1IVABY 9SAUR AAVGGEFVTSRINWVVQSSAVDYLHLMLVSMKWLEFDVEFDIDGRFCIS 1106
sp|P54099|DPOG1_MOUSE SVVQGEFITSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1124
splQ9QYV8 |DPOG1 RAT SVVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1122
tr |AOA6P6HHUY |AOA6P6HHUS PUMCO SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1172
tr |AOA2KSEPQ4 [AOA2KSEPQ4 AOTNA SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1136
tr|F7IMR4 |F7IMR4 CALJA SVVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1135
tr |AOA2KSPBZ5 |AOA2K5PBZS CEBIM SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1136
tr |AOAODIRX64 |AOAODI9RX64 CHLSB SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1134
tr |AOA2K6AY60 [AOA2K6AY60 MACNE SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1134
tr|AOA2KS5JYU3 |AOAZ2K5JYU3 COLAP SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1136
tr|AOA2K6MGTS |AOA2K6MGTS RHIBE SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGREFCIS 1140
tr|AOA2J8VX21|AOA2J8VX21 PONAB SAVREEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGREFCIS
tr|G3R7U9|G3R7U9_GORGO SAVQEEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS
tr |AOA3Q7TNX2 |AOA3Q7TNX2 VULVU SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1095
tr |AOASFS5XEZ4 |AOASF5XEZ4 FELCA SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1091
tr |M3WHT6|M3WHT6 FELCA SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1132
tr|AOA66T7FUI7|AOAG6T7FUIT _LYNCA SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1132
tr|AOABC8YBT2|AOA8C8YBT2 PANLE SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1133
tr |AOA7J8CKES [AOATJ8CKES ROUAE SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1088
tr|AOA7J8CKI1|AOA7J8CKI1 ROUAE SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1129
tr|AOASN3VIY8|AQOASN3VIY8 MUNMU CAVRGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1129
tr|AOASN3X6N5 [AOASN3X6N5 MUNRE CAVRGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1129
tr|AOA8C2QXP3 |AOA8C2QXP3 CAPHI CAVRGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1129
tr |AOA4W2GENG |AOA4W2GEN6 BOBOX CAVRGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1129
tr |E1BDI3|E1IBDI3 BOVIN CAVRGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1129
tr |AOA6BOQZX2 |AOA6B0QZX2 9CETA CAVRGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1068
tr|AOA7J7FHZ9|AOATJITFHZY DICBM SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1126
tr|AOA8B8S4S7|AOA8B8S4ST CAMFR SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1131
tr|AOA340YA50|AOA340YAS0 LIPVE SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGREFCIS 1136
tr|AOA2Y9S364 |A0A2Y9S364 PHYMC SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGRFCIS 1129
tr|AOA8BSWLTO |AOASBSWLTO BALMU SAVQGEFMTSRVNWVVQSSAVDYLHLMLVAMKWLFEEFAIDGREFCIS 1090
.* ‘k*:**‘k:*****************:*****: * kkkkkkkk * *
\
tr |AOA6J1VABY |AOA6J1VABY 9SAUR RYRAALALQITNLLTHCMFAFKLGLODLPQSVAFFSA’ RKEATMICVTPSNPGG 1166
sp|P54099|DPOG1 MOUSE RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSA RKEVTMIOCKTPSNPTG 1184
spQ9QYV8 |DPOG1_ RAT RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSA RKEVTMICKTPSNPTG 1182
tr|AOA6P6HHUY |AOAGP6HHUY PUMCO RYRAALALQITNLLTHCMFAHKLGLDDLPQSVAFFST RKEVTMICKTPSNPTG 1232
tr |AOA2KSEPQ4 |[AOA2KS5EPQ4 AOTNA RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSA RKEVTMICKTPSNPTG 1196
tr|F7IMR4 |F7IMR4 CALJA RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSA’ RKEVTMICKTPSNPTG 1195
tr|AOA2KS5PBZ5 |AOA2KS5PBZ5 CEBIM RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFST RKEVTMICKTPSNPTG 1196
tr |AOAODORX64 |AOAODIRX64 CHLSB RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSA RKEVTMIQCKTPSNPTG 1194
tr|AOA2K6AY60|AOA2K6AY60 MACNE RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSA RKEVTMIOCKTPSNPTG 1194
tr|AOA2K5JYU3|AOA2K5JYU3 COLAP RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSA RKEVTMICKTPSNPTG 1196
tr|AOA2K6MGTS | AOA2K6MGTS RHIBE RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSA RKEVTMICKTPSNPTG 1200
tr|AOA2J8VX21|AOA2J8VX21 PONAB RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSA RKEVTMICKTPSNPTG 1201
tr|G3R7U9|G3R7U9_GORGO RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSAYDINHOLRKEVTMOCKTPSNSTG 1205
tr|AOA3Q7TNX2|AOA3Q7TNX2 VULVU RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSTYDINACLRKEVTMOCKTPSNPTG 1155
tr |AOASF5XEZ4 |AOASF5XEZ4 FELCA RYRAALALQITNLLTHCMFAHKLGLDDLPQSVAFFSTYDIHORQLRKEVTMCKTPSNPTG 1151
tr |M3WHT6 |M3WHT6_FELCA RYRAALALQITNLLTHCMFAHKLGLDDLPQSVAFFSTYDIOAQLRKEVTMCKTPSNPTG 1192
tr|AOA667FUI7|AOA667FUIT7 LYNCA RYRAALALQITNLLTHCMFAHKLGLDDLPQSVAFFSTYDINAQLRKEVTMCKTPSNPTG 1192
tr|AOA8C8YBT2|AOABC8YBT2 PANLE RYRAALALQITNLLTHCMFAHKLGLDDLPQSVAFFSTYDINACLRKEVTMCKTPSNPTG 1193
tr|AOA7J8CKES |AOA7J8CKES ROUAE RYRAALALQVTNLLTHCMFAYKLGLNDLPQSVAFFSAYDINALRKEVTMOCKTPSNPTG 1148
tr|AOA7J8CKI1|AOA7J8CKI1 ROUAE RYRAALALQVTNLLTHCMFAYKLGLNDLPQSVAFFSAYDINPQLRKEVTMCKTPSNPTG 1189
tr|AOASN3VIY8|AOASN3VIY8 MUNMU RYRAALALQITNLLTHCMFAHKLGLNDLPQSVAFFSTYDINACLRKEVTMOCKTPSNPTG 1189
tr |AOASN3X6N5|AOASN3X6N5 MUNRE RYRAALALQITNLLTHCMFAHKLGLNDLPQSVAFFSTYDIHRCLRKEVTMYCKTPSNPTG 1189
tr|AOA8C2Q0XP3|AOABC2QXP3 CAPHI RYRAALALQITNLLTHCMFAHKLGLNDLPQSVAFFSAYDINACLRKEVTMICKTPSNPTG 1189
tr|AOA4W2GENG | AOA4W2GEN6 BOBOX RYRAALALQITNLLTHCMFAHKLGLNDLPQSVAFFSTYDINACLRKEVTIMOCKTPSNPTG 1189
tr|E1BDI3|EI1IBDI3 BOVIN RYRAALALQITNLLTHCMFAHKLGLNDLPQSVAFFSTIYDINAQLRKEVTMCKTPSNPTG 1189
tr|AOA6BOQZX2 |AOA6GBOQZX2 9CETA RYRAALALQITNLLTHCMFAHKLGLNDLPQSVAFFSTIDINACLRKEVTMOCKTPSNPTG 1128
tr |AOA7J7FHZ9 |AOATJITFHZ9 DICBM RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSAYDINOGAAQLRKEVTMCKTPSNPTG 1186
tr|AOA8B8S4S7|AOA8B8S4S7 CAMFR RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSAYDINACLRKEVTMOCKTPSNPTG 1191
tr|AOA340YA50|AOA340YAS0 LIPVE RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSTYDINACLRKEVTMCKTPSNPTG 1196
tr|AOA2Y9S364|A0A2Y9S364 PHYMC RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSTYDINPQLRKEVTMCKTPSNPTG 1189
tr |AOA8BBWLTO |AOASBSWLTO BALMU RYRAALALQITNLLTHCMFAYKLGLNDLPQSVAFFSTYDIHQRGLRKEVTMCKTPSNPTG 1150
***‘k***‘k*:*****i* **.****:**********::*** *****.**9«* * ok k k *
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//End of pol y sequences

tr|AOA6J1VABY |AOA6J1VABY 9SAUR LEQSYNVYOGEALDIYKLIQITKGSLEKGK-——--—-— 1196
sp|P54099 | DPOG1 MOUSE MERRYGIHQGEALDIYQIIELTKGSLEKRSQPGP---- 1218
sp|Q9QYV8|DPOGL RAT MERKYGIPQGEALDIYQIIELTKGSLEKRSQPGP--~-~ 1216
tr|AOA6PGHHU9 | AOA6PGHHUS PUMCO MERRYGIPQGEALDIYQIIELTKGSLEK---------- 1260
tr|AOA2KS5EPQ4 | AOA2KS5EPQ4 AOTNA MERRYGIHQGEALDIYQIIELTKGSLEKRSQPGP---- 1230
tr|F7IMR4 |F7IMR4 CALJA MERRYGIHQGEALDIYQIIELTKGSLEKRSQPGP---— 1229
tr|AOA2K5PBZ5 | AOA2K5PBZ5 CEBIM MERRYGIHQGEALDIYQIIELTKGSLEKRSQPGP-—--- 1230
tr|AOAODIRX64 | AOAODIRX64 CHLSB MERRYGIHQGEALDIYQIIELTKGSLEKRSQPGP---- 1228
tr|AOA2K6AY60|AOA2K6AY60 MACNE MERRYGIHOGEALDIYQIIELTKGSLEKRSQPGP---— 1228
tr|AOA2K5JYU3|AOA2K5JYU3 COLAP MERRYGIHQGEALDIYQIIELTKGSLEKRSQPGP---— 1230
tr|AOA2K6MGTS | AOA2KEMGTS RHIBE MERRYGIHQGEALDIYQIIELTKGSLEKRSQPGP---- 1234
tr|AOA2J8VX21|AOA2J8VX21 PONAB MERRYGIPQGEALDIYQIIELTKGSLEKRSQPGP--—-- 1235
sp|P54098 | DPOG1 HUMAN MERRYGIPQGEALDIYQIIELTKGSLEKRSQPGP 1239
tr|G3R7U9|G3R7U9_GORGO MERRYGIPQGEALDIYQIIELTKGSLE 1239
tr|AOA3Q7TNX2|AOA3Q7TNX2 VULVU MERRYGIPQGEALDIYQIIELTKGSLE 1183
tr | AOASF5XEZ4 |AOASF5XEZ4 FELCA MERRYGIHQGEALDIYQIIELTKGSLE 1179
tr|M3WHT6|M3WHT6 FELCA MERRYGIHOGEALDIYQIIELTKGSLE 1220
tr|AOA667FUI7|AOA667FULI7_LYNCA MERRYGIPQGEALDIYQIIELTKGSLE 1220
tr|AOABC8YBT2|AOABC8YBT2 PANLE MERRYGIHQGEALDIYQIIELTKGSLE 1226
tr|AOA7JIBCKES|AOATJI8CKES ROUAE MERRYGIHOGEALDIYQIIELTKGSLE 1176
tr|AOA7J8CKI1|AOA7J8CKI1 ROUAE MERRYGIPQGEALDIYQIIELTKGSLE 1217
tr|AOASN3VIY8|AOASN3VIY8 MUNMU MERRYGIHQGEALDIYQIIELTKGSLE 1217
tr | AOASN3X6NS5|AOASN3X6N5 MUNRE MERRYGIHQGEALDIYQIIELTKGSLE 1217
tr | AOABC2QXP3|AOABC20XP3 CAPHI MERRYGIHQGEALDIYQIIELTKGSLE 1217
tr | AOA4W2GENG | AOA4W2GEN6 BOBOX MERRYGIPQGEALDIYQIIELTKGSLE 1217
tr|E1IBDI3|E1BDI3_BOVIN MERRYGIHQGEALDIYQIIELTKGSLE 1217
tr|AOA6BOQZX2|AOA6BOQZX2 9CETA MERRYGIHQGEALDIYQIIELTKGSLE 1156
tr|AOA7J7FHZ9|AOATITFHZ9 DICBM MERRYGIHQGEALDIYQIIELTKGSLE 1220
tr|AOA8B8S4S7|AOA8B8S4S7 CAMFR MERRYGIPQGEALDIYQIIELTKGSLE 1225
tr|AOA340YA50|AOA340YAS50 LIPVE MERRYGIHEGEALDIYQIIELTKGSLE 1230
tr|AOA2Y9S364|A0A2Y9S364 PHYMC MERRYGIHEGEALDIYQIIELTKGSLE 1217
tr|AOA8BBWLTO|AOA8BSWLTO BALMU MERRYGIHEGEALDIYQIIELTKGSLE 1178

:*: * . :*******::*::******:

Figure 1 MSA of mitochondrial DNA polymerase y from human and various animal sources
AS, Alper’s syndrome; BC, Breast cancer; Mutations in the polymerase region are shown in magenta

AOABJ1IVABI9 _9SAUR Notechis scutatus (Snake) P54099|DPOG1_MOUSE Mus musculus (Mouse)
Q9QYVE|DPOGL_RAT Rattus norvegicus (Rat) AO0A6P6HHU9_PUMCO Puma concolor (Panther)
A0A2K5EPQ4_AOTNA Aotus nancymaae (Monkey) F7IMR4_CALJA Callithrix jacchus (Monkey)
AOA2K5PBZ5_CEBIM Cebus imitator (Capuchin) AOAODI9RX64 CHLSB Chlorocebus sabaeus (Monkey)

AOA2KB6AY60_MACNE Macaca nemestrina (Macaque) AO0A2K5JYU3_COLAP Colobus angolensis palliates
AO0A2KEMGT5_RHIBE Rhinopithecus bieti (Monkey)  A0A2J8VX21_PONAB Pongo abelii (Orangutan)

P54098|DPOG1_HUMAN Homo sapiens (Human) G3R7U9_GORGO Gorilla gorilla (Gorilla)
AO0A3Q7TNX2_VULVU Vulpes vulpes (Red fox) AOASF5XEZ4_FELCA Felis catus (Cat)
M3WHT6_FELCA Felis catus (Cat) AO0AGB67FUI7_LYNCA Lynx Canadensis (Cat family)
AOABC8YBT2_PANLE Panthera leo (Lion) AO0A7J8CKES5_ROUAE Rousettus aegyptiacus (Fruit bat)

AO0A7J8CKI1_ROUAE Rousettus aegyptiacus (Fruit bat) AO0A5N3VIY8_MUNMU Muntiacus muntjak (Asian Deer)
AOASN3X6N5_MUNRE Muntiacus reevesi (Deer family) AOA8C2QXP3_CAPHI Capra hircus (Goat)

AO0A4W2GEN6_BOBOX Bos indicus/ Taurus E1BDI3_BOVIN Bos Taurus (Bovine)
AO0AGB0QZX2_9CETA Bos mutus (Wild yak) AOA7J7FHZ9_DICBM Diceros bicornis (Rhinoceros)
AOA8B8S4S7_CAMFR Camelus ferus (Camel) AO0A340YAS50_LIPVE Lipotes vexillifer (River dolphin)

A0A2Y9S364_PHYMC Physeter macrocephalus (Whale) AO0A8B8WLTO_BALMU Balaenoptera musculus (Blue whale)

In addition to the replication and repair functions, the POLG1 is also found to play an important role in embryo
development. Hance et al., [43] demonstrated that POLG1 deficiency in mouse embryos caused an early developmental
arrest between embryonic days 7.5 and 8.5 and was found associated with severe mtDNA depletion. Therefore, they
concluded that the presence of intact POLG1 is absolutely essential for the organogenesis during mammalian embryonic
development.

Figure 2 shows the proposed organization of the various domains of the human mitochondrial POLG1, plant
Chloroplast/Mitochondria DNA pols 1A and IB from A. thaliana and E. coli DNA pol I. Even though the N-terminal region
of ~125 amino acids is not conserved in POLG1 from human and animals, the C-terminal region is highly conserved. In
contrast to E. coli and plant enzymes, in the human and animal mitochondrial POLG1, the PR exonuclease and the
polymerase domains are connected by a linker. The linker region is something special found in the human/animal
mitochondrial POLG1 and it essentially interacts with the 55 kDA, the second subunit of the enzyme (other two are
monomeric, SSU enzymes). The polymerase and the PR exonuclease regions of the human POLG1 show putative ZBMs
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(highlighted in orange). Defects of mitochondrial polymerase POLG1 underlie wide range of human diseases like
dementia, Parkinsonism, ataxia, retinopathy, cataract, cardiomyopathy, liver failure, deafness, diabetes, infantile Alpers
syndrome, etc. as discussed elsewhere. It should be noted that nearly all of the adPEO mutations in human POLG1
gene are located in the polymerase catalytic region. To date, it is found that the vast majority of dominant mutations are
in the polymerase domain of POLG1 with a few exceptions like the A*7—T in the linker region of the protein. The
polymerase and the PR exonuclaese regions of the human POLG1 show putative ZBMs (highlighted in orange).

1239 Human Mitochondrial DNA pol y

1050/1034 Plant DNA pols IA & IB

1 324 518 928 E. coli DNA poll

NTD, N-terminal domain; PR exo, 3’-5’ DEDD-superfamily of exonuclease domain; ZBM, Zinc-binding motif;
Pol, Polymerase domain. DNA repair exo, 5’-3’ exonuclease.

Figure 2 Comparison of the three closely related pols: 1) Human Mitochondrial POLG1; 2) Mitochondrial/Chloroplast
DNA pols IA & IB from A. thaliana and 3) E. coli DNA pol |

Figure 3 shows the ‘Mix and Match’ MSA analysis of human mitochondrial POLG1, plant mitochondrial/chloroplast DNA
pols IA and IB, and E. coli DNA pol I (only the regions required for the discussion are shown here). The catalytic core is
highly conserved in all the four DNA polymerases and the completely conserved catalytic amino acids are aligned in all
the four (highlighted in yellow). Furthermore, all the four DNA polymerases possess the typical DEDD(Y)-superfamily
of PR exonucleases (highlighted in light blue).

Besides, a large number of consecutive Qs is found at the NTD in the human mitochondrial POLG1 (marked in red and
highlighted in yellow) and discussed elsewhere. The catalytic metal-binding Ds are marked in red and are highlighted
in dark green. Putative ZBMs (highlighted in orange) are found in the human mitochondrial POLG1 and Plant
mitochondrial/chloroplast DNA pols IA and IB. Even though the PR exonuclease and polymerases active site amino acids
are highly conserved.

BLASTDp analysis of human POLG1 with other DNA polymerases showed only 36.92% identity to the DNA pol IB and the
DNA pol IB did not show much similarity and the E. coli DNA pol I showed only 31.25%.

CLUSTAL O (1.2.4) ‘Mix and Match’ MSA of human mitochondrial POLG1, Plant mitochondrial/chloroplast DNA
pols IA and IB, and E. coli DNA pol L.

sp|P54098 | DPOGL_HUMAN SDGQRRRQQQQ00---000000QPQOPQVLSS---------~- EGGQLRHNPLDIQMLSRG 82

sp|P00582|DPO1_ECOLI VSG----VEADDVIGTLAREAEKAGRPYVLISTGDKDMAQLVTPNITLINT-MINTILGPE 163
sp|F4I6M1|POLIA ARATH VGNQTEVAETHQVPGTVSAWREEAN------------- KLRERNGQIARN---------- 142
sp|Q84NDY|POLIB ARATH ~  —---=------- QAGAVSAWREEVNN------=-==-- KLRGRNREYANN---------- 122
sp|P54098 |DPOG1 HUMAN ~  =--=—-===-=———----- EGEAVPVATPEERALVF--PVEVCL----------- AEG 209
sp|P00582|DPO1_ECOLI ATVISYDNYVTILDE-ETLKAWIAK---LEKAPVFAFP LDNISANLV----GL 373

SGIEVKEETPVDHGELICF 316
SRIDVKTETPVDHGEMICF 294

Sp|F4I6M1|POLIA ARATH ENLGKIYDKVLIVDNVQAAKDTVAKLVNQFRNHVHSCP
Sp|Q84ND9|POLIB ARATH ANLKKIYNRVRVVDNVSSAKETVALLMNQYRNLVHACP

*
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sp|P54098 | DPOG1 HUMAN TLAVAISPSAWYSQRLVEERYSWTSQL———SPADLIPLEVPTGASSPTQRDWQEQLV 266
sp|P00582|DPO1_ECOLI --AIEPGVARYIP-=—---— V--AHDYLDAPDQISRERALELLKPLL-—------ EDEKALK 416
sp|F416M1|POLIA ARATH --SIYCGPEADFG-----— NGKSCIWVDVLGE-NGREVLAEFKPYF-——-——— EDSFIRK 360
sp|Q84ND9 | POLIB_ ARATH --SIYCGSEADFG------ DGKSCIWVDVLGE-NGRDILAEFKPFF---—-—---— EDSSIKK 338
.. * . * .
sp|P54098 | DPOG1 HUMAN VJHNVSEDRAHIREQYLIQGSRMRFLDTMSMHMAISGLSSFQRSLWIAAKQ--GKHKVQP 324
sp|P00582|DPO1_ ECOLI DRGILANY-GIELRG---IAFDTMLES-—-—-—-—--— YILNSVAGR---HDM-- 458
sp|F416M1|POLIA ARATH VWHNYS[EDSHIIRNH-GIEISG---FHADTMHMA--——-——-— RLWDSARRIKGGYSL-- 405
sp | Q84ND9 | POLIB ARATH VWHNYSEDNHIIRNY-GIKLSG---FHGDTMHMA-———————— RLWDSSRRISGGYSL-- 383
. . * . . . % . . . .
sp|P54098 | DPOG1 HUMAN IRENFQDLMﬂEFAq§PWATHEVFQQQLPLFLERCPHPVTLAGMLEMGVSYLPVNQNWERY 444
sp|P00582 | DPO1_ECOLI TAGKGKNQLT= - === —m——mmmmmm oo FNQIALEEA---GHY| 497
sp|F416M1|POLIA ARATH IFGKRKLKKDGSEGKI-——————— VVIP-—-————————————— PVEELQREDREAWISY[ 470
sp|Q84ND9 | POLIB ARATH IFGKGKLKKDGSEGKL-———-——— VIIP-—-——————-—————— PVKELOMEDREAWISY[ 448
* . . *
sp|P54098 | DPOG1 HUMAN LAEAQGTYEELQREMKKSLMDLANDACQLLSGERYKEDPWLWDLEWDLQEFKQKKAKKVK 504
sp|P00582 | DPO1_ECOLT AAHPRDVTL--——-——~ QLHL-=——=——————————— K—-MWPDLQO-———— KHKGPLNVF 526
sp|F4T6M1 | POLTA_ARATH SAIUDATSTLKLYESMTKKLQL——=—=——=———=———— M--DWHLDGKP--VLGRTMLDFY 510
Sp | Q84NDY | POLIB ARATH SAUDBISTLKLYESMKKQLQA-——————————=———— K--KWFLDGKL--ISKKNMFDFY 488
* * * .
sp|P54098 | DPOG1 HUMAN WGYLVPGRRDNLAKLPTGTTLESAGVYRAIESLYRK \ EQGKQQLMPQEAGLAEEF 679
Sp|P00582 |DPOL_ECOLI =~ ————— oo 593
sp|F4I6M1 | POLIA ARATH ———VLP--VEKLFKVPNIDK-——————————————————— VIEEGKKT-———————————~— 613
sp | Q84NDY | POLIB ARATH ———DLP--YEKLFKVPNVDK-————-—————————————— VIEEGKKR-——————————— 592
sp|P54098 | DPOG1 HUMAN NG-————-— PYNDVDIPGE FF———————— KLPHKDG——————— N‘g VGSPFAKDFLPKM 774
sp|P00582 | DPO1_ECOLT ALD-=——=YPL————————m—m———— PRVIT—————mm— b e 628
sp|F4I6M1|POLIA ARATH AGKVSAEYDFMDDVSDISLEEVVEDDDVE ————— TSETQKSKTDDETDTSAYGTA-———— 701
sp|Q84NDY | POLIB_ ARATH AGKVSAEYDYMEGVLDTCLEENIGDDDCISLPDEVVETQHVNTSVESDTSAYGTA—-———— 685
sp | P54098 | DPOG1_ HUMAN EDGTLOQAGPGGASGPRALEINKMISFWRNAHKRISSOMVVWLPRSALPRAVIRHPDYDEE 834
sp|PO0582 | DPO1_ECOLI  —————-— EYR-—————————————————— GLAKLKSTYTD-KLPLMINPKT—————————— 652
sp|F4I6M1 | POLIA ARATH ————YVAFGGGERGKEACHATIASLCEVCBIDSLISNFILPLOGSNVSGKD—-————————— 747
sp | Q84ND9 | POLIB_ARATH ————FDAFGGGESGKEAIAALCEIDSLI SNFILPLOGSNVSGKD—————————— 731
* -
sp | P54098 | DPOG1_HUMAN GLYGAILPQVV-TAGTITRRAVEPTWLTASNARPDRVGSELKAMVQAPPGYTLVG. S 893
sp | PO0582 | DPO1l_ECOLT GRVHTSYHQAVTATGRLSST——-DPNLON--IPVRNEEGRRIRQAFIAPEDYVIVS SQ 708
sp | F4I6M1 | POLIA_ARATH GRLN—INTETGRLSAR——RPNLQN——QPALEKDRYKIRKAFVASPGNTLVV Go 802
sp | Q84ND9 | POLIB_ARATH RYHCELN-INTETGRLSAR-—-RPNLON--QPALEKDRYKIRQAFIASPGNSLIV. GQ 786
s oo: * . .. * ..
sp|P54098 | DPOG1_HUMAN = —————————————————— TTVGIS H NYGRI] GOQPFAERLLMQEFNHRLTQQEA 978
sp|PO0582|DPO1l_ECOLI  —————————————————— TVTSEQ S TNEGLT] SAFGLARQ————— LNIPRKEA 784
sp|F4I6M1 | POLIA ARATH LEWHPEPGEDKPPVPLLKDAFGSE] K. NEST TAVGLSRD————— WKVSTKEA 904
sp | Q84NDY | POLIB_ARATH LEWHPQPGQEKPPVPLLKDAFASERRK NFST TAIGLSRD-———— WKVSREEA 888
I P * . iwx
sp|P54098 | DPOG1_HUMAN WVVQSSAVDYLHLMLVAMKWLFEEFATDGRFCIS I@BVRYLVREEDRYRAALALQITNL 1158
sp|P00582|DPO1_ECOLI APMQGTAADIIKRAMIAVDAWLOAEQPRVRMIMOQ LVFEVHKDDVDAV-————— AK- 898
sp|F4I6M1|POLIA ARATH TPVQGSAADVAMCAMLETSINQQLKKLGWRLLLO IMMVI LEGPTESAETA—————— KDI 1017
sp|Q84NDY | POLIB ARATH TPVQGSAADVAMCAMLE I SNNQRLKELGWKLLLQ [VILEGPSESAENA-————- KDI 1001
.k .k * .. . .. . . - -
sp|P54098 | DPOG1_HUMAN I FAYKLGLNDLPQSVAFFSAV-RKEVTMTPSNPTGMERRYGIPQGEAL 1218
sp|P00582 | DPO1_ECOLI HQLMENCTRLDVPL-=——==——=—————— LVEVGSGENWDQAH-—————————— 928
Ssp|F4T6M1 | POLTA_ ARATH VVDCMSKPFNGRNTLSVDL—==—===—=——=———— SVDAKCAQNWYAAK-———=—————— 1050
Sp|Q84NDY | POLIB ARATH VVNCMSEPFNGKNILSVDL—————====——==——= SVDAKCAQNWYAGK-———=——=——~— 1034
. * . .. *
sp|P54098 | DPOG1_HUMAN DIYQIIELTKGSLEKRSQPGP 1239
sp|P00582|DPO1_ECOLI  —=———=———=—————————— 928
Sp|F4I6M1|POLIA ARATH  —=———————————————— e 1050
Sp|Q84ND9 | POLIB_ARATH  ——————————————————— 1034

ARATH, Arabidopsis thaliana DNA pols IA and IB
Figure 3 ‘Mix and Match’ MSA of human POLG1, Plant mitochondrial/chloroplast DNA pols IA and IB,

and E. coli DNA pol I

Table 1 shows the naturally occurring clinical variants in the proposed polymerase region (766-1239) of the POLG1
gene. The disease mutations are highlighted in magenta (Fig. 1). Interestingly, some of the disease mutations are found
clustered in the proposed catalytic core, viz. -R%3EHAKIFNY?51GRIY955GA%7- and in the metal-binding motifs, viz. -
H1134DE- and -D1184ID- (highlighted in magenta).
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Table 1 Clinical variants on the polymerase region (766-1239) of the human POLGI gene

Region mt-Disease(s)* Holoenzyme activity Reference
(p140+p55)

IAT67 D MTDPS4A - PubMed:16621917
R8%7 C SANDO - PubMed:16919951
R807_ P PEOB1(sporadic) - PubMed:14635118
Y83l _,C PEOAl1 & MTDPS4A - PubMed:15534189
Thumb:
Wild-type Nil 100% [44]
G848_S Alpers syndrome, 0.03% ”

Leigh syndrome,

MELAS,

PEO with ataxia-neuropathy,

PEO.
T851 LA Alpers syndrome 0.92%
R852_C Alpers syndrome, 0.32%

Ataxia-neuropathy
R853-Q Myocerebrohepatopathy 0.09% ”
R853 W PEOB1(arl) - PubMed:16401742
N864 S MTDPS4B - PubMed:12825077
Palm:
Q879 —H Alpers syndrome with

valproate-induced hepatic failure 28% [44]
T885 S Alpers syndrome with

valproate-induced hepatic failure 58% ”
IAB89_ T PEOB1 PubMed:12975295
L8896 L R; Ptosis, Ophthalmoplegia, Cataracts
T P MTDPS4A PubMed:16639411
G923 D PEOA1 >50% PubMed:1221079
H932 Y PEOB1, SANDO (sporadic) [45]
NTP selection amino acid:
R943_H PEOA1 dominant 0.2% [41]
Catalytic amino acid:
K947 -

Polymerase catalytic core:

Y951 H Ptosis, Ophthalmoplegia, Cataracts
R953C PEOA1 - PubMed:15351195
Template-binding pair (Y°55G) region:
Yossce@ PEOA1 & Parkinsonism

(most common, dominant) <0.1% PubMed:11431686
Y955 _H# bilateral sensorineural hearing loss, -

cataract, myopathy, and liver failure
IA957 _S& PEOA1(dominant)
A957_,p MTDPS4A PubMed:15689359
Fingers:
R1047_,Q PEOBI1 (sporadic) PubMed:12707443
G1051_,R SANDO PubMed:14745080
P1073_, | MTDPS4A [46]
G1076_,\/ PEOB1 PubMed:12975295
R1096__, 1 MTDPS4A PubMed:16621917
Si04_,C PEOB1 (sporadic) PubMed:12707443
IA1105_, T PEOB1 PubMed:15351195
\/1106__,| PEOB1 PubMed:15349879
H1110_,v MTDPS4A PubMed:18828154
H1134_,R MTDPS4A PubMed:18828154
E1136_, K MTDPS4A PubMed:18828154
E1143 G Breast cancer [43]
R1146_,C PEOB1 PubMed:16401742
S1176 | PEOA1 PubMed:12210792
D1184 _,N PEOB1 PubMed:16401742
D1186 _,H PEOA1 PubMed:18575922
K1191 _ N MTDPS4A PubMed:16621917

Main source: From the Human mitochondrial genome database, www.mtdb.igp.uu.se and human mito gamma pol mutations.

*Most of them manifest in trans with other genetic mutations on the POLGI gene. PEOA1, Progressive external ophthalmoplegia with mitochondrial
DNA deletions (Autosomal Dominant 1); PEOB1, autosomal recessive 1; (AdPEO mutations in POLGL1 are generally found in very conserved
residues within the active site of the p140 DNA polymerase domain [41], while ArPEO mutations are spread throughout the gene). MTDPS4A,
Mitochondrial DNA depletion syndrome, also known as Alpers syndrome, is an autosomal recessive
disorder characterized by a clinical triad of psychomotor retardation, intractable epilepsy, and liver failure in infants
and young children. MTDPS4B, Mitochondrial DNA depletion syndrome is an autosomal recessive, progressive, multisystem disorder which
manifests as neurogastrointestinal encephalopathy (MNGIE). Patients with
clinical triad of Sensory Ataxic Neuropathy, Dysarthria, and Ophthalmoparesis (SANDOQ) is a variant of autosomal recessive PEO (ArPEO). @ and*,
both mutations affect mtDNA replication and display a dominant negative effect, with the Y*5—H allele resulting in more severe polymerase dysfunction.
&In functional studies, the A%’—P mutant showed the most striking deficiencies in the incorporation of a correct ANTP
compared to the wild-type. The A%"—P mutant had a 2-fold order of magnitude loss of fidelity compared to the wild-type, suggesting that
a buildup of mitochondrial mutations may contribute to death in infancy in those with this mutation [47].

995


http://www.mtdb.igp.uu.se/

World Journal of Advanced Research and Reviews, 2024, 21(02), 979-1005

Figure 4 shows the MSA of the NEPs from human and various animal sources (Only the regions required for the
discussions are shown here). The human sequence is used as the reference and highlighted in yellow. The N-terminal
region of ~470 amino acids showed many gaps and mismatches in the alignment (data not shown), after that,
conservations are observed and a clear demarcation (marked with an arrow) of the PR exonuclease domain is seen
(highlighted in red). The first triad, -DTE- type of the DEDD-superfamily of the PR exonucleases is not completely
conserved among the NEPs from humans and various animal sources (the humans and chimpanzees use, unusually an
A in the first triad, as -DAE- and in many others the third amino acid E is replaced by a Q). However, strikingly the other
three active site amino acids are completely conserved (highlighted in light blue) with an invariant H as the proton
acceptor in the PR exonuclease domain (Table 2).

Again, after ~830 amino acids, a second demarcation in the sequences is seen (marked by an arrow) and it contains the
polymerase active site amino acids (highlighted in yellow). The polymerase region is highly conserved among them, but
the catalytic core region is completely conserved in all NEPs from human and animal sources. It contains the template-
binding -YG- pair, the catalytic amino acid K, and the nucleotide discriminating amino acid R at -4 from the catalytic K.
The POLG1 active site, -TR#KVVK?91QITVMTVVY8GV- is almost identical to the other NEPs of plant chloroplasts and
mitochondria, (-DR#KLVK752Q1TVMTSVY8GV-), and is found to be very similar to the confirmed active site of E. coli DNA
pol I, -QR#RSAK758A1INFGLIY8GM- [36] and in close agreement to the active sites of the other DNA/RNA polymerases
already reported [37] (Table 3). The human and animal sequences showed an additional -YG- pair (highlighted in light
yellow) downstream from the proposed template-binding YG pair. The proposed catalytic metal-binding Ds in ~-HQD?922-
and -HD1151C- motifs are completely conserved (highlighted in dark green). SDM data have shown that the substitutions
of the Ds in ~AFD537G-and -HD#812S motifs to D337—N and D812—N in T7 RNAP resulted in the complete loss of activity
[48, 49]. Almost all the NEPs (except the sequence from lion) invariably end in a hexapeptide -STYFFS- and its
significance is not clear now. Unlike the self-sustained T7 RNAP, NEP needs transcription factors for promoter
recognition, like TFAM and TFB2M, and also a transcription elongation factor, TEFM. (TFAM binds to the mitochondrial
promoter’s sequence and creates a stable protein-DNA complex. TFAM and TFB2M work synergistically to support
mitochondrial transcription initiation) [50].

An unusual capping structure is found in the mt-mRNAs. In contrast to an m’G cap usually found at the 5’ n-mRNAs,
(which is added to the nascent mRNAs by a capping complex that is associated with eukaryotic RNA polymerase II),
the SSU mitochondrial RNA polymerase (mt-RNAP) caps its mRNAs with NAD* and NADH. An NAD+* cap is added by the
mt-RNAP itself during transcription initiation, which serves as a non-canonical initiating nucleotide [51]. However, like
the n-mRNAS, the human mt-mRNAs are stabilized by polyadenylation which is regulated by the mitochondria-specific
poly-(A) polymerase and polynucleotide phosphorylase [52]. Interestingly, inhibitors of mtDNA transcription, targeting
the mt-RNAP, reduce mitochondrial metabolism and ATP levels. The mt-RNAP inhibitors, viz. IMT1 and IMT1B have
been shown to reduce cancer cell growth and viability in vitro and induce strong antitumor responses [53].

CLUSTAL O (1.2.4) MSA of mitochondrial NEPs from human and various animal sources

NTD ,PR Exo

tr|HOVYO5|HOVYO5_ CAVPO LY %ICVLPEEELVQILLQVLFSLPAQGEPFVHTAHRLALQTFQRHILRQRSCRGHLQAL 493
tr | AOA2J8RA74 | AOA2J8RAT74_ PONAB LYP|FLCLLDEREVVRMLLOQVLQALPAQGESFTTLARELSARTEFSRHVVQRORLSGQVQAL 526
sp|000411 | RPOM_HUMAN LYP

tr | H2Q0ES6 | H2QES6_PANTR LYP|FLCLLDEREVVRMLLOILQALPAQGESFTTLARELSARTEFSRHVVQRQORVSGQVQAL 526
tr|F7GCL4 | F7GCL4_CALJA MFP | FLCLLGEQEMVOMLLOALQALPAQGESFMGLARDLGARTEFSRHEVQRQOQFSGQVEAL 525
tr | AOA2K6TCWO_SAIBB MFP|FLCLLDEQEMVGMLLQTLQALPTQGESFMGLARDLGARTFARHEVQROEFSGQVEAL 524
tr|AOA1U7QPL6 |AOALU7QPL6_MESAU LYP|FLCLLSEEEFVSMLMOQALRLLPAQGEPLLHLAHDLGLRVLNRHLVKKKQETNHVQKL 490
tr|D32YB6|D3ZYB6_ RAT LYP|FLCLLSEGEFVSILMQALQVLPAQGEPLFQLAQNLGLOQVENRHLVKQKQVTNHVQKL 496
sp | Q8BKF1 | RPOM_MOUSE LYP|FLCLLSEGEFVSILMQVLKVLPAQGEPLIQLAHNLGLRVLNRHLVKQKQVTNHVQKL 498
tr|G3SPD8|G3SPD8_LOXAF LYP |HLCLLSERQMAQMLLOVLQVLPPQGESLIHLAHELGMRTENRYVVQRKQREHQVQAL 500
tr| I3M2A6|I3M2A6_ICTTR LFP|FLCLLSERELVRMLLOQALYALPAQGESLVVVAKDLGLRTENRHMVQQKRLNNQVQAL 509
tr | AOABCBWQES |AOABC8WQES_PANLE B e e 430
tr | AOASBI3NVE4 |AOA8I3NVE4 CANLF LFP|FLCVLTEEEMAELLLOQTLQVLPPQGESLLSLAQQLGMRVENRHMVQRKQLSSQVQAL 513
tr|AOA4525012|A0A4525012_ URSAM IFP|YLCVLSERELAELLLQTLOQVLPPQGESLLSLAQQLGLRVEFNRHTVQRK-LSSQVQAL 519
tr|G1L708|G1L708_ AILME IFP|YLCVLSERELAELLLQTLOQVLPPQGESLLSLAQQLGLRVENRHTVQRKQLSSQVRAL 578
tr | AOA671FMHS |AOA671FMHS RHIFE LFP|YLCLLSEGEFAGLLLOTLQALPPQGESLLSLAQQLGLRIFNRHVVQRKQLGDEVRAL 517
tr | AOA4X1VUE2 |AOA4X1VUE2 PIG LFP|YLCLLSEKELVEMLLOQTLQVLPAHGESLFYLAHRLGQRVENRHMVQRKQLSNQVQVL 508
tr | AOASF5PY63|AOASF5PY63_ HORSE LLP|YLCLLGEREFARLLLOTLQALPPQGESLLWLAQQLGLRAFNRHIVQRKLLSNQVREL 519
tr|AOA452EG30|AO0A452EG30_CAPHIT LFP|YLCLLSEKELVGLLLOQTLQALPPHGESLLFLAHELGVRVLKR-——-— KRLRNQVEEL 505
tr | AOASN3WLT3 |AOASN3WLT3_MUNMU LFP|YLCLLSEKDLVGLLLOTLQALPPHGESLLFLAHELGLRVLKR-———— KRLRNQVEEL 510
tr | AOASN4CMK3 | AOASN4CMK3_CAMDR LFP|YLCLLSEREFVGLLLOQTLOQALPAQGESLLFLAHELGLRVENRHIVQRKQLSKQVQVL 521
tr | AOA2YOMQOKS8 | AOA2YOMQKS8 DELLE LFP|YLCLLSEKEVVRMLLOTLQALPAQGESLLFLAHELGLRVFKR-——-— KQLRNEVQEL 518
tr | AOA340XK43|AOA340XK43_LIPVE LFP|YLCLLSEKEVVKMLLOTLQALPAQGESLLFLAHELGLRVFKR-———— KQOLRNEVQEL 518
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tr|HOVYO5|HOVYO5_ CAVPO
tr|AOA2J8RA74 |AOA2J8RAT74 PONAB

EQRYAKYLGLLASPTQ-------—--————m oo
QNHYRKYLCLLACPTE-— = === === === === === — = — -~ ————————————————
DAE

509
542

tr | AOA2J8RA74 |AOA2J8RA74 PONAB

tr|H2QES6|H2QES6_PANTR

FWLPHNMOFRGRTYPLP
PARKAEVRRGLAHCQKVAREMHSLRAEALYRLSLAQHLRD-RVFWLPHNMOFRGRTYPLP

PARKAELRREVVHCQKVAREMHSLRAEALYRLSLAQHLRD-RVFWLPH

FRGRTYP[CP

tr|H2QES6|H2Q0ES6_PANTR ONHYRKYLCLLASPAH-------———-————-—————————————————————————————— 542
tr|F7GCL4 |F7GCL4_CALJA KRHYRQYLHLLAADTE 541
tr | AOA2K6TCWO SAIBB KRQYRQYLHLLASPPTH 540
tr|AOA1U7QPL6 |AOAIUT7QPL6 MESAU GQHYSQYLRLLASPTY 506
tr|D3Z2YB6|D32YB6_RAT GQQYSQYLRLLASPPT( 512
sp | Q8BKF1 |RPOM_MOUSE GQRYSQYLQLLASPT( 514
tr|G3SPD8|G3SPD8_LOXAF QRRYSEYLRLLACPT(Q---—-—-—-———— === - —m— o m e mm——————— 516
tr|I3M2A6|I3M2A6_ICTTR EQRYAQYLHLLACPT(Q---—-—-———————————— - - — e — e — 525
tr|AOA8C8WQES |AOABC8WQES_ PANLE ~  —————---- LL--p---—-—---- GGRAGCGPGSSPWVAHRQERRGGPRPGGGGG 463
tr|AOA8I3NVE4 |AOA8I3NVE4 CANLF QORYYRYLHLLASPTQVRPGTRASLLPSLPGAAGSDPGPRPLAPG----WLSPCPRGWPG 569
tr|A0A4525012|A0A4525012_ URSAM RORYYRYLQLLASPTQ 535
tr|GlL7Q8 |G1L7Q8 AILME QRRYYRYLHLLASPTQ 594
tr|AOA671FMHS |AOA671FMHS RHIFE ERRYFEYLRLLASPPSH 533
tr|AOA4X1VUE2 |AOA4X1VUE2 PIG EKQYSKYLHLLASPT( 524
tr | AOASF5PY63|AOASF5PY63 HORSE EKRYSQYLHLLASPA(Q 535
tr |AOA452EG30|AO0A452EG30_CAPHI EQRYSEYLHLLASPTQ 521
tr |AOASN3WLT3 |AOASN3WLT3_MUNMU EQRYSEYLHLLASPTQ 526
tr|AOASN4CMK3 |AOASN4CMK3_CAMDR EQHYIKYLHLLASPTQ 537
tr|AOA2YIMQKS |AOA2YIMQOKS DELLE EQRYSKYLHLLASPT(Q 534
tr|AOA340XK43|A0A340XK43 LIPVE EQRYSKYLHLLASPTJ 534
* Kk
tr |HOVYOS5 |HOVY05_ CAVPO PHLKAQLRQEVARCLKVAREMHGLRQEALYRLSLAQHLRD-R 756

*
* @
Id

* k.

*Kk Kk Kk

NWLKIHLVNLTGLHKRESLQARRDYADQLMED

Khkkekeokhkhko ok o k. Kx * ..

tr|F7GCL4|F7GCLA_CALJA LVDKAELRRELARSLKESREMHSLRADALYRLSLADHLRN-C MO FRGRTYPLCP 809
tr|AOA2K6TCWO_SAIBB LADKAELRRELARCLKEAREMHSLRTEALYRLSLAQHLRN-RIFWLPHNMIFRGRTYPCP 808
tr|AOALU7QPL6|AOALUTQPL6_MESAU PVHKAELRKELSRCLKAAREMHSLRIEALYRLSLAQYLRN-RVFWLPHNMIFRGRTYPCP 774
tr|D32zYB6|D3Z2YB6_RAT - PVHKSELRKELARCLKAAREMHSLRSEALYRLSLAQHLRD-RVFWLPHNMIFRGRTYPCP 779
sp | Q8BKF1 | RPOM MOUSE PVHKSELRKELARCLKVAREMHSLRSEALYRLSLAQHLRH-RVFWLPHNMIFRGRTYPCP 781
tr|G3SPD8|G3SPD8_LOXAF PARLAELRREVARCLKAARELRSLRADALYRLSLAQHLRHHGAFWLPHNMHFRGRTYPLP 791
tr|I3M2A6|I3M2A6_ICTTR PAHKAELRRELAGCLKVAREMHSLRVDALYRLSLAQHLRH-RIFWLPHNMIFRGRTYPCP 793
tr|AOABCBWQES|AOABCBWQES PANLE PAQKAELRRELARCLKVAREMHSLRSDALYRLSLAQHLRH-CVFWLPHENMIFRGRTYPCP 749
tr|AOA8I3NVE4|AOA8I3NVE4 CANLF PAQKAEVRRELARCLKVAREMHSLRSDALYRLSLAQHLRH-RVFWLPHNMIFRGRTYP[P 853
tr|A0A4525012|A0A4525012 URSAM SAQKAEVRREVARCLKVAREMHSLRSDALYRLSLAQHLRD—RQFWLPH FRGRTYPLCP 803
tr|G1L708|G1L7Q8_AILME SAQKAEVRREVARCLKVAREMHSLRSDALYRLSLAQHLRD-RVFWLPHNMIFRGRTYPCP 862
tr|AOAG671FMHS|AOA671FMHS RHIFE PEHKAELRRELARCLKVAREMHSLRTDALYRLSLAQHLRH-RVFWLPHNMIFRGRTYPCP 801
tr|AOA4X1VUE2 | AOA4X1VUE2_PIG PTOKAELRRELARRLKMAREMHSLRTEALYRLSMAQHLRG-RIFWLPHNMIFRGRTY PP 798
tr|AOASFSPY63|AOASF5PY63 HORSE PARKAELRRELARCLKVAREMOSLRADALYRLSLAQHLRH-RVFWLPHENMIFRGRTYPCP 803
tr|AOA452EG30|A0A452EG30_CAPHI PADKAEMRRELARRLKVAREMQSLRADALYRLSLAQHLRN-HVFWLPHNMIFRGRTYPLS 786
tr|AOASN3WLT3|AOASN3WLT3_MUNMU PADKAEMRRELARRLKVAREMQSLRADALYRLSLAQHLRN-HIFWLPHNMHFRGRTYPCS 800
tr|AOA5N4CMK3|AOASNACMK3_CAMDR PADKAEMRRELARRLKVAREMOSLRADALCRLSLAQHLRH-RVFWLPENMIFRGRTYPCP 811
tr|AOA2YIMOKS | AOA2YIMOKS DELLE PAEKAEMRRELARRLKVAREMQSLRADALYRLSLAQHLRH-RVFWLPHNMIFRGRTYPLS 808
tr|AOA340XK43|A0A340XK43_LIPVE PAEKAEMRRELARRLKVAREMQSLRADALYRLSLAQHLRH-RVFWLPHNMHFRGRTYPLCS 808
.:*: : * :**::'** :** ***:*::** * K Kk Kk ok * ok k ok ok ok ok
_ PRExo 5 Pol
tr|HOVYO5|HOVY05_CAVPO PHFNELGYDLA RP| LGPRG]DWLKIHLVNLTGLHKREPLHARLSFADAMMDD 816
tr|AOA2J8RA7T4 |AOA2J8RAT4 PONAB PHFNHILG LGPRGKREPLRKRLAFAEEVMDD 870
H
tr|H2QES6|H2QES6_PANTR PHFNHLGYDYV 2] RP| LGPHG]DWLKIHLVNLTGLHKREPLRKRLAFAEEVMDD 870
tr|F7GCL4|F7GCLA_CALJA PHFNHILGNDL.2| CP| LGPHGYDWLKIHVVNLTGLYKREPLQVRHAFAEEVMDD 869
tr|AOA2K6TCWO_SAIBB PHENHLGNDL.A RP| LGPHG]DWLKIHVVNLTGLHKREPLQARRAFAEEVMGD 868
tr|AOAIUTQPL6 |AOAL1UTQPL6_MESAU PHFNHLGJDLV] RP| LGPRGIDWLKIHLVNLTGLHKRDS LRMRLAFADEVMEE 834
tr|D3ZYB6|D3ZYB6_RAT PHFNHLGYDL.A] RP| LGPRGIDWLKIHLINLTGLHKRDSLRMRLAFADEVMGE 839
sp | Q8BKF1 | RPOM_MOUSE PHFNHLGYDLA] RP| LGPRG]DWLKIHLINLTGLHKGDSLRMRLAFADEVMEE 841
tr|G3SPD8|G3SPD8_LOXAF PHLYHLGYDLA] CP| LGPHGYDWLKLHLVNLTGLHKRESLOARLAFADQVLDE 851
tr|I3M2A6|I3M2A6 ICTTR PHFNHLGYDLA RP| LGPHG]TWLKIHLVNLTGLHKRDSLQARLAFADQMMDH 853
tr|AOABCSWQES |AOASCSWQES PANLE PHFNHLGYDL.2] RP| LGPRGIDWLKIHLVNLTGLHKREPLQARLVFADEVMED 809
tr|AOASI3NVE4 |AOASI3NVE4 CANLF PHFNHLGYDL.A] RP| LGPHG]DWLKIHLVNLTGLYKHEPLQARLVFADEVMDD 913
tr|A0A4525012 |A0A4525012_ URSAM PHFNHLGYDL.A] RP| LGPRGIDWLKIHLVNLTGLHKHEPLRARLVFADEVMDE 863
tr|G1L708|G1L708 AILME PHFNHLGYDL.A] RP| LGPHG]DWLKIHLVNLTGLHKHEPLRARLLFADEVMDD 922
tr|AOA671FMHS |AOA671FMHS RHIFE PHFNHLGYD RP| LGPHG]DWLKVHLVNLTGLHKRESLQARLAFADEVMKD 861
tr|AOA4X1VUE2 |AOA4X1VUE2_PIG PHFNHLGYDL.A] RP| LGPQGINWLKIHLVNLTGLHKHESLQARRDLADELMED 858
tr|AOASFSPY63|AOASF5PY63_HORSE PHFNHLGYDL.A RP| LGPHG]DWLKIHLVNLTGLHKRESLRARLAFADEVMED 863
tr|AOA452EG30|A0A452EG30_CAPHI PHFNHLGYDL.A RP| LGPHG]DWLKIHLVNLTGLHKRESLQTRRDYADAVMED 846
tr|AOASN3WLT3|AOASN3WLT3_MUNMU PHFNHLGYDL.A RP| LGPNG]DWLKIHLVNLTGFHKRESLQARRDYADAVMED 860
tr|AOASN4CMK3 |AOASN4CMK3_CAMDR PHFNHLGYDL.2| RP| LGPHG]DWLKIHLVNLTGLHKRESLQARRDFADQLMED 871
tr|AOA2YIMOKS |AOA2YIMOKS DELLE PHFNHLGYDL.A] RP| LGPHGINWLKIHLVNLTGLHKRESLQARRDYADELMED 868
tr|AOA340XKA43|AOA340XK43_LIPVE PHFNHLGYDLA RP| LGPHG] 868
* * |-
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tr|HOVYO5|HOVYO5 CAVPO
itr |[AOA2J8RA74 |AOA2J8RAT74 PONAB

ltr [H2QES6 |H2QES6_PANTR

ILDSAERPMTIGRKWWMEADDPWQTLACCMEVARAVQSHDPAAYVSHLP
ILDSADQPITGRKWWMGAEEPWQTLACCMEVAKAVRAYDPAAYVSHLP

ILDSADQPITGRKWWMGAEEPWQTLACCMEVANAVRAYDPAAYVSHLP

GSCNGLQH

GSCNGLQH
GSCNGLQH

876

tr|F7GCLA4 |F7GCL4_CALJA ILDSADNPMIGRKWWME SEEPWQTLACCME IAKAVRTYDPAAY I SHLP GSCNGLOH 929
tr|AOA2K6TCWO SAIBB ILDSADHPMIGRKWWMPYEEPWQTLACCMEIAKAVRTYDPAAYVSHLP GSCNGLOH 928
tr |AOALUTQPL6 |AOALU7QPL6 MESAU TLDSADNPI||GRKWWMPADE PWQTL.ACCMEVADAVRSHDPAAYVSHLP GscNGLOH 894
tr|D32YB6|D32YB6 RAT ILDSADNPI||GOKWWMKADE PWQTLACCMEVADAVRSHDPTAYVSHLP GSCNGLOH 899
Sp | Q8BKF1 |RPOM MOUSE ILDSADNPI|GRKWWME ADE PWQTLACCMEVAHAVRS HDPAAY I SHLP GSCNGLQH 901
tr|G3SPD8|G3SPD8 LOXAF VLDSADRPMIGRKWWMEADE PWQTLACCMELARALRSHDPTSEVSHEP GSCNGLOH 911
tr|I3M2A6|I3M2A6 ICTTR ILDSADQPMIGRKWWME JEEPWQTLACCMEVADAVRARDPAAY I SHLP GSCNGLOH 913
tr|AOABCSWQES | AOABCBWQES PANLE VLDSADRPMIGRKWWMEVEEPWQALACCME IARAVRARDPAAY I SHEP GscNGLOH 869
tr|AOASI3NVE4 |AOASI3NVE4 CANLF ILDSADRPMIGRKWWMEVDE PWQALACCME IARAVRSHDPTAFVSHEP GSCNGLOH 973
tr|AO0A4525012A0A4525012 URSAM ILDSADRPMTGRKWWMEV|DE PWQALACCMEIARAVRARDPTAYVSHEP GSCNGLOH 923
tr|G1L7Q8|G1L708 AILME TLDSADRPMTGRKWWME ADE PWQALACCMETARAVRTADPTAYVSHEP GSCNGLQH 982
tr|AOA671FMHS |A0A671FMH5 RHIFE TLDSADRPIMGRKWIMEADE PWQALACCMETADAVRAQDPATHVSHEP GSCNGLQH 921
tr|AOA4X1VUE2 |AOA4X1VUE2 PIG TLDSADRPMIGRKWWMEADE PWQTLACCMET ARAVRARDPTAYVSHEP GscNGLOH 918
tr|AOASFSPY63|AOASF5PY63 HORSE TLDSADRPMTGRKWIMEADE PWQALACCMETARASRSHDPAAHVSHEP GSCNGLOH 923
tr|AOA452EG30|A0A452EG30 CAPHI ILDSAERPMIGRKWWMEADE PWQTLACCMEIADVVHSHDPTTY ISHEP GSCNGLOH 906
tr|AOASN3WLT3|AOASN3WLT3 MUNMU ILDSAERPMIGRKWWMEADE PHOALACCMEIADVVHSHDPTTY ISHEP GSCNGLOH 920
tr|AOASNACMK3|AOASN4CMK3 CAMDR TLDSADQPMTGRRWIMEADE PWQALACCMETARATRARDPAAY I SHEP GSCNGL.OH 931
tr|AOA2YIMOKS |AOA2YIMOKS DELLE TLDSADRPMTGRKWIME ADE PWQALACCMEVARAVRARDPTAYVSHEP GscNGLOH 928
tr|AOA340XK43|A0A340XK43 LIPVE TLDSADRPMAGRKWIME ADE PWQALACCMEVARAVRARDPTAYVSHEP GSCNGLOH 928
:****:'*: *::*** ::***:*k****:*.. **::.:**:** * Kk ok ok ok Kk k
tr|HOVYOS|HOVY05 CAVPO YAALGRDSVGAASVNLASSDVPQDVYSGVAAQVEVFRAQDAQKGVKVAQVLEGF IRKVV 936
tr|AOA2J8RAT4 |AOA2J8RAT4 PONAB YAALGRDSVGAASVNLEPSDVPQDVYSGVAAQVEVFRRODAQRGTRVAQMLEGE ITRKVV 990
tr|H2QES6|H2QES6 PANTR YAALGRDSVGAASVNLEPSDVPQDVYSGVAAQVEVFRRODAQRGMRVAQVLEGE ITRKVV 990
tr|F7GCL4 |F7GCL4_CALJA YAALGRDSVGAASVNLEPSDVPQDVYSDVAAQVEVFRRODARRGSRVAQVLEGEVIRKVV 989
tr|AOA2K6TCWO SAIBB YAALGRDSVGAASVNLEPAEVPQDVYSDVAAQVEFFRSLDARRGVRVAQVLEGEVIRKVV 988
tr|AOALU7QPL6|AOALUTQPL6 MESAU YAALGRDSAGAASVNLMPSDLPQDVYREVAAQVEQLRQODADQGLRVAQVLKGF ITRKVV 954
tr|D3ZYB6|D3ZYB6 RAT YAALGRDSVGAASVNLTPSDLPQDVYREVATQVEELRQQDAKEGLQVAQALEGFVYRKVY 959
Sp|Q8BKF1|RPOM MOUSE YAALGRDSVGAASVNLTPSDLPQDVYREVATQVEEFRQODAKEGLRVAQVLEGE IJRKVV 961
tr|G3SPD8|G3SPD8 LOXAF YAALGRDSVGAASVNLTPSDLPQDVYSGVAAQVEVFRRODAEQGVRVAQVLEGEVYRKVY 971
tr|I3M2A6|I3M2A6 ICTTR YAALGRDSVGAASVNLLPSDLPQDVYSGVAAQVEVFRRODAARGVRVAQVLEGF I$RKVV 973
tr|AOASCSWQES |AOASCSWQES PANLE YAALGRDSIGAASVNLLPSDVPQDVYSGVAAQVEVFRROQDAKRGVRVAQVLEGFIRKVV 929
tr|AOASI3NVE4 |AOASI3NVE4 CANLF YAALGRDSIGAASVNLLPSDFPQDVYSGVAAQVEVFRRODAQRGVRVAQVLEGFE I $RKVV 1033
tr|AOA4525012|A0A4525012 URSAM YAALGRDSVGAASVNLLPSDLPQDVYSGVAAQVEVFRROQDAERGVRVAQVLEGFIJRKVV 983
tr|G1L7Q8|G1L7Q8 AILME YAALGRDSVGAASVNLLPSDLPQDVYSGVAAQVEVFRRODAERGVRVAQVLEGE IJRKVV 1042
tr|AOA671FMHS|AOA671FMHS RHIFE YAALGRDSVGAASVNLVPSDLPQDVYSGVATQVEVFRRQDAERGVQVAQVLEGFIJRKVV 981
tr|AOA4X1VUE2 |AOA4X1VUE2 PIG YAALGRDSAGAASVNLMPSDLPQDVYSGVAAQVEVFRRODAEQGMRVAQVLEGFE IJRKVV 978
tr|AOASFS5PY63|AOASFS5PY63 HORSE YAALGRDSVGAASVNLVPSDLPQDVYSGVAAQVEVFRRQDAEQGVRVAQVLEGF IJRKVYV 983
tr|AOA452EG30|AOA452EG30 CAPHI YAALGRDSTGATSVNLSPSDLPQDVYSEVAAQVEVFRKQDAKQGVRVAQVLEGE IJRKVV 966
tr|AOASN3WLT3|AOASN3WLT3 MUNMU YAALGRDSTGAASVNLSPSDLPQDVYSEVAAQVEVFRRQDAKQGVRVAQVLEGFIRKVV 980
tr|AOASN4CMK3 |AOASN4CMK3 CAMDR YAALGRDSVGAASVNLLPSDLPQDVYSGVAAQVEVFRRQDAEQGVRVAQVLEGF IJRKVV 991
tr|AOA2YIMOKS | AOA2YIMOKS DELLE YAALGRDSVGAASVNLLPSDLPQDVYSEVAAQVEVFRRODAEQGVQVAQVLEGE IJRKVV 988
tr|AOA340XK43|A0A340XK43 LIPVE YAALGRDSVGAASVNLLPSDLPQDVYSEVAAKVEVFRRQDAEQGVRVAQVLEGFIJRKVV 988
* ok ok kK kK k **:**** .:.***** **::** :* * * .* :*** *:**: *k ok K
tr|HOVYO0S5|HOVY05 CAVPO KOTVMTVY GV THY JGRLOTIEKRLRENPTF PQVFVWEASRY LVHLVFKSLREMFSGTRT I 996
tr|AOA2J8RA74|AOA2J8RAT4 PONAB KOTVMTVYYGVTHYGGRLOIEKRLRENSDF PQEFVWEASHY LVRQVFKSLOEMFSGTRAT 1050
sp
tr|H2QES6|H2QES6 PANTR KOTVMTVYYGVTHYGGRLOIEKRLREI S DFPQEFVWEASHY LVRQVFKSLOEMFSGTRAT 1050
tr|F7GCL4|F7GCL4_CALJA KOTVMTVYYCGVTHFGGRLOIEKRLRENS DF PQEFLWDASHY LVRQVFKSLQEMFSGSRAT 1049
tr|AOA2K6TCWO SAIBB KOTVMTVYYGVTHYGGRLOIEKRLRENSDFPQEFLWEASQYLVRQVFRSLOEMFSGSRAT 1048
tr|AOALU7QPL6|AOALUTQPL6 MESAU KOTVMTVYYGVTHYGGRLOIEKRLREISNF PQEFVWEASHY LVRLVFKSLQEMFSSTRAT 1014
tr|D32YB6|D3ZYB6 RAT KOTVMTVYYGVTHYGGRLOIEKRLRENSDFPQEFVWEASHY LVRQVFKSLOEMFSSTRAT 1019
sp | Q8BKF1 |RPOM MOUSE KOTVMTVYYGVTHYGGRLOIEKRLREN S DFPQEFVWEASHY LVRQVFKSLOEMFTSTRAT 1021
tr|G3SPD8|G3SPD8_LOXAF KOTVMTVYYGVTHYGGRLOIEKRLREI PDFPQEFVWEASHY LVRQVFNSLQEMFSATRAT 1031
tr|I3M2A6|I3M2A6 ICTTR KQITVMTVYYGVTRYGGRLQIEKRLREIDSFPQEFVWDASHYLVRQVFSSLOEMFSSTRAT 1033
tr|AOABCSWQES|AOA8C8WQES PANLE KOTVMTVYYGVTHYGGRLOIERRLRENS DF PQEFVWEASHY LVRQVFNSLQEMFSGTRAT 989
tr|AOA8I3NVE4 |AOA8I3NVE4 CANLF KQITVMTVYYGVTRYGGRLOIERRLREISNFPQEFVWEASHY LVRQVFNSLOEMFSGTRAT 1093
tr|AOA4525012|A0A4525012 URSAM KOTVMTVYYGVTHYGGRLOIERRLREISNFPQEFVWEASHY LVRQVFNSLQEMFSGTRAT 1043
tr|G1L7Q8|G1L7Q8 AILME KQITVMTVYYGVTRYGGRLOIERRLREISNFPQEFVWEASHY LVRQVFNSLOEMFSGTRAT 1102
tr|AOA671FMHS|AOA671FMHS RHIFE KOTVMTVYYGVTHYGGRLOIEKRLREN S DF PQEFVWEASHY LVRQVFNSLQEMFSGTRAT 1041
tr|AOA4X1VUE2 |AOA4X1VUE2 PIG KQITVMTVYYGVTRYGGRLOIERRLREINQDFPOEFVWEASHY LVRQVFNSLOEMFSGTRS T 1038
tr|AOASFS5PY63|AOASFSPY63 HORSE KOTVMTVYYGVTHYGGRLOIEKRLREISDFPQ—————==——===—==——=—————————— 1015
tr|AOA452EG30|AOA452EG30 CAPHI KQIT'VMTVYYGVTRYGGRLOIERRLREIEDFPQEFVWEASHY LVRQVFNSLOEMFSGTRS T 1026
tr|AOASN3WLT3|AOASN3WLT3 MUNMU KOTVMTVYYGVTHYGGRLOIEKRLREIEDF PQEFVWEASHY LVRQVENSLQEMFSGTRS T 1040
tr|AOASN4CMK3|AOASN4CMK3 CAMDR KOTVMTVYYGVTHYGGRLOIEKRLREIHDF PQEFLWEASHY LVRQVFNSLQEMFSGTRS I 1051
tr|AOA2YIMQOKS |AOA2YIMOKS DELLE KQIT'VMTVYYGVTRYGGRLOIEKRLRE JHDF PODFVWEASHY LVRQVFNSLOEMFSGTRS T 1048
tr|AOA340XK43|A0A340XK43 LIPVE KOTVMTVYYGVTHYGGRLOIEKRLRE JHDF PQDFMWEASHY LVRQVFNSLQEMFSGTRS I 1048
* kK ok ok ok ok A Kk ok kox :*******:**** * k k.
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tr|HOVYO0S5|HOVY05 CAVPO NTIKQKNGFPPNFIHSLDSCHMMLTALHCYRKGLTEVS FWTHACDVSFINEVCREQ
tr|AOA2J8RA74|AOA2J8RAT4 PONAB NTRKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTEVS WTHAADVSVMNQVCREQ
tr|H2QES6|H2QES6 PANTR NTRKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTEVS [ADVSVMNQVCREQ
tr|F7GCL4 |F7GCL4_CALJA NKIKQRNGFPPNFIHSLDSTHMMLTALHCYREGLTEVS IAHVPIMNQVCREQ 1169
tr|AOA2K6TCWO_SAIBB NKRKQRNGFPPNFIHSLDSTHMMLTALHCYREGLIFVS [ADVPIMNQVCREQ 1168
tr|AOALUTQPL6 |AOALIUTQPL6_MESAU NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTEVS IADI PVMNEVCREQ 1133
tr|D3ZYB6|D3ZYB6_RAT NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTFVS ADTPMMNEVCREQ 1138
sp | Q8BKF1|RPOM_MOUSE NTUKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLIFVS ADIPTMNEVCREQ 1140
tr|G3SPD8|G3SPD8_LOXAF NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTFVS [ADVPVMNQVCREQ 1150
tr|I3M2A6|I3M2A6 ICTTR NTUKQKNGFPPNFIHSLDSTHMMLTALHCYRKGLTEVS IADVPVMNQVCREQ 1152
tr|AOABC8WQES |AOABCSWQES_ PANLE NTUKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTEVS IADVEVMNQVCREQ 1108
tr|AOABI3NVE4|AOABI3NVE4 CANLF NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTFVS [ADVAVMNQVCREQ 1212
tr|A0A4525012|A0A4525012_ URSAM NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTEVS [ADVEVMNQVCREQ 1162
tr|G1L7Q8|G1L7Q8_ AILME NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTFVS [ADVEVMNQVCREQ 1221
tr|AOA671FMHS |AOA671FMHS RHIFE NIIJKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTFVS [ADVPVMNQVCREQ 1160
tr|AOA4X1VUE2|AOA4XIVUE2_PIG NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTEVS IADVAVMNQVCREQ 1157
tr|AOASF5PY63|AOASF5PY63 HORSE NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTFVS ADVAVMNQVCREQ 1133
tr|AOA452EG30|A0A452EG30_CAPHI NTIUKQKNGFPPNFIHSLDSTHMMLTALHCYRKGLTEVS [ADVGVMNQVCREQ 1145
tr|AOASN3WLT3|AOASN3WLT3_MUNMU NTIJKQKNGFPPNFIHSLDSTHMMLTALHCYRKGLTFVS [ADVEVMNQVCREQ 1159
tr|AOASN4CMK3|AOASN4CMK3_CAMDR NTHKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTEVS IADVAVMNQVCREQ 1170
tr|AOA2YIMQKS |AOA2YIMQK8 DELLE NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTFVS [ADVAVMNQVCREQ 1167
tr|AOA340XKA43|A0A340XK43_LIPVE NTIKQKNGFPPNFIHSLDSSHMMLTALHCYRKGLTFVS ADIAVMNQVCREQ 1167
* **:************* ***********:** * % K K| :****.': :*:*****
/End of NEP sequences
tr|HOVY05|HOVY05 CAVPO S TYFF S === === === === e 1182
tr|AOA2J8RAT4 |AOA2J8RAT4 PONAB HSTYFF S| === =———— === === ——mmm— - 1230
tr|H2QES6|H2QES6_PANTR HSTLLESPDTAVSLVSVCNKSSFAPPGSHCLQGGCTPCGSRAITRG-~-~-~ QAWRQCGRL 1272
tr|F7GCL4|F7GCL4_CALJA HSTFFE S| == === === === === === == 1215
tr|AOA2KG6TCWO_ SAIBB HSTFFE S| == === === === === === == oo 1233
tr|AOALUTQPL6 | AOAIUTQPL6 MESAU S ) S 1198
tr|D3ZYB6|D3ZYB6_RAT o S 1205
sp|Q8BKF1|RPOM MOUSE S TYFE S|~ === === === === 1207
tr|G3SPD8|G3SPD8_LOXAF JSTYFF S| === === === === === m 1215
tr|I3M2A6|I3M2A6 ICTTR - 1193
tr|AOABCBWQES | AOASC8WQES_PANLE HPARFLRAGGAGGVAQGP--AARSPPGPLL-HRGLRPEAGEALHLLLOLTLPRRPPCTIV 1213
tr|AOABI3NVE4 |AOA8I3NVE4 CANLF HSTYFF S| === === mmmm oo oo 1277
tr|A0A4525012 |A0A4525012 URSAM HSTYFF S| === === == m = mmm oo oo 1227
tr|G1L7Q8|G1L708 AILME HSTYFF S| === === === === mm oo 1286
tr|AOA671FMHS |AOA671FMHS RHIFE HSTYFF S| === === === == mmm oo 1221
tr|AOA4X1VUE2 | AOR4X1VUE2_PIG HSTYFF S| === === === === mmm o 1219
tr|AOASF5PY63|AOASFSPY63 HORSE HSTYFF S| === === === === m o 1198
tr|AOA452EG30|A0A452EG30 CAPHI HERR R — —————— —————~— ——— 1207
tr|AOASN3WLT3 | AOASN3WLT3 MUNMU S TEEE S| === === == === == 1221
tr|AOA5N4CMK3 |AOASN4CMK3 CAMDR S TYFE S|~ === === === === 1232
tr|AOA2YIMOKS | AOA2YIMQK8 DELLE HSTYFF S| === === == m oo 1229
tr|AOA340XK43|AOA340XK43 LIPVE S TYFE S === === == === == 1229

Figure 4 MSA of mitochondrial RNA polymerases (NEPs) from human and various animal sources

HOVY05_CAVPO Cavia porcellus (Guinea pig) A0A2J8RAT74 _PONAB Pongo abelii (Orangutan)
000411|RPOM_HUMAN Homo sapiens (Human) H2QES6_PANTR Pan troglodytes (Chimpanzee)
F7GCL4_CALJA Callithrix jacchus (New world monkey) A0A2K6TCWO_SAIBB Saimiri boliviensis (Squirrel monkey)
AOALUTQPL6_MESAU Mesocricetus auratus (Hamster) D3ZYB6_RAT Rattus norvegicus (Rat)
Q8BKF1|RPOM_MOUSE Mus musculus (Mouse) G3SPD8_LOXAF Loxodonta Africana (Elephant)
I3M2A6_ICTTR Ictidomys tridecemlineatus (Squirrel) ~ AOA8C8WQES_PANLE Panthera leo (Lion)
AOABI3NVE4_CANLF Canis lupus familiaris (Dog) A0A4525012_URSAM Ursus americanus (Bear)
G1L7Q8_AILME Ailuropoda melanoleuca (Panda) A0A671FMH5_RHIFE Rhinolophus ferrumequinum (Bat)
A0A4XIVUE2_PIG Sus scrofa (Pig) AOQA5F5PY63_HORSE Equus caballus (Horse)
AOA452EG30_CAPHI Capra hircus (Goat) AOASN3WLT3_MUNMU Muntiacus muntjak (Deer)
IAOASN4CMK3_CAMDR Camelus dromedaries (Camel) A0A2Y9MQKS8_DELLE Delphinapterus leucas (Whale)
IAOA340XK43_LIPVE Lipotes vexillifer (Dolphin)
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Figure 5 shows the ‘Mix and Match’ MSA of all the three NEPS from the human mitochondria and from the mitochondria
and chloroplasts from plants (A. Thaliana) (Only the regions required for the discussions are shown here). Even though
the DEDD-superfamily of PR exonuclease active site amino acids are completely conserved in all the three NEPs from
human and plant, the first triad does not align. However, all the other three active site amino acids align and are
completely conserved in all three NEPs (highlighted in light blue) (Fig. 5). The RNA polymerase active site and metal-
binding site amino acids are completely conserved in all three NEPs (highlighted in yellow and dark green, respectively).
Putative ZBMs are highlighted in orange. The NEPs from plant mitochondria and chloroplasts end in -YFFN- whereas
the human and animal NEP ends in -YFFS- (Figs. 4, 5).

CLUSTAL O (1.2.4) ‘Mix and Match’ MSA of all the three NEPs from both human and plant

sp 000411 |[RPOM_HUMAN (M) MSALCWGRGAAGLKRALRPCGRPGLPGKEGTAGGVCGPRRSSSASPOEQDODRRKDWGHV 60
SP1P92969 | RPOTL ARATH (M) === === m e e e e e e 0
Sp 1024600 | RPOT3_ARATH (C) === —m = m o e m e 0
Sp| 000411 | RPOM_HUMAN -—-QLPLAHHLLVVHHGORQKRKLLTLDMYNAVMLGWARQGAFKELVYVLFMVK—-—--DA 290
Sp|P92969 | RPOT1_ARATH - SDSSSSGTHY-PVNR———-VRG————— ILSSVNLSGVRNGLSINP--VNEMGGLSSFRH 64
sp1024600 | RPOT3_ARATH SSSSSSSSTSL-SVH-———— EKP————— ISNS=———mm——m— VHFHGNLIESFE 89
% . . .. *
sp1000411 | RPOM_HUMAN ~LARELSARTFSRHVVQRQ-———=——————— RVSGQVQA-LONHYRKYLCLLASDAEVPEP 546
sp|P92969|RPOT1_ARATH AVEQEVRINSFLOKKNKKNATDKTINTEAENVSEETVAKETEKARKQVTVLMEKNKLR-~ 307
sp 1024600 | RPOT3_ARATH ATEQEVRIHNFLKRTRKNNAGDSQEELKE——————————— KQLLRKRVNSLTIRRKRIT-—- 324
S X s s s wk . ox .
sp|000411|RPOM_HUMAN (M) QLFQAKGCPQLGVPAPPSEAPQPPEAHLPHSAAPARKAELRRELAHCQKVAREMHSLRAE 778
Sp|P92969|RPOT17ARATH(M) RIWANGGRIGGLVDREDVPIPEE————— PEREDQEKFKNWRWESKKAIKONNERHSQR(J 531
Sp|OZ46OO|RPOT37ARATH(C) RLWADGGNIAGLVNREDVPIPEK—-—-——— PSSEDPEELQSWKWSARKANKINRERHSLR({J 548
. . * * * . * . . * E R
PR exo 4 Pol
Sp| 000411 | RPOM_HUMAN ALYRLSLAQHLRD-RVEWI[PENVIFRGRTY Hc PEFNIfGSPVARALLEFAQGRP | LGPHG 837
Sp|P92969|RPOT17ARATH [E[LKLEVARKMKDEEGFEFYYPHNWV RGRAYHIHPYLNHIIGS CRGILEFCEGKP | LGKSG 591
sp|024600 | RPOT3_ARATH ELKLSVARKMKDEEGEYYPHNL RGRAY MHPHLNHIS S CRGTLEFAEGRP | LGKSG 608
:‘k.:*::::* . ‘k: * x :* ***:** *::***.* :.*. ***.:*:* * x *
Sp|OOO411|RPOMﬁHUMAN LDWLKIHLVNLTG-LKKREPLRKRLAFAEEVMDDILDSADQPLTGRKWWMGAEEPWQ A 896
sp|P92969 | RPOT1_ARATH LRWLKIHIANLYAGGVDKLAYEDRIAFTESHLEDIFDSSDRPLEGKRWWLNAEDPEFJCILA 651
sp| 024600 | RPOT3_ARATH LHWLKIHLANLYAGGVEKLSHDARLAFVENHLDDIMDSAENPIHGKRWWLKAEDPFJCILA 668
* *****:.** . .t *:**.*. ::**:**::.*: *::**: **:*: e x
Sp|OOO411|RPOMﬁHUMAN CCMEVANAVRASDPAAYWVSHLP SCNGLOHYAALGRDEVGAASVNLEPSDVPQDVY 956
Sp|P92969|RPOT17ARATH ACITNLSEALRSPEFPEAAT JH|T P JCNGLOHYAALGRDKLGADAVNLVTGEKPADVY 711
sp| 024600 | RPOT3_ARATH ACVILTQALKSPSPYSVIJH|LP JCNGLOHYAALGRDEFEAAAVNLVAGEKPADVY 728
: :::*: * « x A Kk ok ok ok ok ok ok ok ok ok . * :*** .2 * * K Kk
sp|000411|RPOM HUMAN SGVAAQVEVFRRQDAQRG--—--- MRVAQVLEGFITRKVYKQIIVMTVWY GV TRYGGRLQT 1010
sp|P92969|RPOT1 ARATH TETAARVLKIMQQODAEEDPETEFPNATYAKLMLDQVIRKLYKOITVMT SYYGYTYSGARDQT 771
sp|024600 |RPOT3 ARATH SEISRRVHEIMKKDSSKDPESNPTAALAKILITQVIRKLYKOTVMT SYYGYTYVGAREQT 788
- s ek sk *eas L TR L R i & I AT
Pol CTD
sp|000411 |RPOM HUMAN SHMMLTALRKGLTFVS Im DVSVMNQ EQFVRLHSEP ILODLSRFLVK 1189
sp|P92969|RPOT1 ARATH SHMMMTAVACNRAGLSFA DVDVMNTILREKFVELYEKP | ILENLLESFQK 947
sp|024600 |RPOT3_ARATH THMMMTAVACREAGLNFA DVDTMNRILREKFVELYNTP | ILEDLLQSFQE 964
skkkakks k| kk k| Ckk Kk s kkekk ke k| kka ek .o
sp|000411 |RPOM HUMAN (M) RFCSEPQKILEASQLKETLQAVPKPGAFDLEQVKRSTFES 1230
sp|P92969 |RPOT1 ARATH (M) SFP-——=-———————- DISFPPLPERGDFDLRKVLESTFEN 976
sp|024600 |RPOT3 ARATH (C) SYP-——————————- NLVFPPVPKRGDFDLKEVLKSQ FEN 993
- . sk K kkk ok Kk Pk

Figure 5 ‘Mix and Match’ MSA of all the three NEPs from both human and plant
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Table 2 DEDD-superfamily exonuclease active site amino acids and their distance conservations.

DEDD-Superfamily of PR Exonucleases (DEED*(H*/Y™)

Phage DNA Polymerases

T4 DMNA pol (E. coli Phage) g Fl"° SY?*2°N -3 aa—[l*2*VE- [54]

M7 DNA pol (E coli Phage) -DIE™ FD== DY ' "°N—3 aa«D"™WW-

Prokaryotic DNA Polymerases and RNases

DMNA pol | (E coli) S 24, RY“*"A—3 aa =01 AD-

DA pol 1l (E. coli) | = F| =, TY*32N—3 aa—|[l**°CE-

RMNase D (E. coli) -D*=TE?* D192 EX'"S1'A—3 aa—D"5VWW-

RMNase T (E. coli) -W=vE= FE'== Al'Z'S—4 aa—[l'"TE-

tic DNA Replicases (DNA I 1ll-e-subunits

E coli E-TH Fl'2 LE'**G —4 aa—E"“"AQ-

Cifrobacter amalonaticus -D'"TE FDos LH"%5G —4 aa«—D'"°AQ-

Shigella dysenteriae -D™TE FD'%2 LH"2G —4 aa«—D"""AQ-

Salmonella typhimuriwm -D™=TE FDo2 LH"®2G —4 aa-—D" AQ-
karyotic DNA Replicases

DMNA pol £ cat. subunit (Sc) JWIf——FD*®——EY¥3S—3 aa« D*"AV- [55, 56]

DNA pol & cat. subunit (Hs) W eIE FE*2———VY®"'C—3 aal*'°AY- [57]

E_ coli DNA pol | Exo* B E v B RY“A—3 aa—[ERAD-

Arabidopsis Thaliana -D™EVE L D52F MH®®*L—3 aa—D%*°LC-
Arachis hypogaeca -D5VE WV DF MNHS"L—3 aa—DS""LC-
Oryza rufipogon -D*%*WVE L D%2F NH®*"L—3 aa—D®"LC-
Nelumbo nucifera -D5ESVE 1 DS1°F MNH**°L—3 aa—D"%°LC-

3 aa—DFELC:

3 aa—DTLCS

3 aa—D¥FLCE

3 aa—DSFLCE

3 aa—DFLCE

3 aa—DFILCS
Homo sapiens (Human) -D*"AE MD®'F NH*""L—3 aa—D*""VA-
Pan troglodytes (Chimpanzee)-D**AE MDE2F MH®1°L—3 aa—D%""\VA-
Pongo abelii (Orangutan) DS TE————MD®'F———NH®*°L -3 aa—D®*""VA-
Callithrix jacchus (Monkey) -D=*TE MDE"F NHE"L—3 aa—D®*"5LA-
Cavia porcellus (Guinea pig) -D*'T@———MD™*"F———NH"'L—3 aa—D"*°LA-
Mus musculus (Mouse) D" T@——— MDD 2 F————MNH"®°L—3 aa—D"LA-
Mitochondrial DNA Polymerase y from Human & Animals 2
Homo sapiens (Human) EEE FERER QY C—3 aa—D™ VW~
Pan troglodytes (Chimpanzee) -D"SVE FD2"2R QY C—3 aa—D3> V-
Gorilla gorilla (Gorilla) DEWVE—— FD*™*R—QY***C—3 aa—D>®"VW-
Mus musculus (Mouse) -DEIVE FD25"R QY C—3 aa—D3*=VWW-
Bos Taurus (Bovine) -DE2VE FD?*"*R QY C—3 aa—D**AW-
Capra hircus (Goat) D'E2VE FD2%5R QY *"EC—3 aa—D3*2VVW-
Panthera leo (Lion) D' SWVE FD**2R QY*2C -3 aa—-D* VW
Notechis scutatus (Snake) -D'TTVE FD="'R QY?*1C—3 aa—D¥VQ-

Adapted from Palanivelu [58].

Sc, Saccharomyces cerevisiae; Hs, Homo sapiens.

*The distance between the proton acceptor (H/Y) and the last D are highly conserved to 3 to 4 amino acids.

Active site amino acids confirmed by SDM analysis are highlighted in dark blue and by X-ray are highlighted in light blue.
# Similar SDM-confirmed active site amino acids are found in E. coli DNA pol |
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Table 3 Conserved catalytic core regions of various RNA and DNA polymerases

Polymerase type Catalytic core

Viral T7 SSU RNA pol 20WLAY SGVTR“SVTHR'SVMTLARFGS-
Viral SP6 SSU RNA Pol -SI2WDSIEGITRASLTKKIPVMTLPY8GS-
Mitochondrial RNA pol (Sc) (SSU) -1009TR-4KVVKQ'TVMTNVYEGV-
Mitochondrial RNA pol (Hs) (SSU) SBTRAKVVKQITVMTVVYEGV-

E. coli DNA pol | (SSU) -SQRERSAEA INFGLIEEG M-
Chloroplast DNA pol IA (ARATH) (SSU) -83ER“RKAK®"®MLNFSIAYSGK-
Chloroplast DNA pol 1B (ARATH) (SSU) S5 ER'RKAK®?MILNFSIAY?GK-
Chloroplast RNA pol (NEP) (ARATH) (SSU)  -"*DR“KLVK Q' TVMTSVY’GV-
Mitochondrial RNA pol (NEP) (ARATH) (SSU) -"“’DRKLVK QI TVMTSVY?GV-
Mitochondrial RNA pol (NEP) (Hs) (SSU)* SSBTRAKVVK P IQITVMTVVYEGV-
Mitochondrial DNA pol y, POLG1 (Hs)* -942SRAEHAK*'I'FNYGRIYEGA-

Adapted from Palanivelu [58]. *Present work.
Sc, Saccharomyces cerevisiae; ARATH, Arabidopsis thaliana. Hs, Homo sapiens;
The active site amino acids, highlighted in dark blue, are confirmed by SDM and other techniques.

4., Conclusion

Human mtDNA plays a crucial role in health and diseases [9, 59]. From the recent reports, it has become clear that
mutations of POLG1 are a major cause of many human diseases. For example, its damage is implicated in a larger number
of human diseases, including neurodegenerative diseases (AD, HD, PD, ALS), cancer, diabetes, aging, etc. Many of the
disease mutations are located in the DNA replicase (POLG1) gene. Therefore, the enzymes responsible for the
mitochondrial DNA replication and transcription are analyzed for their polymerase and PR functions and their
mutational consequences. The present study reveals that the mitochondrial DNA replicase, POLG1, shows a typical
polymerase, DEDD(Y)-superfamily of PR exonuclease and (dRP)-lyase (BER) active site amino acids. Similarly, the
mitochondrial RNA polymerase (NEP) also shows a typical polymerase, but DEDD(H)-superfamily of PR exonuclease
active site amino acids. The polymerase and PR exonuclease active sites are in close agreement with the already
reported RNA/DNA polymerases. The POLG1 and its mtDNA replication repair pathways are limited and could not
repair all types of mutations that occur in mtDNA. As the POLG1 replicase possesses only the PR exonuclease and basic
BER pathways, it is possible that the various lesions, adducts and double-stranded DNA breaks that occur on the
mitochondrial genome are not repaired by these basic pathways, which could eventually lead to mtDNA
damage/depletion, resulting in mitochondrial diseases. Two of the dominant mutations that cause heritable, autosomal
mitochondrial diseases, viz. multi-systemic mitochondrial disease, Parkinsonism and PEO, are located within the POLG1
catalytic core region. They are the nucleotide selection (R%#3) and template-binding (Y°5%) amino acids of the POLG1
catalytic core.

Compliance with ethical standards

Acknowledgments

The author wishes to thank Dr. N. Srinivasan, Former Professor, Department of Endocrinology, Post Graduate
Institute of Basic Medical Sciences, University of Madras, Chennai for corrections and suggestions on the manuscript.
Disclosure of conflict of interest

No conflict of interest to be disclosed.

References
[1]  Chandel NS. Mitochondria as signaling organelles. BMC Biol. 2014; 12:34. doi: 10.1186/1741-7007-12-34.
[2] Nemoto S, Takeda K, Yu ZX, Ferrans V], Finkel T. Role for mitochondrial oxidants as regulators of cellular

metabolism. Mol Cell Biol. 2000; 20: 7311-7318.

1002



World Journal of Advanced Research and Reviews, 2024, 21(02), 979-1005

Nunnari ] and Suomalainen A. Mitochondria: In Sickness and in Health. Cell. 2012; 148: 1145-1159.

Sato M, Sato K. Degradation of paternal mitochondria by fertilization-triggered autophagy in C. elegans embryos.
Science. 2011; 334: 1141-1144.

Wolff JN, Gemmell NJ. "Lost in the zygote: the dilution of paternal mtDNA upon fertilization". Heredity. 2008; 101:
429-434.

Barshad G, Marom S, Cohen T, Mishmar D. Mitochondrial DNA Transcription and Its Regulation: An Evolutionary
Perspective. Trends Genet. 2018; 34:682-692.

Wallace DC, Mitochondrial diseases in man and mouse. Science. 1999; 283: 1482-1488.

Chinnery PF, Turnbull DM. Epidemiology and treatment of mitochondrial disorders, Am ] Med Genet. 2001; 106:
94-101.

Taylor RW, Turnbull DM. Mitochondrial DNA mutations in human disease. Nature Rev Genet. 2005; 6: 389-402.
Vyas S, Zaganjor E, Haigis MC. Mitochondria and cancer. Cell. 2016; 166:555-66.
Chandel NS. Mitochondria and cancer. Cancer Metabolism. 2014; 2:8. doi.org/10.1186/2049-3002-2-8.

Ju YS, Alexandrov LB, Gerstung M, Martincorena I, Nik-Zainal S, Ramakrishna M, Davies HR, et al. Origins and
functional consequences of somatic mitochondrial DNA mutations in human cancer. eLife. 2014; 3:e02935.

Gammage PA, Christian Frezza. Mitochondrial DNA: the overlooked oncogenome? BMC Biology. 2019; 17:53
https://doi.org/10.1186/s12915-019-0668-y

Alexeyev MF, Ledoux SP, Wilson GL. "Mitochondrial DNA and aging". Clinical Science. 107: 355-364.

Canugovi C, Shamanna RA. Croteau DL, Bohr,VA. "Base excision DNA repair levels in mitochondrial lysates of
Alzheimer's disease". Neurobiol Aging. 2014; 35: 1293-1300.

Ayala-Pefia S."Role of oxidative DNA damage in mitochondrial dysfunction and Huntington's disease
pathogenesis". Free Radic Biol Med. 2013; 62: 102-110.

Qi R, Sammler E, Barraza I, Pena N, Rouanet ]P, Naaldijk Y, Goodson S, et al. A blood-based marker of
mitochondrial DNA damage in Parkinson’s disease. Sci Transl Med.2023; 15:1-16. DOI:
10.1126/scitranslmed.abo1557.

Kikuchi H, Furuta A, Nishioka K, Suzuki SO, Nakabeppu Y, Iwaki T. "Impairment of mitochondrial DNA repair
enzymes against accumulation of 8-oxo-guanine in the spinal motor neurons of amyotrophic lateral
sclerosis." Acta Neuropathol. 2002;103: 408-414.

Palanivelu P. Analyses of priming reactions and proofreading functions during initiation of replication of
prokaryotic and eukaryotic genomes. Br ] Pharm Med Res. 2022; 7:3790-3828.

Jemt E, Farge G, Backstrom S, Holmlund T, Gustafsson CM, Falkenberg M . "The mitochondrial DNA helicase
TWINKLE can assemble on a closed circular template and support initiation of DNA synthesis". Nucleic Acids
Res. 2011; 39:9238-9249. d0i:10.1093 /nar/gkr653

Kaguni LS. DNA polymerase gamma, the mitochondrial replicase. Annu Rev Biochem. 2004; 73:293-320. doi:
10.1146/annurev.biochem.72.121801.161455.

Wanrooij S, Falkenberg M. The human mitochondrial replication fork in health and disease. Biochim Biophys
Acta.2010; 1797: 1378-1388.

Yakubovskaya E, Chen Z, Carrodeguas JA, Kisker C, Bogenhagen DF. "Functional human mitochondrial DNA
polymerase gamma forms a heterotrimer". ] Biol Chem. 2006; 281: 374-382. d0i:10.1074/jbc.M509730200.

van Loon, B., Markkanen, E., and Hubscher, U. Oxygen as a friend and enemy: How to combat the mutational
potential of 8-oxo-guanine. DNA Repair. 2010; 9: 604-616.

Graziewicz MA, Longley M], Copeland WC. DNA Polymerase y in Mitochondrial DNA Replication and Repair. Chem
Rev. 2006; 106: 383-405.

Sica V, 1zzo V, Bravo-San Pedro JM, Zamzami N, Maiuri MC. Mitophagy: Sensors, Regulators, and Effectors. 2016:
91-104.

1003


https://doi.org/10.1038%2Fhdy.2008.74
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1762815
https://doi.org/10.1186/s12915-019-0668-y
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5576885
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5576885
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3722255
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3722255
https://www.science.org/doi/10.1126/scitranslmed.abo1557?adobe_mc=MCMID%3D75828135414970630453415374822271139624%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1693331885#con1
https://www.science.org/doi/10.1126/scitranslmed.abo1557?adobe_mc=MCMID%3D75828135414970630453415374822271139624%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1693331885#con2
https://www.science.org/doi/10.1126/scitranslmed.abo1557?adobe_mc=MCMID%3D75828135414970630453415374822271139624%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1693331885#con4
https://www.science.org/doi/10.1126/scitranslmed.abo1557?adobe_mc=MCMID%3D75828135414970630453415374822271139624%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1693331885#con5
https://www.science.org/doi/10.1126/scitranslmed.abo1557?adobe_mc=MCMID%3D75828135414970630453415374822271139624%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1693331885#con6
https://www.science.org/doi/10.1126/scitranslmed.abo1557?adobe_mc=MCMID%3D75828135414970630453415374822271139624%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1693331885#con7
https://www.science.org/doi/10.1126/scitranslmed.abo1557?adobe_mc=MCMID%3D75828135414970630453415374822271139624%7CMCORGID%3D242B6472541199F70A4C98A6%2540AdobeOrg%7CTS%3D1693331885#con8
https://www.science.org/journal/stm
https://www.science.org/toc/stm/15/711
https://doi.org/10.1126/scitranslmed.abo1557
https://doi.org/10.1126/scitranslmed.abo1557
https://en.wikipedia.org/wiki/Maria_Falkenberg
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3241658
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3241658
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1093%2Fnar%2Fgkr653
https://pubmed.ncbi.nlm.nih.gov/?term=Kaguni+LS&cauthor_id=15189144
https://doi.org/10.1074%2Fjbc.M509730200
https://doi.org/10.1074%2Fjbc.M509730200
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1074%2Fjbc.M509730200

[35]

[36]

[41]

[42]

[43]

[44]

[45]

[46]

World Journal of Advanced Research and Reviews, 2024, 21(02), 979-1005

Longley M], Ropp PA, Lim SE, Copeland WC. Characterization of the native and recombinant catalytic subunit of
human DNA polymerase gamma: identification of residues critical for exonuclease activity and dideoxynucleotide
sensitivity. Biochemistry. 1998; 37: 10529-10539.

Wong L-JC, Naviaux RK, Brunetti-Pierri N, Zhang Q, Schmitt ES, Truong C, Milone M, et al. Molecular and clinical
genetics of mitochondrial diseases due to POLG mutations. Hum Mutat. 2008; 29:E150-E172.

Keshav K. Singh KK, AyyasamyV, Owens KM, Koul MS, Vujcic M. Mutations in mitochondrial DNA polymerase y
promote breast tumorigenesis. ] Hum Genet. 2009; 54: 516-524. d0i:10.1038/jhg.2009.71

Milone M, Massie R. Polymerase gamma 1 mutations. Clinical correlations. Neurologist 2010; 16:84-91.

Longley M], Graziewicz MA, Bienstock R], Copelan WC. Consequences of mutations in human DNA polymerase
y. Gene. 354; 2005: 125-131.

Zhao L. Mitochondrial DNA degradation: A quality control measure for mitochondrial genome maintenance and
stress response. Enzymes. 2019; 45:311-341.

Chan SSL, Copeland WC. Review DNA polymerase gamma and mitochondrial disease: Understanding the
consequence of POLG mutations. Biochim Biophys Acta. 2009; 1787: 312-319

Chan SS, Longley M], Copeland WC. The common A467T mutation in the human mitochondrial DNA polymerase
(POLG) compromises catalytic efficiency and interaction with the accessory subunit. ] Biol Chem. 2005;
280:31341-31346.

Naviaux RK, Nguyen KV. POLG mutations associated with Alpers' syndrome and mitochondrial DNA depletion.
Ann Neurol. 2004; 55:706-712.

Palanivelu P. DNA polymerases — An insight into their active sites and mechanism of action, In: Recent Advances
in Biological Research, Vol 1, Chapter 2, pp 1-39, SCIENCEDOMAIN International Book Publishers, UK. ISBN:
9788193422441, DOI: 10.9734 /bpi/rabr/v1; 2019.

Palanivelu P. Active Sites of the Multi-subunit RNA Polymerases of Eubacteria and Chloroplasts are Similar in
Structure and Function: Recent Perspectives. In: Current Research Trends in Biological Science Vol. 2. Chapter-3
pp 26-61, SCIENCEDOMAIN International Book Publishers, UK. eBook ISBN: 978-93-90149-14-8, DOI:
10.9734 /bpi/crtbs/v2; 2020.

Ponamarev MV, Longley M], Nguyen D, Kunkel TA, Copeland WC: Active site mutation in DNA polymerase y
associated with progressive external ophthalmoplegia causes error-prone DNA synthesis. ] Biol Chem. 2002;
277:15225-15228.

van Goethem VG, Dermaut B, Loefgren A, Martin ]]J, Van Broeckhoven C. Mutation of POLG is associated with
progressive external ophthalmoplegia characterized by mtDNA deletions." Nat Genet. 2001; 28:211-212.

Lamantea E, Tiranti V, Bordoni A, Toscano A, Bono F, Servidei S, Papadimitriou A, et al. Mutations of
mitochondrial DNA polymerase gamma A are a frequent cause of autosomal dominant or recessive progressive
external ophthalmoplegia. Ann Neurol. 2002; 52:211-219.

Graziewicz MA, Bienstock R], Copeland WC. The DNA polymerase gamma Y955C disease variant associated with
PEO and parkinsonism mediates the incorporation and translesion synthesis opposite 7,8-dihydro-8-oxo-2’-
deoxyguanosine. Hum Mol Genet. 2007; 16: 2729-2739.

Singh KK, AyyasamyV, Owens KM, Koul MS, Vujcic M. Mutations in mitochondrial DNA polymerase y promote
breast tumorigenesis. ] Hum Genet. 2009; 54: 516-524.

Hance N, Ekstrand MI, Trifunovic A.Mitochondrial DNA polymerase gamma is essential for mammalian
embryogenesis. Hum Molec Genet. 14: 1775-1783, 2005.

Kasiviswanathan R, Longley M], Chan SSL, Copelan WC. Disease Mutations in the Human Mitochondrial DNA
Polymerase Thumb Subdomain Impart Severe Defects in Mitochondrial DNA Replication Fingers. ] Biol Chem.
2009; 284: 19501-19510.

Mancuso M, Filosto M, Bellan, M, Liguori R, Montagna P, Baruzzi A. Carelli DV. POLG mutations causing
ophthalmoplegia, sensorimotor polyneuropathy, ataxia, and deafness. Neurology. 2004; 62:316-318.

Kurt B, Jaeken ], Van Hove ], Lagae L, Lofgren A, Everman DB, Jayakar P, et al. A novel POLG gene mutation in 4
children with Alpers-like hepatocerebral syndromes. Arch Neurol. 2010; 67: 239-244.

1004


https://www.sciencedirect.com/journal/gene
https://www.sciencedirect.com/journal/gene/vol/354/suppl/C

[49]

[50]

World Journal of Advanced Research and Reviews, 2024, 21(02), 979-1005

Sohl CD, Kasiviswanathan R, Copeland WC, Anderson KS. Mutations in human DNA polymerase gamma confer
unique mechanisms of catalytic deficiency that mirror the disease severity in mitochondrial disorder
patients. Hum Mol Genet. 2013; 22: 1074-1085.

Osumi-Davis PA, Sreerama N, Volkin DB, Middaugh RC, Woody RW, Woody AYM. Bacteriophage T7 RNA
Polymerase and its Active-site Mutants: Kinetic, Spectroscopic and Calorimetric Characterization. ] Mol Biol.
1994; 237:5-19.

Kochetkov SN, Rusakova EE, Tunitskaya VL. Recent studies of T7 RNA polymerase mechanism. FEBS Letters.
1998; 440:264-267.

Ramachandran A, Basu U, Sultana S, Nandakumar D, Patel, SS. Human mitochondrial transcription factors TFAM
and TFB2M work synergistically in promoter melting during transcription initiation. Nucleic Acids Res. 2017, 45,
861-874.

Bird ]G, Basu U, Kuster D, Ramachandran A, Grudzien-Nogalska E, Towheed A, Wallace DC, et al. An NAD* cap is
added by the mtRNAP itself during transcription initiation, which serves as a non-canonical initiating nucleotide.
eLife. 2018; 7: e42179. doi: 10.7554/eLife.42179

Nagaike T, Suzuki T, Katoh T, Ueda T. Human Mitochondrial mRNAs are Stabilized with Polyadenylation
Regulated by Mitochondria-specific Poly(A) Polymerase and Polynucleotide Phosphorylase. ] Biol Chem. 2005;
280:19721-19727.

Skrti’c M, Sriskanthadevan S, Jhas B, Gebbia M, Wang X, Wang Z, Hurren R, et al. Inhibition of Mitochondrial
Translation as a Therapeutic Strategy for Human Acute Myeloid Leukemia. Cancer Cell. 2011; 20:674-688.

Maksimova TG, Mustayev AA, Zaychikov EF, Lyakhov DL, Tunitskaya VL, Akbarov AK, Luchin SV, et al. Lys631
residue in the active site of the bacteriophage T7 RNA polymerase. Affinity labeling and site-directed
mutagenesis. Eur | Biochem. 1991; 195:841-847.

Pinto MN, ter Beek ], Ekanger LA, Erik Johansson E, Barton JK. The [4Fe4S] Cluster of Yeast DNA Polymerase € Is
Redox Active and Can Undergo DNA-Mediated Signaling. ] Am Chem Soc. 2021; 143:16147-16153.

Jain R, Rajashankar KR. Buku A, Johnson RE, Prakash L, Prakash S, et al. Crystal structure of yeast DNA polymerase
epsilon catalytic domain. PLoS ONE. 2014; 9:e94835. doi: 10.1371/journal.pone.0094835.

Pavlov YI, Maki S, Maki H, Kunkel TA. Evidence for interplay among yeast replicative DNA polymerases alpha,
delta and epsilon from studies of exonuclease and polymerase active site mutations. BMC Biol. 2004; 2:1-13.

Palanivelu P. Polymerase and Proofreading Exonuclease Domains of the Nuclear-encoded DNA-dependent RNA
Polymerase of Plant Mitochondria. World ] Adv Res Rev. 2023; 19: 989-1004.

Nunnari ], Suomalainen A. Mitochondria: in sickness and in health. Cell. 2012; 148: 1145-1159.
10.1016/j.cell.2012.02.035.

1005


https://pubmed.ncbi.nlm.nih.gov/?term=Bird%20JG%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Basu%20U%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Kuster%20D%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ramachandran%20A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Grudzien-Nogalska%20E%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Towheed%20A%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Wallace%20DC%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6298784/
https://doi.org/10.7554%2FeLife.42179
https://www.uniprot.org/uniprotkb?query=lit_author:%22Maksimova%20T.G.%22
https://www.uniprot.org/uniprotkb?query=lit_author:%22Mustayev%20A.A.%22
https://www.uniprot.org/uniprotkb?query=lit_author:%22Zaychikov%20E.F.%22
https://www.uniprot.org/uniprotkb?query=lit_author:%22Lyakhov%20D.L.%22
https://www.uniprot.org/uniprotkb?query=lit_author:%22Tunitskaya%20V.L.%22
https://www.uniprot.org/uniprotkb?query=lit_author:%22Akbarov%20A.K.%22
https://www.uniprot.org/uniprotkb?query=lit_author:%22Luchin%20S.V.%22

