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Resumo 

As doenças associadas ao cromossoma X causadas por mutações genéticas que 

afetam as funções das proteínas, em particular nos genes relacionados com o sistema 

imunitário, têm efeitos consideráveis em diversos sistemas de órgãos. A síndrome 

linfoproliferativa ligada ao cromossoma X (XLP), uma doença imunitária que afeta 

predominantemente jovens do sexo masculino, é causada por mutações nos genes 

SH2D1A e XIAP, localizados no cromossoma X humano. O primeiro capítulo desta tese 

inclui uma revisão detalhada centrada na síndrome XLP, detalhando os seus aspetos 

clínicos, fisiopatológicos e moleculares e destacando futuras direções de investigação. 

Os avanços na sequenciação genómica revolucionaram o estudo da evolução dos 

genes, tornando a genómica comparativa crucial para identificar forças seletivas e 

desvendar interações biológicas. Por conseguinte, o segundo capítulo desta tese 

centra-se na análise da evolução molecular dos genes SH2D1A, SH2D1B e XIAP em 

várias espécies de primatas e de outros mamíferos, através de reconstruções 

filogenéticas de “Maximum Likelihood”, análises de seleção nos softwares CODEML e 

Datamonkey, e análises sinténicas. Os resultados indicam a presença de seleção 

purificadora robusta, sugerindo uma forte conservação dos três genes, particularmente 

do SH2D1A e do XIAP. Esta conservação realça a função imunitária crucial mantida ao 

longo da evolução dos mamíferos e a conservação das configurações estruturais das 

proteínas, sugerindo que as variações deletérias observadas na XLP estão sujeitas a 

seleção negativa, contribuindo para a sua eliminação na população. 

No terceiro capítulo, analisamos o impacto de mutações na estrutura da proteína 

SH2D1A. Utilizando ferramentas de previsão in silico, identificámos 23 polimorfismos de 

nucleótido único (SNP) altamente deletérios e instáveis. Estas mutações afetam 

predominantemente aminoácidos conservados, induzindo alterações que afetam a 

estabilidade da proteína. As simulações de dinâmica molecular revelam vários efeitos 

sobre a estabilidade, flexibilidade e estrutura das proteínas, destacando a complexidade 

das relações entre os diferentes parâmetros obtidos a partir da simulação. Embora a 

validação experimental seja crucial, estes resultados abrem portas a potenciais vias de 

intervenção da medicina personalizada com base em perfis genéticos. 

Palavras-chave: Síndrome linfoproliferativa ligada ao cromossoma X, SH2D1A, 

SH2D1B, XIAP, Análises de seleção, Simulações de Dinâmica Molecular, Mutações 

deletérias  
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Abstract 

X-linked diseases caused by gene mutations that affect the function of proteins, 

particularly in immune-related genes, have far-reaching effects on organ systems. The 

X-linked lymphoproliferative syndrome (XLP), a X-linked immune disorder which 

predominantly affects young males, is caused by mutations in the SH2D1A and XIAP 

genes. The first chapter of this thesis includes a comprehensive review focused on the 

XLP syndrome, examining its clinical, pathophysiological and molecular aspects, and 

highlighting future research directions. 

Recent advances in sequencing techniques have revolutionised our ability to obtain 

comprehensive whole-genome data, enabling a deeper understanding of gene evolution. 

Thus, comparative genomics is an important tool for identifying selective forces and 

unravelling biological interactions that influence gene evolution. The second chapter of 

this study therefore focuses on the molecular evolutionary analysis of the SH2D1A, 

SH2D1B and XIAP genes. We analyzed coding sequences from various primates and 

other mammalian species, conducting Maximum Likelihood phylogenetic reconstructions 

using IQ-TREE, selection analyses with CODEML and Datamonkey, and syntenic 

analyses. Our results indicate robust purifying selection, suggesting strong conservation 

of all three genes, particularly SH2D1A and XIAP. This conservation highlights the crucial 

immune function maintained throughout mammalian evolution and the conservation of 

protein structural configurations, suggesting that deleterious variations observed in XLP 

are subject to negative selection, contributing to their elimination in the population. 

In the third chapter, we analyse the impact of certain mutations on the protein structure 

of SH2D1A. Using in silico prediction tools, we identified 23 highly deleterious and 

unstable single nucleotide polymorphisms (SNPs). These mutations predominantly 

affect conserved amino acids, inducing changes in physicochemical properties that 

affect protein stability. Molecular dynamics simulations (MDS) reveal various effects on 

the stability, flexibility and structure of the protein, highlighting the complexity of the 

relationships between the different parameters obtained from the simulation. Although 

experimental validation is crucial, these findings open doors to potential avenues of 

personalized medicine intervention based on genetic profiles. 

Keywords: X-linked lymphoproliferative syndrome, SH2D1A, SH2D1B, XIAP, Selection 

analyses, Deleterious mutations 
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1.1.  Abstract 

Most X-linked diseases result from mutations in genes that lead to alterations in the 

normal functionality and/or expression of the proteins they encode, affecting various 

organ systems. The X chromosome is enriched in genes associated with the immune 

system, rendering major relevance to understand immune-related diseases. X-linked 

immune disorders comprise a wide variety of autoimmune diseases and 

immunodeficiencies, such as the X-linked lymphoproliferative (XLP) syndrome. 

XLP is a rare disease characterised by an uncontrolled and ineffective response to 

infection by the Epstein-Barr virus, affecting men in the first years of life. This disorder 

has two subtypes, XLP1 and XLP2, caused by mutations in the SH2D1A and XIAP 

genes, respectively. However, XLP1 has a higher prevalence compared to the number 

of individuals affected by XLP2. 

Here we compile the latest information on XLP and evaluate the disease in detail from a 

segmented and systematic clinical, pathophysiological and molecular perspective. Key 

points discussed in the review include the symptomatology, available therapies, the 

effects at the cellular and molecular level on the immune system and its increased 

susceptibility to Epstein-Barr virus due to XLP. The better understanding of XLP and its 

effects on the immune system, could assist the development of more effective treatments 

and therapies for this disease. 

Keywords: XLP, X-linked immune disorders, XIAP gene, SH2D1A gene, deleterious 

mutations 

Graphical abstract 

 
 
 
 
 

 

 

 

 

 

 

 
Figure 1: Graphic summary of the contents addressed in this review assessment. 
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1.2.  Introduction 

The X chromosome and the inheritance modes 

In the Animalia kingdom, several mechanisms are responsible for determining 

biologically sex [1,2]. In eutherian mammals, sexual determination relies on the XY 

system, a pair of heteromorphic sex chromosomes [2–4]. In males, the sex chromosome 

pair is composed of one X chromosome (a situation known as genetic unisomy) and one 

Y chromosome – the heterogametic sex, while the female genome contains two X 

chromosomes – the homogametic sex [5,6]. 

The eutherian X chromosome is the longer of the two sex chromosomes and maintains 

a much higher number of coding genes than the Y [2]. Due to the cytogenetic differences 

between them, as well as the differentiated chromosomal composition between the two 

biological sexes, several genes are represented with one X-linked locus in the 

heterogametic sex (XY) and two loci in the homogametic sex (XX) [2,7], resulting in 

different doses of transcripts for these genes [2]. To balance the gene dosage in different 

sexes, eutherian females epigenetically silence one of the X chromosomes randomly 

(functional unisomy) in each cell of the late blastocyst [2,8,9]. This process is irreversible, 

forming a cell mosaic in the female body depending on the active X (Xa), which may be 

the paternal (XP) or the maternal one (XM) [10,11]. 

The inactivation mosaic provides protection against possible pathogenic mutations 

linked to the genes of the X chromosome in females [12], since they are expressed only 

in cells in which the active chromosome carries the mutated allele [10,13]. In X-linked 

recessive mutations, heterozygous females are carriers, while in X-linked dominant they 

present the phenotype, but with lower severity compared to males [14]. In addition, they 

present different degrees of symptoms associated with the great variation in genetic 

expression caused by dosage compensation, X inactivation, cell autonomy, and 

mosaicism, leading some authors to argue that the terms "X-linked dominant" and "X-

linked recessive" should be replaced by the general term "X-linked" [15]. Unlike females, 

in XY individuals, all cells express the mutations due to the hemizygosity of the alleles, 

exhibiting the abnormal/diseased phenotype regardless of the inheritance mode 

[8,13,16]. 

Therefore, the mosaic contributes to a sexual bias, presenting a defensive role against 

X-linked diseases in females, contrasting with males that are the most affected [13,17]. 

Nevertheless, besides the importance of the type of mutation and its inheritance in the 
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occurrence and severity of the pathogenic phenotypes, other aspects can be involved in 

this process, such as environmental factors or the remaining genetic background [18,19]. 

An illustrative example of sexual bias influenced by the distinctive status of the X 

chromosome in the chromosome set are the variations observed in the progression of 

cancer between males and females [20]. Due to the genetic and functional unisomy in 

males and females, respectively, both of the main types of genetic alterations that lead 

to cancer — tumour-suppressor inactivation and oncogene activation — act dominantly 

when they affect the single active copy of an X-linked gene [21]. The same alterations 

remain silent when they affect the inactivated X chromosome in female cells [22,23]. This 

can lead to differences in cancer progression between males and females [24,25]. 

Some interesting cases of sexual bias in the inheritance and development of certain 

cancers related to the genetics of the X chromosome include Klinefelter syndrome, which 

affects males with an extra X chromosome and is associated with an increased risk of 

breast cancer, which is usually more common in females [26,27]. These observations 

suggest that the dosage and inactivation of X chromosome genes may have sex-specific 

effects on the risk and development of cancer [28]. Another fascinating example is the 

gene coding for the gastrin-releasing peptide receptor (GRPR), which resists inactivation 

on the X chromosome. This gene has been identified as a growth factor for lung epithelial 

cells. Increased GRPR expression is associated with an increased risk of lung cancer in 

women. The presence of two active copies of the GRPR gene in women may contribute 

to their increased susceptibility to tobacco induced lung cancer [29–32]. 

The X-linked immune disorders  

Several X-linked diseases are associated with the nervous system (e.g., X-linked 

adrenoleukodystrophy and Menkes disease) [33,34], muscular system (e.g., Duchenne 

muscular dystrophy and Becker muscular dystrophy) [35], reproductive system (e.g., 

hypogonadism and infertility) [36], circulatory system (e.g., hemophilia A/B  and X-linked 

thrombocytopenia) [37,38] and immune system (e.g., X-linked-lymphoproliferative 

syndrome and X-linked agammaglobulinemia) [39,40]. The majority of these disorders 

occur mostly due to the occurrence of pathogenic mutations [41] in the gene or the non-

coding regions (e.g. promoters or enhancers), leading to alterations in the functionality 

and expression of the transcripts, respectively [42,43]. In humans, the X chromosome is 

characterized by having the largest number of genes associated with the immune system 

[44,45]. Consequently, this chromosome is particularly important for understanding 

diseases related to immunity [46].  
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X-linked immune disorders comprise a wide variety of diseases [47]. These diseases are 

divided into two large groups: i) autoimmune diseases, characterized by an atypical 

immune response in which the immune system reacts against the body's own cells [48–

50] and ii) immunodeficiencies, defined as an inefficient response of the immune system 

to pathogens [50,51]. 

Table 1: Phenotypic classification for Human Inborn Errors of Immunity (IEI) developed by the International Union of 

Immunological Societies (IUIS), associated with the X chromosome. Information retrieved from [52]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

* Less than ten cases reported. ** Only one case or kindred has been reported. 

Class Subgroup Disease name Gene

Severe combined 

immunodeficiencies (SCID)
γc deficiency IL2RG

SASH3 deficiency * SASH3

Moesin deficiency * MSN

CD40 ligand deficiency CD40LG

Congenital thrombocytopenia Wiskott Aldrich syndrome WAS

Anhidrotic ectodermal dysplasia 

with immunodeficiency
NEMO deficiency syndrome IKBKG

X-linked Agammaglobulinemia BTK

ATP6AP1 deficiency ATP6AP1

SH3KBP1 deficiency ** SH3KBP1

XL magnesium EBV and 

neoplasia (XNEM)
MAGT1

SAP deficiency (XLP1) SH2D1A

XIAP deficiency (XLP2) XIAP

Immune dysregulation, 

polyendocrinopathy, enteropathy 

X-linked (IPEX)

FOXP3

ELF4 deficiency * ELF4

Barth syndrome TAZ

TLR8 gain-of-fuction * TLR8

Pulmonary alveolar proteinosis * CSF2RB

XL Chronic granulomatous 

disease
CYBB

G6PD deficiency class I G6PD

Predisposition to viral infection Severe COVID19 TLR7

IRAK-1 deficiency ** IRAK1

Macrophage gp91 phox 

deficiency
CYBB

Complement deficiencies High level of infection susceptibility Properdin deficiency PFC

Fanconi anemia XL Fanconi anemia FANCB

Dyskeratosis congenita
Dyskeratosis congenita 

progressive decrease
DKC1

Congenital defects of 

phagocyte

Neutropenia

Functional defects

Defects in intrinsic and 

innate immunity Predisposition to bacterial, fungal 

and parasitic infections

Bone marrow failure

Hemophagocytic 

lymphohistiocytosis and EBV 

susceptibility

Immunodeficiencies 

affecting cellular and 

humoral immunity

Predominantly antibody 

deficiencies
Hypogmmaglobulinemia

Diseases of immune 

dysregulation

Syndromes with autoimmunity and 

others

Combined immunodeficiencies 

(CID)

CID with Associated 

Syndrome Features

 TLR8 gain-of-function * 

I 



 
Chapter I 

 

FCUP | 7 

 

Immunodeficiencies are categorized as primary or secondary depending on the origin of 

the disease [51]. Secondary immunodeficiencies (SIDs) are the result of external causes 

(i.e., diseases, environmental factors or drug consumption) [53]. On the other hand, 

primary immunodeficiencies (PIDs) are rare congenital clinical conditions, mostly 

hereditary [54,55]. PIDs are caused by monogenic germline mutations that result in a 

gain or loss of function/expression of the protein encoded by the mutated gene [56]. 

These abnormalities can occur in autosomal chromosomes or in sex chromosomes and 

are inherited in different ways, with recessive inheritance being the most typical [52,56]. 

Regarding X-linked PIDs, most are diagnosed in the primordial stages of human life, with 

a high incidence in males [54]. According to the 2022 updated phenotypic classification 

for Human Inborn Errors of Immunity (IEI) developed by the International Union of 

Immunological Societies (IUIS) [52], there are 24 different X-linked inheritance PIDs 

(Table 1). 

Here, we critically revised and compiled available information regarding one of the most 

severe PIDs, the X-linked lymphoproliferative syndrome (XLP), starting with a 

comprehensive approach at the clinical level and providing an overview of the current 

knowledge from a pathophysiological perspective, ending with a molecular 

characterization of the pathology (Figure 1). 

 

1.3. The clinical landscape of X-linked 

lymphoproliferative syndrome 

What is the X-linked lymphoproliferative syndrome? 

The X-linked lymphoproliferative syndrome (XLP) [57,58] is a rare deficiency in the 

immune system, [59] typified by an uncontrolled immune reaction to the Epstein-Barr 

virus (EB ) infection [58,60–62]. It as a worldwide prevalence of less than 0.0001% [61], 

affecting individuals in their first years of life [63]. Since it is an inherited recessive genetic 

disorder linked to the X chromosome, male individuals are usually most severely affected 

[58], while female individuals who carry the abnormality are asymptomatic or present a 

less severe phenotype, depending on whether the X chromosome with the mutation is 

inactivated or not [64,65]. Affected individuals have severe mononucleosis, 

hypogammaglobulinemia, hemophagocytic lymphohistiocytosis (HLH) [59,61,66,67], 

and may present other clinical manifestations more specific to each disease variant, such 

as the presence of lymphomas (Figure 2 and Table 2) [57]. Patients with XLP typically 
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show clinical manifestations only after EB  infection. However, there are cases of 

patients with XLP who develop lymphoma and HLH even without being infected with the 

virus [68,69].  

Figure 2: Illustrative scheme of the four major clinical manifestations of XLP. Created with BioRender.com 

There are two different forms of this disease depending on the affected gene [61]: i) Type 

1 (SH2D1A-deficiency), the most common form caused by a deficiency of the SH2D1A 

(SH2 Domain Containing Protein 1A) gene (XLP1, OMIM #308240) [59,61,70], and ii) 

Type 2 (XIAP-deficiency), which is caused by a deficiency of the XIAP (X-linked Inhibitor 

of Apoptosis) gene (XLP2, OMIM #300635) [61,66]. The molecular mechanism 

responsible for the pathogenicity of XLP1 and XLP2 remains mostly unclear [61,71]. 

Characterization of clinical manifestations of XLP 

Infectious mononucleosis (IM) 

IM, also known as kissing disease [72,73], is a viral disease caused in most cases by 

the Epstein-Barr virus (EBV) [74]. It has an incubation period of 1 to 2 months and is rare 

in older adults, affecting mostly young people in the age group of 15 to 24 years old [75]. 

People with this disease can show various symptoms such as fever, fatigue, inflamed 

lymph nodes (lymphadenopathy) and pharyngitis [76,77]. Due to the importance of the 

spleen in the filtration and purification of blood [78], splenomegaly and subsequent 

rupture may occur in certain cases [72]. In infected individuals with immune disorders 
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such as XLP, fulminant infectious mononucleosis (FIM) may occur, resulting in a 

hemophagocytic reaction and uncontrolled lymphocyte proliferation [76]. 

Hemophagocytic lymphohistiocytosis (HLH) 

HLH is a rare disorder characterized by unregulated hyperactivity of the immune system, 

being potentially fatal if untreated [79]. It results from the unbalanced production and 

activation of immune cells, such as lymphocytes, leading to the release and 

accumulation of high levels of cytokines (cytokine storm) that inflame various tissues, 

resulting in multiple organ damage [80]. This clinical condition exists in two forms: i) 

Genetic HLH, also called primary HLH, which occurs due to genetic mutations, as in 

familial hemophagocytic lymphohistiocytosis (fHLH) or in XLP, appearing in the first 

years of life; and ii) Acquired HLH, called secondary HLH, derived from pathogens or 

malignancies, which tends to occur more in adolescents and young adults [81,82]. In 

general, both types have very similar symptomatology, such as the occurrence of fever, 

splenomegaly, cytopenia, hemophagocytosis in the bone marrow, spleen, or lymph 

nodes, and low/no activity of Natural Killer (NK) cells [83,84]. 

Hypogammaglobulinemia (hipoγ) 

Hypoγ is an immunodeficiency defined by insufficiency of antibodies (immunoglobulins) 

in the blood [85]. It can be classified as a PID or SID when it results from genetic factors 

or medical treatments, such as the use of immunosuppressant drugs, respectively [86]. 

The main symptoms of this clinical manifestation are recurrent infections, 

lymphadenopathy, splenomegaly, allergic diseases, malignancies, cardiovascular, 

otorhinolaryngological and developmental abnormalities [87]. In some cases, 

dysgammaglobulinemia (another type of antibody insufficiency) may occur instead of 

hypogammaglobulinemia, which does not affect all forms of immunoglobulins, but only 

one or more types [58]. 

Lymphoma 

Lymphoma is a tumour that originates in the lymphatic system and can diverge into any 

organ [88]. Depending on the type of cells that originate them, and according to the 5th 

edition of the World Health Organization (WHO) Classification of Haematolymphoid 

Tumours, lymphatic neoplasms have been categorized into three major groups: i) B-cell 

lymphomas, ii) T-cell and NK cell lymphomas and iii) Stroma-derived neoplasms of 

lymphoid tissues [89]. In patients with XLP, the most common form is B-cell lymphomas, 

mostly of the Burkitt type, formed in germinal centres, usually localized in the ileocecal 

area [58,68]. Hodgkin lymphomas (a B-cell lymphoma type) and T-cell lymphomas, 
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although rare, have also been observed [58]. The main symptoms include 

lymphadenopathy, fever, night sweats, fatigue, weight loss and rashes [88,90]. 

Table 2: Other clinical conditions associated with XLP. 

Splenomegaly 

Increase in the volume of the spleen, resulting from the 

process of hyperinflammation [72]. 

Vasculitis 

Restriction of blood flow by thickening of the walls of the 

blood vessels, caused by inflammation, occurs normally in 

the central nervous system (CNS) [91]. 

 

Colitis 

On of the most common types of intestinal inflammation 

marked by persistent inflammation in the colon, causing 

rectal bleeding and diarrhea [92]. It's part of inflammatory 

bowel disease (IBD) along with Crohn's disease. In some 

XLP cases, symptoms similar to the second type of IBD 

have been observed [93], emphasizing the link between 

genetics and gastrointestinal disorders. 
 

Aplastic anemia (AA) 

A clinical manifestation characterized by insufficient 

production of blood cells by the bone marrow [94]. 

 

Lymphomatoid 

granulomatosis (LYG) 

Characterized by benign proliferation of lymphocytes after 

EB  infection, which may progress to lymphoma, occurring 

in patients with XLP1 [95]. 

 

 

Therapies and Treatments: What exists and future prospects 

Allogeneic hematopoietic stem cell transplantation (HSCT) is known as the only 

curative treatment for X-linked lymphoproliferative disease (XLP) [57]. However, this 

treatment approach is associated with diverse complications, being performed in two 

different forms [96]. The first is the myeloablative conditioning (MAC) protocol, which 

involves the complete destruction of the patient's bone marrow using high doses of 

radiation or chemotherapy, followed by the infusion of the donor's bone marrow [97]. 

The second is the reduced intensity conditioning (RIC) protocol, in which the 

patient's bone marrow activity is suppressed using low doses of radiation or 

chemotherapy, without complete elimination [98,99]. Clinical studies have shown 
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that RIC is the most effective form of HSCT for XLP patients, resulting in improved 

post-operative outcomes and higher survival rates of 70% and 86% for SH2D1A-

deficiency and XIAP-deficiency, respectively [96]. 

In addition to HSCT, other therapeutic approaches are used to manage the clinical 

manifestations of XLP. These include immunological and chemotherapeutic 

therapies aimed at antiviral prophylaxis, immunoglobulin restoration, and 

chemotherapy to prevent viral infections, restore antibody levels, and combat cancer 

cells [57]. Emerging possibilities for future curative treatments of XLP include gene 

therapy and targeted modulation of specific immune response pathways. Gene 

therapy involving lentiviral vectors carrying the functional SH2D1A gene has shown 

promising results in laboratory mice with XLP-like symptoms [100,101]. Another 

avenue of research explores the use of compounds that inhibit or modulate specific 

immune response pathways. For instance, the discovery of a potent inhibitor for 

diacylglycerol kinase alpha (DKAα) has shown the restoration of restimulation-

induced cell death (RICD) in SH2D1A-deficient cells [102,103]. 

Given the phenotypic complexity of XLP, finding a universal treatment that is 

effective for all cases remains challenging [57]. Further unravelling and 

understanding of the molecular and pathophysiological mechanisms underlying the 

disease are necessary to identify precise therapeutic targets, enabling personalized 

treatments based on the individual patient's XLP clinical condition in the future. 

1.4.  The pathophysiological landscape of X-

linked lymphoproliferative syndrome  

The Epstein–Barr virus 

Herpesviridae is a family comprising over 130 different enveloped viruses that 

belong to Group I in the Baltimore classification (viruses with double-stranded DNA 

as their genetic material) [104,105]. This family is one of the largest among DNA 

viruses and has a broad host range that includes mollusks and various vertebrates. 

Of the numerous herpes viruses, only 9 are known to infect humans (Figure 3) [106]. 

The Herpesviridae family is further classified into three major groups [104,107,108].  
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All three subdivisions are known to establish latency periods in different types of 

tissues [109]. During latency, the viruses can remain dormant within the host, with 

the potential to reactivate and cause recurrent infections in the future [110].  

  

Figure 3: Taxonomy of the nine herpesviruses capable of human infection. Adapted from [111]. 

The Human gammaherpesvirus 4 (HH -4), commonly known as Epstein-Barr virus 

(EB ), belongs to the Lymphocryptovirus genus within the Gammaherpesvirinae 

subfamily, and the human species is its only known host [112]. As its genus name 

implies, EB  not only causes infectious mononucleosis but is also implicated in 

various lymphoproliferative disorders, including different types of B-cell lymphomas 

and other related conditions (about 1,5% of cancers worldwide, with most cases 

occurring in immunocompromised patients) [113].  

Structurally, this virus features a viral envelope composed of a bilipid layer derived 

from the host cell (Figure 4A). Embedded within this envelope are vital glycoproteins 

(Figure 4B) that play a crucial role in the binding process to target cells [114]. Inside 

the virus, the genetic material is enclosed within an icosahedral nucleocapsid [115], 

a protein shell bonded to nucleic acids [116]. This nucleocapsid possesses a single 

protein portal vertex responsible for injecting the viral DNA into the host cell [117]. 

Situated between the envelope and the nucleocapsid is the viral tegument, which 

Genus 
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consists of a diverse array of proteins that not only suppress the host immune 

response but also facilitate viral DNA replication [115,118].  

  

Figure 4: Illustrative scheme of the Epstein-Barr Virus (EBV). (A) Illustration depicting the structure of EBV. (B) 

Glycoproteins present in the viral envelope of EBV, excluding BARF1 (highlighted in red), which is secreted. (C) 

Representation of the EBV viral genome. The lytic genes include immediate early protein-coding genes (shown in green), 

main early protein-coding genes responsible for DNA replication through the lytic origin of replication (oriL) (in lilac), and 

key genes encoding glycoproteins classified as late proteins (in red). Created with BioRender.com 

The genome of EBV (Figure 4C) comprises over 85 genes, with a total length of 

approximately 172 kb [119]. Typically, the viral genome can be divided into five 

unique domains (U1-U5), four large internal repeats (IR1-IR4), and the terminal 

repeats (TR) [120]. 

EBV infection and immune response 

The virus is transmitted through saliva, initiating the infection process by infecting B 

cells in the lymphatic tissues, after invading lytically the epithelial cells of the 

oropharyngeal area. The life cycle of EBV typically occurs in epithelial cells and B 

cells, but in some cases, it can also involve NK cells and T cells. This cycle is divided 

into two phases: the lytic cycle and the latent cycle, each activated by different 

genetic programs (Figure 4C).  
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During the latent cycle, there are four phases characterized by the expression of 

specific latent genes (Table 3). In latency phase 3, all latent genes are expressed, 

leading to the proliferation of infected B cells. In phase 2, only some genes are 

expressed to facilitate the differentiation of B cells into memory B cells (MBC). Phase 

1 involves the expression of the EBNA1 gene, which facilitates the replication of the 

EB  genome during cell division in MBCs. Latency 0 is marked by the absence of 

viral protein expression, enabling the virus to persist in the body without detection.  

 

Table 3: Latent proteins present by phase of the EBV latency cycle. Cells painted in green correspond to the positive 

presence of the protein in the respective phase. 

 

The infection can occur via two routes, depending on whether the virus targets MBCs 

or Naive B cells (NBC). When infecting NBCs (Figure 5I), these cells become 

activated (primed), process the antigen, and present it to immature follicular T helper 

cells (pre-TFH) at the border between the B/T cells zones (Figure 5II) [121]. Within 

the B follicle, the pre-TFH cells stimulate the proliferation of primed B cells [122]. As 

these cells are in latency phase 3 and express all viral proteins, the majority of 

proliferating cells are eliminated by T cells and NK cells [123]. The surviving cells 

have three potential paths: i) becoming Germinal Center (GC)-dependent B cells; ii) 

becoming GC-independent B cells; or iii) differentiating into plasmablast cells, which 

further mature into short-lived plasma cells (SLPC) (Figure 5III) [124,125]. The 

likelihood of entering in the GC is higher when there is a stronger interaction between 

pre-TFH cells and primed B cells. 

The interaction between pre-TFH cells and GC-dependent memory B cells allows for 

the development of GC TFH and centroblast cells, respectively [122]. Centroblasts 

proliferate and experience somatic hypermutation in the dark zone of the GC (latency 

2), generating variability in antigen affinity [126]. Following this process, centroblasts 

migrate to the light zone and transition into centrocytes, initiating the selection 

process by follicular dendritic cells (FDC) [122]. The FDC present antigens on their 

surface to select centrocytes with higher affinity. Additionally, centrocytes are 

selected by GC TFH cells, which present processed antigens via the                         

major histocompatibility complex II (MHC-II)  to  the T cell receptor (TCR),  with  the  
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Figure 5: Representative scheme of the immune response to EBV. Brown arrows represent differentiation processes, 

while the yellow ones represent cell interactions. Dashed arrows show possible altered immune processes in patients with 

XLP. (I) EBV infection of B cells in lymphatic tissues. (II) Maturation and differentiation of T cells in the T zone of the lymph 

node. (III) MBC reservoir. (IV) Differentiation and maturation process of GC-dependent B cells. (V) Production of specific 

antibodies against EBV. (VI) Differentiation and maturation of dendritic cells and macrophages. (VII) Suppression of 

hyperactivity of macrophages. (VIII) Differentiation of B cells into GC B cells and plasmablast. Created with 

BioRender.com 
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assistance of various co-stimulatory molecules [127]. Accepted centrocytes receive 

signals for selection that promote their differentiation into GC memory B cells and 

long-lived plasma cells (LLPC). Cells that do not receive these signals undergo 

apoptosis and are cleared from the GC by tingible body macrophages (TBM) (Figure 

5IV) [128]. GC MBCs transition to the MBC reservoir, in the peripheral blood and 

tissues (Figure 5V) (latency 0).  

When EBV targets MBCs (Figure 5I), it is believed that these cells also proliferate 

within the B follicle (latency 3) and directly enter in the MBC reservoir, where they 

remain in a resting state (latency 0) [112]. 

In both paths, resting MBCs carrying the viral genome in the reservoir have the 

potential to enter latency phase 1 and divide. Both GC MBCs and GC-independent 

MBCs can differentiate into LLPCs, initiating the lytic cycle [121]. The virions 

produced during the lytic cycle have the ability to infect other naive/memory B cells 

and epithelial cells, ultimately reaching saliva and transmitting the virus to other 

individuals [123]. 

T and NK cells: The crucial role in the immune response 

Although B cells are the most predominant during the EBV infection, other cells, 

such as the NK and T cells, are equally important, especially for the defense process 

against the virus.  

NK cells play a crucial role in fighting EBV, being the primary defense against the 

initial infection [132]. These cells not only recognize and destroy infected B cells but 

also eliminate hyperactive macrophages (MΦ) (Figure 5VII). Furthermore, NK cells 

promote the maturation and activation of both these cells and immature dendritic 

cells (iDC) to mature dendric cells (mDC) (Figure 5VI) [133,134].  

In case of EBV infection, cytotoxic T cells (Tc), follicular helper T cells (TFH), and 

invariable (type I) natural killer T cells (iNKT) are the key T cell subtypes with crucial 

roles in the immune response. iNKT cells have a significant impact, contributing to 

the activation of NK cells and assisting in the maturation of immature dendritic cells 

(iDCs) and other T cells [135]. Additionally, iNKT cells can induce the differentiation 

of B cells into plasmablasts or GC-dependent B cells and can inhibit myeloid-derived 

suppressor cells (MDSC) which, in turn, are responsible for inhibiting T cells, 

macrophages and NK cells (Figure 6) [129,136].  
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Figure 6: Cellular interactions of the iNKT cell. Adapted from [129–131]. Created with BioRender.com 

All these cell types are primarily activated by antigen-presenting cells (APCs), such 

as mature dendritic cells (mDCs), through diverse types of chemical signals like the 

great spectrum of interleukins (IL) and interferon (IFN) [130,137]. Cell recognition and 

signaling are crucial for the immune response. Cell-surface proteins facilitate attachment 

and binding, initiating intracellular messenger cascades. These cascades trigger specific 

responses, such as the release of chemical messengers, essential for immune 

activation. Examples of such proteins include SH2D1A and XIAP, which are involved in 

intracellular cascades triggered by intercellular binding [58]. Mutations in these SH2D1A 

and XIAP genes often lead to dysfunctions, mainly of the different types of T and NK 

cells, or even resulting in lack of cells (iNKT in XLP1), compromising the various cellular 

pathways of the immune response and leading to different phenotypes [58,138]. 

1.5.  The molecular landscape of X-linked 

lymphoproliferative syndrome 

SH2D1A and XIAP 

The human SH2 Domain Containing 1A (SH2D1A) encodes the signaling lymphocyte 

activation molecule (SLAM) associated protein, which consists of 128 amino acids [139]. 

The SH2D1A protein contains a single SH2 (Src Homology 2) domain, allowing it to bind 
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to proteins with phosphorylated tyrosines (pTyr), such as in the immunoreceptor tyrosine-

based switch motifs (ITSM), in the SLAMs. During the interaction with SLAMs, the 

SH2D1A protein interacts with the protein encoded by the paralogous gene SH2D1B 

(SH2 Domain Containing Protein 1B) [140]. The gene is primarily expressed in several 

types of T and NK cells, although it is also present in B cells, for instance, in reduced 

quantities. Its expression is limited to a specific range of tissues (peripheral blood 

leukocytes, thymus and lung) [141]. 

The human X-linked Inhibitor of Apoptosis (XIAP) encodes a protein that inhibits 

apoptosis and modulates immune signaling [139,142]. It consists of 497 amino acids and 

has five domains: one ubiquitin-binding domain (UBA), three baculovirus inhibitor 

repeats (BIR) domains and a RING domain [143]. XIAP is expressed in multiple tissues 

and is predominantly found in T and NK cells [144].  

 

Figure 7: Summary of XLP-related mutations in the SH2D1A (A) and XIAP (B) genes. The top part shows the location of 

nonsense and missense mutations in both proteins. The protein domains, their locations and the introns are represented 

for the proteins and genes, respectively. Below, gross deletions (> 20 bp) and the percentage of each type of mutation 

that contributes to XLP are shown, according to the Human Gene Mutation Database (HGMD Professional 2023.1). The 

total number of described mutations for a given type is shown within brackets. Created with BioRender.com 

Although associated with the same disease, these genes present different clinical 

features and pathophysiology, and there seems to be no molecular interaction between 

them [142].  

5’ 3’ 5’ 3’ 
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According to the HGMD Professional 2023.1, a total of 128 mutations related to XLP 

have been identified in the SH2D1A gene, while 42 mutations have been found in the 

XIAP gene (Figure 7) [145]. Nearly half of these mutations involve amino acid changes 

(missense and nonsense). 

SH2D1A signaling pathways 

As previously mentioned, T cells (T helper, follicular helper, cytotoxic and NKT cells) and 

NK cells are the main groups of cells affected in SH2D1A deficiency (XLP1), mainly 

affecting their development and activation and, consequently, the immune response. 

In the case of the SH2D1A protein signaling, the development processes and cell 

activation of T and NK cells depend on the SLAM family (SLAMF), a group of 

transmembrane glycoproteins. They possess extracellular IgV and IgC2 domains, which 

facilitate interactions with other molecules, and intracellular ITSMs, which are involved 

in signaling events [146]. The ITSMs are conserved amino acid sequences with which 

the SH2D1A protein has a high affinity [147].  

When the SH2D1A protein binds to ITSM, it recruits protein tyrosine kinases (PTKs) such 

as lymphocyte-specific protein tyrosine kinase (LCK) and proto-oncogene tyrosine 

protein kinase (FYN), which possess SH3 domains capable of binding to the SLAM-

SH2D1A complex [148]. Although it does not require the tyrosine of ITSM to be 

phosphorylated, the SH2D1A protein exhibits high affinity and binding power for the 

phosphorylated residue [140]. Without SH2D1A protein binding to the ITSMs, SH2 

domain-containing phosphatases (SH2 domain containing inositol polyphosphate 5-

phosphatase 1 – SHIP1, SH2 domain containing phosphatase 1 – SHP1, and SH2 

domain containing phosphatase 2 – SHP2) bind to the phosphorilated thyrosine (pTyr) 

of ITSM motifs, resulting in SLAM dephosphorylation and subsequent inhibition of the 

signaling cascade [146].  

Besides the SLAMF proteins, there are several membrane receptors not associated with 

SH2D1A protein that are also responsible for the development and activation of T and 

NK cells, triggered by reception of extracellular stimuli, such as the TCR, DNAX 

accessory molecule 1 (DNAM1), killer immunoglobulin-like receptor (KIR) or NKG2A 

receptors [149].  

All these receptors play important roles, triggering several internal signaling pathways 

that lead to diverse cellular responses. Within these paths, there are four major pathways 

responsible for most cellular immune processes in the T and NK cells: i) the AKT 
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pathway; ii) The MAPK/ERK pathway, iii) the Calcium-Calcineurin-NFAT pathway and 

iv) the NF-κB pathway [150]. Although these signaling pathways exist in different types 

of T and NK cells, some receptors and intermediate proteins in the signaling pathways, 

as well as the product of signal transduction, change with the cell type (Figure 8). 

T cells signaling pathways 

In T cells, the SH2D1A protein has the ability to bind directly to the immunoreceptor 

tyrosine-based activate motif (ITAM) of the cluster of differentiation (CD) 3 zeta (CD3ζ) 

chains of the TCR. This link allows for LCK recruitment and activation. Activated LCK will 

phosphorylate tyrosine residues on the CD3ζ chains of the TCR, creating binding sites 

for the zeta-chain-associated protein kinase 70 (ZAP70). LCK also phosphorylates and 

activates ZAP70, which in turn phosphorylates the linker of activated T cells (LAT) 

adapter protein and other substrates. LAT phosphorylation allows the formation of a 

signaling complex that involves other proteins such as SH2 domain containing leukocyte 

protein of 76kDa (SLP76), growth factor receptor-bound protein 2 (GRB2) and 

phospholipase C gamma 1 (PLCγ1) [151]. This complex leads to the production of 

second messengers such as diacylglycerol (DAG) and inositol 1,2,4 trisphosphate (IP3), 

which activate pathways such as MAPK/ERK, NF-κB and Calcium-Calcineurin-NFAT 

[152–155]. In addition, SH2D1A protein eventually influences the AKT pathway, via the 

phosphorylation of phosphoinositide 3-kinase (PI3K), which converts 

phosphatidylinositol 4,5-bisphosphate (PIP2) into phosphatidylinositol (3,4,5)-

triphosphate (PIP3) [156]. When SH2D1A is mutated, these pathways eventually 

weaken, potentially resulting in the T cell dysfunctional phenotypes that we find in XLP1 

patients.  

Among these pathways, it is important to highlight the NF-κB pathway, which plays a 

fundamental role in the ontology of NKT cells and in the development of thymocytes into 

CD4+T cells, which largely explains the absence of NKT cells and the dysfunctionality of 

T cells in SH2D1A-deficiency. FYN is recruited via the SLAMF/SH2D1A complex, which 

phosphorylates and activates the protein kinase C theta (PKCθ), recruiting it to the TCR 

stimulated by the immune synapse. PKCθ in turn activates B-cell leukemia/lymphoma 

10 (BCL10), which activates the IκB kinase (IKK) complex. Phosphorylation of the IKK 

complex signals its degradation, releasing and allowing NF-κB dimers to migrate into the 

nucleus and activate transcription of genes essential for the development of T cells, 

leading to the release of cytokines, particularly Th2 type cytokines such as IL-4 [157].  

Although this pathway is similar and important in the diverse types of T cells, it plays an 

important role in NKT cells. In contrast, SH2D1A protein in CD4+T cells does not play an 
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essential role in cytokine production but, instead, optimizes the production process. This 

is demonstrated by the absence of a significant impact on cytokine production in the case 

of FYN mutations, suggesting the existence of another pathway independent of FYN 

[157]. Recent studies show that in mice the development of conventional T cells is 

inhibited in the absence of LCK but remains normal in the absence of FYN [153], which 

could be a possible justification for the situation described above. 

NK cells signaling pathways 

Despite being involved in all four major molecular pathways controlling T and NK cell 

immune responses, the SH2D1A protein has a predominant function in T cell activation 

and development, with particular emphasis on NKT cells [158]. In the case of NK cells, 

the signaling pathways may proceed independently of SH2D1A activation, indicating 

that, once again, this protein does not play a critical role in the developmental and 

activation processes of these cells, but rather in its optimization. 

 

Figure 8: Representation of MAPK/ERK (blue arrows), AKT (green arrows), NF-kB (yellow arrows) and Calcium-

Calcineurin-NFAT (red arrows) molecular pathways activated by the SH2D1A protein in T and NK cells. Black arrows 

represent accessory interactions that influence the pathway. Created with BioRender.com 
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In NK cells, the SLAMF/SH2D1A protein complex recruits FYN that phosphorylates the 

proto-oncogene vav (VAV1), a guanine nucleotide exchange factor. VAV1 can activate 

ras-related C3 botulinum toxin substrate 1 (RAC1), a small GTPase that activates PI3K, 

which produces PIP3 from PIP2. PIP3 can recruit AKT that mediates various cellular 

processes, such as survival, proliferation and metabolism [159]. AKT phosphorylates the 

forkhead box O1 (FOXO1) protein present in the nucleus, which is transcriptionally 

inhibiting the genetic expression. Upon phosphorylation, FOXO1 disassociates from the 

DNA molecule and exits the nucleus, allowing the transcription of inhibited genes 

responsible for cell growth and survival. However, unlike DNAM1 and lymphocyte 

function-associated antigen 1 (LFA1) integrin, SLAM is not one of the main receptors 

responsible for activating the AKT pathway and the other pathways [160–163]. 

Therefore, the SLAM/SH2D1A protein complex can influence the AKT activation 

pathway in NK cells indirectly through FYN and VAV1. FYN triggers phosphorylation of 

VAV1 and PLCγ, as previously mentioned. VAV1, in turn, has the ability to activate PLCγ 

as well. This phospholipase can activate the NFAT, NF-κB, and ERK pathways by itself, 

leading to cytotoxicity, degranulation, and cytokine release [162,164–166]. 

XIAP signaling pathways 

The XIAP protein can activate NF-κB and ERK signalling pathways through nucleotide-

binding oligomerization domain-containing protein 1/2 (NOD1/2) and Dectin-1 signalling, 

which are intracellular pattern recognition receptors (PRR) involved in the innate immune 

response. XIAP mediates ubiquitination of the receptor-interacting serine/threonine-

protein kinase 2 (RIPK2) and recruits the linear ubiquitin assembly (LUBAC) complex to 

the NOD receptor. XIAP also binds and ubiquitinates BCL10, an essential step for NF-

κB and ERK activation through Dectin-1 signalling. Thus, XIAP activates both pathways 

but depends on the type of PRR stimulated [142]. Nevertheless, NK and T cell 

development and immune responses, particularly their cytotoxic capacity, do not appear 

to be impaired in individuals with XLP2. This indicates that XIAP does not play a critical 

role in cytokine production and release. However, in XIAP-deficient T cells, especially 

NKT cells, caspase levels are high. These proteins are inhibited by the BIR domain of 

XIAP and are essential for apoptosis, which may explain the susceptibility of cells with 

mutant XIAP to activation-induced cell death (AICD). As with SH2D1A, pathogens 

survive longer in the body due to an impaired immune response. This results in a chronic 

inflammatory response due to the continuous release of pro-inflammatory cytokines [58]. 
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1.6. Concluding remarks and future 

perspectives  

XLP is a complex disease caused by mutations in the SH2D1A and XIAP genes with the 

pathophysiological and molecular mechanisms not entirely understood. Diagnosis of 

XLP is often delayed or confused with other clinical conditions, highlighting the need to 

improve diagnostic methods and develop guidelines for patient management. Biomarker 

identification is emerging as a promising line of research to address these issues [167]. 

Biomarkers are molecules that can facilitate early diagnosis, assisting the selection of 

personalized therapies, monitor disease progression, and predict potential outcomes. 

Investigation in this area can improve the treatment of XLP and the understanding of its 

pathophysiology. 

Currently, treatment of XLP is mainly aimed at controlling symptoms and preventing or 

treating lymphoma and EBV infection. Bone marrow transplantation is the only curative 

option, but it is an invasive procedure, especially for children, and the lack of compatible 

donors poses a challenge. Therefore, it is critical to develop new, more effective, and 

immediate therapies that specifically target XLP. To do so, it is critical to understand the 

specific mechanisms by which immune dysfunction occurs in XLP, including the impact 

of mutations in molecular pathways and variability in clinical severity. Evolutionary 

analyses could elucidate the function role of mutations in genes and their relation with 

regions of the protein evolving under purifying (conserved zones) or positive selection 

(site diversification). Moreover, in silico proteomics can contribute to understand the 

effects of mutations on the tridimensional structure of the proteins. Identifying the protein 

domain or region affected by the mutations could provide cues to recognize why a 

particular molecular pathway is suppressed, especially when influencing a region 

responsible for a protein interaction. Discovery of the suppressed cellular signaling 

pathways and responses is an important step toward deciphering the molecular 

mechanisms of this disease and providing specific targets for in vitro/in vivo studies to 

validate the findings of computational analyses. In addition, molecular docking analyses 

and virtual screening in small molecule databases can identify potential drugs for in vitro 

testing. 
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2.1.  Abstract 

Advancements in sequencing techniques have allowed for the acquisition of better whole 

genome data, facilitating the understanding of gene evolution. Comparative genomics 

plays a crucial role in identifying the selective forces acting on genes, detecting positive 

selection, and revealing biological interactions that influence their evolution. Notably, 

immune system-related genes often exhibit positive selection, emphasizing the 

significance of host-pathogen dynamics in mammalians. The SH2D1A, SH2D1B and 

XIAP proteins play important roles in the body's immune response to various types of 

pathogens. Mutations in the SH2D1A and XIAP genes are responsible for the 

development of the X-linked lymphoproliferative syndrome (XLP). In this study, we 

performed evolutionary molecular analyses of the SH2D1A, SH2D1B and XIAP genes 

with the aim of understanding the role of natural selection in the evolutionary history of 

these genes, with particular emphasis on the lineage of the great apes, and its putative 

influence on the development of their important immune-related function. Accordingly, 

the coding sequences of each gene were extracted from non-annotated genomes of 

representative species of great apes, and of the remaining primate families and 

mammalian orders. We performed phylogenetic maximum-likelihood reconstructions in 

IQ-TREE, which served as the basis for performing selection analyses using the 

CODEML program and the Datamonkey Adaptive Evolution Server. We also performed 

syntenic analyses for the three genes. Our results indicate that all genes, especially 

SH2D1A and XIAP, are highly conserved in mammals, with strong purifying selection 

acting on both. These results are in accordance with the maintenance of a crucial 

immune function in the mammalian lineage, as well as the conservation of the structural 

configuration of the proteins, showing that deleterious variations, as in the case of XLP, 

are negatively selected in all protein structures and can be removed from the population. 

Keywords: X-linked lymphoproliferative syndrome, SH2D1A, SH2D1B, XIAP, Selection 

analyses, Molecular evolution 

 

Figure 1: Graphic summary of the work carried out in this study. 
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2.2.  Introduction 

The improvement of sequencing techniques over the years has allowed scientists to 

obtain increasingly better and more complete whole genome assemblies for several 

species, contributing to deepen the general knowledge about gene evolution [1]. 

Comparative genomics thus plays an important role in understanding the evolution of 

genes and their associated phenotypic traits by enabling, for instance, the study of 

potential selective forces on a genomic level. Selective pressures play a key role in the 

evolution of the structure and complexity of protein domains. Understanding the 

evolutionary background behind specific candidate genes, by revealing the selective 

forces that have shaped their function and diversity over time, can help to understand 

their roles in underlying molecular and cellular mechanisms [2]. 

Detecting positive selection in genes, sites or lineages provides clues about evolutionary 

adaptation, helping to uncover biological interactions that influence their evolution, such 

as parasite-host coevolution. Strong signals of negative (purifying) selection, on the other 

hand, help identify functional constraint or evolutionary conservation [3]. This information 

is helpful to infer essential structural or functional properties of certain proteins or 

domains, as well as evolutionary similarities between different species or clades [4,5]. 

Previous studies using comprehensive analyses of whole genomes, with a particular 

focus on primates, have shown subsets of proteins under positive selection [6,7]. The 

vast majority of these are encoded by genes related to the immune system, especially 

proteins that interact with pathogens, highlighting the importance of host-pathogen 

interactions in protein adaptation in mammals [8–10]. Furthermore, a great similarity in 

immune mechanisms was observed, indicating that they are ancient and maintained 

throughout the evolution of vertebrates, such as the case of the NF-κB pathway. This 

pathway is responsible for the activation of several different defence mechanisms, which 

is shown to be ubiquitous in almost all organisms. However, there are also differences 

and variations between organisms in how they express, regulate and utilise these 

mechanisms, resulting in a diversity of immune responses. This diversity may reflect the 

adaptations of organisms to their environments and the pathogens they encounter [11]. 

Studying the evolution of genes related to the immune response is a promising field in 

identifying host defence mechanisms that have been conserved or modified throughout 

the evolutionary history of organisms. These mechanisms are fundamental for human 

health as they may affect susceptibility or resistance to infectious or autoimmune 

diseases. For example, studying the evolution of the complement system, which is part 

of the innate immune response, can reveal how this system has diversified and 
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specialised to fight different types of pathogens [12,13]. In addition, studying the 

evolution of genes that interact with viruses can identify their molecular targets and the 

possible escape strategies they use to infect host cells [11]. Therefore, unravelling the 

evolution of certain candidate genes can help to understand diseases related to these 

genes and to develop new therapeutic or preventive interventions [14,15]. 

 

Figure 2: Predicted protein structures of XIAP (A), SH2D1A (B) and SH2D1B (C) genes. Extracted from the AlphaFold 

database [16]. 

Several genes are of particular interest due to their important role in T and NK cell 

activation and differentiation, mainly through the NF-κB pathway [17–24]. Reported 

mutations in SH2D1A and XIAP genes have shown very negative impacts on the immune 

response of affected individuals. These seem to be involved in the X-linked 

lymphoproliferative syndrome (XLP), a rare immunodeficiency portrayed by an 

insufficient immune response to Epstein-Barr virus (EBV) infection [24–27]. The X 

chromosome contains a high density of immune-related genes and regulatory elements 

that are extensively involved in both the innate and adaptive immune responses, which 

can contribute to differences in immune responses between sexes (see Chapter I) [28]. 

In order to fill the gap of information regarding the molecular evolution of the immune-

associated genes XIAP, SH2D1A, and its paralogous SH2D1B (which interacts with 

SH2D1A) (Figure 1), we aim to understand how selection shaped the immune response 

of these genes across the evolution of mammals, focusing on the primate order and the 

Human lineage in particular. Employing several selection detection methods, the 

selective forces behind the evolution of these genes can be evaluated using the ratio of 

non-synonymous (dN) to synonymous (dS) mutation rates (ω = dN/dS) [29].  

A) B) C) 
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2.3.  Material and Methods 

Genomic Data Compilation 

Representative species of each family of primates and of each of the remaining 

mammalian orders were selected from publicly available genomic data, allowing the 

study of evolutionary patterns from a broader to a more detailed scale (Table S1 and 

S2). To obtain the most reliable genomic information, a non-annotated genome assembly 

for each species was chosen from the NCBI Genome database [30] according to the 

following quality parameters – largest total genome size; lowest number of scaffolds; 

preference for chromosome-level assemblies that include the sex chromosomes; and 

the sequencing platform used, giving preference to long-read sequencing. The use of 

these third-generation technologies, often combined with short-read sequencing, allows 

a more robust assembly of highly repetitive regions, which are common in sex 

chromosomes [31]. The coding sequences (CDS) of the XIAP, SH2D1A and SH2D1B 

genes were extracted using the protein2genome tool of the Exonerate v2.4.0 package 

[32]. The human protein sequence of the most extensive transcriptional variant, available 

at the UniProt database [33], was used as query for each gene (table S4). Sequences 

with intrasequential stop codons or frameshifts were considered pseudogenes and 

discarded from analyses. Each Exonerate output was inspected for intron number, size 

and position in the obtained nucleotide sequence. 

Dataset preparation and multiple sequence alignment  

The nucleotide sequences of the different species were grouped into three different 

datasets for each gene: i) a general dataset, composed of all mammalian orders, ii) a 

primate dataset, compiling all families of this order, and iii) a Great apes dataset (detailed 

in table S3).  

The basis of phylogenetic analyses is undertaken through multiple sequence alignments 

(MSA), obtaining the first inferences about the similarity of the orthologous sequences 

[34]. The CDS from each dataset were aligned on the GUIDANCE2 webserver [35], using 

the associated MAFFT algorithm [36] with 100 bootstrap replicates. Different alignment 

algorithms generate MSAs  based on the similarity between sequences, assigning 

different penalties depending on the lack of parity or the existence of gaps between 

sequences [36–39]. In addition, the GUIDANCE2 server provides a phylogenetically 

informed confidence score for each residue of the alignment, by generating and 

comparing several alternative MSAs [35,38]. This characteristic allows an automated 
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refinement of the DNA sequences, eliminating unreliable columns [36]. Thus, columns 

with confidence score below the predefined value of 0.93 were removed. Subsequently, 

the sequences underwent manual refinement using the Molecular Evolutionary Genetics 

Analysis 7.0 (MEGA7) software [40] to eliminate columns or sequences presenting more 

than 20% of missing data. 

Recombination and saturation analyses 

Using the Genetic Algorithm for Recombination Detection (GARD) method [41], available 

at the Datamonkey Adaptative Evolution Server [42], we then tested for potential 

recombination points in each of the nine datasets, which allows further analyses to 

account for variable evolutionary patterns within each gene. 

Substitution saturation in MSAs occurs when high mutation rates over time lead to 

sequence convergence in several residues after multiple substitutions, interfering with 

phylogenetic analyses by misestimating genetic distances [43]. Xia's test was applied to 

each MSA through the Data Analyses for Molecular Biology and Evolution 5 (DAMBE5) 

software [44], employing 60 replicates. 

Phylogenetic inference 

The phylogenetic gene trees provide a representation of the evolutionary history of each 

gene, allowing to obtain information about their evolution across the mammalian lineage 

by comparing them to phylogenomic species trees [34,45,46]. To ensure the best 

phylogenetic signal was attained, the obtained MSAs were concatenated for each 

dataset using Geneious 11.0.5 software [47].  

The phylogenetic inferences were obtained for each dataset through the Maximum 

Likelihood (ML) method, implemented on the IQ-TREE 2.0.7 software [48], with 10000 

ultrafast bootstraps (bb) [49]. The choice of an appropriate evolutionary model is an 

essential process for phylogenetic reconstruction, providing information regarding the 

mutation rates in the MSA datasets. Considering this, the ModelFinder [50] option of the 

IQ-TREE software was used as it provides an accurate approach for best evolutionary 

model and partitioning scheme selection. A general tree that includes all studied species 

was also created using the same methodology. Finally, the gene concordance (gCF) and 

the site concordance factors (sCF) [51] were also calculated using IQ-TREE 2.0.7, 

defining the percentage of gene trees (gCF) and percentage of aligned sites (sCF) within 

the dataset that support the final tree topology. In addition to these ML inferences, three 

species trees were created for each dataset and one species tree for the complete 
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dataset (all species used) using the fifth edition of the TimeTree of Life resource (TToL5) 

[52]. All resulting phylogenetic trees were edited on MEGA7. 

Selection analyses 

Selection analyses detect signals of evolutionary pressures present in the CDS of each 

gene [53]. This calculation is based on the ratio of non-synonymous (dN) to synonymous 

(dS) mutation rates (ω=dN/dS), being positive selection when ω>1, purifying selection 

when ω<1 and neutral selection when ω≈1 [29]. Selection was evaluated between 

sequence sites and between phylogenetic branches using site and branch-site model 

tests from the Datamonkey Adaptative Evolution Server [42], and the CODEML program 

of the Phylogenetic Analysis by Maximum Likelihood (PAML) v4.6 package [54], 

supported by the Lightweight Multigene Analyses in PAML v1.0.2 (LMAP) software [55]. 

The existence of positively selected sites (PSS) might indicate a potential change in the 

structure, and consequently, on the function of the protein, while signals of negative 

selection point to restrictive pressures to maintain its function. 

To ensure that the MSA for each gene is appropriate to be used for selection analyses, 

the pairwise dS values were calculated using the DNA Sequence Polymorphism (DNASP 

v6.12.03) [56]. To avoid compromising the estimation of ω, the ratio of synonymous 

substitutions should remain below the recommended value of dS < 2 [57].  

PAML analyses 

Branch-site models test for positive selection signals at specific codon sites across 

different lineages of interest marked as foreground branches. For this purpose, an 

Alternative two-ratio model (MA), which allows for positive selection, was used in 

comparison with a Null one-ratio model (MA1), which fixes the ω value as 1 [58]. For 

these analyses, in each dataset different foreground lineages were marked: i) the 

ancestral lineage and the apical branches (in separate analyses) of the primate order in 

the general mammalian dataset, to test for potential selection signals in these genes that 

occurred during the evolution of primates; ii) the ancestral lineage and the apical 

branches of the Great apes in the primate dataset; and iii) the Homo sapiens lineage in 

the Great apes’ dataset. 

Site models test for positive selection signals at different codon sites. Although several 

models have been developed, in this study M0, M7, M8, and M8a were used. Model M0 

assumes a uniform selective pressure among sites, providing an overall estimation for 

the gene; M7 is a Null model that allows for variable selection over sites, without positive 
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selection; M8 is the Alternative model also based on variable selection but, in contrast 

with M7, allowing positive selection to occur; and M8a is an additional Null model that 

fixes the ω value as 1 [59]. In this way, model M8 is compared with Null models M7 and 

M8a [60]. The PAML site model analyses were conducted for the background species, 

in order to discard potential sites under selection on the foreground branches that are 

not exclusive to these lineages. 

For both analyses, the Null and Alternative models were compared using the Likelihood-

Ratio Test (LRT) [59], and the Alternative hypothesis was accepted when the LRT test 

was significant (p < 0,05). Furthermore, both analyses provide a Bayes Empirical Bayes 

(BEB) test [61] that calculates the posterior probability (PP) of a given site being under 

positive selection [60]. PSS were only considered if the PP were above 0.95. 

HyPhy analyses 

Four methods were used to compute selection analyses on a per-site basis in the HyPhy 

software, implemented on the Datamonkey webserver, for each of the complete 

datasets. The Fixed Effects Likelihood (FEL) tests whether positive selection has 

occurred at a set of sites in the alignment, assuming that selection pressure is constant 

along the entire phylogeny for each site. It uses a ML approach to infer the dN and dS 

rates per site. The Single-Likelihood Ancestor Counting (SLAC) is a similar method to 

FEL but combines ML and counting approaches [62]. 

The Fast Unconstrained Bayesian Approximation (FUBAR) uses a Bayesian approach 

to infer per-site substitution rates, also assuming that the selection pressure is constant. 

This test reports evidence of positive selection with posterior probabilities (ranging from 

0-1), in which values above 0.9 are strongly suggestive of positive selection. It has 

advantages over FEL when alignments are larger and positive selection is present but 

weak [63]. Finally, the Mixed Effects Model of Evolution (MEME) uses a mixed-effects 

ML method to infer sites under positive selection not only on the whole phylogeny, but 

also occurring on a subset of lineages (episodic selection). As a final integrative 

approach, only the PSS detected by at least three of the four methods were considered, 

following previously published approaches [64]. 

The Branch-site Unrestricted Statistical Test for Episodic Diversification (BUSTED) is a 

statistical test that detects positive selection by testing if it has occurred in at least one 

site in at least one of the pre-defined branches of the genetic tree. It does not imply that 

the whole gene evolved under positive selection [65]. In contrast, the RELAX test allows 

us to understand whether there has been a relaxation or intensification of natural 



Evolutionary genomic analyses of SH2D1A, SH2D1B and XIAP genes in primates:  
Implications on immune functionality 

54 | FCUP  
 

selection in the foreground branches. A significant result of k > 1 indicates intensification 

of selection, while k < 1 suggests relaxation [66]. The foreground branches in the 

phylogenetic trees of each dataset were marked according to the described for the PAML 

branch-site model test, for both BUSTED and RELAX analyses. All analyses were run 

using default parameters. 

Additionally, the calculation of the conservation and evolutionary acceleration of sites 

within the genes was performed using PhyloP on the PhastWeb webserver [67]. This 

tool provides a positive score to conserved sites and a negative score to sites in 

evolutionary acceleration [53]. 

Synteny analyses 

Synteny reflects the chromosomal location of each gene and its corresponding flanking 

genes, which can be preserved or altered across different species during evolution [68]. 

Translocations or inversions have the potential to alter the physical framing of genes in 

the genome, impacting their transcription and regulation [69]. Synteny analyses were 

carried out to clarify the genes’ evolutionary history and identify genetic rearrangements 

in humans, which might be associated with specific disease phenotypes. The Genomicus 

database [70] was consulted to identify which genes are located in the flanking regions 

of each of the studied genes. The Exonerate software was then employed to search for 

the location of the flanking genes in several genomes, following the extraction 

methodology described above. The accession number of each protein taken from the 

UniProt database to be used as query is listed in table S4. The syntenic block was 

determined for each of the three genes in 13 species out of the total number of species 

used in the study. Of these 13 mammal species, seven belong to the primate order.  

The guanine-cytokine (GC) content of the syntenic block, as well as the graphic 

visualization of the order of the genes, were calculated and created using the packages 

gggenomes version 0.9.9.9000 [71] and seqinr version 4.2-30 [72] from R v3.4.1 

software. 

2.4.  Results 

Sequence collection and MSA construction 

The sequences of the SH2D1A, SH2D1B and XIAP genes were extracted from 51 

primate species of 14 different families and 23 species from the remaining mammalian 

orders. The extracted sequences were grouped by dataset. Due to poor quality, some 

sequences were discarded, and the final composition of each dataset can be seen in 
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table S3. The results of the GARD method confirmed the existence of recombination 

points (RPs). Two RPs were found in the XIAP gene (123 and 377 bp) and one in the 

SH2D1A gene (129 bp) in the Mammalia dataset. The last one is in the XIAP gene of the 

primate dataset (879 bp). Saturation analyses for each gene in the three MSA datasets 

revealed statistically significant low saturation signatures, confirming that all datasets are 

suitable for phylogenetic inference (table S5). 

Phylogenetic inference based on the mammalian SH2D1A, 

SH2D1B and XIAP genes 

The evolution of the immunity-associated genes SH2D1A, SH2D1B and XIAP was 

initially assessed by analysing the phylogenetic tree based on the concatenated 

alignment of all species selected for the study (Figure 3). In general, the bootstrap values 

of the tree with all species, as well as the trees for each dataset (Figure 1S, 2S and 3S), 

show high support for the obtained topology. Almost all clades show support values 

above 70%, most above the 95% threshold considered highly reliable for ultrafast 

bootstraps [73]. When comparing with the phylogenomic tree obtained by Esselstyn et 

al. [74], the overall topology of the phylogenetic trees is similar when considering the 

mammalian orders. However, our results contrast with the species tree in several 

taxonomic lineages. In particular, the primate order appears as paraphyletic in our results 

(Figure 3). Within this order, several inconsistences can be found. The great apes’ 

lineage, for instance, does not appear as a monophyletic cluster, as it is possible to 

observe that the group composed by the branch of genus Pongo and the branch 

containing the remaining great apes does not contain all the descendants of their most 

recent common ancestor. Contrasting with the high bootstrap support, most branches 

reveal low gCF and sCF values.   

Inspecting the selective forces 

The search for signs of selection was carried out using PAML and Hyphy analyses. To 

identify sites under positive selection in the foreground species (Homo sapiens, great 

apes and primates, depending on the dataset, as described in Material and Methods), 

the CODEML branch-site model analysis was applied to both the apical branches and 

the ancestral branch (common ancestor). The statistical hypothesis testing (SHT) yielded 

non-significant (p-value for the LRT tests higher than 0.05) results across all datasets 

(Tables S6, S7 and S8). The site model analyses were applied to the background 

species (all species not selected as foreground in the branch-site analysis) of each
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Figure 3: Cladogram representation of the phylogenetic tree based on the concatenated XIAP, SH2D1A and SH2D1B 

genes, created using IQ-TREE 2.0.7 with the Maximum Likelihood method. The support values follow the order: 

bb/gCF/sCF. Bootstrap values above 70% are marked in bold. 
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dataset. Although some results showed significant signs of positive selection 

(mammalian dataset for the SH2D1B and XIAP genes, primates dataset for the SH2D1B 

gene) (Tables S9, S10 and S11), with statistically significant PSS (PP > 0.950) in the 

Bayes Empirical Bayes (BEB) analyses (Tables S12 and S13), those were not relevant 

considering the lack of significant results in the branch-site analysis.  

 

Figure 4: Schematic representation of the structure of the syntenic block of the SH2D1A and XIAP (A) genes, and 

SH2D1B gene (B). Each black line represents the block with the different genes (arrows) represented in different colours. 

Below each line is a graphical representation of the GC content along the block. In both syntenic maps, the wiggle bounds 

of the GC content are 0.2 (low), 0.4 (mid) and 0.6 (high). The numerical scale represents the number of base pairs (bp) 

in the syntenic blocks. 

The Hyphy site-model analyses were conducted for all lineages, without marking 

foreground branches, in order to analyse the overall pressures acting on the residues of 

A 

B 
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each gene. The FEL, SLAC, FUBAR and MEME tests show no sign of PSS in the great 

apes dataset. In the primate dataset, some sites under negative selection were found in 

the three genes (Tables S17, S18 and S19). In contrast, sites under positive selection 

were found only for SH2D1B (Tables S18). A similar situation occurs in the Mammalia 

dataset, for which only the XIAP gene presents a site under positive selection (Table 

S15). In all datasets, the BUSTED and RELAX analyses revealed non-significant results. 

The PhyloP and PhastCons results show a high degree of conservation of the genetic 

sequences of the three genes for the primate and Mammalia dataset (Figure S4, S5 and 

S6). 

Mapping the genes in syntenic blocks 

The syntenic block comprising the SH2D1A and XIAP genes appears to be highly 

conserved, considering the stable position of their flanking genes as well as their syntenic 

locations and orientation, especially in great apes (Figure 4A). The XIAP gene is always 

flanked by genes THOC2 and STAG2, and the SH2D1A gene appears always after the 

TXT13D gene. We highlight, however, the translocation of the XIAP gene from 

chromosome X to chromosome 13 in the species Cynocephalus volans (not shown) and 

the inversion of the whole syntenic block in the whale species Kogia breviceps. In 

contrast, the synteny of the SH2D1B gene is marked by several events of inversion and 

translocation of the syntenic block (always within autosomes), but with conservation of 

the order and the flanking genes (Figure 4B). However, the great apes show once again 

a high conservation of the chromosomal location and of the synteny of genes in this 

block. Despite the processes of inversion and chromosomal translocation, the 

homologous blocks in both syntenies show the same flaking genes especially in for the 

SH2D1A and XIAP genes.  

2.5.  Discussion 

Comparative genomics is crucial for studying gene evolution and its impact on 

phenotypic traits, including the examination of selective forces acting on a genomic level. 

Studying the selective pressures involved in genes related to T and NK cell activation 

and differentiation, such as the SH2D1A and XIAP genes, is essential since these forces 

are responsible for shaping the structure and complexity of protein domains, providing 

insights into their function and diversity over time. 

The construction of phylogenetic trees is the basis of most comparative genomic studies, 

being of great importance in understanding the evolutionary processes that shape the 
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structure and functionality of the various genes and proteins throughout their evolutionary 

history [75,76]. As described in the results section, when we compare the obtained 

phylogenetic tree (Figure 3) with a reference species tree from Esselstyn et al. [74], 

several incongruencies are found in our topology. In our phylogenetic reconstruction, 

well defined mammalian orders and families do not appear as monophyletic clades. This 

shows that our phylogeny is unable to represent the mammalian evolutionary history. 

This phenomenon is particularly noticeable in the primate order, which is represented as 

a paraphyletic clade, sharing the common ancestor with other mammalian orders. In 

addition to the order itself, various families within Primates also show differences in 

topology, such as the great apes’ group. Despite finding no evidence of saturation and 

obtaining high support values, these differences in topology are expected. While our 

reconstruction is based on the evolutionary history of just three genes, the phylogenomic 

species tree [74] uses a large amount of genomic information to generate its topology 

[77,78]. The concatenation of several genes enables an increase in the number of sites 

being analysed per species, consequently enhancing the phylogenetic signal, helping to 

overcome this problem [29]. However, each gene has its own evolutionary history, 

evolving at different rates of nucleotide substitutions and subjected to variations in 

selective pressures. The candidate genes XIAP, SH2D1A and SH2D1B have crucial 

roles in immune responses [14,26,79], which provided a particular evolutionary 

environment. In addition, XIAP and SH2D1A are located in the X chromosomes in most 

mammalian lineages [80,81] (Figure 4), which influences the evolution of the genes 

located in it due essentially to their hemizygous nature in male individuals (see Chapter 

I). The functional necessity of the X-linked genes in both sexes leads them to undergo 

stronger purifying selection (selection against deleterious mutations) than autosomal 

genes [82]. Unlike SH2D1A and XIAP, the SH2D1B gene is found on autosomes. 

Considering this, we hypothesize that the divergent evolutionary frameworks of our 

genes are mostly responsible for the inconsistencies between our phylogenetic 

reconstruction and the species tree, which is consistent with the low concordance values 

we obtained. Since gCF and sCF measure the share of gene trees containing the same 

branch and the percentage of alignment sites that support that branch [51,83], 

respectively, we can see that in the vast majority of cases, although the bootstrap values 

are high, the sCF and gCF values are quite low. This phenomenon indicates the 

existence of multiple conflicting signals caused by insufficient information and stochastic 

errors associated with it. To guarantee that the phylogenetic trees used for further 

analyses accurately represent mammalian evolution, it was necessary to construct 
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separate trees for each dataset. These individual species trees, created using TimeTree, 

were then utilized for the subsequent selection analyses. 

Given that each dataset represents a distinct clade, and each monophyletic clade is 

nested within the previous (specifically, mammals > primates > great apes), employing 

this type of “funnel” analysis for selection allows us to discern if any sites have undergone 

positive selection in the common ancestors of the lineages that lead to Homo sapiens, 

investigating putative neofunctionalizations that might have occurred in the evolution of 

Primates, Great apes or the Homo lineage. 

Looking closely at the PAML results, the three genes seem to be overall under broad 

conservation, which can be seen by the absence of significant results in the branch-site 

model when we test for our branches of interest. These results are supported by the non-

significant RELAX and BUSTED results, which seem to suggest that there were no 

remarkable changes in selective pressures in the evolution of these genes towards the 

Human lineage. Also in agreement, in the general analysis of site-models (hyphy) we 

have more signals of sites under purifying selection than PSS. In the mammalian dataset, 

each of the genes of interest has numerous sites subjected to purifying selection, while 

only a single site shows evidence of positive selection. A pattern of negative selection is 

also evident in the primate data set, with many of these sites overlapping with those in 

the mammal dataset, albeit to a lesser extent. In particular, three sites subject to positive 

selection stand out in the SH2D1B gene, located in the SH2 domain of the protein, 

responsible for binding to SLAMs, highlighting site 49 which interacts directly with CD150 

[84]. In contrast, no significant signals of selective pressures were detected in the great 

ape dataset. These findings align with the hypothesis proposed by Sackton et al. [85], 

suggesting that immune genes responsible for pathogen recognition exhibit more 

pronounced signs of positive selection compared to signal transduction molecules, which 

are more likely to undergo purifying selection. The continued purifying selection observed 

both in a general mammalian dataset and in the primates group suggests that these 

genes must have extremely important functions, in all mammals, possibly even having 

similar immune-related functions in other vertebrate groups. This conservation is also 

supported by the results of the PhyloP and PhastCons analyses (Figure S4, S5 and S6). 

These results show that, as well as being important in human health, studying these 

genes in other organisms can also be relevant to animal conservation and veterinary 

science studies. 

The genetic conservation suggested by the results of the selection analyses is also 

corroborated by the high similarity between the various primate and mammalian species 
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in the syntenic map of the SH2D1A and XIAP genes, indicating conservation of the 

genetic locations and direction of each of the genes. As for the syntenic map of the 

SH2D1B gene, although the flanking genes remain continuous in the different species, 

there is a clear occurrence of several syntenic block inversion events, altering the 

direction of the genes, as well as translocation events, clear by the changes in 

chromosome location between the different species. These evolutionary events are 

especially evident within the primate order. It may be necessary to carry out more 

extensive synteny studies, encompassing more species. To this end, genome 

sequencing using third-generation sequencing techniques, such as high-fidelity reads 

(HiFi) from Pacific Biosciences (PacBio) and ultra-long reads from Oxford Nanopore 

(ONT), which were recently used to completely sequence the human Y chromosome 

without gaps [86], would be very advantageous for comparative genomics studies. These 

technologies make it possible to obtain longer and more accurate reads, which is 

especially useful for assembling complex genomes and resolving regions that are difficult 

to sequence, such as the sex chromosomes [87–90]. 

Since the sex chromosomes do not pair with each other for most of their length, 

inversions and translocations in these inert genetic zones end up accumulating more 

frequently than in autosomal regions [91,92]. The degrees of conservation of each of the 

syntenic blocks under study expose the functional importance of the associated genes. 

Since these events can lead to functional disruption [93], natural selection can favour the 

stability of the location of genes with high importance for the functioning of the organism, 

conserving their function throughout evolutionary history. 

2.6.  Conclusion and Future Perspectives 

Genes like SH2D1A and XIAP play crucial roles in immune responses and studying the 

selective pressures that acted on them throughout evolution provides insights into protein 

domain structure and function over time. Molecular evolution and comparative genomics 

studies are important for understanding the evolutionary context and selective forces 

acting on disease-associated genes, and can shed light on their ancestral functions, how 

these may have changed over time and their functional importance. This information can 

help identify conserved regions or domains critical to their function, providing potential 

therapeutic targets. The identification of closely conserved genes that cross species 

provides potential candidates for functional studies and may help to unravel the common 

mechanisms involved in disease. 
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In general, the analyses of selection and synteny suggest significant conservation in the 

studied genes, particularly in the SH2D1A and XIAP genes located on the X 

chromosome. These show signs of stronger purifying selection than the autosomal 

SH2D1B gene. The conservation of syntenic blocks, especially on the sex 

chromosomes, shows the functional importance of the associated genes since natural 

selection favors stability in the location of genes when they are critical for the functioning 

of the organism. Possibly, the functions of these genes are ancestral and transverse to 

all mammalian groups, and perhaps to many other vertebrates. This high degree of 

continuous conservation explains severe phenotypes caused by simple nucleotide 

changes (e.g. SNPs), such as XLP.  

Although this study justifies the great severity of the mutant phenotypes in these genes, 

future studies in the area of proteomics could help to better understand the impact of 

different mutations on the development of the disease. Understanding the structural 

changes in the proteins encoded by these genes could help understand the underlying 

mechanisms of the disease in greater depth, from a molecular point of view, and could 

provide more specific therapeutic targets. 
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Appendix 
Table S1: List of primate species chosen by family for the study and respective assemblies. Genomes taken from the 

NCBI genome database [30]. 

Primates 

Family Species 
Assembly 

level 
Link 

GenBank Assembly 
name 

H
o

m
in

id
a

e
 

Human (Homo sapiens) 
GRCh38.p14 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_000001405.40/ 

GCA_000001405.29 

Chimpanzees (Pan 
troglodytes) 
Clint_PTRv2 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_002880755.1 

GCA_002880755.3 

Chimpanzees (Pan 
paniscus) 
Mhudiblu_PPA_v2 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_013052645.3/ 

GCA_013052645.3 

Gorilla (Gorilla gorilla) 
Kamilah_GGO_v0 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_008122165.1/ 

GCA_008122165.1 

Orangutan (Pongo abelli) 
Susie_PABv2 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_002880775.1/ 

GCA_002880775.3 

Bornean orangutan (Pongo 
pygmeus) 
ASM2376777v1 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_023767775.1/ 

GCA_023767775.1 

C
e
rc

o
p

it
h

e
c
id

a
e
 

Rhesus monkey (Macaca 
mulatta) 
Mmul_10 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_003339765.1/ 

GCA_003339765.3 

Gelada (Theropithecus 
gelada) 
Tgel_1.0 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_003255815.1/ 

GCA_003255815.1 

Green monkey 
(Chlorocebus sabaeus) 
Chlorocebus_sabeus 1.1 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_000409795.2/ 

GCA_000409795.2 

Mantled guereza (Colobus 
guereza) 
ASM2149845v1 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_021498455.1/ 

GCA_021498455.1 

Proboscis monkey (Nasalis 
larvatus) 
Charlie1.0 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_000772465.1/ 

GCA_000772465.1 

Golden snub-nosed 
monkey (Rhinopithecus 
roxellana) 
ASM756505v1 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_007565055.1/ 

GCA_007565055.1 

C
e
b

id
a

e
 

White-tufted-ear marmoset 
(Callithrix jacchus) 
Callithrix_jacchus_cj1700_1.1 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_009663435.1/ 

GCA_009663435.2 

Tufted capuchin (Sapajus 
apella) 
GSC_monkey_1.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_009761245.1/ 

GCA_009761245.1 

White-fronted capuchin 
(Cebus albifrons) 
CebAlb_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004027755.1/ 

GCA_004027755.1 

Panamanian white-faced 
capuchin (Cebus imitator) 
Cebus_imitator-1.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_001604975.1/ 

GCA_001604975.1 

Bolivian squirrel monkey 
(Saimiri boliviensis) 
BCM_Sbol_2.1 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_016699345.2/ 

GCA_016699345.2 

Tamarin (Saguinus 
imperator) 
SagImp_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004024885.1/ 

GCA_004024885.1 

II 

https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000001405.40/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000001405.40/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_002880755.1
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_002880755.1
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_013052645.3/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_013052645.3/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_008122165.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_008122165.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_002880775.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_002880775.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023767775.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023767775.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_003339765.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_003339765.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_003255815.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_003255815.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000409795.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000409795.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_021498455.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_021498455.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_000772465.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_000772465.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_007565055.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_007565055.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_009663435.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_009663435.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_009761245.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_009761245.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027755.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027755.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_001604975.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_001604975.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016699345.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016699345.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004024885.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004024885.1/
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Continuation of Table S1 

Primates 

Family Species Assembly level Link 
GenBank 

Assembly name 

C
h

e
ir

o
g

a
le

id
a

e
) 

Microcebus tavaratra 
Mtav_1.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_008750935.1/ 

GCA_008750935.1 

Gray mouse lemur 
(Microcebus murinus) 
Mmur_3.0 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_000165445.2/ 

GCA_000165445.3 

Microcebus ravelobensis 
Mrav_1.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_008750975.1/ 

GCA_008750975.1 

Mittermeier's mouse lemur 
(Microcebus mittermeieri) 
Mmit_1.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_008750955.1/ 

GCA_008750955.1 

Lesser dwarf lemur 
(Cheirogaleus medius) 
CheMed_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004024725.1/ 

GCA_004024725.1 

Coquerel's mouse lemur 
(Mirza coquereli) 
MizCoq_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004024645.1/ 

GCA_004024645.1 

L
e

m
u

ri
d

a
e
 

Greater bamboo lemur 
(Prolemur simus) 
Prosim_1.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_003258685.1/ 

GCA_003258685.1 

Black lemur (Eulemur 
macaco) 
Emacaco_refEf_BWA_oneroun
d 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_001262655.1/ 

GCA_001262655.1 

Sclater's lemur (Eulemur 
flavifrons) 
Eflavifronsk33QCA 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_001262665.1/ 

GCA_001262665.1 

Brown lemur (Eulemur 
fulvus) 
EulFul_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004027275.1/ 

GCA_004027275.1 

Ring-tailed lemur (Lemur 
catta) 
mLemCat1.pri 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_020740605.2/ 

GCA_020740605.1 

H
y
lo

b
a

ti
d

a
e
 

Siamang (Symphalangus 
syndactylus) 
ASM2376113v1 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_023761135.1/ 

GCA_023761135.1 

Pileated gibbon (Hylobates 
pileatus) 
ASM2149846v1 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_021498465.1/ 

GCA_021498465.1 

Silvery gibbon (Hylobates 
moloch) 
HMol_V2 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_009828535.3/ 

GCA_009828535.3 

Southern white-cheeked 
gibbon (Nomascus siki) 
ASM2378306v1 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_023783065.1/ 

GCA_023783065.1 

Northern white-cheeked 
gibbon (Nomascus 
leucogenys) 
Asia_NLE_v1 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_006542625.1/ 

GCA_006542625.1 

Eastern hoolock gibbon 
(Hoolock leuconedys) 
ASM2374817v1 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_023748175.1/ 

GCA_023748175.1 

 

 

https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_008750935.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_008750935.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000165445.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000165445.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_008750975.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_008750975.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_008750955.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_008750955.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004024725.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004024725.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004024645.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004024645.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_003258685.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_003258685.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_001262655.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_001262655.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_001262665.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_001262665.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027275.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027275.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_020740605.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_020740605.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023761135.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023761135.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_021498465.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_021498465.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_009828535.3/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_009828535.3/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023783065.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023783065.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_006542625.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_006542625.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023748175.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023748175.1/
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Continuation of Table S1 

Primates 

Family Species 
Assembly 

level 
Link 

GenBank Assembly 
name 

L
o

ri
s
id

a
e
 

Slender loris (Loris 
tardigradus) 
ASM2378313v1 

Contig 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_023783135.1/ 

GCA_023783135.1 

Slow loris (Nycticebus 
coucang) 
mNycCou1.pri 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_027406575.1/ 

GCA_027406575.1 

Bengal slow loris 
(Nycticebus bengalensis) 
ASM2389825v1 

Chromosome 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_023898255.1/ 

GCA_023898255.1 

A
te

li
d

a
e
 

Mantled howler monkey 
(Alouatta palliata) 
AloPal_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004027835.1/ 

GCA_004027835.1 

Black-handed spider 
monkey (Ateles geoffroyi) 
AteGeo_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004024785.1/ 

GCA_004024785.1 

Brown spider monkey 
(Ateles hybridus) 
ORGONE_01 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_916098195.1/ 

GCA_916098195.1 

D
a
u

b
e

n
to

n
ii
d

a
e
 

Aye-aye (Daubentonia 
madagascariensis) 
DauMad_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004027145.1/ 

GCA_004027145.1 

P
it

h
e

c
ii
d

a
e
 White-faced saki (Pithecia 

pithecia) 
PitPit_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004026645.1/ 

GCA_004026645.1 

Bolivian titi (Plecturocebus 
donacophilus) 
CalDon_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004027715.1/ 

GCA_004027715.1 

T
a

rs
ii

d
a

e
 

Philippine tarsier (Carlito 
syrichta) 
Tarsius_syrichta-2.0.1 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_000164805.1/ 

GCA_000164805.2 

Horsfield's tarsier 
(Cephalopachus bancanus) 
ASM2725705v1 

Contig 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_027257055.1/ 

GCA_027257055.1 

In
d

ri
id

a
e
 

Coquerel's sifaka 
(Propithecus coquereli) 
Pcoq_1.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_000956105.1/ 

GCA_000956105.1 

Indri indri 
IndInd_v1_BIUU 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_004363605.1/ 

GCA_004363605.1 

 G
a
la

g
id

a
e
 Small-eared galago 

(Otolemur garnettii) 
OtoGar3 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_000181295.1/ 

GCA_000181295.3 

Moholi bushbaby (Galago 
moholi) 
ASM2378343v1 

Contig 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCA_023783435.1/ 

GCA_023783435.1 

A
o

ti
d

a
e
 

Ma's night monkey (Aotus 
nancymaae) 
Anan_2.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data-
hub/genome/GCF_000952055.2/ 

GCA_000952055.2 

 

 

II 

https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023783135.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023783135.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_027406575.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_027406575.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023898255.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023898255.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027835.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027835.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004024785.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004024785.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_916098195.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_916098195.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027145.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027145.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004026645.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004026645.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027715.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004027715.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000164805.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000164805.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_027257055.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_027257055.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000956105.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000956105.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004363605.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004363605.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000181295.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000181295.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023783435.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023783435.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000952055.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000952055.2/
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Table S2: List of mammalian species chosen by order for the study and respective assemblies. Genomes taken from the 

NCBI genome database [30]. 

Mammalian 

Order Species 
Assembly 

level 
Link 

GenBank Assembly 
name 

Afrosoricida 

Small madagascar 
hedgehog (Echinops 
telfairi) 
ASM31398v2 

Scaffold 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_000313985.2/ 

 
GCA_000313985.2 

Monotremata 

Platypus 
(Ornithorhynchus 
anatinus) 
mOrnAna1.pri.v4 

Chromosome 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_004115215.2/ 

GCA_004115215.4 

 Carnivora 
Dog (Canis lupus 
familiaris) 
ROS_Cfam_1.0 

Chromosome 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_014441545.1/ 

GCA_014441545.1 

Dasyuromorphi
a 

Yellow-footed 
antechinus 
(Antechinus flavipes) 
AdamAnt_v2 

Chromosome 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_016432865.1/ 

GCA_016432865.2 

Macroscelidea 

Long-eared elephant 
shrews (Elephantulus 
edwardii) 
EleEdw1.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_000299155.1/ 

GCA_000299155.1 

Hyracoidea 

Cape rock hyrax 
(Procavia capensis) 
ProCapCap_v3_BIUU_
UCD 

Scaffold 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCA_004026925.3/ 

GCA_004026925.3 

Didelphimorphia 

Agile gracile mouse 
opossum 
(Gracilinanus agilis) 
AgileGrace 

Chromosome 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_016433145.1/ 

GCA_016433145.1 

 Sirenia 
Dugong (Dugong 
dugon) 
Dugong 

Scaffold 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCA_905400935.1/ 

GCA_905400935.1 

Scandentia 
Large tree shrew 
(Tupaia tana) 
mTupTan1 

Scaffold 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCA_026018925.1/ 

GCA_026018925.1 

Eulipotyphla 

White-toothed pygmy 
shrew (Suncus 
etruscus) 
mSunEtr1.pri.cur 

Chromosome 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_024139225.1/ 

GCA_024139225.1 

Tubulidentata 

Aardvark 
(Orycteropus afer 
afer) 
OryAfe1.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_000298275.1/ 

GCA_000298275.1 

Chiroptera 

Pallid bat (Antrozous 
pallidus) 
DD_ASM_mAP_20210
503 

Chromosome 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCA_027563665.1/ 

 
GCA_027563665.1 

Diprotodontia 

Woylie (Bettongia 
penicillata ogilbyi) 
mBetpen1.pri.2021091
6 

Chromosome 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCA_023548195.1/ 

GCA_023548195.1 

Perissodactyla 
Donkey (Equus 
asinus) 
ASM1607732v2 

Chromosome 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_016077325.2/ 

GCA_016077325.2 

Artiodactyla 
Pygmy sperm whale 
(Kogia breviceps) 
mKogBre1 haplotype 1 

Chromosome 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCA_026419965.1/ 

GCA_026419965.1 

Pholidota 
Malayan pangolin 
(Manis javanica) 
YNU_ManJav_2.0 

Scaffold 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCF_014570535.1/ 

GCA_014570535.1 

Cingulata 
Tolypeutes matacus 
mTolMat1 

Scaffold 
https://www.ncbi.nlm.nih.gov/data

-
hub/genome/GCA_026826555.1/ 

GCA_026826555.1 

 

 

https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000313985.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000313985.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000313985.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_004115215.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_004115215.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_004115215.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_014441545.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_014441545.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_014441545.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016432865.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016432865.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016432865.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000299155.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000299155.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000299155.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004026925.3/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004026925.3/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_004026925.3/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016433145.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016433145.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016433145.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_905400935.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_905400935.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_905400935.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_026018925.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_026018925.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_026018925.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_024139225.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_024139225.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_024139225.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000298275.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000298275.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_000298275.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_027563665.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_027563665.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_027563665.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023548195.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023548195.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023548195.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016077325.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016077325.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_016077325.2/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_026419965.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_026419965.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_026419965.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_014570535.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_014570535.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_014570535.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_026826555.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_026826555.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_026826555.1/
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Continuation of Table S2 

Mammalian 

Order Species 
Assembly 

level 
Link 

GenBank Assembly 
name 

Proboscidea 

Asiatic elephant 
(Elephas maximus 
indicus) 
mEleMax1 primary 
haplotype 

Chromosome 
https://www.ncbi.nlm.nih.gov/data
-hub/genome/GCF_024166365.1/ 

GCA_024166365.1 

Rodentia 
European woodmouse 
(Apodemus sylvaticus) 
mApoSyl1.1 

Chromosome 
https://www.ncbi.nlm.nih.gov/data
-hub/genome/GCF_947179515.1/ 

GCA_947179515.1 

Microbiotheria 
Monito del monte 
(Dromiciops gliroides) 
mDroGli1.pri 

Chromosome 
https://www.ncbi.nlm.nih.gov/data
-hub/genome/GCF_019393635.1/ 

GCA_019393635.1 

Dermoptera 
Philippine flying lemur 
(Cynocephalus volans) 
mCynVol1.pri 

Chromosome 
https://www.ncbi.nlm.nih.gov/data
-hub/genome/GCA_027409185.1/ 

GCA_027409185.1 

Pilosa 

Southern tamandua 
(Tamandua 
tetradactyla) 
mTamTet1.pri 

Chromosome 
https://www.ncbi.nlm.nih.gov/data
-hub/genome/GCA_023851605.1/ 

GCA_023851605.1 

Lagomorpha 
Rabbit (Oryctolagus 
cuniculus) 
UM_NZW_1.0 

Chromosome 
https://www.ncbi.nlm.nih.gov/data
-hub/genome/GCF_009806435.1/ 

GCA_009806435.2 

 

Table S3: List of species by dataset for each gene. Green blocks mean the presence of the species in the dataset. Orange 

blocks mean that the species is the outgroup of the dataset. 

 

 

 

GA P M GA P M GA P M

Small madagascar hedgehog (Echinops telfairi )

ASM31398v2

Agile gracile mouse opossum (Gracilinanus agilis )

AgileGrace

Platypus (Ornithorhynchus anatinus )

mOrnAna1.pri.v4

Dog (Canis lupus familiaris )

ROS_Cfam_1.0

Yellow-footed antechinus (Antechinus flavipes )

AdamAnt_v2

Cape rock hyrax (Procavia capensis )

ProCapCap_v3_BIUU_UCD

Dugong (Dugong dugon )

Dugong

Large tree shrew (Tupaia tana )

mTupTan1

White-toothed pygmy shrew (Suncus etruscus )

mSunEtr1.pri.cur

Aardvark (Orycteropus afer afer )

OryAfe1.0

Long-eared elephant shrews (Elephantulus edwardii )

EleEdw1.0

Pallid bat (Antrozous pallidus )

DD_ASM_mAP_20210503

Woylie (Bettongia penicillata ogilbyi )

mBetpen1.pri.20210916

Donkey (Equus asinus )

ASM1607732v2

Pygmy sperm whale (Kogia breviceps )

mKogBre1 haplotype 1

Malayan pangolin (Manis javanica )

YNU_ManJav_2.0

Tolypeutes matacus

mTolMat1

Asiatic elephant (Elephas maximus indicus )

mEleMax1 primary haplotype

XIAP  gene
Species

SH2D1A  gene SH2D1B  gene

II 

https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_024166365.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_024166365.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_947179515.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_947179515.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_019393635.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_019393635.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_027409185.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_027409185.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023851605.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCA_023851605.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_009806435.1/
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_009806435.1/
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Continuation of Table S3 

 

Asiatic elephant (Elephas maximus indicus )

mEleMax1 primary haplotype

European woodmouse (Apodemus sylvaticus )

mApoSyl1.1

Monito del monte (Dromiciops gliroides )

mDroGli1.pri

Philippine flying lemur (Cynocephalus volans )

mCynVol1.pri

Southern tamandua (Tamandua tetradactyla )

mTamTet1.pri

Rabbit (Oryctolagus cuniculus )

UM_NZW_1.0

Rhesus monkey (Macaca mulatta )

Mmul_10

Brown spider monkey (Ateles hybridus )

ORGONE_01

Microcebus tavaratra

Mtav_1.0

Gray mouse lemur (Microcebus murinus )

Mmur_3.0

White-fronted capuchin (Cebus albifrons )

CebAlb_v1_BIUU

Gelada (Theropithecus gelada )

Tgel_1.0

Green monkey (Chlorocebus sabaeus )

Chlorocebus_sabeus 1.1

Mantled guereza (Colobus guereza )

ASM2149845v1

Proboscis monkey (Nasalis larvatus )

Charlie1.0

Golden snub-nosed monkey (Rhinopithecus 

roxellana )

ASM756505v1

White-tufted-ear marmoset (Callithrix jacchus )

Callithrix_jacchus_cj1700_1.1

Tufted capuchin (Sapajus apella )

GSC_monkey_1.0

Panamanian white-faced capuchin (Cebus imitator )

Cebus_imitator-1.0

Bolivian squirrel monkey (Saimiri boliviensis )

BCM_Sbol_2.1

Tamarin (Saguinus imperator )

SagImp_v1_BIUU

Microcebus ravelobensis

Mrav_1.0

Mittermeier's mouse lemur (Microcebus mittermeieri )

Mmit_1.0

Lesser dwarf lemur (Cheirogaleus medius )

CheMed_v1_BIUU

Coquerel's mouse lemur (Mirza coquereli )

MizCoq_v1_BIUU

Greater bamboo lemur (Prolemur simus )

Prosim_1.0

Black lemur (Eulemur macaco )

Emacaco_refEf_BWA_oneround

Sclater's lemur (Eulemur flavifrons )

Eflavifronsk33QCA

Brown lemur (Eulemur fulvus )

EulFul_v1_BIUU

Ring-tailed lemur (Lemur catta )

mLemCat1.pri

Siamang (Symphalangus syndactylus )

ASM2376113v1

Pileated gibbon (Hylobates pileatus )

ASM2149846v1

Silvery gibbon (Hylobates moloch )

HMol_V2

Southern white-cheeked gibbon (Nomascus siki )

ASM2378306v1

Northern white-cheeked gibbon (Nomascus 

leucogenys )

Asia_NLE_v1

Eastern hoolock gibbon (Hoolock leuconedys )

ASM2374817v1

Slender loris (Loris tardigradus )

ASM2378313v1

Slow loris (Nycticebus coucang )

mNycCou1.pri

Bengal slow loris (Nycticebus bengalensis )

ASM2389825v1

Mantled howler monkey (Alouatta palliata )

AloPal_v1_BIUU

Black-handed spider monkey (Ateles geoffroyi )

AteGeo_v1_BIUU

Aye-aye (Daubentonia madagascariensis )

DauMad_v1_BIUU

White-faced saki (Pithecia pithecia )

PitPit_v1_BIUU

Bolivian titi (Plecturocebus donacophilus )

CalDon_v1_BIUU

Philippine tarsier (Carlito syrichta )

Tarsius_syrichta-2.0.1

Horsfield's tarsier (Cephalopachus bancanus )

ASM2725705v1

Coquerel's sifaka (Propithecus coquereli )

Pcoq_1.0

Indri indri

IndInd_v1_BIUU

Small-eared galago (Otolemur garnettii )

OtoGar3

Moholi bushbaby (Galago moholi )

ASM2378343v1

Ma's night monkey (Aotus nancymaae )

Anan_2.0

Human (Homo sapiens)

GRCh38.p14

Chimpanzees (Pan troglodytes )

Clint_PTRv2

Chimpanzees (Pan paniscus )

Mhudiblu_PPA_v2

Gorilla (Gorilla gorilla )

Kamilah_GGO_v0

Orangutan (Pongo abelli )

Susie_PABv2

Bornean orangutan (Pongo pygmeus )

ASM2376777v1

GA P M GA P M GA P M

Small madagascar hedgehog (Echinops telfairi )

ASM31398v2

Agile gracile mouse opossum (Gracilinanus agilis )

AgileGrace

Platypus (Ornithorhynchus anatinus )

mOrnAna1.pri.v4

Dog (Canis lupus familiaris )

ROS_Cfam_1.0

Yellow-footed antechinus (Antechinus flavipes )

AdamAnt_v2

Cape rock hyrax (Procavia capensis )

ProCapCap_v3_BIUU_UCD

Dugong (Dugong dugon )

Dugong

Large tree shrew (Tupaia tana )

mTupTan1

White-toothed pygmy shrew (Suncus etruscus )

mSunEtr1.pri.cur

Aardvark (Orycteropus afer afer )

OryAfe1.0

Long-eared elephant shrews (Elephantulus edwardii )

EleEdw1.0

Pallid bat (Antrozous pallidus )

DD_ASM_mAP_20210503

Woylie (Bettongia penicillata ogilbyi )

mBetpen1.pri.20210916

Donkey (Equus asinus )

ASM1607732v2

Pygmy sperm whale (Kogia breviceps )

mKogBre1 haplotype 1

Malayan pangolin (Manis javanica )

YNU_ManJav_2.0

Tolypeutes matacus

mTolMat1

Asiatic elephant (Elephas maximus indicus )

mEleMax1 primary haplotype

XIAP  gene
Species

SH2D1A  gene SH2D1B  gene

GA P M GA P M GA P M

Small madagascar hedgehog (Echinops telfairi )

ASM31398v2

Agile gracile mouse opossum (Gracilinanus agilis )

AgileGrace

Platypus (Ornithorhynchus anatinus )

mOrnAna1.pri.v4

Dog (Canis lupus familiaris )

ROS_Cfam_1.0

Yellow-footed antechinus (Antechinus flavipes )

AdamAnt_v2

Cape rock hyrax (Procavia capensis )

ProCapCap_v3_BIUU_UCD

Dugong (Dugong dugon )

Dugong

Large tree shrew (Tupaia tana )

mTupTan1

White-toothed pygmy shrew (Suncus etruscus )

mSunEtr1.pri.cur

Aardvark (Orycteropus afer afer )

OryAfe1.0

Long-eared elephant shrews (Elephantulus edwardii )

EleEdw1.0

Pallid bat (Antrozous pallidus )

DD_ASM_mAP_20210503

Woylie (Bettongia penicillata ogilbyi )

mBetpen1.pri.20210916

Donkey (Equus asinus )

ASM1607732v2

Pygmy sperm whale (Kogia breviceps )

mKogBre1 haplotype 1

Malayan pangolin (Manis javanica )

YNU_ManJav_2.0

Tolypeutes matacus

mTolMat1

Asiatic elephant (Elephas maximus indicus )

mEleMax1 primary haplotype

XIAP  gene
Species

SH2D1A  gene SH2D1B  gene
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Asiatic elephant (Elephas maximus indicus )

mEleMax1 primary haplotype

European woodmouse (Apodemus sylvaticus )

mApoSyl1.1

Monito del monte (Dromiciops gliroides )

mDroGli1.pri

Philippine flying lemur (Cynocephalus volans )

mCynVol1.pri

Southern tamandua (Tamandua tetradactyla )

mTamTet1.pri

Rabbit (Oryctolagus cuniculus )

UM_NZW_1.0

Rhesus monkey (Macaca mulatta )

Mmul_10

Brown spider monkey (Ateles hybridus )

ORGONE_01

Microcebus tavaratra

Mtav_1.0

Gray mouse lemur (Microcebus murinus )

Mmur_3.0

White-fronted capuchin (Cebus albifrons )

CebAlb_v1_BIUU

Gelada (Theropithecus gelada )

Tgel_1.0

Green monkey (Chlorocebus sabaeus )

Chlorocebus_sabeus 1.1

Mantled guereza (Colobus guereza )

ASM2149845v1

Proboscis monkey (Nasalis larvatus )

Charlie1.0

Golden snub-nosed monkey (Rhinopithecus 

roxellana )

ASM756505v1

White-tufted-ear marmoset (Callithrix jacchus )

Callithrix_jacchus_cj1700_1.1

Tufted capuchin (Sapajus apella )

GSC_monkey_1.0

Panamanian white-faced capuchin (Cebus imitator )

Cebus_imitator-1.0

Bolivian squirrel monkey (Saimiri boliviensis )

BCM_Sbol_2.1

Tamarin (Saguinus imperator )

SagImp_v1_BIUU

Microcebus ravelobensis

Mrav_1.0

Mittermeier's mouse lemur (Microcebus mittermeieri )

Mmit_1.0

Lesser dwarf lemur (Cheirogaleus medius )

CheMed_v1_BIUU

Coquerel's mouse lemur (Mirza coquereli )

MizCoq_v1_BIUU

Greater bamboo lemur (Prolemur simus )

Prosim_1.0

Black lemur (Eulemur macaco )

Emacaco_refEf_BWA_oneround

Sclater's lemur (Eulemur flavifrons )

Eflavifronsk33QCA

Brown lemur (Eulemur fulvus )

EulFul_v1_BIUU

Ring-tailed lemur (Lemur catta )

mLemCat1.pri

Siamang (Symphalangus syndactylus )

ASM2376113v1

Pileated gibbon (Hylobates pileatus )

ASM2149846v1

Silvery gibbon (Hylobates moloch )

HMol_V2

Southern white-cheeked gibbon (Nomascus siki )

ASM2378306v1

Northern white-cheeked gibbon (Nomascus 

leucogenys )

Asia_NLE_v1

Eastern hoolock gibbon (Hoolock leuconedys )

ASM2374817v1

Slender loris (Loris tardigradus )

ASM2378313v1

Slow loris (Nycticebus coucang )

mNycCou1.pri

Bengal slow loris (Nycticebus bengalensis )

ASM2389825v1

Mantled howler monkey (Alouatta palliata )

AloPal_v1_BIUU

Black-handed spider monkey (Ateles geoffroyi )

AteGeo_v1_BIUU

Aye-aye (Daubentonia madagascariensis )

DauMad_v1_BIUU

White-faced saki (Pithecia pithecia )

PitPit_v1_BIUU

Bolivian titi (Plecturocebus donacophilus )

CalDon_v1_BIUU

Philippine tarsier (Carlito syrichta )

Tarsius_syrichta-2.0.1

Horsfield's tarsier (Cephalopachus bancanus )

ASM2725705v1

Coquerel's sifaka (Propithecus coquereli )

Pcoq_1.0

Indri indri

IndInd_v1_BIUU

Small-eared galago (Otolemur garnettii )

OtoGar3

Moholi bushbaby (Galago moholi )

ASM2378343v1

Ma's night monkey (Aotus nancymaae )

Anan_2.0

Human (Homo sapiens)

GRCh38.p14

Chimpanzees (Pan troglodytes )

Clint_PTRv2

Chimpanzees (Pan paniscus )

Mhudiblu_PPA_v2

Gorilla (Gorilla gorilla )

Kamilah_GGO_v0

Orangutan (Pongo abelli )

Susie_PABv2

Bornean orangutan (Pongo pygmeus )

ASM2376777v1

GA P M GA P M GA P M

Small madagascar hedgehog (Echinops telfairi )

ASM31398v2

Agile gracile mouse opossum (Gracilinanus agilis )

AgileGrace

Platypus (Ornithorhynchus anatinus )

mOrnAna1.pri.v4

Dog (Canis lupus familiaris )

ROS_Cfam_1.0

Yellow-footed antechinus (Antechinus flavipes )

AdamAnt_v2

Cape rock hyrax (Procavia capensis )

ProCapCap_v3_BIUU_UCD

Dugong (Dugong dugon )

Dugong

Large tree shrew (Tupaia tana )

mTupTan1

White-toothed pygmy shrew (Suncus etruscus )

mSunEtr1.pri.cur

Aardvark (Orycteropus afer afer )

OryAfe1.0

Long-eared elephant shrews (Elephantulus edwardii )

EleEdw1.0

Pallid bat (Antrozous pallidus )

DD_ASM_mAP_20210503

Woylie (Bettongia penicillata ogilbyi )

mBetpen1.pri.20210916

Donkey (Equus asinus )

ASM1607732v2

Pygmy sperm whale (Kogia breviceps )

mKogBre1 haplotype 1

Malayan pangolin (Manis javanica )

YNU_ManJav_2.0

Tolypeutes matacus

mTolMat1

Asiatic elephant (Elephas maximus indicus )

mEleMax1 primary haplotype

XIAP  gene
Species

SH2D1A  gene SH2D1B  gene

II 
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  GA – Great Apes dataset | P – Primates dataset | M – Mammalia dataset 

Coquerel's mouse lemur (Mirza coquereli )

MizCoq_v1_BIUU

Greater bamboo lemur (Prolemur simus )

Prosim_1.0

Black lemur (Eulemur macaco )

Emacaco_refEf_BWA_oneround

Sclater's lemur (Eulemur flavifrons )

Eflavifronsk33QCA

Brown lemur (Eulemur fulvus )

EulFul_v1_BIUU

Ring-tailed lemur (Lemur catta )

mLemCat1.pri

Siamang (Symphalangus syndactylus )

ASM2376113v1

Pileated gibbon (Hylobates pileatus )

ASM2149846v1

Silvery gibbon (Hylobates moloch )

HMol_V2

Southern white-cheeked gibbon (Nomascus siki )

ASM2378306v1

Northern white-cheeked gibbon (Nomascus 

leucogenys )

Asia_NLE_v1

Eastern hoolock gibbon (Hoolock leuconedys )

ASM2374817v1

Slender loris (Loris tardigradus )

ASM2378313v1

Slow loris (Nycticebus coucang )

mNycCou1.pri

Bengal slow loris (Nycticebus bengalensis )

ASM2389825v1

Mantled howler monkey (Alouatta palliata )

AloPal_v1_BIUU

Black-handed spider monkey (Ateles geoffroyi )

AteGeo_v1_BIUU

Aye-aye (Daubentonia madagascariensis )

DauMad_v1_BIUU

White-faced saki (Pithecia pithecia )

PitPit_v1_BIUU

Bolivian titi (Plecturocebus donacophilus )

CalDon_v1_BIUU

Philippine tarsier (Carlito syrichta )

Tarsius_syrichta-2.0.1

Horsfield's tarsier (Cephalopachus bancanus )

ASM2725705v1

Coquerel's sifaka (Propithecus coquereli )

Pcoq_1.0

Indri indri

IndInd_v1_BIUU

Small-eared galago (Otolemur garnettii )

OtoGar3

Moholi bushbaby (Galago moholi )

ASM2378343v1

Ma's night monkey (Aotus nancymaae )

Anan_2.0

Human (Homo sapiens)

GRCh38.p14

Chimpanzees (Pan troglodytes )

Clint_PTRv2

Chimpanzees (Pan paniscus )

Mhudiblu_PPA_v2

Gorilla (Gorilla gorilla )

Kamilah_GGO_v0

Orangutan (Pongo abelli )

Susie_PABv2

Bornean orangutan (Pongo pygmeus )

ASM2376777v1

GA P M GA P M GA P M

Small madagascar hedgehog (Echinops telfairi )

ASM31398v2

Agile gracile mouse opossum (Gracilinanus agilis )

AgileGrace

Platypus (Ornithorhynchus anatinus )

mOrnAna1.pri.v4

Dog (Canis lupus familiaris )

ROS_Cfam_1.0

Yellow-footed antechinus (Antechinus flavipes )

AdamAnt_v2

Cape rock hyrax (Procavia capensis )

ProCapCap_v3_BIUU_UCD

Dugong (Dugong dugon )

Dugong

Large tree shrew (Tupaia tana )

mTupTan1

White-toothed pygmy shrew (Suncus etruscus )

mSunEtr1.pri.cur

Aardvark (Orycteropus afer afer )

OryAfe1.0

Long-eared elephant shrews (Elephantulus edwardii )

EleEdw1.0

Pallid bat (Antrozous pallidus )

DD_ASM_mAP_20210503

Woylie (Bettongia penicillata ogilbyi )

mBetpen1.pri.20210916

Donkey (Equus asinus )

ASM1607732v2

Pygmy sperm whale (Kogia breviceps )

mKogBre1 haplotype 1

Malayan pangolin (Manis javanica )

YNU_ManJav_2.0

Tolypeutes matacus

mTolMat1

Asiatic elephant (Elephas maximus indicus )

mEleMax1 primary haplotype

XIAP  gene
Species

SH2D1A  gene SH2D1B  gene

Ma's night monkey (Aotus nancymaae )

Anan_2.0

Human (Homo sapiens)

GRCh38.p14

Chimpanzees (Pan troglodytes )

Clint_PTRv2

Chimpanzees (Pan paniscus )

Mhudiblu_PPA_v2

Gorilla (Gorilla gorilla )

Kamilah_GGO_v0

Orangutan (Pongo abelli )

Susie_PABv2

Bornean orangutan (Pongo pygmeus )

ASM2376777v1
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Table S6: Statistical hypothesis testing (SHT) of the branch-site model analysis of great apes dataset, performed by the PAML program package. 

ki Model code np (SC0) fg ω (SC0) bg ω (SC0) p (SC1) fg ω (SC1) bg ω (SC1) p (SC2a) fg ω (SC2a) bg ω (SC2a) p (SC2b) fg ω (SC2b) bg ω (SC2b) p Tree length k Lnl Model vs Model LRT DF P-Value

Alt 14 0,07399 0,07399 1,00000 1,00000 1,00000 0,00000 3,09638 0,07399 0,00000 3,09638 1,00000 0,00000 0,04772 3,37408 -560,068167

Null 13 0,07399 0,07399 1,00000 1,00000 1,00000 0,00000 1,00000 0,07399 0,00000 1,00000 1,00000 0,00000 0,04772 3,37408 -560,068167

Alt 14 0,07399 0,07399 0,99999 1,00000 1,00000 0,00001 2,74702 0,07399 0,00001 2,74702 1,00000 0,00000 0,04772 3,37410 -560,068167

Null 13 0,07399 0,07399 0,99999 1,00000 1,00000 0,00000 1,00000 0,07399 0,00001 1,00000 1,00000 0,00000 0,04772 3,37406 -560,068167

Alt 14 0,07399 0,07399 1,00000 1,00000 1,00000 0,00000 2,75002 0,07399 0,00000 2,75002 1,00000 0,00000 0,04772 3,37408 -560,068167

Null 13 0,07399 0,07399 0,99999 1,00000 1,00000 0,00000 1,00000 0,07399 0,00001 1,00000 1,00000 0,00000 0,04772 3,37408 -560,068167

Alt 14 0,93103 0,93103 0,99781 1,00000 1,00000 0,00219 1,00000 0,93103 0,00000 1,00000 1,00000 0,00000 0,08344 18,6837 -604,602077

Null 13 0,93100 0,93100 0,99729 1,00000 1,00000 0,00270 1,00000 0,93100 0,00001 1,00000 1,00000 0,00000 0,08344 18,6838 -604,602078

Alt 14 0,93117 0,93117 1,00000 1,00000 1,00000 0,00000 1,00000 0,93117 0,00000 1,00000 1,00000 0,00000 0,08344 18,6836 -604,602076

Null 13 0,93116 0,93116 1,00000 1,00000 1,00000 0,00000 1,00000 0,93116 0,00000 1,00000 1,00000 0,00000 0,08344 18,6835 -604,602076

Alt 14 0,93116 0,93116 1,00000 1,00000 1,00000 0,00000 1,00000 0,93116 0,00000 1,00000 1,00000 0,00000 0,08344 18,6833 -604,602076

Null 13 0,93116 0,93116 1,00000 1,00000 1,00000 0,00000 1,00000 0,93116 0,00000 1,00000 1,00000 0,00000 0,08344 18,6837 -604,602076

Alt 14 0,19002 0,19002 0,00000 1,00000 1,00000 0,00000 79,8854 0,19002 1,00000 79,8854 1,00000 0,00000 0,02696 2,25048 -2082,76278

Null 13 0,18913 0,18913 0,00000 1,00000 1,00000 0,00000 1,00000 0,18913 0,99998 1,00000 1,00000 0,00002 0,02699 2,20963 -2082,99527

Alt 14 0,18999 0,18999 0,00000 1,00000 1,00000 0,00000 73,7108 0,18999 1,00000 73,7108 1,00000 0,00000 0,02696 2,24978 -2082,76306

Null 13 0,18920 0,18920 0,00000 1,00000 1,00000 0,00000 1,00000 0,18920 1,00000 1,00000 1,00000 0,00000 0,02699 2,21080 -2082,99527

Alt 14 0,19000 0,19000 0,00000 1,00000 1,00000 0,00001 999,000 0,19000 1,00000 999,000 1,00000 0,00000 0,02696 2,25049 -2082,75971

Null 13 0,18920 0,18920 0,00000 1,00000 1,00000 0,00000 1,00000 0,18920 1,00000 1,00000 1,00000 0,00000 0,02699 2,21079 -2082,99527

Genes
Statistical hypothesis testing (SHT)

S
H

2
D

1
A

0,2 Alt vs Null 0,000 1 1,000

2 Alt vs Null 0,000 1 1,000

5 Alt vs Null 0,000 1 1,000

1,000

2 Alt vs Null 0,000 1

S
H

2
D

1
B

0,2 Alt vs Null 0,000 1

1,000

5 Alt vs Null 0,000 1 1,000

0,495

2 Alt vs Null 0,464 1

X
IA

P

0,2 Alt vs Null 0,465 1

0,496

5 Alt vs Null 0,471 1 0,493

ki - Inicial kappa value; k - Kappa; LRT - Likelihood-ratio test; np - Number of parameters; DF - Degrees of freedom; SC - Site classes; fg - Foreground; bg - Background; p - Proportion and ω – Ratio 

of non-synonymous/synonymous substitutions ratio 
 

Table S4: Homo sapiens protein sequences from the UniProt database used as queries for synteny analyses. 

SH2D1A SH2D1B XIAP THOC2 STAG2 TXT13D UHMK1 C1orf226

Homo sapiens O60880 O14796 P98170 Q8NI27 Q8N3U4 A0A0J9YY54 Q8TAS1 A1L170

Species
Genes

Table S5: Saturation signature values resulting from Xia's test for each gene in each dataset. 

II 
P (inv) - Proposition of invariant sites; Iss - Index of substitution saturation; Iss c- Critical index of substitution saturation and DF - Degrees of freedom 
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Table S7: Statistical hypothesis testing (SHT) of the branch-site model analysis of Mammalia dataset, performed by the PAML program package. 

ki Model code np (SC0) fg ω (SC0) bg ω (SC0) p (SC1) fg ω (SC1) bg ω (SC1) p (SC2a) fg ω (SC2a) bg ω (SC2a) p (SC2b) fg ω (SC2b) bg ω (SC2b) p Tree length k Lnl Model vs Model LRT DF P-Value

Alt 59 0,04356 0,04356 0,84696 1,00000 1,00000 0,15304 1,00000 0,04356 0,00000 1,00000 1,00000 0,00000 3,42258 3,07180 -2226,227423

Null 58 0,04356 0,04356 0,84695 1,00000 1,00000 0,15305 1,00000 0,04356 0,00000 1,00000 1,00000 0,00000 3,42258 3,07180 -2226,227423

Alt 59 0,04356 0,04356 0,84696 1,00000 1,00000 0,15304 1,00000 0,04356 0,00000 1,00000 1,00000 0,00000 3,42258 3,07180 -2226,227423

Null 58 0,04356 0,04356 0,84696 1,00000 1,00000 0,15304 1,00000 0,04356 0,00000 1,00000 1,00000 0,00000 3,42258 3,07180 -2226,227423

Alt 59 0,04356 0,04356 0,84696 1,00000 1,00000 0,15304 1,00000 0,04356 0,00000 1,00000 1,00000 0,00000 3,42258 3,07180 -2226,227423

Null 58 0,04356 0,04356 0,84696 1,00000 1,00000 0,15304 1,00000 0,04356 0,00000 1,00000 1,00000 0,00000 3,42258 3,07180 -2226,227423

Alt 59 0,04297 0,04297 0,00000 1,00000 1,00000 0,00000 79,9606 0,04297 0,85043 79,9606 1,00000 0,14957 3,42298 3,07267 -2224,329092

Null 58 0,04297 0,04297 0,00000 1,00000 1,00000 0,00000 1,00000 0,04297 0,85041 1,00000 1,00000 0,14959 3,42307 3,07117 -2224,573722

Alt 59 0,04297 0,04297 0,00000 1,00000 1,00000 0,00000 999,000 0,04297 0,85043 999,000 1,00000 0,14957 3,42298 3,07273 -2224,325853

Null 58 0,04297 0,04297 0,00000 1,00000 1,00000 0,00000 1,00000 0,04297 0,85041 1,00000 1,00000 0,14959 3,42308 3,07117 -2224,573722

Alt 59 0,04297 0,04297 0,00000 1,00000 1,00000 0,00000 49,4283 0,04297 0,85043 49,4283 1,00000 0,14957 3,42298 3,07269 -2224,331262

Null 58 0,04297 0,04297 0,00000 1,00000 1,00000 0,00000 1,00000 0,04297 0,85041 1,00000 1,00000 0,14959 3,42307 3,07117 -2224,573722

Alt 57 0,08883 0,08883 0,56881 1,00000 1,00000 0,41441 1,00000 0,08883 0,00971 1,00000 1,00000 0,00707 9,02255 2,93668 -3805,843727

Null 56 0,08883 0,08883 0,56881 1,00000 1,00000 0,41441 1,00000 0,08883 0,00971 1,00000 1,00000 0,00707 9,02255 2,93668 -3805,843727

Alt 57 0,08883 0,08883 0,56881 1,00000 1,00000 0,41441 1,00000 0,08883 0,00971 1,00000 1,00000 0,00707 9,02255 2,93668 -3805,843727

Null 56 0,08883 0,08883 0,56881 1,00000 1,00000 0,41441 1,00000 0,08883 0,00971 1,00000 1,00000 0,00707 9,02254 2,93668 -3805,843727

Alt 57 0,08883 0,08883 0,56881 1,00000 1,00000 0,41441 1,00000 0,08883 0,00971 1,00000 1,00000 0,00707 9,02254 2,93668 -3805,843727

Null 56 0,08883 0,08883 0,56881 1,00000 1,00000 0,41441 1,00000 0,08883 0,00971 1,00000 1,00000 0,00707 9,02255 2,93668 -3805,843727

Alt 57 0,08942 0,08942 0,47408 1,00000 1,00000 0,34583 2,84640 0,08942 0,10413 2,84640 1,00000 0,75960 9,02090 2,93613 -3805,857922

Null 56 0,08942 0,08942 0,47408 1,00000 1,00000 0,34583 1,00000 0,08942 0,10413 1,00000 1,00000 0,75960 9,02090 2,93614 -3805,857908

Alt 57 0,08942 0,08942 0,47408 1,00000 1,00000 0,34584 2,84669 0,08942 0,10412 2,84669 1,00000 0,75960 9,02090 2,93613 -3805,857922

Null 56 0,08942 0,08942 0,47407 1,00000 1,00000 0,34583 1,00000 0,08942 0,10414 1,00000 1,00000 0,75970 9,02090 2,93613 -3805,857908

Alt 57 0,08942 0,08942 0,47409 1,00000 1,00000 0,34584 2,84661 0,08942 0,10412 2,84661 1,00000 0,75950 9,02090 2,93614 -3805,857922

Null 56 0,08942 0,08942 0,47415 1,00000 1,00000 0,34588 1,00000 0,08942 0,10406 1,00000 1,00000 0,75910 9,02091 2,93613 -3805,857908

Alt 55 0,09876 0,09876 0,82583 1,00000 1,00000 0,16649 1,00000 0,09876 0,00639 1,00000 1,00000 0,00129 4,10040 3,59918 -9267,233342

Null 54 0,09876 0,09876 0,82583 1,00000 1,00000 0,16649 1,00000 0,09876 0,00639 1,00000 1,00000 0,00129 4,10040 3,59918 -9267,233342

Alt 55 0,09876 0,09876 0,82583 1,00000 1,00000 0,16649 1,00000 0,09876 0,00639 1,00000 1,00000 0,00129 4,10040 3,59918 -9267,233342

Null 54 0,09876 0,09876 0,82583 1,00000 1,00000 0,16649 1,00000 0,09876 0,00639 1,00000 1,00000 0,00129 4,10040 3,59918 -9267,233342

Alt 55 0,09876 0,09876 0,82583 1,00000 1,00000 0,16649 1,00000 0,09876 0,00639 1,00000 1,00000 0,00129 4,10040 3,59918 -9267,233342

Null 54 0,09876 0,09876 0,82583 1,00000 1,00000 0,16649 1,00000 0,09876 0,00639 1,00000 1,00000 0,00129 4,10040 3,59918 -9267,233342

Alt 55 0,09890 0,09890 0,82865 1,00000 1,00000 0,16651 999,000 0,09890 0,00403 999,000 1,00000 0,00081 4,10878 3,60643 -9264,155738

Null 54 0,09898 0,09898 0,78015 1,00000 1,00000 0,16691 1,00000 0,09898 0,05240 1,00000 1,00000 0,01054 4,09950 3,59852 -9267,219532

Alt 55 0,09890 0,09890 0,82865 1,00000 1,00000 0,16652 999,000 0,09890 0,00403 999,000 1,00000 0,00081 4,10879 3,60643 -9264,155738

Null 54 0,09898 0,09898 0,78015 1,00000 1,00000 0,16691 1,00000 0,09898 0,05239 1,00000 1,00000 0,01054 4,09950 3,59852 -9267,219532

Alt 55 0,09890 0,09890 0,82865 1,00000 1,00000 0,16652 999,000 0,09890 0,00403 999,000 1,00000 0,00081 4,10879 3,60643 -9264,155738

Null 54 0,09898 0,09898 0,78015 1,00000 1,00000 0,16691 1,00000 0,09898 0,05239 1,00000 1,00000 0,01054 4,09950 3,59852 -9267,219532

5 Alt vs Null 0,000 1

Genes
Statistical hypothesis testing (SHT)

0,2 Alt vs Null 1,00010,000

1,000

S
H

2
D

1
A

(A
n

c
e

s
tr

a
l 
b

ra
n

c
h

)

0,2 Alt vs Null 0,489 1 0,484

2 Alt vs Null 0,496

S
H

2
D

1
A

(A
p

ic
a

l 
b

ra
n

c
h
e

s
)

2 Alt vs Null 0,000 1 1,000

1 0,481

5 Alt vs Null 0,485 1 0,484

S
H

2
D

1
B

(A
p

ic
a

l 
b

ra
n

c
h
e

s
)

S
H

2
D

1
B

(A
n

c
e

s
tr

a
l 
b

ra
n

c
h

)

0,2 Alt vs Null 0,000

5 Alt vs Null 0,000

1,000

2 Alt vs Null 0,000 1 1,000

1

1,000

0,2

2

5

Alt vs Null 0,000 1 1,000

Alt vs Null 0,000

1

1 1,000

Alt vs Null 0,000 1 1,000

1,000

2 Alt vs Null 0,000 1

X
IA

P

(A
p

ic
a

l 
b

ra
n

c
h
e

s
) 0,2 Alt vs Null 0,000 1

1,000

5 Alt vs Null 0,000 1 1,000

1,000

2 Alt vs Null 6,128 1

X
IA

P

(A
n

c
e

s
tr

a
l 
b

ra
n

c
h

)

0,2 Alt vs Null 6,128 1

1,000

5 Alt vs Null 6,128 1 1,000

ki - Inicial kappa value; k - Kappa; LRT - Likelihood-ratio test; np - Number of parameters; DF - Degrees of freedom; SC - Site classes; fg - Foreground; bg - Background; p - Proportion and ω – Ratio 

of non-synonymous/synonymous substitutions ratio 
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Table S8: Statistical hypothesis testing (SHT) of the branch-site model analysis of primates dataset, performed by the PAML program package. 

ki Model code np (SC0) fg ω (SC0) bg ω (SC0) p (SC1) fg ω (SC1) bg ω (SC1) p (SC2a) fg ω (SC2a) bg ω (SC2a) p (SC2b) fg ω (SC2b) bg ω (SC2b) p Tree length k Lnl Model vs Model LRT DF P-Value

Alt 97 0,07221 0,07221 0,56496 1,00000 1,00000 0,02637 1,00000 0,07221 0,39043 1,00000 1,00000 0,01823 1,20311 2,93353 -1349,195048

Null 96 0,07217 0,07217 0,56241 1,00000 1,00000 0,02623 1,00000 0,07217 0,39304 1,00000 1,00000 0,01833 1,20308 2,92108 -1349,194778

Alt 97 0,07217 0,07217 0,56241 1,00000 1,00000 0,02623 1,00000 0,07217 0,39304 1,00000 1,00000 0,01833 1,20308 2,92107 -1349,194778

Null 96 0,07217 0,07217 0,56241 1,00000 1,00000 0,02623 1,00000 0,07217 0,39304 1,00000 1,00000 0,01833 1,20308 2,92107 -1349,194778

Alt 97 0,07217 0,07217 0,56242 1,00000 1,00000 0,02623 1,00000 0,07217 0,39303 1,00000 1,00000 0,01833 1,20308 2,92107 -1349,194778

Null 96 0,07217 0,07217 0,56241 1,00000 1,00000 0,02623 1,00000 0,07217 0,39303 1,00000 1,00000 0,01833 1,20308 2,92107 -1349,194778

Alt 97 0,07688 0,07688 0,91269 1,00000 1,00000 0,03919 3,14617 0,07688 0,04614 3,14617 1,00000 0,00198 1,20226 2,91596 -1349,872734

Null 96 0,07688 0,07688 0,87594 1,00000 1,00000 0,03761 1,00000 0,07688 0,08289 1,00000 1,00000 0,00356 1,20226 2,91597 -1349,872735

Alt 97 0,07688 0,07688 0,87587 1,00000 1,00000 0,03761 3,46243 0,07688 0,08296 3,46243 1,00000 0,00356 1,20226 2,91596 -1349,872733

Null 96 0,07688 0,07688 0,87594 1,00000 1,00000 0,03761 1,00000 0,07688 0,08289 1,00000 1,00000 0,00356 1,20226 2,91597 -1349,872735

Alt 97 0,07689 0,07689 0,88316 1,00000 1,00000 0,03791 3,48300 0,07689 0,07567 3,48300 1,00000 0,00325 1,20226 2,91634 -1349,876615

Null 96 0,07688 0,07688 0,87756 1,00000 1,00000 0,03768 1,00000 0,07688 0,08127 1,00000 1,00000 0,00349 1,20226 2,91596 -1349,872735

Alt 105 0,14665 0,14665 0,64998 1,00000 1,00000 0,35002 1,00000 0,14665 0,00000 1,00000 1,00000 0,00000 2,55591 3,35813 -2235,766408

Null 104 0,14666 0,14666 0,64998 1,00000 1,00000 0,35002 1,00000 0,14666 0,00000 1,00000 1,00000 0,00000 2,55592 3,35813 -2235,766408

Alt 105 0,14666 0,14666 0,64998 1,00000 1,00000 0,35002 1,00000 0,14666 0,00000 1,00000 1,00000 0,00000 2,55592 3,35812 -2235,766410

Null 104 0,14666 0,14666 0,64998 1,00000 1,00000 0,35002 1,00000 0,14666 0,00000 1,00000 1,00000 0,00000 2,55592 3,35813 -2235,766408

Alt 105 0,14666 0,14666 0,64998 1,00000 1,00000 0,35002 1,00000 0,14666 0,00000 1,00000 1,00000 0,00000 2,55592 3,35813 -2235,766408

Null 104 0,14666 0,14666 0,64998 1,00000 1,00000 0,35002 1,00000 0,14666 0,00000 1,00000 1,00000 0,00000 2,55592 3,35813 -2235,766408

Alt 105 0,14666 0,14666 0,51253 1,00000 1,00000 0,27600 3,17934 0,14666 0,13745 3,17934 1,00000 0,07402 2,55592 3,35813 -2235,766405

Null 104 0,14666 0,14666 0,51245 1,00000 1,00000 0,27596 1,00000 0,14666 0,13753 1,00000 1,00000 0,07406 2,55592 3,35813 -2235,766408

Alt 105 0,14666 0,14666 0,51249 1,00000 1,00000 0,27598 3,17906 0,14666 0,13749 3,17906 1,00000 0,07404 2,55593 3,35813 -2235,766410

Null 104 0,14666 0,14666 0,51248 1,00000 1,00000 0,27597 1,00000 0,14666 0,13750 1,00000 1,00000 0,07404 2,55592 3,35813 -2235,766408

Alt 105 0,14666 0,14666 0,51249 1,00000 1,00000 0,27598 3,17907 0,14666 0,13749 3,17907 1,00000 0,07404 2,55592 3,35813 -2235,766405

Null 104 0,14666 0,14666 0,51249 1,00000 1,00000 0,27598 1,00000 0,14666 0,13749 1,00000 1,00000 0,07404 2,55592 3,35813 -2235,766408

Alt 89 0,04301 0,04301 0,00000 1,00000 1,00000 0,00000 1,00000 0,04301 0,76592 1,00000 1,00000 0,23408 1,36710 3,16289 -5469,245234

Null 88 0,04301 0,04301 0,00051 1,00000 1,00000 0,00015 1,00000 0,04301 0,76541 1,00000 1,00000 0,23393 1,36708 3,16328 -5469,245234

Alt 89 0,04301 0,04301 0,00000 1,00000 1,00000 0,00000 1,00000 0,04301 0,76591 1,00000 1,00000 0,23408 1,36711 3,16296 -5469,245240

Null 88 0,04301 0,04301 0,00000 1,00000 1,00000 0,00000 1,00000 0,04301 0,76591 1,00000 1,00000 0,23409 1,36711 3,16301 -5469,245235

Alt 89 0,04301 0,04301 0,00000 1,00000 1,00000 0,00000 1,00000 0,04301 0,76592 1,00000 1,00000 0,23408 1,36709 3,16311 -5469,245234

Null 88 0,04301 0,04301 0,00000 1,00000 1,00000 0,00000 1,00000 0,04301 0,76591 1,00000 1,00000 0,23408 1,36710 3,16301 -5469,245234

Alt 89 0,040607 0,040607 0,64684 1,00000 1,00000 0,19560 2,93855 0,040607 0,12098 2,93855 1,00000 0,03658 1,36661 3,15926 -5472,053649

Null 88 0,040607 0,040607 0,64679 1,00000 1,00000 0,19558 1,00000 0,040607 0,12103 1,00000 1,00000 0,03660 1,36660 3,15923 -5472,053638

Alt 89 0,040607 0,040607 0,64643 1,00000 1,00000 0,19548 2,94592 0,040607 0,12139 2,94592 1,00000 0,03671 1,36661 3,15922 -5472,053650

Null 88 0,040607 0,040607 0,64680 1,00000 1,00000 0,19529 1,00000 0,040607 0,12202 1,00000 1,00000 0,03690 1,36661 3,15923 -5472,053638

Alt 89 0,040607 0,040607 0,64683 1,00000 1,00000 0,19529 2,94752 0,040607 0,12199 2,94752 1,00000 0,03689 1,36661 3,15924 -5472,053649

Null 88 0,040607 0,040607 0,64615 1,00000 1,00000 0,19539 1,00000 0,040607 0,12167 1,00000 1,00000 0,03679 1,36661 3,15923 -5472,053638

Genes
Statistical hypothesis testing (SHT)

S
H

2
D

1
A

(A
p

ic
a

l 
b

ra
n

c
h
e

s
) 0,2 Alt vs Null -0,001 1 1,000

2 Alt vs Null 0,000 1 1,000

5 Alt vs Null 0,000 1 1,000

1,000

2 Alt vs Null 0,000 1

S
H

2
D

1
A

(A
n

c
e

s
tr

a
l 
b

ra
n

c
h

)

0,2 Alt vs Null 0,000 1

1,000

5 Alt vs Null -0,008 1 1,000

1,000

2 Alt vs Null 0,000 1

S
H

2
D

1
B

(A
p

ic
a

l 
b

ra
n

c
h
e

s
) 0,2 Alt vs Null 0,000 1

1,000

5 Alt vs Null 0,000 1 1,000

1,000

2 Alt vs Null 0,000 1

S
H

2
D

1
B

(A
n

c
e

s
tr

a
l 
b

ra
n

c
h

)

0,2 Alt vs Null 0,000 1

1,000

5 Alt vs Null 0,000 1 1,000

1,000

2 Alt vs Null 0,000 1

X
IA

P

(A
p

ic
a

l 
b

ra
n

c
h
e

s
) 0,2 Alt vs Null 0,000 1

1,000

5 Alt vs Null 0,000 1 1,000

1,000

2 Alt vs Null 0,000 1

X
IA

P

(A
n

c
e

s
tr

a
l 
b

ra
n

c
h

)

0,2 Alt vs Null 0,000 1

1,000

5 Alt vs Null 0,000 1 1,000

ki - Inicial kappa value; k - Kappa; LRT - Likelihood-ratio test; np - Number of parameters; DF - Degrees of freedom; SC - Site classes; fg - Foreground; bg - Background; p - Proportion and ω – Ratio 

of non-synonymous/synonymous substitutions ratio 
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Table S9: Statistical hypothesis testing (SHT) of the site model analysis for the great apes dataset, performed by the 

PAML program package. 

 

ki - Inicial kappa value; k - Kappa; LRT - Likelihood-ratio test; np - Number of parameters and DF - Degrees of freedom. 
 

Table S10: Statistical hypothesis testing (SHT) of the site model analysis for the Mammalia dataset, performed by the 

PAML program package. 

 

 

 

 

 

 

 

 

 

 

 
ki - Inicial kappa value; k - Kappa; LRT - Likelihood-ratio test; np - Number of parameters and DF - Degrees of freedom. 
 
 

ki Model code np Parameters Tree legth k Lnl Model vs Model LRT DF P-Value

M0 9 w0 = 0,07400 0,04771 2,37295 -560,0643420

M7 10 p = 7,95342 q = 99,00000 0,04771 2,37333 -560,0648980

M8 12 p0 = 0,99999 p= 7,95267 q = 99,00000 (p1 = 0,00001) w = 1,00000 0,04771 2,37333 -560,0649060

M8a 11 p0 = 0,99999 p= 7,98598 q = 99,00000 (p1 = 0,00001) w = 1,00000 0,04771 2,37328 -560,0648340

M0 9 w0 = 0,07400 0,04771 2,37294 -560,0643420

M7 10 p = 7,95353 q = 99,00000 0,04771 2,37334 -560,0648980

M8 12 p0 = 0,99999 p= 7,95274 q = 99,00000 (p1 = 0,00001) w = 1,00000 0,04771 2,37337 -560,0649060

M8a 11 p0 = 0,99999 p= 7,98598 q = 99,00000 (p1 = 0,00001) w = 1,00000 0,04771 2,37331 -560,0648340

M0 9 w0 = 0,07400 0,04771 2,37296 -560,0643420

M7 10 p = 7,95342 q = 99,00000 0,04771 2,37333 -560,0648980

M8 12 p0 = 0,99999 p= 7,95261 q = 99,00000 (p1 = 0,00001) w = 1,00000 0,04771 2,16311 -560,0649060

M8a 11 p0 = 0,99999 p= 7,98591 q = 99,00000 (p1 = 0,00001) w = 1,00000 0,04771 2,3733 -560,0648340

M0 9 w0 = 1,24063 0,07619 17,96072 -595,8931680

M7 10 p = 0,99536 q = 0,00500 0,07598 17,10320 -595,9417440

M8 12 p0 = 0,00001 p= 0,01342 q = 1,06663 (p1 = 0,99999) w = 1,24063 0,07619 17,96083 -595,8931690

M8a 11 p0 = 0,00001 p= 3,27001 q = 0,56498 (p1 = 0,99999) w = 1,00000 0,07598 17,10320 -595,9417430

M0 9 w0 = 1,24063 0,07619 17,96083 -595,8931680

M7 10 p = 0,99396 q = 0,00500 0,07598 17,10140 -595,9417440

M8 12 p0 = 0,00001 p= 0,01823 q = 1,06663 (p1 = 0,99999) w = 1,24064 0,07619 17,96081 -595,8931690

M8a 11 p0 = 0,00001 p= 0,00500 q = 1,97936 (p1 = 0,99999) w = 1,00000 0,07598 17,10303 -595,9417490

M0 9 w0 = 1,24062 0,07619 17,96089 -595,8931680

M7 10 p = 1,00192 q = 0,00500 0,07598 17,10336 -595,9417440

M8 12 p0 = 0,00001 p= 0,00859 q = 1,06758 (p1 = 0,99999) w = 1,24063 0,07619 17,96083 -595,8931690

M8a 11 p0 = 0,00001 p= 0,00500 q = 1,97977 (p1 = 0,99999) w = 1,00000 0,07598 17,10327 -595,9417490

M0 9 w0 = 0,18102 0,02503 1,857040 -2072,908273

M7 10 p = 21,92250 q = 99,00000 0,02503 1,857440 -2072,908654

M8 12 p0 = 0,99999 p= 13,43934 q = 60,59679 (p1 = 0,00001) w = 15,49437 0,02504 1,857840 -2072,909816

M8a 11 p0 = 0,99999 p= 21,94849 q = 99,00000 (p1 = 0,00001) w = 1,000000 0,02503 1,857450 -2072,908805

M0 9 w0 = 0,18103 0,02503 1,857220 -2072,908273

M7 10 p = 21,92254 q = 99,00000 0,02503 1,857420 -2072,908654

M8 12 p0 = 0,99999 p= 21,80197 q = 99,00000 (p1 = 0,00001) w = 1,000000 0,02504 1,859640 -2072,908698

M8a 11 p0 = 0,99999 p= 21,94998 q = 99,00000 (p1 = 0,00001) w = 1,000000 0,02503 1,857220 -2072,908805

M0 9 w0 = 0,18101 0,02503 1,857240 -2072,908273

M7 10 p = 21,92247 q = 99,00000 0,02503 1,857430 -2072,908654

M8 12 p0 = 0,99999 p= 13,39662 q = 60,40472 (p1 = 0,00001) w = 15,45704 0,02504 1,857710 -2072,909817

M8a 11 p0 = 0,99999 p= 21,95009 q = 99,00000 (p1 = 0,00001) w = 1,000000 0,02503 1,857480 -2072,908805

1,000

M8 vs M8a -0,002 1 1,000

1,000

M8 vs M8a 0,000 1 1,000

1,000

M8 vs M8a -0,002 1 1,000

X
IA

P

0,2

M8 vs M7 -0,002 2

2

M8 vs M7 0,000 2

5

M8 vs M7 -0,002 2

0,953

M8 vs M8a 0,097 1 0,755

0,953

M8 vs M8a 0,097 1 0,755

0,953

M8 vs M8a 0,097 1 0,755

S
H

2
D

1
B

0,2

M8 vs M7 0,097 2

2

M8 vs M7 0,097 2

5

M8 vs M7 0,097 2

5

M8 vs M7 0,000 2 1,000

M8 vs M8a 0,000 1 1,000

1,000

M8 vs M8a 0,000 1 1,000

Genes
Statistical hypothesis testing (SHT)

S
H

2
D

1
A

0,2

M8 vs M7 0,000 2 1,000

M8 vs M8a 0,000 1 1,000

2

M8 vs M7 0,000 2

ki Model code np Parameters Tree legth k Lnl Model vs Model LRT DF P-Value

M0 39 w0 = 0,13812 2,99744 3,13510 -2023,849326

M7 40 p = 0,14876 q = 0,86250 3,05124 3,09143 -1977,670095

M8 42 p0 = 0,95778 p= 0,17424 q = 1,37829 (p1 = 0,04222) w = 1,00000 3,04478 3,09342 -1977,618444

M8a 41 p0 = 0,94454 p= 0,16629 q = 1,35148 (p1 = 0,05546) w = 1,00000 3,05134 3,09648 -1977,685580

M0 39 w0 = 0,13812 2,99744 3,13510 -2023,849326

M7 40 p = 0,14876 q = 0,86250 3,05124 3,09143 -1977,670095

M8 42 p0 = 0,95778 p= 0,17424 q = 1,37829 (p1 = 0,04222) w = 1,00000 3,04478 3,09342 -1977,618444

M8a 41 p0 = 0,94454 p= 0,16629 q = 1,35148 (p1 = 0,05546) w = 1,00000 3,05134 3,09648 -1977,685580

M0 39 w0 = 0,13812 2,99744 3,13510 -2023,849326

M7 40 p = 0,14876 q = 0,86250 3,05124 3,09143 -1977,670095

M8 42 p0 = 0,95778 p= 0,17424 q = 1,37829 (p1 = 0,04222) w = 1,00000 3,04478 3,09342 -1977,618444

M8a 41 p0 = 0,94454 p= 0,16629 q = 1,35148 (p1 = 0,05546) w = 1,00000 3,05134 3,09648 -1977,685580

M0 37 w0 = 0,43989 7,53373 2,72160 -3503,505888

M7 38 p = 0,22764 q = 0,30952 8,29438 2,74200 -3351,295576

M8 40 p0 = 0,74437 p= 0,36979 q = 1,26008 (p1 = 0,25563) w = 1,51846 8,38802 3,01150 -3341,951569

M8a 39 p0 = 0,64796 p= 0,48516 q = 3,26767 (p1 = 0,35204) w = 1,00000 8,20383 2,79510 -3347,332525

M0 37 w0 = 0,43989 7,53373 2,72160 -3503,505888

M7 38 p = 0,22764 q = 0,30952 8,29438 2,74200 -3351,295576

M8 40 p0 = 0,74437 p= 0,36979 q = 1,26008 (p1 = 0,25563) w = 1,51846 8,38802 3,01150 -3341,951569

M8a 39 p0 = 0,64796 p= 0,48516 q = 3,26767 (p1 = 0,35204) w = 1,00000 8,20383 2,79510 -3347,332525

M0 37 w0 = 0,43989 7,53373 2,72160 -3503,505888

M7 38 p = 0,22764 q = 0,30952 8,29438 2,74200 -3351,295576

M8 40 p0 = 0,74437 p= 0,36979 q = 1,26008 (p1 = 0,25563) w = 1,51846 8,38802 3,01150 -3341,951569

M8a 39 p0 = 0,64796 p= 0,48516 q = 3,26767 (p1 = 0,35204) w = 1,00000 8,20383 2,79510 -3347,332525

M0 35 w0 = 0,18784 3,52878 3,23100 -8521,365456

M7 36 p = 0,36476 q = 1,34372 3,73569 3,32850 -8350,822561

M8 38 p0 = 0,97053 p= 0,47198 q = 2,16370 (p1 = 0,02947) w = 1,65774 3,74189 3,37528 -8341,756861

M8a 37 p0 = 0,91892 p= 0,53786 q = 3,07481 (p1 = 0,08108) w = 1,00000 3,72194 3,34479 -8343,944947

M0 35 w0 = 0,18784 3,52878 3,23100 -8521,365456

M7 36 p = 0,36476 q = 1,34372 3,73569 3,32850 -8350,822561

M8 38 p0 = 0,97053 p= 0,47198 q = 2,16370 (p1 = 0,02947) w = 1,65774 3,74189 3,37528 -8341,756861

M8a 37 p0 = 0,91892 p= 0,53786 q = 3,07481 (p1 = 0,08108) w = 1,00000 3,72194 3,34479 -8343,944947

M0 35 w0 = 0,18784 3,52878 3,23100 -8521,365456

M7 36 p = 0,36476 q = 1,34372 3,73569 3,32850 -8350,822561

M8 38 p0 = 0,97053 p= 0,47198 q = 2,16370 (p1 = 0,02947) w = 1,65774 3,74189 3,37528 -8341,756861

M8a 37 p0 = 0,91892 p= 0,53786 q = 3,07481 (p1 = 0,08108) w = 1,00000 3,72194 3,34479 -8343,944947

X
IA

P

5

M8 vs M7 18,131 2 <0,001

M8 vs M8a 4,376 1 0,036

2

M8 vs M7 18,131 2 <0,001

M8 vs M8a 4,376 1 0,036

0,2

M8 vs M7 18,131 2 <0,001

M8 vs M8a 4,376 1 0,036

5

M8 vs M7 18,688 2 <0,001

M8 vs M8a 10,762 1 0,001

2

M8 vs M7 18,688 2 <0,001

M8 vs M8a 10,762 1 0,001

2 <0,001

M8 vs M8a 10,762 1 0,001

Genes

S
H

2
D

1
A

0,2

M8 vs M7 18,688

S
H

2
D

1
B

5

M8 vs M7 0,103

2

M8 vs M7 0,103

Statistical hypothesis testing (SHT)

M8 vs M7

M8 vs M8a 0,714

2 0,950

M8 vs M8a 0,134 1 0,714

2 0,950

M8 vs M8a 0,134 1 0,714

0,2

0,950

1

2

0,134

0,103
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Table S10: Statistical hypothesis testing (SHT) of the site model analysis for the Mammalia dataset, performed by the 
PAML program package. 
 

 
 
ki - Inicial kappa value; k - Kappa; LRT - Likelihood-ratio test; np - Number of parameters and DF - Degrees of freedom. 
 
Table S11: Statistical hypothesis testing (SHT) of the site model analysis for the primates dataset, performed by the 
PAML program package. 
 

 

ki - Inicial kappa value; k - Kappa; LRT - Likelihood-ratio test; np - Number of parameters and DF - Degrees of freedom. 

 

 

 

 

 

 

ki Model code np Parameters Tree legth k Lnl Model vs Model LRT DF P-Value

M0 81 w0 = 0,10526 1,14115 2,99133 -1308,306562

M7 82 p = 0,35069 q = 2,77193 1,14581 2,99997 -1305,478420

M8 84 p0 = 0,99999 p= 0,35072 q = 2,77228 (p1 = 0,00001) w = 1,00000 1,14581 2,99998 -1305,478539

M8a 83 p0 = 0,99999 p= 0,29598 q = 2,19948 (p1 = 0,00001) w = 1,00000 1,14580 3,00009 -1305,439859

M0 81 w0 = 0,10526 1,14115 2,99131 -1308,306562

M7 82 p = 0,35069 q = 2,77194 1,14581 2,99997 -1305,478420

M8 84 p0 = 0,99999 p= 0,35072 q = 2,77230 (p1 = 0,00001) w = 1,00000 1,14581 2,99998 -1305,478539

M8a 83 p0 = 0,99999 p= 0,29598 q = 2,19950 (p1 = 0,00001) w = 1,00000 1,14580 3,00009 -1305,439859

M0 81 w0 = 0,10526 1,14115 2,99087 -1308,313131

M7 82 p = 0,35069 q = 2,77194 1,14581 2,99997 -1305,478420

M8 84 p0 = 0,99999 p= 0,35071 q = 2,77228 (p1 = 0,00001) w = 1,00000 1,14581 2,99998 -1305,478539

M8a 83 p0 = 0,99999 p= 0,29608 q = 2,20025 (p1 = 0,00001) w = 1,00000 1,14580 3,00053 -1305,434414

M0 89 w0 = 0,59101 2,44070 3,62129 -2209,528649

M7 90 p = 0,27995 q = 0,32527 2,48593 3,33905 -2178,642652

M8 92 p0 = 0,90907 p= 0,602810 q = 0,920180 (p1 = 0,09093) w = 3,20810 2,57261 3,71567 -2163,707142

M8a 91 p0 = 0,65198 p= 17,03462 q = 99,98921 (p1 = 0,34802) w = 1,00000 2,48340 3,29291 -2175,398116

M0 89 w0 = 0,59101 2,44070 3,62129 -2209,528649

M7 90 p = 0,27995 q = 0,32527 2,48593 3,33905 -2178,642652

M8 92 p0 = 0,90985 p= 0,603060 q = 0,92205 (p1 = 0,09215) w = 3,19517 2,57261 3,71355 -2163,678411

M8a 91 p0 = 0,65199 p= 17,03462 q = 99,0000 (p1 = 0,34801) w = 1,00000 2,48340 3,29290 -2175,398115

M0 89 w0 = 0,59101 2,44070 3,62129 -2209,528649

M7 90 p = 0,27988 q = 0,32514 2,48593 3,33984 -2178,613405

M8 92 p0 = 0,90985 p= 0,603060 q = 0,92205 (p1 = 0,09215) w = 3,19517 2,57261 3,71355 -2163,678411

M8a 91 p0 = 0,65200 p= 17,03548 q = 99,0000 (p1 = 0,34800) w = 1,00000 2,48338 3,29290 -2175,398115

M0 73 w0 = 0,23376 1,04567 3,37430 -5059,233427

M7 74 p = 0,23721 q = 0,73327 1,06479 3,40946 -5020,115671

M8 76 p0 = 0,88653 p= 0,37418 q = 2,05750 (p1 = 0,11347) w = 1,00000 1,06586 3,41780 -5019,942757

M8a 75 p0 = 0,87871 p= 0,36110 q = 2,00721 (p1 = 0,12129) w = 1,00000 1,06598 3,41820 -5019,942603

M0 73 w0 = 0,23376 1,04567 3,37430 -5059,233427

M7 74 p = 0,23721 q = 0,73328 1,06478 3,40946 -5020,115671

M8 76 p0 = 0,88794 p= 0,36653 q = 1,98706 (p1 = 0,11206) w = 1,00000 1,06567 3,41700 -5019,943565

M8a 75 p0 = 0,87871 p= 0,36110 q = 2,00719 (p1 = 0,12129) w = 1,00000 1,06598 3,41820 -5019,942603

M0 73 w0 = 0,23376 1,04567 3,37430 -5059,233427

M7 74 p = 0,23721 q = 0,73327 1,06479 3,40946 -5020,115671

M8 76 p0 = 0,88777 p= 0,36728 q = 1,99338 (p1 = 0,11223) w = 1,00000 1,06571 3,41690 -5019,943466

M8a 75 p0 = 0,87871 p= 0,36109 q = 2,00718 (p1 = 0,12129) w = 1,00000 1,06598 3,41820 -5019,942603

Genes
Statistical hypothesis testing (SHT)

S
H

2
D

1
A

0,2

M8 vs M7 0,000 2 1,000

M8 vs M8a -0,077 1 1,000

2

M8 vs M7 0,000 2 1,000

M8 vs M8a -0,077 1 1,000

5

M8 vs M7 0,000 2 1,000

M8 vs M8a -0,088 1 1,000

S
H

2
D

1
B

0,2

M8 vs M7 29,871 2

2

M8 vs M7 29,928 2

2

M8 vs M7 29,870 2

M8 vs M8a 23,439 1 <0,001

<0,001

M8 vs M8a 23,382 1 <0,001

X
IA

P

0,2

M8 vs M7 0,346 2

M8 vs M8a 0,000 1

M8 vs M8a -0,002 1

2

M8 vs M7 0,344

<0,001

M8 vs M8a 23,439 1

1,000

5

M8 vs M7 0,344 2 0,839

M8 vs M8a -0,002 1 1,000

2 0,839

<0,001

0,839

1,000

<0,001
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Continuation of Table S12 

Amino acid Pr(ω>1) E(ω|X) ± SE

62 Lys 0,888 0,888 ± 1,419

110 Ala 0,656 0,656 ± 1,222

115 Tyr 0,525 0,525 ± 1,100

117 Pro 0,931 0,931 ± 1,454

120 Cys 0,630 0,630 ± 1,214

121 Ser 0,840 0,840 ± 1,380

255 Ile 0,972 0,972 ± 1,483

344 Lys 0,675 0,675 ± 1,240

351 - 0,521 0,521 ± 1,074

352 - 0,929 0,929 ± 1,452

353 - 0,673 0,673 ± 1,246

374 Tyr 0,945 0,945 ± 1,464

409 Thr 0,541 0,541 ± 1,131

415 Ser 0,826 0,826 ± 1,370

Genes
Bayes Empirical Bayes (BEB) analysis

XIAP

Amino acid Pr(ω>1) E(ω|X) ± SE

11 Asn 0,788 1,345 ± 0,309

13 Gln 0,963 1,476 ± 0,129

17 Thr 0,776 1,335 ± 0,317

24 Lys 0,828 1,376 ± 0,280

36 Val 0,863 1,403 ± 0,251

49 Lys 0,957 1,472 ± 0,137

57 Lys 0,978 1,487 ± 0,098

60 His 0,994 1,498 ± 0,056

62 Tyr 0,711 1,278 ± 0,360

64 Ser 0,932 1,455 ± 0,172

67 Ser 0,513 1,086 ± 0,447

68 Glu 0,971 1,482 ± 0,114

70 Arg 0,642 1,222 ± 0,386

71 Gly 0,996 1,499 ± 0,050

72 Lys 0,946 1,464 ± 0,156

74 Glu 0,554 1,135 ± 0,427

75 Leu 0,870 1,409 ± 0,241

95 Ile 0,575 1,144 ± 0,434

96 His 0,763 1,325 ± 0,323

98 Arg 0,856 1,392 ± 0,273

99 Phe 0,875 1,413 ± 0,235

102 Val 0,863 1,405 ± 0,244

103 Lys 0,703 1,274 ± 0,360

104 Asn 0,985 1,492 ± 0,082

106 Val 0,937 1,458 ± 0,169

107 Tyr 0,929 1,452 ± 0,178

108 Gln 0,796 1,345 ± 0,317

109 Ser 0,802 1,351 ± 0,311

113 - 0,988 1,493 ± 0,078

114 - 0,709 1,274 ± 0,365

115 - 0,888 1,422 ± 0,226

116 - 0,929 1,452 ± 0,180

117 - 0,855 1,393 ± 0,270

SH2D1B

Genes
Bayes Empirical Bayes (BEB) analysis

ω
mean of 

Table S12: Positive sites determinated by Bayes Empirical 

Bayes (BEB) of site model analysis for mammalia dataset, 

performed by the PAML program package[61] . 

ω - Non-synonymous/synonymous substitutions ratio; Pr - 

Probability; E(ω|X) - Posterior mean of ω and SE - Standart 

error. 

Table S13: Positive sites determinated by Bayes Empirical 

Bayes (BEB) of site model analysis for primates dataset, 

performed by the PAML program package[61] . 

Amino acid Pr(ω>1) E(ω|X) ± SE

9 Pro 0,716 2,440 ± 1,185

13 Arg 0,997 3,223 ± 0,751

49 Thr 0,999 3,227 ± 0,745

64 Lys 0,682 2,324 ± 1,147

71 Val 0,868 2,863 ± 1,032

72 Pro 0,572 2,043 ± 1,190

96 Gly 0,999 3,228 ± 0,744

104 Thr 0,568 2,021 ± 1,151

108 Leu 0,780 2,610 ± 1,124

112 Glu 0,733 2,459 ± 1,119

113 Met 0,940 3,064 ± 0,899

119 Ser 0,895 2,932 ± 0,978

Gene
Bayes Empirical Bayes (BEB) analysis

SH2D1B

ω - Non-synonymous/synonymous substitutions ratio; Pr - 

Probability; E(ω|X) - Posterior mean of ω and SE - Standart 

error. 
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MEME

Class P-Value Pr[α>β] Pr[α<β] Pr[dN/dS > 1] Pr[dN/dS < 1] P-Value

19 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

32 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

36 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

XIAP  gene

Site
FEL FUBAR SLAC

Table S14: FEL, FUBAR, SLAC and MEME analyses from HyPhy software package for the SH2D1A gene in Mammalia 
data set. 
 

Pr[α<β] - Posterior probability of positive selection; Pr[α>β] - Posterior probability of negative selection; α - Mean posterior 

synonymous substitution rate; β - Mean posterior non-synonymous substitution rate; Pr[dN/dS > 1] - The binomial 

probability that synonymous substitution in no greater than the observed value, with a probability of sucess (PS); Pr[dN/dS 

< 1] - The binomial probability that synonymous substitution in no less than the observed value, with a probability of 

sucess (PS); dS - synonymous substitution rate; dN - non-synonymous substitution rate. 

Table S15: FEL, FUBAR, SLAC and MEME analyses from HyPhy software package for the XIAP gene in Mammalia 
dataset. 
 
 
 
 
 
 
 
 

MEME

Class P-Value Pr[α>β] Pr[α<β] Pr[dN/dS > 1] Pr[dN/dS < 1] P-Value

2 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

3 Purifying 0,000 1,000 0,000 0,999 0,005 0,670

6 Purifying 0,000 0,999 0,001 1,000 0,004 0,670

7 Purifying 0,000 0,998 0,001 1,000 0,005 0,670

8 Purifying 0,000 1,000 0,000 1,000 0,002 0,670

13 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

14 Purifying 0,000 1,000 0,000 1,000 0,002 0,670

15 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

16 Purifying 0,005 0,984 0,011 1,000 0,037 0,670

19 Purifying 0,009 0,973 0,018 1,000 0,043 0,670

21 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

23 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

26 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

28 Purifying 0,008 0,968 0,022 1,000 0,040 0,670

30 Purifying 0,000 0,999 0,001 1,000 0,011 0,670

32 Purifying 0,001 0,997 0,002 1,000 0,015 0,670

34 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

36 Purifying 0,014 0,955 0,013 0,994 0,033 0,670

38 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

39 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

43 Purifying 0,001 0,996 0,003 1,000 0,018 0,670

44 Purifying 0,001 0,992 0,005 1,000 0,014 0,670

45 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

53 Purifying 0,004 0,987 0,009 1,000 0,037 0,670

54 Purifying 0,000 0,997 0,002 1,000 0,003 0,670

55 Purifying 0,004 0,993 0,004 1,000 0,021 0,670

66 Purifying 0,019 0,962 0,025 0,996 0,045 0,670

71 Purifying 0,006 0,982 0,012 1,000 0,037 0,670

72 Purifying 0,004 0,989 0,007 1,000 0,037 0,670

75 Purifying 0,005 0,984 0,011 1,000 0,029 0,670

77 Purifying 0,009 0,972 0,019 1,000 0,039 0,670

93 Purifying 0,002 0,990 0,007 1,000 0,012 0,670

98 Purifying 0,001 0,999 0,001 1,000 0,014 0,670

99 Purifying 0,002 0,991 0,006 1,000 0,017 0,670

102 Purifying 0,002 0,994 0,004 1,000 0,012 0,670

FUBARFEL

SH2D1A  gene

Site
SLAC
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40 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

41 Purifying 0,001 0,998 0,001 1,000 0,037 0,670

43 Purifying 0,006 0,996 0,001 0,998 0,028 0,670

44 Purifying 0,008 0,993 0,003 0,993 0,047 0,670

46 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

47 Purifying 0,003 0,997 0,001 1,000 0,029 0,670

48 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

50 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

51 Purifying 0,000 0,999 0,000 1,000 0,012 0,670

53 Purifying 0,008 0,994 0,003 0,998 0,019 0,670

54 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

56 Purifying 0,002 0,996 0,002 1,000 0,037 0,670

59 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

60 Purifying 0,000 1,000 0,000 0,999 0,004 0,670

61 Purifying 0,001 0,999 0,000 1,000 0,004 0,670

65 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

69 Purifying 0,001 0,998 0,001 0,999 0,018 0,310

74 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

76 Purifying 0,002 0,997 0,002 1,000 0,041 0,670

79 Purifying 0,001 0,999 0,001 1,000 0,012 0,670

84 Purifying 0,002 0,998 0,001 1,000 0,011 0,670

87 Purifying 0,020 0,975 0,017 1,000 0,037 0,670

94 Purifying 0,001 0,997 0,002 0,999 0,010 0,670

95 Purifying 0,002 0,996 0,002 1,000 0,012 0,670

110 Diversifying 0,014 0,004 0,977 0,112 0,981 0,020

132 Purifying 0,000 1,000 0,000 1,000 0,008 0,670

136 Purifying 0,004 0,994 0,003 0,996 0,045 0,650

140 Purifying 0,000 0,999 0,000 1,000 0,004 0,670

141 Purifying 0,003 0,996 0,002 1,000 0,037 0,670

145 Purifying 0,005 0,994 0,003 0,993 0,048 0,670

148 Purifying 0,016 0,985 0,009 0,996 0,042 0,670

152 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

156 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

158 Purifying 0,003 0,994 0,004 1,000 0,011 0,670

162 Purifying 0,017 0,967 0,021 0,986 0,094 0,300

166 Purifying 0,007 0,990 0,006 0,996 0,045 0,630

167 Purifying 0,002 0,998 0,002 1,000 0,027 0,670

168 Purifying 0,001 0,999 0,000 1,000 0,022 0,670

173 Purifying 0,001 0,998 0,001 1,000 0,003 0,670

180 Purifying 0,000 1,000 0,000 0,995 0,048 0,670

182 Purifying 0,003 0,997 0,002 1,000 0,037 0,670

186 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

189 Purifying 0,004 0,995 0,003 1,000 0,041 0,670

194 Purifying 0,001 0,998 0,001 1,000 0,037 0,670

Continuation of Table S15 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pr[α<β] - Posterior probability of positive selection; Pr[α>β] - Posterior probability of negative selection; α - Mean posterior 

synonymous substitution rate; β - Mean posterior non-synonymous substitution rate; Pr[dN/dS > 1] - The binomial 

probability that synonymous substitution in no greater than the observed value, with a probability of sucess (PS); Pr[dN/dS 

< 1] - The binomial probability that synonymous substitution in no less than the observed value, with a probability of 

sucess (PS); dS - synonymous substitution rate; dN - non-synonymous substitution rate.  

MEME

Class P-Value Pr[α>β] Pr[α<β] Pr[dN/dS > 1] Pr[dN/dS < 1] P-Value

19 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

32 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

36 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

40 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

41 Purifying 0,001 0,998 0,001 1,000 0,037 0,670

43 Purifying 0,006 0,996 0,001 0,998 0,028 0,670

44 Purifying 0,008 0,993 0,003 0,993 0,047 0,670

46 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

47 Purifying 0,003 0,997 0,001 1,000 0,029 0,670

48 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

50 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

51 Purifying 0,000 0,999 0,000 1,000 0,012 0,670

53 Purifying 0,008 0,994 0,003 0,998 0,019 0,670

54 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

56 Purifying 0,002 0,996 0,002 1,000 0,037 0,670

59 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

60 Purifying 0,000 1,000 0,000 0,999 0,004 0,670

61 Purifying 0,001 0,999 0,000 1,000 0,004 0,670

65 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

69 Purifying 0,001 0,998 0,001 0,999 0,018 0,310

74 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

76 Purifying 0,002 0,997 0,002 1,000 0,041 0,670

79 Purifying 0,001 0,999 0,001 1,000 0,012 0,670

84 Purifying 0,002 0,998 0,001 1,000 0,011 0,670

87 Purifying 0,020 0,975 0,017 1,000 0,037 0,670

94 Purifying 0,001 0,997 0,002 0,999 0,010 0,670

95 Purifying 0,002 0,996 0,002 1,000 0,012 0,670

110 Diversifying 0,014 0,004 0,977 0,112 0,981 0,020

132 Purifying 0,000 1,000 0,000 1,000 0,008 0,670

136 Purifying 0,004 0,994 0,003 0,996 0,045 0,650

140 Purifying 0,000 0,999 0,000 1,000 0,004 0,670

141 Purifying 0,003 0,996 0,002 1,000 0,037 0,670

145 Purifying 0,005 0,994 0,003 0,993 0,048 0,670

148 Purifying 0,016 0,985 0,009 0,996 0,042 0,670

152 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

156 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

158 Purifying 0,003 0,994 0,004 1,000 0,011 0,670

162 Purifying 0,017 0,967 0,021 0,986 0,094 0,300

166 Purifying 0,007 0,990 0,006 0,996 0,045 0,630

167 Purifying 0,002 0,998 0,002 1,000 0,027 0,670

168 Purifying 0,001 0,999 0,000 1,000 0,022 0,670

173 Purifying 0,001 0,998 0,001 1,000 0,003 0,670

XIAP  gene

Site
FEL FUBAR SLAC
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Pr[α<β] - Posterior probability of positive selection; Pr[α>β] - Posterior probability of negative selection; α - Mean posterior 

synonymous substitution rate; β - Mean posterior non-synonymous substitution rate; Pr[dN/dS > 1] - The binomial 

probability that synonymous substitution in no greater than the observed value, with a probability of sucess (PS); Pr[dN/dS 

< 1] - The binomial probability that synonymous substitution in no less than the observed value, with a probability of 

sucess (PS); dS - synonymous substitution rate; dN - non-synonymous substitution rate.  

MEME

Class P-Value Pr[α>β] Pr[α<β] Pr[dN/dS > 1] Pr[dN/dS < 1] P-Value

19 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

32 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

36 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

40 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

41 Purifying 0,001 0,998 0,001 1,000 0,037 0,670

43 Purifying 0,006 0,996 0,001 0,998 0,028 0,670

44 Purifying 0,008 0,993 0,003 0,993 0,047 0,670

46 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

47 Purifying 0,003 0,997 0,001 1,000 0,029 0,670

48 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

50 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

51 Purifying 0,000 0,999 0,000 1,000 0,012 0,670

53 Purifying 0,008 0,994 0,003 0,998 0,019 0,670

54 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

56 Purifying 0,002 0,996 0,002 1,000 0,037 0,670

59 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

60 Purifying 0,000 1,000 0,000 0,999 0,004 0,670

61 Purifying 0,001 0,999 0,000 1,000 0,004 0,670

65 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

69 Purifying 0,001 0,998 0,001 0,999 0,018 0,310

74 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

76 Purifying 0,002 0,997 0,002 1,000 0,041 0,670

79 Purifying 0,001 0,999 0,001 1,000 0,012 0,670

84 Purifying 0,002 0,998 0,001 1,000 0,011 0,670

87 Purifying 0,020 0,975 0,017 1,000 0,037 0,670

94 Purifying 0,001 0,997 0,002 0,999 0,010 0,670

95 Purifying 0,002 0,996 0,002 1,000 0,012 0,670

110 Diversifying 0,014 0,004 0,977 0,112 0,981 0,020

132 Purifying 0,000 1,000 0,000 1,000 0,008 0,670

136 Purifying 0,004 0,994 0,003 0,996 0,045 0,650

140 Purifying 0,000 0,999 0,000 1,000 0,004 0,670

141 Purifying 0,003 0,996 0,002 1,000 0,037 0,670

145 Purifying 0,005 0,994 0,003 0,993 0,048 0,670

148 Purifying 0,016 0,985 0,009 0,996 0,042 0,670

152 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

156 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

158 Purifying 0,003 0,994 0,004 1,000 0,011 0,670

162 Purifying 0,017 0,967 0,021 0,986 0,094 0,300

166 Purifying 0,007 0,990 0,006 0,996 0,045 0,630

167 Purifying 0,002 0,998 0,002 1,000 0,027 0,670

168 Purifying 0,001 0,999 0,000 1,000 0,022 0,670

173 Purifying 0,001 0,998 0,001 1,000 0,003 0,670

XIAP  gene

Site
FEL FUBAR SLAC

197 Purifying 0,000 0,998 0,001 1,000 0,011 0,670

199 Purifying 0,003 0,997 0,002 1,000 0,012 0,670

205 Purifying 0,002 0,997 0,002 1,000 0,037 0,670

206 Purifying 0,004 0,994 0,004 1,000 0,041 0,670

208 Purifying 0,009 0,990 0,006 1,000 0,045 0,670

210 Purifying 0,001 0,998 0,001 1,000 0,011 0,670

213 Purifying 0,000 0,999 0,000 1,000 0,012 0,670

216 Purifying 0,003 0,995 0,003 0,995 0,048 0,400

217 Purifying 0,001 0,999 0,000 1,000 0,003 0,670

219 Purifying 0,011 0,991 0,006 1,000 0,049 0,670

220 Purifying 0,001 0,998 0,001 1,000 0,013 0,670

223 Purifying 0,000 1,000 0,000 1,000 0,006 0,670

224 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

225 Purifying 0,001 0,998 0,001 1,000 0,011 0,670

226 Purifying 0,000 1,000 0,000 1,000 0,012 0,670

228 Purifying 0,003 0,994 0,004 1,000 0,014 0,670

231 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

235 Purifying 0,001 0,994 0,003 0,997 0,026 0,670

249 Purifying 0,005 0,994 0,004 1,000 0,030 0,670

275 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

299 Purifying 0,001 0,998 0,001 1,000 0,012 0,670

307 Purifying 0,007 0,992 0,005 1,000 0,038 0,670

308 Purifying 0,003 0,997 0,002 1,000 0,031 0,670

313 Purifying 0,009 0,988 0,008 1,000 0,037 0,670

316 Purifying 0,001 0,998 0,001 1,000 0,003 0,670

319 Purifying 0,001 0,998 0,001 1,000 0,015 0,670

320 Purifying 0,000 1,000 0,000 1,000 0,002 0,670

328 Purifying 0,001 0,998 0,001 1,000 0,014 0,670

330 Purifying 0,002 0,994 0,002 0,995 0,038 0,670

331 Purifying 0,010 0,988 0,007 1,000 0,044 0,670

335 Purifying 0,005 0,994 0,004 1,000 0,019 0,670

336 Purifying 0,000 1,000 0,000 1,000 0,002 0,670

350 Purifying 0,015 0,982 0,004 0,995 0,030 0,670

368 Purifying 0,006 0,994 0,004 1,000 0,037 0,670

371 Purifying 0,000 0,999 0,000 1,000 0,012 0,670

375 Purifying 0,000 1,000 0,000 1,000 0,005 0,670

386 Purifying 0,009 0,979 0,001 0,998 0,014 0,670

393 Purifying 0,004 0,996 0,003 1,000 0,013 0,670

400 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

402 Purifying 0,006 0,996 0,002 1,000 0,028 0,670

435 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

443 Purifying 0,001 0,998 0,001 1,000 0,003 0,670

446 Purifying 0,001 0,998 0,001 1,000 0,014 0,670

452 Purifying 0,004 0,993 0,004 0,996 0,045 0,550

455 Purifying 0,001 0,998 0,001 1,000 0,011 0,670

465 Purifying 0,008 0,988 0,008 0,997 0,045 0,540

466 Purifying 0,001 0,997 0,000 0,992 0,033 0,670

475 Purifying 0,009 0,990 0,006 1,000 0,037 0,670

479 Purifying 0,002 0,997 0,002 1,000 0,037 0,670

482 Purifying 0,026 0,971 0,019 0,989 0,104 0,670

485 Purifying 0,000 0,999 0,000 1,000 0,007 0,670

II 



 
Chapter II 

FCUP | 91 

 

Continuation of Table S15 

 

 

 

 

 

 

Pr[α<β] - Posterior probability of positive selection; Pr[α>β] - Posterior probability of negative selection; α - Mean posterior 

synonymous substitution rate; β - Mean posterior non-synonymous substitution rate; Pr[dN/dS > 1] - The binomial 

probability that synonymous substitution in no greater than the observed value, with a probability of sucess (PS); Pr[dN/dS 

< 1] - The binomial probability that synonymous substitution in no less than the observed value, with a probability of 

sucess (PS); dS - synonymous substitution rate; dN - non-synonymous substitution rate. 

Table S16: FEL, FUBAR, SLAC and MEME analyses from HyPhy software package for the SH2D1B gene in Mammalia 
data set. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pr[α<β] - Posterior probability of positive selection; Pr[α>β] - Posterior probability of negative selection; α - Mean posterior 

synonymous substitution rate; β - Mean posterior non-synonymous substitution rate; Pr[dN/dS > 1] - The binomial 

probability that synonymous substitution in no greater than the observed value, with a probability of sucess (PS); Pr[dN/dS 

< 1] - The binomial probability that synonymous substitution in no less than the observed value, with a probability of 

sucess (PS); dS - synonymous substitution rate; dN - non-synonymous substitution rate. 

MEME

Class P-Value Pr[α>β] Pr[α<β] Pr[dN/dS > 1] Pr[dN/dS < 1] P-Value

2 Purifying 0,002 0,994 0,004 1,000 0,009 0,670

3 Purifying 0,013 0,968 0,021 1,000 0,033 0,670

5 Purifying 0,001 0,997 0,001 1,000 0,003 0,670

7 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

8 Purifying 0,002 0,996 0,002 1,000 0,012 0,670

16 Purifying 0,003 0,992 0,005 1,000 0,014 0,670

19 Purifying 0,005 0,983 0,011 1,000 0,016 0,670

25 Purifying 0,001 0,997 0,001 1,000 0,001 0,670

29 Purifying 0,009 0,976 0,016 1,000 0,027 0,670

30 Purifying 0,017 0,962 0,020 0,997 0,026 0,670

31 Purifying 0,001 0,996 0,002 1,000 0,009 0,670

33 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

35 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

37 Purifying 0,003 0,993 0,004 0,999 0,018 0,670

41 Purifying 0,001 0,998 0,001 1,000 0,007 0,670

42 Purifying 0,013 0,979 0,014 1,000 0,049 0,670

52 Purifying 0,000 0,999 0,001 1,000 0,002 0,670

53 Purifying 0,001 0,994 0,004 1,000 0,009 0,670

61 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

63 Purifying 0,015 0,959 0,009 0,996 0,025 0,080

76 Purifying 0,000 0,997 0,002 1,000 0,002 0,670

79 Purifying 0,004 0,986 0,008 1,000 0,008 0,670

82 Purifying 0,002 0,994 0,001 0,999 0,007 0,670

89 Purifying 0,001 0,997 0,002 1,000 0,012 0,670

92 Purifying 0,001 0,996 0,002 1,000 0,013 0,670

97 Purifying 0,008 0,986 0,009 1,000 0,039 0,670

100 Purifying 0,007 0,984 0,010 0,999 0,018 0,670

101 Purifying 0,005 0,985 0,009 0,998 0,016 0,670

SH2D1B  gene

Site
FEL FUBAR SLAC

452 Purifying 0,004 0,993 0,004 0,996 0,045 0,550

455 Purifying 0,001 0,998 0,001 1,000 0,011 0,670

465 Purifying 0,008 0,988 0,008 0,997 0,045 0,540

466 Purifying 0,001 0,997 0,000 0,992 0,033 0,670

475 Purifying 0,009 0,990 0,006 1,000 0,037 0,670

479 Purifying 0,002 0,997 0,002 1,000 0,037 0,670

482 Purifying 0,026 0,971 0,019 0,989 0,104 0,670

485 Purifying 0,000 0,999 0,000 1,000 0,007 0,670

MEME

Class P-Value Pr[α>β] Pr[α<β] Pr[dN/dS > 1] Pr[dN/dS < 1] P-Value

19 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

32 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

36 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

40 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

41 Purifying 0,001 0,998 0,001 1,000 0,037 0,670

43 Purifying 0,006 0,996 0,001 0,998 0,028 0,670

44 Purifying 0,008 0,993 0,003 0,993 0,047 0,670

46 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

47 Purifying 0,003 0,997 0,001 1,000 0,029 0,670

48 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

50 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

51 Purifying 0,000 0,999 0,000 1,000 0,012 0,670

53 Purifying 0,008 0,994 0,003 0,998 0,019 0,670

54 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

56 Purifying 0,002 0,996 0,002 1,000 0,037 0,670

59 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

60 Purifying 0,000 1,000 0,000 0,999 0,004 0,670

61 Purifying 0,001 0,999 0,000 1,000 0,004 0,670

65 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

69 Purifying 0,001 0,998 0,001 0,999 0,018 0,310

74 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

76 Purifying 0,002 0,997 0,002 1,000 0,041 0,670

79 Purifying 0,001 0,999 0,001 1,000 0,012 0,670

84 Purifying 0,002 0,998 0,001 1,000 0,011 0,670

87 Purifying 0,020 0,975 0,017 1,000 0,037 0,670

94 Purifying 0,001 0,997 0,002 0,999 0,010 0,670

95 Purifying 0,002 0,996 0,002 1,000 0,012 0,670

110 Diversifying 0,014 0,004 0,977 0,112 0,981 0,020

132 Purifying 0,000 1,000 0,000 1,000 0,008 0,670

136 Purifying 0,004 0,994 0,003 0,996 0,045 0,650

140 Purifying 0,000 0,999 0,000 1,000 0,004 0,670

141 Purifying 0,003 0,996 0,002 1,000 0,037 0,670

145 Purifying 0,005 0,994 0,003 0,993 0,048 0,670

148 Purifying 0,016 0,985 0,009 0,996 0,042 0,670

152 Purifying 0,000 1,000 0,000 1,000 0,003 0,670

156 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

158 Purifying 0,003 0,994 0,004 1,000 0,011 0,670

162 Purifying 0,017 0,967 0,021 0,986 0,094 0,300

166 Purifying 0,007 0,990 0,006 0,996 0,045 0,630

167 Purifying 0,002 0,998 0,002 1,000 0,027 0,670

168 Purifying 0,001 0,999 0,000 1,000 0,022 0,670

173 Purifying 0,001 0,998 0,001 1,000 0,003 0,670

XIAP  gene

Site
FEL FUBAR SLAC
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Table S17: FEL, FUBAR, SLAC and MEME analyses from HyPhy software package for the XIAP gene in primates 
dataset. 
 

 
 
Pr[α<β] - Posterior probability of positive selection; Pr[α>β] - Posterior probability of negative selection; α - Mean posterior 

synonymous substitution rate; β - Mean posterior non-synonymous substitution rate; Pr[dN/dS > 1] - The binomial 

probability that synonymous substitution in no greater than the observed value, with a probability of sucess (PS); Pr[dN/dS 

< 1] - The binomial probability that synonymous substitution in no less than the observed value, with a probability of 

sucess (PS); dS - synonymous substitution rate; dN - non-synonymous substitution rate.  

 

Table S18: FEL, FUBAR, SLAC and MEME analyses from HyPhy software package for the SH2D1B gene in primates 

dataset.

 

Pr[α<β] - Posterior probability of positive selection; Pr[α>β] - Posterior probability of negative selection; α - Mean posterior 

synonymous substitution rate; β - Mean posterior non-synonymous substitution rate; Pr[dN/dS > 1] - The binomial 

probability that synonymous substitution in no greater than the observed value, with a probability of sucess (PS); Pr[dN/dS 

< 1] - The binomial probability that synonymous substitution in no less than the observed value, with a probability of 

sucess (PS); dS - synonymous substitution rate; dN - non-synonymous substitution rate. 

MEME

Class P-Value Pr[α>β] Pr[α<β] Pr[dN/dS > 1] Pr[dN/dS < 1] P-Value

60 Purifying 0,000 1,000 0,000 1,000 0,000 0,670

94 Purifying 0,004 0,989 0,007 1,000 0,011 0,670

155 Purifying 0,000 1,000 0,000 1,000 0,004 0,670

167 Purifying 0,005 0,998 0,000 1,000 0,037 0,670

185 Purifying 0,001 0,999 0,000 1,000 0,012 0,670

220 Purifying 0,017 0,955 0,032 1,000 0,049 0,670

274 Purifying 0,011 0,989 0,007 1,000 0,037 0,670

345 Purifying 0,016 0,980 0,013 1,000 0,037 0,670

347 Purifying 0,006 0,995 0,003 1,000 0,049 0,670

349 Purifying 0,005 0,992 0,005 1,000 0,017 0,670

350 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

360 Purifying 0,007 0,997 0,001 0,996 0,046 0,670

363 Purifying 0,002 0,996 0,002 1,000 0,037 0,670

371 Purifying 0,024 0,953 0,034 1,000 0,049 0,670

383 Purifying 0,003 0,995 0,003 1,000 0,041 0,670

XIAP  gene

Site
FEL FUBAR SLAC

MEME

Class P-Value Pr[α>β] Pr[α<β] Pr[dN/dS > 1] Pr[dN/dS < 1] P-Value

7 Purifying 0,001 0,993 0,004 1,000 0,007 0,670

13 Diversifying 0,035 0,001 0,988 0,095 0,978 0,020

14 Purifying 0,000 1,000 0,000 1,000 0,002 0,670

33 Purifying 0,000 1,000 0,000 1,000 0,001 0,670

35 Purifying 0,001 0,998 0,001 1,000 0,005 0,670

49 Diversifying 0,007 0,000 0,997 0,044 1,000 0,010

60 Purifying 0,013 0,987 0,002 0,996 0,024 0,670

61 Purifying 0,007 0,963 0,025 1,000 0,037 0,670

71 Diversifying 0,031 0,011 0,971 0,088 1,000 0,030

100 Purifying 0,005 0,968 0,022 1,000 0,037 0,670

101 Purifying 0,037 0,961 0,018 0,997 0,026 0,670

122 Purifying 0,026 0,958 0,026 0,997 0,041 0,670

SH2D1B  gene

Site
FEL FUBAR SLAC
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Table S19: FEL, FUBAR, SLAC and MEME analyses from HyPhy software package for the SH2D1A gene in primates 
dataset. 

Pr[α<β] - Posterior probability of positive selection; Pr[α>β] - Posterior probability of negative selection; α - Mean posterior 

synonymous substitution rate; β - Mean posterior non-synonymous substitution rate; Pr[dN/dS > 1] - The binomial 

probability that synonymous substitution in no greater than the observed value, with a probability of sucess (PS); Pr[dN/dS 

< 1] - The binomial probability that synonymous substitution in no less than the observed value, with a probability of 

sucess (PS); dS - synonymous substitution rate; dN - non-synonymous substitution rate. 

 

 

Figure S1: Cladogram representation of the phylogenetic tree based on the concatenated XIAP, SH2D1A and SH2D1B 

genes of great apes dataset, created using IQ-TREE 2.0.7 with the Maximum Likelihood method. Bootstrap values above 

70% are marked in bold. 

MEME

Class P-Value Pr[α>β] Pr[α<β] Pr[dN/dS > 1] Pr[dN/dS < 1] P-Value

3 Purifying 0,000 1,000 0,000 1,000 0,007 0,670

15 Purifying 0,001 1,000 0,000 1,000 0,004 0,670

16 Purifying 0,013 0,989 0,006 1,000 0,037 0,670

21 Purifying 0,001 1,000 0,000 1,000 0,005 0,670

26 Purifying 0,003 0,995 0,003 1,000 0,019 0,670

36 Purifying 0,003 0,992 0,005 1,000 0,012 0,670

38 Purifying 0,002 0,997 0,002 1,000 0,037 0,670

116 Purifying 0,023 0,995 0,001 0,995 0,048 0,670

SH2D1A  gene

Site
FEL FUBAR SLAC
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Figure S2: Cladogram representation of the phylogenetic tree based on the concatenated XIAP, SH2D1A and SH2D1B 

genes of Mammalia dataset, created using IQ-TREE 2.0.7 with the Maximum Likelihood method. Bootstrap values above 

70% are marked in bold. 
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Figure S3: Cladogram representation of the phylogenetic tree based on the concatenated XIAP, SH2D1A and SH2D1B 

genes of primates dataset, created using IQ-TREE 2.0.7 with the Maximum Likelihood method. Bootstrap values above 

70% are marked in bold. 



Evolutionary genomic analyses of SH2D1A, SH2D1B and XIAP genes in primates:  
Implications on immune functionality 

96 | FCUP  
 

 

Figure S4: Graphs showing the PhyloP and PhastCons scores for the SH2D1A gene in the primate (A) and Mammalia 

(B) datasets. In PhyloP, negative sites are predicted to be rapidly evolving and positive sites are predicted to be conserved. 

In PhastCons, the score varies between 0 and 1, from least to most conserved, respectively. 

 

 

Figure S5: Graphs showing the PhyloP and PhastCons scores for the SH2D1B gene in the primate (A) and Mammalia 

(B) datasets. In PhyloP, negative sites are predicted to be rapidly evolving and positive sites are predicted to be conserved. 

In PhastCons, the score varies between 0 and 1, from least to most conserved, respectively. 
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Figure S6: Graphs showing the PhyloP and PhastCons scores for the XIAP gene in the primate (A) and Mammalia (B) 

datasets. In PhyloP, negative sites are predicted to be rapidly evolving and positive sites are predicted to be conserved. 

In PhastCons, the score varies between 0 and 1, from least to most conserved, respectively. 
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3.1.  Abstract 

In genomics and personalized medicine, researchers rely on automated methods to 

analyze single nucleotide polymorphisms (SNPs), particularly nonsynonymous SNPs 

(nsSNPs). These nsSNPs play dual roles as genetic markers and disease-related 

variants, often affecting protein stability and interactions. The last decade has witnessed 

significant progress in understanding the genetic basis of individual reactions to 

medications, crucial for personalized medicine. In response, in silico prediction tools 

have been developed to classify harmful nsSNPs based on sequence data and 

physicochemical properties. Focusing on the SH2D1A gene associated with X-linked 

lymphoproliferative disease, we employed molecular dynamics simulations to 

comprehensively investigate the effects of deleterious nsSNPs, offering insights for 

disease diagnosis and personalized treatments. Missense SNPs linked to the SH2D1A 

gene were retrieved from ClinVar and HGMD using the human SH2D1A protein 

sequence as basis for analyses. We resorted to PredictSNP1.0 to assess the impact of 

the nsSNPs using nine prediction tools and to I-Mutant 2.0 and MUpro to explore stability 

changes. Further characterization involved conservation, physicochemical changes, and 

structural and functional feature analyses. The native 3D structure of SH2D1A was 

obtained from the Protein Data Bank, and missing residues were added and validated. 

In silico mutagenesis was performed for selected SNPs. Molecular dynamics simulations 

were carried out, and the data analyzed for various structural parameters. In total, we 

analyzed 60 missense SNPs and identified 23 highly deleterious and unstable SNPs 

associated with the SH2D1A gene. Structural analysis revealed that these mutations 

typically affect conserved amino acids, with changes in physicochemical properties 

impacting stability. Molecular dynamics simulations showed varying effects on protein 

stability, flexibility, and structure. Complex relationships between secondary structures, 

hydrogen bonds, and solvent exposure influenced the mutations' impact. Further 

experimental validation is essential and future research should explore potential drug 

targets for the treatment of these XLP-related mutations. Personalized medicine may 

benefit from tailored interventions based on genetic profiles. 

 

Keywords: X-linked Lymphoproliferative Syndrome, SH2D1A, Molecular Simulation 

Dynamics, nonsynonymous SNPs  
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3.2.  Introduction 

In the field of genomics and personalised medicine, researchers face a major challenge 

in the extensive analysis of data obtained by whole genome sequencing [1,2]. To handle 

this complexity, the use of automated methods for annotation and prioritisation of 

variants has become essential. In this context, computational analysis of common single 

nucleotide polymorphisms (SNPs) has emerged as a powerful and easily accessible tool 

to drive the progress of personalised genomics [3–5]. 

SNPs, particularly nonsynonymous SNPs (nsSNPs), play a dual role as genetic markers 

in genetic mapping and as potential functional polymorphic variants involved in complex 

diseases and drug responses [6]. Many nsSNPs associated with human diseases exert 

their effects through changes in structural stability or by directly disrupting sites of 

interaction with ligands [7]. 

In the last decade, research aimed to comprehensively understand the genetic basis of 

variability in response to medicines in different individuals has experienced a remarkable 

upsurge, which is fundamental to the development of personalised medicine [8]. 

There is an urgent need for efficient methods to classify nsSNPs as harmful or disease-

causing. Hence, sophisticated and affordable in silico prediction tools have been 

developed. These tools evaluate the harmful potential of a nsSNP based on sequence 

information, structural attributes and the physicochemical properties of amino acids [9]. 

Each algorithm has its own advantages and limitations, but they all contribute to the 

overall goal of classifying nsSNPs as pathogenic or neutral [10]. 

Molecular dynamics (MD) simulation is a computational technique used to analyse the 

physical behaviour of atoms and molecules over time [11]. It is widely employed in the 

field of structural biology to investigate the dynamics and thermodynamics of 

biomolecules, including proteins and nucleic acids. So, comprehending the three-

dimensional (3D) structure of a gene product is crucial to assess the impact of mutations 

on disease development. Using the 3D structure of proteins, MD simulations can predict 

the impact of nsSNPs on the dynamics of protein structure [12]. Currently, many 

macromolecular structures are available in the Protein Data Bank (PDB), which serve as 

valuable resources for mapping mutations, creating 3D models using homology 

modelling techniques and running MD simulations [13]. 

These tools are particularly important to explore the genetic basis of poorly studied 

diseases, including the X-linked lymphoproliferative (XLP) syndrome. Mutations in the 
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SH2D1A gene (Figure 1) lead to the development of XLP syndrome type 1 (XLP1), which 

mainly affects men. In this rare immune disease, the immune response to the Epstein-

Barr virus (EBV) is impaired [14].  

 

Figure 1: Crystal structure of SH2D1A/FYN/SLAM in ternary complex (ID: 1M27). In orange the SLAM protein, in green 

the SH2D1A protein and in purple the FYN protein. Extracted from the Protein Data Bank (PDB) [15]. 

SH2D1A mutations lead to reduced or absent invariant natural killer T cells (iNKT), 

impaired cell death mechanisms, dysregulated cytokine production and an increased risk 

of lymphoma, especially B-cell lymphoma such as Burkitt's lymphoma [16]. The severity 

and timing of symptoms vary depending on the type and location of the SH2D1A 

mutation, highlighting the need for individualised approaches for diagnosis and treatment 

[17] (see Chapter I). XLP1 highlights the complicated relationship between genetics and 

immunity and, consequently, the importance of understanding genetic factors in immune 

diseases for personalised medical care.  

The aim of this study is to comprehensively investigate the functional consequences of 

deleterious nsSNPs in the SH2D1A gene. By using an integrated in silico framework that 

includes prediction methods and MD simulations, we intend to find out how these 

mutations affect the structure and function of the SH2D1A protein. Ultimately, our results 

may provide valuable insights for disease diagnosis and the development of 

personalised therapeutic strategies for SH2D1A-related diseases. 
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3.3.  Material and Methods 

Retrieval of SNPs and SH2D1A protein sequence 

To comprehensively investigate the effects of amino acid alterations within the SH2D1A 

protein underlying the phenotypes associated with XLP, we first performed a detailed 

identification and extraction of missense SNPs, specific to the SH2D1A gene, involved 

in the disease. This crucial step was taken resorting to two widely recognised genetic 

variant databases: the ClinVar database, managed by the National Center for 

Biotechnology Information (NCBI) [18], and the Human Gene Mutation Database 

(HGMD) [19]. These databases are valuable scientific resources due to their expertise 

in classifying genetic variants and are considered highly reliable sources of genetic 

information. After extracting SNPs from these databases, we associated each of the 

extracted SNPs with identifiers from the NCBI dbSNP (Single Nucleotide Polymorphism) 

database [20]. This ensures accurate tracking and correlation of the genetic variations 

associated with the SH2D1A gene with the corresponding entries in this database. 

In addition, we obtained the human protein sequence corresponding to the longest 

transcriptional variant of the SH2D1A protein from the UniProt database [21] (UniProt ID: 

O60880). This served as an essential basis for our subsequent investigations into the 

functional consequences and potential impact of the identified missense SNPs within the 

SH2D1A gene. 

Missense SNPs analysis 

Prediction of most deleterious SNPs 

To assess changes in protein function resulting from missense SNPs, we used 

PredictSNP1.0 web server [22], a powerful predictive tool from the field of computational 

biology. PredictSNP1.0 acts as a unified classifier that harmoniously integrates 

information from nine of the most popular prediction tools - PolyPhen-1, PolyPhen-2, 

SIFT, MAPP, SNAP, PredictSNP, PANTHER, PhD-SNP and nsSNPAnalyzer. This 

comprehensive approach allows for a versatile assessment of the impact of genetic 

variants on protein function, since each of these tools offers unique approaches to 

predicting the effects of genetic mutations on proteins [23]. 

PolyPhen-1 and PolyPhen-2 use machine learning algorithms to predict the effects of 

mutations on protein structure and function and classify mutations as "benign" or 

"harmful" [24,25]. SIFT evaluates mutations based on the conservation of amino acids 
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at similar positions in related proteins and predicts whether a mutation is "tolerated" or 

"intolerant" [26]. MAPP considers various aspects of protein structure and biochemistry 

to predict the effects of mutations [27]. SNAP evaluates mutations based on sequence 

information, protein structure and function [28]. PredictSNP, on the other hand, uses 

machine learning to predict the functional impact of mutations by integrating various 

genetic and structural features [22]. PANTHER classifies mutations based on protein 

family evolution and predicts whether a mutation is "likely benign" or "likely harmful" 

[29,30]. PhD-SNP uses a set of decision rules based on protein structure and function to 

classify mutations as "neutral" or "non-neutral" [31]. Finally, the nsSNPAnalyzer 

evaluates mutations based on sequence and structural analyses and identifies mutations 

that may affect protein function [32]. 

By integrating these different approaches, PredictSNP1.0 provides a more 

comprehensive and reliable assessment of the effects of genetic mutations, enabling a 

deeper understanding of the functional implications of genetic variants [33]. SNPs 

showing deleterious effects in at least six prediction tools were accepted for protein 

stability analyses [34]. 

Predicting alterations of stability 

The SNPs selected in the previous steps were analysed by I-Mutant 2.0 [35] and MUpro 

[36], two automated web servers based on neural networks that play an essential role in 

investigating changes in protein stability due to nsSNP mutations. Both tools employ 

machine learning principles with the Support  ector Machine (S M) [37]. 

In the case of I-Mutant 2.0, it can predict variations in free energy (ΔΔG) and classify 

them into two distinct categories: an increase in protein stability (ΔΔG > 0 kcal/mol) or a 

decrease in stability (ΔΔG < 0 kcal/mol) [35]. The results provided by MUpro are 

expressed in terms of confidence values ranging from -1 to 1, in which a confidence 

value below 0 indicates a reduction in stability, while a confidence value above 0 

indicates an increase in stability [36]. Mutations demonstrating instability effects in at 

least three out of the four results obtained through the methods will be chosen for 

subsequent analysis. 

Characterization of the selected SNPs 

Once the most deleterious and instability-causing polymorphisms had been uncovered, 

their comprehensive characterisation was carried out, which comprises the assessment 

of various aspects - the degree of conservation of the amino acids involved, changes in 
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the physicochemical properties of the protein and the identification of structural and 

functional pathogenic features. Three different bioinformatics tools were used to facilitate 

this multi-faceted analysis: the ConSurf server [38], the Have Your Protein Explained 

(HOPE) [39] server and MutPred2 [40]. 

The ConSurf server measures the evolutionary conservation of amino acids in proteins 

based on phylogenetic relationships between similar sequences. The conservation 

value, which ranges from 1 to 9, indicates the degree of conservation of amino acids 

during evolution, with 9 representing maximum conservation and 1 representing low 

conservation [38,41]. 

The Have Your Protein Explained (HOPE) server is an advanced tool that provides a 

complete analysis of the molecular structures, mutations and molecular properties of 

human proteins. This state-of-the-art automated resource sheds light on mutation-

induced changes in structural and functional stability [39]. It integrates reliable data from 

various sources, including UniProt, WHAT IF [42] and Distributed Annotation System 

(DAS) [43,44].  

MutPred2 is a web server that plays an essential role in uncovering structural and 

functional knowledge about protein variants. MutPred2 is specifically designed to 

categorise amino acid substitutions in humans as pathogenic or benign and extends its 

predictive capabilities to assess more than 100 different protein properties. This 

comprehensive analysis enables the inference of potentially pathogenic molecular 

mechanisms and contributes to the understanding of the molecular basis of disease [40]. 

With these tools, we obtain a comprehensive understanding of the complex 

interrelationships between genetic variations, protein structure and function, thus gaining 

new insights into the molecular basis of diseases and potential therapeutic approaches. 

Loop modelling, validation and mutagenesis 

To assess the effects of mutations on the molecular dynamics of the protein, we first 

extracted the native three-dimensional structure of the human SH2D1A protein from the 

Protein Data Bank [15] (PDB ID: 1KA6). Protein structures obtained by X-ray diffraction 

and nuclear magnetic resonance (NMR) have advantages over predicted protein 

structures because they are experimentally validated and represent the real structure of 

the protein [45,46]. However, structures obtained by these direct methods are often not 

complete due to technical complications or structural flexibility [47]. Therefore, the 

missing residues of the protein were added to the native structure with PyMol v2.5 [48] 
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and validated with the ModLoop web server [49]. Based on the complete structure of the 

native protein, an in silico mutagenesis was performed for the selected SNPs using the 

Swiss PDB Viewer v4.1 [50]. 

Molecular dynamics simulation 

We used the GROMACS 2023.2 package [51] to study the dynamics and equilibrium of 

native and mutant SH2D1A proteins. Molecular dynamics simulation (MDS) generated 

time trajectories revealing conformational changes in the proteins after mutation. We 

used the AMBER99SB-ILDN force field with the TIP3P water model [52]. After solvation, 

we neutralised the system with Na+ and Cl- ions using GENION. After neutralisation, we 

optimised the energy to avoid improper conformations and sterics by using the "steepest 

descent" algorithm to ensure that the three-dimensional structures were free of obstacles 

[53]. We then equilibrated the system in two regimes: NVT (constant number of particles, 

volume and temperature) and NPT (constant number of particles, pressure and 

temperature), both with 50,000 steps. We then ran the MDS for 25 nanoseconds at a 

temperature of 300 K, generating trajectories every 0.2 picoseconds. 

The resulting trajectories were used to analyse important GROMACS parameters such 

as the RMSD (Root Mean Square Deviation) to assess structural stability over time, the 

RMSF (Root Mean Square Fluctuation) to assess the flexibility of individual residues, the 

Rg (Radius of Gyration) to measure protein compaction, the number of hydrogen bonds 

to assess protein stability, the solvent accessible surface area (SASA) to analyse the 

area of the protein available for interaction with solvents [54–56] and the DSSP algorithm 

to analyse the secondary structure elements of the proteins [57]. 

These trajectories were also used to generate diagrams through XMGrace v5.1.19 [58], 

providing detailed information about the structural differences that occurred during the 

simulation and a detailed look at the dynamics of these proteins. These analyses 

provided crucial insights into the structural responses of proteins to mutations and the 

changes in their dynamics over time. 

The data extracted from the MDS analyses were subjected to statistical analysis using 

Excel 2016. This analysis encompassed the calculation of mean values, standard 

deviations, differences between the means of mutant and wild-type proteins, and p-

values for the disparities of the mutants through the two-tailed T-test. 
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3.4.  Results 

Missense SNPs collection 

In order to extract only the SNPs that are linked to the appearance of the XLP phenotype 

and result in a change on the encoded amino acid (missense), a total of 60 SNPs were 

extracted from the ClinVar and HGMD databases (Table S1). 

Analyses and selection of the most deleterious SNPs 

The different algorithms used to analyse the harmful potential of the missense SNPs on 

the PredictSNP1.0 webserver yielded different results (see Table S2). Of the 60 SNPs 

originally identified, PredictSNP classified 46 as harmful, while MAPP detected 53 

deleterious SNPs. PhD-SNP identified 42 SNPs as deleterious, PolyPhen-1 labelled 41 

as deleterious and PolyPhen-2 identified 45 with deleterious potential. Similarly, SIFT 

classified 48 SNPs as deleterious, while SNAP pointed to 37. It is noteworthy that both 

PANTHER and nsSNP Analyzer did not produce any results. 

Figure 2: Protein structure of SH2D1A modelled with the sites affected by the SNPs highlighted in red. 

To refine the selection, a comparative selective approach centred on SNPs with 

deleterious signals was used in at least six of the aforementioned algorithms, resulting 

in the identification of 40 SNPs with harmful effects. These SNPs were subjected to 

stability analyses using the I-mutant2.0 and MUpro web servers (see Table S3). Of these 

40 SNPs, 23 showed structural instability and were selected for further analyses.  

III 



 
Chapter III 

FCUP | 109 

 

Prior to performing MDS, the 23 SNPs selected from previous analyses were 

characterised (Figure 2). This characterisation of their conservation level, 

physicochemical properties and potential pathogenic mechanisms using the ConSurf, 

HOPE and MutPred2 web servers are presented in Table S4. Remarkably, the 

substitutions involved amino acids that are typically buried within the protein and exhibit 

a high degree of conservation. Approximately 60% of the selected mutations resulted in 

the placement of smaller amino acids compared to their wild-type counterparts. In 

addition, about 48% of the mutant amino acids were less hydrophilic than the wild type, 

while 24% had increased hydrophobicity.  

Molecular Dynamics of native and mutant SH2D1A protein 

Despite the absence of certain amino acids in the protein structure, they could be 

effectively positioned and validated by using PyMol and ModLoop software. In addition, 

in silico mutagenesis was performed successfully for all SNPs using the Swiss PDB 

Viewer. To gain a deeper understanding of how the mutant SH2D1A proteins behave at 

the structural level, from the output trajectory files of the 25-ns molecular dynamics 

simulation, we created plots to analyse various parameters, including Rg (gyration 

radius), RMSF (root mean square fluctuation), SASA (solvent-accessible surface area), 

RMSD (root mean square deviation) and the total number of intramolecular hydrogen 

bonds. This analysis allowed us to compare the parameter results of the MD simulations 

for the wild-type protein (WT) with those of the 23 previously selected mutants given a 

detailed understanding at the atomic level of how the amino acid changes affect the 

stability and functionality of these proteins. 

The deviation of the atomic positions (RMSD) between the initial and the often-simulated 

protein was calculated for the protein backbone (Figure 3). In general, we observed 

statistically significant differences in the variances between the native WT and mutant 

proteins, except for mutants H8D and R32T, which had p-values of 0,527 and 0,571, 

respectively (Table S5). Notably, the Y54N mutant structure exhibited the highest 

average structural deviation for backbones (x̅ = 0,312), contrasting with the lower 

deviation values for WT (x̅ = 0,576) and the other mutants (Figure S1, S2, S3 and S4).  

To evaluate the dynamic behaviour of all 23 structures, we performed RMSF calculations 

in carbon alpha atoms for both the native and mutant proteins (Figure 4). The Cα-RMSF 

values were then plotted based on the residues within the structures (Figure S5, S6, S7 

and S8). Except for mutants Y41N, C42Y, V102G, R32T, Y7C, G27D, R55Q, I84T, the  
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Figure 3: Analysis of the evolution of backbone RMSD of all mutants and native (WT) SH2D1A protein at 25 ns.  

Figure 4: Analysis RMS fluctuation of carbon alpha on all mutants and native (WT) SH2D1A protein. 
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average Cα-RMSF values for the remaining mutants were significantly different from 

those of the native SH2D1A protein (Table S6). 

 

Figure 5: Analysis of radius gyration (Rg) on the backbone of all mutants and native (WT) SH2D1A protein. 

Analysis of the gyration radius (Rg), which provides information about the dimensions 

and conformational geometry of the protein (Figure 5), showed that all mutants had 

average Rg values that were significantly different from the wild-type structure (Table 

S7), apart from the G93D mutant (Figure S9, S10, S11 and S12). 

To understand the flexibility of both native and mutant SH2D1A proteins, we calculated 

the intramolecular hydrogen bonds (Figure 6). In general, all mutations had significant 

differences in the average number of hydrogen bonds compared to the wild-type protein, 

with most mutants having more bonds (Table S8). The exceptions were mutant proteins 

34G, G27S, H8D, C42Y, which had the same average number of hydrogen bonds, and 

mutant R55P, which had fewer bonds (Figure S13, S14, S15 and S16).  

Solvent accessible surface area analysis (SASA) was performed to evaluate the 

available surface for binding interactions (Figure 7). The average SASA value for the 

native protein was  85  nm2  (Figure S17, S18, S19 and S20).  Most  mutants  had  higher 
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Figure 6: Analysis of intramolecular hydrogen bonds on all mutants and native (WT) SH2D1A protein. 

 

Figure 7: Analysis of solvent accessible surface area (SASA) on all mutants and native (WT) SH2D1A protein. 
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average SASA values. However, some mutants, such as C42Y, I84T, G93D, Y7C, R32T, 

Y54N, I80R, M1K, Y41N and R32S, had lower SASA values, indicating compaction of 

the protein due to gain of binding (Table S9). 

The statistical significance of the mean values of each parameter obtained from the MDS 

of each of the mutant proteins and the native protein are shown in tables S5, S6, S7, S8 

and S9. 

 

Figure 8: Graphical summary of the average frequency of protein secondary structures in the native protein and by 

mutant. 

The type of secondary structures was evaluated through the simulation time (25ns) by 

the Define Secondary Structure of Proteins (DSSP) algorithm. When comparing the 

mutant proteins with the wild-type protein, we can see that in general there is a decrease 

in coil residues and an increase in residues in non-regular secondary structures (turns 

and bends). More than half of the mutant proteins also show an increase in secondary 

structures (helices and sheets) (Figure 8). 

3.5.  Discussion 

This research primarily addressed mutations within the SH2D1A gene associated with 

XLP to assess their impact on the structural stability and protein functionality of SH2D1A 

mutants. In the general population, SNPs are the predominant form of DNA variation and 

play a critical role in unravelling complex human diseases characterised by genetic 

phenotypic variations. The primary goal of studying deleterious SNPs is to uncover their 
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significant impact on the function and structure of DNA. However, comprehensive 

assessment of the deleterious effects of all nsSNPs from the vast pool of available 

nsSNPs through experimental research is challenging and time-consuming [34,59–70]. 

Therefore, various bioinformatics tools and databases come into play to distinguish 

between harmful nsSNPs and benign nsSNPs from the vast collection of reported 

nsSNPs. Previous research has highlighted the critical role of various bioinformatics 

algorithms in identifying harmful nonsynonymous SNPs associated with several complex 

diseases [71,72]. These computational tools are indispensable resources in the field of 

protein stability analyses, offering precise and detailed insights into the consequences 

of genetic variations on the structural integrity and function of proteins [73].  

Although mutations within the SH2D1A protein have been frequently documented in 

various physiological conditions, the exact mechanisms underlying the onset of various 

diseases remain obscure [14]. Therefore, an investigation of the effects of nsSNPs in the 

SH2D1A protein has the potential to shed light on the deleterious consequences. This 

endeavour involved deciphering the nature and structural location of the SNPs to 

understand their impact on protein functionality and stability to elucidate the severity of 

the associated disease [59,74]. Various computational tools were used to classify non-

synonymous polymorphisms as either neutral or disease related. A substantial number 

of SH2D1A mutations have been documented, with almost half of these mutations falling 

into the missense/nonsense category. 

A bioinformatics framework was used to prioritise nsSNPs within the SH2D1A gene. This 

prioritisation process included a structural analysis using PredictSNP1.0, I-Mutant 2 and 

MUpro, which identified 23 nsSNPs that were classified as "high-risk” (Tables S2 and 

S3). This harmfulness of the mutations can be understood quite generally due to the high 

degree of conservation of the amino acids involved, according to the ConSurf web server 

[38]. Put simply, a high level of conservation in a region indicates that the region performs 

a vital function and is essential to the structure and function of the protein [75,76]. This 

would be expected given that the 23 mutations affect the only functional domain of the 

protein (SH2 domain), which is crucial for the interprotein interactions of the SH2D1A 

protein required for the initiation of signalling cascades. Therefore, any mutation in this 

region could have a significantly detrimental effect by disrupting a critical property of the 

protein [77–81].  

Mutations can also lead to changes in the physicochemical properties of a protein, 

affecting its stability [82]. These proteins properties include size, charge distribution, 

hydrophobic interactions and structural integrity [83]. Therefore, the evaluation of 
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nsSNPs based on the properties of the amino acids they affect is a crucial aspect of 

understanding protein stability, functionality and folding [84,85]. For all mutations in the 

SH2D1A protein, the prediction tool HOPE has found that they have a negative impact 

on the behaviour of the protein due to their altered physicochemical properties (Tables 

S4). 

This collective method using different algorithms that evaluate multiple mutation-related 

traits, significantly improves the accuracy of predicting the likelihood that reported SNPs 

are associated with disease, surpassing the accuracy achieved by individual methods 

[64–68,86–90].  

Biomolecules are not static and are in constant motion [91]. With MDS, we can observe 

how amino acid exchanges caused by nsSNPs affect the dynamic behaviour of proteins. 

This dynamic perspective helps us understand how genetic variations can lead to 

changes in the molecular flexibility, dynamics and adaptability of proteins, which are 

crucial factors in disease mechanisms [92–94]. Hence, MDS analyses were performed 

to confirm and understand these deleterious and instable effects that showed significant 

phenotypic effects of disease-associated nsSNPs on native protein conformation and 

their interaction dynamics. 

In the M1K, Y7C, R32S, Y54N, I80R and I84T mutants (Figure S21, S22, S23, S24, S26, 

S27, S32, S39, S43 and S44), we observed a remarkable trend towards greater 

structural stability compared to the native SH2D1A protein (Figure S21 and S25), proven 

by the reduction of RMSD values [95]. This greater stability is supported too by the 

reduction in RMSF levels, indicating less flexibility of the protein [96]. This, in turn, could 

limit the protein's ability to make conformational changes and adapt to different functional 

states, as more stable conformations are generally naturally less flexible [97–99]. In 

addition, we observed a significant decrease in Rg and SASA values in the mutations, 

indicating greater structural compaction [100]. These results add to the idea that these 

mutations have a stabilising effect on the protein. The decrease in accessible surface 

area indicates a decrease in the ability to interact with other molecules [101], which could 

explain the inability of SH2D1A mutants to bind effectively to SLAMF receptor proteins 

[102]. The increase in structural stability can be explained by the increase in the number 

of intramolecular hydrogen bonds in the mutated proteins [103], observed in the 

respective results. These bonds play a crucial role in stabilising regular secondary 

structures, such as helices and beta-sheets, as well as irregular structures, such as those 

found in turns [104]. These observations, based on the values obtained in the molecular 

dynamics analyses, are consistent with the data from the DSSP. In the DSSP, we find a 
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decrease in residues in coil conformations, which normally contribute to a more open 

structure, while there is an increase in residues in regular and non-regular secondary 

structures [105]. This change in secondary structure generally contributes to a more 

compact protein structure [106]. 

The G27D, S34R and R55Q (Figure S21, S22, S23, S29, S43 and S44) mutants also 

show lower average RMSD and RMSF values than the wild-type protein, again 

supporting and indicating greater stability and less structural flexibility. In addition, the 

average number of hydrogen bonds is higher than that of the wild-type protein, supported 

by the change from coil residues to regular and non-regular secondary structures. 

However, the average SASA values are higher than the wild-type protein, indicating 

greater unzipping and a consequent increase in the contact surface with the solvent. 

These values seem to contradict the average Rg values obtained, where there is a 

decrease indicating greater compaction of the protein (except for R55Q where Rg 

increases). However, if the change that leads to increased surface exposure is the result 

of the collapse of a flexible region of the protein, this flexible region that collapses was 

previously shielding certain residues from the solvent, this could justify the decrease in 

Rg [107]. This idea can be further supported by the fact that there is a decrease in 

flexibility due to a decrease in the RMSF value in the G27D and S34R mutants, in 

contrast to the R55Q, where the reduction is not significant (Table S6). 

The H8D and C42Y (Figure S21, S23, S28 and S37) mutants show greater stability than 

the wild-type protein (as indicated by the lower RMSD), but with greater flexibility (as 

indicated by the higher RMSF). In addition, the mutant proteins appear to be less 

compact (as indicated by the higher Rg), but with less solvent-accessible surface area 

(as indicated by the lower SASA, except for C42Y). The equal number of hydrogen bonds 

suggests that the mutations did not significantly disrupt the protein's hydrogen bond 

network. Finally, the increase in secondary structures may indicate that the mutation led 

to a more structured local conformation [108]. These results may seem contradictory at 

first glance, but they can be explained by considering the complexity of the protein 

structure. It is possible that the mutation introduced flexibility into certain regions of the 

protein, helping with global conformation by relieving certain conformational tensions 

caused, increasing stability. Similarly, the increase in Rg and decrease in SASA may be 

due to changes in the protein's conformation that expose less of the protein's surface to 

the solvent, but also result in a less compact and structure. This could be the case if the 

mutation leads to a conformation that is more extended overall (increase in Rg) but has 

internal regions that are less accessible to the solvent (decrease in SASA). It might 
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happen if the mutation leads to the formation of a new pocket or cavity in the protein or 

if it causes a restructuring of the protein domains in such a way that some areas of the 

surface become less accessible [107]. 

In the L30S, T53I, Y54C, F87S, L98P and V102G (Figure S22, S23, S24, S31, S38, S40, 

S45, S47 and S48) mutants, we observed a notable reduction in the structural stability 

of the mutant proteins, as indicated by the RMSD values. This decrease in stability is 

supported by the increase in RMSF values, suggesting an increase in structural flexibility. 

This higher flexibility can be explained by the increase in turns and bends in the protein 

structure. In addition, the Rg and SASA values are greater than those observed in the 

wild-type protein, indicating an expansion in the protein structure [109]. However, it is 

important to note the increase in the number of intramolecular hydrogen bonds in the 

mutants. This observation suggests that the mutations may have introduced more 

opportunities for hydrogen bond formation which reflect the shift from coil residues to 

secondary structures. Similarly to these mutants, the G27S, S34G and R55P mutants 

(Figure S21, S22, S23, S30, S34 and S42) also show higher average RMSD, RMSF, Rg 

and SASA values than the wild-type protein, but the average number of hydrogen bonds 

are equal to the native protein, (except the R55P mutant, which shows a decrease), also 

accompanied by a alteration of coil residues to secondary structures. The new apparent 

contradiction between the rise/maintenance of hydrogen bonds with the increase in 

RMSD can be explained by the possibility of the mutations introduce/change hydrogen 

bonds that do not contribute significantly to the protein's stability. Protein stability 

depends not only on the quantity of hydrogen bonds, but also on their nature. The 

exposure of hydrogen bonds to solvent plays a vital role on the quality of this bonds 

[107,110]. A hydrogen bond that is in an environment protected from water will be more 

stable than one that is exposed to solvent [111]. If many of these hydrogen bonds are 

more exposed to solvent (as indicated by the increase in SASA), they may not contribute 

significantly to the stability of the protein. Although secondary structures can contribute 

to the protein's stability, other changes caused by the mutation can upset this balance 

and lead to a less stable overall structure [112]. For example, if a mutation introduces an 

amino acid residue with a large side chain or a different electrical charge into a region of 

the protein that is normally hydrophobic and therefore generally has without charge, can 

disrupt hydrophobic interactions and lead to a less stable structure, even if more 

secondary structures are formed [107,113,114]. Other factors, such as hydrophobic 

interactions, disulfide bridges and ionic interactions [115–119], also play a crucial role in 

the stability of the protein and in the formation of the secondary structures, explaining 
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the increase in secondary structures in mutants without an increase in hydrogen bonds 

[105,120].  

In the case of the R32T, Y41N and G93D mutants (Figure S22, S24, S33, S36 and S46), 

we observed a parametric pattern identical to the L30S, T53I, Y54C, F87S, L98P and 

V102G mutants, but with lower average of Rg and SASA values than the wild-type 

protein (expect for the G93D mutant, where average SASA values increase). Despite the 

increase in hydrogen bonds and secondary structures (except for the Y41N mutant, were 

the number of secondary structures decrease), the changes in charge, the reduction in 

hydrophobicity and the decrease in residue size (resulting in a potential vacant space in 

the protein structure) in the G93D, Y41N and R32T mutants respectively, could have a 

more significant impact on structural stability [121–123]. This emphasizes the substantial 

influence of these factors over others in determining the overall stability of the protein. 

In summary, unlike the M1K, Y7C, R32S, Y54N, I80R and I84T mutants, the analysis of 

the H8D, G27D, G27S, L30S, R32T, S34G, S34R, Y41N, C42Y, T53I, Y54C, R55P, 

R55Q, F87S, G93D, L98P and V102G mutations highlights the complexity of protein 

stability. Stability is not only determined by the number of secondary structures and 

hydrogen bonds, but also by quality, secondary interactions and solvent exposure. 

Understanding these factors is essential for assessing the impact of mutations on protein 

structure and function. 

3.6.  Conclusion and Future Perspectives 

This study has thoroughly investigated the impact of mutations within the SH2D1A gene 

associated with X-linked lymphoproliferative syndrome (XLP) on the structural stability 

and functionality of SH2D1A mutants. Using advanced bioinformatics tools and 

molecular dynamics simulations (MDS), we have acquired valuable insights into the 

intricate relationship between genetic variations and protein behavior. The research 

underscores the pivotal role of computational algorithms in discerning detrimental non-

synonymous SNPs (nsSNPs) and their effects on protein stability and function. 

Our study has unveiled a considerable number of mutations, each manifesting unique 

patterns of conformational alterations within the SH2D1A mutants. These findings 

contribute significantly to our comprehension of how nsSNPs can disrupt protein function 

and potentially contribute to disease onset. 

While computational tools are indispensable for predicting the effects of mutations, it is 

imperative to emphasize the need for experimental validation. Future investigations 
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should encompass in vitro and in vivo experiments to conclusively confirm the impact of 

these mutations on protein structure and function. 

Following this validation process, we propose a complementary approach. By employing 

computational techniques, we can identify transient pockets within the protein structure 

using the trajectories obtained from MDS. The identification of pockets that remain 

consistent during the simulation and exhibit potential druggability can be leveraged for 

virtual screening. This screening aims to identify molecules (molecular chaperones) 

capable of restoring the mutant protein to its native conformation and thus reinstating its 

normal functions. 

In this manner, our research provides a robust foundation for the development of 

targeted therapies for XLP and related diseases by unraveling the specific ways in which 

mutations affect protein structure and function. Furthermore, the insights gleaned from 

this study have the potential to revolutionize personalized medicine by tailoring medical 

interventions and treatment strategies to the specific genetic profiles of individual 

patients. 
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Appendix 

 

Table S1: Missense SNPs of the SH2D1A gene. Extracted from the Clin ar [18] and HGMD [19] databases. 

 

SNP ID ClinVar ID HGMD ID Position Residue Change Impacted codons

rs111033629 VCV000010908 CM000425 1 M [Met] → I [Ile] atG → atT

--- --- CM1413494 1 M [Met] → K [Lys] aTg → aAt

rs2147519353 VCV001455661 CM056698 1 M [Met] → T [Thr] aTg → aCg

--- VCV002442798 --- 1 M [Met] →   [ al] Atg → Gtg

rs1556619319 VCV000547771 --- 2 D [Asp] → G [Gly] gAc → gGc

rs148554414 VCV001169457 CM112387 3 A [Ala] → S [Ser] Gca → Tca

rs1569527111 VCV000633415 CM002851 7 Y [Tyr] → C [Cys] tAt → tGt

--- --- CM012656 8 H [His] → D [Asp] Cat → Gat

--- VCV002501803 CM064262 8 H [His] → P [Pro] cAt → cCt

--- --- CM195261 12 S [Ser] → I [Ile] aGc → aTc

--- --- CM051984 16 G [Gly] → D [Asp] gGc → gAc

--- --- CM175597 17 E [Glu] → D [Asp] gaG → gaC

--- --- CM056699 22 A [Ala] → P [Pro] Gcc → Ccc

--- --- CM1111179 26 D [Asp] →   [ al] gAt → gTt

--- --- CM171571 27 E [Glu] → D [Asp] Ggc → Agc

--- --- CM012657 27 G [Gly] → S [Ser] gGc → gAc

--- --- CM002852 28 S [Ser] → R [Arg] agC → agG

--- --- CM142694 29 Y [Tyr] → C [Cys] tAt → tGt

--- --- CM1010329 29 Y [Tyr] → H [His] Tat → Cat

--- --- CM1414324 30 L [Leu] → S [Ser] tTg → tCg

--- --- CM002853 31 L [Leu] → P [Pro] cTg → cCg

--- --- CM1510942 32 R [Arg] → S [Ser] aGg → aCg

rs111033624 VCV000010901 CM981808 32 R [Arg] → T [Thr] agG → agC

--- --- CM012658 33 D [Asp] → Y [Tyr] Gac → Tac

--- --- CM023984 34 S [Ser] → G [Gly] Agc → Ggc

rs2059993746 VCV002138714 CM1010330 34 S [Ser] → R [Arg] agC → agA

rs1556619338 VCV000536456 CM014598 39 G [Gly] →   [ al] gGc → gTc

rs199639961 VCV000952469 --- 40   [ al] → M [Met] Gtg → Atg

--- VCV001722010 --- 41 Y [Tyr] → N [Asn] Tac → Aac

--- --- CM002854 42 C [Cys] → W [Trp] tgC → tgG

--- --- CM110891 42 C [Cys] → Y [Tyr] tGc → tAc

rs2059993925 VCV000944992 CM1010331 44 C [Cys] → Y [Tyr] tGt → tAt

--- VCV001718192 --- --- Y [Tyr] → C [Cys] tAt → tGt

--- --- CM108046 48 H [His] → P [Pro] cAc → cCc

rs2147531318 VCV001410736 CM012659 49 G [Gly] →   [ al] gGt → gTt

--- VCV002444355 CM994330 53 T [Thr] → I [Ile] aCa → aTa

rs2147531326 VCV001686182 --- 54 Y [Tyr] → N [Asn] Tac → Aac

--- --- CM002855 54 Y [Tyr] → C [Cys] tAc → tGc

rs111033629 VCV000871639 CM110892 55 R [Arg] → Q [Gln] cGa → cAa
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--- --- CM1111179 26 D [Asp] →   [ al] gAt → gTt

--- --- CM171571 27 E [Glu] → D [Asp] Ggc → Agc

--- --- CM012657 27 G [Gly] → S [Ser] gGc → gAc

--- --- CM002852 28 S [Ser] → R [Arg] agC → agG

--- --- CM142694 29 Y [Tyr] → C [Cys] tAt → tGt

--- --- CM1010329 29 Y [Tyr] → H [His] Tat → Cat

--- --- CM1414324 30 L [Leu] → S [Ser] tTg → tCg

--- --- CM002853 31 L [Leu] → P [Pro] cTg → cCg

--- --- CM1510942 32 R [Arg] → S [Ser] aGg → aCg

rs111033624 VCV000010901 CM981808 32 R [Arg] → T [Thr] agG → agC

--- --- CM012658 33 D [Asp] → Y [Tyr] Gac → Tac

--- --- CM023984 34 S [Ser] → G [Gly] Agc → Ggc

rs2059993746 VCV002138714 CM1010330 34 S [Ser] → R [Arg] agC → agA

rs1556619338 VCV000536456 CM014598 39 G [Gly] →   [ al] gGc → gTc

rs199639961 VCV000952469 --- 40   [ al] → M [Met] Gtg → Atg

--- VCV001722010 --- 41 Y [Tyr] → N [Asn] Tac → Aac

--- --- CM002854 42 C [Cys] → W [Trp] tgC → tgG

--- --- CM110891 42 C [Cys] → Y [Tyr] tGc → tAc

rs2059993925 VCV000944992 CM1010331 44 C [Cys] → Y [Tyr] tGt → tAt

--- VCV001718192 --- --- Y [Tyr] → C [Cys] tAt → tGt

--- --- CM108046 48 H [His] → P [Pro] cAc → cCc

rs2147531318 VCV001410736 CM012659 49 G [Gly] →   [ al] gGt → gTt

--- VCV002444355 CM994330 53 T [Thr] → I [Ile] aCa → aTa

rs2147531326 VCV001686182 --- 54 Y [Tyr] → N [Asn] Tac → Aac

--- --- CM002855 54 Y [Tyr] → C [Cys] tAc → tGc

rs111033629 VCV000871639 CM110892 55 R [Arg] → Q [Gln] cGa → cAa
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Continuation of Table S1 

 

 

Table S2: Results of the analysis of missense SNPs by the PredictSNP1.0 web server [22]. Mutations marked in orange 

correspond to SNPs with at least six tests showing deleterious results. 

D - Deleterious; N - Neutral 

SNP ID ClinVar ID HGMD ID Position Residue Change Impacted codons

rs111033630 VCV000010910 CM014961 55 R [Arg] → L [Leu] cGa → cTa

--- --- CM058456 55 R [Arg] → P [Pro] cGa → cCa

--- --- CM034449 57 S [Ser] → P [Pro] Tcc → Ccc

--- --- CM175598 64 W [Trp] → C [Cys] tgG → tgT

rs770028051 VCV002139610 --- 66 A [Ala] → P [Pro] Gct → Cct

--- --- CM169895 67 E [Glu] → D [Asp] gaG → gaC

--- --- CM110890 67 E [Glu] → G [Gly] gAg → gGg

rs111033627 VCV000010905 CM981811 68 T [Thr] → I [Ile] aCa → aTa

rs954824608 VCV000963742 --- 73 H [His] → Q [Gln] caT → caA

--- --- CM1010333 80 I [Ile] → R [Arg] aTa → aGa

--- VCV001805004 CM066231 84 I [Ile] → T [Thr] aTt → aCt

--- --- CM002857 87 F [Phe] → S [Ser] tTt → tCt

--- --- CM025343 88 Q [Gln] → P [Pro] cAg → cCg

rs954824608 VCV001397679 --- 91 D [Asp] → E [Glu] gaT → gaG

--- --- CM034450 93 G [Gly] → D [Asp] gGc → gAc

--- --- CM137748 98 L [Leu] → P [Pro] cTg → cCg

--- --- CM002858 99 Q [Gln] → P [Pro] cAg → cCg

rs111033626 VCV000010904 CM981812 101 P [Pro] → L [Leu] cCa → cTa

--- --- CM981812 102   [ al] → G [Gly] gTt → gGt

rs757900199 VCV001425284 --- 113 G [Gly] →   [ al] gGt → gTt

rs2147534671 VCV001488910 --- 117 I [Ile] → M [Met] atA → atG

rs2060068693 VCV000858571 --- 121 P [Pro] → L [Leu] cCt → cTt

rs2060068721 VCV000913201 --- 124 C [Cys] → S [Ser] tGc → tCc

Mutation PredictSNP MAPP PhD-SNP PolyPhen-1 PolyPhen-2 SIFT SNAP

M1I  N D  N  N  N D  N

M1K D D D D D D  N

M1T D D  N D D D  N

M1V  N D  N  N D D  N

D2G D D  N D D  N  N

A3S  N  N  N  N  N  N  N

Y7C D D D D D D D

H8D D D D D D D D

H8P D D D D D D D

S12I D D D D D D D

G16D D D D D D  N  N

E17D D D D D D D D

A22P  N D  N  N  N  N  N

D26V D D D D D D D

G27D D D D D D D D
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Continuation of Table S2

D - Deleterious; N – Neutral 

 

Mutation PredictSNP MAPP PhD-SNP PolyPhen-1 PolyPhen-2 SIFT SNAP

A22P  N D  N  N  N  N  N

D26V D D D D D D D

G27D D D D D D D D

G27S D D D D D D D

S28R D D D D D D  N

Y29C D D D D D D D

Y29H D D D D D D D

L30S D D D D D D D

L31P D D D D D D D

R32S D D D D D D D

R32T D D D D D D D

D33Y D D D D D D D

S34G D D D D D D D

S34R D D D D D D D

G39V D D D D D D D

V40M  N D  N  N D  N  N

Y41N D D D D D D D

C42W D D D D D D D

C42Y D D D D D D D

C44Y D D D D D D D

Y47C  N  N D  N  N  N  N

H48P D D D  N  N D  N

G49V D D D D D D  N

T53I D D D D D D D

Y54N D D D D D D D

Y54C D D D D D D D

R55Q D D D  N D D D

R55L D D D D D D D

R55P D D D D D D D

S57P D D D D D  N  N

W64C D D  N D D D D

A66P D D  N  N  N D D

E67D  N D  N  N  N  N  N

E67G D D  N  N  N D D

T68I D D D  N D D  N

H73Q  N  N  N  N  N  N  N

I80R D D D D D D D

I84T D D D D D D D

F87S D D  N D D D D

Q88P D D D D D D D

D91E  N D  N  N  N D  N

G93D D D D D D D D

L98P D D D D D D D

Mutation PredictSNP MAPP PhD-SNP PolyPhen-1 PolyPhen-2 SIFT SNAP

A22P  N D  N  N  N  N  N

D26V D D D D D D D

G27D D D D D D D D
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S28R D D D D D D  N

Y29C D D D D D D D

Y29H D D D D D D D

L30S D D D D D D D

L31P D D D D D D D

R32S D D D D D D D
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S34R D D D D D D D

G39V D D D D D D D
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Y41N D D D D D D D
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C42Y D D D D D D D

C44Y D D D D D D D

Y47C  N  N D  N  N  N  N

H48P D D D  N  N D  N

G49V D D D D D D  N

T53I D D D D D D D

Y54N D D D D D D D

Y54C D D D D D D D

R55Q D D D  N D D D

R55L D D D D D D D

R55P D D D D D D D

S57P D D D D D  N  N

W64C D D  N D D D D

A66P D D  N  N  N D D

E67D  N D  N  N  N  N  N

E67G D D  N  N  N D D

T68I D D D  N D D  N

H73Q  N  N  N  N  N  N  N

I80R D D D D D D D

I84T D D D D D D D
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Q88P D D D D D D D

D91E  N D  N  N  N D  N

G93D D D D D D D D

L98P D D D D D D D
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Continuation of Table S2 

D - Deleterious; N – Neutral 

 

Table S3: Results of the structural stability analysis of proteins with missense SNPs using the I-Mutant2.0 [34] and MUpro 

[35] web servers. Mutations marked in orange correspond to SNPs with at least three tests showing deleterious results. 

 

DDG - Prediction of the value of energy change; SVM - Support vector machines; NN - Neural network 

 

Mutation PredictSNP MAPP PhD-SNP PolyPhen-1 PolyPhen-2 SIFT SNAP

G93D D D D D D D D

L98P D D D D D D D

Q99P  N D D  N  N  N  N

P101L D D D D D D D

V102G D D D D D D D

G113V  N  N  N  N  N  N  N

I117M  N  N  N  N  N  N  N

P121L  N ---  N  N  N D  N

C124S  N ---  N  N  N D  N

Mutation I-Mutant2.0 DDG value (kcal/mol) MuPro DDG value MuPro SVM value MuPro NN value (kcal/mol)

M1K -0,75 (Decrease stability) -2,64 (Decrease stability) -1,00 (Decrease stability) -0,95 (Decrease stability)

Y7C 1,18 (Increase stability) -0,89 (Decrease stability) -1,00 (Decrease stability) -0,82 (Decrease stability)

H8D -0,85 (Decrease stability) -1,16 (Decrease stability) -0,40 (Decrease stability) -0,80 (Decrease stability)

H8P -0,32 (Decrease stability) -0,96 (Decrease stability) 0,18 (Increase stability) 0,53 (Increase stability)

S12I 0,68 (Increase stability) 0,53 (Increase stability) -0,01 (Decrease stability) 0,60 (Increase stability)

D26V -0,10 (Decrease stability) -0,17 (Decrease stability) 0,95 (Increase stability) 0,90 (Increase stability)

G27D -0,75 (Decrease stability) -0,17 (Decrease stability) 0,01 (Increase stability) -0,75 (Decrease stability)

G27S -0,70 (Decrease stability) -0,52 (Decrease stability) -0,84 (Decrease stability) -0,71 (Decrease stability)

S28R -0,88 (Decrease stability) -1,05 (Decrease stability) 0,30 (Increase stability) 0,89 (Increase stability)

Y29C 0,41 (Increase stability) -0,64 (Decrease stability) -0,01 (Decrease stability) 0,68 (Increase stability)

Y29H -0,44 (Decrease stability) -0,81 (Decrease stability) 0,19 (Increase stability) 0,62 (Increase stability)

L30S -3,05 (Decrease stability) -1,95 (Decrease stability) -1,00 (Decrease stability) -1,00 (Decrease stability)

L31P -1,09 (Decrease stability) -2,65 (Decrease stability) 0,53 (Increase stability) 0,98 (Increase stability)

R32S -3,47 (Decrease stability) -1,31 (Decrease stability) -1,00 (Decrease stability) 0,98 (Increase stability)

R32T -2,25 (Decrease stability) -1,68 (Decrease stability) -1,00 (Decrease stability) -0,95 (Decrease stability)

D33Y -1,18 (Decrease stability) -0,86 (Decrease stability) 0,31 (Increase stability) 0,63 (Increase stability)

S34G -2,91 (Decrease stability) -1,36 (Decrease stability) -0,93 (Decrease stability) -0,75 (Decrease stability)

S34R -1,47 (Decrease stability) -0,64 (Decrease stability) 0,35 (Increase stability) -0,56 (Decrease stability)

G39V 0,39 (Increase stability) 0,06 (Increase stability) 0,55 (Increase stability) 0,54 (Increase stability)

Y41N -1,84 (Decrease stability) -0,40 (Decrease stability) -0,82 (Decrease stability) -0,54 (Decrease stability)

C42Y -0,35 (Decrease stability) -0,67 (Decrease stability) -0,04 (Decrease stability) -0,85 (Decrease stability)

C44Y 0,14 (Increase stability) -1,14 (Decrease stability) 0,09 (Increase stability) 0,70 (Increase stability)

G49V 1,04 (Increase stability) -1,01 (Decrease stability) 0,20 (Increase stability) 0,63 (Increase stability)

T53I 0,21 (Increase stability) -0,12 (Decrease stability) -0,71 (Decrease stability) -0,70 (Decrease stability)

Y54N -1,64 (Decrease stability) -2,01 (Decrease stability) -0,60 (Decrease stability) -0,78 (Decrease stability)

Y54C 0,01 (Increase stability) -1,80 (Decrease stability) -0,26 (Decrease stability) -0,73 (Decrease stability)

R55Q -1,00 (Decrease stability) -0,49 (Decrease stability) -0,72 (Decrease stability) -0,98 (Decrease stability)

R55L -0,53 (Decrease stability) 0,19 (Increase stability) -0,06 (Decrease stability) 0,73 (Increase stability)

R55P -0,42 (Decrease stability) -0,77 (Decrease stability) -0,36 (Decrease stability) -0,87 (Decrease stability)

W64C -0,90 (Decrease stability) -0,42 (Decrease stability) 0,35 (Increase stability) 0,68 (Increase stability)

I80R -1,51 (Decrease stability) -1,66 (Decrease stability) -1,00 (Decrease stability) -1,00 (Decrease stability)

I84T -2,24 (Decrease stability) -1,87 (Decrease stability) -1,00 (Decrease stability) -0,95 (Decrease stability)

F87S -1,24 (Decrease stability) -2,23 (Decrease stability) -1,00 (Decrease stability) -1,00 (Decrease stability)

Q88P -2,44 (Decrease stability) -1,92 (Decrease stability) 0,11 (Increase stability) 0,70 (Increase stability)

G93D -0,66 (Decrease stability) -0,71 (Decrease stability) -0,81 (Decrease stability) -0,81 (Decrease stability)

L98P -0,93 (Decrease stability) -1,10 (Decrease stability) -0,24 (Decrease stability) -0,81 (Decrease stability)

P101L -0,38 (Decrease stability) -0,03 (Decrease stability) 0,68 (Increase stability) 0,96 (Increase stability)

V102G -4,37 (Decrease stability) -2,03 (Decrease stability) -1,00 (Decrease stability) -0,98 (Decrease stability)
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Table S4: Degree of conservation, molecular pathological mechanism and physicochemical characteristics of selected missense SNPs. Results obtained through ConSurf, MutPred2 and HOPE web 

servers. 

 

P - p-value 

 

MutPred2 Web Server

Conservation score Prediction Molecular mechanisms of pathogenicity (P < 0.05) InterPro domain Characteristic

Altered Metal binding

Gain of Ubiquitylation at M1

Loss of N-terminal acetylation at M1

Altered Metal binding

Altered Ordered interface 

Altered Metal binding

Altered Ordered interface 

Altered DNA binding

Gain of Sulfation at Y7

Altered Metal binding

Gain of Relative solvent accessibility

Gain of Allosteric site at R32

Altered Ordered interface

Gain of Catalytic site at R32

Gain of Sulfation at Y29

Altered Metal binding

Gain of Relative solvent accessibility

Gain of Allosteric site at R32

Altered Ordered interface

Gain of Catalytic site at R32

G27 9
Highly conserved and 

buried (s)

IPR017289

H8 9
Highly conserved and 

buried (s)
H8D

Position

Y7C
Conserved and 

exposed (f)
8Y7

Gain of Helix

M1

IPR000980

IPR036860

IPR017289

IPR035876

The mutated residue is smaller than the wild residue and can 

cause repulsion between neighbouring residues. The 

mutation is negatively charged, while the wild-type residue is 

neutral. May cause loss of external interactions.

Variant
ConSurf Web Server

M1K
Highly conserved and 

exposed (f)
9

Hope Web Server

G27D

G27S

The mutant residue is larger and less hydrophobic than the 

wild-type residue, which can cause repulsion between 

neighbouring residues. It has a positive charge, unlike the wild 

residue, which is neutral.

The mutant residue is smaller and more hydrophobic than the 

wild-type residue, which can cause repulsion between 

neighbouring residues. The mutation will leave a space in the 

core of the protein and there will be folding disorders resulting 

from the loss of hydrogen bonds.

The mutant residue is larger and less hydrophobic than the 

wild-type residue. Since the wild-type residue is buried in the 

core of the protein, the mutant will not fit, leading to folding 

and conformation problems.

The mutant residue is larger than the wild-type residue. Since 

the wild-type residue is buried in the core of the protein, the 

mutant will not fit, leading to folding and conformation 

problems.
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Continuation of Table S4 

 

P – p-value  

MutPred2 Web Server

Conservation score Prediction Molecular mechanisms of pathogenicity (P < 0.05) InterPro domain Characteristic

Altered Metal binding

Gain of Relative solvent accessibility

Gain of Allosteric site at R32

Altered Ordered interface

Altered Stability

Gain of Intrinsic disorder

Loss of Loop

Gain of Catalytic site at R32

Altered Metal binding

Loss of Allosteric site at R32

Altered Ordered interface

Altered Stability

Loss of Catalytic site at R32

Gain of Sulfation at Y29

Loss of Allosteric site at R32

Altered Ordered interface

Altered Stability

Loss of Allosteric site at R32

Altered Ordered interface

Loss of Catalytic site at R32

Loss of Allosteric site at R32

Altered Ordered interface

Loss of Loop

Gain of Catalytic site at R32

Loss of Strand

The mutant residue is larger and less hydrophobic than the wild-type residue 

and may not fit, causing a loss of hydrophobic bonds in the protein core. The 

mutant residue is positively charged, unlike the neutrally charged wild-type 

residue, which leads to folding problems.

Y41 6
Highly average and 

exposed
Y41N

The mutant residue is smaller and less hydrophobic than the wild-type 

residue, causing loss of hydrophobic bonds and leaving a space in the core of 

the protein.Altered Ordered interface

Position
ConSurf Web Server

Variant
Hope Web Server

L30 9
Highly conserved and 

buried (s)
L30S

IPR000980

IPR036860

IPR017289

IPR035876

The mutant residue is smaller and less hydrophobic than the wild-type 

residue. The mutation will cause loss of hydrophobic interactions and will 

leave a space in the core of the protein.

R32 9
Highly conserved and 

buried (s)

R32S

The mutant residue is smaller and more hydrophobic than the wild-type 

residue, leading to the modification of hydrogen bonds, causing a possible 

loss of external interactions.The mutation will leave a space in the core of the 

protein and there will be folding disorders resulting from the loss of hydrogen 

bonds.

R32T

The mutant residue is smaller and more hydrophobic than the wild-type 

residue, leading to the modification of hydrogen bonds, causing disturbs in 

the folding and a possible loss of external interactions. The mutant residue is 

neutrally charged, unlike the wild-type residue.The mutation will leave a 

space in the core of the protein.Loss of Catalytic site at R32

S34 9
Highly conserved and 

buried (s)

S34G
The mutant residue is smaller than the wild-type residue, leading to 

modification of the hydrogen bonds and creating a space in the protein core.

S34R
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Continuation of Table S4 

 

P - p-value 

MutPred2 Web Server

Conservation score Prediction Molecular mechanisms of pathogenicity (P < 0.05) InterPro domain Characteristic

R55 9
Highly conserved and 

exposed (f)

R55Q

Altered Metal binding The mutant residue is smaller than the wild-type residue, 

affecting the formation of hydrogen bonds. It has a positive 

charge, while the wild-type residue has a neutral charge. 

Possible loss of external interactions.Altered Ordered interface

R55P

Loss of Strand The mutant residue is smaller and more hydrophobic than the 

wild-type residue, affecting the formation of hydrogen bonds. It 

has a positive charge, while the wild-type residue has a 

neutral charge. Possible loss of external interactions.Altered Transmembrane protein

IPR000980

IPR036860

IPR017289

IPR035876

T53 9
Highly conserved and 

buried (s)
T53I

Altered Transmembrane protein
The mutated residue is larger and more hydrophobic than the 

wild-type residue, causing a possible loss of external 

interactions. The residue is located on the surface of the 

protein, mutation of this residue can disrupt interactions with 

other molecules or other parts of the protein.
Altered Ordered interface

Y54 9
Highly conserved and 

buried (s)

Y54N

Altered Metal binding
The mutant residue is smaller and less hydrophobic than the 

wild-type residue, affecting the formation of hydrogen bonds 

and causing a possible loss of external interactions.
Altered Ordered interface

Y54C

Altered Stability
The mutant residue is smaller and more hydrophobic than the 

wild-type residue, affecting the formation of hydrogen bonds 

and causing a possible loss of external interactions.
Altered Transmembrane protein

Position
ConSurf Web Server

Variant
Hope Web Server

C42 9
Highly conserved and 

buried (s)
C42Y Altered Ordered interface

The mutant residue is larger and less hydrophobic than the 

wild-type residue and may not fit, causing loss of hydrophobic 

bonds in the protein core and a possible loss of external 

interactions.
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Continuation of Table S4 

 

P - p-value 

MutPred2 Web Server

Conservation score Prediction Molecular mechanisms of pathogenicity (P < 0.05) InterPro domain Characteristic

Altered Ordered interface

Loss of Loop

Altered Disordered interface

Altered Stability

Altered Ordered interface

Loss of Acetylation at K89

Gain of Allosteric site at F87

Gain of N-linked glycosylation at N82

Altered Stability

Loss of Acetylation at K89

Gain of Relative solvent accessibility

Gain of B-factor

Altered Disordered interface

Altered Metal binding

Altered Ordered interface

Altered Stability

Gain of B-factor

Gain of Intrinsic disorder

I80 6
Highly average and 

buried
I80R

IPR000980

IPR036860

IPR017289

IPR035876

The mutant residue is larger and less hydrophobic than the wild-type residue, 

which means that it doesn't fit and there is a loss of hydrophobic bonds in the 

core of the protein. The mutant residue is positively charged, unlike the wild 

type which is neutrally charged. Thus, the mutation leads to folding disorders.
Loss of Acetylation at K81

I84 8 Conserved and buried I84T
The mutant residue is smaller and less hydrophobic than the wild-type 

residue, leading to a gap and a loss of hydrophobic bonds in the protein core.

F87 5 Average and buried F87S
The mutant residue is smaller and less hydrophobic than the wild-type 

residue, leading to a gap and a loss of hydrophobic bonds in the protein core.

G93 9
Highly conserved and 

exposed (F)
Loss of Acetylation at K89

L98 L98P

Loss of Strand 
The mutant residue is smaller than the wild-type residue, leading to an empty 

space in the protein core.

Gain of Intrinsic disorder

9
Highly conserved and 

buried (S)

V102 8
Highly conserved and 

buried
V102G

The mutant residue is larger and less hydrophobic than the wild-type residue, 

leading to the possible loss of hydrophobic bonds and the creation of a space 

in the protein core.

G93D

The mutant residue is larger and less hydrophobic than the wild-type residue, 

leading to an incorrect conformation of the protein and disturbance with other 

molecules. The charge of the mutant residue is negative, unlike the wild type, 

which is neutral, leading to repulsion from neighbouring residues.

Position
ConSurf Web Server

Variant
Hope Web Server



In silico analysis of non-synonymous SNPs and their implications on  
X-linked lymphoproliferative syndrome type 1 (XLP1) 

142 | FCUP  
 

Table S5: Average RMSD values of both mutant and native proteins, along with their respective standard deviations, highlight the deviation differences compared to the native protein. Additionally, p-

values are provided for the entire simulation duration and at specific time intervals, offering insights into structural changes and significance. p-values above 0,05 marked in italic. 

x̅ - Average of the RMSD values; σ - Standard deviations and Δx̅ - Difference between the average of the RMSD values between the mutant and the wild type. 

Table S6: Average RMSF values of both mutant and native proteins, along with their respective standard deviations, highlight the deviation differences compared to the native protein. Additionally, p-

values are provided for the entire structure and at specific amino acid (aa) intervals, offering insights into structural changes and significance. p-values above 0,05 marked in italic. 

 

x̅ - Average of the RMSF values; σ - Standard deviations and Δx̅ - Difference between the average of the RMSF values between the mutant and the wild type. 

Table S7: Average Rg values of both mutant and native proteins, along with their respective standard deviations, highlight the deviation differences compared to the native protein. Additionally, p-

values are provided for the entire simulation duration and at specific time intervals, offering insights into structural changes and significance. p-values above 0,05 marked in italic. 

 

x̅ - Average of the Rg values; σ - Standard deviations and Δx̅ - Difference between the average of the Rg values between the mutant and the wild type. 
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Table S8: Average hydrogen bonds number of both mutant and native proteins, along with their respective standard deviations, highlight the deviation differences compared to the native protein. 

Additionally, p-values are provided for the entire simulation duration and at specific time intervals, offering insights into structural changes and significance. p-values above 0,05 marked in italic. 

x̅ - Average of the hydrogen bonds number; σ - Standard deviations and Δx̅ - Difference between the average of the hydrogen bonds number between the mutant and the wild type. 

 

Table S9: Average SASA value of both mutant and native proteins, along with their respective standard deviations, highlight the deviation differences compared to the native protein. Additionally, p-

values are provided for the entire simulation duration and at specific time intervals, offering insights into structural changes and significance. p-values above 0,05 marked in italic. 

x̅ - Average of the SASA values; σ - Standard deviations and Δx̅ - Difference between the average of the SASA values between the mutant and the wild type. 
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Figure S1: Analysis of the evolution of backbone RMSD of native and mutants SH2D1A protein at 25 ns. (A) native protein 

(WT); (B) mutant M1K; (C) mutant Y7C; (D) mutant H8D; (E) mutant G27D; (F) mutant G27S. (x̅) Average of the RMSD 

values and (Δx̅) difference between the average of the RMSD values between the mutant and the wild type. 
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Figure S2: Analysis of the evolution of backbone RMSD of mutants SH2D1A protein at 25 ns. (A) mutant L30S; (B) 

mutant R32S; (C) mutant R32T; (D) mutant S34G; (E) mutant S34R; (F) mutant Y41N. (x̅) Average of the RMSD values 

and (Δx̅) difference between the average of the RMSD values between the mutant and the wild type. 
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Figure S3: Analysis of the evolution of backbone RMSD of mutants SH2D1A protein at 25 ns. (A) mutant C42Y; (B) 

mutant T53I; (C) mutant Y54C; (D) mutant Y54N; (E) mutant R55P; (F) mutant R55Q. (x̅) Average of the RMSD values 

and (Δx̅) difference between the average of the RMSD values between the mutant and the wild type. 
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Figure S4: Analysis of the evolution of backbone RMSD of mutants SH2D1A protein at 25 ns. (A) mutant I80R; (B) mutant 

I84T; (C) mutant F87S; (D) mutant G93D; (E) mutant L98P; (F) mutant  102G. (x̅) Average of the RMSD values and (Δx̅) 

difference between the average of the RMSD values between the mutant and the wild type. 
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Figure S5: Analysis RMS fluctuation of carbon alpha on native and mutants SH2D1A protein. (A) native protein (WT); (B) 

mutant M1K; (C) mutant Y7C; (D) mutant H8D; (E) mutant G27D; (F) mutant G27S. (x̅) Average of the RMSF values and 

(Δx̅) difference between the average of the RMSF values between the mutant and the wild type. 
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Figure S6: Analysis RMS fluctuation of carbon alpha on mutants SH2D1A protein. (A) mutant L30S; (B) mutant R32S; 

(C) mutant R32T; (D) mutant S34G; (E) mutant S34R; (F) mutant Y41N. (x̅) Average of the RMSF values and (Δx̅) 

difference between the average of the RMSF values between the mutant and the wild type. 
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Figure S7: Analysis RMS fluctuation of carbon alpha on mutants SH2D1A protein. (A) mutant C42Y; (B) mutant T53I; (C) 

mutant Y54C; (D) mutant Y54N; (E) mutant R55P; (F) mutant R55Q. (x̅) Average of the RMSF values and (Δx̅) difference 

between the average of the RMSF values between the mutant and the wild type. 
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Figure S8: Analysis RMS fluctuation of carbon alpha on mutants SH2D1A protein. (A) mutant I80R; (B) mutant I84T; (C) 

mutant F87S; (D) mutant G93D; (E) mutant L98P; (F) mutant V102G. (x̅) Average of the RMSF values and (Δx̅) difference 

between the average of the RMSF values between the mutant and the wild type. 
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Figure S9: Analysis of radius gyration (Rg) on the backbone of native and mutants SH2D1A protein. (A) native protein 

(WT); (B) mutant M1K; (C) mutant Y7C; (D) mutant H8D; (E) mutant G27D; (F) mutant G27S. (x̅) Average of the Rg 

values and (Δx̅) difference between the average of the Rg values between the mutant and the wild type. 
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Figure S10: Analysis of radius gyration (Rg) on the backbone of mutants SH2D1A protein. (A) mutant L30S; (B) mutant 

R32S; (C) mutant R32T; (D) mutant S34G; (E) mutant S34R; (F) mutant Y41N. (x̅) Average of the Rg values and (Δx̅) 

difference between the average of the Rg values between the mutant and the wild type. 
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Figure S11: Analysis of radius gyration (Rg) on the backbone of mutants SH2D1A protein. (A) mutant C42Y; (B) mutant 

T53I; (C) mutant Y54C; (D) mutant Y54N; (E) mutant R55P; (F) mutant R55Q. (x̅) Average of the Rg values and (Δx̅) 

difference between the average of the Rg values between the mutant and the wild type. 
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Figure S12: Analysis of radius gyration (Rg) on the backbone of mutants SH2D1A protein. (A) mutant I80R; (B) mutant 

I84T; (C) mutant F87S; (D) mutant G93D; (E) mutant L98P; (F) mutant V102G. (x̅) Average of the Rg values and (Δx̅) 

difference between the average of the Rg values between the mutant and the wild type. 
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Figure S13: Analysis of intramolecular hydrogen bonds on the native and mutants SH2D1A protein. (A) native protein 

(WT); (B) mutant M1K; (C) mutant Y7C; (D) mutant H8D; (E) mutant G27D; (F) mutant G27S. (x̅) Average of bonds 

number and (Δx̅) difference between the average of bond numbers between the mutant and the wild type. 
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Figure S14: Analysis of intramolecular hydrogen bonds on the mutants SH2D1A protein. (A) mutant L30S; (B) mutant 

R32S; (C) mutant R32T; (D) mutant S34G; (E) mutant S34R; (F) mutant Y41N. (x̅) Average of bonds number and (Δx̅) 

difference between the average of bond numbers between the mutant and the wild type. 
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Figure S15: Analysis of intramolecular hydrogen bonds on the mutants SH2D1A protein. (A) mutant C42Y; (B) mutant 

T53I; (C) mutant Y54C; (D) mutant Y54N; (E) mutant R55P; (F) mutant R55Q. (x̅) Average of bonds number and (Δx̅) 

difference between the average of bond numbers between the mutant and the wild type. 
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Figure S16: Analysis of intramolecular hydrogen bonds on the mutants SH2D1A protein. (A) mutant I80R; (B) mutant 

I84T; (C) mutant F87S; (D) mutant G93D; (E) mutant L98P; (F) mutant V102G. (x̅) Average of bonds number and (Δx̅) 

difference between the average of bond numbers between the mutant and the wild type. 
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Figure S17: Analysis of solvent accessible surface area (SASA) on the native and mutants SH2D1A protein. (A) native 

protein (WT); (B) mutant M1K; (C) mutant Y7C; (D) mutant H8D; (E) mutant G27D; (F) mutant G27S. (x̅) Average of SASA 

value and (Δx̅) difference between the average of SASA value between the mutant and the wild type. 

III 



 
Chapter III 

FCUP | 161 

 

 

Figure S18: Analysis of solvent accessible surface area (SASA) on the mutants SH2D1A protein. (A) mutant L30S; (B) 

mutant R32S; (C) mutant R32T; (D) mutant S34G; (E) mutant S34R; (F) mutant Y41N. (x̅) Average of SASA value and 

(Δx̅) difference between the average of SASA value between the mutant and the wild type. 
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Figure S19: Analysis of solvent accessible surface area (SASA) on the mutants SH2D1A protein. (A) mutant C42Y; (B) 

mutant T53I; (C) mutant Y54C; (D) mutant Y54N; (E) mutant R55P; (F) mutant R55Q. (x̅) Average of SASA value and 

(Δx̅) difference between the average of SASA value between the mutant and the wild type. 
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Figure S20: Analysis of solvent accessible surface area (SASA) on the mutants SH2D1A protein. (A) mutant I80R; (B) 

mutant I84T; (C) mutant F87S; (D) mutant G93D; (E) mutant L98P; (F) mutant  102G. (x̅) Average of SASA value and 

(Δx̅) difference between the average of SASA value between the mutant and the wild type. 
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Figure S21: Frequency of secondary structures of wild-type and mutants SH2D1A proteins during simulation, by residue. 

(A) native protein (WT); (B) mutant M1K; (C) mutant Y7C; (D) mutant H8D; (E) mutant G27D; (F) mutant G27S. 
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Figure S22: Frequency of secondary structures of wild-type and mutants SH2D1A proteins during simulation, by residue. 

(A) mutant L30S; (B) mutant R32S; (C) mutant R32T; (D) mutant S34G; (E) mutant S34R; (F) mutant Y41N. 
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Figure S23: Frequency of secondary structures of wild-type and mutants SH2D1A proteins during simulation, by residue. 

(A) mutant C42Y; (B) mutant T53I; (C) mutant Y54C; (D) mutant Y54N; (E) mutant R55P; (F) mutant R55Q. 
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Figure S24: Frequency of secondary structures of wild-type and mutants SH2D1A proteins during simulation, by residue. 

(A) mutant I80R; (B) mutant I84T; (C) mutant F87S; (D) mutant G93D; (E) mutant L98P; (F) mutant  102G. 
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Figure S25: Secondary structures of the native protein (WT) per residue during the simulation period. Obtained using the 

GROMACS DSSP algorithm. 

 

Figure S26: Secondary structures of the M1K mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

Figure S27: Secondary structures of the Y7C mutant protein per residue during the simulation period. Obtained using the 

GROMACS DSSP algorithm. 
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Figure S28: Secondary structures of the H8D mutant protein per residue during the simulation period. Obtained using the 

GROMACS DSSP algorithm. 

 

Figure S29: Secondary structures of the G27D mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

 

Figure S30: Secondary structures of the G27S mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 
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Figure S31: Secondary structures of the L30S mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

 

Figure S32: Secondary structures of the R32S mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

Figure S33: Secondary structures of the R32T mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 
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Figure S34: Secondary structures of the S34G mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

 

Figure S35: Secondary structures of the S34R mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

 

Figure S36: Secondary structures of the Y41N mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 
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Figure S37: Secondary structures of the C42Y mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

 

Figure S38: Secondary structures of the T53I mutant protein per residue during the simulation period. Obtained using the 

GROMACS DSSP algorithm. 

 

Figure S39: Secondary structures of the Y54N mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 
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Figure S40: Secondary structures of the Y54C mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

 

Figure S41: Secondary structures of the R55P mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

 

Figure S42: Secondary structures of the R55Q mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 
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Figure S43: Secondary structures of the I80R mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

 

Figure S44: Secondary structures of the I84T mutant protein per residue during the simulation period. Obtained using the 

GROMACS DSSP algorithm. 

 

Figure S45: Secondary structures of the F87S mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 
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Figure S46: Secondary structures of the G93D mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 

 

Figure S47: Secondary structures of the l98P mutant protein per residue during the simulation period. Obtained using the 

GROMACS DSSP algorithm. 

 

Figure S48: Secondary structures of the  102G mutant protein per residue during the simulation period. Obtained using 

the GROMACS DSSP algorithm. 
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4.1.  General Discussion 

XLP, or X-linked lymphoproliferative disease, is a rare and complex genetic disorder 

characterized by an incomplete understanding of its pathophysiological and molecular 

mechanisms [1]. Mutations in the SH2D1A and XIAP genes are identified as the primary 

causes of this condition [2–10]. These genes play a crucial role in the immune response 

by aiding in the activation of T lymphocytes and NK cells [7,11,12]. Furthermore, the 

intricate nature of XLP necessitates a deeper exploration of the molecular intricacies 

underlying the disease. In-depth analyses of the SH2D1A, SH2D1B, and XIAP genes 

across various primates and other representative mammalian species have provided 

insights into the unique evolutionary pressures acting on these genetic components, 

unveiling strong negative to neutral selection signals. Understanding the selective forces 

shaping these genes is paramount, as it may unveil critical clues about their functional 

significance in immune regulation. 

The identification of specific disease-associated SNPs in the SH2D1A and XIAP genes, 

as opposed to the relative scarcity in SH2D1B, highlights the potential functional 

distinctions among these genes [13]. This disparity in disease-causing SNPs occurrence 

may signify varying degrees of susceptibility to genetic alterations and, consequently, 

shed light on the specific roles each gene plays in maintaining immune homeostasis. 

Moreover, the study delves into the structural impact of specific amino acid substitutions 

in the SH2D1A gene, revealing noteworthy alterations in the protein structure. The 

substitutions M1K, Y7C, H8D, G27D, G27S, L30S, R32S, R32T, S34G, S34R, Y41N, 

C42Y, T53I, Y54C, Y54N, R55P, R55Q, I80R, I84T, F87S, G93D, L98P and V102G, 

disrupt the native structural organization, in accordance with the signals of strong 

negative selection acting on the SH2D1A gene. These results not only emphasize the 

significance of the SH2D1A gene in immune function but also provide a foundation for 

further investigations into potential therapeutic interventions targeting these specific 

structural elements. 

It is important to emphasise the discrepancy between the I-mutant2.0 and MUpro results, 

indicating a decrease in the stability of the mutant proteins, and the MDS results, which 

suggest a possible increase in stability. Different computational methods for assessing 

protein stability can provide different perspectives, since they use different theoretical 

approaches and models [14–16]. I-mutant2.0 and MUpro generally estimate the 

thermodynamic effects of mutations based on physicochemical properties, such as 
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Gibbs free energy [17,18]. If both indicated a decrease in stability, this suggests that, 

from the point of view of these predictions, the mutations may be jeopardising the 

structural stability of the protein. However, MDS is a dynamic approach that simulates 

the behaviour of the protein over time, allowing conformational fluctuations and 

molecular dynamics to be observed [19,20]. If the parameter values obtained in the 

simulation indicate a possible increase in the stability of the mutants compared to the 

native structure, this may suggest that, in the simulation, the mutants are in fact exploring 

more stable conformations or showing less structural variation than the native protein. 

These discrepancies can be attributed to limitations inherent in the methods used [16]. 

Prediction models based solely on free energies may not fully capture the dynamic and 

conformational effects that occur during real molecular dynamics. In addition, it is crucial 

to consider the quality of the initial structural models and the accuracy of the parameters 

used in the simulations [19]. Integration of multiple computational approaches and, if 

possible, experimental validation, can provide a more comprehensive understanding of 

the effects of mutations on the structural and dynamic properties of proteins [21,22].  

4.2. General Conclusion and Future 

Perspectives 

The collective findings provide a comprehensive understanding of XLP, shedding light 

on potential therapeutic strategies. Genes such as SH2D1A and XIAP play crucial roles 

in immune responses, showing conservation across species and undergoing purifying 

selection, suggesting their ancestral and critical functions. 

While the main focus is on the SH2D1A gene, the elusive structure of the human XIAP 

protein poses a challenge for comprehensive molecular dynamics analyses. Future 

research should prioritise the complete clarification of the XIAP protein structure, as this 

is key to understanding the impact of SNPs on its configuration. This knowledge gap 

highlights the continued importance of efforts in molecular biology and structural 

bioinformatics to decipher the complexities of XIAP and broaden our understanding of 

its role in XLP. 

Beyond molecular insights, the severity of XLP as a life-threatening condition demands 

a multifaceted approach to treatment. The current reliance on bone marrow 

transplantation highlights the urgency of therapeutic alternatives. The emergence of 

chemical substances capable of slowing down or stabilising the pathology represents a 

promising frontier in XLP research, complementing existing treatment modalities and 
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offering new strategies for managing the progression of the disease. In the pursuit of 

therapeutic strategies XLP, leveraging virtual screening to identify compounds 

interacting with specific binding sites on SH2D1A mutant proteins is crucial. Exploring 

transient pockets within the protein structure, often overlooked in static analyses, reveals 

dynamic regions susceptible to conformational changes. Molecular chaperones targeting 

these pockets can assist in proper protein folding, potentially restoring structural stability. 

Advanced molecular dynamics simulations and structural bioinformatics dynamically 

map these pockets, offering accurate insights under physiological conditions. Virtual 

screening of identified transient pockets for potential molecular chaperone-binding 

compounds presents a promising strategy to remodel SH2D1A mutant protein integrity. 

Integrating artificial intelligence and machine learning accelerates drug candidate 

identification by predicting binding affinities and interactions, advancing targeted 

therapeutic interventions at the molecular level for XLP. 

The XLP remains largely unexplored. Nonetheless, the results presented in this study 

significantly improve our understanding of the genetic, evolutionary and structural 

dimensions of the genes associated with XLP. These findings are not only promising for 

potential therapeutic interventions but also emphasize the importance of careful 

consideration when interpreting computational predictions. 
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