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Abstract. Myelin basic protein (MBP, 18.5 kDa isoform) is a key structural
component of the myelin sheath, where it drives multilayer compaction
through electrostatic interactions and dynamic conformational transitions.
Despite its functional importance, a comprehensive understanding of MBP’s
evolutionary patterns of intrinsic disorder, post-translational modifications
(PTMs), and sequence-derived properties across vertebrates have been
lacking. Here, we analyzed MBP consensus sequences from six major
vertebrate clades (Chondrichthyes, Teleostei, Amphibia, Reptilia, Aves,
Mammalia) using an integrated bioinformatic framework combining intrinsic
disorder predictions, Shannon entropy-based complexity profiling,
hydrophobic moment (uH) analyses, net charge per residue (NCPR) patterns,
and experimentally supported PTM mapping.

Our results reveal that MBP maintains a highly conserved intrinsically
disordered architecture characterized by long N- and C-terminal IDRs
and several clade-specific central IDRs. Teleosts exhibit a truncated N-
terminal, lacking the first 15 residues, but compensate through additional
positively charged residues downstream, preserving membrane-binding
potential. Amphibians show unique insertions enriched in basic residues,
leading to the longest MBPs and potentially enhanced lipid interactions.
Shannon entropy and pH profiles demonstrate alternating conserved
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a-helices and flexible IDRs that overlap with PTM hotspots, particularly
phosphorylation and citrullination sites, suggesting dynamic regulatory
roles. NCPR analyses highlight a conserved electrostatic topology composed
of alternating basic clusters and acidic/neutral dips, balancing reversible
membrane adhesion with controlled aggregation. Together, these findings
demonstrate that MBP combines strong structural conservation with
lineage-specific adaptations in intrinsic disorder, charge distribution, and
PTM patterning. This evolutionary flexibility likely underpins MBP’s
ability to support functional diversity in myelin architecture while
maintaining its essential role in vertebrate nervous system evolution.

Keywords: hydrophobic moment, internally disordered region, myelin
basic protein, net charge per residue, sequence complexity.

Introduction

The prevailing paradigm in molecular biophysics and structural biology
states that a protein’s amino acid sequence determines its three-dimensional
structure, and that structure dictates its function - the one sequence—one
structure—one function model. This view has been challenged by the discovery
of intrinsically disordered proteins (IDPs) and intrinsically disordered regions
(IDRs). IDPs lack a stable three-dimensional structure under physiological
conditions, whereas IDRs are unstructured segments within otherwise folded
proteins (Uversky et al., 2013). Rather than adopting a fixed conformation,
these proteins exist as dynamic ensembles of rapidly interconverting states,
allowing them to remain functional in multiple cellular contexts (Oldfield et al.,
2019). Some proteins are entirely disordered, while others contain one or more
discrete IDRs, often referred to as multi-IDR proteins (Lobley et al., 2005).

IDPs and IDRs are widespread across all domains of life. According to the
latest version (2025) of the DisProt database (https://disprot.org), 3,200 IDPs
and 9,365 IDRs have been annotated, encompassing 38 distinct biological
functions. In eukaryotic genomes, disordered segments are particularly common:
for example, 44% of human protein-coding genes contain disordered regions
longer than 30 amino acids (van der Lee et al., 2014). Computational analyses
indicate that 45-50% of eukaryotic proteins possess long disordered segments,
whereas in archaea and bacteria, only 7-30% of proteins contain such regions
(Xue et al., 2013).

The functional significance of intrinsic disorder lies in its ability to expose
large and adaptable interaction surfaces that enable recognition of diverse
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ligands (Lobley et al, 2005). Consequently, many IDPs are multifunctional and
play central roles in molecular recognition, signaling, and regulation (Wright
and Dyson, 2014) and they participate in essential cellular processes such as
transcriptional and translational control, cell-cycle regulation, and signal
transduction (Xue et al., 2013).

IDRs are characterized by a high net charge and low overall hydrophobicity,
as well as low sequence complexity compared with folded proteins (van der Lee
et al., 2014). They are strongly depleted in bulky hydrophobic and aromatic
residues (tryptophan, tyrosine, phenylalanine) and large aliphatic residues
such as valine, while being enriched in charged and polar residues including
lysine, arginine, glutamate, glutamine, and serine (Oldfield et al, 2019).

IDPs are also strongly linked to disease, including cancer, cardiovascular
disorders, amyloidoses, neurodegenerative diseases, and diabetes (Babu, 2011;
Xue et al., 2013).

Myelin basic protein (MBP) is the second most abundant component of
central nervous system (CNS) myelin, accounting for approximately 30% of its
dry protein mass (Kister and Kister, 2023). Its best-established function is to
promote adhesion of myelin membrane layers, driving the formation of compact
sheaths (Raasakka and Kursula, 2020). Beyond its structural role, MBP has been
implicated in the pathogenesis of multiple sclerosis (MS), where increased
deimination (citrullination) contributes to myelin destabilization, and MBP
may also act as a candidate self-antigen in the autoimmune response (Libich
and Harauz, 2008). MBP is generated by alternative splicing of a single mRNA
transcript, giving rise to four major isoforms in humans, with molecular masses
of 21.5, 20.2, 18,5, and 17.2 kDa (Harauz et al., 2004). The classic 18.5 kDa
isoformis the predominant form in adult CNS myelin and plays an essential role
in maintaining sheath stability (De Avila et al., 2014).

Spectroscopic and sequence-based analyses classify all known MBP
isoforms as intrinsically disordered proteins (Libich and Harauz, 2008). This
disorder underlies MBP’s interactions with a range of partners, including Fyn
kinase, cytoskeletal proteins such as actin and tubulin, calmodulin in a Ca?*-
dependent manner, and proteins containing SH3 domains (De Avila et al,, 2014;
Raasakka and Kursula, 2020;). MBP function is further modulated by extensive
post-translational modifications (PTMs). Among these, serine/threonine
phosphorylation is reversible, whereas arginine deimination is irreversible and
can critically alter MBP’s stability and interactions (Raasakka and Kursula, 2020).

MBP family members are broadly distributed among vertebrates (Xue et
al. 2013), and MBP itself is highly conserved across species (Raasakka and
Kursula, 2020). Yet, despite intensive research, the relationship between MBP’s
intrinsic disorder and its strong sequence conservation remains unclear.
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Figure 1. Structural and functional features of the human 18.5 kDa myelin basic protein
(MBP, UniProt ID: P02686.3). The 18.5 kDa MBP isoform is depicted in all panels (A-C).
(A) Three-dimensional structure predicted by AlphaFold (AF-P02686-F1-model v4;
https://alphafold.ebi.ac.uk/entry/P02686) and visualized with ChimeraX (Pettersen et
al, 2021). The a-helices involved in membrane binding (a1-3) are highlighted in blue,
arginine residues in red, lysines in purple, and the SH3 domain (Polverini et al.,, 2008) in
green. (B) Amino acid sequence of the 18.5 kDa MBP isoform (UniProt ID: P02686.3),
with positively charged residues (Arg, Lys) marked in red and negatively charged
residues (Asp, Glu) in blue. (C) Schematic representation of the 18.5 kDa MBP isoform
sequence with annotated functional regions. Membrane-binding residues are indicated
above the sequence, a-helices («1-3) are marked in green (De Avila, 2014), the SH3-
binding motifis shown in orange, and the calmodulin (CaM)-binding region is highlighted
in blue (Libich and Harauz, 2008).

Despite numerous proteome-wide studies investigating the overall degree
and evolutionary dynamics of intrinsic disorder across species (Ward et al., 2004;
Schad et al.,, 2011; Necci et al., 2016; Zarin et al., 2019; Kastano et al,, 2020;
Singleton and Eisen, 2024; Mughal et al., 2025), relatively few have addressed
how the intrinsic disorder of a specific intrinsically disordered protein (IDP)
and the parameters governing it have evolved (Siltberg-Liberles, 2011; Xue et
al., 2013; Siddiqui et al, 2016). In this study, we systematically examine the
18.5 kDa isoform of myelin basic protein (MBP) to explore evolutionary changes
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in its disorder-related features, including the degree and extent of intrinsic
disorder, the distribution, length, and number of intrinsically disordered regions
(IDRs), and key structural characteristics such as sequence complexity, net charge
per residue (NCPR), and hydrophobic moment profiles across vertebrates.
Additionally, we investigate potential associations between evolutionary shifts
in these disorder-related parameters and the distributional and numerical
patterns of functionally critical post-translational modifications (PTMs),
particularly citrullination and phosphorylation.

Matrials and methods

Retrieval of myelin basic protein amino acid sequence

MBP protein sequences were obtained via BLASTp searches against the
non-redundant (nr) protein database using the NCBI BLAST tool
(https://blast.ncbi.nim.nih.gov), with the 18.5 kDa isoform as the query. The
search was specifically aimed at identifying orthologous sequences. To ensure
lineage-specific coverage, we used distinct representative query sequences for
each major vertebrate clade: Danio rerio (UniProt ID: XP_005157892.1) for
bony fish (Teleostei), selecting only mbpa sequences and excluding mbpb
isoforms due to their distinct functional roles; Leucoraja erinacea (UniProt ID:
AAA96756.1) for cartilaginous fish (Chondrichthyes), Xenopus laevis (UniProt
ID: P87346) for amphibians, Gekko japonicus (UniProt ID: Q511E1) for reptiles,
Gallus gallus (UniProt ID: P15720-1) for birds, and Homo sapiens (UniProt ID:
P02686) for mammals. BLASTp searches were performed with the following
parameters: maximum number of target sequences: 250, expect threshold
(E-value): 0.05, and the BLOSUM®62 substitution matrix. Retrieved sequences
were filtered based on the following homology criteria: E-value <10-5and 100%
query coverage (Riley et al., 2023). To ensure broad phylogenetic representation,
sequences were selected from all major taxonomic orders within each
vertebrate group. In total, 199 MBP sequences were curated, with clade-specific
distribution (cartilaginous fishes: 15, teleosts: 36, amphibians: 18, reptiles: 31,
birds: 49, mammals: 50).

Sequence alignment and consensus sequence determination

Multiple sequence alignments (MSAs) were performed separately for
each clade using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/)
with default parameters (Madeira et al, 2024). Sequences with alignment issues
were manually removed. Aligned sequences were visualized and analyzed in
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Jalview (version 2.11.2.5), and consensus sequences were generated using a 0.5
conservation threshold (Waterhouse et al, 2009). These consensus sequences
were then used for downstream analyses, including the prediction of conserved
post-translational modification (PTM) motifs and intrinsically disordered regions
(IDRs), calculation of Shannon entropy, generation of linear net charge per
residue (NCPR) profiles, and hydrophobic moment (uH) analysis. The number
of sequences used per clade ranged from 15 to 50. Although most clades met
the recommended threshold of 20-50 sequences for high-quality MSAs, some
included fewer due to the limited availability of homologous, full-length
sequences. Nonetheless, alignments were manually curated to ensure accuracy
before consensus generation.

Conservation scores displayed beneath the alignments (Fig. 3) in Jalview
were also generated within the software, using the AMAS method of multiple
sequence alignment analysis, which quantifies the conservation of physico-
chemical properties for each alignment column (Livingstone and Barton, 1993).

A phylogenetic tree was generated using the neighbor-joining (NJ)
method in MEGA version 12 for reference purposes: the protein alignment
yielded a tree that reflects the known relationships among vertebrates. The tree
was not used for subsequent analyses and is provided in the supplementary
materials for completeness (see supplementary files: Fig. S1).

Assessment of protein disorder and identification of intrinsically
disordered regions

To systematically analyze the intrinsic disorder propensity of MBP
sequences across lineages, we applied several disorder prediction tools, each of
which rely on distinct principles and vary in their outputs, being optimized for
identifying IDRs of different lengths (Liu et al, 2019). Given the difficulty in
precisely defining IDR boundaries - even with experimental methods (Jensen et
al., 2013) - and observed variability in IDR detection across predictors (Yruela
et al, 2017), we selected and combined tools to maximize sensitivity across a
broad range of disordered features. Current prediction accuracy for IDRs up to
30 residues is estimated at roughly 70% (Monastyrskyy et al., 2014).

Our primary analysis was performed using the CAID Prediction Portal
(https://caid.idpcentral.org/portal), which runs standardized, benchmarked
intrinsic disorder predictors on the input FASTA amino acid sequences (Del
Conte et al., 2023). Specifically, we selected a set of complementary predictors
from the CAID suite, including AUCpreD (Wang et al., 2016), ESpritz-N, ESpritz-
X and ESpritz-D (Walsh et al, 2012), [UPred3 (Erd6s and Dosztanyi, 2020),
MobiDB Lite (Necci et al, 2017), PredIDR long and PredIDR short (Xie et al,
2022), to ensure the detection of both short and long intrinsically disordered
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regions (IDRs). The CAID portal also generated a consensus annotation of
disordered region boundaries, which we used to define the number and extent
of disordered regions across the MBP clade-specific consensus sequences. To
complement the CAID results, we additionally used the PONDR VLXT predictor
(https://www.pondr.com), which is particularly sensitive to short disordered
regions and terminal flexibility (Xue et al, 2010). All algorithms output a number
between 0 and 1 for each amino acid residue. If the predicted value exceeds or
equals 0.5, this residue is considered disordered. All predictions were
performed using default parameters, and the output scores were integrated to
identify conserved disordered segments across MBP orthologs.

Furthermore, we calculated the predicted percent of disorder, defined as
the ratio of disordered residues to the total number of residues, expressed as a
percentage (van Bibber et al., 2020).

Sequence complexity profile (Shannon entropy score profile)

Sequence complexity profile (Shannon entropy) for the clade specific
consensus sequences was calculated according to Sen et al, 2019 using a custom R
script. Then Shannon entropy was computed for each MBP sequence within the
six vertebrate clades. Calculations were performed in R 45.1 (R Core Team, 2024)
using RStudio (Posit Software, 2024) and the seginr package for sequence
handling. A sliding window of 15 residues was applied, and the mean entropy
value per sequence was obtained. Resulting Shannon entropy profiles were
visualized using custom scripts with the ggplot2 package (Wickham, 2016).

Hydrophobic moment profile

The hydrophobic moment (uH) was calculated to quantify the amphipathic
potential of the sequences using the hmoment site from EMBOSS Explorer with
the default parameters (https.//www bioinformatics.nl/cgi-bin/emboss/hmoment)
(Eisenberg et al, 1984). This initial analysis was performed on representative
consensus MBP sequences from each clade. Hydrophobic moment profiles were
visualized in R (R Core Team, 2024) using custom scripts and the ggplot2
package (Wickham, 2016).

To complement the hydrophobic moment (uH) calculations we developed a
custom R script to analyze a larger dataset of MBP sequences from all available
representatives within each clade. FASTA sequences were imported and processed
using the seqinr package (Charif & Lobry, 2007) in R version 4.5.1 (R Core Team,
2024) running in RStudio (Posit Software, 2024). The hydrophobic moment
was calculated with a sliding window approach, employing a window size of 10
residues and the Eisenberg hydrophobicity scale as reference values (Eisenberg

121


https://www.pondr.com/
https://www.bioinformatics.nl/cgi-bin/emboss/hmoment

I. KOSZORUS, F. KOSA

et al,, 1984). Angular periodicities of 100° and 160° per residue were analyzed to
capture a-helical and B-strand segment tendencies, respectively. Hydrophobic
moments were calculated for each sliding window by vectorially summing
hydrophobicity values weighted by their angular positions, then averaged per
sequence for statistical analysis.

Net charge per residue (NCPR) profiles

Net charge per residue (NCPR) was calculated for each MBP sequence
within each vertebrate clade using R (R Core Team, 2024) in RStudio (Posit
Software, 2024). Amino acids were assigned charges at physiological pH (Asp,
Glu:-1;Lys, Arg: +1; His: +0.1), and NCPR was computed using a sliding window
of five residues (Das and Pappu, 2013). Average NCPR per sequence was
subsequently determined.

Prediction of phosphorylation sites

To predict conserved phosphorylation sites in MBP across vertebrate
clades, we analyzed the clade-specific consensus sequences using three
independent phosphorylation site predictors: DEPP, Musite, and NetPhos (Wang et
al., 2017). All predictions focused on serine, threonine, and tyrosine residues,
and only sites scoring 20.5 in at least two of the three tools were retained.

In addition to in silico predictions, we also reviewed the literature for
experimentally validated phosphosites in human 18.5 kDa MBP (Kishimoto et al.
1985; Harauz et al., 2004). Using these datasets, we tested the performance of our
three prediction methods in identifying experimentally confirmed phosphorylation
sites. The integration of multiple prediction methods and empirical data allowed for
high-confidence identification of functionally relevant phosphorylation motifs.

Prediction of citrullination sites

Although several citrullination site predictors such as ModPred, iCitr-
PseAAC, and CKSAAP _CitrSite exist, at the time of writing this manuscript (July
2025), none of these tools were available or functional for our analyses.
Citrullinated arginine residues in human MBP were collected from published
experimental studies (Harauz and Musse, 2006; Polverini et al, 2010). The human
sequence was aligned to clade-specific consensus sequences, and citrullination
sites were mapped across clades based on positional correspondence within
the multiple sequence alignment. Only aligned arginine residues corresponding
to modified positions in human MBP were considered.
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Statistical analyses

All sequence-derived features (hydrophobic moment, Shannon entropy, and
NCPR) were analyzed in R version 4.5.1 (R Core Team, 2024) using RStudio (Posit
Software, 2024). FASTA sequences were processed with the seqinr package (Charif
and Lobry, 2007), and data manipulation employed dplyr (Yarberry, 2021).
Calculations were performed at both the sequence level (averaging per sequence
within each clade) and at the consensus level (using clade-specific consensus
sequences). Clade-wise mean values were compared using Welch’s one-way
ANOVA, appropriate for unequal variances and non-normal distributions (Welch,
1951). When global effects were significant, pairwise post hoc comparisons were
carried out with Welch's t-tests and multiple-testing corrections. Data visualization
was performed with custom R scripts using ggplot2 (Wickham, 2016).

Domain structure visualization

Schematic representations of protein domain structures, post-translational
modifications (PTMs) and intrinsically disordered regions (IDRs) were created
using the IBS 2.0 (lllustrator for Biological Sequences) tool (Liu et al., 2022;
https://ibs.renlab.org).

Results and Discussion

Sequence-based analysis of disorder propensity

Disorder propensity profiles (Fig. 2) were predicted using clade-specific
consensus sequences derived from multiple sequence alignments of 18.5 kDa
myelin basic protein (MBP) orthologs. A total of nine complementary disorder
prediction algorithms were employed, and their outputs were integrated based
on predictor consensus: a residue was classified as disordered if more than
62.5% of the algorithms consistently identified it as disordered at that position.
The combined use of multiple prediction algorithms enabled estimation of the
predicted percent disorder per sequence, as well as the prediction of the number,
boundaries, lengths, and distribution of conserved intrinsically disordered regions
(IDRs) within each clade-specific consensus sequence (Figs. 2 and 3).

The predicted percent disorder was calculated as the ratio of disordered
residues to the total number of residues, expressed as a percentage (van Bibber
et al., 2020). Across clades, this metric ranged from 52.22% to 86.11% (Table 1).
To assess potential evolutionary trends, Spearman rank correlation analyses
were conducted and complemented by permutation-based significance testing.
While the analysis revealed a negative trend (p = -0.54), the correlation did not
reach statistical significance (p = 0.30).
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Figure 2. Intrinsically disordered region (IDR) predictions for clade-specific consensus
MBP sequences. Disorder propensity was calculated for consensus MBP sequences of
six major vertebrate lineages (Chondrichthyes, Teleostei, Amphibia, Reptilia, Aves, and

Mammalia). Per-residue disorder scores (0-1) were obtained using complementary

prediction tools from the CAID portal (AUCpreD, ESpritz-N/X/D, IUPred3, MobiDB
Lite, PredIDR-long, PredIDR-short) and the PONDR VLXT predictor. A disorder threshold

of 0.5 (horizontal reference) was applied to define disordered residues. Shaded
background areas indicate regions of consensus disorder (IDRs) across predictors.

The predicted percent disorder has been reported to depend on protein
chain length (Xie et al.,, 2007; Mughal and Caetano-Anollés, 2025), except in viral
proteomes, where it decreases with increasing chain length (Xie et al., 2007). In
the case of vertebrate MBPs, however, we found no significant correlation between
chain length variation and predicted percent disorder values: fishes, which possess
the shortest MBP isoforms, exhibited the highest disorder levels. Although the
predicted percent disorder generally increases during evolution (Kastano et al.,
2020; Mughal and Caetano-Anollés, 2025) and tends to rise with organismal
complexity — commonly measured by the number of cell types or overall
proteome size (Schad et al., 2011; Kastano et al., 2020) — no such relationships
were observed for vertebrate MBPs, likely because the previously reported
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correlations were derived from analyses encompassing a much broader taxonomic
spectrum.

Following the classification system proposed by Gsponer et al. (2008) and
Rajagopalan et al. (2011), which distinguishes between highly ordered (0-10%
disordered), moderately disordered (11-30%), and highly disordered (31-
100%) proteins, our results show that all MBP consensus sequences across
vertebrate clades fall into the highly disordered category. Given that MBP exhibited
a high degree of disorder even in the earliest vertebrate lineages, these findings
support the hypothesis that extensive intrinsic disorder is functionally important
for MBP activity.

Identification and distribution of intrinsically disordered regions

Analysis of the intra-sequence distribution patterns of predicted disordered
regions (Figs. 2 and 3) revealed a consistent architecture across all vertebrate
clades: both an N-terminal and a C-terminal intrinsically disordered region
(IDR) were invariably present. This terminal disorder pattern mirrors that of
other intrinsically disordered proteins (IDPs) (van der Lee et al., 2014; Necci et
al., 2016; de Vries et al., 2024). Additionally, every MBP contains a variable
number of internal IDRs, typically ranging from three to six per consensus
sequence (Table 1, Fig. 2, 3and 7).

Table 1. Intrinsic Disorder, Sequence Complexity, Net Charge
Per Residue and Post-Translational Modification Predictions
for the MBP 18.5 kDa Isoform in Vertebrate Lineages.

Chondrich-

Teleostei Amphibia Reptilia Aves Mammalia
thyes

Consensus sequence
lenght (aa)
Predicted percent of
disorder (%)

Nr of disordered
regions (IDR)

Mean length of disor-
dered regions (aa)
Mean hydrophobic
moment (uH) at 100°)
Mean hydrophobic
moment (uH) at 160° 0.160 0.239 0.183 0203 0208 0.198
Mean Shannonentropy ~ 3.067 2.867 2.988 2977 2959 3.077

Mean net charge per
residue (NCPR) 0.108 0.184 0.114 0.127 0.122 0.118

147 137 197 180 177 174

86.11 78.83 63.45 5222 7344 67.24

4 3 5 3 6 6

31 36 25 313 2166 195

0.253 0.264 0.256 0.253 0.248 0.239
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Ch(:ﬂgg;ch- Teleostei Amphibia Reptilia Aves Mammalia
Nr. of phosphorylation 24 26 35 26 o8 22
sites
Nr. of phosphorylation
sites in disordered 21 22 26 16 21 16
regions
Percent of phospho-
rylation sites in 875 84.61 74.28 6153 75 7272
disordered regions (%)
N_r. of citrullination 4 4 12 14 14 17
sites
Nr. of citrullination
sites in disordered 4 3 8 11 11 15
regions
Percent of
citrullination sites in 100 75 66.66 7857 7857 88.23
disordered regions (%)
Consensus sequence 147 137 197 180 177 174

lenght (aa)
Predicted percent of
disorder (%)

Nr of disordered
regions (IDR)

86.11 78.83 63.45 5222 7344 67.24

4 3 5 3 6 6

Following Necci et al. (2016), IDRs were classified by length into short
IDRs (at least five disordered residues) and long IDRs (>20 disordered
residues) categories. With the exception of the C-terminal region in mammals,
the terminal IDRs of all clade-specific consensus sequences corresponded to
long disordered regions, while all short IDRs were located in the central portion
of the sequence. While a comprehensive analysis of proteins in the UniProt
database demonstrated that long intrinsically disordered regions (IDRs) are
predominantly located in central parts of proteins, whereas short IDRs are
mostly positioned at the termini (Necci et al., 2016), the opposite pattern is
observed for all MBPs. This inversion is likely explained by the fact that several
functionally important regions relevant to MBP activity (Fig. 1C) are located
within these terminal segments.

According to Necci et al., 2016, proteins with long IDRs are enriched in
eukaryotes and short IDRs seem to be uniformly distributed among all domains
of life. Notably, short IDRs were more frequent in tetrapods (excluding Reptilia)
myelin basic proteins, whereas long IDRs predominated in fishes.
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While the number of predicted IDRs showed a positive evolutionary
trend (p = 0.65), it was not statistically significant (p = 0.19). Conversely, the
average IDR length displayed a stronger negative correlation (p =-0.71) with a
lower p-value (p =0.13), though still below the threshold for statistical significance.

To investigate the relationship between intrinsic disorder and amino acid
conservation, we analyzed the aligned clade-specific consensus sequences (Fig. 3).
We first identified conserved disordered regions (CDRs) as segments consisting
of at least four consecutive residues that were predicted to be disordered in
>66.66% of the aligned sequences. These CDRs were further categorised based
on the framework of Bellay et al. (2011), with modifications to distinguish between
flexible and constrained disorder. In regions of flexible disorder, positions are
disordered in more than 66.66% of sequences, but the mean conservation score
of the segment is less than 5. In regions of constrained disorder, positions are
disordered in more than 66.66% of sequences, and the mean conservation
score exceeds 5.

Most conserved disordered regions, both flexible and constrained, partially
overlapped with known functional elements, including al—-a3 helices, lipid
membrane binding regions, calmodulin-binding sites, and serine/threonine
phosphorylation sites (Figs. 1C, 3, and 7).

al
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Figure 3. Classification of conserved intrinsically disordered regions (IDRs) in MBP.
Multiple sequence alignment of clade-specific MBP consensus sequences with predicted
IDRs (brick color) for every sequence. Conserved disordered segments (black) were
defined as alignment columns where at least four sequences have a disordered residue.
Conserved IDRs were further subdivided into flexible disorder (green) and constrained
disorder (red) according to conservation scores, following Bellay et al. (2011): segments
with an average conservation score <5 were classified as flexible disorder, while those
with scores >5 were classified as constrained disorder. a-helices are indicated by green
rectangles, the SH3-binding motif by a red rectangle. The yellow plot below the alignment
shows per-position conservation scores (0-11 scale).
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Sequence complexity (Shannon entropy)

The Shannon entropy metric, computed on a sliding 15-amino acid window,
reflects the variability and compositional complexity of a sequence (Romero et
al., 2001).
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Figure 4. Residue-level aligned profiles of Shannon entropy, with a sliding window of
15 residues, threshold at 2.9. Each plot shows six overlaid lines corresponding to
clade-specific MBP consensus sequences: Chondrichthyes (brown), Teleostei (orange),
Amphibia (green), Reptilia (red), Aves (purple), and Mammalia (blue). Grey shaded
areas in all panels indicate the positions of the three a-helices.

The calculated mean values of the Shannon entropy ranged from 2.287
(Teleostei) to 3.077 (Chondrichthyes and Mammalia) (Table 1, see supplementary
files: Fig. S2A). Welch’'s ANOVA demonstrated that the mean Shannon entropy
of MBP differed significantly across vertebrate clades [F(5, 38.7) ~ 228, p <
0.001, n?~ 0.82, 96% CI (0.79, 1.00)]. Post-hoc tests revealed clade-specific
patterns: cartilaginous fishes (Chondrichthyes) differed significantly from all
groups except mammals (p = 0.19). Teleosts (bony fishes) were distinct from all
other clades (p <0.001 in all cases). Amphibians did not differ significantly from
reptiles (p =0.52), but differed from all others. Reptiles overlapped with amphibians
(p = 0.52) and birds (p = 0.16), but differed from remaining groups. Birds
differed from all other clades except reptiles (p = 0.16). Mammals differed from
all clades except cartilaginous fishes (p = 0.19). Overall, entropy displayed
strong clade-specific patterns: teleosts consistently had the lowest mean entropy
values, cartilaginous fishes the highest, and they overlapped only with mammals.
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Figure 4 shows the aligned Shannon entropy profiles of MBP (18.5 kDa
isoform) across six vertebrate clades. Entropy values above 2.9 indicate high
sequence complexity, strong variability, typical of intrinsically disordered
regions (IDRs), while lower values reflect compositional bias or repeats and
indicates conservation, often corresponding to structural or functional motifs
(e.g., membrane binding) (Romero et al., 2001). The selected entropy value 2.9
threshold is often used in protein disorder and complexity studies as it
approximates the point at which variability shifts from constrained to highly
flexible (Sen et al., 2019).

Aligned Shannon entropy profiles across Chondrichthyes, Teleostel, Amphibia,
Reptilia, Aves, and Mammalia reveal both conserved low-complexity domains
(entropy values < 2.9) and variable, high-complexity stretches (Fig. 4).

In all clades, three positionally conserved entropy minima can be
distinguished, located within the 42-56, 105-114, and 177-188 regions. These
correspond to experimentally confirmed a-helices, representing conserved,
low-complexity sequence segments (Libich and Harauz, 2008). The N-terminal
region (positions 1-15, Fig.3), which is absent in fishes, is characterized by
consistently high entropy values, indicative of intrinsic disorder. The entropy
profile of this segment shows a gradual increase across vertebrates: it is lowest
in amphibians, increases in reptiles and birds, and reaches its highest values in
mammals. The elevated intrinsic disorder in this region likely facilitates post-
translational modifications, as supported by experimental evidence demonstrating
two citrullination sites, two phosphorylation sites, and two membrane-binding
residues within this segment in mammals (Harauz et al., 2004). Similarly, the
adjacent N-terminal conserved disordered region (positions 16-42, Fig.3),
partially overlapping with the a1 helix, exhibits entropy values exceeding 2.9 in
all clades except amphibians and Chondrichthyes (Fig. 4). The disordered nature
of this region suggests an important regulatory role in MBP function, consistent
with experimental identification of four phosphorylation sites, three citrullination
sites, and four membrane-binding residues in this segment in mammals (Harauz
et al., 2004). The conserved disordered region located between the a1l and a2
helices (Fig. 3) shows clade-specific variability in entropy and sequence complexity
(Fig. 4): the lowest values are observed in amphibians and teleosts, the highest in
Chondrichthyes and mammals, whereas birds and reptiles exhibit intermediate
levels. This region also contains several post-translational modifications
associated with structural flexibility, including four citrullination and three
phosphorylation sites, as well as three membrane-binding motifs (Harauz et al.,
2004). The 114-140 region (Fig.3), which overlaps with the SH3 motif and
contains four phosphorylation and four citrullination sites in mammals (Harauz
et al., 2004), is generally characterized by high entropy values (Fig. 4) and a
pronounced degree of intrinsic disorder. In contrast, the adjacent 141-170
segment, with the exception of Chondrichthyes and mammals, displays relatively
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low entropy values on average (Fig. 4), suggesting a tendency toward structural
stabilization. Finally, the C-terminal tail (positions 189-200), in contrast to the
N-terminal end, shows lower entropy values, indicative of a higher degree of
structural order.

The entropy-based complexity analysis reveals evolutionary stratification of
MBP disorder across vertebrates. Mammalia, Aves, Reptilia consistently exhibit
higher mean entropy values across the protein, suggesting increased sequence
variability and functional adaptability compared to amphibians and Teleostei.
Evolutionarily, the diversification of entropy patterns supports the hypothesis
that MBP underwent clade-specific functional tuning to accommodate differences
in myelin architecture.

Hydrophobic moment profiles across vertebrate clades

Because protein disorder scores show the strongest correlations with
overall polarity and hydrophobicity (Singleton and Eisen, 2024), we analyzed
the aligned hydrophobic moment (uH) profiles (Fig. 5 A, B) of the 18.5 kDa
myelin basic protein (MBP) across six vertebrate clades (Chondrichthyes, Teleostei,
Amphibia, Reptilia, Aves, and Mammalia) at helical angles of 100° and 160°
(Eisenberg et al, 1984). The hydrophobic moment quantifies the amphipathicity
of a sequence segment: a high pH indicates clustering of hydrophobic side
chains on one face of an a-helix or B-strand (Eisenberg et al., 1982; Phoenix and
Harris, 2002). Such amphipathic segments frequently correspond to membrane-
interacting domains (Gulsevin and Meiler, 2021).

The calculated mean hydrophobic moment (uH) values for amphipathic
a-helices (100°) ranged from 0.323 to 0.369, and for amphipathic -sheets
(160°) from 0.219 to 0.342 (Table 1, see supplementary files: Fig. S 2C, D). The
hydrophobic moment profiles exhibited clear clade-specific differences. For
amphipathic a-helices (100°), Welch’s ANOVA revealed a large effect
[F(5,38.1) =81.62,p < 0.001,1n% ~ 0.52,95% CI (0.44, 1)]. Teleostei (mean = 0.264)
had significantly higher a-helical pH values than all other clades (p < 0.01).
Mammals (0.239) exhibited the lowest values, significantly lower than every
other clade (p <0.001). Chondrichthyes (0.253) did not differ significantly from
Amphibia (0.256, p = 0.42) or Reptilia (0.253, p = 0.44), but differed from Aves
(0.248,p=0.010) and Mammalia (p < 0.001). Amphibia overlapped with Reptilia
and Chondrichthyes (both p > 0.1), but differed from Aves and Mammalia (both
p < 0.001). Reptilia overlapped with Amphibia (p = 0.14) and Aves (p =0.057),
but were significantly different from Mammalia (p < 0.001). Aves differed
significantly from Teleostei, Chondrichthyes, Amphibia, and Mammalia (all p <
0.01), but not from Reptilia (p = 0.057). Overall, Teleostei exhibited the highest
a-helical uH values, Mammalia the lowest, and the remaining clades formed an
intermediate but partially overlapping group.
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Figure 5. Residue-level aligned profiles of hydrophobic moment. The plots show in
order: (A) Hydrophobic moment at 100° (a-helical periodicity), with a sliding window
of 10 residues, threshold at 0.35. (B) Hydrophobic moment at 160° (B-strand periodicity),

with a sliding window of 10 residues, threshold at 0.35. Each plot shows six overlaid

lines corresponding to clade-specific MBP consensus sequences: Chondrichthyes (brown),
Teleostei (orange), Amphibia (green), Reptilia (red), Aves (purple), and Mammalia
(blue). Grey shaded areas in all panels indicate the positions of the three a-helices.

For amphipathic B-sheets (160°), the differences were even stronger
[F(5,40.5) =502.70, p < 0.001, n*~ 0.88, 95% CI (0.86, 1.00)]. All clades differed
significantly (p < 0.01), with Chondrichthyes showing the lowest and Teleostei
the highest pH means.
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Thus, hydrophobic moment analyses reveal robust clade-specific variation:
a-helical values indicate partial overlaps among intermediate clades (Amphibia,
Reptilia, Chondrichthyes), B-sheet values demonstrate complete separation
between all groups.

In addition to comparing clade-specific utH means, comparative hydrophobic
moment profiling offers deeper structural insights. Several studies have proposed
threshold ranges for pH values, enabling structure-dependent interpretations
(Eisenberg et al., 1989; Segrest et al., 1990; Phoenix and Harris, 2002): low pH
(< 0.35) values are indicative of weak amphipathicity, typically associated with
disordered or flexible regions unlikely to form stable helices, intermediate uH
(0.35-0.5) values represents transient or interfacial helices, which may
dynamically interact with membranes or partner proteins, and high uH (> 0.5)
values are characteristic of strongly amphipathic membrane-binding helices.

Examining hydrophobic moment (uH) profiles (Fig. 54, B) corresponding
to conserved disordered regions (CDRs) (Fig. 3) revealed notable evolutionary
differences among clades. In the segment 1-10 of the N-terminal IDR (positions
1-42, Fig. 3) Reptilia, Aves, and Mammalia exhibit uH profiles indicative of a
propensity for amphipathic a-helix formation (high 100°, low 160°, Fig. 5A, B).
By contrast, Amphibia display a preference for 3-sheet formation at the same
region, likely due to the presence of three adjacent glycines, which may destabilize
a-helices. Similar cases where the same conserved disordered region favors
different secondary structures across taxa have been reported for other proteins
(Siltberg-Liberles, 2011).

Chondrichthyes and Teleostei lack the first 15 N-terminal residues (Fig, 3).
In mammals, this missing segment contains two experimentally confirmed
membrane-binding residues, two citrullination sites and two phosphorylation
sites (Harauz et al., 2004). Region 11-25 partially overlapping a constrained CDR
(Fig. 3), shows low pH for both angles in all clades (Fig. 5A, B), consistent with
disordered character. In region 26-35 in Chondrichthyes, Amphibia, and Aves,
the profile shows low 100° but high 160° values (Fig. 54, B), suggesting a [3-sheet
propensity. Other clades exhibit low pH at both angles, indicative of disorder.

The central conserved region (positions 53-100, Fig. 3) overlapping the
al helix, alternates between high 100° and high 160° peaks, implying structural
plasticity. It can adopt both shallowly membrane-inserting a-helices and
amphipathic B-sheets (Fig. 5A, B). Disorder predictors uniformly classify this
region as disordered across all clade consensus sequences (Fig. 2). Amphibians
exhibit higher pH values here than other tetrapods, suggesting a possible adaptive
increase in membrane-binding capacity during the transition from aguatic to
terrestrial environments. In mammals, this region includes four experimentally
confirmed membrane-binding residues, three phosphorylation sites, and four
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citrullination sites (Harauz et al.,, 2004). Amphibians possess an inserted sequence
segment here that contains multiple positively charged residues, which likely
enhance the protein’s membrane-binding affinity.

In the C-terminal IDRs region 120-130, partially overlapping a flexible
conserved region (positions 121-124, Fig. 3), exhibits high a-helical uH only in
Reptilia, whereas all other clades show pH values consistent with disorder (Fig.
5A). Inregion 131-160, all clades generally exhibit low pH values (indicative of
disorder), except for Teleostei, which display a localized high 100° pH peak near
position 150, suggesting potential amphipathic a-helix formation. The short C-
terminal tail (positions 181-184) overlapping the a3 helix exhibits simultaneously
high 100° and 160° pH values, indicating marked structural plasticity (Fig. 54, B).

Together, these findings reveal that MBP conserved disordered regions
exhibit clade-specific amphipathic profiles, with structural adaptability likely
linked to membrane interactions, post-translational regulation, and functional
diversification across vertebrate evolution.

Net charge per residue (NCPR) across vertebrate MBP 18.5 kDa
orthologs

The net charge per residue (NCPR) differed significantly among vertebrate
clades (F(5, 34.3) = 971.46, p < 0.001), with an exceptionally large effect size
(n* = 0.97,95% CI [0.96, 1.00]). Post-hoc comparisons revealed distinct clade-
specific patterns: teleosts showed the highest NCPR (mean = 0.184), significantly
greater than all others (p < 0.001). At the other extreme, cartilaginous fishes
exhibited the lowest values (mean = 0.108), while amphibians (mean = 0.114),
mammals (mean = 0.118), birds (mean = 0.122), and reptiles (mean = 0.127)
formed an intermediate cluster with modest but statistically significant
pairwise differences (e.g., amphibians vs. mammals, p = 0.037; chondrichthyans
vs. amphibians, p = 0.030; chondrichthyans vs. mammals, p < 0.001). Thus, the
NCPR rank order was: cartilaginous fishes (lowest) < amphibians < mammals <
birds < reptiles < teleosts (highest) (see supplementary files: Fig. S2B).

Aligned NCPR (net charge per residue) profiles of clade-specific consensus
sequences (Fig. 6) revealed an electrostatic architecture that is largely conserved
across vertebrates: positively charged peaks — reflecting lysine- and arginine-
rich segments — occur predominantly at the N- and C-terminal IDRs, whereas
negative troughs correspond to central conserved disordered regions (CDRs)
(Fig. 3). These positively charged segments are known to mediate electrostatic
binding to the negatively charged cytoplasmic leaflet of myelin, thereby promoting
multilayer compaction (Raasakka etal., 2017). In contrast, neutral or acidic
regions appear mainly at conserved positions. The alternating pattern of
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strongly positive peaks and neutral/acidic dips in MBP’s NCPR profile reflects
the characteristic electrostatic signature of intrinsically disordered proteins.
The N-terminal portion of the NCPR profile (residues 1-42; Fig. 3) largely
overlaps with the N-terminal conserved disordered region (CDR) and is
characterized by moderately to strongly positive net charge values (approximately
+0.25 to +0.80). In teleost fishes, this segment is truncated by about 15 amino
acids compared to tetrapod MBPs. Teleostei appear to compensate for the loss
of lipid-binding, positively charged residues within positions 1-15 by featuring
two additional positively charged residues near the end of the N-terminus, which
accounts for the pronounced positive peak observed between positions 31 and 41.
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Figure 6. Aligned profiles of net charge per residue (NCPR), with a sliding window of
5 residues, threshold at 0. Each plot shows six overlaid lines corresponding to clade-
specific MBP consensus sequences: Chondrichthyes (brown), Teleostei (orange),
Amphibia (green), Reptilia (red), Aves (purple), and Mammalia (blue). Grey shaded
areas in all panels indicate the positions of the three a-helices.

The central region of MBP (residues 60-119, Fig. 3) exhibits fluctuating
net charge — from approximately -0.4 to +0.8 — with a generally positive bias,
which mitigates but does not fully eliminate electrostatic repulsion, thereby
creating transient windows for intermolecular contact. Notably, this charge
variability coincides with an amyloid-prone segment shown to mediate the
formation of amyloid fibrils in myelin sheaths (Sysoev et al., 2025), where
transient reduction in repulsion could facilitate adhesive MBP stacking, yet also
increase the risk of aggregation under altered conditions.
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The C-terminal half (residues 124-184, Fig. 3) shows oscillating charge
(Fig. 6) and several conserved disordered regions. The segment spanning
residues 161-164 contains a histidine-rich insertion in amphibians, introducing a
pH-sensitive motif that may fine-tune MBP assembly under variable environmental
conditions (Alibardi, 2002; Buchko et al., 2022). The segment spanning residues
166-181, overlapping partially with a3, remains strongly basic until residue
174, where most clades insert an acidic residue; teleosts diverge with consecutive
arginines (171-173), raising NCPR above +0.8. Residues 191-184 (Thr, Ser,
Arg) are conserved as potential phosphorylation/citrullination sites regulating
assembly (Harauz and Boggs, 2013; Smirnova et al., 2021).

The extended C-terminal tail (residues 184-204) adds further regulatory
capacity. Lys188 is widely conserved but missing in teleosts, Arg194 remains
conserved across clades, except cartilaginous fishes, reinforcing positive
charge. Overall, the tail balances strong positive clusters with acidic sites,
ensuring both adhesion and regulatory potential (Homchaudhuri et al.,, 2010;
Raasakka and Kursula, 2022).

Despite this conserved alternating topology, clade-specific adaptations
are evident. Mammals and birds share nearly identical high-charge profiles at
both termini, consistent with tightly compacted myelin and fast conduction
(Muller et al., 2013; SysoevV et al., 2025). Reptiles largely retain this pattern but
with subtle charge reductions and neutral extensions, reflecting conservation
with minor adaptation to ectothermy (Muller-Spéth et al., 2010; Li and Buck,
2022). Amphibians modify the central region with histidine insertions, creating
pH-sensitive motifs that allow environmental responsiveness (Alibardi, 2002).
Teleosts markedly intensify terminal charge through dense arginine clusters,
likely compensating for lower temperatures by enhancing electrostatics
(Aponte-Santamaria et al., 2017; Dreier et al., 2018). Cartilaginous fish retain
lower overall charge intensity, consistent with early marine environments where
extreme polycationicity was unnecessary (Tai et al., 1985; Bellard, 2016).

Thus, MBP’s electrostatic architecture appears both conserved and
adaptable. MBP emerged alongside the evolution of myelin in early vertebrates
(Nawaz etal,2013) and has retained its characteristic alternating charge
topology under strong selective pressure. In teleosts, the amplification of MBP
isoforms may reflect adaptive responses following whole-genome duplication
events (Glasauer and Neuhauss, 2014). Amphibians and reptiles appear to have
introduced more flexible modifications, whereas birds and mammals have
converged on high-charge conservation to optimize saltatory conduction
(Stampfli, 1954). By contrast, cartilaginous fishes retain a more ancestral
electrostatic configuration (Bellard, 2016). Overall, the NCPR landscape highlights
MBP’s dual nature: intrinsically disordered yet functionally encoded through
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finely tuned charge distribution. Conserved basic clusters, interspersed with
acidic and neutral dips, enable reversible membrane adhesion and provide
platforms for post-translational regulation (Bianchi et al., 2022). This tunable
electrostatic framework underpins MBP’s central role in myelin compaction,
balancing deep evolutionary stability with lineage-specific adaptations.

Distribution of predicted phosphorylation and citrullination sites

As previous studies have identified a notable correlation between the
distribution of post-translational modifications (PTMs) and intrinsically disordered
regions (IDRs) (lakoucheva et al., 2004; Kurotani et al., 2014; Zarin et al., 2019,),
we aimed to investigate whether vertebrate evolution has influenced the number
of functionally critical PTMs (specifically, phosphorylation and citrullination)
within MBP, and whether their distribution correlates with predicted IDRs.
Because experimentally validated phospho- and citrullination sites in MBP are
limited to only a few species (Zand et al., 2001; Kim et al., 2009; Zang et al.,
2012), we supplemented these data with predictive methods.

We used computational predictors to identify phosphorylation sites for
each clade (Figure 7, see supplementary files: Table S1), which revealed a high
but variable proportion of sites located in disordered regions: 87.5% in
cartilaginous fish, 84.6% in bony fish, 74.3% in amphibians, 61.5% in reptiles,
75.0% in birds, and 72.2% in mammals (Table 1).

Separately, using experimentally determined human MBP phosphorylation
sites (n = 20), we examined the aligned consensus sequences across the six
vertebrate clades (Chondrichthyes, Teleostei, Amphibia, Reptilia, Aves, and Mammalia)
(Fig. 3). Six of these sites were conserved across all clades (18S/T, 20S, 21T,
114S/T, 181T, 183S). Additional positions were retained only in subsets of
lineages: 8S, 13S, 42S/T, 65S, 79Y, 81S, 117T, 1218, 136S, 159S/Y, 166S/Y, 1938,
199S, and 201S. 11 of the 20 sites were located within conserved disordered
regions. According to this predictions phosphorylation sites accumulated gradually,
with six positions conserved across all vertebrates and numerous additional
sites appearing in amphibians and higher lineages. Under normal conditions,
MBP functions as a phosphoprotein in the myelin sheath (Turner et al, 1982).
Phosphorylation is critical for regulating protein function, localization, and
protein—protein interactions. By partially neutralizing MBP’s charge,
phosphorylation modulates membrane-binding affinity and participation in
intracellular signaling pathways (Harauz and Boggs, 2013). According to our
data, across vertebrates, predicted phosphorylation sites are generally associated
with intrinsically disordered regions, although the strength of this association
varied among clades. This suggests that in early vertebrates, phosphorylation
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was already tightly linked to disorder, but over evolutionary time, it expanded
into more structured regions, particularly in reptiles.

In dogfish, experimental methods identified six phosphorylation sites
(Zand et al., 2001), whereas our combined predictive approach estimated 24
sites across the consensus MBP sequence for cartilaginous fishes, and the
alignment-based method predicted seven. These apparent discrepancies likely
arise both from differences between predictive methodologies and from
limitations in the available experimental data.
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Figure 7. Predicted post-translational modifications (PTMs) of MBP consensus sequences
across vertebrate lineages. For each of the six vertebrate clades (Chondrichthyes, Teleosteli,
Amphibia, Reptilia, Aves, Mammalia), the consensus MBP sequence is shown with
annotated PTM sites. Phosphorylation sites were identified using three independent
predictors (DEPP, NetPhos, MusiteDeep) and are indicated only when supported by
at least two predictors: yellow circles (serine), green diamonds (threonine), and blue
squares (tyrosine). In the Mammalia panel, phosphorylation sites that are bolded
have been experimentally confirmed (Harauz and Boggs, 2013). Citrullination sites
(red circles) were compiled from published experimental studies (Harauz et al.,
2004, Kishimoto et al, 1985). Intrinsically disordered regions are highlighted in yellow
along the sequences (numbers indicate the start and end positions of each disordered region
within the sequence).
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The number of predicted citrullination sites gradually increased across
vertebrate clades, from 4 sites in cartilaginous and bony fishes to a maximum
of 17 sites in mammals (Table 1, and see supplementary files: Table S2). Several
positions were highly conserved across clades (e.g., R6, R40, R50,R63, R98) and
include residues also implicated in membrane binding, notably R40 and R63.
Eleven of these sites in the aligned sequences were located within conserved
disordered regions. On the individual consensus sequences (Figure 7), the
proportion of citrullination sites in disordered regions varied (Table 1.): 100%
in cartilaginous fish, 75% in bony fish, 66.66% in amphibians, 78.57% in
reptiles, 78.57% in birds, and 88.23% in mammals.

In early vertebrates, almost all predicted citrullination sites were located
in disordered regions (Fig. 7), but they were few in number (four in cartilaginous
fish and four in bony fish). In amphibians, their number increased, with a majority
expected to fall within disordered regions. Reptiles and birds had more predicted
sites, most of which were predicted to be in disordered regions, and mammals
carried the highest number, many within disordered segments. This pattern shows
that even though the proportion of predicted disordered residues dropped from
100% in cartilaginous fish to ~67-88% in tetrapods, the absolute number of
predicted disorder-associated citrullination sites more than tripled. Many of
these residues coincide with membrane-binding arginines, highlighting an
increasing potential for regulatory conflict between citrullination and membrane
adhesion as MBP diversified (Gogol, 2013). The trajectory of citrullination
differs from phosphorylation by combining strong disorder association with
numerical expansion. Citrullination modifies specific arginine residues in MBP,
converting them to citrulline via calcium-dependent PAD (peptidylarginine
deiminase) enzymes. This reduces MBP’s positive charge, weakening its
electrostatic binding to negative membrane lipids and potentially disrupting
myelin structure (Moscarello et al., 2006). It may also reduce interactions with
other proteins, affecting myelin organization (Carrillo-Vico et al., 2010).

Together, these findings suggest that MBP evolution was shaped by a
progressive accumulation of PTMs within disordered regions, which not only
expanded the number of modification sites, but also increased the dynamic
potential of the protein. Phosphorylation acts as a flexible, conserved regulatory
mechanism, partially neutralizing MBP charge to fine-tune membrane binding
and signaling, while citrullination selectively targets membrane-binding arginines,
potentially disrupting MBP-membrane interactions and protein-protein contacts.
By localizing within intrinsically disordered regions, these PTMs likely create a
“regulatory code,” enabling switch-like modulation of interactions, scaffold
assembly, and fuzzy binding without requiring rigid structural changes (Bah
and Forman-Kay, 2016; Darling and Uversky, 2018).
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Conclusion

This study presents an integrative evolutionary analysis of the 18.5 kDa
myelin basic protein (MBP) isoform across major vertebrate clades, combining
sequence-based intrinsic disorder predictions, hydrophobic moment and net
charge per residue (NCPR) profiling, and post-translational modification (PTM)
mapping. By employing consensus sequence alignments and multi-predictor
computational approaches, we identified both deeply conserved and lineage-
specific features that contribute to the structural and functional versatility of MBP.

Our results demonstrate that MBP exhibits an intrinsically disordered
architecture across all vertebrate groups, with predicted disorder percentages
ranging from 52.22% to 86.11%. The spatial distribution of intrinsically
disordered regions (IDRs) follows a conserved pattern: long N- and C-terminal
IDRs are universally present, while the number and length of central IDRs vary
among clades. Short IDRs dominate in tetrapods, whereas teleost fishes exhibit
longer, more extended disordered segments. These conserved disordered regions
(CDRs) overlap with functional elements such as membrane-binding regions, o-
helices, and PTM motifs, underscoring their dual role as structural scaffolds and
regulatory platforms.

Shannon entropy profiles and hydrophobic moment distributions reveal
that MBP’s low-complexity segments are closely associated with structural
motifs. Three conserved entropy minima correspond to experimentally verified
a-helical segments, likely serving as structural anchors within otherwise
flexible regions. In contrast, high-entropy segments align with disordered zones
enriched in phosphorylation and citrullination sites, supporting the hypothesis
that intrinsic disorder enhances regulatory plasticity. Despite overarching
conservation, our analyses reveal lineage-specific fine-tuning. Hydrophobic
moment profiles show that reptiles, birds, and mammals display a tendency
toward amphipathic a-helix formation in the N-terminal CDR, whereas amphibians
favor B-sheet formation. Central disordered regions alternate between a-helical
and B-sheet propensities, reflecting structural plasticity, while teleosts and
reptiles uniquely exhibit C-terminal helical propensity, absent in other clades.

Although the overall electrostatic topology of MBP — alternating basic
clusters and neutral or acidic dips that facilitate reversible membrane adhesion
— has remained stable since the emergence of myelin in early vertebrates,
subtle inter-clade differences reflect functional divergence. Mammals and birds
exhibit enhanced conservation of positively charged domains, consistent with
the requirements of rapid saltatory conduction, while amphibians and reptiles
display greater flexibility in their electrostatic architecture. Teleost MBPs,
which lack the first 15 N-terminal residues, exhibit compensatory enrichment
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of positively charged residues nearby, partially restoring membrane-binding
potential. Amphibians show unique insertions that extend the protein and
introduce additional basic residues, likely enhancing membrane affinity and
supporting clade-specific adaptations in myelin organization.

Mapping experimentally validated and computationally predicted PTMs
onto aligned consensus sequences revealed a strong association between
phosphorylation and citrullination sites and disordered regions, although the
strength of this association varied across clades. In early vertebrates, PTMs
were primarily localized within IDRs, while in reptiles and birds their distribution
expanded into more ordered regions, suggesting evolutionary broadening of
regulatory control. PTMs were frequently co-located with conserved helices
and membrane-binding sites, indicating a synergistic relationship between
structural flexibility and post-translational regulation.

In summary, MBP exemplifies the dual nature of an intrinsically disordered
protein: highly conserved in its core architecture yet dynamically adaptable
through clade-specific modifications. The preservation of structural and electrostatic
features across vertebrate evolution underscores strong selective pressure to
maintain MBP’s essential role in myelin compaction and stability. Simultaneously,
adaptive changes in disorder profiles, sequence complexity, secondary structure,
charge distribution, and PTM positioning reflect evolutionary tuning to diverse
myelin architectures and functional requirements. Extending this comparative
framework to other intrinsically disordered proteins may deepen our
understanding of how disorder-mediated regulation shapes protein evolution
and cellular plasticity.
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Figure S1. Neighbor-joining phylogenetic tree of representative vertebrate species
based on protein sequence alignment. The tree was constructed using the Neighbor-
Joining (NJ) method in MEGA version 12. Support for each node was assessed with
500 bootstrap replicates, with values shown at key nodes. Clades are color-coded as
follows: purple — Chondrichthyes, blue — Teleostei, dark green — Amphibia, light green —

Reptilia, red — Aves, orange — Mammalia.
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Figure S2. Comparison of biophysical properties of the 18.5 kDa MBP across six
vertebrate clades (Chondrichthyes, Teleostei, Amphibia, Reptilia, Aves, and Mammalia).
Boxplots show (A) mean Shannon entropy, (B) net charge per residue (NCPR), (C)
mean hydrophobic moment at 100°, and (D) mean hydrophobic moment at 160°.

Table S1. Predicted phosphorylation sites of the MBP 18.5 kDa isoform across
vertebrate clades (confirmed by =2 predictors: PONDR DEPP, Musite, NetPhos). In the
table, letters represent amino acid one-letter codes, while numbers indicate the
position within the consensus sequence.

Chondrichthyes  Teleostei Amphibia  Reptilia Aves Mammalia

3S 58 3S 3S 3S 3S
58 6T 58 7S 7S 8S
6T 7S 6T 8S 8S 13S
7S 10S 7S 13S 13S 15Y
18S 425 18S 177 17S 18S
23S 48S 23S 198 19S 20S
38S 498 38S 20T 21T 21S
50T 50S 41S 28S 28S 36T
528 57S 46S 408 34S 57S
59T 58S 665 58Y 39S 70Y
70T 59T 69S 66S 558 72S
115Y 74S 71S 70S 66S 97T
120S 77S 75Y 99S 71S 100T
123S 78S 77S 103T 76S 104S
127Y 83S 78S 114S 96S 112S
134S 93S 79S 119S 99T 117S
136T 958 84S 12471 111S 134S
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Chondrichthyes  Teleostei Amphibia  Reptilia Aves Mammalia
138S 99S 88S 129Y 116S 138S
139S 101S 110T 133S 126Y 153T
150S 104S 113T 149Y 129S 155S

116S 117S 155T 145S 165S
124S 124S 165S 146Y 167S
126S 129S 167S 154S 169S
128S 145Y 171S 162S
134S 147S 173S 164S
135T 148S 175S 168S

164Y 170S

176S 172S

186S

188S

Table S2. Conservation of experimentally identified citrullination sites of the human
MBP 18.5 kDa isoform across aligned vertebrate consensus sequences. In the table,
letters represent amino acid one-letter codes, while numbers indicate the position

within the consensus sequence. Conserved residues are shown in bold, and

substitutions that remain positively charged are highlighted in red.

Ho_mo Chondrich- Teleostei Amphibi Reptilia Aves Mammali
sapiens thyes a a
R6 0 0 L6 R6 R6 R6
R10 0 0 G10 R10 R10 R10
R26 Al3 P11 R28 R25 R25 R26
R32 R19 K17 R38 R31 H31 R32
R34 R21 R19 R40 R32 R32 R34
R44 K31 R29 R50 R43 R42 R44
R50 G37 K35 R56 K49 R48 R50
R55 K44 K38 K61 R54 R53 R55
R66 L54 S42 S73 R64 R64 R66
R80 R68 R61 R96 R83 R80 R81
R98 K86 P79 R114 R101 R98 R99
R114 K104 0 R129 R117 R114 R115
R123 R113 593 K140 K126 K123 K124
R131 S122 S99 $149 K135 K131 R132
R160 K147 S124 R186 5166 $162 R163
R163 G150 R127 R189 R169 R165 R166
R170 0 0 R198 R180 R176 R173
R171 0 0 R199 R181 R177 R174
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