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Abstract 

Mutations play an important role in both pathological and evolutionary contexts, since 

they influence genetic diversity in general, including the fraction that accounts to species 

adaptation. Natural selection acts on genetic diversity, favoring mutations that improve 

the overall fitness while acting against those that are detrimental. Exploring the complex 

interactions between mutational changes in both pathological and evolutionary scenarios 

allows not only a better understanding of the factors modelling diversity with pathogenic 

potential, but also underscores the dual nature of mutations as contributors to diversity 

in both health and disease. 

Predictably, if an amino acid residue is evolutionarily conserved over a substantial period 

of time, its substitution may be associated with some degree of functional impairment. 

This reasoning can be broken when compensated mutations come into play, a scenario 

that commonly arises when a mutation appears as the wild-type allele in some species 

but is known to cause disease in closed related lineages, as the result of epistatic 

interactions between the amino acid residues. Taking advantage of the peculiar 

transmission properties of X-linked genes, from which arises the hemizygous state of 

males in most mammals, this study aimed to increase the knowledge about deleterious 

mutations in humans that supposedly are compensated mutations in non-human 

mammals. It was addressed how this likely possibility could challenge the assessment 

of pathogenicity of human mutations and its weight as players underlying human genetic 

diseases. The analysis of 10 X-linked genes (ABCD1, AR, BMP15, COL4A5, EDA, F9, 

GLA, G6PD, MECP2 and OTC) revealed a total of 72 compensated mutations, and only 

7 were concurrently and simultaneously predicted as deleterious by all tools (Polyphen-

2, PON-P2 and FATHMM). The current tools, which as a rule overlook the genetic 

background, revealed to be quite imprecise in predicting the pathogenicity of human 

mutations, particularly when dealing with potential compensated genetic variants. 

Furthermore, two amino acid positions assumed to be compensated mutations besides 

showing signs of positive selection, demonstrated high evolutionary tolerance, 

supporting the idea that both residues are compensated.  

Still regarding compensated mutations, a structural and molecular dynamics approach 

enabled the identification of a compensated mutation and its corresponding 

compensatory partner. In the F9 gene, the human pathogenic mutation Glu270Lys 

causes a conformational alteration in 39-loop, leading to functional impairment. 

However, another mutation in a neighboring residue (Thr271Pro) was found to 
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counteract the conformational change promoted by Glu270Lys, mitigating its deleterious 

effect.  

Human mutations that cause diseases may also be associated with genomic segments 

that underwent duplication in the past, events that were crucial during evolution. The 

analysis of a partial duplication within an X-linked segment in the Macaca genus, 

revealed no signs for selective forces acting on that specific genomic segment, 

suggesting to be a likely duplicate without functional consequences. 

The objective of this thesis was not only to enhance the comprehension of the impact of 

genetic diversity on disease but also to establish a foundation for future investigations 

into evolutionary facets of human diversity.  

Keywords: X-chromosome, Epistasis, Mutation, Duplication, Evolution, Selection, 

Compensated Mutation, Disease.  
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Resumo 

As mutações desempenham um papel importante tanto em contextos patológicos como 

evolutivos, uma vez que influenciam a diversidade genética no seu todo incluindo a 

fração envolvida em processos de adaptação de espécies. A seleção natural atua sobre 

a diversidade genética favorecendo ou desfavorecendo mutações que melhoram ou 

prejudicam a sobrevivência, respetivamente. Explorar as complexas interações entre 

mutações em cenários patológicos e evolutivos permite não apenas uma melhor 

compreensão dos fatores que modelam a diversidade genética humana com potencial 

patogénico, mas também destacar a dualidade das mutações como contribuintes para 

a diversidade na saúde e na doença.  

É comum assumir que se um aminoácido se encontra conservado durante um período 

substancial de tempo numa dada linhagem evolutiva, a sua substituição deverá implicar 

algum grau de comprometimento funcional. Porém, tal assunção pode não ser aplicável 

quando estão em causa mutações compensadas, cenário que frequentemente se 

coloca quando uma mutação associada a doença numa espécie surge como alelo de 

referência noutras espécies filogeneticamente relacionadas, indiciando, assim, o 

envolvimento de interações epistáticas entre resíduos de aminoácidos. Tirando partido 

das propriedades de transmissão de genes ligados ao cromossoma X, das quais 

decorrem a hemizigotia nos machos na maioria dos mamíferos, esta tese visou 

aumentar o conhecimento sobre mutações deletérias em humanos que aparentemente 

podem ser variantes compensadas. Numa primeira etapa foi analisada como mutações 

humanas ligadas ao X previamente descritas como possivelmente compensadas 

poderiam desafiar a previsão de patogenicidade usando as ferramentas atualmente 

disponíveis de avaliação de mutações humanas quanto ao seu peso como fatores 

subjacentes a doenças genéticas. A análise de 10 genes ligados ao cromossoma X 

(ABCD1, AR, BMP15, COL4A5, EDA, F9, GLA, G6PD, MECP2 e OTC) revelou que num 

total de 72 mutações assumidamente compensadas, apenas 7 foram consistentemente 

avaliadas como patogénicas por todas as ferramentas usadas (Polyphen-2, PON-P2 e 

FATHMM). Tais ferramentas, ignoram, no entanto, o contexto genético, e daí revelaram 

ser bastante imprecisas na predição de patogenicidade de mutações humanas, 

particularmente quando estão em causa variantes possivelmente compensadas. Dois 

dos aminoácidos classificados como sendo mutações compensadas, exibiram não só 

sinais de seleção positiva, como demonstraram grande tolerância à mudança numa 

escala evolutiva, suportando a ideia de ambos os resíduos serem compensados.  
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Ainda quanto a mutações compensadas, através de abordagens de análise estrutural 

conjugada com dinâmica molecular, foi possível identificar no gene F9 uma mutação 

compensada e o respetivo parceiro compensatório. Em humanos, a mutação patogénica 

Glu270Lys é responsável pela alteração conformacional num segmento contendo um 

39-loop que compromete a função proteica. No entanto, uma outra mutação localizada 

num resíduo vizinho, Thr271Pro, reverteu a alteração conformacional provocada por 

Glu270Lys, mitigando o seu impacto deletério.  

Mutações humanas responsáveis por doenças podem estar também associadas a 

segmentos genómicos que foram sujeitos a eventos de duplicação, processos que 

desempenharam papéis evolutivos cruciais. Neste estudo, identificámos uma 

duplicação parcial duma região ligada ao cromossoma X compreendendo os genes 

codificadores da OTC (ornithine transcarbamylase) e RPGR (retinitis pigmentosa 

GTPase regulator), abrangendo 0.1 Mb no cromossoma 9 no género Macaca. Nesse 

segmento genómico, não foram detetados sinais de atuação de seleção, indicando que 

tal duplicação aparentemente não teve consequências funcionais.  

Esta tese teve como objetivo enriquecer a compreensão do impacto da diversidade 

genética em doenças, mas também abrir caminhos para futuras investigações nas 

várias vertentes, incluindo evolutiva, em que pode ser encarada a diversidade genética 

humana. 

 

Palavras-chaves: Cromossoma X, Epistasia, Mutação, Duplicação, Evolução, Seleção, 

Mutações Compensadas, Doença. 
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Chapter 1: General Introduction 

Genetic diversity 

Genetic diversity, in a broader sense, is the measure of the variability found within 

genomes. Traditional notions of genetic diversity were formulated within the population 

framework, to assess the disparities among individuals in a population or between 

populations of identical species. Nevertheless, genetic diversity can be envisioned at 

other levels, including individuals, species and even genes or any genomic segment [1]. 

Irrespective of the level, it is dependent on genetic variation, which is a fundamental 

resource for evolutionary change. 

As the number of sequenced genomes increased, the possibility to compare specific 

genomic segments has also augmented, allowing robust statistical inferences. The main 

sources of genetic diversity are mutation and recombination [2]. Mutation might arise by 

replacements at the DNA level that create distinct allelic forms between individuals, 

populations, or species. Recombination is the mechanism by which novel genetic 

combinations (backgrounds) are produced. If the reshuffled genetic material is 

transmitted to the offspring, then it can be spread through a population. Finally, random 

genetic drift is the process by which fluctuations in the frequencies of alleles occur due 

to random processes.  

The coexistence of multiple allelic forms at a specific gene position within a population 

is a common event. Conventionally, when the minor allelic form reaches a frequency 

≥1% in a population, it is known as a polymorphism. Polymorphisms are crucial to 

determine the level of diversity in populations, and although often neutral, they can 

represent the raw material for adaptation [3]. Genetic diversity is crucial to allowing 

responses to environmental changes, thus contributing to the conservation of species.  

Human genetic diversity modulates several aspects of the human health, including 

susceptibility to many diseases [4], [5], [6], [7].  

Genetic diversity differs markedly among species. For example, the intraspecific 

genomic variation in Drosophila simulans is 3%, while in Homo sapiens is only 0,1% [8], 

[9]. Such variation in genetic diversity might be partially explained by differences in the 

divergence times or the germline mutation rates across species [10], [11]. However, 

other factors also contribute to the disparity of genetic diversity between species, in 
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particular the rate of allele loss and fixation [2]. For neutral loci this rate is highly 

influenced by genetic drift, whose strength is inversely proportional to the population 

effective size. Since the effective population is closely linked with the demographic 

history, both play an important role in modulating genetic diversity within a population or 

species [12], [13]. 

Unraveling the complexities of genome diversity in humans and the intricate interplay 

between gene variants and population-specific adaptations, holds profound implications 

for the advancement of precision medicine and a better understanding of human health. 

In this perspective, a detailed assessment of genetic diversity, achieved by combining 

the gene evolutionary history with molecular, structural, and functional data, seems 

critical to improve the knowledge on genotype-phenotype relationships, and as a 

consequence, the accuracy and reliability of predictions in health and disease.  
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Mendelian diseases and phenotype genotype correlation 

In the mid-19th century, Gregor Mendel, based on experiments conducted with pea 

plants, was pioneer in uncovering the fundamental principles of inheritance. His 

discoveries would lay the foundation of a field of science that became known as 

Mendelian genetics [14]. Importantly, Mendel’s principles explained well the inheritance 

of some human genetic disorders, most of which were soon realized to be caused by 

mutations in a single gene. These disorders, known as Mendelian, result from functional 

impairments in proteins, including many enzymes. Mendelian diseases can show 

different patterns of inheritance: autosomal dominant or recessive, and X-linked also 

dominant or recessive. In autosomal dominant diseases, the development of the disorder 

depends on the presence of just a mutated allele, which is inherited from one the parent, 

although it can also arise by a de novo mutation. Some examples include Huntington's 

disease or familial hypercholesterolemia [15]. In autosomal recessive diseases, the 

presence of two copies of disabled alleles is required, which again are inherited from 

each of the parents, but cases involving at least one de novo mutation were also 

documented. Carriers, i.e. subjects with one normal and one mutated allele, do not 

manifest symptoms. Cystic fibrosis and phenylketonuria are among the diseases with 

this inheritance mode [16], [17], [18]. X-linked disorders are caused by variants in genes 

located in the X chromosome. When the causative allele is recessive, the disease is 

more common in males because the presence of a pathogenic variant in their unique 

copy of the X chromosome is enough to induce disease, whereas in females the disease 

only appears when both their X chromosomes bear a disabled allele. Hemophilia and 

Duchenne Muscular Dystrophy are two of the many instances of X-linked diseases [19], 

[20].  

There are disorders that result from the combination of multiple genetic, environmental, 

and behavioral factors. These are called complex diseases [21].Type I diabetes, obesity, 

and non-familial forms of cancer, are examples of complex diseases that result from the 

contribution of numerous genetic and environmental factors that together account to 

disease susceptibility [22], [23], [24]. 

Phenotype and genotype are two fundamental concepts in genetics, that contemplate 

the observable traits in an organism and their genetic composition, respectively. They 

are considered two distinct levels of biological abstraction, under the paradigm that the 

phenotype is the manifestation of the genotype [25]. However, the relationship between 

phenotype and genotype is exceedingly complicated. In fact, a single gene may have 



FCUP 
Mutational change of X-linked disease genes in both the pathological and the evolutionary context 

4 

 

 

   

consequences on different traits, or multiple genes might influence a given single 

trait[26].  

The complexity of the interplay between genotype and phenotype can be illustrated by 

the PAH gene and its associated genetic disorder, Phenylpyruvic oligophrenia 

phenylketonuria (PKU). PAH encodes the enzyme phenylalanine hydroxylase, whose 

deficiency is the result of different loss of function mutations in the gene. Enzyme 

deficiency leads to the accumulation of phenylalanine in the body, a phenotype known 

as Hyperphenylalaninaemia (HPA). The classical symptoms of HPA include, besides 

those consequents to the neurological impairments, lighter skin and hair compared to 

unaffected family members. As a matter of fact, patients tend to have lower levels of 

melanin, the pigment responsible for skin and hair color, because deficiency in 

phenylalanine hydroxylase also results in lower melanin production [27]. In this case, a 

single genetic mutation (in PAH) has a pleiotropic effect on both neurological and 

pigmentation traits. Still, while the enzyme deficiency promoted by PKU is always 

correlated with an accumulation of phenylalanine in toxic levels (HPA), not all abnormal 

levels of phenylalanine are associated to a PKU phenotype [28]. Other forms of HPA can 

result from different genetic mutations affecting enzymes or proteins involved in the 

phenylalanine metabolism pathway [29]. In respect to melanin, it is well established that 

multiple genes are involved in its synthesis and distribution in the skin. That’s why skin 

color is often presented as a classical trait with polygenic inheritance. Many alleles in 

different genes contribute to the overall variation in skin color, accounting thus to the 

wide range of skin tones that humans can exhibit. Such phenotypic continuum is the 

result of an outstanding number of multiallelic combinations involving different loci [30].  

There is no doubt that a better comprehension of genotype-phenotype relationship is 

especially relevant in the context of genetic disorders. Significant steps have been taken 

regarding Mendelian diseases, concerning which recent findings have contributed to 

design more personalized approaches to prevent and treat diseases. However, there is 

still a long way to go, not only for simple Mendelian diseases but particularly for complex 

ones. Strong efforts are being made to identify individuals at risk of developing complex 

diseases based on their genetic composition. The challenge is how and when will be 

possible to translate the knowledge in effective heath care improvements and advances 

towards personalized medicine [31].  
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Sex chromosome evolution and the uniqueness of the X-

chromosome 

In many animals the primary sex determination relies on specific chromosomes that 

define different chromosomal sex-determination systems, such as XY, ZW or ZZ [32]. 

Most mammals present the XY system, where the females are the homogametic sex 

(XX) and males the heterogametic one (XY). Since males have two different sex 

chromosomes, they can produce two types of gametes- either with X or with Y, whereas 

females only produce gametes with X. The two sex chromosomes have evolved from an 

ancestral pair of autosomes [33]. Around 160 million years ago, a proto-Y chromosome 

acquired a gene, SRY, that would become the male-determining gene in the Theria 

(marsupial and eutherian mammals) [34], [35], [36]. This proto-Y chromosome has 

undergone substantial structural changes, including multiple inversions. The 

accumulated alterations progressively blocked recombination with the X chromosome, 

except in a short region where pairing was necessary to guarantee correct chromosome 

segregation during meiosis. This is the pseudo autosomal region (PAR), where high 

homology between the X and the Y chromosomes was maintained [37]. Contrarily to 

other mammals, humans contain two PARs in the sex chromosomes, PAR1 and PAR2. 

PAR2 is a human-specific genomic segment, having been created by duplication of 

material from X to Y since the divergence of human and chimpanzee lineages [38]. As 

the non-recombination region of the Y increased, deleterious mutations were exposed 

and to maintain male fitness large deletions encompassing deleterious and non-

functional DNA regions occurred, prompting the degeneration of Y chromosome [39], 

[40].  

The unequal dose expression between males (XY) and females (XX) was overcome by 

the emergence of a dosage compensation mechanism that assured the almost complete 

inactivation of one of the two X chromosomes in mammalian females [41]. Since early in 

the evolutionary process, the Y-chromosome underwent a rapid decay in size and gene 

content, in such a way that currently it only retains ~3% of the ancestral genes, compared 

with ~98% in the X-chromosome. Among the few Y-chromosome genes that persisted, 

some are known to be crucial to male gonadal sex determination and spermatogenesis 

[37]. Comparatively, the X-chromosome has a much more dense and diverse gene 

content, being enriched in brain-expressed genes and genes related to muscle function, 

sex and reproduction [42], [43], [44].  
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The X-chromosome has some hallmarks that makes it unique. Males are hemizygous, 

which implies that the presence of a single copy of a disease-associated allele is enough 

to the expression of a given phenotype, which in females only manifests when they are 

homozygous [45]. Population and comparative genomic data revealed that the rate of 

divergence between species is higher for X-linked genes than for autosomes, a 

phenomenon called “faster X-evolution effect” [46]. The accelerated evolutionary 

changes that the X experienced in comparison to autosomes has deeply shaped the 

patterns of diversity across the chromosome. As so, and compared to autosomes, the 

X-chromosome represents a unique resource to study mutations associated with 

Mendelian traits, all the more that the hemizygous state of males turns possible more 

uncomplicated analyses. 
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 General notions on compensatory epistasis 

The phenotypic effect of a genetic variant can vary widely in different individuals 

depending on the genetic background in which it occurs. Epistasis is the name given to 

this context-dependency of mutation effects, that might involve complex relationships 

between genes, alleles or other genomic segments (reviewed in [47]). In other words, 

epistasis is the interaction between two or more genes, alleles or genomic regions [48].  

Collectively, these genetic interactions significantly account to the phenotypic diversity 

within individuals and, on an evolutionary timescale, to the genomic architecture of 

different species [49], [50], [51]. 

The term epistasis was coined by Bateson in the early twentieth century ([52]) to describe 

the discrepancy between the predicted phenotypic outcomes based on the effects of 

each of two individual genes and the observed phenotypic outcome under the combined 

effects of both loci. Soon after, epistasis began to be applied with other related meanings, 

to accommodate not only the wide variety of genetic interactions but also the different 

levels at which they can be assessed [50]. As the sense of epistasis was broadening, 

the terminology used to distinguish types of epistasis also proliferated. In the specialized 

literature it is common to find categorizations such as the ones presented below, 

although these definitions may define categories that are not mutually exclusive and 

often complement each other in terms of scope and practical applications ([53]): 

• Positive and negative epistasis: positive or negative when the effect of the 

presence of two variations is better or worse, respectively, than expected; 

• Synergistic and antagonistic epistasis: synergistic or antagonistic epistasis when 

the absolute value of the effect of presence of two variants (either deleterious or 

beneficial) is larger or smaller, respectively, than the absolute value of the sum 

of the effects of the two individual variations;   

• Pairwise and higher-order epistasis: depending on the interaction involving two 

or more genetic variants; 

• Statistical epistasis: referring to the average epistasis between two genetic 

variants when measured on genetic backgrounds (at other loci) that are randomly 

sampled from a population; 

• Functional epistasis: used to describe protein–protein interactions; 

• Intragenic (or intramolecular) and intergenic (or intermolecular epistasis): if 

interactions occur between sequence variants in the same gene or between 

variants in different genes, respectively; 
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• Sign and magnitude epistasis: when the variant changes the sign/direction of the 

effect, or when it only changes the strength of the effect, respectively; 

• Reciprocal sign epistasis: a complex type of epistasis that occurs when the 

effects of the mutations are dependent on each other, and the direction of the 

effect is reversed in the reciprocal genetic backgrounds. In simpler terms, 

deleterious mutations assessed individually become beneficial in combination 

with other mutation(s), or for the contrary, individual beneficial mutations become 

deleterious in combination with others. 

Many examples of epistatic interactions have already been identified [54]. However, 

knowledge of the molecular mechanisms underlying such interactions is still very scarce. 

What is well established is that mechanisms are multiple, might involve very high levels 

of complexity and that much work needs yet to be done to dissect their understanding. 

Among the molecular mechanisms of epistasis are protein stability thresholds, functional 

redundancy, and metabolic pathway structure [54].  

In the context of sign epistasis, that encompassing interactions in which a mutation’s 

effect is conditional on the genetic background, there are many reports on pairs of 

mutations individually neutral, beneficial or deleterious that in combination with others 

change the direction of the outcome [55]. For instance, the negative/deleterious effect of 

a given mutation might be fully reversed by interaction with a nearby amino acid position. 

This mutation is commonly referred to as a compensated mutation (or as in its original 

form-compensated pathogenic deviation, CPD) [56], [57]. 

Considering that a protein’s function is determined by the interactions between residues 

in the three-dimensional space, and that many amino acid alterations confer different 

physical and chemical properties to the protein, few doubts remain that epistasis might 

contribute to the phenotypic diversity observed between individuals. Acknowledging that 

compensated mutations are important players in molecular evolution, relevant theoretical 

work on compensatory evolution was developed allowing the prediction of different 

evolutionary frameworks [58].  

Detecting compensated mutations is not easy. It requires approaches that combining 

genomic, experimental and computational methods might inform on more or less 

complex genetic interactions involved in functional recovery. One strategy to detect 

compensated mutations is by the cross-comparison of orthologous sequences from 

humans and non-human species [56], [59], [60]. When a human deleterious mutation 

appears as the wild-type allele in a nonhuman species, a reasonable explanation is that 
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the disease-associated residue reached high frequency or even became fixed in the 

nonhuman species due to the existence of one or more compensatory residues in the 

same protein or another protein that interacts with the first [56], [61], [62], [63], [64], [65]. 

This kind of analysis relies on accurate genome sequencing data, as well on robust 

bioinformatics tools able to identify changes that potentially restore functional integrity. 

Experimental methods also play a role in identifying compensatory epistasis. Reverse 

genetics experiments, such as site-directed mutagenesis, can be conducted to introduce 

additional mutations into the genetic makeup of an organism that already carries a 

primary mutation ([66], [67]). The observation of subsequent changes in traits or overall 

fitness can indicate whether the introduced mutations rescued or not a given phenotype 

[66], [67], [68], [69]. Empirical evidence of interactions between the compensated 

mutations and their compensatory partners are gathered through a panoply of tests, 

growth experiments, among other ways, conducted under different conditions. More 

recently, computational models have emerged as valuable means for predicting 

compensatory interactions. They take advantage of new statistical approaches and 

machine learning techniques that can analyze large datasets aiming at identify genetic 

variants that show patterns of co-occurrence with primary mutations. Furthermore, these 

models integrate variables such as protein-protein interactions, gene expression profiles, 

and predicted functional consequences of mutations [70], [71]. 

The impact of epistasis on the relationship between genotype and phenotype is a topic 

that has captured great interest in genetic research [72], [73]. The realization that some 

harmful mutations can be compensated by the presence of certain residues in other 

positions is enriching our understanding on the road between genetic variants and the 

associated phenotypic consequences. However, a critical question that compensated 

mutations raise is to understand how is overcome the burden of a novel deleterious 

mutation during the evolutionary time.  A previous study demonstrates that in mammals 

the deleterious mutations are expected to occur in backgrounds already carrying the 

compensatory partner(s) or originate from the same mutational event that originate the 

compensatory partner [74]. Therefore, the dimension time must be integrated when 

addressing the nature of epistatic interactions and regulatory networks that govern the 

translation of genetic information into a wide range of observable characteristics.  

Deciphering the consequences associated with the interaction between multiple variants 

will contribute to a broader comprehension of how proteins maintains a delicate balance 

between genetic stability and phenotypic diversity.  
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Evolution through gene duplication 

Molecular evolution is an inexorable process that shapes the diversity of all living beings. 

It operates through many mechanisms, including gene duplication, which is the gene 

replication of an existing gene, leading to the emergence of additional elements in the 

genome. Duplicated genes can undergo different fates, conventionally ascribed as 

neofunctionalization, subfunctionalization and non-functionalization [75], [76], [77], [78]. 

The fate of newly arisen genes depends on various factors, including selective pressures 

acting on organisms carrying duplicated genes, the functional significance of the copied 

genes and the mutational processes occurring after the replication event.  

The acquisition of novel functions by one of the members of the duplicates is referred to 

as neofunctionalization. Functional divergence over time increases the operational 

diversity of a gene family, potentially contributing to the evolution of novel traits. 

Duplications or multi-replications by themselves can be neofunctionally advantageous, 

as shows the gene CCL3L1, which encodes the C-C Motif Chemokine Ligand 3 Like 1, 

a potent HIV-1-suppressive chemokine and a ligand for HIV coreceptor C-C chemokine 

receptor type 5, known as CCR5. It was demonstrated that there are significant 

interindividual and interpopulation differences in gene copy number of CCL3L1, and also 

that high copy number of the gene confers lower susceptibility to HIV infection [79].  

The evolutionary process of gene duplication(s) followed by neofunctionalization can be 

illustrated by the six human genes encoding the β subunit of chorionic gonadotropin- 

CGB genes. Gonadotropin is a hormone present in some primate’s placenta, thought to 

be responsible for early pregnancy maintenance. The human CGB genes that arose 

through gene duplications were likely associated with the acquisition of new 

functionalities turning the placenta more efficient [80]. All six CGB genes are duplicated 

copies of the β subunit of the luteinizing hormone gene (LHB), crucial to trigger ovulation 

[81].  

After gene duplication the evolution of the duplicates can lead to subfunctionalization, 

which happens when both copies retain the original functions, but each copy becomes 

specialized in performing a subset of the ancestral functions. Change in the expression 

pattern of both copies is mainly due to mutations in regulatory regions. There are various 

known cases of subfunctionalization, such as in the Hox-genes, in the MADS-box genes 

or in the immunoglobulin gene superfamily [82]. Taking an example from the Hox-genes, 

the paralogous Hoxa1 and Hoxb1, which play crucial roles in patterning the hindbrain 

during the mouse embryonic development, evolved by subfunctionalization. Hoxa1 is 
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highly sensitive to retinoic acid, and plays a role for segment identity in rhombomere 5 

in the hindbrain. Hoxa1 activates its paralogue Hoxb1, which is important for 

rhombomere 4 identity. The expression of Hoxb1 is, however, maintained by 

autoregulation [83]. Studies have indicated that after the event of duplication, the 

paralogues diverged in such way that the autoregulation degenerated in Hoxa1 while 

high retinoic acid sensitivity degenerated in Hoxb1, which in this case fits a scenario of 

spatial/temporal subfunctionalization (complementary expression in rhombomeres 4 and 

5) [84]. Each gene acquired unique regulatory elements leading to the fine-tuning of their 

roles in hindbrain development. 

Non-functionalization is another possible outcome following gene duplication. One of the 

copies retains the ancestral function, whereas the other diverge and accumulates 

disruptive mutations over time, rendering it nonfunctional. This is one of the processes 

that originates pseudogenes. When the presence of one of the copies of the duplicated 

gene is enough, mutations in the extra copy are not under stringent selective forces, 

steering the conversion into a pseudogene prone to become fixed in populations [85], 

[86]. During the process of pseudogenization, mutations accumulate rapidly and the 

gene degenerates. It is well documented that numerous gene duplication and loss events 

have underlie the diversity of genes encoding enzymes in cytochrome P450 (CYP) 

family, concerning which the human genome contains dozens of pseudogenes [87]. 

Whilst CYP genes are present in all metazoan, its number varies widely among species 

as a consequence of the complex evolutionary processes of the entire gene family. Many 

CYP genes have undergone lineage-specific duplication and other rearrangement 

events, whereby some duplicated genes have retained the ancestral functions or similar 

while others became pseudogenes. Gains and losses of CYP genes occurred relatively 

frequently in different lineages, supposedly driven by their substrate and metabolic 

specificities [87].   

Gene duplication was indeed a major contributor to the dynamic change of genomes and 

thus to the renewal of the patterns of genetic diversity over evolutionary time scales. 
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Thesis outline and main objectives  

The initial chapter of this thesis has provided a comprehensive introduction to 

fundamental topics that are essential for understanding the impact of mutations on the 

evolution of species integrating the pathogenic context. Since the research undertaken 

had focus on missense mutations associated to Mendelian diseases, that urged an 

exploration of subjects such as genetic diversity and factors hampering to achieve 

reliable genotype-phenotype correlations. A brief overview of compensatory epistasis 

was also given, summarizing the importance of compensatory mutations and the 

approaches used to investigate this complex issue. An introduction to gene evolution 

through duplication was also provided as one goal of the study was to investigate a case 

related to a X-linked gene. 

The second chapter presents data based on the exploration of amino acid positions that 

were previously associated with diseases in 10 X-linked genes. Levels of conservation, 

alongside the selective constraints the sites were upon, were major of interest. The 

uniqueness of X chromosome, its degree of conservation along mammals and the 

common male hemizygousity, make it an ideal candidate to understand the conservation 

of mutations associated to human diseases, particularly compensated mutations. 

The third chapter, which deals with genetic variants and their role as phenotype 

modifiers, includes one published work (DOI: 10.1007/S00439-021-02307-X) that 

demonstrates the compensatory behavior of a mutation through molecular dynamic. 

The fourth chapter, titled “Partial gene duplication”, contains a published article (DOI: 

10.1016/j.gene.2022.146997) reporting an event of partial duplication detected on the 

genomic region where the OTC gene locates. 

The 5th chapter is dedicated to concluding remarks and major findings of the work. 

The main objective of this doctoral thesis is to understand X-linked genetic variation in 

terms of disease and evolution. In more detail, the aims of the present work were to: 

• Determine the conservation degree of X-linked disease-associated missense 

mutations. 

• Study events of mutational epistasis in mammals. 

● Search for gene duplication events in mammalian X-linked genes and assess 

their functional status.  
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Chapter 2: Conservation degree of X-linked 

disease-associated missense mutations  

Introduction 

The relevance of an amino acid has been positively correlated with its conservation along 

a phylogeny, explaining why highly conserved amino acid positions are assumed to have 

relevant functional roles. Hence, mutations in those positions are expected to be 

deleterious [88], [89]. Many in silico methods have been developed to predict the 

outcome of missense mutations, most of which rely on protein conservation to score 

pathogenicity. Since the available prediction tools are based on different databases and 

algorithms, none of which deprived of advantages and disadvantages, the use of multiple 

software is strongly recommended to strength evidence on the potential pathogenicity of 

a given variant [90]. Prediction tools such SIFT (Sorting Intolerant From Tolerant) and 

Provean (Protein Variation Effect Analyzer) apply evolutionary conservation-based 

algorithms centered in a score given to the conservation of a residue through the 

analyses of Multiple Sequence Alignment [91], [92], [93]. Others, such Polyphen2, 

combine an evolutionary approach with the consequences in the protein structure [94]. 

There are also machine learning-based approaches based on random forest probability 

scores, as for instance PON-P2, which classifies a mutation in pathogenic, neutral or 

unknown significance [95]. All these tools are widely used in clinical genetics [90], [96]. 

However, these tools cannot handle the effect of genetic background and how it can 

influence, positively or negatively, the overall outcome of a given variant [65]. That might 

be a very limiting problem when are at skate possible compensated mutations, in 

particular when they were signalized due to be deleterious in humans while wild-type in 

closely related species, raising the hypothesis that the wild-type background also 

contains another variant that neutralizes the effect of the pathogenic mutation in humans 

[56], [61], [74]. The numerous reports on compensated mutations that emerged through 

comparative genomics ([59], [97], [98], [99]), led to estimate that they constitute 

approximately 4% of all the human pathogenic missense variants [71]. However, this 

kind of epistatic interactions is still understudied and rarely considered in the evolutionary 

analyses aiming at predicting the pathogenicity of a variant.  

To further explore this subject, this study concentrated in human mutations in X-linked 

disease-associated genes with the aim to assess potential inaccuracies provided by 
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commonly used predictors of pathogenicity when dealing with putative compensated 

mutations. 

Material and Methods 

Gene data 

A previous study used a machine learning approach to detect compensated mutations 

in the whole genome of mammal species [71]. A total of 57 genes located in the X-

chromosome revealed signs of having associated compensated mutations. From the 

initial set of 57 genes, we selected the 10 predicted to have at least three compensated 

mutations for further analysis. These genes are listed in Table 1. 

 

Table 1 Genes selected to study X-linked disease-associated missense mutations 

Gene Description 

ABCD1 ATP Binding Cassette Subfamily D Member 1 

AR Androgen Receptor 

BMP15 Bone Morphogenetic Protein 15 

COL4A5 Collagen Type IV Alpha 5 Chain 

EDA Ectodysplasin A 

F9 Coagulation Factor IX 

GLA Galactosidase Alpha 

G6PD Glucose-6-Phosphate Dehydrogenase 

MECP2 Methyl-CpG Binding Protein 2 

OTC Ornithine Transcarbamylase 

 

Multiple Sequence alignment 

For each gene, the human Coding Sequence (CDS) and the orthologous CDSs were 

retrieved from Ensembl Genome Browser v97 [100]. A python script was created to filter 

the non-human mammal orthologues. Sequences with more than 1% of low complexity 

regions (“N”) and/or with a size at least 25% different from the human reference 

sequence were removed from the dataset considered in further analyses. Multiple 

sequence alignment (MSA) containing different mammals was performed. The MSAs 

were built using PRANK[101]. All alignments were done using a codon model with default 

parameters. Additionally, a manual inspection was implemented for the alignments. 
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Amino acid position classification 

X-linked disease-associated missense mutations retrieved from the Human Gene 

Mutation Database (HGMD) [102] were annotated throughout the corresponding human 

genes. Amino acid positions with disease-associated missense mutations were primarily 

classified as ‘invariant’, ‘inter-species polymorphism’ or ‘compensated mutation’. 

Residues divergent from the human wild-type were assigned into two distinct categories: 

‘inter-species polymorphisms’ or ‘compensated mutations’. Inter-species polymorphisms 

were assumed to be variants not associated with disease. A deleterious human variant 

that appeared as the wild-type in other mammalian species will be herein mentioned as 

a compensated mutation. The amino acid positions containing an invariant residue 

across all mammals were classified as invariants. 

In silico prediction of functional impact 

Three in silico prediction tools were used to evaluate the functional impact of 

compensated mutations: FATHMM, Polyphen2 and PON-P2. FATHMM considers 

various features, such as sequence conservation, protein domain annotations, and 

functional annotations, to make predictions about the pathogenicity or functional impact 

of a given variant [98]. Polyphen2 uses an evolutionary approach combined with the 

analyses of the protein structure [86]. PON-P2 is a machine learning-based tool, which 

classifies the mutation in pathogenetic, neutral or unknown using a random forest 

probability score [95].  

Selection analysis 

In order to detect amino acids under positive selection, the site model from PAMLv4 was 

used  [103]. It requires a phylogenetic tree, which was pruned in RAxML Version 8 [104]. 

The tree was calculated through the GTR gamma model, with the remaining parameters 

as default.  

The ratio between nonsynonymous and synonymous mutations (w=dN/dS) is 

conventionally classified into 3 categories: w<1, w=1, w>1, indicating purifying selection, 

neutral selection, and positive selection, respectively. To identify amino acids under 

positive selection, 6 tests were used: M0 against all other models, M1a vs. M2a and M7 

vs. M8. The null hypothesis for all models was M0, which considers a unique w ratio in 

all codons. M1a classifies codon sites into 2 groups (w<1 and w=1), while M2a does 

consider an extra class (w>1), allowing the inference of positive selection. M7 uses a 

beta distribution to describe the w variation among sites, accepting a w ratio from 0 to 1. 



FCUP 
Mutational change of X-linked disease genes in both the pathological and the evolutionary context 

16 

 

 

   

M8 also uses a beta distribution to compute the w ratio along the sites, but it considers 

a range for w from 0 to a w>1.  

The package Codeml from PAML that computes the log Likelihood values (lnL) for each 

model, was used to perform a likelihood ratio test (LRT=2x(lnL1-lnL0). In order to access 

the statistical significance, the P value was obtained by comparing the LRT values in 

each pair against the X2 distribution, where the degree of freedom was the difference of 

number of parameters between the null and alternative hypothesis. A significant P value 

(P<0,05) commonly means that the model assuming sites under positive selection fits 

better the data rather than models providing w>1. 

Results and Discussion 

Classification of amino acid positions harboring disease-associated mutation 

We start by retrieving human disease-associated missense mutations from HGMD 

corresponding to the ten human genes listed in Table 1. A total of 1598 amino acid 

positions with one or more disease-associated missense mutations were classified into 

invariant, inter-species polymorphism or compensated mutations. The MSA analysis 

revealed that 81,9% of amino acid positions persisted invariant among all mammals. 

Amino acid positions with divergent amino acids were distributed in polymorphisms, 

accounting to 13,7% of total amino acid positions, and likely compensated mutations, 

which represented 4,4% of total amino acid positions where deleterious alleles were 

uniquely reported in humans. This data is graphically illustrated in Figure 1. As expected, 

this data is aligned with previous results from [71], where it was demonstrated that 

compensated mutations represent “at least 4% of all known missense variants causing 

human-inherited disease”. 
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Figure 1 Classification of amino acid positions harboring disease-associated mutation in invariant, compensated mutation 
or polymorphism. 

 

Assessment of functional impact of missense mutations located in non-conserved 

amino acid positions 

From the total of 289 amino acid positions classified as likely polymorphism and CPD 

(219 and 70, respectively), 79 had more than one mutation annotated, which resulted in 

a total of 383 mutations (72 CPDs and 311 polymorphisms) that were subsequently 

subjected to pathogenicity prediction (Figure 2-A and Appendix I). PolyPhen-2 and 

especially FATHMM offer the most conservative predictions regarding the pathogenicity 

of variants.  According to Polyphen-2, 23 out of the 72 CPDs and 175 out of the 311 

polymorphisms were predicted as being deleterious. The PON-P2 estimated a total of 

91 polymorphisms and 10 CPDs to be not tolerated in humans. In its turn, FATHMM was 

more permissive in detecting the damaging effect of CPDs and polymorphisms, only 

excluding from being deleterious 5 and 3 variants, respectively. The good discriminative 

power of FATHMM compared to other tools was previous observed in [105], [106], [107]. 

Also, the high number of unclassified missense mutations was very high in the PON-P2 

tool, a situation previously reported [105]. 

Focusing in the 72 putative compensated mutations that were analyzed by PolyPhen-2, 

FATHMM and PON-P2 (Figure 2-A), it is notorious a low overlap in the deleteriousness 

prediction for this kind of variants (Figure 2-B). Among these mutations, 7 were 

consistently classified as deleterious (5 in ABCD1, 1 in COL4A5 and 1 in GLA). This 7 

CPDs have one common feature: they are located in extremely conserved positions. In 

more detail, from the total range of species analyzed only one (Ala616Thr, Pro543Leu, 
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Arg518Trp and Met403Lys in ABCD1; Gly45Arg in COL4A5 and Pro40Leu in GLA) or 

two (Asp555Asn in ABCD1) presented an alternative amino acid to the human reference.  

As observed, deleterious alleles in humans found as wild-type alleles in other species 

(putative CPDs) can easily be predicted as tolerated. The need to choose the best 

prediction tools in the classification of variants was an issue discussed before [108], and 

our analyses further reinforce the need for prioritizing prediction tools that can deal with 

such variants.   
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Figure 2 Results from pathogenicity prediction tools. A: Classification of compensated mutations and polymorphisms 
present in mammalian orthologous sites associated with human disease. B: Venn diagram with the number of missense 
mutations located in CPD amino acid positions predicted as deleterious by Polyphen-2, PON-P2 and FATHMM (graph 
construed using library matplotlib from Python language). 

  

A 
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Evaluation of selective pressures 

To address whether natural selection contributed to shape diversity in the 10 genes listed 

in Table 1, an evaluation of selection pressure was pursued using Codeml. The Codeml 

embedded models M0, M1a, M2a, M7 and M8 were used to test if some codons were 

under positive selection. The ln and parameter number for each model is present in 

Table 2. According to the statistical test of significance present in Table 3, the null 

hypothesis (M0), where all sites share a common w ratio, was rejected in all genes 

(Table 3). So, with a P value lower than 0,05 it was accepted that the w ratio varied 

between codons. To evaluate whether or not some amino acids were under positive 

selection, the tests M1a vs. M2a and M7 vs. M8 were done. The first test (M1a vs. M2a) 

was non-significant for most of the genes, except for F9 and GLA, indicating that the 

model M1a, which does not allow w >1, was the best fitting model for the majority of 

genes. In contrast, AR and EDA were the only genes demonstrating no significant 

differences between the M7 and M8 models, supporting no signals of positive selection 

along their codons.  The test M7 vs. M8 exhibited significant differences in ABCD1, 

BMP15, COL4A5, F9, GLA, MECP2 and OTC.  

Both tests, M1a vs. M2a and M7 vs. M8, revealed different results in detecting signals of 

positive selection in the gene codons, it is important to consider their differences. The 

test between models (M1a and M2a) is more conservative and for that reason less 

powerful than M7 vs M8. For instance, M7 vs. M8, due to its algorithm being less 

stringent, is more powerful and less accurate [109]. The existence of codons with a 

selective force >1 is corroborated by both tests (M1a vs. M2a and M7 vs. M8) only in F9 

and GLA.  So, according to a more prudent interpretation only F9 and GLA seem to have 

codons under positive selection, whereas assuming a less cautious view ABCD1, 

BMP15, COL4A5, F9, GLA, MECP2 and OTC all contain positively selected codons.  

These 7 genes that appeared to have codons subject to positive selection were further 

tested with Bayes empirical Bayes (BEB) to identify the amino acids positions under 

positive selection [110]. This method assigns the posterior probability of the w value 

estimated for a given site; when such probability is higher than 95% for sites with w>1, it 

allows to infer that they are positively selected [110]. The BEB test for M7 vs. M8 

predicted the existence of 3,1,8,7,1 and 2 sites under positive selection (P>95%) for 

ABCD1, COL4A5, F9, GLA, MECP2 and OTC genes, respectively (Appendix II). Two 

of these variants are Arg26 in OTC and Arg3 in F9. The 26th amino acid site from the 

OTC protein harbors two mutations that result in ornithine transcarbamylase deficiency: 

Arg26Gln and Arg26Pro. The amino acid glutamine (Gln) is found as a wild-type allele 
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in 2 species (Heterocephalus glaber and Octodon degus) and 12 other species also have 

a different amino acid (tryptophan or glycine) compared to the human reference. In turn, 

concerning Arg3His, which is responsible for Hemophilia B, His3 was found as wild-type 

allele in 9 species (Nannospalax galili, Cricetulus griseus, Peromyscus maniculatus 

bairdii, Microtus ochrogaster, Mus musculus, Mus spretus, Mus caroli, Dipodomys ordii 

and Meriones unguiculatus). In 32 other mammals, different amino acids were found at 

the same position, namely: cysteine, leucine, asparagine, phenylalanine, glutamine and 

methionine.  

Through the lens of evolution, both sites show considerable tolerance for different 

variants, in line with the result of the selection analyses. Collectively, these findings 

reinforce the possibility of the sites implicated in compensatory epistatic mechanisms 

having a role in shaping the phenotypic manifestation of specific variants. 

 

Table 2 Lnl and np for each model 

Gene Model lnL np 

ABCD1 M0 -25178.93 131 

 M1a -24788.44 132 

 M2a -24788.44 134 

 M7 -24526.41 132 

 M8 -24515.38 134 

AR M0 -21913.63 111 

 M1a -21601.09 112 

 M2a -21601.09 114 

 M7 -21459.17 112 

 M8 -21457.34 114 

BMP15 M0 -14648.39 119 

 M1a -14405.25 120 

 M2a -14405.25 122 

 M7 -14373.08 120 

 M8 -14367.19 122 

COL4A5 M0 -36265.98 103 

 M1a -35489.73 104 

 M2a -35487.50 106 

 M7 -35463.30 104 

 M8 -35434.04 106 

EDA M0 -6499.189 85 

 M1a -6386.464 86 

 M2a -6386.464 88 
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 M7 -6377.481 86 

 M8 -6377.477 88 

F9 M0 -15644.58 141 

 M1a -15008.84 142 

 M2a -14969.99 144 

 M7 -14947.99 142 

 M8 -14908.49 144 

GLA M0 -15616.44 139 

 M1a -14906.90 140 

 M2a -14870.83 142 

 M7 -14866.98 140 

 M8 -14825.61 142 

G6PD M0 -13510.87 117 

 M1a -13179.71 118 

 M2a -13178.28 120 

 M7 -13067.64 118 

 M8 -13060.19 120 

MECP2 M0 -11815.60 135 

 M1a -11693.69 136 

 M2a -11693.69 138 

 M7 -11641.04 136 

 M8 -11635.17 138 

OTC M0 -8828.16 149 

 M1a -8631.83 150 

 M2a -8629.23 152 

 M7 -8610.52 150 

 M8 -8603.09 152 

 

 

Table 3 Likelihood ratio test for model comparisons 

Gene Test df LRT 

ABCD1 M0 vs. M1a 1 780,98** 

 M0 vs. M2a 3 780,98** 

 M0 vs. M7 1 1305,03** 

 M0 vs. M8 3 1327,10** 

 M1a vs. M2a 2 0,00 

 M7 vs. M8 2 22,07** 

AR M0 vs. M1a 1 625,08** 

 M0 vs. M2a 3 625,08** 

 M0 vs. M7 1 908,90** 

 M0 vs. M8 3 912,56** 
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 M1a vs. M2a 2 0,0 

 M7 vs. M8 2 3,68 

BMP15 M0 vs. M1a 1 486,28** 

 M0 vs. M2a 3 486,28** 

 M0 vs. M7 1 550.62** 

 M0 vs. M8 3 562,40** 

 M1a vs. M2a 2 0 

 M7 vs. M8 2 11,78** 

COL4A5 M0 vs. M1a 1 1552,49** 

 M0 vs. M2a 3 1556,95** 

 M0 vs. M7 1 1605,35** 

 M0 vs. M8 3 1663,87** 

 M1a vs. M2a 2 4,45 

 M7 vs. M8 2 58,51** 

EDA M0 vs. M1a 1 225,45** 

 M0 vs. M2a 3 225,45** 

 M0 vs. M7 1 243,42** 

 M0 vs. M8 3 243,42** 

 M1a vs. M2a 2 0 

 M7 vs. M8 2 0,008 

F9 M0 vs. M1a 1 1271,48** 

 M0 vs. M2a 3 1349,18** 

 M0 vs. M7 1 1393,18** 

 M0 vs. M8 3 1472,18** 

 M1a vs. M2a 2 77,70** 

 M7 vs. M8 2 79,00** 

GLA M0 vs. M1a 1 1419,08** 

 M0 vs. M2a 3 1491,22** 

 M0 vs. M7 1 1498,93** 

 M0 vs. M8 3 1581,67** 

 M1a vs. M2a 2 72,14** 

 M7 vs. M8 2 82,74** 

G6PD M0 vs. M1a 1 662,33** 

 M0 vs. M2a 3 665,18** 

 M0 vs. M7 1 886,46** 

 M0 vs. M8 3 901,36** 

 M1a vs. M2a 2 0,24 

 M7 vs. M8 2 14,90* 

MECP2 M0 vs. M1a 1 243,83** 

 M0 vs. M2a 3 243,83** 

 M0 vs. M7 1 349,12** 



FCUP 
Mutational change of X-linked disease genes in both the pathological and the evolutionary context 

24 

 

 

   

 M0 vs. M8 3 360,85** 

 M1a vs. M2a 2 0 

 M7 vs. M8 2 11,73** 

OTC M0 vs. M1a 1 392,66** 

 M0 vs. M2a 3 397,86** 

 M0 vs. M7 1 435,28** 

 M0 vs. M8 3 450,14** 

 M1a vs. M2a 2 5,2 

 M7 vs. M8 2 14,86** 
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Conclusion 

Sequence comparisons between species showed that most amino acid positions where 

disease-associated missense mutations were previously detected in humans remained 

invariant among other mammals. The high degree of conservation indicated that those 

positions were subject to strong evolutionary constraints.  

The pathogenicity assessment of CPDs mutations and inter-species polymorphisms 

using prediction tools provided discrepant results. Our analysis revealed that while the 

tools used are effective in scoring the pathogenic effect of novel mutations, their 

performance is lower with CPDs. This highlights the need for multi-faceted approaches 

in mutation pathogenicity prediction, integrating evolutionary, structural, and functional 

data and to account the existence of compensated mutations when choosing the 

prediction tool to use. Perhaps, with the democratization of artificial intelligence 

technologies and more robust machine learning methodologies, it will be possible to 

create new tools to account such unique variation as compensated mutations, which will 

contribute to early disease management and diagnosis. 

Positive selection signals were detected in a number of codons of several genes, 

suggesting a scenario of adaptive evolution. The identification of amino acids under 

positive selection, particularly in amino acid positions associated with compensated 

mutations like Arg26 in OTC and Arg3 in F9, demonstrates the dynamic nature of 

evolutionary processes and the interplay of compensatory effects. The evolutionary 

tolerance at both sites, coupled with signs of positive selection, support the hypothesis 

of compensatory evolutionary mechanisms. 

Only deciphering the intricate relationship between evolutionary conservation, mutation 

pathogenicity and selective pressures, will offer the key insights into the molecular 

mechanisms underlying human diseases. 
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Chapter 3: Genetic variants interaction as 

phenotypic modifiers  

Compensatory epistasis explored by molecular dynamics 

simulations 

 

Catarina Serrano; Carla S.S. Teixeira; David N. Cooper; João Carneiro; Monica 

Lopes-Marques; Peter D. Stenson; António Amorim; Maria J. Prata; Sérgio F. Sousa; 

Luísa Azevedo 

Human Genetics, 2021, vol. 140, no. 9, pp. 1329–1342 

(doi: 10.1007/s00439-021-02307-x) 

ABSTRACT  

 

A non-negligible proportion of human pathogenic variants are known to be present as 

wild-type in at least some non-human mammalian species. The standard explanation for 

this finding is that molecular mechanisms of compensatory epistasis can alleviate the 

mutations’ otherwise pathogenic effects. Examples of compensated variants have been 

described in the literature but the interacting residue(s) postulated to play a 

compensatory role have rarely been ascertained. In this study, the examination of five 

human X-chromosomally-encoded proteins (FIX, GLA, HPRT1, NDP and OTC) allowed 

us to identify several candidate compensated variants. Strong evidence for a 

compensated/compensatory pair of amino acids in the coagulation FIXa protein 

(involving residues 270 and 271) was found in a variety of mammalian species. Both 

amino acid residues are located within the 60-loop, spatially close to the 39-loop that 

performs a key role in coagulation serine proteases. To understand the nature of the 

underlying interactions, molecular dynamics simulations were performed. The predicted 

conformational change in the 39-loop consequent to the Glu270Lys substitution 

(associated with hemophilia B) appears to impair the protein’s interaction with its 

substrate but, importantly, such steric hindrance is largely mitigated in those proteins 

that carry the compensatory residue (Pro271) at the neighboring amino acid position. 
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Chapter 4: Partial gene duplication 

A partial duplication of an X-linked gene exclusive of a primate 

lineage (Macaca) 

Catarina Serrano; Monica Lopes-Marques; António Amorim; Maria J. Prata; Luísa 

Azevedo 

Gene, 2023, vol. 851 

(doi: 10.1016/j.gene.2022.146997) 

Abstract 

Gene duplication plays a significant role in evolution. Paralogous gene copies may be 

lost due to the successive accumulation of deleterious mutations or remain active in the 

genome. In this work, a partial duplication of an X-linked region in the Macaca genus is 

identified and explored. Genomic comparisons reveal that the duplication encompasses 

the genes encoding ornithine transcarbamylase (OTC) and retinitis pigmentosa GTPase 

regulator (RPGR), spanning over 0.1 Mb on the chromosome 9 of Macaca. According to 

our analyses, the duplicated region of chromosome 9 involves partial coding sequences 

of both OTC and RPGR genes. Analyses of the selective pressures did not reveal 

significant differences in the ratio between nonsynonymous and synonymous mutations 

(w<1), suggesting that no selective pressures were acting in the evolutionary process. 

Reports for a biological role regarding some partial duplications exist in the literature, 

therefore, although being rare events, partial duplications of functionally important genes 

are worthy of study so that their impact can be explored. 
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Chapter 5: Main Conclusions 

Mutational changes in X-linked disease genes carry profound implications both in the 

pathological and evolutionary contexts. From a pathological perspective, mutations in 

genes located on the X chromosome can lead to a range of genetic recessive disorders 

that are more frequent in males due to their hemizygous state. Evolutionarily, they can 

illuminate the dynamic nature of the genome, showcasing how genetic variations 

influence population diversity and fitness. While deleterious mutations have immediate 

negative effects on individuals from a given species, over evolutionary timescales they 

can contribute to the overall genetic diversity that in certain environmental circumstances 

drives adaptation and speciation. Thus, examining X-linked genes through both 

pathological and evolutionary lenses offers critical insights into the multifaceted roles 

these genes play in health or disease, and in the broader mechanisms of evolution. 

In this work we first addressed missense mutations in 10 X-linked genes that previously 

were identified as likely compensated mutations in some mammalian species. This 

investigation revealed that current pathogenicity prediction tools often classifies those 

putative compensated mutations as deleterious due to their apparent non-conservation 

across phylogenetic lineages, raising strong doubts on the accuracy of the obtained 

predictions. 

Through analyzing a range of genetic mutations, it was possible to identify a pathogenic 

amino acid substitution that was actually neutralized by two contiguous residues in the 

F9 protein found in a variety of non-human mammalian species. The two residues were 

located closely to a region crucial to the protein function, seemingly illuminating why a 

human deleterious mutation was rescued in non-humans by a compensatory partner. 

This research emphasizes the need for a deeper analysis of genetic mutations, moving 

beyond the simplistic pathogenic versus non-pathogenic classification, towards 

considering the dynamic and context-dependent nature of genetic variations. 

Also, this thesis enriched the catalogue of known gene duplication events, based on the 

discovery of a partial gene duplication of OTC and RGPR within species of Macaca 

genus that are commonly used as model in biomedical research. Our findings 

underscore the need to further dissect the functional effects of segmental duplications in 

human model organisms, besides encouraging a more comprehensive explorations of 

the significance of such events in evolutionary biology. 
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We hope to have open novel hints for future research engaging to deepen our 

understanding on genetic variation and their evolutionary and pathological implications. 

Firstly, because expanding the analysis of compensated mutations across a broader 

range of genes and organisms represents a step to elucidate their prevalence and 

impact. The challenge is now to investigate the molecular mechanisms underlying 

compensation, particularly through experimental approaches such as CRISPR gene 

editing that ultimately can reveal how specific compensatory changes mitigate the effects 

of deleterious mutations. Additionally, the discovery of partial gene duplications in the 

Macaca genus raises new questions regarding the functional evolution of genomic 

segments. Future studies should explore the biological roles of these partial duplications, 

assessing their contribution to phenotypic diversity and adaptability.  

Much still needs to be done towards the development of more sophisticated models to 

accurately distinguish between truly human potential pathogenic and benign mutations, 

answer that cannot be discerned without integrating compensatory epistasis. This 

endeavor is crucial for advancing genetic diagnostics and personalized medicine, 

believing that only more accurate previsions of the effects of mutations can guide 

strategies for better therapeutic patient care.   
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Appendices 

Appendix I: Results from the pathogenicity prediction tools. 

Appendix II: Results from site selection analalysis using Bayes empirical Bayes (BEB) method. 

Appendix I Results from the pathogenicity prediction tools. 

GENE UNIPROTKB  MUTATION TYPE POLYPHEN-2 SCORE PON-P2 SCORE FATHMM SCORE 

OTC P00480 A12T CPD Tolerated 0 Tolerated 0.05 Damaging -5.45 

OTC P00480 R26Q CPD Tolerated 0.002 Tolerated 0.133 Damaging -5.41 

OTC P00480 R40H CPD Damaging 0.54 Unknown 0.292 Damaging -5.62 

OTC P00480 R40C CPD Damaging 1 Unknown 0.555 Damaging -5.64 

OTC P00480 N47T CPD Tolerated 0.07 Tolerated 0.174 Damaging -4.9 

OTC P00480 E52D CPD Damaging 0.688 Unknown 0.665 Damaging -5.52 

OTC P00480 T125M CPD Damaging 0 Tolerated 0.095 Damaging -4.96 

OTC P00480 A155S CPD Damaging 0.492 Unknown 0.466 Damaging -4.81 

OTC P00480 A12S Polymorphism Tolerated 0 Tolerated 0.039 Damaging -5.44 

OTC P00480 A12E Polymorphism Tolerated 0.041 Unknown 0.08 Damaging -5.49 

OTC P00480 R26W Polymorphism Tolerated 0 Tolerated 0.045 Damaging -5.49 

OTC P00480 R26G Polymorphism Tolerated 0 Tolerated 0.033 Damaging -5.45 

OTC P00480 N47D Polymorphism Tolerated 0 Tolerated 0.045 Damaging -4.46 
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OTC P00480 M56I Polymorphism Tolerated 0.001 Tolerated 0.104 Damaging -5.04 

OTC P00480 S60E Polymorphism Damaging 0.984 Unknown 0.734 Damaging -5.45 

OTC P00480 L63M Polymorphism Damaging 1 Unknown 0.71 Damaging -5.18 

OTC P00480 L76F Polymorphism Damaging 0.969 Unknown 0.331 Damaging -5.47 

OTC P00480 L77I Polymorphism Damaging 0.974 Unknown 0.456 Damaging -5.38 

OTC P00480 G79R Polymorphism Damaging 1 Damaging 0.964 Damaging -5.7 

OTC P00480 G83S Polymorphism Tolerated 0.003 Unknown 0.288 Damaging -4.94 

OTC P00480 L95M Polymorphism Tolerated 0.045 Unknown 0.32 Damaging -5.11 

OTC P00480 T125K Polymorphism Tolerated 0.002 Tolerated 0.03 Damaging -4.79 

OTC P00480 A135T Polymorphism Tolerated 0 Tolerated 0.033 Damaging -4.97 

OTC P00480 A137V Polymorphism Tolerated 0.039 Tolerated 0.172 Damaging -4.83 

OTC P00480 I160V Polymorphism Tolerated 0.001 Tolerated 0.123 Damaging -5.23 

OTC P00480 H182R Polymorphism Damaging 0.988 Damaging 0.928 Damaging -4.9 

OTC P00480 L215I Polymorphism Tolerated 0.011 Unknown 0.346 Damaging -5.27 

OTC P00480 Q216R Polymorphism Tolerated 0.003 Tolerated 0.146 Damaging -5.18 

OTC P00480 A217V Polymorphism Tolerated 0.003 Tolerated 0.086 Damaging -5.08 

OTC P00480 A233S Polymorphism Tolerated 0.337 Unknown 0.524 Damaging -5.54 

OTC P00480 A237T Polymorphism Damaging 0.975 Unknown 0.296 Damaging -5.44 

OTC P00480 L244F Polymorphism Tolerated 0.003 Tolerated 0.114 Damaging -5.25 

OTC P00480 L244M Polymorphism Tolerated 0.007 Tolerated 0.198 Damaging -5.37 

OTC P00480 T247M Polymorphism Damaging 0.831 Unknown 0.452 Damaging -5.51 
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OTC P00480 D249E Polymorphism Tolerated 0 Unknown 0.276 Damaging -5.57 

OTC P00480 H255R Polymorphism Tolerated 0 Tolerated 0.062 Damaging -5.17 

OTC P00480 H255S Polymorphism Tolerated 0 Tolerated 0.188 Damaging -5.15 

OTC P00480 H255K Polymorphism Tolerated 0 Unknown 0.214 Damaging -4.93 

OTC P00480 H255Q Polymorphism Tolerated 0 Tolerated 0.076 Damaging -5.13 

OTC P00480 H255C Polymorphism Tolerated 0.372 Tolerated 0.169 Damaging -5.26 

OTC P00480 G269R Polymorphism Damaging 1 Damaging 0.864 Damaging -5.31 

OTC P00480 Q270H Polymorphism Damaging 0.998 Unknown 0.532 Damaging -5.35 

OTC P00480 R320Q Polymorphism Tolerated 0.215 Tolerated 0.125 Damaging -5.27 

OTC P00480 R320K Polymorphism Tolerated 0.001 Tolerated 0.151 Damaging -5.22 

OTC P00480 L341V Polymorphism Tolerated 0.009 Unknown 0.508 Damaging -5.47 

ABCD1 P33897 A616T CPD Damaging 0.913 Damaging 0.986 Damaging -8.17 

ABCD1 P33897 D555N CPD Damaging 0.998 Damaging 0.967 Damaging -3.27 

ABCD1 P33897 P543L CPD Damaging 0.449 Damaging 0.911 Damaging -7.21 

ABCD1 P33897 R518W CPD Damaging 0.635 Damaging 0.912 Damaging -7.35 

ABCD1 P33897 M403K CPD Damaging 0.987 Damaging 0.827 Damaging -4.01 

ABCD1 P33897 R236H CPD Damaging 0.969 Unknown 0.746 Damaging -6.35 

ABCD1 P33897 M67V CPD Tolerated 0 Tolerated 0.115 Damaging -6.1 

ABCD1 P33897 A616D Polymorphism Damaging 0.994 Damaging 0.993 Damaging -8.2 

ABCD1 P33897 A616V Polymorphism Damaging 0.984 Damaging 0.973 Damaging -8.14 

ABCD1 P33897 R518Q Polymorphism Damaging 0.984 Damaging 0.916 Damaging -7.29 

https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
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ABCD1 P33897 R518G Polymorphism Damaging 0.983 Damaging 0.941 Damaging -7.29 

ABCD1 P33897 R236C Polymorphism Damaging 0.969 Unknown 0.77 Damaging -6.37 

ABCD1 P33897 T693M Polymorphism Tolerated 0.416 Unknown 0.779 Damaging -3.39 

ABCD1 P33897 G677D Polymorphism Damaging 0.999 Damaging 0.924 Damaging -3.8 

ABCD1 P33897 D638Y Polymorphism Damaging 0.998 Damaging 0.968 Damaging -7.14 

ABCD1 P33897 S636I Polymorphism Damaging 0.997 Damaging 0.99 Damaging -7.19 

ABCD1 P33897 V635M Polymorphism Damaging 0.918 Damaging 0.987 Damaging -7.21 

ABCD1 P33897 I613N Polymorphism Tolerated 0.195 Damaging 0.838 Damaging -3.45 

ABCD1 P33897 Q611H Polymorphism Damaging 0.997 Damaging 0.932 Damaging -7.66 

ABCD1 P33897 L585P Polymorphism Damaging 1 Damaging 0.975 Damaging -7.3 

ABCD1 P33897 I558T Polymorphism Damaging 0.966 Damaging 0.975 Damaging -3.31 

ABCD1 P33897 Q556R Polymorphism Damaging 0.999 Damaging 0.932 Damaging -7.14 

ABCD1 P33897 F540S Polymorphism Damaging 0.989 Damaging 0.929 Damaging -7.04 

ABCD1 P33897 F540C Polymorphism Damaging 0.996 Damaging 0.976 Damaging -7.15 

ABCD1 P33897 P508L Polymorphism Damaging 0.847 Damaging 0.943 Damaging -3.38 

ABCD1 P33897 P484R Polymorphism Damaging 0.998 Unknown 0.851 Damaging -7.17 

ABCD1 P33897 H420P Polymorphism Tolerated 0.105 Unknown 0.758 Damaging -4 

ABCD1 P33897 Y415C Polymorphism Damaging 0.993 Damaging 0.989 Damaging -4.1 

ABCD1 P33897 S404P Polymorphism Damaging 0.934 Unknown 0.658 Damaging -4.01 

ABCD1 P33897 R389H Polymorphism Damaging 0.97 Damaging 0.98 Damaging -4.04 

ABCD1 P33897 R389G Polymorphism Damaging 0.975 Damaging 0.941 Damaging -3.3 

https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
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ABCD1 P33897 R389C Polymorphism Damaging 0.985 Damaging 0.975 Damaging -4.05 

ABCD1 P33897 M329R Polymorphism Damaging 0.997 Damaging 0.928 Damaging -6.37 

ABCD1 P33897 A314P Polymorphism Damaging 0.864 Unknown 0.614 Damaging -6.32 

ABCD1 P33897 R259W Polymorphism Damaging 0.999 Damaging 0.897 Damaging -6.46 

ABCD1 P33897 N214D Polymorphism Tolerated 0.375 Damaging 0.924 Damaging -6.34 

ABCD1 P33897 V208E Polymorphism Damaging 0.99 Damaging 0.845 Damaging -3.59 

ABCD1 P33897 A205E Polymorphism Damaging 0.958 Damaging 0.778 Damaging -6.36 

ABCD1 P33897 S161P Polymorphism Damaging 0.653 Unknown 0.814 Damaging -3.47 

ABCD1 P33897 V147G Polymorphism Damaging 0.94 Unknown 0.57 Damaging -3.46 

ABCD1 P33897 A119D Polymorphism Damaging 0.752 Damaging 0.814 Damaging -3.46 

ABCD1 P33897 A99D Polymorphism Damaging 0.449 Unknown 0.794 Damaging -3.53 

ABCD1 P33897 A95D Polymorphism Damaging 0.673 Unknown 0.728 Damaging -3.57 

AR P10275 Q196R CPD Tolerated 0.022 Unknown Unknown Tolerated -1.14 

AR P10275 P392S CPD Tolerated 0.21 Unknown Unknown Damaging -3.89 

AR P10275 G492S CPD Tolerated 0.015 Unknown Unknown Damaging -2.22 

AR P10275 S176R Polymorphism Damaging 0.998 Unknown Unknown Damaging -3.73 

AR P10275 N235K Polymorphism Tolerated 0.189 Unknown Unknown Damaging -3.31 

AR P10275 L272F Polymorphism Damaging 0.857 Unknown Unknown Damaging -3.9 

AR P10275 E355Q Polymorphism Damaging 0.965 Unknown Unknown Damaging -3.76 

AR P10275 P380R Polymorphism Damaging 0.845 Unknown Unknown Damaging -3.93 

AR P10275 P392R Polymorphism Damaging 0.952 Unknown Unknown Damaging -3.93 

https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
https://www.uniprot.org/uniprotkb/P33897/entry
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AR P10275 S413N Polymorphism Tolerated 0.075 Unknown Unknown Damaging -3.73 

AR P10275 A475V Polymorphism Tolerated 0.178 Unknown Unknown Damaging -2.39 

AR P10275 G507D Polymorphism Damaging 0.911 Unknown Unknown Damaging -2.67 

AR P10275 L548F Polymorphism Unknown 
 

Unknown Unknown Damaging -2.32 

AR P10275 A646D Polymorphism Unknown 
 

Unknown Unknown Damaging -2.27 

AR P10275 S651G Polymorphism Unknown 
 

Unknown Unknown Damaging -2.36 

BMP15 O95972 R61Q CPD Tolerated 0.001 Tolerated 0.15 Damaging -1.65 

BMP15 O95972 R76H CPD Damaging 0.959 Tolerated 0.192 Damaging -1.68 

BMP15 O95972 R138H CPD Damaging 0.854 Tolerated 0.153 Tolerated -1.26 

BMP15 O95972 R206H CPD Tolerated 0.003 Tolerated 0.08 Tolerated -1.33 

BMP15 O95972 Y235C CPD Damaging 0.95 Unknown 0.416 Damaging -1.52 

BMP15 O95972 I243V CPD Tolerated 0 Tolerated 0.039 Tolerated -1.07 

BMP15 O95972 S5R Polymorphism Tolerated 0.368 Tolerated 0.051 Damaging -2.15 

BMP15 O95972 R61W Polymorphism Tolerated 0.001 Tolerated 0.146 Damaging -1.71 

BMP15 O95972 R68W Polymorphism Damaging 0.877 Unknown 0.486 Damaging -1.7 

BMP15 O95972 R76C Polymorphism Damaging 0.959 Unknown 0.396 Damaging -1.71 

BMP15 O95972 W221R Polymorphism Tolerated 0.174 Tolerated 0.116 Tolerated -1.13 

BMP15 O95972 R329C Polymorphism Damaging 0.916 Unknown 0.282 Damaging -1.86 

COL4A5 P29400 G545R CPD Damaging 1 Damaging 0.859 Damaging -6.29 

COL4A5 P29400 G595R CPD Damaging 0.688 Unknown 0.349 Damaging -3.16 

COL4A5 P29400 P739S CPD Tolerated 0.007 Tolerated 0.238 Damaging -3.71 

https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
https://www.uniprot.org/uniprotkb/O95972/entry
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COL4A5 P29400 S1659N CPD Damaging 0.597 Unknown Unknown Damaging #REF! 

COL4A5 P29400 P88S Polymorphism Damaging 0.558 Unknown 0.717 Damaging -3.14 

COL4A5 P29400 G264R Polymorphism Damaging 0.999 Damaging 0.841 Damaging -4.63 

COL4A5 P29400 G264D Polymorphism Damaging 0.999 Unknown 0.759 Damaging -4.61 

COL4A5 P29400 G331V Polymorphism Damaging 1 Damaging 0.911 Damaging -6.29 

COL4A5 P29400 G545V Polymorphism Damaging 1 Damaging 0.868 Damaging -6.29 

COL4A5 P29400 G545S Polymorphism Damaging 1 Damaging 0.908 Damaging -6.27 

COL4A5 P29400 P739A Polymorphism Tolerated 0.083 Unknown 0.289 Damaging -3.71 

COL4A5 P29400 M898V Polymorphism Tolerated 0.018 Unknown 0.34 Damaging -2.41 

COL4A5 P29400 S916G Polymorphism Tolerated 0.089 Tolerated 0.238 Damaging -3.27 

COL4A5 P29400 G1182R Polymorphism Damaging 1 Damaging 0.904 Damaging -4.76 

COL4A5 P29400 G1244D Polymorphism Damaging 0.885 Damaging 0.956 Damaging -6.28 

COL4A5 P29400 Q1308H Polymorphism Tolerated 0.333 Unknown 0.203 Damaging -3.43 

COL4A5 P29400 P1329S Polymorphism Tolerated 0.234 Tolerated 0.162 Damaging -4.06 

COL4A5 P29400 L1352I Polymorphism Tolerated 0.029 Unknown Unknown Damaging -3.23 

COL4A5 P29400 R1410C Polymorphism Damaging 0.999 Unknown Unknown Damaging -3.4 

COL4A5 P29400 R1422C Polymorphism Tolerated 0.209 Unknown Unknown Damaging -3.38 

COL4A5 P29400 S1659G Polymorphism Damaging 0.526 Unknown Unknown Damaging -3.43 

EDA Q92838 R69L CPD Tolerated 0.141 Unknown 0.358 Damaging -3.93 

EDA Q92838 R153H CPD Tolerated 0 Unknown 0.215 Tolerated -0.67 

EDA Q92838 G2C Polymorphism Damaging 0.86 Unknown 0.634 Damaging -4.11 



FCUP 
Mutational change of X-linked disease genes in both the pathological and the evolutionary context 

72 

 

 

72 

   

EDA Q92838 S125C Polymorphism Tolerated 0.053 Tolerated 0.214 Damaging -3.66 

EDA Q92838 R153C Polymorphism Tolerated 0.183 Unknown 0.547 Tolerated -0.69 

EDA Q92838 R155C Polymorphism Tolerated 0.001 Damaging 0.816 Tolerated -0.64 

F9 P00740 R449W CPD Tolerated 0.294 Unknown 0.777 Damaging -2.49 

F9 P00740 V374I CPD Tolerated 0.116 Unknown 0.285 Damaging -2.49 

F9 P00740 S350A CPD Tolerated 0.009 Tolerated 0.212 Damaging -2.46 

F9 P00740 S329R CPD Tolerated 0.002 Unknown 0.53 Damaging -3.17 

F9 P00740 E323K CPD Tolerated 0 Tolerated 0.096 Damaging -2.44 

F9 P00740 H289Y CPD Tolerated 0.128 Unknown 0.248 Damaging -2.39 

F9 P00740 N283D CPD Tolerated 0.013 Unknown 0.592 Damaging -3.06 

F9 P00740 E270K CPD Tolerated 0.002 Tolerated 0.155 Damaging -2.35 

F9 P00740 V257I CPD Tolerated 0 Tolerated 0.113 Damaging -2.32 

F9 P00740 F224L CPD Tolerated 0 Unknown 0.238 Damaging -3.47 

F9 P00740 E142K CPD Tolerated 0.005 Tolerated 0.074 Damaging -4.14 

F9 P00740 G105D CPD Tolerated 0.25 Unknown 0.671 Damaging -3.15 

F9 P00740 T84A CPD Damaging 0.651 Unknown 0.627 Damaging -6.04 

F9 P00740 R75Q CPD Damaging 0.999 Unknown 0.853 Damaging -5.78 

F9 P00740 C18F CPD Tolerated 0.002 Unknown 0.352 Damaging -2.86 

F9 P00740 R3H CPD Tolerated 0.001 Tolerated 0.113 Damaging -2.88 

F9 P00740 R449Q Polymorphism Damaging 0.513 Unknown 0.7 Damaging -2.37 

F9 P00740 I443T Polymorphism Damaging 0.992 Damaging 0.922 Damaging -2.53 
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F9 P00740 I443L Polymorphism Tolerated 0.373 Unknown 0.48 Damaging -2.45 

F9 P00740 T422N Polymorphism Damaging 0.999 Unknown 0.726 Damaging -3.19 

F9 P00740 S406L Polymorphism Damaging 0.562 Unknown 0.675 Damaging -3.2 

F9 P00740 E401K Polymorphism Tolerated 0.066 Unknown 0.251 Damaging -3.15 

F9 P00740 N393I Polymorphism Damaging 0.87 Unknown 0.732 Damaging -3.29 

F9 P00740 N392D Polymorphism Tolerated 0.029 Unknown 0.274 Damaging -2.97 

F9 P00740 Y391C Polymorphism Damaging 0.897 Unknown 0.53 Damaging -2.42 

F9 P00740 K387N Polymorphism Tolerated 0.026 Unknown 0.364 Damaging -3.07 

F9 P00740 K387E Polymorphism Tolerated 0.028 Unknown 0.713 Damaging -3.14 

F9 P00740 T381K Polymorphism Tolerated 0.023 Damaging 0.798 Damaging -2.41 

F9 P00740 T381A Polymorphism Tolerated 0.042 Unknown 0.347 Damaging -2.48 

F9 P00740 V377D Polymorphism Damaging 0.988 Damaging 0.936 Damaging -2.72 

F9 P00740 V377A Polymorphism Damaging 0.988 Unknown 0.793 Damaging -2.64 

F9 P00740 V377F Polymorphism Damaging 0.826 Damaging 0.898 Damaging -2.69 

F9 P00740 L376P Polymorphism Damaging 0.988 Damaging 0.903 Damaging -2.64 

F9 P00740 V374F Polymorphism Damaging 0.958 Damaging 0.906 Damaging -2.67 

F9 P00740 R373I Polymorphism Damaging 0.526 Unknown 0.323 Damaging -2.41 

F9 P00740 Y371S Polymorphism Tolerated 0.091 Unknown 0.35 Damaging -2.32 

F9 P00740 K362E Polymorphism Tolerated 0.01 Unknown 0.588 Damaging -3.08 

F9 P00740 F360I Polymorphism Tolerated 0.075 Unknown 0.508 Damaging -2.43 

F9 P00740 F360S Polymorphism Damaging 0.479 Unknown 0.566 Damaging -2.34 
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F9 P00740 V359D Polymorphism Damaging 0.853 Unknown 0.626 Damaging -3.12 

F9 P00740 V359G Polymorphism Damaging 0.944 Unknown 0.344 Damaging -3.17 

F9 P00740 R358G Polymorphism Damaging 0.658 Unknown 0.356 Damaging -2.55 

F9 P00740 G351D Polymorphism Damaging 0.886 Damaging 0.955 Damaging -3.22 

F9 P00740 G351V Polymorphism Damaging 0.947 Damaging 0.938 Damaging -3.05 

F9 P00740 I344N Polymorphism Tolerated 0.013 Tolerated 0.209 Damaging -2.29 

F9 P00740 I344F Polymorphism Tolerated 0.001 Unknown 0.365 Damaging -2.39 

F9 P00740 T342K Polymorphism Damaging 0.487 Damaging 0.914 Damaging -2.38 

F9 P00740 T342M Polymorphism Damaging 0.882 Damaging 0.96 Damaging -2.51 

F9 P00740 T342P Polymorphism Damaging 0.977 Unknown 0.744 Damaging -2.47 

F9 P00740 T342A Polymorphism Tolerated 0.009 Unknown 0.785 Damaging -2.33 

F9 P00740 K339E Polymorphism Damaging 0.471 Unknown 0.512 Damaging -3.1 

F9 P00740 L319Q Polymorphism Damaging 1 Damaging 0.924 Damaging -3.9 

F9 P00740 L319P Polymorphism Damaging 1 Damaging 0.953 Damaging -3.9 

F9 P00740 L319R Polymorphism Damaging 0.998 Damaging 0.945 Damaging -3.9 

F9 P00740 H302R Polymorphism Damaging 0.98 Unknown 0.811 Damaging -3.95 

F9 P00740 R298L Polymorphism Tolerated 0.268 Unknown 0.435 Damaging -3.27 

F9 P00740 I297N Polymorphism Damaging 0.889 Unknown 0.716 Damaging -2.36 

F9 P00740 I284N Polymorphism Damaging 0.737 Unknown 0.427 Damaging -2.57 

F9 P00740 H282Q Polymorphism Tolerated 0.409 Unknown 0.565 Damaging -2.56 

F9 P00740 H282R Polymorphism Tolerated 0.028 Unknown 0.76 Damaging -2.53 
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F9 P00740 V277D Polymorphism Damaging 0.999 Unknown 0.733 Damaging -4.06 

F9 P00740 V277F Polymorphism Damaging 0.951 Unknown 0.529 Damaging -4 

F9 P00740 I262T Polymorphism Damaging 0.987 Unknown 0.434 Damaging -3.43 

F9 P00740 I262M Polymorphism Damaging 0.993 Unknown 0.309 Damaging -3.44 

F9 P00740 I262F Polymorphism Damaging 0.797 Unknown 0.376 Damaging -3.44 

F9 P00740 N258K Polymorphism Tolerated 0.295 Damaging 0.789 Damaging -3.22 

F9 P00740 V257D Polymorphism Damaging 0.504 Damaging 0.76 Damaging -3.38 

F9 P00740 V257F Polymorphism Tolerated 0.033 Unknown 0.571 Damaging -3.36 

F9 P00740 A250V Polymorphism Tolerated 0.004 Unknown 0.332 Damaging -3.09 

F9 P00740 F238V Polymorphism Tolerated 0.109 Tolerated 0.226 Damaging -3.28 

F9 P00740 A233D Polymorphism Tolerated 0.437 Damaging 0.927 Damaging -3.5 

F9 P00740 A192P Polymorphism Tolerated 0.003 Unknown 0.66 Damaging -3.56 

F9 P00740 A173G Polymorphism Tolerated 0.002 Unknown 0.291 Damaging -3.46 

F9 P00740 A173V Polymorphism Tolerated 0.007 Unknown 0.354 Damaging -3.5 

F9 P00740 Q167H Polymorphism Tolerated 0.025 Unknown 0.633 Damaging -4.01 

F9 P00740 N166Y Polymorphism Damaging 0.615 Unknown 0.742 Damaging -4.08 

F9 P00740 R162L Polymorphism Tolerated 0.004 Unknown 0.592 Damaging -3.98 

F9 P00740 V154A Polymorphism Tolerated 0.017 Unknown 0.353 Damaging -3.97 

F9 P00740 V153M Polymorphism Tolerated 0.435 Unknown 0.535 Damaging -4.05 

F9 P00740 V153A Polymorphism Tolerated 0.003 Unknown 0.294 Damaging -4.07 

F9 P00740 Q143K Polymorphism Damaging 0.703 Unknown 0.538 Damaging -4.13 
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F9 P00740 Q143P Polymorphism Damaging 0.934 Damaging 0.811 Damaging -4.19 

F9 P00740 Q143R Polymorphism Tolerated 0.159 Unknown 0.57 Damaging -4.17 

F9 P00740 Q143E Polymorphism Damaging 0.67 Unknown 0.557 Damaging -4.11 

F9 P00740 R140S Polymorphism Tolerated 0.019 Damaging 0.783 Damaging -3.93 

F9 P00740 T133I Polymorphism Tolerated 0.001 Unknown 0.262 Damaging -2.93 

F9 P00740 S114P Polymorphism Tolerated 0.114 Unknown 0.502 Damaging -3.09 

F9 P00740 N113K Polymorphism Tolerated 0.063 Unknown 0.824 Damaging -3.01 

F9 P00740 I112N Polymorphism Damaging 0.912 Unknown 0.82 Damaging -3 

F9 P00740 I112T Polymorphism Tolerated 0.335 Unknown 0.643 Damaging -3.01 

F9 P00740 I112S Polymorphism Damaging 0.845 Damaging 0.96 Damaging -2.98 

F9 P00740 G105S Polymorphism Damaging 0.864 Damaging 0.905 Damaging -3.4 

F9 P00740 G105V Polymorphism Damaging 0.972 Damaging 0.926 Damaging -3.43 

F9 P00740 G105C Polymorphism Damaging 0.992 Damaging 0.921 Damaging -3.44 

F9 P00740 N104K Polymorphism Damaging 0.96 Damaging 0.949 Damaging -3.56 

F9 P00740 V92A Polymorphism Tolerated 0.063 Unknown 0.739 Damaging -5.51 

F9 P00740 K89E Polymorphism Tolerated 0.063 Unknown 0.559 Damaging -5.45 

F9 P00740 T84R Polymorphism Damaging 0.993 Damaging 0.896 Damaging -6.06 

F9 P00740 T84I Polymorphism Damaging 0.986 Damaging 0.94 Damaging -5.96 

F9 P00740 R75P Polymorphism Damaging 0.999 Damaging 0.917 Damaging -5.8 

F9 P00740 Q57E Polymorphism Tolerated 0.068 Tolerated 0.193 Damaging -5.45 

F9 P00740 F55I Polymorphism Tolerated 0.019 Unknown 0.445 Damaging -5.34 
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F9 P00740 F55Y Polymorphism Damaging 0.601 Unknown 0.424 Damaging -5.45 

F9 P00740 F55S Polymorphism Damaging 0.477 Unknown 0.744 Damaging -5.39 

F9 P00740 F55C Polymorphism Damaging 0.895 Damaging 0.905 Damaging -5.46 

F9 P00740 N38H Polymorphism Tolerated 0.015 Unknown 0.516 Damaging -2.9 

F9 P00740 N36T Polymorphism Tolerated 0.019 Unknown 0.269 Damaging -2.85 

F9 P00740 T29I Polymorphism Tolerated 0.091 Unknown 0.311 Damaging -2.94 

F9 P00740 A26D Polymorphism Tolerated 0.036 Damaging 0.853 Damaging -2.96 

F9 P00740 L20S Polymorphism Tolerated 0.022 Tolerated 0.149 Damaging -3.04 

F9 P00740 I17N Polymorphism Tolerated 0.243 Damaging 0.944 Damaging -3.02 

F9 P00740 I7F Polymorphism Tolerated 0.002 Unknown 0.246 Damaging -2.93 

F9 P00740 V227D Polymorphism Tolerated 0.392 Unknown 0.819 Damaging -3.28 

F9 P00740 V227A Polymorphism Tolerated 0.068 Unknown 0.536 Damaging -3.24 

F9 P00740 V227F Polymorphism Tolerated 0.152 Unknown 0.77 Damaging -3.26 

GLA P06280 M1I CPD Tolerated 0.001 Damaging 1 Damaging -8.49 

GLA P06280 L14P CPD Tolerated 0.364 Unknown 0.672 Damaging -8.79 

GLA P06280 A15G CPD Tolerated 0.003 Unknown 0.244 Damaging -8.67 

GLA P06280 F18S CPD Tolerated 0.001 Tolerated 0.115 Damaging -8.59 

GLA P06280 L19P CPD Tolerated 0.005 Unknown 0.461 Damaging -8.92 

GLA P06280 W24C CPD Tolerated 0.001 Tolerated 0.17 Damaging -8.59 

GLA P06280 A31V CPD Damaging 0.617 Unknown 0.799 Damaging -8.88 

GLA P06280 L36F CPD Damaging 0.979 Unknown 0.358 Damaging -8.4 
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GLA P06280 P40L CPD Damaging 1 Damaging 0.938 Damaging -9.89 

GLA P06280 M72I CPD Tolerated 0.007 Unknown 0.327 Damaging -8.15 

GLA P06280 E103Q CPD Tolerated 0.001 Tolerated 0.067 Damaging -6.96 

GLA P06280 S304N CPD Tolerated 0.005 Tolerated 0.206 Damaging -8.26 

GLA P06280 R356Q CPD Tolerated 0.006 Tolerated 0.158 Damaging -6.45 

GLA P06280 R363C CPD Tolerated 0.308 Unknown 0.222 Damaging -8.17 

GLA P06280 V390M CPD Tolerated 0.202 Tolerated 0.096 Damaging -6.02 

GLA P06280 E398A CPD Tolerated 0.044 Tolerated 0.097 Damaging -6.06 

GLA P06280 E418G CPD Tolerated 0.001 Tolerated 0.124 Damaging -8.18 

GLA P06280 L32P Polymorphism Damaging 0.998 Damaging 0.93 Damaging -9.03 

GLA P06280 G35R Polymorphism Damaging 0.989 Unknown 0.813 Damaging -8.22 

GLA P06280 M51K Polymorphism Tolerated 0.143 Damaging 0.792 Damaging -8.22 

GLA P06280 M51I Polymorphism Tolerated 0.044 Unknown 0.396 Damaging -8.25 

GLA P06280 N53D Polymorphism Damaging 0.513 Unknown 0.479 Damaging -6.36 

GLA P06280 E59K Polymorphism Tolerated 0.047 Unknown 0.65 Damaging -8.23 

GLA P06280 S65T Polymorphism Damaging 0.804 Unknown 0.39 Damaging -8.15 

GLA P06280 S65I Polymorphism Damaging 0.991 Damaging 0.776 Damaging -8.43 

GLA P06280 A73E Polymorphism Damaging 0.962 Damaging 0.825 Damaging -8.68 

GLA P06280 A73V Polymorphism Tolerated 0.326 Damaging 0.849 Damaging -8.54 

GLA P06280 M76T Polymorphism Damaging 0.997 Damaging 0.852 Damaging -8.38 

GLA P06280 W81R Polymorphism Damaging 1 Damaging 0.966 Damaging -8.2 
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GLA P06280 W81S Polymorphism Damaging 1 Damaging 0.944 Damaging -8.2 

GLA P06280 W81C Polymorphism Damaging 1 Damaging 0.951 Damaging -8.22 

GLA P06280 G85D Polymorphism Damaging 0.989 Damaging 0.93 Damaging -8.77 

GLA P06280 L89H Polymorphism Damaging 0.997 Unknown 0.765 Damaging -8.48 

GLA P06280 L89P Polymorphism Damaging 0.998 Unknown 0.859 Damaging -8.48 

GLA P06280 L89R Polymorphism Damaging 0.893 Unknown 0.819 Damaging -8.48 

GLA P06280 G104V Polymorphism Damaging 0.984 Unknown 0.726 Damaging -8.78 

GLA P06280 A121P Polymorphism Damaging 0.965 Unknown 0.515 Damaging -8.46 

GLA P06280 N139S Polymorphism Tolerated 0.018 Tolerated 0.127 Damaging -6.42 

GLA P06280 A143T Polymorphism Damaging 0.853 Unknown 0.622 Damaging -8.23 

GLA P06280 A143P Polymorphism Damaging 0.975 Unknown 0.713 Damaging -8.27 

GLA P06280 G163V Polymorphism Damaging 0.946 Unknown 0.845 Damaging -9.22 

GLA P06280 V164G Polymorphism Damaging 0.998 Unknown 0.577 Damaging -8.82 

GLA P06280 P210L Polymorphism Tolerated 0.356 Unknown 0.528 Damaging -8.09 

GLA P06280 P210S Polymorphism Tolerated 0.213 Tolerated 0.239 Damaging -8.08 

GLA P06280 I219T Polymorphism Damaging 0.974 Unknown 0.731 Damaging -8.22 

GLA P06280 H225R Polymorphism Tolerated 0.412 Unknown 0.605 Damaging -7.17 

GLA P06280 H225D Polymorphism Damaging 0.976 Unknown 0.725 Damaging -7.18 

GLA P06280 F229L Polymorphism Tolerated 0.226 Tolerated 0.231 Damaging -7.78 

GLA P06280 A230T Polymorphism Tolerated 0.006 Unknown 0.461 Damaging -7.1 

GLA P06280 I232T Polymorphism Damaging 0.958 Unknown 0.62 Damaging -8.4 
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GLA P06280 S235C Polymorphism Damaging 0.775 Unknown 0.735 Damaging -7.25 

GLA P06280 S235F Polymorphism Damaging 0.897 Unknown 0.68 Damaging -7.25 

GLA P06280 I239T Polymorphism Damaging 0.923 Unknown 0.404 Damaging -6.99 

GLA P06280 I242N Polymorphism Damaging 0.988 Damaging 0.894 Damaging -7.97 

GLA P06280 I242F Polymorphism Damaging 0.65 Unknown 0.53 Damaging -7.94 

GLA P06280 D244N Polymorphism Tolerated 0.025 Unknown 0.684 Damaging -7.1 

GLA P06280 D244H Polymorphism Damaging 0.673 Unknown 0.775 Damaging -7.14 

GLA P06280 S247P Polymorphism Tolerated 0.389 Unknown 0.619 Damaging -7.16 

GLA P06280 S247C Polymorphism Damaging 0.656 Unknown 0.408 Damaging -7.17 

GLA P06280 N249K Polymorphism Tolerated 0.004 Unknown 0.28 Damaging -8.09 

GLA P06280 G261D Polymorphism Damaging 0.768 Damaging 0.925 Damaging -7.65 

GLA P06280 G261V Polymorphism Damaging 0.917 Damaging 0.885 Damaging -7.65 

GLA P06280 Q280K Polymorphism Tolerated 0.077 Unknown 0.429 Damaging -6.54 

GLA P06280 Q280H Polymorphism Damaging 0.801 Unknown 0.738 Damaging -6.59 

GLA P06280 Q283P Polymorphism Damaging 1 Damaging 0.83 Damaging -6.57 

GLA P06280 I289S Polymorphism Damaging 0.999 Damaging 0.848 Damaging -6.93 

GLA P06280 I289F Polymorphism Damaging 0.952 Damaging 0.87 Damaging -6.93 

GLA P06280 F295C Polymorphism Damaging 0.881 Unknown 0.504 Damaging -6.58 

GLA P06280 D313G Polymorphism Tolerated 0.377 Unknown 0.335 Damaging -8.14 

GLA P06280 I319T Polymorphism Damaging 0.989 Damaging 0.875 Damaging -6.56 

GLA P06280 I319F Polymorphism Damaging 0.815 Damaging 0.83 Damaging -5.6 



FCUP 
Mutational change of X-linked disease genes in both the pathological and the evolutionary context 

81 

 

 

81 

   

GLA P06280 S345P Polymorphism Tolerated 0.243 Unknown 0.59 Damaging -8.33 

GLA P06280 A348P Polymorphism Tolerated 0.322 Unknown 0.584 Damaging -8.16 

GLA P06280 A352D Polymorphism Damaging 0.886 Damaging 0.894 Damaging -6.58 

GLA P06280 I354K Polymorphism Tolerated 0.011 Unknown 0.258 Damaging -8.26 

GLA P06280 N355K Polymorphism Damaging 0.721 Damaging 0.91 Damaging -6.73 

GLA P06280 I384N Polymorphism Damaging 0.995 Damaging 0.869 Damaging -8.2 

GLA P06280 Q386P Polymorphism Damaging 0.972 Damaging 0.755 Damaging -8.12 

GLA P06280 K391T Polymorphism Damaging 0.694 Unknown 0.354 Damaging -8.08 

GLA P06280 K391A Polymorphism Tolerated 0.162 Unknown 0.399 Damaging -8.12 

GLA P06280 L403S Polymorphism Damaging 0.897 Unknown 0.562 Damaging -6.14 

GLA P06280 I407K Polymorphism Damaging 0.469 Unknown 0.633 Damaging -6.45 

GLA P06280 T410K Polymorphism Tolerated 0.13 Unknown 0.62 Damaging -6.07 

GLA P06280 T410I Polymorphism Damaging 0.548 Unknown 0.669 Damaging -6.12 

GLA P06280 T410P Polymorphism Damaging 0.966 Unknown 0.534 Damaging -6.06 

GLA P06280 T410A Polymorphism Tolerated 0.14 Unknown 0.575 Damaging -6.05 

GLA P06280 L415P Polymorphism Damaging 0.995 Damaging 0.877 Damaging -6.4 

G6PD P11413 R104H CPD Tolerated 0.027 Damaging 0.805 Damaging -4.89 

G6PD P11413 D113N CPD Tolerated 0.027 Tolerated 0.217 Damaging -4.84 

G6PD P11413 I33M Polymorphism Damaging 0.811 Unknown 0.329 Damaging -5.88 

G6PD P11413 R57W Polymorphism Damaging 0.995 Damaging 0.839 Damaging -6.24 

G6PD P11413 F66I Polymorphism Tolerated 0.011 Unknown 0.489 Damaging -4.74 
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G6PD P11413 Y70H Polymorphism Damaging 0.999 Unknown 0.463 Damaging -4.87 

G6PD P11413 Y70C Polymorphism Damaging 0.997 Unknown 0.733 Damaging -4.86 

G6PD P11413 P92S Polymorphism Tolerated 0.031 Unknown 0.234 Damaging -5.89 

G6PD P11413 Y118H Polymorphism Damaging 0.993 Unknown 0.691 Damaging -6.11 

G6PD P11413 N126D Polymorphism Tolerated 0.001 Unknown 0.2 Damaging -5.82 

G6PD P11413 R136C Polymorphism Damaging 0.886 Damaging 0.883 Damaging -6.9 

G6PD P11413 H155N Polymorphism Damaging 0.56 Unknown 0.46 Damaging -5.79 

G6PD P11413 H155D Polymorphism Damaging 0.675 Unknown 0.397 Damaging -5.78 

G6PD P11413 N165D Polymorphism Tolerated 0.089 Unknown 0.704 Damaging -4.78 

G6PD P11413 D181V Polymorphism Tolerated 0.026 Unknown 0.697 Damaging -4.78 

G6PD P11413 R182W Polymorphism Tolerated 0.331 Unknown 0.628 Damaging -4.84 

G6PD P11413 S188F Polymorphism Tolerated 0.039 Unknown 0.555 Damaging -4.87 

G6PD P11413 V303L Polymorphism Tolerated 0.009 Unknown Unknown Damaging -7.19 

G6PD P11413 V304F Polymorphism Damaging 0.96 Unknown Unknown Damaging -7.44 

G6PD P11413 D350H Polymorphism Damaging 0.83 Unknown Unknown Damaging -7.02 

G6PD P11413 I355T Polymorphism Damaging 0.986 Unknown Unknown Damaging -7.03 

G6PD P11413 M411V Polymorphism Tolerated 0.431 Unknown Unknown Damaging -6.76 

G6PD P11413 S448G Polymorphism Damaging 0.535 Unknown Unknown Damaging -6.94 

G6PD P11413 P481R Polymorphism Tolerated 0.434 Unknown Unknown Damaging -6.86 

MECP2 P51608 T196S CPD Tolerated 0.006 Damaging 0.743 Damaging -2.52 

MECP2 P51608 L328V CPD Tolerated 0 Unknown Unknown Damaging -2.46 
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MECP2 P51608 A358T CPD Tolerated 0 Unknown Unknown Damaging -2.58 

MECP2 P51608 P388T CPD Tolerated 0.001 Unknown 0.447 Damaging -2.61 

MECP2 P51608 P388L CPD Tolerated 0 Unknown 0.548 Damaging -2.66 

MECP2 P51608 E397K CPD Tolerated 0 Unknown Unknown Damaging -2.4 

MECP2 P51608 P419S CPD Tolerated 0.021 Unknown Unknown Damaging -2.43 

MECP2 P51608 H51Q Polymorphism Tolerated 0.017 Unknown Unknown Damaging -2.59 

MECP2 P51608 T228S Polymorphism Tolerated 0 Unknown Unknown Damaging -2.47 

MECP2 P51608 R268W Polymorphism Damaging 0.99 Unknown Unknown Damaging -3.06 

MECP2 P51608 R294G Polymorphism Tolerated 0.225 Unknown Unknown Damaging -2.64 

MECP2 P51608 T311M Polymorphism Damaging 0.848 Damaging 0.847 Damaging -3.27 

MECP2 P51608 S355R Polymorphism Tolerated 0.052 Unknown Unknown Damaging -3.15 

MECP2 P51608 P376R Polymorphism Tolerated 0.032 Unknown Unknown Damaging -2.53 

MECP2 P51608 A378G Polymorphism Tolerated 0.16 Unknown Unknown Damaging -2.63 
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Appendix II. Results from site selection analalysis using Bayes empirical Bayes (BEB) method. 
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