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Abstract. Ermin (ERMN) is an oligodendrocyte-enriched cytoskeletal 
protein implicated in myelin sheath formation and stability. Although 
previously described as intrinsically disordered, its evolutionary 
diversification across vertebrates has not been systematically examined. 
Here, we performed a comprehensive phylogenetic and comparative 
analysis of 159 vertebrate Ermin orthologs to characterize the evolution of 
intrinsic disorder and physicochemical sequence properties. Across all 
major vertebrate clades, Ermin consistently fulfilled criteria for highly 
intrinsically disordered proteins based on Average Disorder Score (ADS) 
and Percent of Predicted Disordered Residues (PPDR), demonstrating 
that extensive disorder represents a deeply conserved structural feature. 
Despite this conserved disorder abundance, the architectural organization 
of intrinsically disordered regions (IDRs) varied among lineages. Mammalian 
Ermin proteins exhibited increased fragmentation of long IDRs compared 
to birds, which retained largely continuous long-IDR segments, indicating 
that IDR partitioning evolves independently of total disorder content. 
Amino-acid composition analyses revealed conserved depletion of aromatic 
and bulky hydrophobic residues across vertebrates, combined with clade-
structured variation in charged and disorder-promoting residues.  
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Phylogenetic generalized least squares (PGLS) analyses detected 
strong phylogenetic signal across disorder and electrostatic traits. Root-
to-tip regressions revealed a significant directional decrease in mean 
hydrophobicity across vertebrate divergence, whereas disorder propensity 
and sequence charge decoration (SCD) did not exhibit consistent monotonic 
trends. Fraction of charged residues (FCR) showed more modest 
evolutionary variation. Multivariate models further demonstrated that 
hydrophobicity, global charge density, and sequence charge decoration 
independently contribute to evolutionary variation in Ermin sequence 
architecture.  

Together, these results indicate that Ermin evolution is characterized 
by architectural remodeling and compositional retuning of an already 
disordered scaffold rather than by progressive increases in intrinsic 
disorder. This study highlights IDR fragmentation and electrostatic 
organization as key evolutionary dimensions shaping the diversification 
of intrinsically disordered proteins across vertebrate lineages. 
 
Keywords: Ermin (ERMN), Intrinsically disordered proteins (IDPs), 
Intrinsic disorder evolution, Sequence charge decoration (SCD), Phylogenetic 
comparative analysis (PGLS) 

Introduction 

Myelination is a defining feature of vertebrate nervous systems, enabling 
the rapid saltatory propagation of action potentials along axons and thereby 
ensuring efficient neural signalling (Nave and Werner, 2014). Proper myelin 
formation and maintenance rely on a limited set of highly specialized dosage-
sensitive proteins that coordinate membrane organization with the underlying 
cytoskeleton (Boggs, 2006; Nawaz et al., 2015). Several myelin-associated proteins 
deviate from classical globular architectures and are enriched in intrinsically 
disordered regions, a property linked to dynamic regulatory roles rather than 
static structural support (Jahn et al., 2009; Harauz and Boggs, 2013). Despite 
their functional importance, comparative and evolutionary analyses of such 
proteins remain limited, particularly beyond mammalian systems (Baumann 
and Pham-Dinh, 2001; Aggarwal et al., 2011; Nave and Werner, 2014). Notably, 
myelin is unusually enriched in proteins with extensive intrinsic disorder, many 
of which are involved in myelin regulation and are affected in demyelinating 
disease (Raasakka and Kursula, 2020). 
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Intrinsically disordered proteins (IDPs) and regions (IDRs) are widespread 
in eukaryotic proteomes and are particularly enriched among proteins involved 
in transcriptional regulation, signalling, and cytoskeleton-associated functions 
(Wright and Dyson, 1999; Uversky et al., 2000; Bellay et al., 2011; van der Lee et 
al., 2014; Peng et al., 2015; Holehouse and Kragelund, 2024). Large-scale analyses 
of disease-associated variants have shown that intrinsically disordered regions 
are frequent targets of pathogenic mutations, despite lacking stable tertiary 
structure. Approximately 20–25% of disease-related mutations map to predicted 
disordered regions, indicating that intrinsic disorder is neither evolutionarily 
neutral nor functionally dispensable (Vacic and Iakoucheva, 2012). Rather than 
disrupting global folding, disease-associated mutations in disordered regions 
often perturb short functional elements, including molecular recognition motifs, 
binding interfaces, or charge-patterned segments that are critical for interaction 
specificity and regulatory function (Vacic et al., 2012). Together, these findings 
establish intrinsic disorder as a functionally constrained and disease-relevant 
sequence feature, motivating comparative analyses of disorder, amino-acid 
composition, and charge-related properties in proteins such as Ermin. 

Ermin (also known as Juxtanodin, Fig. 1) was first described in 2005 as a 
previously uncharacterized protein enriched in the central nervous system 
(Zhang et al., 2005). Early sequence analyses revealed the presence of a C-terminal 
actin-binding region with similarity to ezrin–radixin–moesin (ERM) family proteins, 
despite the absence of a canonical ERM FERM domain (Zhang et al., 2005; 
Brockschnieder et al., 2006). Subsequent experimental studies demonstrated 
that Ermin associates with F-actin and modulates cytoskeleton-dependent cell 
morphology, including effects on cellular process formation and arborization 
(Zhang et al., 2005; Meng et al., 2010; Wang et al., 2011; Ruskamo et al., 2012). 
Although Ermin is enriched in oligodendrocytes and localizes to non-compact 
myelin regions during late stages of myelination, its precise mechanistic role in 
myelin formation and maintenance remains unclear (Brockschnieder et al., 
2006; Wang et al., 2020). Importantly, Ermin expression is not restricted to 
oligodendrocytes, as it is also detected in retinal pigment epithelial cells, where 
it localizes to actin-rich subcellular regions and influences actin organization 
(Liang et al., 2018). Taken together, existing evidence supports viewing Ermin 
primarily as an actin-associated cytoskeletal regulator with cell-type-specific 
functional consequences rather than as a structural myelin protein per se, despite 
its enrichment in oligodendrocytes (Zhang et al., 2005; Brockschnieder et al., 
2006; Wang et al., 2020). 

Altered ERMN expression or genetic variation has been reported in multiple 
neurological and neurodevelopmental disorders, including autism spectrum 
disorder, epilepsy, schizophrenia, and multiple sclerosis (Salek Esfahani et al., 
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2019; Wang et al., 2020; Shiva et al., 2021, Ziaei et al., 2022). The ERMN gene is 
located within the AUTS5 locus, a genomic region that has been repeatedly 
implicated in autism, language impairment, and cognitive traits (Shiva et al., 2021). 
Both reduced expression and dosage imbalance of ERMN have been associated 
with disease phenotypes, suggesting that tight regulation of Ermin sequence and 
expression is biologically important (Homs et al., 2016; Shiva et al., 2021). Together, 
these disease associations provide strong motivation for investigating Ermin’s 
sequence properties and evolutionary constraints. 

Figure 1. Structural and functional features of human Ermin (UniProt ID: Q8TAM6). 
AlphaFold-predicted three-dimensional structure of Ermin (AF-Q8TAM6-F1-v6; 

https://alphafold.ebi.ac.uk/entry/AF-Q8TAM6-F1) visualized using ChimeraX (Pettersen 
et al., 2021). (A) The experimentally characterized F-actin binding site (Zhang et al., 2005; 
Ruskamo et al., 2012) is highlighted in green, and the acidic region (Ruskamo et al., 2012) 

is shown in blue. (B) Amino acid sequence of human Ermin (UniProt ID: Q8TAM6),  
with positively charged residues (Arg, Lys) indicated in red and negatively  

charged residues (Asp, Glu) in blue. 

https://alphafold.ebi.ac.uk/entry/AF-Q8TAM6-F1
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Ermin lacks extensive stable secondary or tertiary structure and is 
predicted to contain large IDRs, consistent with sequence-based analyses and 
functional studies of the protein (Ruskamo et al., 2012). Intrinsically disordered 
regions are well suited to signaling, scaffolding, cytoskeletal regulation, and 
sensitivity to amino-acid composition and charge patterning, features that are 
particularly relevant for cytoskeleton-associated proteins (Wright and Dyson, 
1999; Uversky et al., 2000). 

Despite growing interest in Ermin’s cellular and pathological relevance, 
its evolutionary history across vertebrates has not been systematically examined. 
It remains unclear how conserved Ermin sequence features are across major 
vertebrate clades, whether intrinsic disorder and charge-related properties are 
evolutionarily stable or exhibit clade-specific variation, and how amino-acid 
compositional biases within disordered regions differ among lineages. Moreover, 
most existing studies of Ermin are restricted to mammalian systems, which 
limits broader evolutionary inference. 

The primary objective of this study was to investigate the evolutionary 
diversification of intrinsic disorder in vertebrate Ermin using a comprehensive 
phylogenetic and sequence-based framework. Specifically, we aimed to (i) determine 
whether Ermin is consistently classified as a highly intrinsically disordered protein 
across major vertebrate lineages; (ii) characterize the architectural organization of 
intrinsically disordered regions (IDRs), with particular emphasis on the distribution, 
continuity, and fragmentation of long IDRs; (iii) quantify lineage-specific variation 
in amino-acid composition, hydrophobicity, and electrostatic features, including 
fraction of charged residues (FCR), net charge per residue (NCPR), and sequence 
charge decoration (SCD); and (iv) assess evolutionary trends and phylogenetic 
structuring of these properties using phylogenetically informed comparative 
methods. 

By integrating disorder prediction, polymer-inspired electrostatic metrics, 
and phylogenetic generalized least squares (PGLS) analyses, we sought to test 
whether Ermin evolution is characterized by monotonic changes in disorder 
content or instead by lineage-specific remodelling of disorder architecture and 
sequence composition. Through this approach, we aim to establish a quantitative 
framework for understanding how intrinsically disordered proteins diversify 
over deep evolutionary timescales while maintaining conserved functional 
disorder. 
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Materials and methods 

Sequence retrieval 

Ermin amino acid sequences were collected using the same NCBI BLAST-
based workflow (https://blast.ncbi.nlm.nih.gov) described in our previously 
published myelin basic protein study (Koszorus and Kósa, 2025). Sequence 
collection was restricted to species with available, well-annotated whole-
genome assemblies. BLASTp searches were conducted separately for each 
major vertebrate clade using clade-specific Ermin reference sequences. 

For cartilaginous fishes (Chondrichthyes), Callorhinchus milii (XP_007888107.2) 
was used as the reference sequence. In ray-finned fishes (Actinopterygii), two 
reference sequences were employed to account for the pronounced length 
variability observed among Ermin homologs in this clade: Danio rerio 
(XP_073761994.1), and Perca fluviatilis (XP_039674551.1). Single representative 
reference sequences were used for amphibians (Xenopus tropicalis, XP_002933329.2), 
reptiles (Gekko japonicus, XP_015267048.1), birds (Gallus gallus, XP_040531879.1), 
and mammals (Homo sapiens, Q8TAM6). 

All BLAST parameters, filtering criteria, and orthology assignment steps 
were identical to those described previously (Koszorus and Kósa, 2025). In 
total, 159 Ermin sequences were curated, with clade-specific distribution 
(cartilaginous fishes: 13, ray-finned fishes: 50, amphibians: 16, reptiles: 17, 
birds: 19, and mammals: 44). 

Prediction of protein disorder 

The intrinsic disorder of Ermin proteins was predicted using the Rapid 
Intrinsic Disorder Analysis Online (RIDAO) platform (https://ridao.app, Dayhoff 
and Uversky, 2022), which incorporates six per residue predictors of disorder: 
PONDR VLXT (Li et al., 1999), PONDR VL3 (Radivojac et al., 2003), PONDR 
VSL2B (Peng et al., 2006), PONDR FIT (Xue et al., 2010), IUPred (short and long 
modes) (Dosztányi et al., 2005, Erdős and Dosztányi, 2020). All predictors provide 
a score that characterizes the disorder propensity of each position along the 
sequence. Residues with scores above 0.5 are predicted as disordered, while 
scores below 0.5 indicate order. Predictor outputs were aggregated and exported 
as mean disorder profiles (MDP). The mean disorder profile was used to 
identify the intrinsically disordered regions (IDRs) in the protein, and allowed 
us to calculate the disorder properties related to the whole protein, such as the 
average disorder score (ADS), percentages of predicted disordered residues 
(PPDR), and the length and positions of the individual disordered regions. 

https://blast.ncbi.nlm.nih.gov)-based/
https://ridao.app/
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Identification, classification, and evolutionary comparison of Ermin 
IDR architecture 

Residues were classified as disordered (IDR) or ordered using a disorder 
threshold of 0.5, such that residues with disorder scores ≥0.5 were assigned to 
IDRs, while residues below this threshold were considered ordered. According 
to the length, intrinsically disordered regions were classified in short IDRs (SDR, 
5-29 consecutive residues with disorder scores ≥0.5) (Monzon et al., 2020) and
long IDRs (LDR, ≥ 30 residues) (van der Lee et al., 2014; Monzon et al., 2020).

Each IDR was further assigned a positional class (N-terminal, internal, or 
C-terminal) based on its location relative to the full ungapped protein sequence.
For each Ermin ortholog, summary descriptors were calculated, including the
number of long and short IDRs, their lengths, and the fraction of amino acids
residing in each IDR class.

To visualize the phylogenetic distribution of IDR architecture, IDR maps 
were plotted alongside a Neighbour-Joining phylogenetic tree inferred from 
aligned Ermin sequences (Fig. 2). IDRs were shown as horizontal bars scaled to 
sequence length, enabling direct comparison of disorder organization across 
clades. 

Quantification of IDR fragmentation 

To decouple overall disorder abundance from architectural organization, 
new IDR fragmentation indices were defined. Fragmentation indices normalize 
the number of disordered segments by the fraction of disordered amino acids, 
thereby capturing how disorder is partitioned rather than how much disorder 
is present. Two indices were calculated per sequence: Total-IDR fragmentation 
index (FItotal), FItotal = Ntotal IDRs /(fraction of amino acids in long + short IDRs), 
where Ntotal IDRs is the total number of IDRs; and Long-IDR fragmentation index 
(FIlong), FIlong = Nlong IDRs /fraction of amino acids in long IDRs, where Nlong IDRs is the 
number of long IDRs. Fragmentation indices were summarized by major 
vertebrate clades and compared statistically using non-parametric tests.  

Amino-acid compositional bias of intrinsically disordered regions 

To further characterize intrinsically disordered regions, we compared the 
amino-acid composition of residues classified as disordered with that of 
residues located in ordered regions. Amino-acid compositional bias between 
intrinsically disordered regions (IDRs) and ordered regions was quantified 
using per-residue disorder predictions and protein sequence data (Vacic et al., 
2007, Djulbegovic and Uversky, 2022).  
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For each amino acid, pooled frequencies were calculated separately for 
IDR and ordered regions within the same protein sequences, and aggregated 
across all sequences. Relative amino-acid composition was then computed as 
Relative composition = (fIDR - fordered)/fordered , where fIDR and fordered denote the 
fractional abundance of a given amino acid in IDR and ordered regions, 
respectively. Positive values indicate enrichment in IDRs, whereas negative 
values indicate depletion relative to ordered regions. Confidence intervals for 
relative composition estimates were obtained by non-parametric bootstrap 
resampling of protein sequences (10,000 iterations). In each bootstrap 
replicate, sequences were sampled with replacement, residue counts were 
pooled, and relative composition values were recalculated. The 2.5th and 97.5th 
percentiles of the bootstrap distributions were taken as the 95% confidence 
intervals. Amino acids whose confidence intervals overlapped zero were 
considered not significantly enriched or depleted. 

Phylogenetic comparative framework 

To investigate the evolutionary dynamics of Ermin sequence properties 
across vertebrates, we employed phylogenetic comparative analyses that 
explicitly account for non-independence among species due to shared evolutionary 
history. Phylogenetic generalized least squares (PGLS) regression was used as 
the primary statistical framework, following the classical formulation of 
phylogenetic regression and its subsequent extensions for comparative data 
analysis (Grafen, 1989; Martins and Hansen, 1997; Freckleton et al., 2002). This 
approach incorporates the expected covariance structure among species 
derived from a phylogenetic tree and allows hypothesis testing on trait 
evolution while controlling for phylogenetic relatedness. 

Phylogenetic tree reconstruction 

A species phylogeny was constructed using amino-acid sequences aligned 
with ClustalW and inferred using the Neighbor-Joining (NJ) method implemented in 
MEGA12. The NJ algorithm provides an efficient distance-based approximation 
of phylogenetic relationships and is widely used for comparative and exploratory 
evolutionary analyses when the primary goal is to capture relative divergence 
among taxa rather than time-calibrated histories (Saitou and Nei, 1987; Kumar 
et al., 2018). Branch lengths correspond to sequence divergence. For PGLS analyses, 
the exact topology and relative branch length structure are more critical than 
time calibration, and distance-based Neighbor-Joining trees are sufficient for 
estimating phylogenetic covariance among taxa when the objective is to control 
for shared ancestry rather than to reconstruct time-calibrated evolutionary 
histories (Grafen, 1989; Freckleton et al., 2002).  
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Prior to PGLS analyses, the tree was midpoint-rooted, an established 
rooting approach when a reliable outgroup is unavailable, which places the root 
at the midpoint of the longest path between taxa and preserves relative branch 
length structure (Farris, 1972; Hess and De Moraes Russo, 2007). Because 
branch lengths represent evolutionary divergence rather than absolute time, 
root-to-tip distances were interpreted as relative evolutionary distances along 
the phylogeny rather than chronological age, and were used to assess directional 
trends in trait evolution rather than absolute evolutionary rates. Phylogenetic 
signal was quantified using Pagel’s λ, which rescales internal branch lengths to 
best fit the observed trait covariance under a Brownian motion model (Pagel, 
1999). λ was estimated by maximum likelihood for each fitted model and 
interpreted as a measure of the degree to which trait variation reflects phylogenetic 
structure, with values approaching 1 indicating strong phylogenetic signal and 
values near 0 indicating phylogenetic independence (Blomberg et al., 2003). 

Sequence-derived trait calculation 

For each Ermin sequence, multiple physicochemical and disorder-related 
traits were computed. Disorder scores were obtained from per-residue disorder 
predictions (RIDAO MDP) using the mean disorder probability (MDP) score 
across residues.  

Fraction of charged residues (FCR) was defined as the fraction of 
positively and negatively charged residues (FCR = f+ + f-, where f+ = N+/N and 
f- = N-/N, N is total of residues in the sequence, and N+and N- the number of
positive, negatively charged residues) (Das and Pappu, 2013; Das et al., 2015).
Net charge per residue (NCPR) was calculated as the difference between
positively and negatively charged residues (NCPR = f+ – f−), preserving the sign
of the net charge (Das and Pappu, 2013; Das et al., 2015). Sequence charge
decoration (SCD) was computed following established definitions that quantify
charge patterning along the sequence, with higher values indicating greater
segregation of like charges (Sawle and Ghosh, 2015; Ghosh et al., 2022). The
mean hydrophobicity was calculated using the Kyte–Doolittle hydrophobicity
scale (Kyte and Doolittle, 1982).

Clade-wise PGLS analyses and pairwise contrasts 

Univariate PGLS models were fitted separately for each sequence 
property to test for differences among major vertebrate clades (Chondrichthyes, 
Actinopterygii, Amphibia, Reptilia, Aves, and Mammalia), with clade identity 
treated as a categorical predictor. To formally assess whether clade identity 
improved model fit beyond phylogenetic structure alone, each full model 
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(including clade identity) was compared to a reduced, intercept-only model 
using likelihood-ratio tests (Burnham and Anderson, 2002). The resulting 
likelihood-ratio statistics and associated p-values were used to evaluate 
whether inclusion of clade identity improved model fit relative to phylogenetic 
covariance alone. Pairwise contrasts between clade means were derived from 
the fitted PGLS models to identify which clade pairs contributed most strongly 
to overall differences. To control for multiple testing across contrasts, p-values 
were adjusted using the Holm–Bonferroni procedure, which controls the 
family-wise error rate (Holm, 1979). 

Root-to-tip trend analyses 

To test for directional evolutionary trends, additional PGLS models were 
fitted in which each trait was regressed against root-to-tip phylogenetic 
distance, calculated as the sum of branch lengths from the root to each species. 
Under this framework, a significant regression slope, if detected, indicates a 
directional trend in trait evolution, whereas non-significant slopes are 
consistent with clade-structured or stationary evolution (Hunt, 2006). Root-to-
tip analyses were conducted within a Brownian/PGLS framework rather than 
Ornstein–Uhlenbeck models to avoid over-parameterization and misinterpretation 
in the presence of strong phylogenetic signal (Cooper et al., 2016). 

Phylogenetic multiple regression 

To assess the independent contributions of multiple sequence properties, 
a phylogenetic multiple regression was fitted including sequence length, mean 
hydrophobicity, FCR, NCPR, and SCD as predictors. Regression coefficients were 
standardized to allow direct comparison of effect sizes under the phylogenetic 
covariance structure. This analysis complements univariate and clade-wise 
comparisons by identifying which properties explain evolutionary variation in 
Ermin sequence architecture when other correlated traits are held constant. 

Results 

Vertebrate Ermin Proteins Are Highly Disordered 

Proteins can be classified into structural disorder categories based on the 
Average Disorder Score (ADS) and the Percentage of Predicted Disordered 
Residues (PPDR), typically as highly ordered, moderately disordered, or highly 
disordered (Gsponer et al. 2008; Rajagopalan et al. 2011; Djulbegovic and 
Uversky, 2022). In our dataset, all 159 analyzed vertebrate Ermin sequences 
exhibited ADS values above 0.5 and PPDR values exceeding 30% (Table 1.). 
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According to commonly accepted classification criteria, these parameters place 
Ermin in the highly disordered category. This classification is consistent with 
previous observations for Myelin Basic Protein, which similarly falls within the 
highly disordered class (Koszorus and Kósa, 2025). 

Table 1. Intrinsic disorder metrics and IDR architectural parameters of vertebrate 
Ermin across major clades. Descriptive summary of intrinsic disorder–related 

properties for 159 vertebrate Ermin sequences grouped by major lineages. Parameters 
include Average Disorder Score (ADS), Percent of Predicted Disordered Residues (PPDR), 
total number of intrinsically disordered regions (IDRs), number and mean length of long 
(LDRs; ≥30 residues) and short (SDRs; 5–29 residues) disordered regions, mean number 
of LDRs and SDRs per sequence, and the percentage of residues within LDRs and SDRs. 

Values are reported as clade-wise means with observed minimum–maximum  
ranges and are presented for descriptive purposes only. 
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Mean sequence length (aa) 419 268.2 245.25 255.76 252.42 279.14 
PPDR (%) 92.7 88.19 87.67 92.93 97.46 86.45 
ADS 0.72 0.72 0.713 0.724 0.81 0.69 
Nr of IDRs/sequence (min-
max) 1-6 1-6 1-4 1-3 1-2 2-4 

Mean nr of IDRs/sequence 2.92 2.34 2.25 1.82 1.53 2.77 
Percent of residues in IDR 
(%) 91.03 86.23 87.59 90.03 96.97 85.80 

Nr of SDRs/sequence (min-
max) 0-2 0-4 0-1 0-2 0-1 0-1 

Mean nr of SDRs/sequence 0.61 0.96 0.81 0.65 0.32 0.09 
Mean length of SDR (aa) 9.33 17.18 16.61 26.77 23.66 17 
Percent of residues in SDR 
(%) 1.41 5.34 5.53 6.77 2.93 0.55 

Nr of LDRs/sequence (min-
max) 1-4 0-3 1-3 1-2 1-2 2-3 

Mean nr of LDRs/sequence 2.30 1.38 1.44 1.18 1.21 2.68 

Mean length of LDR (aa) 206.57 175.72 161.80 193.11 211.39 92.20 
Percent of residues in LDR 
(%) 89.61 80.89 82.05 83.26 94.04 85.25 

chatgpt://generic-entity/?number=0
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Conserved long-IDR–rich architecture across vertebrate Ermin proteins 

Across all examined vertebrate Ermin orthologs (n = 159), protein 
architecture was dominated by long intrinsically disordered regions. In every 
major clade, long IDRs accounted for the majority of disordered residues, 
indicating that extensive disorder is a deeply conserved feature of Ermin.  

Phylogeny-aligned visualization of IDR architecture revealed that this 
conservation masks substantial variation in how long disordered residues are 
organized within individual proteins (Fig. 2). While overall disorder content 
remained high across clades (Table 1), the number, continuity, and positional 
arrangement of IDRs differed markedly.  

Clade-specific organization and localization of IDRs 

C-terminal long IDRs were nearly universal across tetrapods, suggesting
strong functional constraint on this region. In contrast, internal long IDRs 
displayed pronounced lineage specificity: they were frequent in mammals but 
rare or absent in birds and reptiles (Fig. 2). 

Short IDRs were common in actinopterygians and amphibians, often 
located at N-terminal or internal positions, but were strongly reduced in birds 
and mammals. Notably, mammalian Ermin sequences exhibited an almost 
complete absence of short IDRs despite maintaining extensive long-IDR 
coverage, indicating a shift in how disorder is partitioned rather than a 
reduction in overall disorder per se. 

Mammalian Ermin shows increased fragmentation of long IDRs 

Quantitative analysis of fragmentation indices revealed clear clade-specific 
differences. Birds (Aves) exhibited the lowest total-IDR fragmentation index 
(FItotal), with a narrow distribution centered below the global median (Fig. 3A). 
In contrast, mammals showed significantly elevated FItotal values relative to 
birds, reflecting increased segmentation of disordered segments. 

This pattern was even more pronounced for long-IDR fragmentation 
(FIlong). Birds exhibited the lowest FIlong values, consistent with largely continuous 
long IDRs, whereas mammals displayed a strong and statistically significant 
increase in FIlong (Fig. 3B). Intermediate fragmentation levels were observed in 
actinopterygians, amphibians, and reptiles, while chondrichthyans showed 
high variance, indicating heterogeneous IDR architectures. 

These results demonstrate that mammalian Ermin proteins are characterized 
by increased partitioning of long disordered regions, rather than by an increase 
in total disorder content. 
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Figure 2. Phylogeny-linked IDR architecture of vertebrate Ermin. A phylogenetic  
tree of 159 Ermin sequences is shown with branches colored by major vertebrate clade. 

Horizontal bars depict per-sequence disorder architecture in ungapped sequence 
coordinates: ordered regions (grey), long IDRs (orange), and short IDRs (purple).  
Bars are aligned at the N-terminus and scaled by each sequence’s ungapped length. 
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Figure 3. Clade-specific fragmentation of Ermin intrinsically disordered regions. 
Boxplots show the distribution of intrinsically disordered region (IDR) fragmentation 

indices across major vertebrate clades. (A) Total-IDR fragmentation index (FItotal), 
defined as the number of all IDRs normalized by the total fraction of amino acids 
classified as disordered. (B) Long-IDR fragmentation index (FIlong), defined as the 

number of long IDRs normalized by the fraction of amino acids classified as long-IDR. 
Boxes indicate the interquartile range with medians shown as horizontal lines; whiskers 
extend to 1.5× IQR. Numbers in parentheses denote the number of sequences per clade. 

The blue dashed line marks the global median fragmentation index across all Ermin 
sequences, serving as a vertebrate-wide reference. Statistical significance was assessed 

using Kruskal–Wallis tests followed by Dunn’s post-hoc comparisons with Holm 
correction. Brackets indicate pairwise comparisons relative to the avian clade (Aves), 
which exhibits the lowest fragmentation and serves as a baseline for continuous IDR 

architecture (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001). 
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Global features of vertebrate IDR composition 

Analysis of amino-acid composition revealed pronounced differences 
between intrinsically disordered regions (IDRs) and ordered regions of Ermin 
proteins (Fig. 4). IDRs were significantly depleted in aromatic (tryptophan, 
tyrosine, phenylalanine, histidine) and large hydrophobic residues (isoleucine, 
leucine, valine, methionine), consistent with reduced hydrophobic packing 
requirements in disordered conformations. In contrast, IDRs exhibited strong 
enrichment in proline, as well as increased representation of polar and charged 
residues, including serine, glutamine, arginine, aspartate, and glutamate. 

Proline showed the strongest and most consistent enrichment among all 
amino acids, reflecting its well-established role in disrupting secondary structure 
and promoting conformational flexibility. Charged residues displayed moderate 
but significant enrichment, supporting an IDR architecture dominated by 
electrostatic interactions rather than hydrophobic collapse. Cysteine was markedly 
depleted in IDRs, consistent with its preferential involvement in structured 
domains and disulfide-bond formation. 

Bootstrap confidence interval analysis indicated that most observed 
compositional biases were statistically robust across sequences. Only a small 
subset of residues exhibited confidence intervals overlapping zero, indicating 
limited or variable enrichment across species. Across vertebrate clades, IDRs 
display both conserved disorder signatures and striking lineage-specific 
compositional specializations. Chondrichthyans exhibit predominantly polar, 
uncharged IDRs enriched in serine and threonine, with strong depletion of 
aromatic and hydrophobic residues and minimal charge enrichment, yielding a 
low-aromatic, low-hydrophobic architecture (Fig. S1A). In contrast, Actinopterygii 
show the most pronounced acidic signature, with strong enrichment of glutamate 
and aspartate and exceptional relative enrichment of proline, indicating a highly 
charged, electrostatically driven IDR composition (Fig. S1B). Amphibian IDRs 
retain acidic dominance but display increased compositional heterogeneity, 
with marked enrichment of asparagine and glutamate alongside variable 
contributions from basic and aromatic residues (Fig. S1C). Reptilian IDRs are 
distinguished by extreme and heterogeneous enrichment of histidine, threonine, 
and lysine, superimposed on conserved depletion of cysteine and bulky 
hydrophobics, suggesting clade-specific modulation of charge and potential pH 
sensitivity (Fig. S1D).  

Aves exhibit the strongest low-complexity profile, characterized by enrichment 
of methionine, leucine, cysteine, proline, threonine, arginine and glutamate and 
profound depletion of branched hydrophobic residues (isoleucine, valine), as well 
as near absence of aromatics, reflecting highly flexible, compositionally simplified 
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IDRs (Fig. S1E). Finally, Mammalian IDRs combine strong enrichment of disorder-
promoting residues — particularly arginine, and proline — with marked depletion 
of bulky aromatics, yielding a composition that integrates charge enrichment 
with maintained proline-driven structural disruption (Fig. S1F). Collectively, 
these patterns indicate progressive diversification of IDR electrostatic and low-
complexity features across vertebrate evolution, with distinct clade-specific 
biases superimposed on a conserved depletion of aromatic and hydrophobic 
residues. 

Figure 4. Relative amino-acid composition of intrinsically disordered regions 
(IDRs) versus ordered regions in Ermin proteins. Relative composition was 

calculated as (fIDR - fordered)/fordered; positive values indicate enrichment in IDRs and 
negative values indicate depletion. Amino acids are grouped by physicochemical 

properties, with cysteine and proline shown separately. Error bars represent 95% 
bootstrap confidence intervals (10,000 sequence resamplings). Asterisks denote residues 

whose confidence intervals overlap zero (non-significant enrichment or depletion). 

Phylogenetic distribution of Ermin sequence properties 

Mapping z-score–normalized sequence properties onto the Ermin phylogeny 
revealed pronounced structuring across disorder, hydrophobicity, and electrostatic 
traits (Fig. 5). Closely related species clustered together in trait space, and 
distinct clade-level signatures were evident for multiple properties. Disorder 
propensity showed a non-monotonic distribution across vertebrates: early-
diverging lineages, particularly chondrichthyans, already exhibited high disorder 
values; birds displayed the highest disorder overall; and mammals showed 
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comparatively lower disorder than birds and several fish lineages. Thus, high 
intrinsic disorder is not restricted to derived vertebrate groups and does not 
increase monotonically across the phylogeny. 

In contrast, mean Kyte–Doolittle hydrophobicity showed a clearer lineage-
dependent pattern, with mammals and reptiles exhibiting more negative values 
than most fish lineages, consistent with reduced hydrophobicity. Electrostatic 
properties also displayed strong lineage dependence: fraction of charged 
residues (FCR), net charge per residue (NCPR), and sequence charge decoration 
(SCD) each showed clade-specific patterns, with SCD in particular separating 
vertebrate groups in the phylogeny-aligned heatmap. Pagel’s λ values were 
consistently high across traits (λ ≈ 0.85–1.0), indicating substantial phylogenetic 
signal and strong covariance among species. 

Clade-wise distributions and pairwise PGLS contrasts 

Clade-wise comparisons of raw trait distributions confirmed the lineage-
specific patterns observed in the phylogenetic mapping (Fig. 6). Disorder 
propensity exhibited substantial variation across clades but did not follow a 
simple monotonic trajectory. Birds exhibited the highest disorder distributions, 
whereas mammals showed lower disorder relative to birds and some early-
diverging lineages. Mean hydrophobicity differed among clades, with mammals 
and reptiles tending toward more negative values, consistent with reduced 
hydrophobicity. Electrostatic traits also varied among clades. FCR and SCD 
showed broader interclade separation than NCPR, which remained within a 
relatively narrow range across vertebrates. 

To formally evaluate clade effects while accounting for phylogenetic non-
independence, univariate PGLS models including clade identity were compared 
with reduced intercept-only models using likelihood-ratio tests. In all cases, 
inclusion of clade identity did not significantly improve model fit after 
accounting for phylogenetic covariance (Table S2). These results indicate that 
the apparent clade-level differences observed in raw trait distributions are 
largely explained by shared evolutionary history rather than by statistically 
discrete shifts among categorical clades. 

Consistent with this finding, pairwise PGLS contrasts among clade means 
revealed directional differences in several traits; however, none of the 
individual pairwise comparisons remained significant after Holm–Bonferroni 
correction for multiple testing (Table S1). The absence of statistically significant 
pairwise contrasts reflects the combined effects of strong phylogenetic signal 
(high Pagel’s λ values), moderate within-clade variance, and conservative 
multiple-testing correction.  
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Figure 5. Phylogenetic distribution of disorder, mean hydrophobicity and 
electrostatic properties of Ermin across vertebrates. A species phylogeny of 

vertebrate Ermin sequences is shown on the left, with branches colored by major 
clades (Chondrichthyes, Actinopterygii, Amphibia, Reptilia, Aves, Mammalia).  

Brackets indicate clade boundaries. To the right, a heatmap displays z-score–
normalized values of mean disorder, fraction of charged residues (FCR), net  

charge per residue (NCPR), sequence charge decoration (SCD) and mean 
hydrophobicity for each species, aligned to the corresponding tree tip.  

Red and blue indicate values above and below the overall mean, respectively. 
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Figure 6. Evolutionary changes in intrinsic disorder, mean hydrophobicity and 
electrostatic properties of vertebrate Ermin. Violin plots show the distribution of 

sequence-level properties across major vertebrate clades (Chondrichthyes, Actinopterygii, 
Amphibia, Reptilia, Aves, Mammalia). Points represent individual species; violins indicate 
kernel density estimates. Orange circles and error bars denote phylogenetically corrected 
clade means ± 95% confidence intervals estimated using PGLS. (A) Mean disorder score,  
(B) fraction of charged residues (FCR), (C) net charge per residue (NCPR), (D) sequence 
charge decoration (SCD), (E) mean hydrophobicity. Pagel’s λ values are shown for each 

trait, indicating strong phylogenetic signal, particularly for electrostatic properties. 
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Taken together, these analyses suggest that variation in ermin sequence 
properties is structured along the phylogeny in a gradual, lineage-dependent 
manner rather than partitioned into sharply distinct clade-specific regimes. The 
data therefore support a model of distributed evolutionary tuning across vertebrate 
lineages rather than discrete categorical shifts among major clades. 

Root-to-tip analyses reveal limited directional trends 

Root-to-tip PGLS regressions were performed to assess directional evolutionary 
trends across the vertebrate Ermin phylogeny (Table 2). Mean Kyte–Doolittle 
hydrophobicity exhibited a highly significant positive slope (p = 0.0008), indicating a 
progressive decrease in hydrophobicity (shift toward more negative KD values) with 
increasing phylogenetic distance from the root. Fraction of charged residues (FCR) 
also showed a statistically significant but modest negative slope (p = 0.0152), 
suggesting a weak directional reduction in overall charge density. In contrast, 
net charge per residue (NCPR), sequence charge decoration (SCD), and mean 
disorder propensity did not display significant monotonic trends. Pagel’s λ values 
were high for all traits, indicating substantial phylogenetic signal. 

Collectively, these findings indicate that while hydrophobicity — and to a 
lesser extent overall charge density — exhibits directional evolutionary change, 
variation in disorder propensity and charge patterning is better explained by 
lineage-specific restructuring rather than by uniform trends across the vertebrate 
phylogeny. 

Multivariate determinants of Ermin sequence evolution 

To assess the independent contributions of multiple sequence features, a 
multivariate PGLS regression was fitted including sequence length, mean 
hydrophobicity, FCR, NCPR, and SCD (Fig. 7). Standardized regression coefficients 
revealed that mean hydrophobicity had a strong negative association with 
evolutionary variation in Ermin sequence properties, whose confidence intervals 
lay entirely below zero, indicating that reduced hydrophobicity independently 
characterizes Ermin evolution after accounting for correlated traits. 

Fraction of charged residues (FCR) also showed a significant negative 
independent contribution, consistent with a modest reduction in overall charge 
density across vertebrate evolution. Sequence charge decoration (SCD) exhibited 
a significant positive independent effect, whereas sequence length and NCPR 
showed confidence intervals overlapping zero, indicating no independent 
contribution when considered jointly with other predictors. 
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Table 2. Root-to-tip PGLS trends in Ermin sequence evolution. Results of phylogenetic 
generalized least squares (PGLS) regressions assessing directional evolutionary trends in 

Ermin sequence properties across vertebrates. For each trait, the regression slope with 
respect to root-to-tip phylogenetic distance (Slope) and its associated p-value are 

reported, together with the maximum-likelihood estimate of Pagel’s λ and the model log-
likelihood (logLik). The log-likelihood denotes the maximum log-likelihood of the fitted 

PGLS model under the estimated phylogenetic covariance structure. Positive slope values 
indicate increasing trait values with increasing phylogenetic divergence from the root, 
whereas negative slope values indicate decreasing trait values. Because Kyte–Doolittle 

hydrophobicity values are expressed on a negative scale, positive slope values for 
hydrophobicity correspond to decreasing hydrophobicity over evolutionary divergence. 

 
Trait N Pagel’s λ logLik Slope (root-to-tip) p (slope) 

FCR 159 0.9999 428.8252 -0.0633 0.0152 

NCPR 159 0.9999 409.018 0.0448 0.1293 

SCD 159 0.9846 -508.504 17.4608 0.0598 

Mean disorder 159 0.8732 287.877 -0.0825 0.1444 

Mean 

hydrophobicity 
159 0.9875 146.0139 0.504 0.0008 

 
 

These results demonstrate that Ermin sequence evolution is primarily 
driven by compositional and patterning changes rather than by gross changes 
in protein length or net charge alone. 

Taken together, the phylogeny-aligned trait mapping, clade-wise PGLS 
contrasts, root-to-tip analyses, and multivariate regression converge on a 
consistent evolutionary picture. Ermin sequences are intrinsically disordered 
across vertebrates, but disorder propensity is modulated in a lineage-specific, 
non-monotonic manner. Hydrophobicity shows a clearer directional decrease 
over evolutionary time, whereas electrostatic properties — especially charge 
patterning — undergo pronounced clade-specific restructuring. These results 
indicate that Ermin evolution is dominated by lineage-dependent tuning of 
sequence composition and electrostatic organization rather than by a simple, 
uniform increase in intrinsic disorder. 
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Discussion 

Long IDRs as a conserved structural core of Ermin 

The predominance of long intrinsically disordered regions across all 
vertebrate Ermin orthologs demonstrates that extensive disorder is a 
fundamental and conserved structural feature of the protein. Long IDRs are 
commonly associated with scaffolding functions, multivalent interactions, and 
regulatory flexibility (Wright and Dyson, 2015; Uversky, 2019), consistent with 
Ermin’s role in cytoskeletal organization and oligodendrocyte biology (Zhang 
et al., 2005; Meng et al., 2010; Wang et al., 2011). The near-universal presence 
of a C-terminal long IDR further suggests strong functional constraint, likely 
reflecting conserved interaction interfaces encompassing the characterized 
actin-binding segment (Zhang et al., 2005; Ruskamo et al., 2012) and potentially 
additional regulatory modules. 

Fragmentation as an independent evolutionary dimension of disorder 

By explicitly quantifying IDR fragmentation, we demonstrate that disorder 
organization evolves independently of overall disorder abundance. Birds 
represent a low-fragmentation regime in which long disordered regions remain 
largely continuous, whereas mammals exhibit a high-fragmentation architecture 
characterized by multiple long IDRs separated by ordered segments. This 
architectural distinction would not be detected by disorder fraction alone and 
highlights fragmentation as a distinct evolutionary parameter. These findings 
align with emerging views that IDP function depends critically on spatial 
organization and modular segmentation rather than solely on disorder content 
(van der Lee et al., 2014; Darling and Uversky, 2018).  

IDR amino acid composition: conserved constraints and lineage-
specific diversification 

Across vertebrates, IDR composition is shaped by conserved physicochemical 
constraints, reflected in consistent depletion of aromatic and bulky hydrophobic 
residues. The stability of these depletion patterns — particularly for tryptophan, 
phenylalanine, isoleucine, and leucine — supports the view that avoidance of 
structure-stabilizing chemistry represents a fundamental requirement for 
intrinsic disorder (Williams et al., 2001; Lieutaud et al., 2016; Oldfield et al., 
2019). 
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Figure 7. Multivariate PGLS regression coefficients for Ermin sequence properties. 
Standardized regression coefficients (β ± 95% confidence intervals) from a phylogenetic 

multiple regression including sequence length, fraction of charged residues (FCR), net 
charge per residue (NCPR), sequence charge decoration (SCD), and mean hydrophobicity 

(H) as predictors. The dashed vertical line indicates β = 0. Positive and negative coefficients 
represent independent contributions to evolutionary variation in Ermin sequence properties 
after accounting for phylogenetic relatedness. Pagel’s λ = 0.93 corresponds to the maximum-

likelihood estimate of phylogenetic signal for the fitted multivariate PGLS model. 

In contrast, enrichment patterns vary markedly among clades, indicating 
that intrinsic disorder can be achieved through multiple compositional strategies. 
Early-diverging vertebrates rely predominantly on polar uncharged residues, 
whereas actinopterygians exhibit pronounced acidic enrichment. Amphibians and 
reptiles display increased compositional heterogeneity, while birds and mammals 
show the strongest low-complexity signatures. When analysed jointly, lineage-
specific enrichments partially average out, revealing a conserved vertebrate IDR 
signature dominated by proline, glutamate, and polar residues, consistent with 
proteome-wide analyses of disordered regions (Djulbegovic and Uversky, 2022). 
Thus, vertebrate IDRs appear to be governed by universal biophysical constraints 
combined with clade-dependent compositional diversification. 

Decoupling disorder from compositional evolution 

A central outcome of this study is the decoupling of intrinsic disorder 
from compositional evolutionary trends. Root-to-tip analyses reveal a strong 
directional decrease in mean hydrophobicity and a weaker but statistically 
significant reduction in overall charge density (FCR) across vertebrate evolution, 
whereas disorder propensity and sequence charge decoration (SCD) do not 
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exhibit consistent monotonic trends. Multivariate analyses further demonstrate 
that hydrophobicity, global charge density, and charge patterning independently 
contribute to evolutionary divergence. 

Because Kyte–Doolittle hydrophobicity values for disordered proteins 
are typically negative, shifts toward more negative values reflect progressive 
selection against hydrophobic residues rather than increased structural order. 
The concurrent reduction in global charge density suggests gradual compositional 
retuning, while the independent effect of SCD indicates lineage-specific restructuring 
of charge distribution along the sequence. Together, these results show that 
Ermin maintains a conserved disordered scaffold while undergoing directional 
compositional shifts and clade-specific electrostatic remodelling. 

Phylogenetic structuring of sequence evolution 

High Pagel’s λ values across traits indicate substantial phylogenetic 
signal, confirming that variation in Ermin sequence properties is strongly 
structured by shared ancestry. Importantly, strong phylogenetic signal does not 
preclude adaptation; rather, it indicates that evolutionary changes accumulate 
in a lineage-dependent manner such that closely related species resemble one 
another more than expected under independence (Pagel, 1999; Blomberg et al., 
2003). Although clade-wise distributions and phylogeny-aligned heatmaps 
visually suggest lineage-specific differences, formal PGLS likelihood-ratio tests 
indicate that inclusion of categorical clade identity does not significantly 
improve model fit once phylogenetic covariance is accounted for. Similarly, 
pairwise PGLS contrasts do not remain significant after conservative multiple-
testing correction. These findings suggest that variation in Ermin sequence 
architecture is not partitioned into statistically discrete clade-level regimes but 
instead reflects gradual, phylogenetically structured divergence along evolutionary 
lineages. Thus, the observed clustering in heatmaps and trait distributions is 
best interpreted as the outcome of shared evolutionary history and distributed 
lineage-dependent tuning rather than abrupt evolutionary shifts confined to 
particular vertebrate clades. Ermin sequence evolution therefore appears to 
proceed through incremental modifications along the phylogeny rather than 
through categorical regime changes. 

Functional context: Ermin among myelin-associated IDPs 

Placing Ermin within the broader context of myelin-associated intrinsically 
disordered proteins underscores its functional distinctiveness. Classical myelin 
proteins such as myelin basic protein (MBP) and the P0 cytoplasmic tail 
undergo partial folding upon membrane association and act as molecular 
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adhesives within compact myelin (Boggs, 2006; Harauz and Musse, 2007). In 
contrast, Ermin functions primarily as an actin-associated cytoskeletal regulator, 
favoring sustained disorder, low hydrophobicity, and finely tuned electrostatic 
organization. The evolutionary patterns observed here — directional reduction 
in hydrophobicity, modest decrease in global charge density, and lineage-
specific modulation of charge patterning — are consistent with a highly dynamic 
interaction scaffold rather than a membrane-anchored structural protein. 

Evolutionary implications 

Collectively, phylogenetic mapping, root-to-tip regressions, and multivariate 
PGLS analyses converge on a model in which Ermin evolution is dominated by 
gradual, lineage-structured compositional tuning of an already intrinsically 
disordered scaffold. Intrinsic disorder itself is deeply conserved across 
vertebrates and does not exhibit a uniform directional increase. Instead, early-
diverging lineages already display high disorder levels, indicating that 
extensive intrinsic disorder represents an ancestral structural state rather than 
a derived innovation.  

In contrast, mean hydrophobicity shows a consistent directional shift 
along the phylogeny, reflecting progressive selection against hydrophobic 
residues over vertebrate divergence. Electrostatic properties, particularly 
charge patterning, vary in a phylogenetically structured but non-discrete 
manner, suggesting distributed modulation of ensemble behavior rather than 
categorical regime shifts among major clades. The absence of statistically 
separable clade effects indicates that evolutionary change in Ermin is best 
understood as incremental divergence accumulating along branches rather 
than as abrupt transitions at major taxonomic boundaries.  

These findings reinforce the view that intrinsic disorder is an emergent 
property shaped by multiple interacting sequence features, including hydrophobicity, 
charge density, and charge patterning, rather than by a single evolutionary axis. 
Ermin evolution therefore exemplifies how intrinsically disordered proteins 
diversify through subtle compositional redistribution and electrostatic retuning 
while maintaining a conserved disordered structural framework. By integrating 
phylogenetic comparative methods with polymer- and disorder-based metrics, 
this study provides a quantitative framework for understanding how IDPs 
evolve across deep evolutionary timescales through gradual lineage-dependent 
modification rather than discrete structural innovation. 
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Conclusion 

This study provides a comprehensive phylogenetic and sequence-level 
analysis of 159 vertebrate Ermin orthologs and establishes Ermin as a deeply 
conserved intrinsically disordered protein. Across all examined clades, Ermin 
consistently meets criteria for high intrinsic disorder, indicating that extensive 
disorder represents an ancestral and fundamental structural feature rather than 
a lineage-specific innovation. 

Despite this conserved disordered framework, Ermin evolution is 
characterized by lineage-dependent remodeling of disorder architecture and 
composition. Mammals exhibit increased fragmentation of long intrinsically 
disordered regions (IDRs), whereas birds maintain largely continuous long-IDR 
architectures, demonstrating that IDR partitioning evolves independently of 
overall disorder abundance. Amino-acid composition analyses reveal conserved 
depletion of aromatic and bulky hydrophobic residues, combined with clade-
structured variation in charged and disorder-promoting residues. 

Phylogenetic comparative analyses further indicate a directional decrease 
in mean hydrophobicity across vertebrate divergence, consistent with progressive 
selection against hydrophobic residues within an already disordered scaffold. 
In contrast, disorder propensity and charge patterning do not exhibit uniform 
monotonic trends, and formal clade-wise tests do not support discrete categorical 
regime shifts after accounting for phylogenetic covariance. Instead, evolutionary 
variation in Ermin sequence properties is best explained by gradual, lineage-
structured divergence along the phylogeny. 

Together, these findings support a model in which Ermin evolution proceeds 
through incremental architectural restructuring and electrostatic retuning of a 
conserved intrinsically disordered framework. This highlights IDR fragmentation, 
compositional redistribution, and charge organization as key evolutionary 
dimensions shaping diversification of intrinsically disordered proteins across 
vertebrate lineages. 
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Supplementary materials 

Figure S1. Relative amino-acid composition of intrinsically disordered regions 
(IDRs) versus ordered regions in Ermin proteins. A. Chondrichthyes,  

B. Actinopterygii, C. Amphibia, D. Reptilia, E. Aves, F. Mammalia. Relative composition
was calculated as  (fIDR - fordered) / fordered; positive values indicate enrichment in IDRs
and negative values indicate depletion. Amino acids are grouped by physicochemical

properties, with cysteine and proline shown separately. Error bars represent 95% 
bootstrap confidence intervals (10,000 sequence resamplings). Bootstrap resampling 

was performed at the sequence level. Asterisks denote residues whose confidence 
intervals overlap zero (non-significant enrichment or depletion). 
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Table S1. Pairwise PGLS clade contrasts for Ermin sequence properties. 
Differences represent estimated contrasts between clade means while accounting for 
phylogenetic covariance. Column definitions: trait — trait analyzed (FCR, NCPR, SCD, 
disorder_mean, mean_hydrophobicity_KD); Clade A — first clade in the comparison; 

Clade B — second clade in the comparison; Mean difference (A − B) — estimated 
difference between clade means from the fitted PGLS model (effect size in the original 
trait units); p (raw) — unadjusted p-value for the clade contrast; p (Holm-adjusted) — 

Holm–Bonferroni–adjusted p-value controlling the family-wise error rate across 
pairwise contrasts. Note: Positive values of Mean difference (A − B) indicate higher 
trait values in Clade A relative to Clade B; negative values indicate the opposite. No 

pairwise comparisons remained significant after Holm-Bonferroni correction. 
 

Trait Clade A Clade B Mean difference 
(A − B) p (raw) p (Holm-

adjusted) 
FCR Actinopterygii Chondrichthyes 0.0601 0.0414 0.6215 
FCR Chondrichthyes Mammalia -0.0735 0.0424 0.6215 
FCR Aves Mammalia -0.0456 0.1152 1.0000 
FCR Amphibia Mammalia -0.0423 0.1750 1.0000 
FCR Chondrichthyes Reptilia -0.0446 0.1873 1.0000 
FCR Actinopterygii Amphibia 0.0289 0.2748 1.0000 
FCR Actinopterygii Aves 0.0322 0.2903 1.0000 
FCR Amphibia Chondrichthyes 0.0312 0.3168 1.0000 
FCR Mammalia Reptilia 0.0290 0.3446 1.0000 
FCR Aves Chondrichthyes 0.0279 0.4197 1.0000 
FCR Aves Reptilia -0.0166 0.5560 1.0000 
FCR Actinopterygii Reptilia 0.0156 0.5994 1.0000 
FCR Amphibia Reptilia -0.0134 0.6329 1.0000 
FCR Actinopterygii Mammalia -0.0134 0.6830 1.0000 
FCR Amphibia Aves 0.0033 0.9093 1.0000 

NCPR Amphibia Mammalia -0.0474 0.2044 1.0000 
NCPR Actinopterygii Mammalia -0.0468 0.2333 1.0000 
NCPR Aves Mammalia -0.0375 0.2787 1.0000 
NCPR Amphibia Reptilia -0.0340 0.3093 1.0000 
NCPR Actinopterygii Reptilia -0.0334 0.3458 1.0000 
NCPR Aves Reptilia -0.0241 0.4751 1.0000 
NCPR Chondrichthyes Mammalia -0.0289 0.5046 1.0000 
NCPR Actinopterygii Chondrichthyes -0.0179 0.6124 1.0000 
NCPR Amphibia Chondrichthyes -0.0185 0.6205 1.0000 
NCPR Chondrichthyes Reptilia -0.0155 0.7004 1.0000 
NCPR Mammalia Reptilia 0.0134 0.7155 1.0000 
NCPR Amphibia Aves -0.0099 0.7752 1.0000 
NCPR Actinopterygii Aves -0.0093 0.7993 1.0000 
NCPR Aves Chondrichthyes -0.0086 0.8353 1.0000 
NCPR Actinopterygii Amphibia 0.0006 0.9851 1.0000 
SCD Actinopterygii Mammalia 16.1180 0.1260 1.0000 
SCD Amphibia Mammalia 14.1134 0.1590 1.0000 
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Trait Clade A Clade B Mean difference 
(A − B) p (raw) p (Holm-

adjusted) 
SCD Actinopterygii Reptilia 12.9310 0.1742 1.0000 
SCD Amphibia Reptilia 10.9264 0.2237 1.0000 
SCD Actinopterygii Aves 8.9645 0.3594 1.0000 
SCD Chondrichthyes Mammalia 10.0325 0.3886 1.0000 
SCD Aves Mammalia 7.1535 0.4416 1.0000 
SCD Amphibia Aves 6.9599 0.4526 1.0000 
SCD Actinopterygii Chondrichthyes 6.0855 0.5214 1.0000 
SCD Chondrichthyes Reptilia 6.8455 0.5285 1.0000 
SCD Aves Reptilia 3.9665 0.6621 1.0000 
SCD Amphibia Chondrichthyes 4.0809 0.6839 1.0000 
SCD Mammalia Reptilia -3.1870 0.7460 1.0000 
SCD Aves Chondrichthyes -2.8790 0.7957 1.0000 
SCD Actinopterygii Amphibia 2.0046 0.8137 1.0000 

mean disorder Aves Mammalia 0.1183 0.0222 0.3326 
mean disorder Amphibia Aves -0.1119 0.0306 0.4282 
mean disorder Aves Reptilia 0.0880 0.0819 1.0000 
mean disorder Actinopterygii Aves -0.0651 0.2316 1.0000 
mean disorder Aves Chondrichthyes 0.0656 0.2957 1.0000 
mean disorder Actinopterygii Amphibia 0.0468 0.3254 1.0000 
mean disorder Actinopterygii Mammalia 0.0532 0.3629 1.0000 
mean disorder Amphibia Chondrichthyes -0.0462 0.4179 1.0000 
mean disorder Chondrichthyes Mammalia 0.0527 0.4190 1.0000 
mean disorder Mammalia Reptilia -0.0303 0.5793 1.0000 
mean disorder Amphibia Reptilia -0.0239 0.6342 1.0000 
mean disorder Actinopterygii Reptilia 0.0229 0.6650 1.0000 
mean disorder Chondrichthyes Reptilia 0.0224 0.7154 1.0000 
mean disorder Amphibia Mammalia 0.0064 0.9083 1.0000 
mean disorder Actinopterygii Chondrichthyes 0.0006 0.9917 1.0000 

mean hydrophobicity Chondrichthyes Reptilia 0.4230 0.0135 0.2028 
mean hydrophobicity Chondrichthyes Mammalia 0.4140 0.0238 0.3328 
mean hydrophobicity Actinopterygii Chondrichthyes -0.3015 0.0448 0.5830 
mean hydrophobicity Amphibia Reptilia 0.2816 0.0461 0.5830 
mean hydrophobicity Amphibia Mammalia 0.2726 0.0834 0.9176 
mean hydrophobicity Aves Reptilia 0.2403 0.0921 0.9214 
mean hydrophobicity Aves Mammalia 0.2313 0.1134 1.0000 
mean hydrophobicity Actinopterygii Amphibia -0.1600 0.2317 1.0000 
mean hydrophobicity Aves Chondrichthyes -0.1827 0.2972 1.0000 
mean hydrophobicity Amphibia Chondrichthyes -0.1415 0.3717 1.0000 
mean hydrophobicity Actinopterygii Reptilia 0.1216 0.4162 1.0000 
mean hydrophobicity Actinopterygii Aves -0.1187 0.4397 1.0000 
mean hydrophobicity Actinopterygii Mammalia 0.1126 0.4964 1.0000 
mean hydrophobicity Amphibia Aves 0.0413 0.7768 1.0000 
mean hydrophobicity Mammalia Reptilia 0.0090 0.9536 1.0000 
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Table S2. Likelihood-ratio tests of clade effects in univariate PGLS models. 
Summary of univariate PGLS models testing whether vertebrate clade identity 

improves model fit for each Ermin sequence trait. For each trait, a full model including 
clade identity was compared to a reduced (intercept-only) model using a likelihood-

ratio test (LRT). Pagel’s λ was estimated by maximum likelihood for both full and 
reduced models. Row definitions: Trait — analyzed sequence property (mean 

disorder, mean hydrophobicity, FCR, NCPR, or SCD); n — number of species included 
in the model; Pagel’s λ (full) — maximum-likelihood estimate of phylogenetic signal in 

the full model; logLik (full) — log-likelihood of the model including clade identity; 
logLik (reduced) — log-likelihood of the intercept-only model; LR statistic — 

likelihood-ratio statistic calculated as 2 × (logLik_full − logLik_reduced); df — degrees 
of freedom corresponding to the number of clade parameters; p (LRT, clade effect) — 

p-value of the likelihood-ratio test evaluating the significance of clade identity. 
Significant LRT p-values indicate that clade membership explains trait variation 

beyond phylogenetic covariance alone. 
 

Trait FCR NCPR SCD Mean disorder 
Mean 

hydrophobicity 

n 159 159 159 159 159 

λ (full model) 1.0000 1.0000 0.9919 0.8516 0.9633 

logLik (full model) 437.6059 409.2020 -484.9054 290.5840 162.0218 

logLik (reduced model) 434.0968 407.8885 -486.6154 287.1705 156.9697 

LR statistic 7.0182 2.6270 3.4201 6.8270 10.1044 

df 5 5 5 5 5 

p (LRT, clade effect) 0.2193 0.7573 0.6355 0.2338 0.0723 
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