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Abstract

Background: The evolutionary rate of disordered protein regions
varies greatly due to the lack of structural constraints. So far, few
studies have investigated the presence/absence patterns of
compositional bias, indicative of disorder, across phylogenies in
conjunction with human disease. In this study, we report a genome-
wide analysis of compositional bias association with disease in human
proteins and their taxonomic distribution.

Methods: The human genome protein set provided by the Ensembl
database was annotated and analysed with respect to both disease
associations and the detection of compositional bias. The Uniprot
Reference Proteome dataset, containing 11297 proteomes was used
as target dataset for the comparative genomics of a well-defined
subset of the Human Genome, including 100 characteristic,
compositionally biased proteins, some linked to disease.

Results: Cross-evaluation of compositional bias and disease-
association in the human genome reveals a significant bias towards
biased regions in disease-associated genes, with charged, hydrophilic
amino acids appearing as over-represented. The phylogenetic
profiling of 17 disease-associated, proteins with compositional bias
across 11297 proteomes captures characteristic taxonomic
distribution patterns.

Conclusions: This is the first time that a combined genome-wide
analysis of compositional bias, disease-association and taxonomic
distribution of human proteins is reported, covering structural,
functional, and evolutionary properties. The reported framework can
form the basis for large-scale, follow-up projects, encompassing the
entire human genome and all known gene-disease associations.
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4 R\
{.77757:3 Amendments from Version 1

Version 2 attempts to address all comments from the reviewers for version 1. Specifically, we have adjusted the abstract to
include only the term of compositional bias, when referring to protein disorder, instead of several terms that were used
before. The introduction has been enriched to accommodate the reviewers' suggestions, including several references and a
few sentences regarding the correlation between CB and disease-association. Moreover, a new paragraph has been added,
providing a concrete example of intrinsic disorder association to human disease. Some explanatory details have been
added to the methods and results. Table 1 legend has been adjusted for precision, Figure 1 legend was enriched, Figure 3
legend was significantly changed for clarity. One of the keywords was adjusted and a new, enriched dataset was deposited in
Zenodo accompanied by an updated DOI which is provided in Version 2. The extended data file has also been updated and a
new DOl is provided.

Any further responses from the reviewers can be found at the end of the article

Introduction

Disordered proteins exhibit specific patterns at the sequence level

The classical view that protein function requires a defined three-dimensional (3D) structure has been challenged by recent
developments where many proteins and protein regions are shown to perform distinct biological functions, despite their
propensity for disordered conformations (Biirgi er al., 2016; Ntountoumi et al., 2019; Tantos et al., 2012). These
intrinsically disordered proteins (IDPs) and intrinsically disordered protein regions (IDRs) are defined as lacking a
precise 3D folding pattern. The difference between ordered and disordered proteins is already reflected at the primary
structure level, with IDPs being characterized by regions typically enriched in specific amino acids, resulting in an overall
low sequence complexity. Specifically, IDPs and IDRs contain substantially fewer residues that promote order
(typically C, F, I, L, N, V, W and Y) and are substantially enriched in residues that promote disorder (typically A,
E,G,K,P,Q,R, and S) (Williams ez al., 2000; Dunker e al., 2001; Harbi ez al., 2011). These regions are characterized as
low complexity of compositionally biased regions, both terms indicating disorder (Dunker ez al., 2001). Residues that
promote order are typically found within the hydrophobic cores of foldable proteins, as opposed to residues that promote
disorder which are mostly located at solvent-exposed surfaces (Theillet er al., 2013; Uversky, 2013). When exposed,
hydrophobic-enriched regions can induce self-aggregation and/or intermolecular interactions with surrounding proteins,
triggering aggregate formation (Grignaschi er al., 2018).

IDP/IDR identification

With the increasing number of predicted and experimentally validated IDPs and proteins containing IDRs, disordered
proteins and regions are no longer considered as exceptions, but rather the object of extensive study with regard to their
structure and function. A wide range of disorder predictors has been successfully developed over the past years, adopting
different approaches such as Compositional Bias Detection (Harrison, 2021; Promponas et al., 2000; Wootton &
Federhen, 1993), residual energy-based disorder prediction (Dosztanyi er al., 2009, 2005) and others (Linding et al.,
2003; Tang et al., 2021; Walsh et al., 2012; Wang er al., 2016; Zhang et al., 2012). Integrative tools have made their
appearance, such as MobiDB-lite (Necci e al., 2017), a data fusion tool making use of eight distinct predictors. The
prediction accuracy of such tools varies greatly, with deep learning-based methods typically outperforming methods
based on physicochemical characteristics (CAID Predictors et al., 2021). DisProt, a manually curated, dedicated database
for IDPs (Sickmeier ef al., 2007) has developed into the main resource for IDP/IDR information (Hatos ez al., 2019;
Quaglia et al., 2022).

IDPs, phylogeny and disease

Multiple computational and experimental analyses of a wide range of species at the genome level have established
widespread presence of intrinsic disorder across the tree of life (Hatos ez al., 2019; Ntountoumi et al., 2019; Peng et al.,
2015; Ward et al., 2004). In fact, proteins at all taxonomic levels, including viruses, exhibit noticeable intrinsic disorder
that apparently increases with organism complexity. Disorder presence is particularly prominent in eukaryotes, in which
at least half of their genome-encoded proteins possess long IDRs (Ahrens et al., 2017; Basile et al., 2019; Peng et al.,
2015; Ward et al., 2004; Xue et al., 2012). This high prevalence of IDPs and IDRs in eukaryotes indicates that key
functions, such as cell signalling and regulation, are dynamically associated with intrinsic disorder in nucleated cells
(Biirgi et al., 2016; Tantos et al., 2012).

The same trend holds for an ever-increasing emergence of disease-associated genes in more recent speciation events
(Dickerson & Robertson, 2012; Lopez-Bigas & Ouzounis, 2004), raising the question whether specific residues can be
directly implicated in particular diseases. A correlation between intrinsic disorder and various human diseases such as
cancer, diabetes, amyloidosis, and neurodegenerative diseases has already been established in specific cases (Choudhary
et al.,2022; Monti et al., 2021, 2022), and is emerging as a significant biomedical research endeavour.
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A typical example of intrinsic disorder association with human disease is the role of a-synuclein protein in Synuclei-
nopathies such as Parkinson’s disease. A-synuclein is a small IDP protein that plays a role in the regulation of
neurotransmitters, and has tremendous conformational plasticity (Uversky er al., 2008). In Parkinson’s disease, alpha-
synuclein misfolds and aggregates to form Lewy bodies, which are pathological hallmarks of the disease. The intrinsic
disorder of alpha-synuclein is thought to play a key role in its misfolding and aggregation, which leads to the death of
dopaminergic neurons and the onset of Parkinson’s disease symptoms (Breydo et al., 2012).

Due to a lack of structural constraints, the evolutionary rate of disordered proteins varies, with some IDPs/IDRs being
highly conserved while others appearing rapidly evolving (Brown ez al., 2011; Khan er al., 2015; Xue et al., 2013). So far,
few studies have investigated the phylogenetic profiling of IDRs in conjunction with human disease (Pajkos ez al., 2020).
To assess this hypothesis, we use a curated list of 100 annotated proteins from the human genome with well-characterised
compositionally biased regions (CBRs) (Mier er al., 2020), as a first step for the comparative genomics of composi-
tionally biased genes, some of which are in fact disease associated. We identify those instances known to be linked with
human disease and assess their phylogenetic depth. This framework, with human queries against multiple species, forms
the basis for follow-up, large-scale studies that would encompass the entire human genome and all known gene-disease
associations.

Methods

Data compilation

The Human Genome protein set recorded in the Ensembl database (GRCh38.p13) was retrieved, containing ~119K gene
transcripts to be used as reference (Yates e al., 2016).

For the disease mapping on gene transcripts, the DISEASES database was chosen, which integrates disease-gene
associations derived from text mining, as well as manually curated disease—gene associations, cancer mutation data,
and genome-wide association studies from existing databases (Pletscher-Frankild er al, 2015). Specifically, the
“Knowledge channel” was selected, containing manually curated associations from the Genetics Home Reference
(GHR) (Koos & Bassett, 2018) and UniProtKB (The UniProt Consortium ez al., 2022), atotal of 7269 disease-gene, high-
confidence associations, regarding 3837 genes and 1097 unique disease identifiers.

Disease associations are provided with the use of Disease Ontology identifiers (DOID) (Schriml er al., 2019). For each
entry of the Ensembl dataset, DOIDs were mapped from the DISEASES knowledge channel dataset and added to the
header description of the corresponding gene transcript.

For phylogenetic analysis, the Uniprot Reference Proteome (URP) dataset was selected, containing a total of 11297
proteomes, excluding viruses. The URP set has been selected manually and algorithmically among all proteomes, to
provide broad coverage of the tree of life, representing the taxonomic diversity found within UniProtKB and including the
proteomes of well-studied model organisms and other proteomes of interest for biomedical research (Chen er al., 2011).
Specifically, the URP (version: Reference_Proteomes_2022_04) contains 349 Archaeal, 8763 Bacterial and 2185
Eukaryotic proteomes.

The low complexity query set investigated both for its disease association and phylogenetic depth was previously
recorded (Mier e al., 2020) and contains 100 human proteins with characteristic compositional bias.

Data transformation

The computational pipeline cogent_utils, part of CGG toolkit v1.0.1. (Vasileiou et al, submitted), was used to create a
CoGenT-style sequence collection (Janssen ez al., 2003) from Ensembl GRCh38.p13 as well as the URP, selected as a
robust and convenient identifier encoding scheme both for human interpretation and programming convenience.
Specifically, cogent_utils enables header modification for all entries of FASTA sequence files, based on user-defined
criteria. Below we present the example of the oleosine protein of Camellia sinensis, as it appears originally in URP and
after cogent_utils transformation:

URP original header
>trlAOA7J7IAQ7IA0A7I7IAQ7_CAMSI Oleosin OS=Camellia sinensis OX=4442 GN=HYC85_002860 PE=3 SV=1
Modified header

>UP000593564-00004442-Came_sine-22-000001-E-000699 trlAOA7J7IAQ7IAO0A7I7TIAQ7_CAMSI Oleosin OS=
Camellia sinensis OX=4442 GN=HYC85_002860 PE=3 SV=1
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The first part of the header has been added, and corresponds to the following format: [URP identifier]-[NCBI Taxonomy
ID]-[organism name]-[URP year release]-[proteome counter]-[taxonomic domain]-[protein counter].

MagicMatch v1.0.1 (Smith e al., 2005) was used for sequence matching across databases to verify the identity of the
reference proteome collection against the modified identifier space. MagicMatch enables sequence-identity check at
100%, based on sequence only, with no comparison of identifiers.

Masking, searching, phylogenetic profiling

For the detection of compositional bias as a proxy for low-complexity sequence tracts, we deployed CAST v1.0.1
(Promponas ez al., 2000), for all protein sequences of the human genome. The CAST algorithm was applied on the DOID
annotated Ensembl FASTA format dataset using default parameters, i.e. threshold score 40 for reported regions. The
outcome of the analysis were 2 files dividing the original dataset; one containing all entries where low complexity regions
were detected and one containing all remaining entries.

Searching with query datasets against Proteomes for the creation of phylogenetic profile patterns was performed with
DIAMOND blastp (Buchfink er al., 2021), using the URP dataset as target database and adjusting the alignment
algorithm to enable compositional bias statistics (option: --comp-based-stats 3), conditioned on sequence properties (Yu
& Altschul, 2005). All hits considered as significant recorded an E-value<0.001 and exhibit sequence similarities of 21%
and above, without consideration to alignment geometry, e.g. coverage.

For the calculation of amino acid frequencies across the Ensembl protein set, the BioPython Bio.SeqUtils.ProtParam
module (Cock er al., 2009) was used, which takes input files of sequences (typically FASTA or FASTQ), counts all the
letters in each sequence, and returns a summary table of their counts and percentages. The output was used for data
normalisation as explained in Figure 1.

The phylogenetic profile heatmap (Figure 4) was produced using the heatmap3 R library (Zhao ez al., 2014) with default
dissimilarity matrix calculation parameters. The plotted values have been normalized using the scale = row parameter,
where each row is scaled to have a mean of 0 and standard deviation of 1.

The 2 x2 chi-square test, comparing low complexity presence in protein transcripts and disease-association (Table 1) was
performed with 0.01 significance threshold and no Yates continuity correction.

Lifemap, an interactive cartography-type tool to explore the NCBI taxonomy was chosen for the visualisation of the
taxonomic distribution of data subsets (de Vienne, 2016). For each visualisation, a list of the NCBI Taxonomy IDs of
interest were used as input for the tool, which were retrieved, in each case, from the phylogenetic profiling hit list. NCBI
taxonomy ID visualisations are provided for all UPR hits of ALG13, SIX3 and RP9 (Figure 5).

Results

Disease association across the human genome

The dataset upon which all transformations and analyses were performed was the Ensembl Human Genome export
(GRCh38.p13), containing 119068 gene transcripts, corresponding to 23506 genes. The dataset was annotated with
regard to disease association, using curated associations from GHR and UniProtKB, which are indexed in the DISEASES
database (Pletscher-Frankild er al.. 2015). Of these, 3625 transcripts are confidently associated with disease, whereas the
remaining 115443 are not verified for any strong disease association in the “knowledge channel” of DISEASES.

To remove noise, e.g. putative or alternative mini-transcripts (some with multiple stop codons), the Ensembl dataset was
filtered and all transcripts with length <80 amino acid residues were removed, with the exception of short transcripts with
at least one disease (i.e. DOID) association. The filtered set contains 102702 transcripts, which include all 3625 instances
associated with disease (Table 1).

Table 1. Contingency table between disease association in gene transcripts presenting compositionally
biased regions versus gene transcripts without any detectable compositional bias.

Low complexity High complexity
Non-disease 36250 62827 99077
Disease 1845 1780 3625
38095 64607 102702
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Compositional bias and human disease

For the evaluation of low complexity presence in the transcripts of the human genome we performed compositional bias
detection using CAST (Promponas et al., 2000). Out of the 102702 transcripts of the filtered Ensembl human genome
dataset, compositional bias was detected in 38095 instances, with at least one compositionally biased sequence tract.
Cross-evaluation of compositional bias and disease-association presence in the dataset using chi-square test of indepen-
dence, revealed a significant bias towards low complexity regions in disease-associated, X> (1, N = 102702) = 306.8467,
p-value < le-5, with an enrichment fold of 1.8 ((1845/1780) / (36250/62827) (Table 1). This significant pattern alone
provides a strong indication for the involvement of low complexity in human disease on genome scale, seen here for the
first time, complementing previous, well-established classifications of protein structure and function (Ouzounis e al.,
2003).

Examination of the low complexity gene dataset features highlighted the significant difference among amino acid-related,
low complexity frequencies. Figure 1 shows the amino acid-specific rich regions, expressed by the sum of CAST scores
for each compositionally biased region and normalised with respect to general amino acid frequency in the human
genome as calculated from the filtered Ensembl dataset using Biopython protein analysis modules (Cock ez al., 2009).
Charged, hydrophilic residues (E, K, Q, S, T) appear over-represented, while hydrophobic, order-promoting amino acids
are less frequent, in agreement with what is known about IDP/IDR composition (Williams e7 al., 2000; Dunker et al.,
2001; Harbi er al., 2011). The striking over-representation of serine/threonine (S/T) tracts, along with glutamate/
glutamine (E/Q) and proline (P) followed by lysine (K) is indicative of the main residue types that might affect functional
properties of human proteins, including their potential association with known phenotypes, such as polyglutamine tracts
with neurodegenerative diseases (Bunting er al., 2022). Indeed, it has been shown that if certain pH and temperature
conditions are met, tandem repeats of short oligopeptides containing glycine, proline, serine and threonine can form
flexible structures that bind ligands (Matsushima er al., 2008; Williamson ef al., 1994).

For the assessment of the relationship among disease association and compositional bias across the human proteome, the
associated DOID vector for each amino acid enriched region was used as a multidimensional clustering parameter for
Principal Component Analysis (PCA) (Figure 2). Consistent with the above, the presence of amino acid types in low
complexity regions (e.g. S, E, P, Q) exhibit the highest contribution to the main principal components with regard to
disease association, thus amplifying the link between low complexity and disease and establishing a direction for further
study.

Phylogenetic profiling of disease-associated LC proteins

To further our investigation into the phylogenetic depth of low complexity proteins with or without known disease
associations, we selected a published list of 100 human proteins with well-characterised compositionally biased regions
(Mier et al., 2020). The proteins were mapped to the enriched human genome datasets derived from Ensembl. Out of the
100 proteins in this curated dataset, 17 are confidently associated with disease, with one or more associated DOIDs,
covering a wide range of disorders from metabolic and cardiovascular diseases to autoimmune conditions and cancer
(Figure 3).

To examine in more detail the emergence of compositional bias for the curated dataset of 100 human proteins as an
exemplary case, protein sequence alignment using DIAMOND (see Methods) was performed against the URP dataset.
Homologues were detected in >11000 species, with just 269 cases not containing any of these regions, largely

m Aliphatic hydroxyl

140000 .
m Amine (pro)
120000 B
m Basic
100000 m Aromatic
80000 Acidic
60000 Sulfur-containing
40000 m Aliphatic
=l m_N_ = -
o N
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Figure 1. Compositionally biased protein regions identified using CAST on the Ensembl human genome. Sum
of CAST scores for all compositionally biased occurrences by amino acid, normalised with respect to general amino
acid frequency in the human genome (i.e. total score/frequency). Higher CAST scores reflect strong compositional
bias for the specific region. The column colour corresponds to an amino acid classification according to the chemical
nature of their side chains (Katchalski-Katzir et al., 2006).
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Figure 2. PCA analysis of DOID correlation to proteins with low complexity regions, across the human
genome. The colour coding of each amino acid is the same as Figure 1 and reflects the chemical nature of their
side chains. DOID=Disease Ontology identifier.
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Figure 3. The 17 disease-associated genes from the set of 100 human proteins with well-characterised
compositionally biased regions, linked to associated DOIDs. The first column corresponds to the amino acid
that appears to have enriched presence in each case. The last column’s size is proportional to the sum of CAST scores
for amino acid rich regions in each gene. Although specific genes have originally been listed as exemplary for one
compositional bias type, in this analysis they can be observed more than once along their DOID associations, as the
result of CAST analysis for the derivation of total scores. DOID=Disease Ontology identifier.
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corresponding to Archaeal and Bacterial taxa. This preliminary, targeted comparative analysis using a limited query of
100 human proteins is a first glimpse into the dynamics of compositional bias across phylogenies. Our ongoing effort to
investigate the presence of compositional bias and the connection to human disease will assess these discovered
phylogenetic patterns across the entire human genome in the near future. The complete phylogenetic profiling matrix
is provided as Extended data (Chasapi, 2022).

Focusing on the 100-gene subset with confident disease associations (i.e. the 17 proteins), most disease-associated genes
had detectable homologues across Eukaryotic organisms, with only a few, scarce Bacterial hits (Figure 4). An exception
is the Dnal heat shock protein family (Hsp40) member C5 (DNAJCS5) which exhibits an extended phylogenetic depth,
covering 86% of the URP (i.e. 9751 proteomes), verifying the observation as a well-known, abundant domain (Stetler
et al., 2010; Qiu et al., 2006).

The remaining, 16 disease-associated genes were detected in 1350 proteomes with one or several hits. Figure 4 shows the
phylogenetic profile map of these genes across the URP target proteome set. Most genes display homologues in higher
eukaryotic organisms, whereas, with the exception of the E3 ubiquitin-protein ligase RLIM, almost no homologous genes
are detected in plant genomes. Similarly, the subunit of the rod cyclic GMP-gated cation channel (CNGA1) is the only
query gene with ion channel homologues in ciliates and fungi, with the exception of the Ascomycota. In the case of genes

I Log(CASTSscore)

o
o
a

PAP1
FBXO38
CTG4a
SDK3
RLIM
ALG13
ARID1B
CNGA1
DBP.5
RUNX1
MAFA
JPH3
SIX3

taxonomy-l-‘ ‘ _ : _ — -

3101060424
THPH11

Figure 4. Phylogenetic profile of the 100-gene subset with confident disease associations. The heatmap
represents the number of homologues found across species for each gene. The plotted values correspond to the
normalized number of homologues (see Methods). The row side colours correspond to the log of the sum of CAST
scores for all detected compositionally biased regions for each protein (darker colour indicates higher sum of CAST
scores). The column side colours indicate the taxonomic level of each target proteome (orange = eukaryotes,
purple = bacteria). DNAJC5 is not displayed.
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with an overall high CAST score, there seem to be more sequence hits, both in number and in taxonomic distribution. This
can be, in part, due to the sequence alignment analysis which was tailored to compositionally biased sequences, thus
increasing hit sensitivity.

This comparative genomics framework is a useful tool both for the investigation of tendencies among gene sets
confidently associated with diseases, containing compositionally biased regions, as well as for the identification of
specific taxonomic signatures for each gene. A selected number of specific cases are reviewed below.

ALG13 has a restricted phylogenetic depth

The protein encoded by ALG13 is a subunit of a bipartite UDP-N-acetylglucosamine transferase, which heterodimerizes
with asparagine-linked glycosylation 14 homolog to form a functional UDP-GIcNAc glycosyltransferase that catalyses
the second sugar addition of the highly conserved oligosaccharide precursor in endoplasmic reticulum N-linked
glycosylation. ALG13 has been associated with several disease conditions including developmental and epileptic
encephalopathy as well as genetic intellectual disability (Epi4K Consortium & Epilepsy Phenome/Genome Project,
2013; Bissar-Tadmouri et al., 2014; Ng et al., 2020). ALG13 homologs are detected in 248 proteomes. Moreover, all hits
correspond to higher Eukaryotes, specifically to the infraphylum Gnathostomata, including mostly Euteleostomi
representatives. Figure 5A shows a general view of the tree of life, highlighted for species where ALG13 homologue
hits were retrieved, whereas Figure 5B provides a closer look of the same result. The restricted phylogenetic depth of

environ ples

B D

Figure 5. Taxonomic distribution of sequence alignment hits for selected genes, across the URP proteome
dataset. A) a broad view of the tree of life, visualised by Lifemap (de Vienne, 2016). ALG13 hits are highlighted in blue.
B) A zoomed in view of all ALG13 hits. C) SIX3 hits that belong to the Ascomycota phylum and are not found for any
other gene of the dataset. D) RP9 hits that correspond to the Dictyostelia clade and are not found for any other gene
of the dataset.
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ALG13 may indicate that the interaction pathways including ALG13 are restricted to functions specific to bony
vertebrates, a hypothesis that can be assessed by jointly analysing all participating proteins for their evolutionary
emergence.

SIX3 has a unique conservation signature

SIX Homeobox 3 (SIX3) encodes a member of the sine oculis homeobox transcription factor family. The expressed
protein plays a role in brain and eye development, and its mutations are associated with Holoprosencephaly and
Schizencephaly abnormalities (Wallis er al., 1999, 3; Hehr er al., 2010, 3). SIX3 homologues were detected in
869 reference proteomes, including filamentous ascomycetes proteome sequences in which SIX3 is the only disease-
associated gene with significant hits (Figure 5C). A follow-up study could further investigate this distinct conservation
pattern.

RP9 is uniquely matched in Dictyostelia

Retinitis Pigmentosa 9 (RP9 or PAP1) is thought to be a target protein for the PIM1 serine/threonine protein kinase. The
protein localises in nuclear speckles and has a role in pre-mRNA splicing. Mutations in the RP9 gene result in autosomal
dominant retinitis pigmentosa (Maita ez al., 2004; Keen et al., 2002). The comparative genomics analysis of RP9 presence
detects homologues in 507 species, including all representatives of the Dictyostelia clade, that were uniquely matched to
RP9 among all disease genes (Figure 5D). Dictyostelium discoideum, the most studied representative of Dictyostelia
(i.e. dictyostelid cellular slime molds), has been used extensively as model organism for cell communication, differen-
tiation, and programmed cell death studies (Kawabe ez al., 2019; Strassmann ez al., 2000). The specific presence of RP9
homologues in Dictyostelia including D. discoideum, raises questions about their specific roles in this taxon and the
possibility that functional analysis can shed further light into the human disease.

Discussion

A major research objective for biomedical research is the detection of genetic factors involved in human disease at
multiple levels including variation, gene expression and cellular roles. The evolutionary perspective of human disease is
less appreciated, compared to the functional genomics of human genes and proteins, by either computational or
experimental means. Combining evolutionary characters to structural features such as IDR presence which has yet to
be systematically studied in conjunction with specific disease classes, can provide a novel analysis framework of the
human genome with respect to disease.

In this study, we report a genome-wide analysis of the compositional bias association with disease in human proteins
and their taxonomic distribution. It is the first time that a combined genome-wide analysis of these aspects is reported,
from various structural, functional and evolutionary angles. Our analysis includes novel views on the relation between
compositional bias and disease-association, demonstrating a strong correlation between the two features. Delving deeper
into the contribution of specific amino acids to compositionally biased regions of disease-associated genes across the
human genome, we demonstrate that charged, hydrophilic residues are over-represented in genes with confident disease
associations.

We adopt a comparative genomics perspective for the evaluation of disease association of compositional bias in human
proteins, using a curated list of 100 human proteins, as a first step towards this direction in a controlled manner. We
delineate conservation patterns of the annotated gene set across taxonomic categories, taking advantage of the great
plethora of sequenced genomes across the tree of life, using a total of 11297 representative proteomes.

The described framework of structurally and functionally annotated gene queries against multiple species has been
developed with the view of future directions, encompassing the entire human genome and all known gene-disease
associations. This will potentially allow us to elucidate specific evolutionary patterns of groups of genes involved in the
same disease, serving as a tool to better understand the underlying mechanisms and identify appropriate model organisms
for experimental investigation.

Data availability

Underlying data

All data underlying the analyses are available as part of the article or as referenced external data sources and no additional
source data are required.

Extended data

Zenodo: Phylogenetic profile of 100 annotated low complexity proteins against the Uniprot Reference Proteome dataset.
https://doi.org/10.5281/zenodo.7486339 (Chasapi, 2022).
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This project contains the following extended data:
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- cb100-query-20221223.csv (The phylogenetic profile of the 100 selected annotated low complexity proteins

against the Uniprot Reference Proteome dataset)

Data are available under the terms of the Creative Commons Attribution 4.0 International license (CC-BY 4.0).
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The authors identified disordered regions in human proteins, they investigated their annotation
and their association with diseases and then investigated the presence/absence pattern of these
disordered proteins in homologs from various taxa. Interestingly, the authors found that disease-
related proteins tend to have LCRs that are enriched in charged, hydrophilic amino acids. In
addition, they investigated the phylogenetic distribution of these proteins. The authors discuss in
detail some very interesting disease-associated genes with LCRs and their distinct phylogenetic
depth. This is an interesting and very useful study that sheds more light (also from an evolutionary
point of view) on the intriguing link between LCRs and disease, and importantly, it functions as a
pilot study for a larger-scale planned analysis by the authors.

Comments/suggestions:

In introduction, I would also add a paragraph and explain in more detail the terms ‘compositional
bias' and 'low complexity' and explain that they are strongly linked to IDRs. Concerning the LCRs
part, I would include the references of Wooton et al. (1 994", of Karlin et al. (20022), of Schaper et
al. (2014°) and explain that they were originally thought of as junk or linker regions, but not
anymore (Haerty et al., 2010%).

In Methods: “Searching with query datasets against Proteomes for the creation of phylogenetic
profile patterns was performed with DIAMOND blastp”. I understand that the authors search for
homologs and not only orthologs, is that correct? Also, concerning the cutoff of 21% sequence
similarity, is it for any local alignment that DIAMOND reports, or is it for a certain query coverage
too?

Maybe Figure 1 and Table 1 could be moved to Results.

Page 14 of 20


https://doi.org/10.5256/f1000research.142650.r164958
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-5961-964X
jar:file:/work/f1000research/webapps/ROOT/WEB-INF/lib/service-1.0-SNAPSHOT.jar!/com/f1000research/service/export/pdf/#rep-ref-164958-1
jar:file:/work/f1000research/webapps/ROOT/WEB-INF/lib/service-1.0-SNAPSHOT.jar!/com/f1000research/service/export/pdf/#rep-ref-164958-2
jar:file:/work/f1000research/webapps/ROOT/WEB-INF/lib/service-1.0-SNAPSHOT.jar!/com/f1000research/service/export/pdf/#rep-ref-164958-3
jar:file:/work/f1000research/webapps/ROOT/WEB-INF/lib/service-1.0-SNAPSHOT.jar!/com/f1000research/service/export/pdf/#rep-ref-164958-4

F1000Research 2023, 12:198 Last updated: 17 APR 2023

In Results, third paragraph. The authors clearly identify a strong compositional bias for disease-
associated transcripts. It would be very informative to mention the enrichment fold of 1.8
((1845/1780) / (36250/62827)). Also, better mention the p-value as 1e-5. I wonder if disease-
associated genes tend to have more transcripts on average than non-disease genes? If they do,
are the transcripts-isoforms more frequently retaining the compositionally biased region? Maybe
the authors could repeat this chi-square test, where they use the longest transcript per gene.

Some thoughts for the future, when the authors perform their planned large-scale analysis: Do
disease-associated genes and transcripts with compositional bias have more wide or more
restricted gene expression profiles?

Results: “The striking over-representation of serine/threonine (S/T) tracts, along with
glutamate/glutamine (E/Q) and proline (P) followed by lysine (K) is indicative of the main residue
types that might affect functional properties of human proteins, including their potential
association with known phenotypes, such as polyglutamine tracts with neurodegenerative
diseases (Bunting et al., 2022)"

It would also be informative to add that tandem repeats of short oligopeptides that are rich in
glycine, proline, serine or threonine are capable of forming flexible structures that bind ligands
under certain pH and temperature conditions (Matsushima et al., 2008°). Maybe also add
Williamson et al. (1994°), concerning proline rich regions.

I would recommend that the authors explain somewhere in detail what the CAST score means.

Concerning the section of phylogenetic profiling, first paragraph: It would be informative to show
what is the enrichment of disease in the well characterized CB proteins, compared to the
background, and the statistical significance (Hypergeometric test probably). For example, the
background is X disease-proteins in Y total proteins (or genes) of the genome. Enrichment:
(17/100)/(X/Y).

Same section, second paragraph: I guess its pairwise local sequence alignment with DIAMOND?
Same section, third paragraph: “Focusing on the 100-gene subset with confident disease
associations”. I guess these are the 17 proteins of the 100 gene subset with known IDs?

Within the abstract, the authors use all three related terms, intrinsically disordered regions (IDRs),
compositional bias, low complexity regions (LCRs). Maybe they could use only one (in the abstract).

Also, they should explain in the Introduction their inter-changeability.

Abstract: “The evolutionary rate of disordered proteins”. I would rephrase that as disordered
protein regions.

Abstract: Low complexity proteins or proteins with LCRs?
In keywords, I would rephrase towards: low complexity region (LCR).
In Introduction, please correct the CAID Predictors et al reference.

In Introduction: “are transiently associated with intrinsic disorder in nucleated cells”. Could the
authors please explain in more detail what they mean with the term “transiently”?
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Introduction: the paragraph that discusses the link between intrinsic disorder and disease: It
would be nice to briefly mention one specific example of how intrinsic disorder is associated with
human disease.

Introduction: “while others appearing particularly diversified”. Maybe the term “rapidly evolving”
would be better.

In Methods, when first mentioning GHR, I would include the entire name “Genetics Home
Reference”.

In Methods: “a total of 7269 disease-gene, high-confidence associations”. It would be even more
informative if the number of unique genes and the number of unique diseases in these
associations were included too.

In Methods, could the authors please elaborate more on what MagicMatch does? I did not exactly
understand this part: “to verify the identity of the reference proteome collection against the
modified identifier space”.

Concerning the calculation of amino acid frequencies across the Ensembl protein set, was that
done for all protein isoforms of a certain gene, or only for one representative isoform (i.e. the
longest one) from each gene?

In table 1, the numbers are for human genes or transcripts/protein isoforms?
In Methods: “For each visualisation, a list of the NCBI IDs". Which types of IDs?

Results: “(GRCh38.p13), containing 119068 gene transcripts”. Could the authors also mention the
number of genes?

Results: “Examination of the low complexity gene dataset features highlighted the significant
divergence among amino acid related, low complexity frequencies.” Maybe better use the term
difference because divergence relates to conservation.

Results: “Charged, hydrophilic residues appear over-represented”. I would also mention them in
parenthesis.

In figure 3, this must be the subset of 17 disease-associated genes from the set of 100 human
proteins with well-characterised compositionally biased regions? . The title of Figure 3 should be
changed accordingly. Is it possible to also include a key of DOIDS-disease next to the figure, or is it
too many of them?

Figure 4 legend: could the authors explain this more?: “The heatmap range reflects the
dissimilarity matrix of the plotted values.”. I am not sure I understood figure 4. Does the figure
only show if a homologue is present in a certain species, or does it show as well if the homologue
also contains an LCR or CB region as well? Does this correspond to the red/blue colour of the
matrix?

Concerning figure 4, as a thought/suggestion for future studies, when the authors move to larger-
scale analyses, maybe they could also include an analogous analysis, where they show the
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presence of orthologs, not homologs. For that, they would have to use best reciprocal blast and
one representative protein (the longest) from each gene of a genome. Or, maybe the authors
could do that using the orthology presence from the OMA database
(https://omabrowser.org/oma/home/).

Figure 5: visualized by Lifemap.

Concerning supplementary .map file,  would simply convert it to a csv file for import in excel. I
would also add two columns, one with the species name of the proteome and another one with
the wider taxonomic group that the species belongs to. Also, could the authors explain what the
numbers in the cells correspond to, I guess it's the number of homologs in that species?
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Stella Tamana

Molecular Genetics Thalassaemia Department, The Cyprus Institute of Neurology and Genetics,
Nicosia, Cyprus

The presented manuscript “Disease association and comparative genomics of compositional bias
in human proteins” focuses on the very interesting, but challenging to analyze and interpret, study
of the structural, functional and evolutionary properties of compositional bias in human proteins.
The authors report novel findings and a strong correlation between compositional bias and
disease association. Studying compositional bias and disease association, both computationally
and experimentally, has been quite challenging over the years, mainly because proteins with
compositional bias tend to conform into non-globular structures or be in a disordered state and
thus, requiring special treatment in fundamental steps of comparative genomic analyses and
experimental procedures to determine their three-dimensional (3D) structures. This is the first
time that, successfully, a computational framework, combined genome-wide disease-association
analysis of compositional bias with regards to their functional, structural, and evolutionary
properties. The presentation is very clear, well-structured, and easy to comprehend. The reported
computational framework and methodology take advantage of up-to-date computational tools
and statistical packages. This paper is of interest to scientists within the field of human diseases
and variant interpretation as elucidating specific functional and structural patterns of groups of
genes (especially those presenting extreme compositional bias) involved in the same disease will
ultimately help discover the underlying mechanisms and develop new experimental procedures.

Minor comments:
> Introduction - Disordered proteins exhibit specific patterns at the sequence level

o This section will be greatly enhanced if the authors consider adding a paragraph (or
2-3 lines) of the structural characteristics and underlying mechanisms of IDPs/IDRs
and thus, giving the reader the opportunity right from the start of the paper to
understand the correlation between compositional bias and disease-association. For
example, providing in a bit more detail that order-promoting residue types are
commonly found within the hydrophobic cores of foldable proteins as opposed to
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disorder-promoting residues typically located at the surface of foldable proteins (for
references see Theillet et al., 2013"; Uversky, 20132). Also, another example could be
that hydrophobic enriched regions are prone to induce either self-aggregation
or/and intermolecular interactions with surrounding proteins when exposed and
thus, trigger aggregation (for reference see Grignaschi et al., 20183).

Line 1-3: please consider adding references.
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