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ABSTRACT 

Genetic testing is becoming more and more prevalent in the field of medicine. The bottleneck 
in making a diagnosis based on genetic information has shifted from being able to acquire the 
required information by sequencing the genome of a patient, to understanding the effects of 
the detected, unique variations in the DNA. Mutations in the DNA can affect proteins and 
their structure on many levels. In a clinical setting, being able to separate the benign mutations 
from the pathogenic is of utmost importance.  
 
DNA polymerase gamma (Pol γ) offers an intriguing study subject in the world of structural 
biology. It is the sole enzyme responsible for replicating mitochondrial DNA. Defects in its 
functionality can manifest with a wide variety of symptoms that are often due to single point 
mutations that affect its structure in a deleterious way. Through analysis of the structure of 
Pol γ, combined with over 700 available patient case reports and biochemical characterization 
of some of the mutations, we have gained an unprecedented view to the reasons behind the 
mutations that lead to pathogenicity and altered biological functionality of the Pol γ enzyme.  
 
As a result of this study we have developed a new algorithm, StructureMapper, for the analysis 
of three-dimensional protein structures. StructureMapper enables high-throughput analysis 
of protein tertiary structures in a wide variety of applications, including verification of 
prediction algorithm results, experimental data quality control, as well as mutation 
pathogenicity analysis. All of the tools and methods created and described in this study can 
be applied to any proteins.  

  



  



TIIVISTELMÄ 

Geneettisen testauksen kustannusten laskiessa, puollonkaulaksi saatavilla olevan tiedon 
hyödyntämiseen on muodostumassa tietämyksemme eri geneettisten variaatioiden ja 
mutaatioden merkityksestä. Jokaisella henkilöllä on satoja, yksilöllisiä variaatioita perimässään 
joiden vaikutuksia ei tunneta. Tilanteissa joissa perinöllisen sairauden syytä pyritään 
selvittämään geenitutkimuksen avulla nämä variaatiot pitää pystyä tunnistamaan joko 
merkityksettömiksi tai merkitysellisiksi taudin kannalta, jotta oikean diagnoosin tekeminen ja 
sopivien hoitometelmien valinta on mahdollista. 

Rakennebiologia ja bioinformatiikka tarjoavat monia keinoja mutaatioiden vaikutusten 
tarkasteluun. Tässä tutkimuksessa käytetään esimerkkinä DNA polymeraasi gammaa (Pol γ), 
joka on ainoa tunnettu entsyymi joka replikoi ja ylläpitää mitokondrionaalista DNA:ta. Pol γ 
tarjoaa uniikin tutkimuskohteen pistemutaatioiden vaikutuksille sen kriittisen 
toiminnalisuuden ja korvaavien mekanismien puuttumisen vuoksi. Pol γ:n tunnetun 
proteiinirakenteen, yli 700 hengen potilasaineiston ja mutaatioiden biokemiallisen 
karakterisoinnin avulla pystymme tuottamaan ennennäkemättömän tarkan kuvan 
mutaatioiden vaikutusmekanismeista ja ennustamaan sekä tunnettujen, että vielä 
tuntemattomien mutaatioiden vaikutusta taudin puhkeamiseen ja etenemiseen. 

 

Tämän tutkimuksen osana olemme kehittäneet uuden algoritmin proteiinien kolmiulotteisten 
rakenteiden tutkimukseen ja analysointiin, nimeltään StructureMapper. StructureMapper on 
skaalautuva, suurien aineistojen analysoitiin suunniteltu algoritmi, joka tarjoaa 
mahdollisuuksia analysoida esimerkikisi ennustusalgoritmien tulosten luotettavuutta, 
kokeellisen datan laatua, ja sitä voidaan hyödyntää myös mutaatioiden haitallisuuden 
ennustamisessa ja  tutkimuksessa. Kaikkia tämän tutkimuksen osana tuotetuista menetelmistä 
ja työkaluista voidaan hyödyntää yleiskäyttöisesti proteiinien tutkimuksessa. 
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2 ABBREVIATIONS 

3D  three-dimensional 
aa  amino acid 
AID  accessory-interacting determinant subdomain 
ANS  autonomic nervous system dysfunction 
ASA  accessible surface area 
CNS  central nervous system 
CPU  central processing unit 
DNA  deoxyribonucleic acid 
Da  Dalton, unified atomic mass unit, 1Da = 1.66053904 × 10-24 grams 
dsDNA  double stranded DNA 
dNTP  nucleotide triphosphate 
ECM  Extracellular matrix 
GI  gastrointestinal 
IDR  intrinsically disordered region 
IP  intrinsic processivity subdomain 
Kcat  limiting rate of any enzyme-catalyzed reaction at saturation 
LoF  loss of function (biologically inactive enzyme) 
MD  molecular dynamics (simulation) 
MCHS  childhood myocerebrohepatopathy spectrum 
MDS  mtDNA depletion syndromes 
MEMSA myoclonic epilepsy myopathy sensory ataxia 
MLS  mitochondrial leader sequence 
MSA  multiple sequence alignment 
NMR  nuclear magnetic resonance 
mtDNA mitochondrial DNA 
NTD  amino-terminal (N-terminal) domain 
PDB  Protein Data Bank (www.rcsb.org) 
PDBID  4-letter PDB structure identification code 
PEO  Progressive external opthalmoplegia 
pKa  acid dissociation constant 
POI  point of interest 
POLG  DNA polymerase gamma (also, the gene encoding the catalytic subunit) 
ssDNA  single stranded DNA 
SNP  single nucleotide polymorphism (non-pathogenic point mutation) 
TempF  crystallographic temperature factor 
VPA  valproic acid (2-propyl-pentanoic acid) 
wt  wild type (“as it occurs in nature”) 
Å  Ångström, a unit of distance, 1 Å = 0.10nm(10-10m) 
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3 INTRODUCTION 

Proteins are the building blocks of all life on earth. All proteins are formed inside cells in a 
process called translation. The cellular translation machinery reads an RNA sequence and 
assembles a chain of amino acids, where each RNA triplet encodes for one amino acid, from a 
pool of twenty choices. Even while the chain of amino acids is forming, it starts to fold in on 
itself, guided by the laws of physics and powered by thermodynamics, towards a state of least 
free energy. The process can be likened to an object falling to the surface of the Earth, pulled by 
gravity, to reach a state of minimal potential energy. At the atom-scale level in the fluidic 
environment of amino acids, instead of gravity, the major forces in play consist of interactions 
between the atoms that all life on Earth is made of, mainly: hydrogen, oxygen, carbon and 
nitrogen. The folding towards the minimized free energy state creates a shape that is pre-
determined by the sequence of amino acids in the chain, and it places the amino acids in a three-
dimensional configuration (tertiary structure) that gives the protein the biochemical properties 
that make it suited for performing its function. 
 
The biochemical properties can typically involve interfaces that bind with only certain other 
proteins. Proteins that only bind identical proteins on one side and provide a binding site for the 
next one on the other are ideal for forming larger structures in a cellular scale. Such proteins 
form the cellular cytoskeleton that gives the cell its overall shape, enables movement and protects 
it from mechanical stress, and the nuclear envelope that protects the most critical parts of the 
cell (in eukaryotes), including the storage of the instructions for building every protein of the cell, 
the DNA. Proteins that act as catalysts in biochemical processes, such as modifying other 
proteins, are called enzymes. 
 
The median length of a protein in the human genome is approximately 400 amino acids 
(Brocchieri & Karlin, 2005). Only a handful of these 400 amino acids of the average protein are 
so critical that they cannot be interchanged with any other amino acid without the protein losing 
its ability to perform the function it is required to do. In an evolutionary study, the non-critical 
amino acids can have a lot of variation between closely related species, or even among the 
individuals of the same species (Feuk, Carson, & Scherer, 2006). In contrast, the most critical 
amino acid residues, when changed (mutated) for example by errors in the natural DNA 
replication process during cell division, can lead to lowered performance or even complete loss-
of-function and therefore have remained nearly identical through the branches of the tree of life.  

If one word was used to describe life on earth it could be: adaptable. Life has found a way to fill 
nearly every niche where enough energy can be extracted for proliferation. This has required 
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unimaginable amounts of trial and error through-out the billions of years that life has existed on 
Earth. Adaptation of a species is a direct result of changes in the instructions for creating the 
building blocks that make up the individual of the species. Life in the boiling hot temperatures 
of hydrothermal vents in the bottom of the ocean require very different instructions from the 
ones needed for survival at the dry, frozen tundra at the poles of Earth. At the molecular level, 
such adaptation can mean favoring thermal stability and longevity over speed, or speed over 
fidelity, and every now and then, in a rare stroke of statistical improbability, getting both 
advantages without a downside. In fact, in our current understanding of meiosis and sexual 
reproduction, the process has many inbuilt mechanisms to produce enough error and novelty 
that progress and adaption can happen, but as a side effect it can, at times, break something 
critical for survival as well.  

Some of the scenarios that break evolutionary conservation include duplication and 
recombination of genes, where the resulting protein can become a hybrid that is able to perform 
all the functions of its predecessor proteins by itself. Some genes may become obsolete in a new 
environment and be lost or start gaining mutations faster through generations, because no ill-
effects are experienced when the functionality of such genes are broken. Proteins and enzymes 
are often divided in to functional domains and sequence motifs that are seen in entire families of 
proteins, such as polymerases, kinases or proteases. For domains outside of these well conserved 
elements that are recurring multiple times in the genomes of most eukaryotic species, 
determining functional importance becomes more complicated and cannot be reliably 
determined from the amino acid sequence and evolutionary conservation alone. The true 
determinant of functional importance, and the focus of this study, is the three-dimensional 
tertiary structure shape that the sequence of amino acids takes when folding to its minimized 
energy state. 

From a clinical point of view, as genetic information becomes more readily available for 
preventative and diagnostic purposes, it is of great importance to be able to tell the difference 
between the critical and the non-critical mutations, to be able to separate the pathogenic from 
the benign. The purpose of this study is to examine the sequence and structure of DNA 
polymerase gamma (Pol γ), and with existing patient case reports, find indicators that will enable 
accurate predictions of the pathogenicity of mutations. The used methods and findings could be 
adapted to other proteins as well. 

DNA polymerase gamma is the sole enzyme responsible for replicating mitochondrial DNA 
(mtDNA). The mitochondria are the organs of the cell that are responsible for energy 
production, and therefore of utmost importance to the survival of the cell. The critical function 
of the Pol γ-enzyme and lack of compensatory mechanisms, combined with available patient data 
and biochemical characterization, make Pol γ an ideal candidate for studying the effects of 
mutations and predicting their pathogenicity. 
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4 REVIEW OF THE LITERATURE 

4.1 The four levels of protein structure 

Every protein is made up of a single, continuous chain of amino acids that are bound together 
with covalent peptide bonds. Each amino acid has an amino group, a carboxyl group and a side 
chain that distinguishes it from the other 19 amino acids that make up the large majority of 
proteins in all life on Earth. The carboxyl group of the amino acid binds to the amino group of 
the neighboring amino acid, thus forming a chain (with a reading direction) know as a 
polypeptide chain. The amino acids in a polypeptide chain are called residues. The peptide bonds 
are very stable kinetically and can last in an aqueous solution up to a thousand years (Berg, 
Tymoczko, & Stryer, 2002). The strength of the polypeptide chain is also made evident by the 
durability of protein based materials, such as silk. 

Proteins and their structure can be examined on multiple levels. The first level being the primary 
amino acid sequence (primary structure). The average length of a protein in the human proteome 
is between 300 and 400 amino acids (Brocchieri & Karlin, 2005). As there are 20 choices for each 
position in the polypeptide chain, for a protein that is 100 amino acids long, there are 20100 (1.27 
× 10130) possible combinations how the sequence of residues can be chosen. This number is 
inconceivably large, exceeding even the estimated number of atoms in the universe (1080). 
Therefore, it can be said that there are (nearly) endless possibilities how a protein can be formed. 
At the primary structure level, the individual amino acids each have a set of basic attributes that 
are unique. The three most important attributes include: size, polarity (hydrophobicity) and 
electric charge. Some of the properties of the most important 20 amino acids are listed in Table 1.  
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Table 1.  Each amino acid has different properties, that affect its behavior and make it unique among the 20 amino 
acids that the large majority of all proteins are made of. Hydropathy score is a measure of the 
hydrophobicity of an amino acid (Kyte & Doolittle, 1982).Helix propensity (C. N. Pace & Scholtz, 1998) 
and beta-sheet forming propensities (Minor & Kim, 1994) are reported as compared to alanine. 

Amino acid 

(full/3/1) 

Hydropathy 

score 

Helix 

propensity 

Beta sheet 

propensity 

Weight 

(Da) 

Alanine Ala A 1.8 0.00 0.00 89.1 

Cysteine Cys C 2.5 0.68 0.52 121.2 

Aspartic acid Asp D -3.5 0.69 -0.94 133.1 

Glutamic acid Glu E -3.5 0.40 0.01 147.1 

Phenylalanine Phe F 2.8 0.54 0.86 165.2 

Glycine Gly G -0.4 1.00 -1.2 75.1 

Histidine His H -3.2 0.61 -0.02 155.2 

Isoleucine Ile I 4.5 0.41 1.0 131.2 

Lysine Lys K -3.9 0.26 0.27 146.2 

Leucine Leu L 3.8 0.21 0.51 131.2 

Methionine Met M 1.9 0.24 0.72 149.2 

Asparagine Asn N -3.5 0.65 -0.08 132.1 

Proline Pro P -1.6 >1.00 < -3 115.1 

Glutamine Gln Q -3.5 0.39 0.23 146.1 

Arginine Arg R -4.5 0.21 0.45 174.2 

Serine Ser S -0.8 0.50 0.70 105.1 

Threonine Thr T -0.7 0.66 1.1 119.1 

Valine Val V 4.2 0.61 0.82 117.1 

Tryptophan Trp W -0.9 0.49 0.54 204.2 

Tyrosine Tyr Y -1.3 0.53 0.96 181.2 

       

The second level of protein structure (secondary structure) involves the local, neighboring amino 
acids. The chain of amino acids has a natural tendency to form turns, loops, helices and sheet-
like structures. The most prominent features of protein secondary structure are called α-helices 
and β-sheets. α-helices are structural elements that create a clockwise spiral in the backbone of 
the polypeptide chain, while the sidechains are extended outside of the spiral. The spiral makes 
a complete turn every 3.6 residues and it is formed and held together by hydrogen bonds (see 
4.2.3) between the oxygen and nitrogen atoms of the polypeptide chain backbone. Different 
amino acids and sequences of amino acids have a different propensity of forming α-helices. 
Alanine, methionine, leucine, glutamate, and uncharged lysine all have especially high helix-
forming propensities. A helical propensity score can be calculated for each amino acid based on 
how often it is found in alpha-helical structures in comparison to the most commonly helix-
forming amino acid, alanine (Table 1; C. N. Pace & Scholtz, 1998). 
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β-sheets are formed by a similar hydrogen bonding mechanism to α-helices, but instead of the 
bonds forming within a single polypeptide chain, they are formed between neighboring, either 
parallel or anti-parallel polypeptide backbones (Figure 1). β-sheets can be formed by multiple 
neighboring strands, and even form barrel-like structures (β-barrels) when the first β-strand is 
connected to the last. 

 

 

Figure 1.  Secondary structure elements, called β-sheets, are formed by hydrogen bonds between neighboring 
polypeptide chain backbone nitrogen and oxygen atoms. The neighboring chains can run either in a 
parallel or antiparallel directions and be formed out of multiple β-strands. Hydrogen bonds between the 
polypeptide chains are shown in dashed lines. Sidechains of the residues are denoted with an R. Grey 
arrows on the background note the direction of the polypeptide chains. 

The third level of protein structure (tertiary structure) is the three-dimensional shape that the 
polypeptide chain takes in the environment where it is intended to perform its biological 
function. Typically, this is in the cytoplasm of a cell, but for some proteins, the final, biologically 
active shape is only formed, for example, in the extracellular matrix (ECM), inside the 
mitochondria or in the periplasm. Proteins gain their functionality through the three-dimensional 
shape that they form in a process called folding (Campbell et al., 2009). Folding of a protein 
happens naturally, but sometimes it is aided by other proteins called chaperones. It involves the 
individual atoms and molecules finding a place and an orientation within their immediate 
surroundings that is most energetically favorable for them. For charged residues, reaching their 
optimal low-energy state can often require finding a binding partner with the opposite charge. 
For non-polar residues, the low-energy state often is reached by turning away and hiding from 
the solvent around them.  

Many proteins are also synthesized in precursor forms (preproteins) that are later modified to 
create the mature, biologically active forms. Collagen is one of the most abundant proteins in the 
human body and it is formed and exocytosed to the ECM in a precursor form known as 
procollagen. Once in the ECM, procollagen is cleaved by procollagen proteases to form the 
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functional form, collagen (Lewin, 2007). Chaperones can also work against the folding of a 
protein. Some mitochondrial proteins, such as the adenine nucleotide transporter (ANT) are 
shielded by chaperones in the cytosol from fully folding, before reaching their final destination, 
the mitochondrial inner membrane (Bhangoo et al., 2007). Proteins may also require different 
post-translational modifications before becoming active. Such modifications include disulfide 
bridges (see 4.2.3) that are formed in periplasmic proteins, such as Lipase B, when the protein 
has entered the periplasmic compartment (de Marco, 2009). 

The process of folding is rapid, and individual atoms bounce back and forth in mere picoseconds 
(10-12s). The time taken by the folding process of an entire protein is typically measured in 
milliseconds, but can range from an hour to mere microseconds (Ivankov & Finkelstein, 2004). 
The most important factor governing the folding of a protein is the distribution of its polar and 
non-polar residues (Cordes, Davidson, & Sauer, 1996). It has been estimated that hydrophobic 
interactions contribute ~60% and hydrogen bonds ~40% (see 4.2.3) to protein folding and 
stability (N. C. Pace et al., 2011). 

Protein domains are parts of the protein sequence that can exist and function independently of 
the rest of the protein chain. Domains have often a very compact structure and typically they are 
independently stable and folded as well. Duplication of domains is one of the main sources for 
creation of new genes (Lynch, 2000).  

Proteins can also have regions (or even entire proteins) that do not appear to have any 
recognizable, stable secondary or tertiary structure. These regions are called intrinsically 
disordered regions (IDR). This does not, however, mean that IDRs would be without a biological 
function (R. Van Der Lee et al., 2014) and in fact, due to their flexibility, may constitute an 
essential mechanism for protein-protein binding and interactions involved in signaling 
(Iakoucheva, Brown, Lawson, Obradović, & Dunker, 2002). It is possible that IDRs take a more 
structured conformation that serves a biological function in the presence of other protein 
interaction partners or in conditions of the cellular or extracellular environment, that can be rare 
and exceptional. IDRs generally lack a hydrophobic core of bulky amino acids that often make 
up a structured domain (Romero et al., 2001).  
 
The fourth level of protein structure is called the quaternary structure. The quaternary structure 
includes the number and arrangement of folded protein subunits that form larger multi-subunit 
complexes. Many proteins often function as dimers, trimers, tetramers and even larger subunit-
complexes. Eukaryotes have approximately 65% multi-domain proteins while only 40% of 
prokaryotic proteins consist of multiple domains (Ekman, Björklund, Frey-Skött, & Elofsson, 
2005), suggesting that domains in multidomain proteins have once existed as independent 
proteins (Davidson, Chen, Jamison, Musmanno, & Kern, 1993).  
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4.1.1 Types of mutations 

Mutations are changes in the recipe of creating a protein.  This recipe (gene) is stored in the form 
of DNA. DNA is made up of four different nucleic acids: adenine, cytosine, guanine and thymine 
(A, C, G and T). Each triplet of nucleic acids (codon) has evolved to encode for a specific amino 
acid, and with the exception of methionine and tryptophan, all amino acids are encoded by more 
than one triplet. There is some variation between species in the encoding, but the principle is the 
same in all life. Mutations can and do occur elsewhere in the process of protein biosynthesis, but 
as DNA is the only permanent storage of the protein recipe, errors elsewhere in the process are 
usually insignificant and short lived. The average half-life of a human protein is approximately 
30 hours (Cambridge et al., 2011). It has been estimated that for humans, each generation has 
175 de novo mutations due to imperfections in the replication process of the genome in meiosis 
(Nachman & Crowell, 2000). However, a more recent study of 1548 Icelanders discovered that 
the number of de novo mutations can be quite a bit lower, 70.3 mutations per generation (Jónsson 
et al., 2017). According to another estimation, there exists roughly 10 million single nucleotide 
polymorphisms (SNPs) within the human population (Kruglyak & Nickerson, 2001), averaging 
1 change in every 300 nucleotides among the ~3 billion that constitute the human genome. 
 
Mutations in the DNA can be categorized into different types. Firstly, the chain of nucleic acids, 
that makes up the gene, is divided into exons and introns. Only the exonic regions are used as 
part of the protein recipe. The use of the intronic regions is much less straight forward. 
Sometimes these regions are used to produce alternate forms of the same protein, called splice 
variants. In some cases, the intronic regions are used only when the DNA is read in the opposite 
direction or they can serve as anchor points for enzymes that maintain, enhance or suppress the 
use of certain genes. Genes can have overlapping regions or even nest inside the introns of other 
genes (A. Kumar, 2009). 
 
Exonic mutations can be further categorized in different ways. A mutation can be silent, if the 
mutated codon still encodes for the same amino acid. Mutations can be simple deletions or insertions 
when nucleic acids are added or deleted in triplets. Adding or deleting nucleic acids in an amount 
that is not divisible by three will create a frameshift, where the reading frame of the codons is 
shifted so that the triplets in the downstream DNA are misinterpreted, and the original 
information downstream of the mutation is completely lost. Another type of mutation is the 
introduction or removal of a stop codon. If an extra stop codon (a special triplet) is introduced 
in the middle of an exon, this is a signal for the cellular translation machinery that the protein is 
complete, and the rest of the sequence is ignored. This usually results in a truncated, potentially 
nonfunctional version of the protein. In multidomain proteins, it can also lead to a version of a 
protein that is lacking a certain function, but is otherwise functional. Mutations that results in 
premature stop codons are called nonsense mutations. Removal of a stop codon can fuse genes 
together or cause intronic regions to be interpreted as exons. The most interesting type of 
mutation, in terms of protein structure and pathogenicity analysis, is a mutation that alters a 



 

22 

single codon so that it encodes an alternate amino acid, but does not change the protein in other 
ways. These mutations are called missense mutations and they are the main focus of this study. 

4.2 Mechanisms of mutation pathogenicity 

The nomenclature of mutations is somewhat inconsistent. This is mostly due to history and the 
recent and ongoing interdisciplinary merger of genetics, biochemistry, medicine and 
bioinformatics. Technically, a mutation is a change in the nucleotide sequence no matter what 
the outcome is. To avoid confusion and for the purposes of this study, mutations that cause 
harmful effects on the health and outcome of a person or other organism under study are always 
referred to as pathogenic mutations. Mutations that have no observable effects biochemically are 
called polymorphisms or single nucleotide polymorphisms (SNPs). Mutations that can have 
biochemically observable effects but have no effect on the overall health of the person or 
organism are called benign mutations. If a polymorphism or a benign mutation is observed in a 
larger group of study subjects (populations), it can be called a naturally occurring variant, in other 
words, another natural version of the gene. There is no absolute single “correct” version of a 
gene, and the comparison is often made against a publicly accepted reference genome, chosen 
based on the commonness or frequency observed in test subjects.  

 
Because (somatic) genes always come in pairs in diploid organisms such as Homo sapiens, 
pathogenic mutations are further assessed as being dominant or recessive. With dominantly 
pathogenic mutations, the trait (such as a hereditary disease) associated with the mutation is 
observable with a single copy of the mutated allele (mutated version of the gene). Recessive 
pathogenic mutations require both alleles to be mutated for the trait to become observable. 
Sometimes the two terms can be used in confusing ways. This confusion comes about in part 
because dominant and recessive inheritance patterns were observed before DNA and genes were 
discovered and it was learned how genes code for proteins that specify traits. The same allele can 
be considered dominant or recessive, depending on the point of view. As an example, sickle-cell 
anemia is caused by a single gene (HBB). People with sickle-cell anemia have stiff, sickle-shaped 
red blood cells instead of typical flat and round cells. The disease has a recessive pattern of 
inheritance, and only individuals with two copies of the sickle-cell allele are affected. Having only 
one copy results in a much milder condition, to the point that carriers may go unnoticed. 
However, the single sickle-cell allele makes a person resistant to malaria (Elguero et al., 2015). 
Therefore, from the point of view of malaria resistance, the sickle-cell allele is dominant. 

4.2.1 Primary structure and pathogenicity 

Assessment of the pathogenicity of a missense mutation can be done at all four protein structure 
levels. At the primary structure level, sequence conservation is a major indicator of functional 
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importance. Highly conserved sequence region or position can be assumed to be under strong 
selective pressure during evolution, and therefore at higher risk of pathogenicity (Arbiza et al., 
2006; Capriotti et al., 2008). Variable primary sequence regions on the other hand, can be an 
indication of less importance or major changes in functionality. In other words, in the absence 
of compensatory mechanisms, mutations accumulate much faster in evolution in positions of the 
polypeptide chain that do not break the biological function of the protein.  

The most prominent tool for finding homologous proteins for evolutionary conservation analysis 
is BLAST (Altschul, Gish, Miller, Myers, & Lipman, 1990). Evolutionary conservation and 
divergence can be examined by creating multiple sequence alignments (MSAs) between the 
homologous protein sequences of different species (or even individuals of the same species) and 
creating phylogenetic trees. 

Another simple method for assessing the possible pathogenicity of missense mutations at the 
primary structure level is to simply compare the attributes of the original and mutated amino 
acids. There are several substitution matrices that have a score for every possible substitution of 
the 20 amino acids to another. Probably the most well-known comparison matrices for this 
purpose are the BLOSUM (Henikoff & Henikoff, 1992) and PAM (Schwartz & Dayhoff, 1978) 
matrices. The BLOSUM (Table 2) matrix is a representation of the likelihood of two amino acids 
appearing with a biological significance and the likelihood of the same amino acids appearing by 
chance. The main difference between the two matrices is that the BLOSUM score is based 
directly on mutations in motifs of related sequences, while PAM extrapolates evolutionary 
information based on closely related sequences (Henikoff & Henikoff, 1992). Both matrices 
include versions that are better suited for more closely or distantly related sequences. 
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Table 2.  The BLOSUM62 is one of the most commonly used amino acid comparison matrices. A positive score is 
given to the more likely substitutions in evolution while a negative score is given to the less likely 
substitutions. A score of exactly zero indicates that the substitution is as likely to happen by chance as it 
is with a biological purpose. 

 

There exist several algorithms that predict mutation pathogenicity at the primary structure level 
utilizing a variable set of principles and assumptions including features derived from evolutionary 
conservation, sequence environment, functional annotations, and the physical and biochemical 
properties of amino acids. Machine learning algorithms such as SIFT (Ng & Henikoff, 2001), 
PROVEAN (Choi, Sims, Murphy, Miller, & Chan, 2012) and PANTHER (Thomas & Kejariwal, 
2004) are dependent on evolutionary conservation while PON-P2 (Niroula, Urolagin, & Vihinen, 
2015), MutPred (Li et al., 2009), PolyPhen-2 (Adzhubei et al., 2010), SNAP (Bromberg & Rost, 
2007), and SNPs&GO (Calabrese, Capriotti, Fariselli, Martelli, & Casadio, 2009) utilize a 
combination of other features such as properties of amino acids and functional annotations. 
Algorithms such as Condel (González-Pérez & López-Bigas, 2011) and PON-P (Olatubosun, 
Väliaho, Härkönen, Thusberg, & Vihinen, 2012) are so-called meta-predictors that use the 
outputs of other tools for generating a consensus prediction. 

4.2.2 Secondary structure and pathogenicity 

Out of the four levels of protein structure, the secondary structure is maybe the least informative 
for the assessment of mutation pathogenicity. Amino acids vary in their ability to form the 
various secondary structure elements, but very few single amino acid substitutions can single 
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handedly disrupt these elements. The only exceptions are proline and glycine which are 
sometimes referred to as "helix breakers" because they disrupt the regularity of the α-helical 
backbone conformation. For this reason, prolines are typically found at the natural end of an α-
helix, because of its ability to force a 30° bend in the backbone of the polypeptide chain 
(Richardson, 1981). Both proline and glycine have unusual conformational abilities and are 
commonly found in loops and turns. Glycine is the smallest and the most unconstrained of the 
amino acids, and when found in pairs, it often creates flexible “hinges” in the tertiary structure. 
Figure 2 depicts a typical proline-terminated α-helical secondary structure element. 

There are several algorithms for predicting the secondary structure of a protein, in cases where 
the tertiary structure has not been solved. Secondary structure predictor algorithms, such as  
JPred4 (Drozdetskiy, Cole, Procter, & Barton, 2015), PredictProtein (Yachdav et al., 2014) and 
YASPIN (Lin, Simossis, Taylor, & Heringa, 2005) have both offline and online versions available. 
For proteins that have a tertiary structure available, the DSSP algorithm (Kabsch & Sander, 1983) 
has been established as the most widely used algorithm for assigning secondary structure 
definitions to sequence positions.  

 

 

Figure 2.  A typical α-helical secondary structure element, assigned to an x-ray crystallographically solved protein 
structure by the DSSP algorithm (magenta). At the N-terminal side (left), the helix is disrupted by a 
proline residue (orange). Proline is unique among the 20 amino acids in its ability to force a ~30° bend in 
the polypeptide chain backbone. The bonding contacts (hydrogen bonds) that hold the helical structure 
together are shown in grey dashed lines. Most of the contacts are made by the backbone atoms of the 
polypeptide chain. Carbon atoms are shown in cyan, oxygen in red, nitrogen in blue and sulfur atoms in 
yellow color. The α-helix is taken from PDB structure 4ZTU and shows A-chain residues 646-662. 

 

4.2.3 Tertiary structure and pathogenicity 

The first three-dimensional protein structure, that of myoglobin, was solved in 1958 (Kendrew 
et al., 1958). In the following 60 years, the largest repository of protein structures, Protein Data 
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Bank (PDB) (Berman et al., 2000), has grown to hold data on over 125 000 protein structures. 
There are three main methods for solving protein structures: x-ray crystallography, nuclear 
magnetic resonance (NMR) and electron microscopy. Statistics of the PDB show that x-ray 
crystallography is the most popular method by far, accounting for 119 947 entries (90%), while 
12 028 (9%) structures have been solved by NMR and 1735 (1%) structures with electron 
microscopy. Electron microscopy as the structure solving method has been gaining popularity 
since 2013, while the number of NMR deposits has been slowly declining during the past decade. 
It has been predicted that cryo-electron microscopy (cryo-EM) will be surpassing the other 
methods in the near future (Callaway, 2015). 

The tertiary structure offers an abundance of information that can be used for predicting the 
pathogenicity of a mutation. Mainly, the formation of domains is visible, residues can be divided 
into buried and surface residues and the interactions between the residue sidechains can be 
examined. Amino acids can have four main types of stabilizing interactions with each other: ionic 
bonds, hydrogen bonds, disulfide bonds and hydrophobic interactions.  

Hydrogen bonds are electrostatic attractions between two highly electronegative atoms, such as 
nitrogen (N) or oxygen (O). They can be formed intermolecularly (between molecules) or 
intramolecularly (within a molecule). The hydrogen bond is formed between what is called 
hydrogen donor and acceptor atoms. Depending on the donor and acceptor atom the strength 
of the bond can vary between 1 and 40 kcal/mol (Steiner, 2002), which is weaker than disulfide, 
covalent or ionic bonds. Hydrogen bonds are not exclusive to proteins, for example, they are 
also responsible for the high boiling point of water and the double helical structure of DNA. 

Ionic bonds (salt bridges) are a combination of hydrogen bonding and electrostatic interactions. 
When an amino acid is incorporated into a polypeptide chain, the charges on the amino and 
carboxyl groups of the backbone disappear. There are five amino acids that can have a sidechain 
with an electric charge. At a physiological pH level, positively charged amino acids include 
histidine, arginine and lysine; negatively charged amino acids include aspartic acid and glutamic 
acid. Other residues with ionizable side chains such as serine and tyrosine can also participate in 
ionic bonding, depending on their environment. Charged amino acids can also form ionic bonds 
with other charged molecules and coenzymes, such as the negatively charged phosphate 
backbone of DNA. Mutations that introduce charged amino acids into the hydrophobic core of 
a globular protein can be especially harmful (Z. Wang & Moult, 2001). Due to the numerous 
ionizable side chains in a typical protein, the pH level of its environment is crucial to its stability 
(S. Kumar & Nussinov, 2002). The distance at which ionic bonds can be formed is less than or 
equal to 4 Å between the charged groups (Barlow & Thornton, 1983). A typical ionic bond is 
depicted in Figure 3. 
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Figure 3.  Ionic bonding (dashed lines) at a distance of 2.9 and 3.0 Å on the surface of lamin A (PDBID: 1IFR) in an 
anti-parallel β-sheet between Arg527 and Glu537. If Arg527 is mutated to leucine, the interaction cannot 
exist anymore. Mutation Arg527Leu has been predicted to alter protein stability and it has been 
associated with mandibuloacral dysplasia and progeria syndrome (Al-Haggar et al., 2012). 

Disulfide bonds (disulfide bridges) are covalent bonds, formed by sharing of electron orbitals of 
two neighboring thiol (-SH) groups. In proteins, they are exclusive to cysteines. They play an 
important role in stabilizing proteins that are excreted to the extracellular medium (Sevier & 
Kaiser, 2002). If a cysteine that is part of a disulfide bond is mutated, the bond cannot exist 
anymore. The strength of a typical disulfide bond is 60 kcal/mol (Cremlyn, 1996). 

Hydrophobic interactions are important for the folding of proteins. The strength of hydrophobic 
interactions depends on several factors. As temperature increases the strength of hydrophobic 
interaction increases along with it (to a limit) (Schellman, 1997). Molecules with the greatest 
number of carbons will have the strongest hydrophobic interactions. The shape of the 
hydrophobic molecules is also a factor in the interaction strength. Molecules that can effectively 
minimize their contact surface with water will have stronger hydrophobic interactions. 
Hydrophobic amino acids include: alanine, phenylalanine, leucine, valine, methionine, isoleucine, 
tryptophan and proline. 

For crystallographically solved structures, each atom of the structure is assigned a temperature 
factor (a.k.a. B-factor or B-column value) that is a measure of the uncertainty of the position of 
the atom in the structure. The temperature factor can also be used as an indication of the 
flexibility of the region in the structure (Fuchs et al., 2015). A high temperature factor value 
indicates a low empirical electron density for the atom, and vice versa. As a general rule, 
temperature factors less than 30 Å2 indicate high confidence in the position of the atom, while 
values ≥60Å2 signify disorder. 



 

28 

Computational efforts to solve folded protein tertiary structures in silico have been advancing 
since the 1990s. CASP is the most well-known, biyearly competition that has been organized 
since 1994 for evaluating algorithms that predict protein tertiary structures (Moult, Pedersen, 
Judson, & Fidelis, 1995). The winner of the CASP12 competition in 2016 was I-TASSER (Yang 
et al., 2014).  

4.2.4 Quaternary structure and pathogenicity 

The quaternary structure of a protein can be used in pathogenicity analysis when the 
polymerization, coenzyme or subunit binding interfaces are known. The basic principle is that 
residues on the surface of the binding interface need to be able to establish binding interactions 
(ionic bonds, hydrogen bonds, hydrophobic interactions) with the potential binding partner. 
Each broken interaction or steric clash at the binding interface can reduce the binding affinity to 
a point where the interaction becomes unstable with a likely deleterious effect to biological 
function. Many interactions between proteins are, however, transient in nature and missense 
mutations rarely cause a binary on/off effect. Rather, an altered binding affinity has typically 
more subtle consequences that become significant only when the stochastic and chaotic inner 
workings of a cell are observed in a statistical view. 

Many proteins go through conformational changes upon binding interaction partners, and 
mutations can hinder their ability to do so. From the view of mutation pathogenicity analysis, 
such changes in conformation are very hard to predict, but can be simulated to an extent in 
molecular dynamics simulations (see 4.2.5) (Ruvinsky, Kirys, Tuzikov, & Vakser, 2012). 
Algorithms that predict protein-protein interactions and binding sites are called docking 
algorithms. A few commonly used docking algorithms include ClusPro (Kozakov et al., 2017), 
HADDOCK (Kurkcuoglu et al., 2017), GRAMM-X (Tovchigrechko & Vakser, 2006), ZDOCK 
(Pierce et al., 2014) and SwarmDock (Torchala, Moal, Chaleil, Fernandez-Recio, & Bates, 2013). 
The abilities of the docking algorithms can be benchmarked and ranked by using a dataset 
composed of known protein-protein interaction partners (Hwang, Vreven, Janin, & Weng, 2010) 
and there exists a similar competition to the CASP tertiary prediction, called CAPRI (Janin et al., 
2003). 

 

4.2.5 Molecular dynamics simulations 

Multiple algorithms have been developed for simulating the behavior of proteins in a virtual 
environment, known as molecular dynamics (MD). In MD simulations, the electromagnetic 
interactions and forces exerted by the atoms of the polypeptide chain and their virtual aqueous 
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environment are simulated typically in steps of a few picoseconds. The algorithm responsible for 
modeling the movement and interactions of the atoms is called the simulation force field. 

The most commonly used software suites for MD include GROMACS (Berendsen, van der 
Spoel, & van Drunen, 1995) and NAMD (Phillips et al., 2005). MD simulations are a powerful 
tool for observing deviation in behavior due to missense point mutations. Simulations provide 
an excellent view into the forming and breaking of ionic- and hydrogen bonds and changes in 
domain conformation. Notable restrictions of the simulations are the short durations of 
observation, typically reaching only microsecond scales. The limiting factor in the length of the 
simulation comes from the number of computations required for simulating each step or frame 
of the simulation. For this reason, simulations are typically run with so called super-computers 
in facilities that specialize in maintaining these computers. Even with computers capable of over 
200 teraflops/s (200 × 1012 floating point operations per second), the calculation times for every 
ns of a simulation can take up to 24h of computing time. The force fields used in MD still provide 
a simplified model of the molecules behavior in vivo, and for protein folding, only isolated 
domains can be seen folding during a simulation. This is due to the long folding times and the 
problem of getting stuck in local optimum states instead of reaching the physiological global 
optimum minimum energy states. 

Protein structures solved with x-ray crystallography and deposited to the PDB are rigid 
“snapshots” of the protein structure, often in a state that may not fully resemble the physiological 
state. Structures that have been solved by x-ray crystallography often suffer from what is called 
the crystal packing effect (Rapp & Pollack, 2005). It has been shown that the overall fold of a 
protein is the same whether it is in a crystal or in solution (Wagner, Hyberts, & Havel, 1992). 
Local regions, however, such as side chains and loops at the surface of the protein can show 
significant differences due to crystal packing effects (Kowalski, Liu, & Kelly, 2002). MD 
simulations can be used to “relax” the structures by simulating a solvent environment around 
the crystallized structure (equilibration). MD simulations also enable testing of protein behavior 
in non-physiological conditions, such as extreme heat or pressure. 

4.3 DNA polymerase gamma 
 

DNA polymerase gamma (Pol γ) is the sole enzyme responsible for replicating mitochondrial 
DNA (mtDNA). The mitochondria are the organs of the cell that are responsible for energy 
production, and therefore of utmost importance to the survival of the cell. Because of the critical 
function of the Pol γ-enzyme in maintaining mtDNA along with Pol β (Prasad et al., 2017) and 
PrimPol (Torregrosa-Muñumer et al., 2017), with a lack of known compensatory mechanisms, 
mutations in the critical residues that enable Pol γ to perform many of its tasks, makes it an ideal 
candidate for the study. 
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The holoenzyme form of Pol γ is a heterotrimeric enzyme (Yakubovskaya, Chen, Carrodeguas, 
Kisker, & Bogenhagen, 2006) with a catalytic 140 kDa α-subunit and two 55 kDa accessory β-
subunits. Even though the Pol γ enzyme is known to work solely inside the mitochondria, the 
holoenzyme is encoded by two nuclear genes, and the enzyme is imported into the mitochondria 
after translation. The α-subunit is encoded by the POLG-gene, and β-subunits by the POLG2-
gene. The POLG-gene was previously known as POLG1 (Gray, Yates, Seal, Wright, & Bruford, 
2015).While the catalytic α-subunit can (in vitro) synthesize new DNA in isolation, the accessory 
subunits enhance its DNA binding affinity and processivity dramatically (J A Carrodeguas, 
Kobayashi, Lim, Copeland, & Bogenhagen, 1999; Lim, Longley, & Copeland, 1999; Y. Wang & 
Kaguni, 1999). The beginning of the Pol γ-α sequence (amino acid residues 1-170) has been 
termed the N-terminal domain (NTD) and it contains a mitochondrial leader sequence (MLS; 
also known as mitochondrial targeting signal, or presequence) that is required for the enzyme to 
be imported into the mitochondria (Horwich, Kalousek, & Mellman, 1985). The MLS consists 
of an alternating pattern of hydrophobic and positively charged residues forming an amphipathic 
helix with a net positive charge and a length between 15 and 55 amino acids (Pfanner, 2000; 
Vögtle et al., 2009). The MLS is cleaved off once the protein is imported into the mitochondria. 

 

 

Figure 4.  The minimal mitochondrial replisome consists of the mtDNA helicase, mitochondrial single stranded 
binding protein (mtSSB) and DNA polymerase gamma (Pol γ) heterotrimer of a single catalytic α-subunit 
and homodimeric β-subunit. mtDNA helicase that unwinds the dsDNA. The ssDNA is covered by mtSSB 
to prevent reannealing. Pol γ attaches to the template strand and synthetizes new dsDNA in 5’-3’ 
direction. 

Pol γ functions as a part of the mtDNA replisome (Figure 4), which includes the mtDNA 
helicase and mitochondrial single-stranded DNA-binding protein (mtSSB). The helicase unwinds 
and separates the double stranded DNA (dsDNA) and the mtSSB binds to the single strands and 
keeps them from re-annealing (Ruhanen et al., 2010). Single-stranded binding proteins are 
universally present in all DNA replication, enhancing DNA helix destabilization and enhancing 
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the processivity and fidelity of nucleotide polymerization (Kornberg, 1984). Even though not an 
indispensable requirement for the minimal replisome in vitro, Pol γ uses short RNA primers 
synthesized by the mitochondrial RNA polymerase to initiate DNA synthesis in 5’ - 3’ direction 
(Wanrooij et al., 2008). The maintenance of mtDNA also requires repairing DNA damage 
(Bogenhagen, 1999), and Pol γ has been shown to be efficient at filling gaps in the primer-
template, except for those containing only a single nucleotide (He, Shumate, White, Molineux, 
& Yin, 2013). The human Pol γ can be considered to be a high-fidelity DNA replication enzyme, 
with an estimated error rate of one nucleotide in 2.3 × 106 synthesized nucleotides (Allison A. 
Johnson & Johnson, 2001; H. R. Lee & Johnson, 2006). 

Pol γ is classified as a family A DNA polymerase based on sequence homology. Family A DNA 
polymerases are replicative and repair polymerases. Other DNA polymerases in this family 
include DNA polymerase I (Pol I), T7 phage DNA and RNA polymerases, Pol θ (theta) and 
Thermus aquaticus DNA polymerase (Thomas A Steitz, 1999). 

4.3.1 Tertiary structure 

Pol γ is categorized as belonging to class A of eukaryotic DNA polymerases (Garcia-Diaz & 
Bebenek, 2007). The structure of Pol γ-α is divided into three major domains: polymerase-, 
exonuclease- and spacer (also known as linker) domains (Figure 5). The NTD is physically 
located closer to the polymerase domain active site than the exonuclease active site, even though 
it is considered being part of the exonuclease domain.  
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Figure 5.  Pol γ is divided into 3 major domains: polymerase- (pink), exonuclease- (purple) and spacer domains 
(magenta). The polymerase domain, that contains the active site for DNA synthesis, bears a resemblance 
to a human right hand with its palm upwards that is canonical for DNA polymerases. Just like the 
polymerase domain active site, the exonuclease domain active site has a two-metal-ion (Mg2+) 
mechanism (ions not present in the structure) that catalyzes the exonucleolysis reaction. The accessory 
β-subunits are shown in a surface representation (light grey for distal subunit and dark grey for proximal 
subunit). Structure PDBID: 4ZTU.  

4.3.2 Polymerase domain 
 

The polymerase domain contains the active site for 5’ - 3’ DNA synthesis (Figure 6. . The regions 
that are essential for DNA polymerization have been shown to be very similar in all family A 
polymerases (Garcia-Diaz & Bebenek, 2007). The polymerase domain can be further divided into 
the ‘fingers’, ‘thumb’ and ‘palm’ subdomains, named after the canonical resemblance of the 
polymerase domain to a human right hand, grasping the primer-template (Figure 5. ).  

The palm of the polymerase domain (amino acids 815-910 and 1095-1239) houses the catalytic 
site for DNA synthesis (Figure 5). The active site contains three highly conserved DNA 
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polymerase motifs named A (residues 887-896), B (residues 943-95) and C (residues 1134-1141). 
Motifs A and C are required for positioning of the two metal ions at a location between the 
primer 3’-end and the incoming nucleotides for the synthetic reaction to become energetically 
favorable (Figure 6). The first divalent Mg-ion participates in the nucleophilic reaction by 
reducing the pKa of the 3’OH of the primer. The second metal ion stabilizes the leaving 
pyrophosphate after catalysis (T. Steitz, 1999; T. A. Steitz & Steitz, 1993). Motif C is part of the 
central β-sheet (Figure 6) in the palm subdomain an it is the most structurally conserved element 
between family A DNA polymerases (Doublie, Tabor, Long, Richardson, & Ellenberger, 1998). 
Motif B, also known as the O-helix, is critical for orienting the incoming nucleotides for the 
synthesis. The O-helix is a part of the fingers domain, and undergoes a change from open to 
closed conformational when incorporating new nucleotides to the nascent primer strand (Estep 
& Johnson, 2011; M. A. Graziewicz, Sayer, Jerina, & Copeland, 2004).  

The template strand nucleotides are base-paired with both the primer 3’-end and the incoming 
nucleotide to ensure only correctly base-pairing nucleotides are incorporated to the primer 3’-
end (H. R. Lee, Helquist, Kool, & Johnson, 2008). This mechanism of complementary nucleotide 
recognition (A with T, and C with G), called DNA templating requires that the matching 
hydrogen-bond donor and acceptor groups are aligned correctly. Upon synthesis, the incoming 
nucleotides lose their phosphate moiety that is released as pyrophosphate. The maximum rate of 
polymerization for Pol γ has been reported to be 3.5-8.7 nucleotides per second (Graves, 
Johnson, & Johnson, 1998). 
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Figure 6.  The Pol γ-α polymerase active site contains a two-metal-ion mechanism (Mg2+, light green) that is 
essential for DNA synthesis. The active site is surrounded by three highly conserved DNA polymerase 
motifs: A, B, C (cyan). Motifs A and B position the metal ions at the primer 3’ end while motif B (O-helix) 
orients the incoming nucleotide (dNTP) favorably for the catalytic reaction. The process of DNA base-
pairing of the template strand with the primer strand 3’-end and the incoming free nucleotide (dNTP) 
ensures that only correct nucleotides are synthesized. In the structure shown here (PDBID:4ZTU), the 
primer 3’-end deoxyribonucleotide has been replaced with a dideoxyribonucleotide to halt the synthesis 
for crystallization. 

 
 

In addition, the polymerase domain contains two other highly conserved sequences named 7β-
loop-8β and Q-helix motifs (Euro, Farnum, Palin, Suomalainen, & Kaguni, 2011). The 7β-loop-
8β motif (residues 845-863) is located behind the primer strand 3’-end when viewed from the 
pol active site. The 7β-loop-8β motif is critical for both positioning of the primer 3’-end, and 
putatively for the proofreading capability on the Pol γ enzyme (Szymanski et al., 2015). The Q-
helix motif (residues1097-1110) is located on an α-helical structure, underneath the active site. 
Residues of the Q-helix that have their sidechains facing the active site are putatively important 
for the structural integrity of the active site and coordinate the first base pair of the primer-
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template (Euro et al., 2011). Recently, a study suggested that a novel mitochondrial helicase 
interaction site could exists in the polymerase domain (Qian, Ziehr, & Johnson, 2015). 

4.3.3 Spacer domain 

The spacer domain binds both the primer-template DNA and the accessory β-subunits. The 
spacer is further divided into IP- (intrinsic processivity) and AID-subdomains (accessory-
interacting determinant). The function of the IP domain remains largely unexplained, but it has 
been proposed that it is involved in protein-protein interactions, while the side of the domain 
facing the polymerase active site is important for the positioning of the primer strand. The IP-
domain contains one of the most common recessively pathogenic mutations in Pol γ: W748S. In 
an evolutionary study, the spacer domain is the least conserved out of the three major domains. 
In the fruit fly (Drosophila melanogaster), the spacer domain binds only a single, monomeric 
accessory subunit. In lower eukaryotes, such as yeast (Saccharomyces cerevisiae) the spacer domain 
binds no accessory subunits at all (Haukka, 2014; Oliveira, Haukka, & Kaguni, 2015). Moreover, 
the closely related T7 phage DNA polymerase has a monomeric accessory subunit (thioredoxin) 
as well.  

The AID-subdomain provides a large contact area for binding the primer-template (DNA-
binding channel) and therefore houses potential mutations that affect both the binding affinity 
and positioning of the primer-template. 
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Figure 7.  The spacer domain of Pol γ (magenta) provides a large contact surface area for binding both the primer 
template DNA (DNA binding channel) and the proximal β-subunit (AID-domain), as well as some contact 
area with the distal β-subunit. The surface areas in interaction with the spacer domain are indicated as 
magenta lines. Mutations in the residues in the binding areas are likely to affect the binding affinity of the 
catalytic α-subunit with its binding partners. Structure PDBID: 4ZTU. 

4.3.4 Exonuclease domain 

The exonuclease domain, with 3’- 5’ exonuclease activity, is able to enhance the fidelity of the 
replication 200-fold by removing mispaired nucleotides (Foury & Vanderstraeten, 1992; A A 
Johnson & Johnson, 2001). However, it has been proposed that the exonucleolysis is not the 
only or most important function of the exonuclease domain (Szczepanowska & Foury, 2010), 
and it has been shown in a murine model that a 500-fold increase in DNA replication error rate 
did not limit the lifespan of the animals (Vermulst et al., 2007).  All DNA polymerases need a 
motor activity that allows them to translocate on single-stranded DNA (Patel, Pandey, & 
Nandakumar, 2011). Mutations in the exonuclease domain have been characterized extensively 
and associated with a variety of different phenotypes. Exonuclease activity deficient Pol γ has 
been reported to show both reduced (Allison A. Johnson & Johnson, 2001) and increased 
processivity with putatively deleterious DNA strand displacement activity (He et al., 2013; Macao 
et al., 2015).  

The functionality of the exonuclease domain has been studied by creating exonuclease deficient 
forms of the enzyme (exo-) by mutating residues at the exonuclease active site that are critical for 
binding the two magnesium coenzymes that are required for the exonucleolysis reaction to 
happen. The exonuclease domain mutations D257A and D274A that create a exo- enzyme have 
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been reported in a premature ageing phenotype in a murine model (Macao et al., 2015; Trifunovic 
et al., 2004). Exonuclease domain residue R232 has been shown to being critical in mediating the 
processivity enhancing interaction between the catalytic and accessory subunits, affecting both 
polymerization and proofreading activities of the holoenzyme (Y. S. Lee, Johnson, Molineux, & 
Yin, 2010). Furthermore, the functionality of the exonuclease domain has been shown to be 
important for ligating the loose ends of the double-stranded primer-template and creating a 
circular form of mtDNA (Macao et al., 2015). In addition to these functions, Pol γ-α also has 
been shown to have a 5’-deoxyribose phosphate (dRP) lyase activity that is needed for base 
excision repair to correct oxidative damage to the mitochondrial genome (Matthew J. Longley, 
Rajendra Prasad, Deepak K. Srivastava & Copeland, 1998) and that is enhanced by the accessory 
subunits (Pinz & Bogenhagen, 2006). The exonuclease domain active site contains three short 
sequence motifs (motifs I-III) that are present in all family A polymerases (Kaguni, 2004).  

4.3.5 Accessory β-subunit 

The structure of the globular Pol γ-β accessory subunit (also known as the processivity subunit), 
that forms a homodimer in the holoenzyme of Pol γ, consists of a single domain, with no other 
known functions than interfaces for dimerization, binding  Pol γ-α and binding dsDNA (J. a 
Carrodeguas, Pinz, & Bogenhagen, 2002; Di Re et al., 2009; Lim et al., 1999). The dsDNA-
binding property of the accessory subunit is not required for the stimulation of DNA synthesis 
by the catalytic subunit, leaving open the possibility of alternate roles of the accessory subunit in 
mtDNA metabolism (J. a Carrodeguas et al., 2002). The Pol γ-β shares a high level of structural 
similarity with class IIa aminoacyl tRNA synthetases (J A Carrodeguas et al., 1999; Fan et al., 
2006). The structure of the holoenzyme (Szymanski et al., 2015) makes it evident that one of the 
roles of the accessory subunits is to expand the surface area of the α-subunit DNA binding 
channel by extending the spacer AID-subdomain so that more residues are in contact with the 
nascent primer-template (Figure 7. ), and indeed it has been discovered that the accessory subunit 
binding increases the DNA binding affinity 3.5-fold (Allison A Johnson, Tsai, Graves, & 
Johnson, 2000). This modus of increasing DNA binding affinity bears a resemblance to a 
clamping mechanism, used universally by DNA polymerases, even though the binding area is 
not completely closed around the primer-template.  

The accessory subunit is found in monomeric form in lower eukaryotes and the dimeric 
mammalian Pol γ-β is unique among DNA polymerase accessory subunits in its ability to enhance 
both DNA binding and the rate of DNA polymerization. The accessory subunits are referred to 
in the holoenzyme structure as the proximal and distal subunits, based on their distance from the 
polymerase active site. The proximal subunit has been shown to being mainly responsible for 
increasing the DNA binding affinity, while the distal subunit is associated with increased 
polymerization rate (Y. S. Lee, Lee, et al., 2010). 
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4.3.6 Structural data 

The protein databank (PDB)(Berman et al., 2000) currently contains two versions of the human 
Pol γ holoenzyme structure. The structure was first published in 2009 (PDBID:3IKM)(Y. Lee, 
Kennedy, & Yin, 2009) and a series of nearly identical structures in 2015, differing only in the 
polymerase active site (4ZTU, 4ZTZ, 5C51, 5C53, 5C52)(Sohl et al., 2016; Szymanski et al., 
2015). The former structure has the holoenzyme without the primer-template and in the latter 
series the Pol γ holoenzyme is in complex with the primer-template. In addition to these 
structures, the structure of T7 bacteriophage DNA polymerase (PDBID:1T8E, published in 
2004)(Brieba et al., 2004) has a close resemblance to Pol γ. The T7 phage DNA polymerase 
structure is in complex with the primer-template, and it was used as a model for positioning the 
primer-template onto the Pol γ structure before the human Pol γ ternary complex with the 
primer-template was solved. The structures of bacteriophage N4 RNA polymerase 
(PDBID:2PO4), T7 RNA polymerase (PDBID:1ARO) and various Klenow fragments from 
E.Coli and Thermus aquaticus (Klentaq) have been used in previous studies on Pol γ-α. The 
structure of murine Pol γ-β was first published in 2001 (PDBID:1G5H, 1G5I)(José A. 
Carrodeguas, Theis, Bogenhagen, & Kisker, 2001) and the human structure in 2006 (PDBID: 
2G4C)(Fan et al., 2006). 

4.4 POLG syndromes 

Mutations in Pol γ represent a major cause of human mitochondrial diseases. The conditions that 
are associated with the dysfunction of Pol γ are collectively known as POLG syndromes. POLG 
syndromes can be divided into two main molecular phenotypes that can be overlapping: multiple 
mtDNA deletions (multiple mtDNA deletion disorders) and/or reduction of mtDNA copy 
number (mtDNA depletion syndromes, MDS). These conditions exhibit considerable 
phenotypic heterogeneity in their symptoms, severity and age of onset (Figure 8). The most 
severe cases of POLG syndromes include MCHS (childhood myocerebrohepatopathy spectrum) 
and Alpers disease (also known as Alpers-Huttenlocher syndrome). Symptoms for both 
conditions can include severe developmental delay, liver dysfunction, recurrent episodes of 
nausea and vomiting, and with Alpers disease epileptic seizures are also common. Diagnosing 
patients with Alpers disease correctly and early is of great importance because anti-epileptic drugs 
such as valproic acid (VPA) can lead to liver failure (hepatotoxicity) in patients with impaired 
liver function, ultimately requiring a transplant (Bicknese, May, Hickey, & Dodson, 1992; 
Dreifuss, 1987; Watkins, Fontana, Day, & Chinnery, 2013). VPA is a widely used antiepileptic 
drug that is also prescribed to treat migraine, chronic headache and bipolar disorder. 
 
POLG syndromes that manifest in adolescence or early adulthood include myoclonic epilepsy 
myopathy sensory ataxia (MEMSA) and ataxia neuropathy syndromes (ANS). ANS can be 
further subdivided into conditions diagnosed as mitochondrial recessive ataxia syndrome 
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(MIRAS), spinocerebellar ataxia with epilepsy (SCAE) and sensory ataxia neuropathy dysarthria 
and ophthalmoplegia (SANDO). These conditions typically include different myopathies, 
neuropathies and movement disorders (ataxia).  The least severe forms of POLG syndromes 
include progressive external opthalmoplegia (PEO), which typically manifests in mid- to late 
adulthood and is characterized by droopy eyelids (ptosis) and progressive weakening of the eye 
muscles. Pathogenic POLG mutations have also been associated with Leigh syndrome (Naess et 
al., 2009; Taanman et al., 2009), Charcot-Marie Tooth disease (Harrower et al., 2008) and 
mitochondrial neurogastrointestinal encephalomyopathies (MNGIE) (Tang, Dimberg, Milone, 
& Wong, 2012). Diagnosing the various subtypes of POLG syndromes is not straightforward, as 
each patient case has unique features in their condition, and there exists no standardization in 
the tools and tests used in making the diagnosis. 
 

 

Figure 8.  POLG syndromes are progressive conditions that have a wide variety in their severity and age of 
symptoms onset. The most severe cases include conditions described as childhood 
myocerebrohepatopathy spectrum (MCHS) and Alpers disease. Conditions that typically manifest in 
adolescence include myoclonic epilepsy myopathy sensory ataxia (MEMSA) and ataxia neuropathy 
syndromes (ANS). The least severe cases of POLG syndromes develop in late adulthood, and typically 
manifest with progressive external opthalmoplegia (PEO), which is divided into autosomal recessive 
(arPEO) and autosomal dominant (adPEO) inheritance types. Figure reprinted from study I with courtesy 
of copyright holder Elsevier. 

 
All POLG syndromes are progressive conditions, and currently only palliative care is available. 
A ketogenic diet has been successfully used in a murine model to delay the progression of 
mitochondrial myopathies, but a human study resulted in mixed findings, as the diet had to be 
discontinued due to various side effects (such as muscle pains) before the planned trial period 
ended (Ahola et al., 2016). All POLG syndromes typically affect tissues with high energy demand, 
such as the liver, muscles and the brain. In addition to the symptoms listed above, markers for a 
suspected mitochondrial condition with adult onset include the buildup of lactic acid, exercise 
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intolerance and muscle weakness. A conclusive diagnosis can be made with a muscle biopsy if 
the cells have an abnormal and excessive number of mitochondria (ragged red fibers). The clinical 
diversity in patients that have the exact same POLG mutations in terms of their symptoms, 
affected tissues and the age of first symptoms onset indicates that other currently unknown 
genetic and/ or environmental factors contribute to the development of the disease 
(Rajakulendran et al., 2016). 

4.4.1 Genetic background 

It has been estimated that 1/100 to 1/10 000 people are affected by conditions directly related 
to variation in the POLG-gene (Hakonen et al., 2007). Most of the pathogenic POLG mutations 
are recessive, and only manifest with symptoms in patients that carry the mutations in compound 
heterozygous or homozygous form, explaining the estimated rarity of the syndromes. The most 
commonly found and well established pathogenic POLG mutations include A467T 
(c.1399G/A), W748S (c.2243G/C) and G848S (c.2542G/A) that together are found on 70% of 
reported POLG patients (III). The ExAC genome mapping project (ExAC, 2015) reports global 
allele frequencies of 0.052% for A467T, 0.084% for W748S and 0.016% for G848S. In 
independent studies focused on different geographic areas,  mutation A467T was found to exist 
in the Belgian population at a particularly high frequency of 0.6% (Van Goethem, J.J., et al., 2003) 
and likewise, W748S was found in the Finnish population at an even higher frequency of 0.8% 
(Hakonen et al., 2005). The high percentage of the recessively pathogenic W748S in the Finnish 
population can be explained by the founder effect and relatively high isolation of the population. 

Even though rare amongst Pol γ mutations, dominantly-pathogenic mutations do exist. The most 
well established dominantly pathogenic mutation is Y955C. Its location in the Pol γ structure and 
the biochemical characterization support a critical role in orienting the incoming nucleotide and 
base pairing it with the template DNA strand (Estep & Johnson, 2011).  

 
Only three other nuclear genes that may contribute to POLG syndromes have been discovered. 
These genes include TWNK (mitochondrial helicase), POLG2 (Pol γ accessory subunit) and 
MGME1 (mitochondrial genome maintenance exonuclease (Kornblum et al., 2013; Longley et 
al., 2006; J N Spelbrink et al., 2001). Digenic POLG/TWNK inheritance has been reported in a 
single arPEO case (Van Goethem, Martin, et al., 2003). 

There exists another know type of POLG pathogenicity that is typically excluded from the 
definition of Pol γ syndromes, but putatively caused by pathogenic variations in the so-called 
polyglutamine (poly-Q) stretch (CAG-repeat sequence) of the POLG-gene that is located in the 
NTD, between amino acids 40 and 60. Variation in the poly-Q stretch has been associated with 
Parkinsonism (Anvret et al., 2010; Eerola et al., 2010; Gui et al., 2012; P T Luoma et al., 2007), 
cancer (Azrak et al., 2012) and male infertility (Rovio, Marchington, & Donat, 2001). The 
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association with male infertility has been both supported (Amaral, Ramalho-Santos, & St John, 
2007) and unsupported (Aknin-Seifer et al., 2005; Brusco et al., 2006) by more recent studies. 
The poly-Q stretch includes ten or eleven (10/11Q) glutamine repeats in healthy control subjects 
at a frequency of >80%, while the number of repeats can range from 5 to 15 repeats (Anvret et 
al., 2010; Eerola et al., 2010). The function and significance of the number of CAG-repeats in 
the poly-Q stretch is currently unknown. A recombinant POLG enzyme with a deletion of the 
poly-Q stretch has been shown to exhibit wild-type catalytic activity, with elevated protein 
expression levels (Johannes N. Spelbrink et al., 2000). 

4.4.2 Clustering of pathogenic mutations 

 
Alpers disease is a progressive neurological disorder that has been associated with 58 different 
Pol γ-α mutations (Euro et al., 2011). Along with MCHS, Alpers is one of the most severe forms 
of POLG syndromes. The disease typically begins in early childhood between 3 months and 5 
years and characteristically involves lack of motor movement coordination, partial paralysis, 
seizures, and muscle twitching. At the cellular level Alpers is often associated with mtDNA 
depletion (Chan & Copeland, 2009; Wong et al., 2008).  
 
The mutations associated with Alpers disease are spread almost evenly through-out the primary 
amino acid sequence of the POLG-gene (Figure 9), but cluster together in the three-dimensional 
tertiary structure of Pol γ. The functional importance of these mutational hotspots is for the 
most part quite well understood by biochemical characterization when combined with data from 
other polymerases and published crystal structures. 
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Figure 9.  The 58 pathogenic mutations are spread almost uniform along the length of primary sequence of Pol γ-α. 
These mutations are associated with one of the most severe forms of POLG syndromes: Alpers disease. 
The mutations cluster in the three-dimensional tertiary structure of Pol γ-α into five distinctive regions, 
termed pathogenic clusters 1-5 (shown with green, yellow, red, light blue and dark blue boxes in 
respective order). Figure reprinted with courtesy of Oxford University Press, creative commons attribution 
non-commercial license (Euro et al., 2011). 

Euro et al. defined five functionally distinct areas of the Pol γ-α structure where the mutations 
are found. Their findings are based on the apoenzyme structure that was published in 2009 
(PDBID:3IKM)(Y. Lee et al., 2009). Pathogenic Cluster 1 encompasses the polymerase active 
site. Mutations in Cluster 1 are likely to affect free nucleotide binding and the rate of 
polymerization. Cluster 2 includes mutations in the spacer and thumb domain DNA binding 
channel. Mutations in Cluster 2 are likely to affect the DNA binding affinity of the enzyme. 
Cluster 3 defines a region in the structure between the polymerase and exonuclease active sites. 
Cluster 4 is located at an important interaction site between the distal accessory subunit and the 
exonuclease domain. Cluster 5 is the least well understood region of the five, and it is located in 
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the spacer IP domain. Cluster 5 mutations could putatively be involved in currently undiscovered 
protein-protein interactions. 

4.4.3 Patient data 

The patient data used in this study has been collected and collated from clinical journals that are 
publicly available. Currently, efforts such as MseqDR (Falk, Shen, & Gai, 2016; Shen et al., 2016) 
are working to make better use of the patient data that is currently sitting in various desk drawers 
and filing cabinets in mitochondrial clinics around the world. The patient data is completely 
anonymous, and only contains patient gender, nationality and age information in addition to a 
clinical description and the POLG mutations discovered. The most important factor in assessing 
the pathogenicity of a mutation is the age of symptoms onset, which correlates directly with the 
severity of the syndrome (I).  

4.4.4 Biochemical characterization of Pol γ mutations 

Pol γ has been characterized extensively in various laboratories around the world. Pol γ is well 
conserved in eukaryotes, and the biochemical studies have been conducted with mouse, fruit fly, 

pig, chick, frog, yeast (Saccharomyces cerevisiae, Schizosaccharomyces pombe and Pichia pastoris) and 
human enzymes (Kaguni, 2004). Both S.pombe and S.cerevisiae have been established as significant 
tools in the study of DNA damage and repair mechanisms (Nickoloff & Haber, 2001). In the 
study of mitochondrial genes in yeast, the main metric used for measuring the fitness of the 
organism is typically the percentage of petite colonies. The petite colonies remain smaller than 
healthy colonies because of a block in the aerobic respiratory chain pathway which generates 
ATP. The petite yeasts colonies are unable to grow on nonfermentable carbon sources (such as  
ethanol or glycerol), and form anaerobic colonies when growing in the presence of fermentable 
carbon sources, like glucose (Day, 2013). A short summary of the results of experiments on 
different POLG-mutations is listed in Table 3. 
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Table 3.  A non-exhaustive list of biochemical characterization of Pol γ mutations. Pol γ mutations have been 
studied biochemically with various assays and recombinant yeast model organisms in laboratories 
around the world. 

 
Mutation Biochemical effect Source 
R232G Reduced polymerization rate, increased exonuclease 

activity, and wt DNA binding affinity. 
(Y. S. Lee, Johnson, et al., 
2010) 

H277L Decrease in exonuclease activity, WT pol activity in 
yeast. 

(Foury & Szczepanowska, 
2011) 

L304R 20-fold decreased pol activity, 3-fold increased 
exonuclease activity and 10-fold decreased DNA 
binding affinity. 

(Szczepanowska & Foury, 
2010) 

S305R Nearly 100% petite yeast colonies. (Qian, Kachroo, Yellman, 
Marcotte, & Johnson, 
2014) 

A467T 70% of WT DNA binding affinity. A467T has been 
shown to retain >50% polymerization capability of a 
wild type enzyme. Defective subunit association. 

(Petri T Luoma et al., 
2005), (Chan, Longley, & 
Copeland, 2005) 

G517V 80-90% of wild-type DNA polymerase activity. (Kasiviswanathan & 
Copeland, 2011) 

L558A, F578A ~50% of wild-type DNA polymerase activity. 
Stimulated moderately by mtSSB (4 –5-fold lower 
stimulation than wild-type holoenzyme).  

(Petri T Luoma et al., 
2005) 

W576A Nearly inactive, not stimulated by mtSSB to a detectable 
level. 

(Luo & Kaguni, 2005) 

R627Q, R627W No detectable defects in vitro when analyzed for DNA 
binding affinity, pol activity, and stimulation by the 
accessory subunit. No biochemical phenotype. 

(Luo & Kaguni, 2005) 

W748S No biochemical phenotype / Significantly reduced 
DNA binding. 

(Palin et al., 2010) / (Chan, 
Longley, & Copeland, 
2006) 

K687A/D688A/
F689A 

1.4-fold decrease in DNA-binding affinity. (Luo & Kaguni, 2005) 

G848S, R852C 5-fold DNA binding defect and very low DNA 
polymerase activity. 

(Kasiviswanathan, 
Longley, Chan, & 
Copeland, 2009) 

T851A, R583Q Substantial decrease in polymerase activity. (Kasiviswanathan et al., 
2009) 

Q879H 53% of wt polymerase activity. (Kasiviswanathan et al., 
2009) 

T885S 68% of wt polymerase activity. (Kasiviswanathan et al., 
2009) 

G923D Five-fold reduction in catalytic efficiency. (M. a Graziewicz, Longley, 
Bienstock, Zeviani, & 
Copeland, 2004) 

H932Y, H932A Reduces nucleotide incorporation specificity 150- and 
70-fold. 

(Batabyal, McKenzie, & 
Johnson, 2010) 

R943H Reduced pol activity 150-fold without affecting DNA 
binding affinity. Enzyme stalling. 

(M. a Graziewicz et al., 
2004) 

K947R 10-fold increase of petite colony frequency. (Baruffini et al., 2011) 
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Y951N 11-fold reduction in the rate of replication (Qian et al., 2014) 
Y955C, R943H 0.03–30% wt polymerase activity and a 2- to 35-fold 

decrease in nucleotide selectivity in vitro. / 1300-fold 
decrease in efficiency for Y955C. 

(M. a Graziewicz et al., 
2004) / (Qian et al., 2014) 

A957S Near wildtype processivity, but retains only ∼23% of 
wild-type polymerase activity and exhibits increased 
DNA replication errors. 

(M. a Graziewicz et al., 
2004) 

H1134 Klenow fragment equivalent residue exhibited decrease 
in kcat from 6- to 66-fold, but retained DNA binding 
affinity, suggesting that a mutation in H1134 might be 
dominant. 

(Singh & Modak, 2003) 

G1051R G1051R in human Pol γ cause a 10-fold increase in point 
mutational frequency in vivo. 99% petite colony 
frequency. 

(Baruffini, Ferrero, & 
Foury, 2007) 
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5 AIMS OF THE STUDY 

The purpose of this study was to establish methods and protocols in the study of relationships 
between protein structure and pathogenicity of point mutations (missense mutations). As a part 
of this study, new tools for protein structure analysis have been developed (study IV) and used 
in the analysis. The use of the methods and tools is demonstrated in an analysis of DNA 
polymerase gamma on all four levels of protein structure. The results of the analysis are combined 
with existing POLG syndrome patient case reports to find indicators that will enable accurate 
predictions on the pathogenicity of mutations in the POLG-gene.  

Being able to separate the benign mutations from the pathogenic is of high importance in a 
clinical setting. Accurate information will enable physicians to make correct diagnoses and 
prognoses for patients with suspected mitochondrial disorders. 
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6 RESULTS AND DISCUSSION 

The results and discussion are based on the original research papers (I-IV) and unpublished data. 

6.1 StructureMapper algorithm 

StructureMapper is a high-throughput, open-source algorithm designed for mapping protein 
sequence locations to tertiary structure data in available structural homologs (IV). The algorithm 
is made available as a standalone Python script as well as an online server at 
http://structuremapper.uta.fi. Protein tertiary structure data often remains underutilized due to 
lack of appropriate tools for acquiring and analyzing the three-dimensional structure data. 
StructureMapper has no directly comparable competitors in this area of computational structural 
biology and it may open up new ways to exploit tertiary structure data in the analysis and quality 
control of high-throughput experimental data. Possible use cases can include evaluation of the 
results of prediction algorithms, generating profiles for data obtained using experimental 
methods (such as phosphoproteomics), or for identifying interaction partners of residues in 
mutation pathogenicity analysis, as we have done in this study. StructureMapper can be run on 
all modern operating systems and it has been designed in a way that using it does not require 
expert knowledge in bioinformatics.  

As input, StructureMapper reads FASTA/Pearson-formatted amino acid sequences with marked 
points of interest (POIs). Depending on the user preferences, a BLAST (Altschul SF, Gish, 
Miller, Myers, & Lipman, 1990) search is conducted for either the full protein sequence or a 
sequence window (of specified length) around the POI. BLAST identifies homologous 
sequences found in the PDB database (Berman et al., 2000). After the homologous tertiary 
structures have been identified, StructureMapper downloads the necessary structure data files for 
further analysis. The POI specified in the amino acid sequence is located in the structure files by 
creating a pairwise sequence alignment. This step is necessary, because the queried sequence and 
the primary sequence of the structure may have significant differences. StructureMapper utilizes 
the Biopython software library (Cock et al., 2009) for the sequence alignment task. 

For the POIs that have been located with sufficient confidence (by default, above 65% sequence 
identity), the analysis proceeds further. StructureMapper uses a custom algorithm (created as a 
part of this study and provided with StructureMapper) for calculating the accessible surface area 
(ASA) for the POIs. The ASA algorithm employs  a “rolling-ball” method (Shrake & Rupley, 
1973) in its calculations and can effectively parallelize the processing with each additional 
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processor reducing the run time in an inversely proportional scale to the number of used CPUs. 
The ASA value is reported as a percentage of the surface area of the POI that is able to be in 
contact with the solvent in three different cases: for the asymmetric unit (native crystallographic 
conformation), for the structure polypeptide chain in isolation, and for the biological assembly 
(if specified in the structure data file). ASA values < 15% are considered buried, values between 
15% and 20% as intermediate, and values ≥ 20% as accessible. The biological unit is constructed 
based on the instructions in the structural data file and can be optionally stored with the results. 
In the analysis step, StructureMapper employs established methods for defining the secondary 
structure (DSSP)(Kabsch & Sander, 1983) and a score for tendency of intrinsic disorder 
(DISOPRED3) (Jones & Cozzetto, 2015). In addition, StructureMapper gathers information on 
chains and coenzymes in the proximity of the POI as well as the reported crystallographic 
temperature factors. The temperature factors are reported for structures that have been solved 
using x-ray crystallography, and they are relative to the native resolution of the refined structure 
(see 4.2.3). To make the temperature factors comparable between structures of different 
resolutions, the values are normalized between 0.0 and 100.0 for each structure analyzed.  

As the last step, StructureMapper compiles the results along with a summary and log files into a 
tab-delimited result file that can be viewed in a spreadsheet application or any text editor. When 
multiple homologous structures are available, the results of each file are made easily comparable 
for detecting differences or similarities, increasing confidence in the result. The workflow of the 
StructureMapper algorithm is visualized in Figure 10.  
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Figure 10.  The StructureMapper algorithm processes its input in five distinct steps. In step one, input protein 
sequence with marked points of interest (POI) are read. The length of the POI can be optionally specified 
to include any number of amino acids at the marked site (N-terminal side). In step two, a BLAST search 
for structures with homologous sequences in the PDB database is conducted. This step two is done in 
parallel with step three for maximized efficiency. In step three, structure data files are downloaded from 
the PDB and the marked POIs are located in the structures by sequence alignment of the surrounding 
amino acids. In step four, an analysis of the located POI in tertiary structures is conducted. The analysis 
includes creation of biological assemblies (if specified) and calculating the accessible surface area (ASA) 
for all three possible configurations: the asymmetric unit, biological assembly and isolated protein chain. 
Next, the analysis proceeds with the assignment of secondary structure, collecting temperature factors 
and running predictions of intrinsic disorder. In step five, the results of the analysis are collected to a 
single file and final calculations are performed for the results of each POI. 

 

6.1.1 Profiling post-translational modifications  

To showcase the abilities of the StructureMapper algorithm (IV) beyond its use in mutation 
pathogenicity analysis (see 6.3), we analyzed experimentally-verified post-translational 
modification (PTM) sites in datasets provided by  PhosphoSitePlus (Hornbeck et al., 2015). An 
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analysis of the surface accessibility of methylation, acetylation, ubiquitination and 
phosphorylation was conducted in study IV.  

Each PTM analyzed was compared against a randomized sampling of 5000 amino acids of the 
type associated with each PTM. The following types of amino acids were used for the 
randomized sample: for methylation, Arg and Lys; for acetylation and ubiquitination, Lys and for 
phosphorylation, Ser, Thr and Tyr. The resulting data (Figure 11) show that the ASA profiles of 
the PTM sites closely resemble their respective randomized sampling, and ASA is therefore not 
a good metric for improving the quality of PTM site predictor results alone. Apart from 
phosphorylation, all other types of PTM sites analyzed show a clear trend of surface accessibility 
(ASA > 15%), with an apparent normal distribution with a mean of ~55%, while the ASA profile 
of phosphorylation appears to have a linear, downward sloping trend. 

 

 
 

Figure 11.  ASA profiles of methylation, acetylation and ubiquitination show a clear trend of surface accessibility in 
the PhosphoSitePlus datasets (Hornbeck et al., 2015). Phosphorylation sites have a unique profile 
among the PTMs analyzed. Each type of PTM (blue bars) is compared with a randomized sample of 
5000 amino acids (grey bars) of the associated type for each PTM: Arg or Lys for methylation; Lys for 
acetylation and ubiquitination; Ser, Thr or Tyr for phosphorylation. The ASA profile of each type of PTM 
resembles closely the profile of its matching randomized sample, and is therefore not a good metric for 
improving PTM predictor results alone. 

 

Analysis of the secondary structures of the four types of PTMs in the PhosphoSitePlus database 
indicate that in comparison to a random sampling, all four PTMs examined had a slight 
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preference to alpha-helical secondary structures and avoidance of beta-sheets (Figure 12). We 
also matched the secondary structure profiles of an ubiquitination predictor algorithm Ubpred 
(Radivojac et al., 2010), and a phosphorylation predictor NetPhos 3.0 (Blom, Gammeltoft, & 
Brunak, 1999) and found that the majority of the results compared did not differ significantly 
from the distribution of the secondary structures in the PhosphoSitePlus data set. Ubpred had a 
slight tendency to undervalue locations in β-sheets and to overvalue locations in loop or irregular 
structures (Figure 12). 

 

 

Figure 12.  A profile of secondary structures defined by DSSP shows the overall distribution of secondary structure 
elements in the PDB database (black bars). The overall distribution was compared to a randomized 
sample of 5000 amino acids of the human proteome with Glycine residues excluded (grey bars). 
Acetylation, Ubiquitination and Methylation show a preference for α-helical secondary structures and 
avoidance of β-sheets. Ubiquitination site predictors Ubpred (light brown bars) has a tendency to 
overvalue loop or irregular structures while undervaluing and β-sheets. Predictions of phosphorylation 
site predictor Netphos (light green bars) match closely the secondary structure profile of experimentally 
verified sites in the PhosphoSitePlus database. Ubiquitinaton predictor algorithm Ubpred has a tendency 
to undervalue locations in β-sheets and to overvalue locations in loop or irregular structures. 

6.1.2 Finding potential phosphoswitches 

The PhosphositePlus (Hornbeck et al., 2015) phosphorylation data set consists of 354 781 serine, 
threonine and tyrosine phosphorylation sites, which have been identified by literature mining and 
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mass spectroscopy experiments. StructureMapper could find the location of the phosphorylated 
residue with high confidence for 57 548 dataset entries, making the structural data coverage of 
the entire phosphorylation dataset 16.2%. This is significantly lower than what would be expected 
of a random sampling of serine, threonine and tyrosine residues of the human proteome 
(~23%)(IV). This could be partly due to the fact that phosphorylation sites are often found in 
short linear motifs that typically lack a clear tertiary structure (IDRs) (Roey et al., 2014) and they 
are represented as gaps in the tertiary structure in the data. 

Phosphorylation was chosen as an example use case for the StructureMapper algorithm because 
of its central role in cell signaling and the importance of understanding it as a biological 
phenomenon. Phosphorylation is controlled by kinases (phosphorylation) and phosphatases 
(dephosphorylation) that constitute ~2% of the human genome (Venter et al., 2001). It has been 
estimated that one third of all proteins are phosphorylated at some point during their life cycle 
(Zolnierowicz & Bollen, 2000). The effects of phosphorylation are typically mediated through 
conformational changes of the protein tertiary structure (Hunter, 1995). 

In the data set analyzed, only 792 (1.4% of those with matching homologous 3D structure) amino 
acids of interest were found to be natively phosphorylated in any of the homologous structures 
where the amino acids were located with high confidence.  Furthermore, 593 (1.0%) 
phosphorylation sites had both phosphorylated and dephosphorylated versions of homologous 
structures available in the PDB. 

The results of the algorithm were screened for structural locations that were found both on the 
surface (ASA > 15%) as well as buried (ASA < 15%) in homologous structures. The 
StructureMapper algorithm identified 5557 phosphorylation sites in 11 185 PDB structure files 
and 1934 proteins that satisfied these criteria. The algorithm has an optional functionality to 
remove any PTMs before performing ASA calculations, making it possible to compare cases 
where the amino acid of interest is either phosphorylated or dephosphorylated in the native 
structure data files. Three examples of identified putative and established phosphoswitches were 
chosen for closer examination (Figure 13). 
  



 

53 

 

Figure 13.  Putative phosphoswitches were identified by StructureMapper by using the PhosphoSitePlus and PDB 
databases. In each panel, grey coloring shows parts of the compared structures that superimpose with 
nearly identical conformations. Panel A: PDB structures 1Z83 (blue) and 3ADK (orange) show two 
alternative conformations (~12 Å apart) near phosphorylated Thr145 (red). The ASA difference of Thr145 
is 41.1% between the structures. Panel B: PDB structures 4FZA (blue) and 2XIK (orange) show two 
alternate conformations around residue Thr172 (red), with an ASA change of 70.84% and ~17 Å shift in 
location. Panel C: PDB structures 5BRK (blue) and 5TWF (orange) show a ~16 Å spatial shift and 33.0% 
ASA change for residue Thr35 (red). This residue has been established as being a part of a 
phosphoswitch regulating MOB1 interaction with LATS1 (Praskova et al., 2008). Residue Thr35 is a 
phosphothreonine and it is complexed with Lats1 (not shown) in PDB structure 5BRK (dark grey, blue). 
Dashes are used to indicate missing parts of the structures. Images of the structures have been created 
with PyMOL (PyMOL, n.d.) 

Adenylate kinase isoenzyme 1 (AK1) amino acid Thr145 was found in two homologous 
structures (PDBID: 1Z83 and 3ADK) with an ASA difference of 41.09%. Comparison of the 
structures reveals an alpha-helical secondary structure element that moves a distance of ~12 Å 
between open and closed conformations (Figure 13A). In the second example, Serine/threonine 
kinase 26 (STK26), StructureMapper identified the location of Thr172 in nine homologous 
structures, out of which 4FZA and 2XIK were chosen for illustrating the differences in loop 
conformation (Figure 13B). Phosphorylation of Thr172 can putatively change the conformation 
of the flexible loop region that it is located at, altering the conformation of the structure in a way 
that Thr172 is either exposed on the surface (ASA 78.66%) or buried within the structure (ASA 
13.84%). In the third example, MOB kinase activator 1B (MOB1B) was found in four 
homologous structures out of which 5BRK and 5TWF were chosen to highlight the ~16Å 
difference of the conformation of the N-terminal α-helix (Figure 13C). This phosphorylation site 
and its function have been studied by Praskova et al. (Praskova, Xia, & Avruch, 2008). They 
found that phosphorylation of Thr35 (along with Thr12) plays a role in regulating cell 
proliferation and enhances MOB1B interaction with LATS1. It is plausible that the 
conformational change induced by the phosphorylation exposes the binding site of LATS1, 
leading to enhanced binding. Notably, it would be possible to identify putative phosphoswitches 
by analyzing the data set for buried phosphorylation sites, and not only sites that are found as 
both buried and on the surface. 
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6.1.3 Characterization of protease cleavage sites 

For profiling experimentally-verified protease cleavage sites, a dataset was acquired from the 
proteolytic event database CutDB (Igarashi et al., 2007). The CutDB database has data on 182 
human proteases and the selected data set contains 4280 protease cleavage sites. StructureMapper 
identified the location of the cleavage site reliably in existing homologous structures for 1183 
(27.6%) dataset entries. These data were analyzed to see if they correlated with findings of 
Hubbard et al (Hubbard, Beynon, & Thornton, 1998). In their study, they found that temperature 
factors and surface accessibility were the best correlated metrics for predicting suitable protease 
cleavage sites.  

Our study found that the ASA and temperature factor scores were only slightly elevated in 
comparison to the random sampling used as a control (Figure 14). There was also a lot of 
variation between the different proteases included in the analysis. The mean values for ASA were 
27.3% and 20.1% for the CutDB dataset and random sampling, respectively. The mean of 
temperature factor scores for the CutDB dataset was found to be 33.8 in comparison to a mean 
of 28.4 for the randomized sample. Upon further investigation, we noted that the data set still 
contained many speculative cleavage sites from source articles where the exact location of the 
cleavage in the sequence was not experimentally verified. To minimize the speculative data points 
in the dataset, we further reduced the dataset to include only sources where a single cleavage site 
had been reported (Figure 14).  

 

 

Figure 14.  Analysis of all cleavage sites of human proteases in the CutDB database show differences in their ASA 
and temperature factor profiles. The data contains many speculative cleavage sites, which may skew the 
profiles. Out of the individually examined proteases Plasmin stands out with a distinct separation in its 
profiles from the randomized sample of amino acids used as a control data set. Matrix metalloproteinase 
9 (MMP 9) and Cathepsin D show atypically low values in their profiles. 

The reduced dataset had an increased mean of ASA value at 29.3%, clearly indicating that surface 
accessibility is a prerequisite of cleavability in the majority of the data points. The mean of the 
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temperature factor scores was raised to 37.2 Å2, indicating that flexibility is a positive metric for 
assessing putative cleavage sites. Out of this reduced dataset, five proteases (caspase 3, caspase 
6, granzyme B, plasmin and cathepsin D) were selected for separate analysis because of the 
relative abundance of verified cleavages for each protease where the exact cleavage position had 
been reported. The mean ASA values for the individual proteases were: caspase-3, 27.7% (51 
samples); caspase-6, 28.5% (14 samples); granzyme B, 25.0% (42 samples); plasmin, 30.4% (11 
samples); cathepsin D, 24.9% (5 samples). In contrast to the findings of Hubbard et al., our 
analysis suggests that ASA values provide better separation of the data from the random sampling 
than temperature factors in the assessment of putative protease cleavage sites. 

6.2 Extending the pathogenic Pol γ clusters 

The pathogenic Alpers clusters defined by Euro et al. (Euro et al., 2011)(See 4.4.2) were extended 
to include all available POLG syndrome patient cases in study I. This brought the total number 
of unique pathogenic mutations included in the clustering model from 57 to 136. The pathogenic 
clusters were further divided into subclusters (1: A-G; 2: A-D; 3: A-D; 4: A; 5: A-B) and their 
ranges were redefined to accommodate the new patient data.  

The number of unique mutations from publicly available patient case reports was further 
increased to 176 in study III. The residue ranges of the clusters were also refined due to new 
patient data that had become available since study I was published. The ranges of four subclusters 
were extended slightly: 2B, 496–517 (previously 497–517); 2D, 752–769 (previously 752–767); 
1F, 1098–1138 (previously 1104–1138); and 3C, 795–807 (previously 804–807). The full 
pathogenic cluster residue ranges are shown in Table 4. 
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Table 4.  Residue ranges of the five pathogenic clusters divided into subclusters. 

 
Cluster Subcluster Residue range 

1. Polymerase 

active site and 

environs 

1A 83-88 

1B 136-143 

1C 417-433 

1D 848-895 

1E 914-966 

1F 1098-1138 

1G 1157-1196 

2. DNA binding 

channel 

2A 463-468 

2B 496-517 

2C 561-617 

2D 752-769 

3. Partitioning loop 3A 268-277 

3B 303-319 

3C 795-807 

3D 1047-1096 

4. Distal accessory 

subunit interface 

4A 224-244 

5. Putative protein-

protein 

interactions 

5A 623-648 

5B 737-749 

The holoenzyme structure (Szymanski et al., 2015) was solved after studies I and II were 
completed, and it was used for analysis and visualization of the extended cluster in study III. 
Unstructured regions in the spacer AID and IP subdomains that were solved in the apoenzyme 
structure (Y. Lee et al., 2009) were modelled onto the holoenzyme structure. The extended 
clusters with the sequence schematic of the clusters is shown in Figure 15. 
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Figure 15.  The extended clusters mapped onto the Pol γ holoenzyme tertiary structure (PDBID:4ZTU). Pol γ-β 
subunits are shown in light grey (proximal subunit) and dark grey (distal subunit). DNA primer template is 
shown in orange color, and the pathogenic clusters with matching colors between the sequence 
schematic and tertiary structure. Unstructured regions in the spacer IP and AID domains have been 
modelled onto the structure based on the apo enzyme structure. Figure reproduced from study III. 

The extended clustering model provides a powerful tool for classifying both known and novel 
POLG mutations and their heterozygous combinations. Just as importantly, the mutations that 
map outside of the clusters are much more likely to be SNPs. In a clinical setting, being able to 
rule out mutations as the cause of a condition of a patient is very important for reaching a 
diagnosis and being able to determine the right course or treatment.  

 
The role of cluster 3 (the partitioning loop) in the Pol γ structure remains unclear. In the 
apoenzyme structure (PDBID:3IKM) the partitioning loop extends inwards from the surface of 
the polymerase domain into the polymerase active site. The deposited apoenzyme crystal 
structure has unstructured regions (residues 1072-1090 and 319-344) that are missing from the 
structural data. The constant temperature factors assigned for this region of the structure also 
indicate that solving this part of the structure has not been straightforward. The missing regions 
of the structure could be IDRs and serve multiple possible functions, such as sites for 
mitochondrial helicase interaction (Qian et al., 2015), mtSSB interaction, regulating primer 
switching between the polymerase and exonuclease active sites (Euro et al., 2011) or functioning 
as a DNA clamping mechanism, found in many DNA polymerases. In the more recent 
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holoenzyme structure (PDBID:4ZTU), the partitioning loop (residues 1039-1074) adopts a very 
different conformation (Figure 16). 
 

 

Figure 16.  Panels A and B show the differences between the apo- (Panel A, PDBID:3IKM) and holoenzyme (Panel 
B, PDBID:4ZTU) structures. The region that is encompassed by pathogenic cluster 3 has a very different 
conformation between the two structures (shown in red). This area of the structure has also two 
unstructured regions (gaps, possible IDRs) whose function has not been elucidated. Figure reproduced 
from study III. 

The ranges of the clusters may still need to be extended further as new patient data becomes 
available. The fingers subdomain of Pol γ-α has regions outside of the clusters that could very 
well affect the functionality of the polymerase domain active site (unpublished data). The 
currently available data can only take us so far, and efforts such as MSeqDR (Falk et al., 2016) 
are making headway in bringing the data from the clinics to the use of researchers. An analysis 
of novel POLG mutations based on the pathogenic clustering model was carried out in study II, 
and the results are presented in chapter 6.6. 

6.2.1 Limitations of the pathogenic clustering model 
 

While the clusters define high-risk areas for pathogenic mutations, not every residue within the 
cluster is equally important for the functionality of the Pol γ enzyme. The polypeptide chain has 
a tendency to have every other amino acid residue side chain extend to a different direction. This 
happens naturally in the process of finding an energetically favorably positioning (Chellgren & 
Creamer, 2006). This phenomenon is emphasized with residues that have large, bulky sidechains 
that take up a lot of space around the backbone of the polypeptide chain. Therefore, at critical 
locations, such as the DNA binding channel, by the natural tendency of the polypeptide chain, 
every other residue has its sidechain extending into the channel, and next one, away from it. The 



 

59 

reality is of course not so trivial, but at the whole protein level, this tendency has a significant 
effect. 
 
POLG mutation population frequencies obtained from the ExAC database (Lek et al., 2016) 
(Figure 17) show that some relatively frequent mutations (and therefore more likely to being 
benign) lie within the pathogenic clusters. 
  

 

Figure 17.  Population frequency data of the POLG-gene obtained from the ExAC database (Lek et al., 2016) shows 
that some mutations that are relatively frequent are inside the defined pathogenic clusters. Detected 
allele frequency is shown on the vertical axis, and the residue numbering on the horizontal axis 
(unpublished data). The pathogenic clusters are shown with a colored background and indicated below 
the chart. 

The 17 mutations within the pathogenic clusters that have a frequency of ≥0.002 have been listed 
in Table 5. If these 17 mutations were in fact pathogenic in compound heterozygous form, the 
mutations would be likely to appear in patient case reports due to the number of carriers that 
exist in populations around the world. Mutation G517V has been reported in 12 separate patient 
cases, its pathogenicity has been debated in the literature and it has also been characterized 
biochemically and shown to exhibit 80-90% of wild-type DNA polymerase activity (Table 3; 
Kasiviswanathan & Copeland, 2011). Currently, it is considered a benign mutation.  
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Table 5.  In the ExAC project population frequency data 17 cluster-mapping mutations show up with a frequency ≥ 
0.002. If these mutations were pathogenic in compound heterozygous form, they would be likely to show 
up in the patient data. Pathogenicity of G517V has been debated in the literature, but is considered 
benign currently (Kasiviswanathan & Copeland, 2011). The details of the patient cases are available on 
the PolG pathogenicity server (III). 

 
 
 
 

 

 

 

 

 

 

 

 

The clustering model does not account for the severity of the amino acid changes at the primary 
structure level. For example, mutations from leucine to isoleucine or methionine, or from 
phenylalanine to tyrosine all have positive Blosum matrix substitution scores (Table 2), and they 
are considered neutral to moderate changes at the primary structure level. Moderate changes are 
less likely to cause major perturbations in the tertiary structure and biological functionality. On 
the other hand, dramatic changes outside of the clusters, even though not at critical locations for 
the biological functionality of the Pol γ enzyme, can be architecturally important and affect the 
folding of the enzyme so that its intrinsic tertiary conformation is never achieved.  

6.3 Coenzyme binding residues 

The structure of the DNA binding holoenzyme form of Pol γ (PDBID:4ZTU) was solved in 
2015 by Szymanski et al (Szymanski et al., 2015). An analysis of the structure with the 

Residue 

Number Mutation 

Cluster 

assignment 

Population 

frequency 

Patient 

cases 

229 V229G 4A 0.005013 0 

268 G268A 3B 0.003476 2 

309 R309L 3B 0.002985 2 

420 H420Y 1C 0.002985 0 

506 E506D 2B 0.002224 0 

517 G517V 2B 0.004744 12 

567 P567S 2C 0.002985 0 

641 E641K 5A 0.003906 0 

741 D741Y 5B 0.005319 0 

862 A862S 1D 0.004274  (A862T:7) 0 

920 T920K 1E 0.009434 0 

923 G923D 1E 0.003460 1 

941 I941V 1E 0.005319 0 

944 E944Q 1E 0.002475 0 

958 G958V 1E 0.004098 0 

1127 G1127W 1F 0.002985 0 

1171 N1171T 1G 0.004098 0 
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StructureMapper algorithm (IV) identifies 58 residues that are suitably positioned to form 
bonding interactions with the primer-template DNA, the incoming dNTP and the catalytic Mg-
ions at the polymerase active site (Figure 18). When these residues are assigned to their respective 
pathogenic clusters, only one residue (R379) lies outside of the defined pathogenic cluster aa 
ranges. This finding highlights the importance of these 58 putatively substrate and coenzyme-
interacting residues for the functionality of the holoenzyme. 

 

Figure 18.  Coenzyme and substrate binding residues identified by the StructureMapper algorithm (IV) are, with the 
exception of one residue (R537), all inside the pathogenic cluster ranges defined in studies I and III. This 
finding highlights the importance of these residues in the biological function of the holoenzyme. The 
catalytic polymerase active site Mg-ions are shown as grey spheres. Cluster 1 residues are shown in 
green, cluster 2 residues in yellow and cluster 3 residues in red. The primer-template DNA and the 
incoming dNTP are shown in black outlines. 

6.4 Regression analysis of the mutations 

POLG syndromes are progressive conditions that manifest anywhere from infantile age to late 
adulthood. As such, the age of onset correlates directly with the severity of the syndrome (I, III). 
The majority (~70%) of the pathogenic POLG mutations are recessive, and only manifest with 
symptoms in homozygous or compound heterozygous form (III). If we consider a somewhat 
simplified model of the diseases associated with POLG, where no compensatory mechanism 
exists between the enzymes in compound heterozygous patients, it allows us to create a network 
of the mutations and rank them with a simple pathogenicity score based on the reported age of 
onset of the patients (Figure 19).  
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Figure 19.  The patient data of compound heterozygous and homozygous mutations forms a network that can be 
used in combination with the reported ages of symptoms onset in ranking the pathogenicity of each 
mutation. The size of the spheres represents the number of mutations in the POLG pathogenicity server 
database, with the largest spheres representing the most commonly reported POLG mutations. The width 
of the connections represents the number of patients the connected mutations are found in compound 
heterozygous form. Leaf nodes of the network are shown in pink coloring (unpublished data). 

If an assumption of a linear model of disease progression is made, a simple formula for the age 
of onset can be applied: 

 

100	���	�		
�1���� 	�		
�2���� � age	of	onset 

The linear model of disease progression is supported by a trend seen in patient survival times 
after first symptoms onset (Figure 22). The formula expects an individual to stay healthy, free 
from mitochondrial dysfunction with two wt Pol γ enzymes for a hundred years.  With this 
model, each POLG mutation lowers the expected age of onset of symptoms from the initial 100 
years by multiplying the number of healthy years by the pathogenicity score assigned to the 
mutation. When the network of mutations and patient age of onset data is run through a 
regression analysis, so that the error rate between the reported ages of onset and the age of onset 
predicted by the formula is minimized, each mutation can be ranked in terms of pathogenicity 
and assigned with a pathogenicity score that has the best fit for the data (Table 6). 
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Table 6.  POLG mutations scored by a regression analysis rank the mutations based on the age on symptoms 
onset of the patients. Mutations that are found only in heterozygous form (and not a part of the larger 
mutation network) are shown with a grey background. Mutations that are not part of the interconnected 
mutation network and their contribution to pathogenicity cannot be accurately estimated are shown in 
italics. Mutations that have a score ≤ 0.6 can be considered pathogenic, and mutations with a score of > 
0.6 as SNPs, according to the analysis. The estimated average age of onset for a person with compound 
heterozygous mutations A467T and W748S (scoring 100 × 0.6 × 0.63) would be 37.8 years (unpublished 
data). The strength and correctness of the analysis increases with the number of connected patient 
cases. 

Mutation Score  Mutation Score  Mutation Score  Mutation Score 

G11D 0.84  L463F 0.73  Y831C 0.40  R1047Q 0.35 

S28C 0.99  M464T 0.53  G848S 0.50  R1047W 0.93 

Q43R 0.61  A467T 0.60  T851A 0.15  G1051R 0.64 

Q45R 0.52  N468D 0.83  R852C 0.51  P1073L 0.38 

Q49E 0.82  Q497H 0.52  R852H 0.40  G1076V 0.40 

S64L 0.40  S511N 0.73  R853Q 0.18  C1077G 0.97 

L79F 0.54  K512M 0.30  R853W 0.12  I1079L 0.66 

L83P 0.55  G517V 0.10  V855L 0.05  S1080I 0.54 

F88L 0.82  K561M 0.64  A862T 0.51  R1081P 0.53 

D136E 0.52  H569Q 0.58  N864S 0.33  R1081Q 0.34 

A143V 0.61  R574W 0.50  R869Q 0.72  S1095R 0.47 

P163S 1.00  R579W 0.39  Q879H 0.67  R1096C 0.55 

C224Y 0.18  P587L 0.86  T885S 0.64  R1096H 0.56 

R227P 0.41  G588D 0.42  L886P 0.41  S1104C 0.80 

R227W 0.52  P589L 0.62  G888D 0.42  A1105T 0.45 

R232G 0.18  R597W 0.58  G888S 0.55  V1106I 0.53 

R232H 0.36  M603L 0.79  A889T 0.82  H1110Y 0.46 

L244P 0.38  L605R 0.41  E895G 0.00  L1113P 0.41 

T251I 0.96  L623W 0.51  T914A 0.69  R1128H 0.91 

G268A 1.00  P625R 0.41  T914P 0.42  H1134R 0.60 

R275Q 0.70  R627Q 0.60  W918R 0.66  E1136K 0.18 

H277L 1.00  R627W 0.62  M919T 0.63  R1138C 0.87 

Y282D 0.44  P648R 0.75  G923D 0.70  E1143G 0.96 

G303R 0.41  R722H 0.62  D930N 0.38  N1157S 0.27 

L304R 0.57  N736S 0.52  H932Y 0.54  M1163R 0.41 

S305R 0.43  G737R 0.95  S933R 0.95  F1164L 0.93 

Q308H 0.71  G746S 0.73  R943C 0.29  S1176L 0.88 

R309C 0.14  W748S 0.63  R943H 0.67  D1184N 0.49 

R309H 0.41  F749S 0.43  K947R 0.15  R1187W 0.14 

W312R 0.80  L752P 0.47  Y951N 0.20  C1188R 0.42 

K319E 0.72  H754Q 0.42  R953C 0.63  K1191N 0.49 

G380D 0.69  K755E 0.51  Y955C 0.42  K1191R 0.18 

L392V 0.71  G763R 0.60  A957P 0.41  D1196N 0.91 

R417T 0.42  P765T 0.42  A957S 0.55  G1205A 0.01 

C418R 0.42  A767D 0.05  A957V 0.05  S1230F 0.65 

G426S 0.16  K768E 0.53  A962T 0.49  Q1236H 0.87 

L428P 0.42  R807C 0.53  R964C 0.65    
M430L 0.66  R807H 0.41  L966R 0.42    
Y452C 0.69  R807P 0.64  W1020X 0.41    
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6.5 POLG Pathogenicity Prediction Server 
 
The POLG pathogenicity prediction server is available online at http://polg.bmb.msu.edu. 

The online server is intended to function as an easy-access data repository for POLG syndrome 
patient cases, and it features multiple query interfaces for accessing all data available on POLG 
mutations. The main query output includes an assessment of the risk of mutation pathogenicity 
based on the pathogenic cluster ranges. The risk assessment and patient prognosis statistics are 
based on the pathogenic clustering protocol, defined and extended in studies I and III. A 
flowchart and description of the server mutation query output is illustrated in Figure 20. The 
mutation query also provides statistics on the allelic and non-allelic mutations with which the 
mutations queried are found in existing patient cases. As the same alleles are reported frequently 
around the world, this information is generally sufficient to determine the allelic combination of 
the mutations in most patients. 

 

 

Figure 20.  The main query interface of the POLG pathogenicity prediction server provides statistics on the allelic 
combinations the mutations are found in. In addition, the output includes pathogenic cluster assignment 
of the queried mutations, existing patient cases, most typical symptoms of the patients, based on similarly 
mapping cluster mutations as well as a prognosis and age of onset information for patient with similarly 
mapping mutations. Figure reproduced from study III. 

In addition to the main query interface, the server provides access to the patient data, that is 
searchable by residue number, ranges of residue numbers, exact mutations, mutations by 
pathogenic cluster, dominant inheritance pattern, patient data source article, as well as in-cis and 
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in-trans mutations (allelic and non-allelic, respectively).  An illustration of the functionality and 
site navigation map of the server is shown in Figure 21.  

 

 

Figure 21.  The POLG pathogenicity server features multiple query interfaces and ways of accessing patient data 
and information on specific POLG mutations. Figure reproduced from study III. 

The POLG pathogenicity server database currently contains 708 patient cases. The majority of 
the cases are reported with compound heterozygous mutations. The POLG pathogenicity server 
database is currently the largest available collated data set of POLG patients. Other efforts, such 
as the Human DNA Polymerase gamma Mutation Database (https://tools.niehs.nih.gov/polg/) 
offer much more limited functionality, with no support for physicians in making a diagnosis 
based on detected POLG mutations (Copeland, 2014). A breakdown of the data in the POLG 
pathogenicity server database is shown in Table 7. All the patient data is completely anonymous 
and has been collected from publicly available sources, such as scientific and clinical journals. 
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Table 7.  Contents of the POLG pathogenicity server database. The majority of reported POLG patient have 
compound heterozygous mutations. 

 
Total number of patient cases  708 100% 

Infantile onset cases  214 30% 

Childhood onset cases  108 15% 

Juvenile onset cases  87 12% 

Adult onset cases  292 41% 

Unknown age of onset cases  7 0.01% 

   

Compound heterozygous patients  421 60% 

Homozygous patients  152 21% 

Heterozygous patients  135

  

19% 

Reports referenced  193  

Unique missense mutations 209  

Unique pathogenic mutation 

combinations 

239  

The POLG pathogenicity server also features PON-P2 (Niroula et al., 2015) primary structure 
prediction scores for all possible mutations. These scores can be used as additional information 
on the predicted pathogenicity information on mutations that map outside of the pathogenic 
clusters, but may still constitute a dramatic change and affect the folding of the enzyme 
architecturally. 

6.5.1 Analysis of the most commonly-reported POLG mutations 
 
The three most commonly reported POLG mutations are found together in over 70% of the 
reported 708 patient cases: A467T (c.1399G/A, 247 cases), W748S (c.2243G/C, 186 cases) and 
G848S (c.2542G/A, 72 cases). The pathogenicity of these mutations was analyzed based on the 
patient data available in the POLG pathogenicity prediction database (III). The three mutations 
map to three different pathogenic clusters (G848S, Cluster 1; A467T, Cluster 2; W748S, Cluster 
5) according to our clustering model. A comparative analysis of the mutations is possible, because 
the three mutations have been reported in all possible compound heterozygous combinations, 
as well as in homozygous form (Table 8).  
 
Mutation W748S is commonly found in cis (allelic) with mutation E1143G. Mutation E1143G 
maps outside of the pathogenic clusters (I, III) and it has been assessed previously as non-
pathogenic and even having a potentially compensatory effect (Chan et al., 2006; Palin et al., 
2010). It is also possible that some reports have omitted inclusion of E1143G, because it is 
generally regarded as a SNP. The practice of omitting detected polymorphisms from reports 
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based on the current opinion about their effects is ill-advised and unnecessary. In the case of 
E1143G, our analysis corroborates the assessment of its benign nature, as similar ages of onset 
are reported among patients with homozygous W748S (21 years, 30 cases) and W748S + E1143G 
(22 years, 35 cases).   
 

Table 8.  A comparison of the three most common mutations (A467T, W748S, G848S) in the POLG pathogenicity 
server database (III). All possible allelic combinations of the mutations are present in the data. Out of the 
three mutations, G848S seems to be the most pathogenic. Mutations A467T and W748S have nearly 
identical ages of onset, but A467T is consistently slightly more pathogenic. The high standard deviation 
indicates that other genetic or environmental components affect the patient phenotype. Mutations that 
putatively produce a completely non-functional enzyme, are indicated with LoF (loss of function). Outlier 
cases: a(Sarzi et al., 2007), b(Galassi et al., 2008), c(Tzoulis et al., 2014), d(Martikainen et al., 2016). 

 

 
 
A comparison of the three mutations shows that G848S is associated with the earliest onset and 
most severe pathogenic phenotypes. When found in compound heterozygous form with A467T, 
the average age of onset is 1.7 years (± 2.0 years, infantile). In comparison, for compound 
heterozygous patients carrying G848S and W748S, the average age of onset is 5.7 years (± 2.6 
years, childhood). Only a single patient with homozygous G848S has been reported, with an age 
of five years at the time of examination (Tang et al., 2011). One potential reason that the patient 
data does not contain more homozygous G848S patient case reports is that most of them could 
result in prenatal mortality.  
 
The average ages of onset are similar for patients carrying either mutation A467T or W748S in 
homozygous form: 19.9 years (± 13.7) for A467T and 21.4 (± 10.4) years for W748S. These data 
corroborate the findings of Rajakulendran et al. (Rajakulendran et al., 2016) in a recent study on 
the extensive clinical heterogeneity of homozygous A467T patients. In comparison, the 
compound heterozygous cases with genotype A467T/W748S manifest later, at ~25 years of age, 
indicating that deleterious mutations from different clusters (affecting different aspects of 
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functionality) could have compensatory properties. While not directly related to the patient data, 
at least one type of compensatory properties with deficient Pol γ enzymes is known to exists. Pol 
γ enzymes with a defective exonuclease function cannot form circular mtDNA molecules. This 
defect can be compensated (rescued) by enzymes that may have a defective polymerase activity 
but a functional exonuclease activity (Macao et al., 2015). It remains possible that other such 
compensatory mechanisms exist. 
 
Mutations A467T and W748S have been reported eight and two times, respectively, in 
heterozygous patients. The reported five heterozygous cases of A467T and two reported cases 
of heterozygous W748S represent a tiny fraction of existing carriers as the ExAC genome 
mapping project reports global population frequencies of 0.052% and 0.083% for A467T and 
W748S respectively (Lek et al., 2016). 

The regression analysis of the three mutations (see 6.4) reports pathogenicity scores of 0.60 for 
A467T, 0.63 for W748S, and 0.50 for G848S, which are all in line with the patient data analysis 
and comparison of the age of onset observed in the patient data (see Table 8). The pathogenicity 
score for mutation E1143G, at 0.96, is also in line with the data and consensus in the literature. 

The A467T mutant enzyme exhibits moderate to substantially reduced DNA binding affinity, 
resulting in similarly reduced polymerase processivity in comparison to the wild type enzyme 
(Petri T Luoma et al., 2005). The W748S variant enzyme has been shown to exhibit substantially 
reduced DNA binding affinity and polymerase processivity (Chan et al., 2006). Another study on 
W748S could not find significant differences between the mutant and wild type enzymes (Palin 
et al., 2010). Biochemical characterization of mutation G848S showed that the mutated enzyme 
has very low DNA polymerase activity with  substantially reduced DNA-binding affinity 
(Kasiviswanathan et al., 2009). 

The patient data fits a model of disease progression in which each mutation with deleterious 
effects reduces the overall capacity of the Pol γ enzyme to repair and replicate mtDNA. While 
recessive mutations reduce this capacity, heterozygous individuals typically remain unaffected 
during their natural lifetime. In the case of compound heterozygous or homozygous pathogenic 
mutations, each mutation reduced the capacity of mtDNA maintenance down to level where the 
most mitochondria-dense and energy-demanding tissues become affected first. In the patient 
data, homozygous mutations show similar patterns of pathogenicity in comparison to compound 
heterozygous mutations. The data show that each allele with deleterious mutations render the 
condition more severe as aging progresses. Moreover, mutations affecting different critical 
functionalities (such as polymerization, translocation, accessory subunit-binding affinity and 
DNA-binding affinity) and mapping to different clusters of POLG can show either 
compensatory or exacerbating effects. Interestingly, the effects of maternal POLG mutations, 
germline mtDNA condition and copy numbers at the time of conception have not been studied 
in POLG syndromes, and may account for some of the variation seen in the age of onset data. 
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The status of the patient during the first two-to-three years of age is a critical determinant for 
the outcome of the patient. A subset of the patient data where both the age of onset and the age 
of death are reported, includes 144 POLG syndrome patients. In these data, the average survival 
time for patients who manifest with symptoms of mitochondrial disease under the age of three 
is under ten months with a maximum of five years (Figure 22). The use of valproic acid in the 
treatment of early onset patients may account for shorter survival as it can lead to acute liver 
failure and hepatotoxicity (Sitarz et al., 2014; Stewart et al., 2010).  

 

Figure 22.  The patient data contains 144 cases where both age of symptoms first onset and age of death have been 
reported. POLG syndromes are progressive conditions, and age of onset correlates directly with the 
severity of the disease. Survival time after symptoms onset shows a linear, upward trend. The use of 
valproic acid in the treatment of patients with epileptic seizures may account for shortened lifespans in the 
data in the more severe end of the spectrum of POLG syndromes. 

Our study could not control for environmental and cellular factors such as infections, 
malnutrition, unhealthy lifestyle, and sleep deprivation, among others. Homozygous patient cases 
are often reported in cohorts with high consanguinity, but as this information is not consistently 
available in the reports it was excluded from the analysis. The high standard deviation in the ages 
of onset in the patient data can be partly explained by inconsistent reporting between different 
publications (age of onset/age at examination/age of death). However, it remains highly likely 
that other currently-unidentified genetic factors contribute to disease progression in POLG 
syndromes. 
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6.5.2 Loss of function mutations 

DNA mutations that introduce premature stop codons, frameshifts, large deletions or exon 
skipping (see 4.1.1) are likely to inactivate the POLG enzyme completely as the polymerase 
domain and many critical motifs are located in the C-terminal half of the primary sequence. 
Several such enzymes have been characterized biochemically, corroborating the non-functional 
status, even though some limited DNA-binding capability can be retained (Kaliszewska et al., 
2015; Roos et al., 2013). These mutations are referred to as loss of function (LoF) mutations and 
they were grouped together to analyze their effects (III). 
 
Patients with compound heterozygous LoF mutations typically manifest with severe, infantile 
onset conditions. For the three most commonly reported POLG mutations (A467T, W748S, 
G848S) there are 19 reported compound heterozygous patient cases (Table 8). Patients with a 
LoF/A467T genotype (14 cases) manifest with at an average age of onset of 1.5 years (± 1.0 
years). In comparison, five patients with a LoF/W748S genotype manifest at an average age of 
onset at 1.7 years (± 1.3 years). No patients with LoF/G848S have been reported, and our 
analysis and comparison with A467T and W748S suggests that this genotype might not be viable. 

When comparing the LoF mutations to the homozygous and compound heterozygous 
combinations of A467T, W748S and G848S that exhibit more moderate pathogenicity, the data 
argue that the levels of the partially functional enzyme are critical for the patients. However, 
several exceptions have been reported. A single patient carrying A467T+ E873X/E873X 
(A467T + LoF/LoF) survived until 10 years of age (Naviaux & Nguyen, 2004), even though he 
had nonsense mutations in both POLG alleles. As the authors suggest, it might be possible that 
the premature stop codons are leaky, and some functional enzyme is still produced by the LoF 
alleles. In another similar case report, two brothers with a compound heterozygous genotype 
T914P/c.3104 + 3A > T had a clearly ameliorated phenotype, with symptoms onset at 20 and 
50 years of age (Roos et al., 2013). Molecular analysis showed that skipping of POLG exon 19 
caused by c.3104 + 3A > T was not absolute and some wild type POLG was still produced. 
Currently, no tools exist for the purpose of predicting which alleles can produce multiple versions 
of the enzyme, and similar molecular analyses are required to determine which specific LoF 
mutations could still result in the production of some wild type enzyme. 
 

The patient data indicate that all LoF mutations are recessive. The LoF enzymes are putatively 
incapable of competing with the wild type enzyme at the mtDNA replication fork. This 
hypothesis is corroborated by the presence of numerous asymptomatic carriers in the pedigrees 
of the patient reports. Furthermore, LoF mutations provide a baseline for the pathogenicity of 
the compound heterozygous mutations with which they are found. As the enzymes produced by 
the LoF allele are incapable of contributing to mtDNA maintenance and replication, the enzyme 
produced by the second allele must be able to do so. This indicates that both A467T and W748S 
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produce enzymes that are functional to some extent in vivo. With support from the patient data, 
the biochemical characterization suggests that the G848S enzyme is only marginally more 
processive than a LoF enzyme (Kasiviswanathan et al., 2009), and thus, a G848S/LoF genotype 
is not survivable. 

6.5.3 Analysis of dominant Pol γ mutations 

The POLG Pathogenicity Prediction Server database (III) contains 50 unique missense 
mutations that have been reported in heterozygous POLG patient cases in 135 individual 
patients. We have subdivided the 50 heterozygous mutations into three categories based on the 
available information for each mutation: likely dominant, unclear and recessive. When mapped 
onto the Pol γ tertiary structure, the mutations categorized as likely dominant all cluster around 
the polymerase domain active site (Figure 23). 

 

Figure 23.  Panel A shows the color coded heterozygous mutations in the POLG pathogenicity server database. The 
mutations have been colored based on an assessment of their dominant status. Red mutations are most 
likely dominant, based on the existing literature. Yellow mutations have an unclear dominant status, and 
green mutations are most likely recessive. Two of the most common POLG mutations, A467T and W748S 
that are also been found in heterozygous form are shown in cyan. Black arrow denotes the polymerase 
domain active site. Panel B shows a close up of the polymerase domain active site. All the mutations that 
are most likely dominant, cluster around the active site (black arrow). Figure reproduced from study III. 

The most commonly reported heterozygous POLG mutation, presenting with a dominant 
inheritance pattern is Y955C with 40 reported patients. The age of symptoms onset for these 
patients is in adulthood with an average age of 35 (± 14.5) years. Mutation Y955C is located in 
the proximity of the polymerase active site (Figure 23) and maps to pathogenic Cluster 1. The 
location of Y955 in the structure of POLG together with the supporting biochemical literature 
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indicate a critical role in orienting and base pairing of the free nucleotide with the template DNA 
strand (Estep & Johnson, 2011). Nucleotide polymerization by the Y955C variant enzyme is 
severely reduced (up to 1300-fold) and misincorporation rate is elevated (Estep & Johnson, 
2011). The symptoms that are most commonly associated putatively-dominant mutations in the 
patient data are PEO with ptosis and muscle weakness. In the data, 44% of heterozygous POLG 
patients manifest with PEO and ptosis, and 23% manifest with muscle weakness (Figure 24) 
(III).  

 

Figure 24.  The most commonly described symptoms in POLG patients include ptosis and PEO. PEO and the 
associated ptosis (drooping of the eyelids), are commonly associated with late onset POLG syndromes. 
Figure reproduced from study III. 

The biochemical characterizations reported to date for the putatively-dominant mutations 
(Table 3), combined with the patient case reports, suggest that the dominant pathogenicity could 
be due to a combination severely reduced polymerase activity with sufficient DNA-binding 
affinity to compete with wild type enzyme at the mtDNA replication fork. The POLG 
pathogenicity prediction server provides a list of heterozygous mutations in the patient data along 
with the most current annotations and categorization of their putative pathogenicity (III). In 
patient cases where only a single putatively pathogenic POLG allele is found, screening of other 
genes related to mitochondrial function is required (see 4.4.1).  
 

6.6 Pathogenicity analysis of a family with novel POLG mutations 

The proband of our study, a 67-year old woman, was examined clinically due to a 15-year 
history of dysarthria, ataxia and sensory axonal polyneuropathy (II). Her family history had no 
significant association with neurological disease. Sequencing of her POLG gene revealed four 

missense mutations: D122Y, K601E, Y837C and Q1236H. Out of the four, only Q1236H had 
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been reported in the existing literature and established as a neutral polymorphism (benign 
mutation) (Di Fonzo et al., 2003). The location of the mutation in the Pol γ tertiary structure 

are shown in Figure 25. 

 

Figure 25.  Mutations D122Y, Y837C, K601E and Q1236H that were found in the study of a Spanish family are 
illustrated in the tertiary structure of Pol γ (PDBID:3IKM) with modelled DNA primer template. The 
location of K601E in the spacer IP-subdomain indicates most risk of pathogenicity out of the four 
mutations. Figure reproduced from study II. 

The proband had two brothers. One of the brothers (at 61-years of age) had a very similar clinical 
phenotype and shared all of the mutations of the proband. He presented with an unsteady walk, 
showed tremors in both legs when standing and experienced difficulty in concentrating. 
Neurological examination revealed dysarthria and a lack of deep tendon reflexes. Five years later, 
he began to show myoclonia and experienced tonic-clonic seizures. The second brother was 
unavailable for further clinical examination. The proband had four children, out of which three 
were available for examination. Sequencing of the children revealed that K601E was non-allelic 
(in-trans) with the other three mutations. The examined children were 36, 33 and 32 years old and 
did not display signs or symptoms of mitochondrial disorders. One of the three children 
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examined had the allele with K601E, while two had the allele with D122Y, Y837C and Q1236H. 
The pedigree of the family is illustrated in Figure 26. 

 

 

Figure 26.  Pedigree of the family of the proband (arrow) shows the allelic separation of the four mutations and the 
affected study subjects that were examined. Mutation K601E is found in-trans with D122Y, Y837C and 
Q1236H. Figure modified and reproduced from study II. 

A computational structural analysis of the mutations was carried out to determine, which of the 
four mutations could contribute to the pathogenicity. Mutations D122, K691 and Y837 are 
equally well conserved, while the known polymorphism Q1236 shows more evolutionary 
divergence (as expected). The MSA used in the study is illustrated in Figure 27.  

 

Figure 27.  Multiple sequence alignment of the POLG-gene shows the evolutionary conservation of the four residues 
under study. The mutations that affect these residues: D122Y, K601E and Y837C are equally well 
conserved, while the known SNP Q1236H shows more divergence. The pathogenicity of mutation Y831C 
has been debated in existing literature, and it is included in the examination based on its similarity and 
spatial proximity to Y837C. Figure modified and reproduced from study II. 
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In the tertiary structure of Pol γ, residue K601 is located in the spacer IP subdomain. The 
functionality of this domain is one of the least well understood regions of the structure. The IP 
domain does, however, have multiple known pathogenic mutations in the near vicinity of K601, 
including one of the most common pathogenic POLG mutations, W748S. Residue K601 is part 
of pathogenic cluster 2, which encompasses the DNA binding channel. On the primary structure 
level, the charge-reversing change from lysine to glutamic acid can be considered a dramatic 
change, and it breaks the ionic interactions of the lysine side chain that are present in both the 
apo- (PDBID:3IKM) and holoenzyme (PDBID:4ZTU) tertiary structures. In the Pol γ 
holoenzyme structure, that was published in 2015 (Szymanski et al., 2015), after study II, K601 
interacts with residues L612, H613, and D487 (Figure 28). These changes in interacting partners 
are putatively due to conformational changes induced by the binding of primer-template DNA 
(Euro et al., 2017; Szymanski et al., 2015), and further confirm the important role of K601 in the 
IP domain. 

 

 

Figure 28.  In the apoenzyme structure (3IKM, panel A) K601 interacts with A721 and E616. In the holoenzyme 
structure 4ZTU (Panel B), published after study II, K601 interacts (dashed lines) with residues L612, 
H613 and D487. Changes in the interactions partners are putatively due to changes in Pol γ conformation 
after binding the primer-template. Panel A reproduced from study II. 

Mutation D122Y resides in the N-terminal region of the exonuclease domain, but it is much 
closer structurally to the polymerase domain and the polymerase active site, at a distance of ~25 
Å. The apoenzyme and holoenzyme structures show a different orientation for the D122 
sidechain. While in the apoenzyme structure (PDBID:3IKM) the side chain of D122 is extended 
toward the polymerase domain catalytic site, in the holoenzyme structure it is extending in the 
opposite direction towards the N-terminus. In the holoenzyme structure D122 is also interacting 
with the amide of Glu85 and the sidechain of His84 (Figure 29). Based on the holoenzyme 
tertiary structure D122 could provide stabilizing interactions in the NTD. The N-terminal region 
has not been characterized biochemically, and its importance in biological function after Pol γ is 
imported into mitochondria remains unknown. 
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Figure 29.  Residue D122 side chain takes a different conformation in the holoenzyme structure (purple) than it does 
in the apoenzyme structure (green). The interactions of D122 in the holoenzyme structure (dashed lines) 
could provide stabilizing interactions with E85 and H84 in the NTD. 

The third mutation discovered in the proband that could have pathogenic effects is Y837C. 
Residue Y837 is located on the opposite the of the polymerase domain from the DNA binding 
channel. While the evolutionary conservation of residue Y837 (Figure 27) shows that it is 
conserved, the tertiary structure analysis does not suggest a critical function. A very similar 
mutation, Y831C, close to Y837 has been characterized biochemically and its pathogenicity has 
been debated in the literature (Mancuso, Filosto, Oh, & DiMauro, 2004; Woodbridge, Liang, 
Davis, Vandebona, & Sue, 2013). Mutation Y831C is currently considered a benign mutation, 
despite the existing patient data (Luoma et al., 2007). The apo- and holoenzyme structures do 
not show any interacting residue partners or significant differences in conformation between the 
structures. At the primary structure level, a change from a large and bulky (aromatic) tyrosine to 
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a much smaller cysteine is significant, and the possible pathogenicity of Y837C cannot be 
completely ruled out. 

As a conclusion, the discovered POLG mutations are a likely cause for the phenotype of the 
proband. Mutation K601E bears the highest risk of recessive pathogenicity. The contribution 
from the compound heterozygous mutations D122Y and even possibly Y837C is very likely 
required for the development of a late-onset POLG syndrome that manifests with various 
neurological symptoms in late adulthood. Our analysis corroborates the existing literature that 
Q1236H is a neutral polymorphism and does not contribute to the pathogenic phenotype 
observed in our study subjects. The children of the proband are likely to remain unaffected into 
advanced age. 
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7 CONCLUSIONS AND FUTURE PROSPECTS 

Genetic testing and diagnosing is becoming more prevalent each day due to the dramatically 
decreased costs of genome sequencing in the past decade (Figure 30) and our increasing 
understanding of the biological significance of the genes, enzymes and affected biological 
pathways. According to the NHGRI (National Human Genome Research Institute) Genome 
Sequencing Program (GSP), the cost of sequencing a full human genome was $1245 (USD) in 
2015, while ten years earlier, the cost was above 10 million dollars (Wetterstrand, 2015). At the 
current level of cost, running a genetic screen on a patient with suspected hereditary condition is 
not out of reach in the Western world anymore. The bottleneck in making accurate diagnoses 
and prognoses has shifted to understanding the effects of mutations, both biologically and in a 
clinically-relevant manner. 

 

Figure 30.  The cost of whole genome sequencing has come down dramatically in the past decade. Figure in public 
domain (Wetterstrand, 2015). 

The four levels of protein structure offer a plethora of information with which to work in 
analyzing the possible effects of point mutations. The current coverage of tertiary structure data 
of the human proteome (including partial structures, and homologous structures from other 
species) is between 20 and 30% (IV). This number will increase in the future, and it might do so 
quite rapidly if the new cryo-EM techniques deliver the promises and expectations associated 
with them (Callaway, 2015). The tertiary structure data itself is very useful for mutation 
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pathogenicity prediction (IV), but when it is combined with a functional understanding of the 
domains and sequence motifs of the protein, as we have shown in this study with the DNA 
polymerase γ pathogenic clustering model (I, III), the predictive power increases dramatically. 
For proteins and enzymes that have not been characterized as thoroughly, functional domain 
databases such as PROSITE (Sigrist et al., 2009) can provide a basis for identifying the functional 
elements. Duplication of genes is the most common way of gaining new functionality in 
evolution, and therefore the same functional elements and motifs are repeated in a multitude of 
different proteins (Lynch, 2000). 

 
The studies presented in this thesis offer methods and tools for analyzing the pathogenicity of 
mutations in silico. The presented methods are, however, heavily dependent on available structural 
data. In the case of POLG, the existing holoenzyme structure, with many of the required 
co-enzymes that are present in vivo, provides an exceptionally good starting point for the analysis. 
Future enhancements of the discussed methods could include running molecular dynamics 
simulations, that would provide more information on the interactions of the mutated residues 
that the rigid crystal structures can provide. The holoenzyme (catalytic subunit, accessory subunit 
dimer, DNA primer-template and co-enzymes) is a relatively large system and running 
simulations to comprehensively study all existing and high-risk mutations would be a laborious 
task both in terms of required computational time and work involved. 

POLG syndromes are hereditary conditions caused by mutations in the POLG gene with 
unknown, putative genetic and environmental modulating factors (III). The current 
pathogenicity prediction capabilities for POLG syndromes that we have made available in the 
form of an online server (I, III), offer physicians and researchers unprecedented tools that can 
help in the assessment of both novel and known POLG mutations. In families with known or 
suspected mitochondrial disorders (II), the information provided by the server can also help 
couples that are carriers of recessive POLG mutations make informed decisions in family 
planning. 

The main function of Pol γ is to replicate and repair mtDNA. The catalytic α-subunit is a fairly 
large enzyme (1239 aas) that requires import into the mitochondria. Mitochondria are 
ubiquitously present in almost all human cells and tissues and the dysfunction caused by 
pathogenic POLG alleles in the long-term maintenance and repair of mtDNA is hard to 
compensate with any type of drugs and drug delivery methods that are currently available 
(Scatena, 2012). Considering a cure, techniques such as CRISPR-Cas9 (Cho, Kim, Kim, & Kim, 
2013; Mali et al., 2013; Ran et al., 2013) offer the most exiting promises of gene therapy that 
could fix the problem at its source and exchange the pathogenic POLG alleles with their native 
forms at the DNA level. There are, however, many technical hurdles and safety considerations 
that need to be addressed and overcome before such therapies can become a reality. Whatever 
the next generation therapies will be, addressing the problem of discerning the pathogenic 
mutations from the benign will remain an important task far into the future. 
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Mitochondrial dysfunction due to impaired energy production via
xidative phosphorylation (OXPHOS) causes a variety of diseases,
nown collectively as mitochondrial disorders [2]. Base substitutions,
eletions or depletion of mitochondrial DNA (mtDNA) resulting in pro-
uction of dysfunctional and/or depletion of OXPHOS proteins is an im-
ortant cause of mitochondrial dysfunction [2]. In animalmitochondria,
ol γ is the only knownDNApolymerase, and therefore, it is responsible
or maintenance of mtDNA integrity associated withmtDNA replication
nd repair [3]. Human Pol γ is a heterotrimer consisting of a catalytic
ubunit, PolγA, and a dimer of an accessory subunit, PolγB [4]. Encoded
y the POLG gene, Pol γA, known as the catalytic core, is a 140-kDa poly-
eptide that contains the 5′–3′ DNA polymerase (pol), 3′–5′ exonucle-
se (exo), and 5′-dRP lyase activities [3]. Mutations in the POLG gene
ead to the accumulation of mtDNA deletions as well as mtDNA deple-
ion, manifesting mitochondrial disorders termed POLG syndromes
5]. The most severe form of POLG syndrome, known as Alpers syn-
rome, is caused by compound heterozygosity of two recessive POLG
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erved.
s and leads to hepatocerebralmtDNAdepletion syndromedur-
cy and death at an early age [6]. Late-onset POLG syndromes,
rogressive external ophthalmoplegia (PEO), can be caused by
t or recessive compoundheterozygousmutations and are asso-
ith varying degrees of tissue-specific mtDNA depletion and/or
multiple mtDNA deletions [7].
rystal structure of Pol γ was determined in its apoenzyme
DB code 3IKM [8]). Its catalytic core has three major
: an N-terminal Exo domain that contains the exo active site,
inal Pol domain that contains the pol active site, and a spacer
that separates the Exo and Pol domains in primary sequence.
bdomains are defined in the Pol domain: the palm subdomain
ts the most highly conserved structural module between
ologous DNA polymerases and contains the pol catalytic site
ting twoMg2+ ions, the fingers subdomain is involved in bind-
ncoming dNTP substrate, and the thumb subdomain forms
surface of the DNA binding channel. The spacer domain
s two subdomains: the accessory interacting domain (AID),
rms themajor hydrophobic contact with the proximal accesso-
it, and the intrinsic processivity (IP) domain, which forms a re-
he upstream DNA binding channel and does not contact the
y subunits. Both subdomains form distinct regions of the up-
NA binding channel, but the flexible AID contributes to DNA
ffinity only when the accessory subunit stabilizes it in the cor-
tion [9]. The extreme N-terminal residues of the catalytic core
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1 ta 1
o not show sequence conservation with other Exo domains in the
amily A polymerase group and are thus designated as a sepa-
ate N-terminal domain (NTD), which presumably contains the
itochondrial leader sequence.
Pol γ is a member of the family A polymerase group and shares the

ighest sequence similarity with bacteriophage T7 DNA polymerase
T7 Pol) [8]. We generated a structural model of the Pol γ ternary com-
lex by superimposing the apo-holoenzyme Pol γ structure (PDB code
IKM) [1] with the structure of T7 DNA polymerase (PDB code 1T8E)
ith bound primer template DNA, incoming ddNTP, and Mg2+ ions.
e then mapped 58 Alpers mutations onto this structural model and

eported that they cluster into distinct regions, which we termed clus-
ers 1–5 [1]. Because Pol γ is a family A polymerase, functional insight
an be extrapolated from the extensive studies of conserved elements
n bacterial DNA polymerase I (Pol I) and T7 Pol [10–15]. This and the
valuation of the unique features of Pol γ by the biochemical analysis
f yeast,fly, andhumanPolγ variants [16–18] revealed that each cluster
efines a unique functional region,which exhibits a distinct biochemical
efect when affected by a pathogenic mutation [1]. Cluster 1 mutations
re predicted to cause a primary defect in pol activity and affect residues
nvolved directly in catalysis or indirectly by affecting architectural res-
dues that may disrupt the position of catalytic residues. Catalytic resi-
ues include those binding the two Mg2+ ions, those that make
ontact with the incoming dNTP, and those that make contact with
he first, second and third nucleotide pairs in the nascent dsDNA,
hich are critical for correct positioning of the substrate in thepol active
ite. For example, the human pathogenic mutation R943H affects an
mino acid residue that contacts the γ phosphate of the incoming
NTP and has been shown in vitro to have a 30-fold increase in Km for
NTPs and a 5-fold decrease in kcat, which together reduce pol activity
50-fold without affecting DNA binding affinity [19]. Cluster 2 muta-
ions are predicted to cause a primary defect in DNA binding affinity
nd affect residues of the IP and AID that form the upstream DNA bind-
ng channel, which enhance DNA binding affinity via contacts with nu-
leotides upstream of the third base pair of primer template. For
xample, the biochemical analysis of recombinant fly Pol γwith a triple
lanine substitution in amino acid residues K768/D769/F770, which are
ocated in the DNA binding channel wall of the IP domain, showed a
mall decrease in binding affinity [17]. Cluster 3mutations are predicted
o affect the pol:exo activity ratio andmay have variable defects in DNA
inding affinity. Many of the cluster 3 mutations map to a helix–coil–
elix module (residues 295–312) located in the Exo domain that has
een termed the “orienter”module [18]. L304R of the “orienter”module
as been studied biochemically in recombinant yeast Pol γ and exhibits
-fold increased exo activity, 20-fold decreased pol activity, and 10-fold
ecreased DNA binding affinity [18]. In addition, cluster 3 mutations
ap to the partitioning loop, which is a novel module conserved in
ol γ (residues 1050–1095) that is located between the fingers and
he palm subdomains and is not present in any other known polymer-
se [1]. To date, no biochemical data are available for residues of the
artitioning loop, although it has been shown that yeast strains homo-
ygous for a mutation that is equivalent to G1051R in human Pol γ
ause a 10-fold increase in pointmutational frequency in vivo [20]. Clus-
er 4 mutations map to the Exo domain along the distal accessory sub-
nit interface and are predicted to cause a biochemical defect similar
o the R232G variant, which was shown in vitro to have reduced pol
ate, increased exo activity, and wild-type (WT) DNA binding affinity
21]. Cluster 5 mutations are located in the periphery of the IP
ubdomain and have not been shown to cause a biochemical defect.
or example, human recombinant Pol γ harboring R627Q or R627W
utations exhibited no defects in vitrowhen analyzed for DNA binding
ffinity, pol activity, and stimulation by the accessory subunit [22].
In applying our clustering model to the reported Alpers mutations,

e found that Alpers syndromewas found only in compound heterozy-
ous patients bearing twomutations from different clusters in Pol γ [1].
ince publication, several new reports have been published that
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ded dozens of new mutations and mutation combinations
OLG syndrome library [23–26]. Here, we examine potential
e–phenotype correlations by analyzing all reported POLGmuta-
ilable to date, not restricted to a phenotype or age of onset, uti-
r clusteringmodel. In total, we assign 136mutations to the five
and identify segments of primary sequence that can be used to
he boundaries of each cluster. We demonstrate the validity of
ering model as the first to establish genotype–phenotype cor-
for POLG syndromes and show that it can be used to predict
ogenic potential and biochemical defects of novel mutations
provide information about the likely severity of the POLG
e for compound heterozygotes with novel combinations of
s.

ds

putational analysis

ocked primer-template DNA (ptDNA) into the putative DNA-
channel of the Pol γ apo-holoenzyme crystal structure

de 3IKM [8]) by superimposing the closed ternary complex of
ound to ptDNA and dNTP (PDB code 1T8E [27]) using PyMOL
ww.pymol.org/). As we described previously, we found
best overall alignment was obtained by aligning the palm
ain of Pol γA (residues 815–910, 1095–1239) to the palm
ain of T7 Pol (residues 409–487, 611–704) [1]. This model was
ap and evaluate all reported POLG disease mutations.

stical analysis

sed Pearson's chi-square analysis to calculate the significance of
of onset (infantile, childhood, juvenile, and adult) and themu-
mbination affecting the same (=0) or different clusters (=1)
Logistic regression analysis was used to calculate odds ratios
g an infantile-onset disease. We conducted all statistical analy-
Stata (version 11.0). Two-sided p values were used with a sig-
level of 0.05. We thank Dr. Kirsi Pietiläinen for help with the
l analysis.

ts

er assignment of all reported POLG disease mutations

lpers mutations represent only a subset of the total library of
disease-causing mutations in POLG. To investigate further the
the five functional clusters in Pol γ that we defined earlier to
Alpers mutations [1], we compiled a list of all pathogenic
tations reported to date by combining the POLG database en-
tp://tools.niehs.nih.gov/polg/) with new data from recent re-
–26,28,29]. The list comprises a total of 136 pathogenic point
ns, including both dominant and recessive mutations. We in-
n our analysis POLG mutations that represented the only
causing defect identified in the patient, exclusive of mutations
genes associatedwithmitochondrial dysfunction, and excluded
ation of null mutations. By excluding patients with mutations
ple genes associated with mitochondrial dysfunction, a clear
be established between the functional defects in Pol γ and
rity of disease manifestations. Furthermore, we considered a
nic mutation to be dominant only if the family history demon-
dominant mode of inheritance, leaving out potential de novo
s.
apped each of the pathogenic mutations onto our structural

nd assigned them to a cluster by evaluating them individually.
a cluster may contain residues that are distant in primary se-

assignment was straightforward in most cases because each
occupies a distinct structural region in the Pol γ tertiary

837 (2014) 1113–1121
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tructure. Somemutationsmapped to areas equidistant from twodiffer-
nt clusters, and because we did not define explicitly the boundaries of
he structural regions for each cluster in our previous analysis, wemade
se of additional criteria for cluster assignment. To do so, we analyzed
ach point mutation based on reported biochemical data to predict
he functional defect it would cause. In this way, cluster assignment is
ased not only on structural location but also on functional insight. In
otal, we assigned 136 pathogenic mutations to the five functional clus-
erswe defined earlier [1], as shown in Fig. 1. Because of the large library
f reported mutations, we concluded that a sufficient number of muta-
ionswere assigned to each cluster to use theirmap positions as the sole
eans of defining the structural region and primary sequence occupied
y each cluster. Mutations from each cluster are divided into several
ubclusters of 10–100 amino acid residues and are distributed across
he length of the POLG gene (Fig. 1, upper schematic). Despite the
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arge separation of subclusters in primary sequence, the elements of a
luster fold into compact structural regions as illustrated in Fig. 1
lower panel).

affecting
are most
dNTP bin

ig. 1. Clustering of 136 pathogenicmutationswithin five functionalmodules in the catalytic subunit of hum
he clustering of 136 pathogenic mutations into discrete blocks of amino acid residues, which we term sub
hich they belong: cluster 1, green; cluster 2, yellow; cluster 3, red; cluster 4, blue; cluster 5, cyan (see the t
11–1048), and thumb (Th, residues 440–475 and 785–814) subdomains of the Pol domain are colored p
subunit) interacting domain (AID, residues 476–570) and the intrinsic processivity (IP, residues 571–784)
ain (NTD, residues 1–170) and the Exo domain (residues 171–439) are colored in purple. Lower panel:
ocked primer template DNA shown as orange ribbon (for details, see Computational analysis section). The
tructural elements (SSEs), with regions defined by clusters illustrated as space-filledmodules, colored acc
s surface representations in light and dark gray, respectively.
eightmutationswere assigned to cluster 1, defining seven sub-
located in the NTD, Exo, and Pol domains. The primary bio-
l defect caused by a cluster 1 mutation is predicted to be
pol activity. As expected, most mutations affect residues of
omain, including the five conserved motifs within the Pol do-
amily A polymerases that are essential for 5′–3′ DNA polymer-
ity (Fig. 2, upper schematic [12]). Subcluster 1E (residues
) spans the O-helix and its environs (Fig. 2, lower panel), the
of which is to bind the correct dNTP substrate by transitioning
an open and a closed complex [30]. The conserved amino acid
on the O-helix are known as the Pol B motif (residues
), which establishes specific contactswith correctly base paired
the closed conformation [12]. POLG mutations that disrupt the
contacts with the incoming dNTP (H932Y, R943H, K947R,
nd Y955C)will reducefidelity and increase Km (dNTP), without

111537 (2014) 1113–1121
DNAbinding affinity [19,31]. Thus,mutations affecting this site
likely dominant because they are capable of competing for
ding with wild-type (WT) Pol γ but are unable to polymerize

an Pol γ. Upper panel: schematic diagram of the human POLG gene illustrating
clusters. Mutant alleles and subclusters are colored according to the cluster to
ext for details). The palm (residues 815–910 and 1096–1239), fingers (residues
ink, and the partitioning loop (PL, residues 1049–1095) is red. The accessory
subdomains of the spacer domain are colored inmagenta. The N-terminal do-
structural model of the human Pol γ apo-holoenzyme (PDB code 3IKM) with
catalytic subunit of Pol γ is shown as a cartoon representation of the secondary
ording to the schematic. The proximal and distal accessory subunits are shown
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Fig. 2. Architectural and functional subclusters of the Pol domain. Upper panel: schematic diagram of the POLG gene as shown in Fig. 1, with an additional upper section indicating the
location of the three Exo motifs, labeled as I, II, and III, and the six Pol motifs, labeled as 1 (motif 1), 2 (motif 2), A (Pol A motif), B (Pol B motif), 6 (motif 6), and C (Pol C motif), which
are conserved throughout family A polymerases (see text).Motifs and subclusters that are illustrated in the bottompanels are in shown bold. Bottom panels: SSEs and transparent surface
representation of the palmandfingers subdomains of Polγ (PDB code3IKM) are shown(subdomains are colored ingray in themiddle section of the schematic). Bottom-left panel: thefive
motifs of the Pol domain, which are colored in pink in the upper section of the schematic, are shown as pink SSEs and are labeled accordingly. Docked primer template DNA is shown as
orange ribbon,Mg2+ ions are shown as orange spheres, and the incoming dNTP is shown as orange sticks (for details, see Computational analysis section). Bottom-right panel: subclusters
1D, 1E, and 1F encompass one ormore of thefive conservedmotifs of the Pol domain and are colored in light green. Subclusters 1A, 1B, 1C, and 1G, colored indark green, are located further
structurally from the pol active site, and are considered to play an architectural role.
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ucleotides effectively. Also, they are predicted to causemtDNAdamage
hat is associated with enzyme stalling [32].

Subcluster 1D (residues 848–895) comprises the RR loop (residues
45–863) [1] and the conserved Pol A motif (residues 887–896) of the
alm subdomain (Fig. 2) [3]. The RR loop is equivalent to motif 2 in
ol I and is critical for binding correctly base-paired ptDNA in the
inor groove and the template DNA backbone [12]. The Pol A motif in
ol I contacts the primer strand, binds Mg2+ via amino acid residue
705 (D890 in Pol γ) and discriminates against ribonucleotide incorpo-
ation via residue E710 (E895 in Polγ) [33]. Mutations in the Pol Amotif
t either D890 or E895 in Pol γwould likely manifest a dominant lethal
henotype, and the only reported patient to date with the E895Gmuta-
ion died immediately after birth [34]. Motif 2 mutations should always
ause reduced pol activity but may also cause a DNA binding defect de-
ending on the residue, such as the 5-fold defect reported for G848S and
852C [35]. The DNA binding affinity of T851A, R853Q, Q879H, and
885S may decrease slightly, but the reduction in pol activity is much
reater [35]. Overall, we feel it is unlikely for dominantmutations to re-
ide in motif 2 because these mutant forms of Pol γwould not compete
ith WT Pol γ for DNA binding.
Subcluster 1F (residues 1104–1138) comprises motif 6 (residues

097–1110) and the Pol C motif (residues 1134–1141) in the palm
ubdomain (Fig. 2) (according to the nomenclature defined for Pol I
12]). Motif 6 is located on the Q-helix and binds correctly base-paired
emplate strand and the ptDNA minor groove in Pol I via the residues
845 and Q849 ([13], equivalent to N1098 and Q1102 in Pol γ,
espectively). The Pol C motif in Pol γ binds Mg2+ via D1135, whereas
1134 and E1136 contact the primer strand. Subcluster 1G (residues
157–1196) maps to a C-terminal region of the palm subdomain and
orms an anti-parallel beta strand adjacent to the Pol A motif. Only
1191 is predicted to contact the primer terminus, whereas the rest of
ubcluster 1G serves an architectural role [1]. Mutations affecting
otif 6 have been reported to cause DNA binding defects along with
ol defects in Pol I Klenow [13]. However, an alanine substitution at
he equivalent residue to Pol γ H1134 in Klenow (H881A) caused a de-
rease in kcat from 6- to 66-fold [13] but retained DNA binding affinity,
uggesting that a mutation in H1134 might be dominant.
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ssigned mutations to subclusters 1D–G with high confidence
there is extensive biochemical data available for the Pol do-
addition to the presence of the highly conserved amino acid se-
motifs. In contrast, a subcluster of seven mutations (R417T,
426S, L428P, M430L, G431V, and S433C) was mapped to the
(Fig. 2, lower right panel), a structural element that had not
died previously. According to the current Exo domain assign-
residues 170–440 by Lee et al. [8], this subcluster would reside
o domain, although earlier T7 Pol [15] and Pol I structures [36]
G-helix as part of the palm subdomain within the Pol domain.
ss of the domain assignment, this subcluster is adjacent to
and motif 6, and we propose it serves an architectural role
tributes to pol activity indirectly and assign it as subcluster 1C.
tations from the NTD were also observed to be closer structur-
unctional Pol motifs as compared to Exo motifs; thus, we
D136E and A143V as subcluster 1B (residues 136–143), and
P and F88L were assigned as subcluster 1A (residues 83–88).
ty-fivemutations fromcluster 2,whichwe predict to cause pri-
fects in DNA binding affinity, outline the putative DNA binding
and map to four subclusters within the thumb subdomain of
domain (2A, residues 463–468) and the AID (2B, residues
) and IP (2C, residues 561–617 and 2d, 752–767) subdomains
acer domain. Subcluster 2C contains motif 1, which in Pol I
wn to fold into a loop and binds DNA in the channel [12].
together with subcluster 2D forms the major face of the DNA
channel. Subcluster 2A maps to a region of the thumb
ain at the accessory subunit interface where A467T, N468D,
3F are positioned. Our group has characterized residue A467T
ically, and it was shown to retain 70% ofWTDNAbinding affin-
econstituted holoenzyme form [22]. The extensive biochemical
of the spacer domain in general has demonstrated that the hy-
ic core of the IP subdomain is critical for shaping the DNA bind-
nel wall [17,22]. Mutations that alter the IP subdomain, such as
re predicted to perturb the channel to blockDNA fromentering,
then observed as reduced DNA binding affinity.
mutations from cluster 3map to the orientermodule [18,52] of
domain, and another 12 mutations from the same cluster map
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f onset [38]. We were able to catalogue a total of 340 compound
ozygous patients harboring two pathogenic mutations, and we
ified each patient by the age of onset reported. Each combination

Analysis of mutation combinations as cluster combinations reveals predictive geno-
henotype correlations. The data used to compile the information in this figure was
d from the references included as Supplemental data. The number ofmutation com-
ons manifesting POLG syndrome at each of the four age groups is shown in each
for specific cluster combinations. Age of onset trends can be used to predict the se-
of POLG syndrome for an individual with compound heterozygous mutations in
Upper panel: POLG syndrome age of onset trends for mutation combinations of
utations from different clusters versus the same cluster. Middle panel: patient
how trends in which severe cluster combinations have an earlier age of onset,
as less severe or uncommon cluster combinations have a later age of onset. Lower
earlier age of onset trends for more severe cluster/subcluster combinations.

ta 18
o the partitioning loop [1] of the Pol domain, which are defined by two
ubclusters (3B, residues 303–319 and 3D, 1047–1096, respectively).
dditionally, a recent report from the Foury group [37] has shown
hat variants of yeast Pol γ bearing substitutions in residues of the
humb subdomain M602I (R802 in Hs), and the Exo II motif of the Exo
omain A228V, R231K, and R233W (S272, R275, and H277 in Hs) also
roduce the altered pol:exo activity ratio that characterizes cluster 3
utations. Therefore, we assign pathogenic residues R807P, R807C,
807H, and R804T as subcluster 3C (residues 804–807), and the Exo II
otif mutations G268A, R275Q, and H277L as subcluster 3A (residues
68–277). In support of the proposed subcluster 3C, we note that the
YW triple alanine substitution in recombinant fly Pol γ, which was
ound to exhibit increased exo activity with both decreased pol activity
nd DNA binding affinity [17], maps adjacent to subcluster 3C in human
ol γ (residues S799/F800/W801). Similarly, the Exo II motif has been
emonstrated to alter the pol:exo activity ratio in biochemical variants
f Pol I by decreasing the affinity of the primer strand for the exo active
ite, consistent with the decrease in exo activity andWT pol activity ob-
erved for the R233Wvariant in yeast Pol γ (H277 in human Pol γ) [37].

Six mutations in cluster 4 (comprising residues 224–244), C224Y,
227P, R227W, R232G, R232H, and L244P, map to a single region on
he subunit interface of the Exo domain. Biochemical studies of a
uman R232G variant in reconstituted holoenzyme form showed a de-
rease in pol rate and an increase in exo activity, with unchanged DNA
inding affinity that derive from loss of a direct stimulation of pol activ-
ty by the distal accessory subunit [21]. This, and an earlier study by Lee
t al. [53], support a distinct role for the distal accessory subunit in en-
ancing processivity. We propose that the other residues of cluster 4
ave similar biochemical characteristics.
Ten mutations from cluster 5 are also located in the IP domain,

ut they map to the distal region far removed from the DNA binding
hannel and define subcluster 5A (residues 623–648) and subcluster
B (residues 737–749).

.2. Cluster assignment can be used to predict the pathogenicity of a novel
utation

Our clusteringmodel provides an annotated guide to assign function
o the entire mutational spectrum in the POLG gene, and we propose
hat it can be used to evaluate the potential pathogenicity of novel
OLGmutations. In particular, when a novelmutationmaps to a specific
ubcluster within the five functional clusters we have defined, we pre-
ict that it will likely be pathogenic and result in the biochemical defect
ssociated with that subcluster. At the same time, we would argue that
utations that do not map to these specific amino acid sequence blocks
re more likely to be neutral polymorphisms. In support of this model,
e found that only 12 out of 87 reported single nucleotide polymor-
hisms (SNPs) from the human dbSNP database (http://www.ncbi.
lm.nih.gov/projects/SNP/) map within subclusters (Fig. S1). Three of
hese are conservative substitutions of highly similar amino acids
F1092L, F1164L, and F1164I) and likely have no functional conse-
uences. These examples would suggest that although a mutation
ay affect a residue within a functional subcluster, conservative substi-

utions with amino acids with highly similar chemical properties may
ot be pathogenic, and this possibility should be taken into consider-
tion when evaluating novel mutations. Additionally, missense muta-
ions reported as SNPs in the SNP database are not necessarily non-
athogenic, as they could be uncommon recessive mutations that are
asked when paired with a wild-type allele.
Although the mutation library is large, the POLG mutational map is

ikely not yet saturated, so routine sequencing of patients with POLG
yndrome will continue to fill out the spectrum. We predict that most
ovel mutations will map within our current clusters because they are
y definition “mutational hotspots,” and importantly, we observe from
heir positions within the crystal structure that they encompass the
nown functional motifs required for the biochemical activities of
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r example, based on the high sequence conservation with fam-
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as the Pol A-C motifs, motif 2, and motif 6 are each populated
n pathogenic mutations that map within our current cluster 1
nd 2).

er combinations of compound heterozygotes correlate with age of
OLG syndrome

ously, we evaluated the combination of mutations in com-
eterozygotes that cause Alpers syndrome using our original
g model and found that Alpers was triggered exclusively by
ination of two mutations from different clusters [1]. Here, we
all mutations causing POLG syndromes (caused by compound
gosity) using the model refined by the designation of subclus-
hin the original five functional clusters. Although clinical
tion and age of onset are extremely variable for POLG syn-
the severity of symptoms in general decreases with increasing

http://www.ncbi.nlm.nih.gov/projects/SNP/)
http://www.ncbi.nlm.nih.gov/projects/SNP/)
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as assigned to one of four age groups: infantile, b3 years of age; child-
ood, ages 3–12 years; juvenile, 13–20 years; and adult, N20 years.
he data are compiled and evaluated in Fig. 3. Compound heterozygous
atients with two mutations from the same cluster were less common
113/340) and were generally associated with late-onset POLG
yndromes (Fig. 3, upper panel). Compound heterozygous patients
ith two mutations from different clusters were much more common
227/340) and comprised 110/120 of the infantile-onset combinations.
hese results argue that the combination of mutations from two differ-
nt clusters is not just a specific trigger for Alpers syndrome; rather, in
23 uniquemutation combinations in 227 compound heterozygous pa-
ients, it serves to represent a universal genotype–phenotype correla-
ion for all POLG syndromes.

.4. Critical functions: clusters 1, 3, and 4

We predict that mutations affecting cluster 1 will reduce primarily
ol activity, and these have been associated with increased replication
ork stalling in vivo [32,52,53]. The stalling phenotype is characterized
y slow progression of or suspended replication forks and causes an ac-
umulation of replication intermediates that can lead to double-
tranded DNA breaks, mtDNA deletions, and base substitution muta-
ions [39–41]. It is thus unlikely that a compound heterozygote with
wo cluster 1 mutations would be viable unless the defects are very
ild. Indeed, only 11 such combinations of 14 different mutations
ave been reported in 18 patients (Fig. S2) and involve mutations
uch as G923D and A957S that retain 25% WT pol [19], which is a rela-
ively mild pol defect compared to other cluster 1 mutations, such as
he 100-fold reduction of pol activity engendered by the Y955C muta-
ion [32]. Although the partitioning loop has not been studied biochem-
cally, cluster 3 mutations may produce a biochemical phenotype
imilar to that of the L260R variant in yeast Pol γ (L304R in Hs Pol γ),
hich is characterized by an increase in exo activity and decreases in
ol activity and DNA binding affinity [18]. Only four combinations
ave been reported in 12 patients for compound heterozygotes with
wo cluster 3 mutations (Fig. S2), which may indicate that most of
hese combinations are lethal. Cluster 4 mutations are predicted to in-
rease exo activity and decrease pol rate, while retainingWT DNA bind-
ng affinity [21]. Interestingly, cluster 4 mutations have not been
eported in combination with other cluster 4 mutations, or together
ith cluster 3 mutations. When Pol γ is stalled, the primer strand can
ranslocate between the exo active site and the pol active site, a mode
escribed by Atanassova et al. [32] as idling. We speculate that cluster
and 4 mutants may manifest an idling phenotype because of their
nhanced exo:pol activity ratios, which is likely to increase non-
roductive turnover by mutant Pol γ, via exonucleolytic hydrolysis of
orrectly incorporated nucleotides. In compound heterozygotes, two
dling Pol γs may be lethal, explaining the absence of cluster 3+4 com-
inations aswell as cluster 4+4 combinations. Taken together, the lack
f complementation observed for clusters 1, 3, and 4 suggests that they
erve essential functions in mtDNA metabolism.

.5. Moderately severe dysfunction: clusters 2 and 5

Mutations affecting cluster 2 will most likely cause a primary defect
n DNA binding affinity. Processivity, defined as the number of nucleo-
ides incorporated in a single DNA binding event, varies directly with
ol rate and DNA binding affinity, and as a consequence, cluster 2muta-
ions reduce processivity. Individuals carrying homozygous A467T mu-
ations present as juveniles with POLG syndrome [26,42,43]. As we
howed that Polγ carrying theA467T substitution shows aDNAbinding
ffinity 70% of that ofWT [22], this suggests thatmoderate reductions in
NA binding and pol activity may be tolerated throughout childhood. It
hus seems likely that most same cluster combinations of cluster 2
utations will not be lethal and instead will lead to development of

ater-onset POLG syndrome. Consistent with this hypothesis, 42 such

comb
adult

W
R627
veale
map
bindi
type,
zygo
S2). T
in mt
bility
toget
adult
2 mu
and a
POLG
is the
POLG
for W
[46–4
in clu
sugg
serve

3.6. S

C
have
clust
(44/
drom
are th
natio
cases
will
boun
wou
tant.
than
show
prog
symp

T
and t
rence
(as in
varia
SNP
locat
any f
and
two p
cent
cludi
to A4
are a
duce
comp
muta
G848
er w
adult
sults
serve

118 G.A. Farnum et al. / Biochimica et Biophysica Ac
tions have been reported, and the majority show juvenile or
set (Fig. 3, middle panel).
ave studied three cluster 5 mutations, W748S, R627Q, and
in the reconstituted human Pol γ holoenzyme, but all three re-
o biochemical phenotype in our hands [22,44]. Thesemutations
he distal surface of the IP domain, far removed from the DNA
channel. Despite the lack of a documented biochemical pheno-
ster 5 mutations have been reported in 139 compound hetero-
atientswith POLG syndromemanifesting at all ages (Figs. 3 and
efore, this region clearly carries a biologically relevant function
Ametabolism because cluster 5 mutations cause mtDNA insta-
,45]. As for cluster 2 mutations, cluster 5 mutations are found
in compound heterozygote individuals with juvenile- or
set POLG syndrome. Compound heterozygotes with a cluster
on and a cluster 5 mutation have been reported in 40 patients,
ajority of the combinations resulted in juvenile- or adult-onset
drome (Fig. 3,middle panel). Notably, this cluster combination
ly one that did not typically cause infantile- or childhood-onset
ndromes. To this point, 39/39 patients that were homozygous
8S only developed a mild adult-onset POLG syndrome
In sum, cluster 2 and cluster 5 mutations, in contrast to those
rs 1, 3, and 4, are observed to complement each other, perhaps

837 (2014) 1113–1121
s critical functions in mtDNA metabolism.

re combination: cluster 1 + 2

pound heterozygotes with cluster 1 and cluster 2 mutations
en reported in 70 patients and are the most abundant of all
ombinations (Fig. 3, middle and lower panels). The majority
of these combinations caused infantile-onset POLG syn-
n fact, the most severe combinations observed in this study
ubcluster combinations 1D+ 2A and 1E+ 2A. These combi-
cause infantile-onset POLG syndrome in 17/18 and 19/20
spectively. Cluster 1 mutants have reduced pol activity but
pete for DNA binding and cause enzyme stalling when
luster 2 mutations show reduced DNA binding affinity and
e unable to compete for DNA binding with a cluster 1 mu-
predict this would result in more stalled enzyme complexes
bound cluster 2 complexes alone. Because cluster 2 mutants
ly modest decreases in pol activity, mtDNA depletion will
s gradually until a threshold level is reached to give rise to
s of POLG syndrome.

wo most common cluster 2 mutations are A467T and P587L,
atter is always reported in ciswith T251I in patients. The occur-
twomutations together suggests either a genetic founder effect
konen et al. [46]) or a synergic or compensatory effect of the
. T251I maps to the Exo domain, but we consider it to be a
the following reasons: T251 is not a conserved amino acid, is
n the protein surface, and is not in a reasonable proximity to

ctional region. In contrast, P587L is conserved in mammals
nd is positioned in the putative DNA binding channel, and
ogenic mutations, G588D and P589L, are located directly adja-
587 on the same hairpin. By considering T251I as a SNP and ex-
t from the functional analysis, P587L can be compared directly
T for its relative pathogenicity. Although no mechanistic data
able for POLG carrying the P587L allele, we suggest it will re-
A binding affinity to a much lesser extent than A467T. A direct
son of the two mutations is possible in two different cluster 1
ns. One patient was reported as compound heterozygous for
467Twith infantile onset POLG syndrome [43], whereas anoth-
eported as compound heterozygous for G848S/P587L with
set POLG syndrome [26]. Homozygosity for P587L + T251I re-
late-onset myopathy phenotype [7]. The same pattern is ob-
ith K1191N [7,26].
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e, the age of onset of compound heterozygous POLG syndromes.

Age of onset correlation for reported symptoms. Symptoms associated with POLG
omes manifest typically at different ages. The symptoms reported in the patients
een grouped together based on affected tissue types and ordered according to
ges of onset. The more severe symptoms and forms of POLG syndromes are at the
d of the figure, while the less severe symptoms are at the right end. Detailed infor-
of t

Symptoms associated with different POLG syndromes. Depending on the specific
ions and cluster combinations of the POLG gene mutations in individual patients,
syndromes can become symptomatic at different ages and manifest as pathogenic
ions in different tissue types. The figure shows a continuing spectrum of decreasing
om severity from top to bottom as well as a delayed age of onset from left to right.
, childhoodmyocerebrohepatopathy spectrum;MEMSA, myoclonic epilepsymyop-
ensory ataxia; ANS, autonomic nervous system dysfunction; arPEO/adPEO, autoso-
cessive/dominant progressive external ophthalmoplegia.
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.7. Severe combination: cluster 1 + 5

Compound heterozygotes with cluster 1 and cluster 5 mutations
ere reported showing that 23/42 mutation combinations had

nfantile-onset POLG syndrome (Fig. 3, middle panel). Such a high oc-
urrence of the most severe form of POLG syndrome, together with
he relatively large number of combinations documented, indicates
hat the combined defects from cluster 1 and cluster 5 are highly
rone to cause mtDNA depletion at a young age. In particular, the
ost common cluster 5 mutation, W748S, manifested infantile-onset
OLG syndrome in 28/31 patients when found in combination with
luster 1 mutations. Two particularly severe combinations are the sub-
luster combinations 1D + 5B and 1E + 5B; both result in infantile-
nset POLG syndrome in N80% of affected patients (Fig. 3, lower panel).

.8. Other combinations

Cluster 4mutationswere reported in a total of 17 combinationswith
luster 1 and cluster 2 (Fig. 3, lower panel). The incidence of infantile-
nset POLG syndrome was high (15/17) and may indicate that bio-
hemical defects of cluster 4 mutations are uniquely severe in vivo.
nfantile-onset POLG syndrome was less common for compound
eterozygotes with cluster 3 mutations in combination with cluster 1
9/17), cluster 2 (10/22), and cluster 5 (3/12) (Fig. S2). These results
uggest that cluster 4 mutations are more pathogenic than cluster 3
utations.

.9. Expected incidence of specific symptoms caused by POLG syndrome can
e predicted by the age of onset

The clinical manifestations reported for each compound heterozy-
ous patientwere compiled in an effort to study the incidence and time-
ine of symptoms caused by POLG syndrome. To analyze the clinical
escriptions in terms of individual symptoms, it was necessary to
roup similar and synonymous symptoms into symptom groups
Table S1). Very common symptoms, such as ataxia, seizures, hypotonia,
nd migraines, were left as individual entries because their sample size
as sufficiently large, and these symptoms have been established as
allmarks for specific POLG syndromes. For other symptom groups, it
as necessary to combine different symptoms into a group of related
ymptoms based on the affected tissue type resulting in the observed
ymptom. For example, the CPEO group includes all synonyms for
phthalmoplegia as well as diplopia and ptosis, two symptoms that
oth indicate impaired function of the extraocular muscles. Neurologi-
al disorders are divided into two subcategories: the neuropathy
roup includes symptoms caused by damage to peripheral neurons,
nd the CNS group includes symptoms caused by damage to neurons
f the central nervous system. The developmental delay group includes
ymptoms related to an encephalopathy that involve an altered mental
tate. The myopathy, hepatopathy, and GI groups involve symptoms
hat affect or are an indicator of dysfunction in muscle tissue, liver, or
astrointestinal tract, respectively. Fig. 4 shows the incidence of each
ymptom group in patients as a function of age of onset. The more se-
ere symptoms, such as hepatopathy, hypotonia, and developmental
elay have a high incidence among patients with infantile-onset POLG
yndrome, whereas less severe symptoms such as CPEOmanifest main-
y in patientswith adult-onset POLG syndrome. These data demonstrate
hat the symptoms caused by POLG syndromes represent a continuum
f manifestations that become less severe as the age of onset increases.
hese syndromes have been characterized in the past according to spe-
ific groups of co-occurring symptoms that present in patients. For ex-
mple, Alpers syndrome is characterized by seizures, developmental
elay, and liver failure. Fig. 5 displays the timeline of POLG syndromes
nd outlines the co-occurring symptoms that define each of the specific
yndromes that have been used to characterize patients with pathogen-
c POLGmutations.
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o the mutational diversity in the POLG gene and the variable
eatures of POLG syndromes, the establishment of genotype–
e correlations has remained elusive [49]. Furthermore, a num-
novo variants emerge in routine diagnosis laboratories, and the
tation of their pathogenic role is challenging. We show here
iled protein structural and functional studies, with the aid of
structure, combined with knowledge from experimental and
utations can be combined to predict clinical consequences of

ified variant and to distinguish likely pathogenic mutations
lymorphic variants. In this report, we demonstrate clear
e–phenotype correlations for predicting the severity and,

he symptom grouping is shown in Table S1.
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e refine our clustering model of Pol γ [1], proposing five functional
lusters, each of which comprise subclusters that define structural
egions of the catalytic core of Pol γ. Within these clusters, we can
redict the likely biochemical defects and intrinsic pathogenicity of
ovel point mutations. In applying this clustering protocol to nearly
40 combinations of POLG compound heterozygous mutations, we
howed that each cluster combination can be used to give informa-
ion of the potential severity of disease outcome. Strikingly, we
ere able to predict correctly the age of onset in 90% of infantile-
nset POLG syndromes via the presence of two POLG mutations
rom different clusters in compound heterozygotes. Furthermore,
e show that age of onset can be used to predict the symptoms
hat a patient will manifest and provide a timeline of the disease
rogression that may be expected.
Individuals carryingmutations in POLG canmanifest a disease at any

ge, depending on the mutation combination as well as the severity of
he Pol γ functional defects [5,26,50]. Presumably, the most severe Pol
mutations would be embryonic lethal in compound heterozygous

ormwith any other, even slightly deleterious mutation, and we specu-
ate that they may also have the potential to be dominant. This is likely
he reason, for example, that nucleotide changes that yield amino acid
ubstitutions in the Mg2+ binding residues D890 and D1135 have
ever been reported.We found a similar trend in our clustering analysis
howing a lower occurrence of compound heterozygotes from the same
luster for clusters 1, 3, and 4. The low occurrence of same-cluster com-
ound heterozygotesmay indicate that themajority of potential combi-
ations of this type are lethal, and the lack of complementation supports
ur assignment of a common biochemical defect. This does not, howev-
r, apply to IP-domain mutations, which as homozygous are a common
ause of severe progressive disorder that has a later disease onset in ju-
enile age or early adulthood. Therefore, combinations of mutations
hat cause themost severe formof the POLG syndromeallow embryonic
evelopment but lead to early infantile death.
We believe that our clusteringmodel of POLGmutations can be used

s a tool to aid in the diagnosis of patients withmitochondrial disorders.
he POLG gene shows considerable variation, and novel polymorphic
hanges are common. A valuable existing tool, the polymerase gamma
atabase (http://tools.niehs.nih.gov/polg/), lists reported mutations,
ut their pathogenic role sometimes remains unclear, especially for
are changes. Our prediction tool adds considerable power via structural
nalysis for the interpretation of the consequences of identified rare
ariants and can provide information for novel changes. Furthermore,
t predicts the combinatorial effect of compound heterozygous changes
or a patient and provides information of typical clinical manifestations
nd ages of onset.We note that these predictionsmay not always be ac-
urate, both because of the variability in disease manifestation intro-
uced by genetic background, and the possibility that a number of the
atients reported with POLG syndrome may also have other inherited
utations in their mitochondrial or nuclear DNAs in addition to the re-
ortedmutations in the POLG gene. Althoughwe excluded known cases
f digenic mitochondrial diseases in this study, the latter possibility re-
ains problematic and would be addressed by whole exome sequenc-

ng. Despite these potential drawbacks, we believe that our clustering
rotocol provides additional information that will prove important
ot only for diagnosis and genetic counseling but also for treatment;
.g., the epilepsy drug valproate is toxic to the liver of patients with
OLG mutations [51], and as epilepsy is a common initial symptom in
hildren with POLG diseases, many patients have died before receiving
liver transplant. The ability to predict pathogenic likelihood for new
OLG variants will be important when considering valproate as a treat-
ent in severe epilepsies. Finally, because the predictions are based on

eported patient data, the ever-increasing number of documented POLG
utations will serve to enhance the diagnostic power of the clustering
rotocol.
Supplementary data to this article can be found online at http://dx.

oi.org/10.1016/j.bbabio.2014.01.021.
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o-occurrence of four nucleotide changes
ssociated with an adult mitochondrial ataxia
henotype
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Abstract

Background: Mitochondrial DNA maintenance disorders are an important cause of hereditary ataxia syndrome, and
the majority are associated with mutations in the gene encoding the catalytic subunit of the mitochondrial DNA
polymerase (DNA polymerase gamma), POLG. Mutations resulting in the amino acid substitutions A467T and W748S
are the most common genetic causes of inherited cerebellar ataxia in Europe.

Methods: We report here a POLG mutational screening in a family with a mitochondrial ataxia phenotype. To
evaluate the likely pathogenicity of each of the identified changes, a 3D structural analysis of the PolG protein was
carried out, using the Alpers mutation clustering tool reported previously.

Results: Three novel nucleotide changes and the p.Q1236H polymorphism have been identified in the affected
members of the pedigree. Computational analysis suggests that the p.K601E mutation is likely the major contributing
factor to the pathogenic phenotype.

Conclusions: Computational analysis of the PolG protein suggests that the p.K601E mutation is likely the most
significant contributing factor to a pathogenic phenotype. However, the co-occurrence of multiple POLG alleles
may be necessary in the development an adult-onset mitochondrial ataxia phenotype.

Keywords: POLG, Ataxia, Mitochondrial disorders, MIRAS
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isorders that affect the maintenance of mitochondrial
NA (mtDNA) are characterized in postmitotic tissues
y depletion or multiple deletions in mtDNA [1-3]. To
ate, mutations in twelve nuclear-encoded genes have been
escribed in association with these clinical syndromes [4].
utations in one of these, the POLG gene encoding the
atalytic subunit of the mitochondrial DNA polymerase,
NA polymerase gamma, is the most common nuclear
ene causing mitochondrial disorders. In fact, more than
70 variants have been reported in the DNA polymerase
amma mutation database [5]. Clinical phenotypes asso-
iated with POLG mutations are diverse, ranging in
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from progressive external ophthalmoplegia [6],
ochondrial recessive ataxia-syndrome [7-10], to
Huttenlocher syndrome [11]. We report here a
l adult-onset ataxia syndrome, associated with
ovel POLG nucleotide variants. A computational
of PolGA was carried out, and suggests that one
is most likely pathogenic.
ds
evaluation
ar-old woman (patient I-1, Figure 1) was referred
hospital because of a progressive 15-year history
a, dysarthria and sensory axonal polyneuropathy.
as no relevant history of neurological diseases in

ient’s family. At age 52, the patient developed in-
upon walking and paraesthesia in lower limbs,

o other symptoms were apparent. Clinical examin-
age 67 revealed dysarthria, gait ataxia, hyporeflexia
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Figure 1 Mutational screening of the POLG gene. a, Pedigree of the family. Affected members with an adult onset mitochondrial ataxia
syndrome are shown by solid symbols. The segregation pattern of the changes identified and the ages of the pedigree members under study are
indicated. b, Identification of mutations in the POLG gene in two patients with mitochondrial ataxia syndrome. Electropherograms are shown
indicating the nucleotide changes identified. c, Amino acid sequence alignments of PolGA that contain the residues D122, K601 and Y837 in
which novel substitutions were identified, and the common polymorphism Q1236H are shown.
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nd tactile hypoestesia. Blood tests excluded acquired
taxic syndromes. Molecular analyses excluded mutations
the SCAS, frataxin and x-fragile genes. Nerve conduc-

ion studies (NCS) showed absence of sural sensory action
otentials. Cranial and spinal cord magnetic resonance im-
ging (MRI) displayed atrophy of the cerebellar hemi-
pheres, high signals in the dentatum and thalamus nuclei,
yperintensities in images of the subcortical white sub-
tance, and supratentorial cortico-subcortical atrophy. Ten
ears later, dysarthria was more evident, and cognitive
ymptoms were noted. A neuropsychological examination
howed a cortico-subcortical cognitive impairment, with
efects in attention/concentration and memory tests. Sub-
equently, she developed a progressive left hemiparesis
elated to a non-traumatic subdural haematoma that re-
uired neurosurgical treatment, and began to experience
yoclonus and tonic-clonic seizures. Antiepileptic treat-
ent was started, resulting in complete seizure control.
owever, the ataxic gait and dysarthria worsened, and a
eak bilateral palpebral ptosis was observed. A second
CS revealed a severe sensory axonal neuronopathy.
resently, the patient requires bilateral support on crutches.
The 61 year-old brother of the female patient showed
similar clinical presentation over a 7-year period (patient

I-3, F
and s
had t
ing a
had d
inatio
were
NCS
logica
MRI
thala
subco
obser
cloni
rhyth
inant
the a
myoc
chan
ated
tient
lowe
The
and l
re 1). He began to present with an unsteady walk,
wed tremor in both legs when standing. In fact, he
ove to avoid instability with the tremors, suggest-

orthostatic tremor. Additionally, he stated that he
iculty in concentrating. Clinical neurological exam-
revealed dysarthria, and no deep tendon reflexes
ident. Analytical blood tests were negative, and
vealed a sensory axonal neuropathy. Neuropsycho-
examination showed a normal cognitive function.
splayed high signals in the cerebellar hemispheres,
and spinal cord. Hyperintensities in images of the
ical frontal and temporal white substances were also
d. Five years later, the patient began to show myo-
nd tonic-clonic seizures. EEG revealed an alpha
intercalated with speak-wave paroxysms, predom-
in the frontal lobe. Light stimulation provoked
earance of speak-wave discharges with systemic
nia, whereas sound stimulation did not evoke
s in the EEG. Antiepileptic treatment was initi-
d seizures were controlled. At this time, the pa-
esents with a sensory axonal neuropathy in the
imbs, moderate dysarthria, and an ataxic gait.
tient does not suffer any functional limitations
s independently.
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olecular genetic analysis
amples from patients were obtained in accordance with
he Helsinki Declaration of 1975, as revised in 2000. The
thics Committees of the Puerta de Hierro Hospital ap-
roved the study.
Total DNA from patients and relatives was extracted
om blood samples following written informed consent
sing a standard phenol-chloroform protocol. Subse-
uently, amplification by PCR of the coding exons and
he flanking intronic sequences of the POLG gene was
arried out. Following PCR amplification, direct sequen-
ing of amplicons was performed on both strands in an
BI 3730 sequencer (Applied Biosystems; www.applied
iosystems.com; Foster City, CA) using a dye terminator
ycle sequencing kit (Applera, Rockville, MD). Primer se-
uences and PCR conditions are available upon request.
or every sequence variant detected, a cohort of 200 ethnic-
lly matched control subjects was screened using the same
ethods. Multiple sequence alignment of PolGA sequences
as performed using the Clustal W2 server (http://www.
bi.ac.uk/Tools/msa/clustalw2/).

omputational analysis
o evaluate the likely pathogenicity of all the identified
OLG gene sequence variants, a 3D structural analysis
f the PolG protein was performed using the Alpers muta-
ion clustering tool previously described by Euro et al. [12].

esults and discussion
or genomic characterization, exons and flanking intronic
egions of the POLG gene were PCR-amplified and se-
uenced in patients as described previously [10]. Both pa-
ients showed three novel heterozygous nucleotide changes
the POLG gene: c.364G > T (p.D122Y), c.1801A > G
.K601E), and c.2510A >G (p.Y837C), as well as the known
eterozygous polymorphism (c.3708G > T (p.Q1236H). As
n indication of possible pathogenicity, these sequence
ariants were not found in 200 chromosomes from con-
rols or in the available databases, and the three amino
cids are evolutionarily conserved (Figure 1). The segrega-
ion pattern of these nucleotide variants in the family
embers for which we could obtain samples is shown in
igure 1.
The PolG enzyme has been studied extensively since
s discovery, and the structure-function relationships
mong its domains are now well understood. PolG serves
s the replicative DNA polymerase in mitochondria
nd its holoenzyme form comprises a catalytic subunit
PolGA) and a dimeric accessory subunit (PolGB),
hich enhances greatly the activity and processivity of
he holoenzyme [13].
PolGA consists of three structural and functional do-
ains [14]; Figure 2. The N-terminal exonuclease do-
ain (exo) contains a 3’-5’ proofreading activity, which
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zes nucleotides that are misincorporated during
nthesis, increasing several hundredfold the fidel-
itochondrial DNA replication. The C- terminal

rase domain (pol) contains the 5’-3’ DNA poly-
active site where incoming nucleotides are poly-
onto the nascent primer strand. The central

domain contains the major DNA binding inter-
the holoenzyme, as well as the interaction re-
r binding the accessory subunit dimer and
ely, other protein partners of the mitochondrial
plisome.
t studies by Euro et al. and Farnum et al. evalu-
e published reports of structure-function analyses
by identifying ‘hot-spots” for pathogenic muta-

ithin its three-dimensional structure [12,15]. Crit-
ctional regions of the PolGA structure were first
d as Alpers clusters, and thereafter demonstrated
sent a total of 136 pathogenic human mutations
e rise to the entire spectrum of POLG syndromes.
he clustering model can be used as a guide for
g the probability of the deleterious effects of muta-
ithin the PolG structure.
e four mutations under study (Figure 2), our struc-
alysis suggests that the amino acid change K601E
ost likely to have deleterious effects. K601E is the
e of the mutations to have prominent binding part-
the crystal structure (A721 and E616; Figure 3b);
onds cannot exist with the charge-reversal muta-
m lysine to glutamate. As such, the c.1801A >G
n is likely to cause significant structural changes
he intrinsic processivity (IP) subdomain of the spa-
ain (Figure 2). Due to the central location of K601
he spacer region, these changes are likely to affect
A binding and binding to the proximal accessory
, as well as to potentially hinder other putative
-protein interactions within the mitochondrial
e.

ue K601 maps within pathogenic Alpers cluster 2
ed by Euro et al. [12]. This cluster defines a high-
a of the PolG tertiary structure for pathogenic mu-
due to altered DNA binding affinity. This in turn
enzyme dysfunction, which results in various hu-
itochondrial pathologies ranging from early onset
syndrome to late onset progressive external oph-
legia, depending predominantly on the specific
nd heterozygous mutations carried by the patient.
ten known pathogenic amino acid substitutions
he spacer IP-subdomain map within 15 Å of resi-
01 (Figure 3b; [15]). Of these ten amino acids, at
e (A467T) has been reported to present dominant-
eritance patterns [16]. Dominant POLG mutations
among the known human pathogenic mutations,
pathogenicity is exhibited typically by recessive
nd heterozygous mutations. The location of K601
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Figure 2 Locations of the mutations in the PolG catalytic core with modeled primer template DNA. The four mutations under study are
distributed throughout the structure of PolG catalytic core. Residue K601 is buried within the spacer-region (magenta) IP subdomain. Residue
Y837 is located within a region between the exonuclease (purple) and polymerase domains (pink), at a distance of ~29 Å from the polymerase
active site The location of Y831 on the surface of the enzyme at the opposite side of the thumb helices (H, I) from the putative DNA-binding
channel excludes it from any direct interactions with the polymerase active site. D122 resides in the N-terminal region of the exonuclease domain,
but it is much closer structurally to the polymerase domain and the polymerase active site. Residue Q1236 resides within the C-terminus of the
PolG enzyme. Primer-template DNA was modeled onto the crystal structure of PolG (PDB:3IKM) using the bacteriophage T7 DNA polymerase
crystal structure (PDB:1T8E) as a template.
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ithin the PolG structure suggests that the observed
henotype may result from enzyme stalling during
itochondrial DNA replication. Enzyme stalling dur-
g replication has been proposed to result in a gradual
tDNA depletion in post-mitotic tissues, which can
ad to a progressive, late-onset pathology [17]. This
oes not however, exclude the possibility that the add-
ional remaining mutations under study contribute to
he deleterious phenotype in our patients.
The c.3708G > T mutation causing the Q1236H amino
cid substitution has been reported to be non-pathogenic
numerous studies [18], and its lack of conservation
evolution within the C-terminus of PolG (Figure 1c),
hich has no known functionality to date, suggests strongly
hat it does not contribute to a pathogenic phenotype. The
bSNP database reports its frequency in a control popula-
ion of 225 individuals of northern and western European
escent as high as 8.4% [19].
The Y837C mutation lies on the surface of the pol do-
ain, in a region of the structure with no known critical
nctionality. This location excludes Y837 from any direct
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A B S T R A C T

DNA polymerase gamma (POLG) is the replicative polymerase responsible for maintaining mitochondrial DNA
(mtDNA). Disorders related to its functionality are a major cause of mitochondrial disease. The clinical spectrum
of POLG syndromes includes Alpers-Huttenlocher syndrome (AHS), childhood myocerebrohepatopathy spectrum
(MCHS), myoclonic epilepsy myopathy sensory ataxia (MEMSA), the ataxia neuropathy spectrum (ANS) and
progressive external ophthalmoplegia (PEO). We have collected all publicly available POLG-related patient data
and analyzed it using our pathogenic clustering model to provide a new research and clinical tool in the form of
an online server. The server evaluates the pathogenicity of both previously reported and novel mutations. There
are currently 176 unique point mutations reported and found in mitochondrial patients in the gene encoding the
catalytic subunit of POLG, POLG. The mutations are distributed nearly uniformly along the length of the primary
amino acid sequence of the gene. Our analysis shows that most of the mutations are recessive, and that the
reported dominant mutations cluster within the polymerase active site in the tertiary structure of the POLG
enzyme. The POLG Pathogenicity Prediction Server (http://polg.bmb.msu.edu) is targeted at clinicians and
scientists studying POLG disorders, and aims to provide the most current available information regarding the
pathogenicity of POLG mutations.

1. Introduction

DNA polymerase gamma is the enzyme responsible for replicating
and maintaining mitochondrial DNA (reviewed in [15,16]). The func-
tional, holoenzyme form of POLG is a heterotrimer consisting of a
catalytic subunit (POLGA) and a dimeric accessory subunit (POLGB).
POLGA carries three catalytic activities: 5′−3′ DNA polymerase, 3′−5′
exonuclease and 5′-deoxyribose phosphate lyase. POLGB enhances DNA
binding, catalysis and holoenzyme processivity. Mutations in POLG are
associated with a wide range of human disorders that exhibit shared
and progressive phenotypes (reviewed in [46]). The POLG disorders
range from prenatally-fatal conditions and severe infantile onset
disorders, such as Alpers disease (Alpers-Huttenlocher syndrome), to
milder, late-onset conditions such as progressive external ophthalmo-
plegia, and are described collectively as POLG syndromes.

POLG mutations are relatively rare, with an estimated carrier
frequency of 1/100 individuals in the Western world [11]. Most are

recessive, and symptoms typically manifest only in compound hetero-
zygous patients. Although the symptoms and severity of the conditions
vary widely, all share a few common features: they largely affect tissues
with high energy demand, such as in the nervous system, muscle and
liver, and they are all progressive conditions that show direct correla-
tion between age of onset and the severity of the condition [9].

To date, 176 unique POLG missense mutations in mitochondrial
patients have been reported in the literature. Typically, POLG patients
carry either homozygous or compound heterozygous POLG mutations,
though some dominant pathogenic mutations exist. We have previously
mapped the mutations onto the tertiary structure of POLGA in the apo-
enzyme form (PDB ID: 3IKM), and shown that the pathogenic mutations
cluster into five distinct regions that we have termed Alpers clusters 1–5
([6,9], Fig. 1). Furthermore, we reported that the cluster mapping of
POLG mutations shows a direct genotype-phenotype relationship [9].
Cluster 1 consists of the polymerase active site of POLGA and its
environs. Cluster 2 includes residues of the upstream DNA binding
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channel, mutations in which are likely to alter DNA binding affinity and
the overall processivity of the holoenzyme. Though the functionality of
Cluster 3 remains undetermined, its location in the structure suggests
that it may play a role in partitioning the 3′-end of the DNA primer
strand between the polymerase and exonuclease active sites. Mutations
in Cluster 3 are likely to affect both DNA binding affinity and catalytic
activity. A recent study has also suggested that this region may be
involved in functional interaction with the mtDNA helicase [31].
Cluster 4 contains the fewest residues and is located at the interface
of the catalytic subunit with the distal accessory subunit. This interac-
tion has not been characterized extensively, but it is implicated to serve
an important role in enhancing enzyme processivity [26]. Residues in
Cluster 5 lie within the intrinsic processivity (IP) subdomain of the
spacer domain of the catalytic subunit, and based on mutational
analysis are suggested to be involved in protein-protein interactions
[23]. The five Alpers clusters represent both structural and functional
modules of POLG and are thus hot spots for pathogenic mutations.
Conversely, mutations that lie outside of the clusters are substantially
less likely to be pathogenic.

Our clustering model demonstrates that the age of onset of
numerous symptoms correlates strongly with the severity of the
syndrome and the range of symptoms that are manifest (see Fig. 5,
[9]). For example, the most severe form of POLG syndrome, MCHS
(typical age of onset from birth to three years), includes patients that
present with symptoms such as hypotonia, developmental delay,
gastrointestinal dysfunction and hepatopathy. Patients diagnosed with
AHS (typical age of onset from a few months after birth to 16 years)
share most of these symptoms, but are also more likely to experience
epileptic seizures. MEMSA patients (typical age of onset 13 to 25 years
of age) are in most cases diagnosed with myopathies, neuropathies and
ataxia. Patients diagnosed with ANS (typical age of onset from 15 to
middle-age) show a wide variety in their symptoms, including symp-
toms from both the MEMSA and PEO patient groups. Finally, patients

with PEO (typical age of onset from 30 years and above) represent the
least severe end of the spectrum, and present with symptoms such as
diplopia and ptosis.

2. Results

2.1. POLG pathogenicity prediction server

We have gathered all available patient case reports identifying
POLG mutations from public sources and created an online database for
providing easy access to these data. The database and an online server,
known as the “POLG Pathogenicity Prediction Server,” are available at
http://polg.bmb.msu.edu. For each patient case report, we have
collated the mutations identified, the reported age of onset of the
symptoms manifested, the clinical description of the patients and
source of the data. Patient gender and information on administration
of valproic acid is also included where available. The current database
contains 681 patient case reports, with 176 unique missense mutations
and 215 unique combinations of pathogenic mutations (Table 1). The
large majority of patient cases (546, 80.2%) identify either compound
heterozygous or homozygous POLGmutations. The remaining 135 cases
(19.8%) report heterozygous variants that are thus putatively-dominant
mutations.

In combination with our pathogenic clustering model [6,9], the
patient data has enabled us to make statistical predictions about the
severity and age of onset of symptoms for patients with both known and
novel mutations. The server features a mutation query interface where
the user can enter the POLG mutations identified in a patient (Fig. 2).
The server then displays the cluster mapping of the input mutations and
shows any existing patient cases. The statistical information also
includes the allelic combinations in which the mutations have been
reported. If other members of the family are not available for analysis,
this information may be helpful in determining whether the input

Fig. 1. Structural model of the POLG holoenzyme in complex with primer-template DNA. In the three-dimensional ternary complex of POLG, the pathogenic clusters in the catalytic core,
POLGA, form five distinct functional regions [6]. Upper panel, the structure modeled after PDB structure 4ZTU [39] illustrates the pathogenic clusters of POLGA colored as green for
Cluster 1, yellow for Cluster 2, red for Cluster 3, blue for Cluster 4 and cyan for Cluster 5. Lower panel, subclusters are distributed throughout the primary amino acid sequence of the
POLGA polypeptide. Subclusters are assigned for each continuous block on the primary amino acid sequence. The accessory subunits, POLGB, are illustrated in light grey (proximal
subunit) and dark grey (distal subunit). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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mutations occur in cis or in trans. Finally, based on the existing cases
with similar cluster-mapping mutations, the server displays an indicator
of the most probable age of onset, which can be used as the basis for a
diagnosis/prognosis for a patient. The server also displays the symp-
toms found in patients with similar cluster combinations of mutations.
An alternate and powerful use of the data is the classification of
mutations as likely non-pathogenic variants (SNPs).

The server provides access to the patient and mutation data in
various ways (Fig. 3). For example, the patient cases can be viewed
based on their source reference, mutations, cluster combinations, age of
onset, mutated residue number or closest known mutation (either in
primary sequence or three-dimensional structure). The server also
features data compilation pages, displaying the frequencies of age of
onset and reported symptoms for all existing cluster combinations. The
symptoms are displayed in two ways: as reported in the original case
reports, and grouped into broader categories based on affected tissue

types (as per [9]). Additionally, though they are not used directly in the
statistical predictions of pathogenicity, the server includes primary
sequence-based pathogenicity predictions from PON-P2 [28], and also
the most current population exome sequencing data on POLG from the
ExAC project (Table S1; [7]).

2.2. Adjusting the cluster boundaries

The recently published POLG holoenzyme ternary structure makes it
possible to identify all of the POLGA residues that interact directly with
the DNA ligand. Of the 56 residues shown to interact with DNA, only six
map outside of our previously defined pathogenic clusters. Because
these 56 residues have a clear role in the functionality of POLG to bind
and position the DNA ligand, they have a high risk for producing
deleterious effects if mutated. By extending slightly the borders of four
of our subclusters: 2B, 496–517 (previously 497–517); 2D, 752–769
(previously 752–767); 1F, 1098–1138 (previously 1104–1138); and 3C,
795–807 (previously 804–807), these residues are accommodated
within the defined high-risk locations for mutations in the POLG
structure. Full cluster definitions as defined previously based on
biochemical, structural and genetic studies [9] are included as supple-
mentary Table S2.

A major difference between the crystal structures of the apo-
holoenzyme (PDB ID: 3IKM; [19]) and holoenzyme ternary complex
(PDB ID: 4ZTU; [39]) is the positioning of the region constituting
pathogenic Cluster 3D (residues 1047–1096; Fig. 4). We have pre-
viously termed this region the partitioning loop. Cluster 3D carries
several known pathogenic mutations including p.S1080I, p.I1079L,
p.C1077G, p.P1073L, p.G1076V and p.R1096C. In the apoenzyme
structure, the tip of this long looping region extends within ~5 Å of
the polymerase active site, protruding inward from the surface of the
enzyme. In contrast, in the holoenzyme ternary complex structure, the

Table 1
Contents of the POLG Pathogenicity Prediction Server and distribution of
mutations. The majority of patient cases report compound heterozygous muta-
tions.

Total number of patient cases 660
Infantile onset cases 181
Childhood onset cases 103
Juvenile onset cases 85
Adult onset cases 284
Unknown age of onset cases 7
Unique missense mutations 176
Unique pathogenic mutation combinations 215
Compound heterozygous patients 323
Homozygous patients 152
Heterozygous patients 128
Reports referenced 182

Fig. 2. The mutation query interface of the POLG Pathogenicity Prediction Server. The server provides statistical predictions of age of onset, and shows the typical symptoms for patients
with mutations that map within pathogenic clusters 1–5. Information about allelic configuration of mutations can be helpful in cases for which pedigrees are not available. The server also
provides direct access to clinical descriptions of patient cases that have similar mutations.

A. Nurminen et al. BBA Clinical 7 (2017) 147–156

149



same region of the loop closest to the polymerase active site in the
apoenzyme structure is on the surface of the polymerase domain at a
distance of> 20 Å from the polymerase active site. Though not
discussed by Yin and collaborators [19,39], the crystal structure in
the proximity of Cluster 3D is apparently highly disordered, and is
missing two stretches of ~30 amino acids, residues 993–1024 and
317–340, suggesting that the structural evaluation of this region will
remain a substantial challenge. In the apo-holoenzyme structure, most
of the pathogenic mutations in Cluster 3D are located between the
polymerase and exonuclease domains, suggesting that modulation of
the exonuclease to polymerase ratio is a possible function of this region
[6]. In addition, in the holoenzyme structure ternary complex, the 5′-

end of the template strand of the DNA ligand exits the polymerase
domain at a site in which interaction with Cluster 3D residues appears
likely. A recent study by Qian et al. [31] reported that pathogenic
mutation p.P1073L, located in cluster 3D, does not affect either the
polymerase or exonuclease activities of POLG, but exhibits deleterious
effects in an assay in which mitochondrial DNA helicase function is
required, suggesting a possible functional interaction between them.
Clearly, further investigation of the structure and function of this region
is warranted.

Fig. 3. Site navigation within the POLG Pathogenicity Prediction Server. The server provides access to collated data by various search interfaces, and provides statistical predictions of
onset of symptoms based on the pathogenic clustering model.

Fig. 4. Positioning of Cluster 3D in the POLG apo-holoenzyme as compared to the holoenzyme ternary complex. Cluster 3D (residues 1047–1096, red surface representation) is located in
a substantially different position between the apo-holoenzyme (panel A, PDB ID: 3IKM) and holoenzyme ternary complex (panel B, PDB ID: 4ZTU). The repositioning of Cluster 3D
appears unlikely to represent a conformational change. Rather, this region of the tertiary structure is likely to contain disordered regions, rendering difficult its structural evaluation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.3. Common mutations in the patient data

Three mutations represent the most commonly reported POLG
mutations: p.A467T (c.1399G/A, 228 cases), p.W748S (c.2243G/C,
176 cases) and p.G848S (c.2542G/A, 64 cases). These map to three
different clusters (p.G848S, Cluster 1; p.A467T, Cluster 2; p.W748S,
Cluster 5). They have been reported in all possible compound hetero-
zygous combinations as well as in homozygous form, making a
comparative analysis of their observed phenotypes possible (Table 2).
p.A467T and p.W748S have also been reported in heterozygous patients
in eight and two cases, respectively. p.W748S is commonly found in cis
with another mutation, p.E1143G. p.E1143G was assessed previously as
non-pathogenic and potentially compensatory [3,30]. Our analysis
corroborates this assessment as similar ages of onset are reported
among patients homozygous for p.W748S (21 years, 30 cases) and
p.W748S + p.E1143G (22 years, 35 cases). Furthermore, p.E1143G
maps outside of the defined pathogenic clusters.

A comparison of the three mutations shows that p.G848S is
associated with the most pathogenic phenotypes. When found in
compound heterozygous form with p.A467T, the average age of onset
is 1.7 years (± 2.0 years, infantile). By contrast, in compound hetero-
zygous patients carrying p.G848S and p.W748S, the average age of
onset is 5.7 years (± 2.6 years, childhood). A single patient carrying
homozygous p.G848S has been reported with an age of five years at the
time of examination [40]. Mutation p.G848S has been characterized
biochemically to have a substantially reduced DNA-binding affinity and
very low DNA polymerase activity [18]. A possible explanation for the
lack of additional homozygous p.G848S patient case reports is that most
of them result in prenatal mortality.

Patients carrying mutations p.A467T and p.W748S show similar
ages of onset: the average age of onset for homozygous patients is
19.9 years (± 13.7) for p.A467T and 21.4 (± 10.4) years for
p.W748S. These data corroborate the findings reported in a recent
study on the extensive clinical heterogeneity of homozygous p.A467T
patients [32]. Interestingly, compound heterozygous cases with geno-
type p.A467T/p.W748S manifest later, at ~25 years of age, suggesting
that enzymes carrying deleterious mutations in different clusters could
have compensatory properties. The heterozygous cases of p.A467T (five
cases) and p.W748S (two cases) represent a small fraction of known
carriers. The ExAC genome mapping project reports global population
frequencies of 0.052% for p.A467T and 0.083% for p.W748S [7].

Moreover, in independent studies, p.A467T was found in the Belgian
population at a particularly high frequency of 0.6% [43] and likewise,
p.W748S was found in the Finnish population at a frequency of 0.8%
[12]. By comparison, the frequency of p.W748S in the Finnish popula-
tion is 0.57% in the ExAC dataset. These data alone argue that a
dominant status for these mutations is unlikely in the absence of other
genetic or environmental factors predisposing the patients to a mito-
chondrial disorder.

Biochemical studies show that in comparison to the wild type POLG,
the p.A467T mutant enzyme exhibits moderate to substantially reduced
DNA binding affinity resulting in similarly reduced polymerase proces-
sivity [25]. The p.W748S mutant enzyme was shown in one study to
exhibit substantially reduced DNA binding affinity and polymerase
processivity [3], whereas another reported enzymatic properties similar
to the wild type enzyme [30]. A summary of the biochemical
characterization of these mutations is included as Table S3.

2.4. Mutations yielding putatively non-functional POLG

Mutations that introduce frameshifts, premature stop codons, exon
skipping or large deletions are likely to inactivate POLG function
entirely and/or impact its folding, subunit interaction or stability.
Structural perturbations would likely render the enzyme subject to
cellular turnover. We have grouped together on the server mutations
that would result in a putatively non-functional (PNF) POLG. Several of
them have been characterized biochemically, corroborating such a non-
functional status, though some may retain limited DNA binding
capability or other partial functionality [17,34]. Patients with com-
pound heterozygous PNF mutations that carry the three most com-
monly reported POLG mutations typically manifest with very severe,
infantile onset conditions. For example, 14 patients with a compound
heterozygous p.A467T/PNF genotype manifested symptoms at an
average age of onset of 1.5 years. For four reported patients with a
p.W748S/PNF genotype, the average age of onset is 1.7 years. No
patients have been reported with p.G848S/PNF mutations. These data
argue that the enzyme level produced from the single, partially-
functional allele is a crucial factor in these patients, as compared with
the more moderate phenotypes exhibited by the compound hetero-
zygous and homozygous cases in which pA467T, p.W748S or p.G848S
are present. Several exceptions have been reported. A single patient
carrying A467T + E873X/E873X (A467T + PNF/PNF) survived until

Table 2
Common POLG mutations. The three most commonly reported POLG mutations, p.A467T, p.W748S and p.G848S, have been reported in all possible compound heterozygous
combinations, as well as in homozygous form. Heterozygous case reports are rare for p.A467T and p.W748S, and there are none for p.G484S. Comparatively, p.G848S appears to occur in
more severe cases, and p.W748S consistently shows a slightly milder phenotype in comparison to p.A467T.

Mutation Clusters Average age of onset
(years)

Standard deviation Number of reported cases

W748S + E1143G/wt 5 + SNP/– 59.0 4.0 2 (1 outliera)
A467T/wt 2/– 42.8 11.2 5 (1 outlierb)
W748S/W748S 5/5 21.4 10.4 27 (1 outlierc)
W748S + E1143G/W748S + E1143G 5 + SNP/5 + SNP 22.1 11.1 35
A467T/A467T 2/2 19.9 13.7 45
G848S/G848S 1/1 5.0 0.0 1
W748S/A467T 5/2 28.7 11.2 27
W748S + E1143G/A467T 5 + SNP/2 21.4 11.7 15
A467T/W748S + K561M 2/5 + 2 0.01 0.0 1
A467T/G848S 2/1 1.7 2.0 22
W748S/G848S 5/1 5.7 2.6 8
A467T/PNF 2/– 1.5 1.0 14 (1 outlierd)
W748S/PNF 5/– 1.7 1.3 5
W748S + Q497H + E1143G/

W748S + Q497H + E1143G
5 + 2 + SNP/5 + 2 + SNP 19.0 4.0 2

W748S + Q497H + E1143G/A467T 5 + 2 + SNP/2 17.0 0.0 1

a Sarzi et al. [47], patient 36 (id: 404). [http://www.ncbi.nlm.nih.gov/pubmed/17452231].
b Galassi et al. [48], (id: 409). [http://www.ncbi.nlm.nih.gov/pubmed/18504126].
c Tzoulis et al. [49], (id: 552). [http://www.ncbi.nlm.nih.gov/pubmed/24841123].
d Martikainen et al. [50], (id: 666). [http://www.ncbi.nlm.nih.gov/pubmed/27111573].

A. Nurminen et al. BBA Clinical 7 (2017) 147–156

151

http://www.ncbi.nlm.nih.gov/pubmed/17452231
http://www.ncbi.nlm.nih.gov/pubmed/18504126
http://www.ncbi.nlm.nih.gov/pubmed/24841123
http://www.ncbi.nlm.nih.gov/pubmed/27111573


10 years of age [27]. One possible explanation suggested by the authors
of the report is that the premature stop codons are leaky, and some
functional enzyme is still produced by the PNF allele. Similarly, Roos
et al. [34] reported two brothers with a compound heterozygous
genotype p.T914P/c.3104 + 3A > T (Cluster 1 mutation/splice site
mutation). Molecular analysis showed that skipping of POLG exon 19
caused by c.3104 + 3A > T was incomplete, such that some wild type
POLG was still produced, leading to an ameliorated phenotype with the
patients manifesting symptoms at 20 and 50 years of age. Similar
molecular analyses are warranted to determine which specific PNF
mutations might still produce some wild type enzyme.

PNF mutations are all recessive, and the PNF carrying enzymes are
likely incapable of competing for DNA binding with wild type POLG at
the mtDNA replication fork. This hypothesis is corroborated by the
presence of asymptomatic carriers in the pedigrees of patient reports.
As such, the PNF enzymes also serve to establish an approximate
baseline for assessing the severity and dominant versus recessive status
of a mutation. Because PNF enzymes are putatively incapable of
contributing to mtDNA replication, a mutation that is present in an
individual in compound heterozygous form with a PNF mutation is
likely to be a recessive mutation that produces an enzyme that is to
some extent capable of mtDNA replication. This assessment supports a
recessive status for two of the most common mutations, p.A467T and
p.W748S, because they have been found in compound heterozygous
form with PNF mutations. The patient data corroborates the biochem-
ical evidence that p.G848S is only marginally more processive than a
PNF enzyme [18], and thus a p.G848S/PNF genotype is not viable.

The patient data supports a model in which each deleterious POLG
mutation affects the overall capacity of the enzyme to replicate and
maintain mtDNA. Although recessive mutations may exert deleterious
effects on enzyme functionality, symptoms are not manifest during the
lifetime of an individual because a single wild type allele is typically
sufficient. In both compound heterozygous and homozygous cases, each
mutation may reduce the overall cellular capacity to maintain mtDNA,
such that the most energy-demanding and mitochondria-dense tissues
are affected. The patient data show that homozygous mutations are
similar to compound heterozygous mutations, such that each allele with
one or more deleterious mutations renders the condition more severe as
aging progresses. Moreover, mutations affecting different critical
functionalities (and mapping to different clusters) of POLG may show
either compensatory or exacerbating effects.

The patient status in the first two-to-three years of life appears to be
a critical determinant. The average survival time of patients that
manifest with POLG syndromes under the age of three is on average
under ten months with a maximum of five years after the time of onset
of symptoms, as evidenced by 144 patient cases in which both the age
of onset and age of death were reported (Fig. 5). The use of valproic
acid to treat patients with epileptic seizures may account for shorter
lifetimes reported at the more severe end of POLG syndromes, because
treatment may lead to hepatotoxicity and acute liver failure [44].

Effects of environmental and cellular stress factors such as infec-
tions, unhealthy lifestyle, malnutrition, sleep deprivation and other
conditions could not be controlled in the patient data evaluated in this
study. In addition to the inconsistent reporting of patient data (age of
onset/age at examination/age of death) to explain the high standard
deviation seen in the data, it is likely that other currently unidentified
genetic factors contribute to disease progression. In homozygous cases,
the possible effects of consanguinity could also not be controlled.

2.5. Dominant POLG mutations

The POLG Pathogenicity Prediction Server contains 50 unique
missense mutations that have been reported as heterozygous POLG
mutations in a total of 131 individual patients. Patient case reports are
available for examination through the mutation query and patient data
access interfaces on the server, and a list of all pathogenic heterozygous

POLG mutations is also available with hyperlinks to the individual
patient case reports. Based on the clinical data and in the absence of
other explaining factors, these 50 mutations are tentatively assigned as
pathogenic with a dominant inheritance mode. We have assessed the
probability that they are the root cause of the symptoms described in
the reported patient cases by taking into account the full patient dataset
and their pathogenic cluster assignments.

We have subdivided the 50 heterozygous mutations into three
groups as follows. Mutations in patient case reports that are not found
at an elevated frequency in available population data and have been
characterized as putatively-dominant in biochemical studies are cate-
gorized as most likely dominant. For 14 heterozygous mutations, only a
single patient case has been reported, and additional data are required
to confirm a putatively-dominant status. Mutations found in hetero-
zygous patient cases without any other explanatory factors for the
condition of the patients are categorized as having an unclear dominant
pathogenicity. Mutations in which the case report indicated they are
likely not the root cause for the condition of the patient have been
categorized in the least likely dominant group. We have also taken into
account biochemical data and reported asymptomatic carriers when
assigning mutations into this last group. Our classification of the 50
heterozygous POLG mutations is discussed below, and is indicated on
the list available on the POLG Pathogenicity Prediction Server.

The majority of the most-likely dominant pathogenic mutations
surround the polymerase active site in the catalytic subunit, POLGA
(Fig. 6). The residues in this region are involved in incoming nucleotide
selectivity, base pairing with the template DNA strand and incorpora-
tion of the incoming deoxynucleotides into the primer DNA strand.
These are the critical steps in DNA strand synthesis, and defects can
impact both the efficiency and fidelity of mitochondrial DNA replica-
tion and lead to stalling of the DNA replication fork. Replication stalling
can lead to mtDNA depletion, and result in base substitution, frameshift
and deletion mutations and errors in nucleotide incorporation [37].

Notably, it was shown in a murine model that mitochondria can be
relatively tolerant of point mutations, and a 500-fold increase in point
mutations did not limit the lifespan of the animals [45]. This would
argue that neither the reduced nucleotide selectivity nor defective
exonucleolytic editing observed for some putatively-dominant muta-
tions are likely the sole contributors in dominant pathogenicity. In that
regard, exonucleolytic proofreading has been reported to increase the
fidelity of POLG 20–100 fold depending on the assay used

Fig. 5. Average lifespan after onset of symptoms. POLG syndromes are progressive
conditions, and age of onset correlates directly with the severity of the disease. Patient
data were analyzed in cases for which both the age of onset of symptoms and age of death
were reported, and included 144 patient cases. The use of valproic acid to treat patients
with epileptic seizures may account for shortened lifespans in the data in the more severe
cases of POLG syndromes.
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[14,21,22,29]. It also appears possible that proofreading activity is not
the most critical function of the exonuclease domain; some mutations in
the exonuclease domain result in reduced nucleotide polymerization
rather than defects in proofreading [38], and it has been shown recently
that exonucleolysis by POLGA is required for producing circular double-
stranded DNA [26].

Though all mutations that are most likely to be dominant are
located around the polymerase active site, not all mutations in close
proximity to it are likely to be dominant. These include p.S433C and
p.R1187W. There is only a single case report for p.S433C with an
unspecified age of onset, and the mother of the patient was reported to
be an asymptomatic carrier [13]. p.R1187W was reported in two cases
in which the family histories do not support an assignment of dominant
inheritance [33,35].

Three mutations, p.G848S, p.T851A and p.R852C, located in a
highly conserved β-hairpin structure (residues 844–856) that lies
between the polymerase and exonuclease domains, were reported as
heterozygous in one in 66, one in four and one in 16 heterozygous
patient cases, respectively. This region of the POLG structure is
important for mispair recognition [39], and is likely to be involved in
facilitating correct DNA binding near the polymerase active site, thus
affecting both the polymerization rate and fidelity of the enzyme.
Because there are many asymptomatic carriers for each of the three
mutations, they are categorized as unlikely-dominant mutations. More-
over, they appear in the available population data with frequencies of
0.016% for p.G848S, 0.008% for p.T851A and 0.0066% for p.R852C
[7]. Though unlikely dominant, they are nonetheless highly pathogenic
when found in compound heterozygous form.

Mutations that lie near the polymerase active site and are categor-
ized as having an unclear dominant status include p.D930N, p.H945L
and p.R953C. Only a single patient case has been reported for p.H945L
with matching symptoms and age of onset typical of dominant POLG
mutations, but with no available family history [4]. p.R953C has been
reported as a heterozygous mutation in only one patient case of four,
without any family background [24] and is reported at a population
frequency of 0.0016% in the ExAC database [7]. p.D930N has been
described as exhibiting dominant-like pathogenicity in a yeast model,

without any corroborative patient data [1].
The most commonly reported POLG mutation presenting with a

dominant inheritance pattern is p.Y955C, with 39 patient case reports.
The onset of symptoms for these patients is in adulthood with an
average age of 35 (± 14.5) years. Residue Y955 is located near the
polymerase active site and maps within pathogenic Cluster 1. Its
location in the POLG structure and the existing biochemical literature
support a critical role in orienting and base pairing of the correct
nucleotide with the template DNA strand [5]. Nucleotide polymeriza-
tion by the variant POLG is reduced and misincorporation rate is
elevated; kinetic analysis documents up to 1300-fold reduction in
nucleotide incorporation fidelity [5]. Typical symptoms of patients
carrying p.Y955C include PEO, muscle weakness and various neurolo-
gical symptoms. Indeed, the most commonly reported symptoms for
patients carrying putatively-dominant mutations are PEO/ptosis and
muscle weakness, reported in 44% and 23% of the heterozygous
patients, respectively (Fig. 7).

The biochemical characterizations reported to date for the puta-

Fig. 6. Heterozygous POLG mutations. Panel A, model of the catalytic subunit of POLG illustrating mutations that have been reported to be heterozygous in the POLG Pathogenicity
Prediction Server database. Mutations for which substantial corroborative evidence indicates dominant inheritance are shown in red spheres, and surround the polymerase active site
(black arrow). Yellow spheres indicate mutations for which there is insufficient data to argue dominant status. Green spheres depict mutations least likely to be dominant. The color status
is not indicative with respect to pathogenicity in compound heterozygous form. Two of the most common pathogenic POLG mutations, p.A467T and p.W748S, are shown in cyan spheres.
Panel B, close-up of the active site of the polymerase domain of POLGA (black arrow). The putatively-dominant mutant residues (red spheres) interact with the incoming dNTP (orange),
template DNA or the catalytic Mg-ions (black spheres). A hotspot for these is on the O-helix, in which every residue facing the polymerase active site has been reported in a heterozygous
POLG patient. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. The most commonly reported symptoms of heterozygous POLG patients.
Symptoms in order of commonness in heterozygous patients include ptosis, progressive
external ophthalmoplegia (PEO), muscle weakness, Parkinson's disease and tremors.
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tively-dominant mutations [2,3,10,18, 25,30], combined with the
patient case reports, highlight the fact that the most critical properties
of dominant pathogenic mutations in POLG appear to be severely-
reduced polymerase activity with sufficient DNA binding affinity to
compete with wild type enzyme at the mtDNA replication fork (Table
S3).

3. Discussion

We report the development of an online POLG Pathogenicity
Prediction Server. The server represents a comprehensive, interactive
database that complements and extends substantially the online Human
DNA Polymerase gamma Mutation Database (http://tools.niehs.nih.
gov/polg/). POLG data and patient cases are accessible in numerous
ways as described under Results, and additional content is provided by
including analysis by the PON-P2 algorithm [28] and ExAC population
frequency data [7]. Most notably, the POLG Pathogenicity Prediction
Server incorporates our previously described clustering model for
pathogenicity prediction, which was derived by evaluation of biochem-
ical, structural and genetic data on POLG and the related family A
group DNA polymerases, bacterial DNA polymerase I and bacterioph-
age T7 DNA polymerase [6,9]. Because most POLG syndromes result
from the incidence of compound heterozygous mutations, the clustering
analysis of pairs of mutations based on the analysis of currently
available mutations and mutational pairs gives insight into the likely
pathogenicity of novel pairs, and of previously-identified alleles in
combination with novel alleles. As such, we believe the prediction tool
will be widely applicable as one parameter in the diagnosis of
mitochondrial disorders.

Noteworthy challenges and/or limitations of the dataset include the
varying methods and variety of tests employed in the examination of
patients that have been reported and in particular, in publications prior
to the generalized use of DNA sequencing to evaluate the spectrum of
possible genes and genetic causes for mitochondrial disorders.
Additionally, age of onset may not be reported as the first onset of
symptoms; rather, the age of the patient at the time of examination has
sometimes been reported. In view of these challenges, we highlight the
importance of whole exome analysis (see for example [41]) and of
reporting patient cases with full pedigrees and detailed descriptions of
age of onset of symptoms. Though thorough clinical examination may
not be possible for the immediate relatives of the patients, a description
and overall assessment of their wellbeing would prove helpful. Finally,
it is important to document the co-existence of potentially non-
pathogenic polymorphisms such that any impact they might have in
combination with a pathogenic mutation can be assessed appropriately.

Issues related to both intrinsic genetic and biochemical parameters
must be evaluated further as new patient data on pathogenic mutations
emerges. At present, the dataset of available mutations is characterized
by the overrepresentation of the three common pathogenic mutations
p.A467T, p.W748S and p.G848S that are present in composite in 71% of
the 681 case reports. Whereas the relative frequency of new variants
reported will likely remain similar, their absolute number will increase
with streamlined reporting on an international scale. The POLG
Pathogenicity Prediction Server features a contact form that can be
used for pointing out errors in the existing data, notifying the database
administrators of new publications and requesting confidential analysis
of rare POLG mutations.

A potential shortcoming of the pathogenic clustering protocol is a
direct reflection of the intrinsic structural and biochemical properties of
POLG and indeed, of all enzymes. Whereas a new variant allele
mapping to a pathogenic cluster is much more likely to be pathogenic
than one that lies outside of a cluster, not all amino acid residues within
a cluster or subcluster have a similar likelihood and/or level of
pathogenicity. This inherent property is dependent strongly on both
the biochemical function of the specific amino acid and the chemical
nature of the amino acid change induced by the mutation. For example,

an amino acid that is crucial to POLG function such as the catalytic
residues in the pol motifs A, B and C that are conserved among family A
DNA polymerases and which lie in POLG subclusters 1D, 1E and 1F,
respectively, may be either underrepresented or absent in the dataset
because amino acid substitutions are not tolerated in live individuals.
On the other hand, conservative amino acid changes within cluster-
mapping residues may show no clinical phenotypes. In such situations,
use of the residue browser function of the server will provide relevant
information for further evaluation. Nonetheless, in the ‘big picture’
sense, it is clear that combinations of mutations mapping to the pol
domain cluster 1 in combination with those mapping in either the DNA-
binding channel cluster 2 or the putative protein: protein interaction
cluster 5 constitute the bulk of the patient cases (96) manifesting
infantile onset, and involve one or more of the most common mutations
reported. Additionally, nine of 10 putatively-dominant mutations that
we have classified as most-likely dominant (56 of 57 patient cases
reported) map within the catalytic subclusters of the pol domain, 1D
and 1E. This includes for example, the pathogenic mutation p.Y955C
[10,20,42]. The single mutation mapping outside of cluster 1 is P765T
in cluster 2; though its location in the POLG structure suggests a high
likelihood of dominance, there is only a single case report and no
existing biochemical data.

Biochemical characterization of mutations in conjunction with the
patient data suggests that mutations that impair nucleotide polymer-
ization by POLG without affecting DNA binding carry the highest risk
for dominant inheritance. The low number of reported patient cases for
some of the putatively-dominant mutations and lack of consistent
testing and reporting in patient pedigrees obscures the evaluation of a
likely dominant status. Based on the available genetic, biochemical and
clinical data in our database we have re-evaluated the status of 49
putatively-dominant mutations and divided them into three classes. We
suggest that the 10 mutations that fall within the most-likely dominant
group be considered strongly by clinicians as a root cause of mitochon-
drial dysfunction.

It is well documented that the symptoms and tissue specificity of
pathogenicity in patients suffering from POLG syndromes varies widely,
even among patients carrying the same POLG mutations (see for
example [32]). Nonetheless our analysis shows a clear consistency in
age of onset that does not differ with gender. We also observed an
apparently stronger correlation of symptoms within families. This
observation highlights the likelihood that other genetic components
are contributory and the importance of whole exome analysis in the
evaluation of POLG syndromes, and of mitochondrial disorders in
general to identify such components. Efforts such as Mitochondrial
Disease Sequence Data Resource (MSeqDR) are underway to address
the issue of nuclear genetic modifiers [8,36]. Future efforts should also
address the possible contributions of mtDNA genetic background. At
present, our understanding of the disease etiology of POLG syndromes
together with the currently available diagnostic tools should be
beneficial in family planning for couples undergoing genetic testing,
even those with no familial history of mitochondrial disorders.

4. Materials and methods

Patient data deposited into the database and used in this study are
anonymous and collected from publicly available journal articles. The
source of each patient case is stated and available on the server. The
data in the literature is reported in a non-standardized form and
comprises a variety of different tests, examinations and details. The
server categorizes each case based on the age of onset of the first
symptoms reported into the following age groups: infantile, < 3 years;
childhood, 3–13 years; juvenile, 13–20 years; or adult, ≥20 years. For
reports in which only the age of the patient at the time of examination is
reported, this age was used. If no age for the patient is reported, the age
group is indicated as “unknown.”

Symptoms were categorized based only on the diagnoses provided
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in the report. For conditions such as Alpers syndrome, it might be the
case that nearly all of the known symptoms for this condition have been
reported in a patient case. However, if the diagnosis of Alpers has not
been reported directly, the case has not been deposited as an Alpers
entry. For other conditions such as ataxia, we have accepted terms such
as “movement disorder,” “ataxic gait,” “gait disturbance” and “gait
unsteadiness” as being synonymous.

The output of predictions of pathogenicity provided by the mutation
query interface of the server are based on the pathogenic clustering
model and statistics of existing patient cases with similar cluster-
mapping mutations. The borders of the subclusters have been defined
by available patient data, structural information and biochemical
studies of mutations [6]. The statistical predictions reflect directly the
contents of the database, and can be refined as new cases are added.
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Abstract 
Motivation: StructureMapper is a high-throughput algorithm for automated mapping of protein prima-
ry amino sequence locations to existing three-dimensional protein structures. The algorithm is intend-
ed for facilitating easy and efficient utilization of structural information in protein characterization and 
proteomics. StructureMapper provides an analysis of the identified structural locations that includes 
surface accessibility, flexibility, protein-protein interfacing, intrinsic disorder prediction, secondary 
structure assignment, biological assembly information, and sequence identity percentages, among 
other metrics.  
Results: We have showcased the use of the algorithm by estimating the coverage of structural in-
formation of the human proteome, identifying critical interface residues in DNA polymerase γ, profiling 
structurally protease cleavage sites and post-translational modification sites, and by identifying puta-
tive, novel phosphoswitches.  
Availability: The StructureMapper algorithm is available as an online service and standalone imple-
mentation at http://structuremapper.uta.fi.  
Contact: vesa.hytonen@uta.fi 
Supplementary information: Supplementary data are available at Bioinformatics online. 

 

1 Introduction  

A large portion of bioinformatics tools that are being used in protein 

research function by processing only primary amino acid sequences. 

While this approach can be adequate in particular cases, many of these 

tools could benefit from additional information about proteins under 

study. Proteins and enzymes gain their functionality through their three-

dimensional structure and this information often remains underutilized 

due to a lack of appropriate tools. The Protein Data Bank (PDB; Berman 

et al., 2000). contains ~131 000 protein structures and it is currently 

growing at a rate of ~11,000 new structures deposited every year 

(http://www.rcsb.org). By random sampling, we have estimated the 

current coverage of structural data of the human proteome (including 

partial structures, and homologous structures from other species) to lie 

between 20 and 25%. These structural data can be used as an important 

source of information to support the predictions of sequence-based 

bioinformatics tools and to help the evaluation of experimental data 

arising from high-throughput experiments. However, efficient utilization 

of structural data requires large amount of manual work, and very often, 

the use of several different algorithms.  

To solve this problem, we have developed an open-source algorithm, 

StructureMapper, and demonstrated its efficacy in extracting relevant 

structural information from large datasets that cannot be inferred from 

the primary amino acid sequence alone. Tools such as PROMALS3D 

(Pei, Kim, & Grishin, 2008) and Expresso (Armougom et al., 2006) are 

available for aligning sequences to structures. However, none of the 

available tools provide the capability to locate and visualize specific 

amino acids within the alignments, provide information of the structural 

properties of the amino acids of interest, or can process sequences in a 

high-throughput manner that is able to utilize parallel processing for 

maximum efficiency.  

The StructureMapper is designed to do all this in a turn-key manner 

that does not require expert bioinformatics skills or custom scripting. 
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Therefore, no directly comparable algorithms are currently available, and 

StructureMapper may open numerous new ways into exploitation of 3D 

structural data in biological research. A more detailed comparison of 

StructureMapper to existing tools is provided in Table S1. 

 

2 Results and discussion 

To demonstrate the capabilities of StructureMapper, we have analyzed 

two unique datasets. The first dataset consists of post-translational 

modifications (PTMs)(Figures S1-S2), and in particular, reversible 

phosphorylation sites (PhosphoSitePlus; Hornbeck et al., 2015) that were 

analyzed to identify putative, novel phosphoswitches (Fig. 1, supplemen-

tary text). The second dataset (supplementary text, Figures S3-S4) 

consists of experimentally verified protease cleavage sites and a compar-

ison of their structural properties against a random sampling of similar 

sites in the annotated human proteome (Uniprot;  Apweiler et al., 2004). 

Furthermore, StructureMapper was used to identify potentially deleteri-

ous mutations in the structure of DNA polymerase gamma (supplemen-

tary text, Figure S6).  

The processing of the input sequences and marked points of interest 

(POIs) in the sequences advances in five distinct steps (Fig. 1). In step 

one, the inputted sequences and the marked points of interest (POIs) in 

the amino acids sequences are prepared for BLAST searches (Altschul 

SF, Gish, Miller, Myers, & Lipman, 1990) to identify structures with 

sufficient homology (adjustable criteria) in step two. 

In step 3, when multiple system cores are available, StructureMapper 

begins the process of simultaneously locating the POIs within the ho-

mologous structures identified by pairwise sequence alignments that are 

created for the queried sequence and the sequence that is extracted from 

the structure file. StructureMapper utilizes the Biopython library (Cock 

et al., 2009) for creating the alignments. If the assigned alignment score 

of each sequence-structure pair falls below a specified threshold (low 

reliability), the structure is not used in further processing.  

After the positions of the amino acids of interest have been located in 

the homologous structures, they are examined for their features (step 

four). For the calculation of accessible surface area (ASA), a custom 

algorithm is used (available as a standalone Python algorithm). The 

ASA-algorithm employs a “rolling-ball” method (Shrake & Rupley, 

1973) and the algorithm is able to effectively parallelize the processing 

with each additional processor. The ASA values are reported as percent-

ages of the surface area of the residue that is available for contact with 

solvent atoms. In the analysis, established methods for assigning second-

ary structure information (DSSP; Kabsch & Sander, 1983) and intrinsi-

cally disordered region predictions (DISOPRED3; Jones & Cozzetto, 

2015) are used. StructureMapper can construct any biological assemblies 

specified for the POI, and is able to determine if the POI is located at a 

protein-protein interface (homomer/ heteromer). In step five, Structure-

Mapper compiles the results into a tab-delimited result file that can be 

easily processed further or viewed in a spreadsheet application.  

For a randomized sample of 5000 unspecified amino acids of the an-

notated human proteome (Apweiler et al., 2004) StructureMapper could 

locate the amino acids of interest in a homologous structure in 1146 

cases (data not shown), making the overall estimated coverage of struc-

tural data of human proteins 22.9% in the PDB. 

The StructureMapper algorithm is well suited for use in the quality 

assessment and refinement of experimental data. Possible use cases can 

include evaluation of prediction algorithms and generating profiles for 

data obtained using experimental methods such as phosphoproteomics. 

StructureMapper has been designed so that it works on any modern 

operating system and it can be integrated to work as a part of an algo-

rithm pipeline. StructureMapper has been released with a MIT software 

license and the source code made available on the StructureMapper 

online server.  
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Supplementary text 

 

Comparison of StructureMapper capabilities to 

existing tools 

The StructureMapper algorithm was compared to existing tools that 
can be used for some of the tasks that need to be completed in the 
algorithm workflow described in Figure 1. The main advantages that 
StructureMapper has in comparison to the other algorithms, in addition 
to the ability to process thousands of locations efficiently and 
automatically, is its capability to find and analyze particular sites 
within the structures with more detailed and relevant information. 
Table S1 shows a comparison of the capabilities of different 
algorithms. The pairwise sequence alignments that are utilized by 
StructureMapper for mapping the POIs from sequence to the 
homologous structures are above all fast, but also reliable when the 
homology is high. The default threshold level of the alignment scoring 
is set to 70% sequence identity to ensure only structures with sufficient 
homology are used in further processing. This level can be adjusted by 
the user to enable StructureMapper to include structural data with 
lesser homology and therefore lowered confidence in the correctness 

of the alignment. Considering the future development of the 
StructureMapper algorithm, it would be possible to replace the fast 
sequence based alignments with more thorough and computationally 
expensive methods to better suit use-cases where more distant 
homology models are required. 

PhosphoSitePlus dataset 

The PhosphoSitePlus dataset (Hornbeck et al., 2015) used in 
demonstrating the capabilities of StructureMapper consists of 
experimentally verified post-translational modification (PTM) sites. 
PTMs are enzymatic modifications of the polypeptide chain or specific 
amino acid side chains that occur during or after protein translation. 
PTMs are essential for many phases of the cellular life cycle, and they 
can have a crucial role in regulating cellular signaling, mediating 
metabolism, inducing apoptosis, and affecting cytoskeleton 
arrangement, among other functions (Delom & Chevet, 2006; 
Johnson, 2009). PTMs can cause changes in the protein conformation 
that may induce altered functionality of the modulated proteins and 

           

Algorithm Online Offline 

Open-source/ 

modifiable 

Finding 

homologs 

Alignment 

method 

High-

throughput 

Parallel 

processing 

of inputs 

Locating 

POIs 

Structural 

Analysis Reference 

           

StructureMapper Yes Yes Yes BLAST Pairwise 

sequence 

Yes Yes Yes Yes (Nurminen & Hytönen, 2017) 

PROMALS3D Yes Yes Yes BLAST Multiple stages 

/ structural 

No No No No (Pei, Kim, & Grishin, 2008) 

Expresso Yes Yes Yes BLAST Structure + 

sequence 

No No No No (Armougom et al., 2006) 

SSMap n/a n/a No BLAST Pairwise 

sequence 

No No No No (David & Yip, 2008) 

RaptorX Yes Yes Yes No Pairwise 

Structural 

(DeepAlign) 

No No No No (Wang, Ma, Peng, & Xu, 2013) 

iMolTalk n/a No Yes No Pairwise 

sequence 

No No No Yes (Diemand & Scheib, 2004) 

GenProBiS Yes No No SIFTS 

(Velankar et 

al., 2013) 

None No No No Yes (Konc et al, 2017) 

Formatt No Yes Yes No Pairwise 

Structural 

No No No No (Daniels, Nadimpalli, & 

Cowen, 2012) 

Table S1. Comparison of StructureMapper to other algorithms. StructureMapper stands out from the crowd of tools used in creating sequence to structure 
alignments with its capability to process sequences in an efficient, parallel, high-throughput fashion and in its ability to easily visualize and to provide more detailed 
information about the specific locations in the structure (POIs) automatically. For algorithms SSMap and iMolTalk only the referenced article was available and the 
online resources of the algorithms could not be accessed. 



enzymes, for example, by modification of specific amino acid side 
chains. This can further lead to altered functionality, such as binding 
of new interaction partners. The four types of PTMs profiled in this 
study by using StructureMapper algorithm affect different amino acid 
side chains: methylation typically takes place on arginine or lysine 
residues; ubiquitination and acetylation on lysine residues, and 
phosphorylation on either serine, threonine or histidine residues. 

Phosphorylation was chosen as a case study for the algorithm due 
to its central role in cell signaling and because of the importance of 
gaining a comprehensive understanding of it as a biological 
phenomenon. Phosphorylation is controlled by two classes of 
enzymes, kinases and phosphatases, that constitute approximately 2% 
of the human genome (Venter et al., 2001). Phosphorylation sites are 
abundant in the human proteome and It has been estimated that one 
third of all proteins are phosphorylated at some point of their life cycle 
(Zolnierowicz & Bollen, 2000). The effects of phosphorylation on 
protein functionality are typically mediated through conformational 
changes of the tertiary structure (Hunter, 1995). Phosphorylation sites 
that induce different biological behavior while in the reversible 
phosphorylated and unphosphorylated state are termed as 
phosphoswitches.  

In comparison to the other analyzed post-translational 
modifications (methylation, acetylation and ubiquitination), 
phosphorylation sites have a distinct ASA profile (Figure S1). While 
methylation, acetylation and ubiquitination profiles have a clear trend 
of surface accessibility with a normal distribution and mean of ~60% 
ASA, the phosphorylation sites have a linearly downward sloping 
trend (Figure S1D). All four ASA profiles of analyzed PTMs resemble 
closely the profiles of randomized samples of associated amino acids 
(Figure S1, grey bars). Overall, the surface accessibility of particular 
residues appears to reflect the chemical properties of the residue rather 
than its potential as a target for post-translational modification. 

Analysis of the secondary structures of the PTMs in the 
PhosphoSitePlus database indicated that in comparison to a random 
sampling, all four examined PTMs had a slight preference to alpha-
helical secondary structures and avoidance of beta-sheets (Figure S2). 
We also matched the secondary structure profiles of a ubiquitination 
predictor algorithm Ubpred (Radivojac et al., 2010) and a 
phosphorylation predictor NetPhos 3.0 (Blom, Gammeltoft, & 
Brunak, 1999) and found that the majority of the compared results did 
not differ significantly from the distribution of the secondary 
structures in the PhosphoSitePlus data set. Ubpred had a slight 
tendency to undervalue locations in β-sheets and to overvalue 
locations in loop or irregular structures (Figure S2).  

 

Identification of novel phosphoswitches 

To demonstrate the capabilities of the StructureMapper algorithm, we 
have analyzed the structural properties of PhosphoSitePlus (Hornbeck 
et al., 2015) database phosphorylation sites. The dataset consists of 
354 781 serine, threonine and tyrosine phosphorylation sites, which 
have been, according to PhosphoSitePlus, identified by literature 
mining and/ or mass spectroscopy experiments. The StructureMapper 
algorithm was able to find the location of the phosphorylated residue 
with high confidence for 57 548 dataset entries, making the structural 
data coverage of the entire phosphorylation dataset 16.2%. This is 
significantly lower than what would be expected of a random sampling 
of serine, threonine and tyrosine residues of the human proteome 
(~23%). This finding could be partially explained by the fact that 
phosphorylation sites are often in areas of the structure that lack a 
distinct tertiary structure conformation (intrinsically disordered 

Fig. S1. Surface accessibility profiles of PTMs. PhosphoSitePlus PTM datasets 
(methylation, acetylation, ubiquitination and phosphorylation) were analyzed and 
profiled using the StructureMapper algorithm. Apart from phosphorylation, all other 
types of PTM sites show a clear trend of surface accessibility (ASA > 15%), with 
apparent normal distribution with a mean of ~55%. Each type of PTM (blue bars) 
is compared with a randomized sample of 5000 amino acids (grey bars) of the 
associated type for each PTM: Arg or Lys for methylation; Lys for Acetylation and 
Ubiquitination; Ser, Thr or Tyr for Phosphorylation. The ASA profile of each type of 
PTM resembles closely the profile of its matching randomized sample, and is 
therefore not a good metric for improving PTM predictor results alone. 

Fig. S2. Secondary structure profiles of PTMs. A profile of secondary structures defined by DSSP shows the overall distribution of secondary structure elements in the 
PDB database (black bars). The overall distribution was compared to a randomized sample of 5000 amino acids of the human proteome with glycine residues excluded 
(grey bars). Acetylation, ubiquitination and methylation appear to be more abundant in α-helical secondary structures and low in occupancy within β-sheets. Ubiquitination 
site predictors Ubpred (light brown bars) has a tendency to overvalue loop or irregular structures while undervaluing and β-sheets. The secondary structure profiles were 
compared with PTM site predictor algorithms Netphos (phosphorylation, light green bars) and Ubpred (ubiquitination, light brown bars).  



regions) (Bah et al., 2015; Liu & Huang, 2014), and therefore, may 
appear as gaps in solved crystal structures.  

For the analyzed data set, only 792 (1.4% of the sites with identified 
homologous 3D structure) amino acids of interest were found to be 
natively phosphorylated in any of the homologous structures where the 
amino acids were located with high confidence, and further 593 (1.0%) 
phosphorylation sites had both phosphorylated and unphosphorylated 
versions of homologous structures available in the PDB. 

To discover novel phosphoswitches, the results of the algorithm 
were searched for structural locations that were found both on the 
surface (ASA > 15%) as well as buried (ASA < 15%) in homologous 
structures. StructureMapper was able to identify 5557 phosphorylation 
sites in 11 185 PDB structure files and 1934 proteins that satisfied 
these criteria. The full set of potential phosphoswitches is included as 
Supplementary Table S2. The algorithm has optional functionality to 
remove any PTMs before performing ASA calculations on the amino 
acids of interest, and therefore it is possible to directly compare cases 
where the amino acid of interest is either phosphorylated or 
unphosphorylated in the native structure data files. We chose three 
examples of identified putative and established phosphoswitches for 
closer examination (Figures 1C and S3). 

Adenylate kinase isoenzyme 1 (AK1) amino acid Thr145 was found 
on two homologous structures (PDB: 1Z83 and 3ADK) with an ASA 
difference of 41.09%. Comparison of the structures reveals an alpha-
helical structure that moves a distance of ~12Å between open and 
closed conformations (Figure 1C). In the second example, 
Serine/threonine kinase 26 (STK26), Structure-Mapper identified the 
location of Thr172 in nine homologous structures, out of which 4FZA 
and 2XIK illustrate the differences in loop conformation (Figure S3A). 
The phosphorylation of the site may change the conformation of a 
flexible loop region, so that Thr172 is either exposed on the surface 
(ASA 78.66%) or buried within the structure (ASA 13.84%). In the 
third example, MOB kinase activator 1B (MOB1B) was found in four 
homologous structures out of which 5BRK and 5TWF were chosen to 
highlight the ~16Å difference in the location of the N-terminal α-helix 
(Figure S3B). This phosphorylation site and its function have been 
studied by Praskova et al. (Praskova, Xia, & Avruch, 2008). They 
found that phosphorylation of Thr35 (along with Thr12) plays a role 
 in regulating cell proliferation and enhances MOB1B interaction with 
LATS1. It is plausible that the conformational change induced by the 
phosphorylation exposes the binding site of LATS1, leading to 

enhanced binding. Notably, it would be possible to identify putative 
phosphoswitches by analyzing the data set for buried phosphorylation 
sites, and not only sites that are found as both buried and on the 
surface. 
 

Protease cleavage sites 

Proteases are universal tools for quality control and manipulating the 
functionality of proteins in all life on Earth (Seidah & Chrétien, 1997; 
Wickner, Maurizi, & Gottesman, 1999). They are both natively present 
in Eukaryotes and used by micro-organisms such as viruses for 
disrupting the normal operation of a host cell to favor the replication 
of the virus (Laitinen et al., 2016). As is the case with many predictor 
tools, protease cleavage site predictors are prolific in producing false 
positive results and verifying all predicted cleavage sites by in vitro 
experiments is often impossible. It has been shown that surface 
accessibility, crystallographic temperature factor (B-value) and 
secondary structure are good indicators of potential protease cleavage 
sites (Hubbard, Campbell, & Thornton, 1991). However, the existing 
protease cleavage prediction algorithms do not utilize the abundant 
3D-structure information of the proteins. For protease cleavage, one of 
the most important features of a site of interest in a protein tertiary 
structure is whether it is on the surface, and thus able to interact with 
the protease. If the site is buried within the structure it is only able to 
interact with the surrounding residues of the protein itself. For 
estimating this feature of the surrounding structure, StructureMapper 
employs accessible surface area (ASA) calculations (Lee & Richards, 
1972). Another important metric of cleavability is the flexibility of the 
cleaved region, or the ability of residues to have different 
conformations. This metric, the temperature factor, is already available 
as an in-built feature of x-ray crystallographic structures, and it is 
reported per atom in the PDB format structure files. Flexibility of the 
cleaved location is representative of its ability to be able to reach into 
the active site of the protease. Depending on the protease, reaching its 
active site requires different amounts of conformational change by 
both the protease and the substrate (Hubbard et al., 1991; James, 
Sielecki, Salituro, Rich, & Hofmann, 1982).  

 

Profiles of protease cleavage sites 

For profiling experimentally verified protease cleavage sites a dataset 
was acquired from the proteolytic event database CutDB (Igarashi et 
al., 2007). The CutDB database has data on 182 human proteases and 
the selected data set contains 4280 protease cleavage sites. 
StructureMapper was able to identify the location of the cleavage site 
reliably in existing homologous structures for 1183 (27.6%) dataset 
entries. These data were analyzed to see if they correlated with 
findings of Hubbard et al (Hubbard, Beynon, & Thornton, 1998). Our 
study found that the ASA and temperature factor scores were only 
slightly elevated in comparison to the random sampling used as a 
control (Figure S4). The mean values for ASA were 27.3% and 20.1% 
for the CutDB dataset and random sampling, respectively. The mean 
of temperature factors for the CutDB dataset was found to be 33.8 in 
comparison to a mean of 28.4 for the randomized sample. Upon further 
investigation, we noted that the data set still contained many 
speculative cleavage sites from source articles where the exact location 
of the cleavage in the sequence was not determined. To minimize the 
speculative data points in the dataset, we further reduced to dataset to 
include only sources where a single cleavage site had been reported 
(Figure S5). The reduced dataset had an increased mean of ASA value 
at 29.3%, clearly indicating that surface accessibility is a prerequisite 
of cleavability in the majority of the data points. The mean of the 
temperature factor scores was raised to 37.2, indicating that flexibility 

Fig. S3. Potential phosphoswitches. Putative phosphoswitches were identified 
by StructureMapper by using the PhosphoSitePlus and PDB databases. In each 
panel, grey coloring shows parts of the compared structures that superimpose with 
nearly identical conformations. Dashes are used to indicate missing parts of the 
structures. Images of the structures have been created with PyMOL (PyMOL, n.d.)
Panel A: PDB structures 4FZA (blue) and 2XIK (orange) show two alternate 
conformations around residue Thr172 (red), with an ASA change of 70.8% and ~17 
Å shift in location. Panel B: PDB structures 5BRK (blue) and 5TWF (orange) show 
a ~16 Å spatial shift and 33.0% ASA change for residue Thr35 (red). This residue 
has been established as being a part of a phosphoswitch regulating MOB1 
interaction with LATS1 (Praskova et al., 2008). Residue Thr35 is a 
phosphothreonine and it is complexed with Lats1 (not shown) in PDB structure 
5BRK (dark grey, blue). 



is a positive metric for assessing putative cleavage sites. Out of this 
reduced dataset, five proteases (caspase 3, caspase 6, granzyme B, 
plasmin and cathepsin D) were selected for separate analysis because 
of the relative abundance of verified cleavages for each protease where 
the exact cleavage position had been reported. The mean ASA values 
for the individual proteases were: caspase-3, 27.7% (51 samples); 
caspase-6, 28.5% (14 samples); granzyme B, 25.0% (42 samples); 
plasmin, 30.4% (11 samples); cathepsin D, 24.9% (5 samples). Our 
analysis indicates that ASA values provide better separation of the data 
from the random sampling than temperature factor in the assessment 
of putative protease cleavage sites.  
 
Potential use cases for the StructureMapper 
algorithm 
 

To make StructureMapper as easily accessible as possible we have 
developed an online server (http://structuremapper.uta.fi) that can be 
used for running the algorithm and visualizing the results of batches 
of less than 1000 protein sequence locations of interest. All the 
algorithms used in this study are available for download on the 
StructureMapper online server. 

In addition to the analyses conducted in this study, there are many 
types of tasks involving protein structure analysis that the 
StructureMapper algorithm can be used for. In the field of antibody 
development, StructureMapper is ideal for screening for suitable 
epitopes that need to be located on the surface of the protein antigen. 
For example, in studies involving viruses, StructureMapper has the 
ability to construct and take into consideration the quaternary structure 
of the viral capsid proteins when calculating the surface accessibility 
of the residues. Furthermore, StructureMapper could be utilized in 
selection of antigens on virus surface to develop neutralizing 
antibodies. 

StructureMapper can be also used to analyze sequences in an all-
inclusive manner. This mode of analysis can be used, for example, to 
designate all residues that are missing from homologous structures and 
residues that are on a binding interface between different chains or 
identical chains of the biological assembly (if specified in the structure 
file). As an example case, StructureMapper was used to analyze the 
structure of DNA polymerase gamma (PDBID:4ZTU; Szymanski et 
al., 2015) to identify all residues that are interacting with the primer-
template DNA and co-enzymes included in the solved structure (Mg2+, 
dNTP). Structure mapper was able to identify 57 residues (Figure S6), 
out of which 56 residues have been implicated as having a high risk of 
pathogenicity based on existing patient case reports and a pathogenic 
clustering model (Euro, Farnum, Palin, Suomalainen, & Kaguni, 2011; 
Farnum, Nurminen, & Kaguni, 2014; Nurminen, Farnum, & Kaguni, 
2017). It is likely that mutations in these interfacing residues lead to 
altered binding affinity between the binding partners and may further 
result in a pathogenic phenotype. 
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