INTRINSICALLY DISORDERED PROTEINS
2016, VOL. 4, NO. 1, 1262225 (14 pages)
http://dx.doi.org/10.1080/21690707.2016.1262225

Taylor & Francis
Taylor & Francis Group

RESEARCH PAPER

Genes encoding intrinsic disorder in Eukaryota have high GC content

Zhenling Peng?, Vladimir N. Uversky®<, and Lukasz Kurgan

d

3Center for Applied Mathematics, Tianjin University, Tianjin, China; "Department of Molecular Medicine and Byrd Alzheimer Research Institute,
Morsani College of Medicine, University of South Florida, Tampa, FL, USA; “Laboratory of Structural Dynamics, Stability and Folding of Proteins,
Institute of Cytology, Russian Academy of Sciences, St. Petersburg, Russia; “Department of Computer Science, Virginia Commonwealth

University, Richmond, VA, USA

ABSTRACT

We analyze a correlation between the GC content in genes of 12 eukaryotic species and the level of
intrinsic disorder in their corresponding proteins. Comprehensive computational analysis has
revealed that the disordered regions in eukaryotes are encoded by the GC-enriched gene regions
and that this enrichment is correlated with the amount of disorder and is present across proteins
and species characterized by varying amounts of disorder. The GC enrichment is a result of higher
rate of amino acid coded by GC-rich codons in the disordered regions. Individual amino acids have
the same GC-content profile between different species. Eukaryotic proteins with the disordered
regions encoded by the GC-enriched gene segments carry out important biological functions
including interactions with RNAs, DNAs, nucleotides, binding of calcium and metal ions, are
involved in transcription, transport, cell division and certain signaling pathways, and are localized
primarily in nucleus, cytosol and cytoplasm. We also investigate a possible relationship between GC
content, intrinsic disorder and protein evolution. Analysis of a devised “age” of amino acids, their
disorder-promoting capacity and the GC-enrichment of their codons suggests that the early amino
acids are mostly disorder-promoting and their codons are GC-rich while most of late amino acids
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are mostly order-promoting.

Introduction

Intrinsically disordered proteins (IDPs) do not require
a unique 3-D structure as a whole or in part to be
functional. IDPs and intrinsically disordered protein
regions (IDPRs) form dynamic conformational
ensembles'* with ensemble-averaged structural prop-
erties ranging from collapsed (molten globule-like), to
partially collapsed (pre-molten globule-like) and
even highly extended (coil-like) structures.”” IDPs
and proteins with IDPRs are very common in many
proteomes that were analyzed so far.*"'' Functionally
important IDPs include transcription factors,'>"
some mitochondrial proteins,'* ribosomal proteins,'
and nuclear proteins,lé’17 to name a few.

IDPs/IDPRs are noticeably different from structured
(ordered) proteins and domains at multiple levels. For
example, based on the simple comparative analysis of the
composition of amino acids of IDPs/IDPRs and struc-
tured proteins/domains, the disordered proteins were
shown to be enriched in disorder-promoting residues
(such as Ala, Arg, Gly, Gln, Ser, Glu, Lys and Pro) and

being relatively depleted in order-promoting amino acids
(such as Trp, Tyr, Phe, Ile, Leu, Val, Cys, and Asn).”1819
These noticeable amino acid biases make IDPs/IDPRs
predictable and a wide range of accurate computational
tools for disorder prediction was developed.****

In spite of the fact that peculiarities of the amino
acid sequences and various aspects of structural and
functional properties of IDPs/IDPRs were addressed
in numerous studies, an important question on how
protein intrinsic disorder is encoded in the corre-
sponding genes remains understudied. Below, we
overview several studies that address some of the
genetic aspects of protein intrinsic disorder. It was
pointed out that some nucleotide biases in a gene can
be potentially used to evaluate the abundance of
intrinsic disorder in the corresponding proteins.*® In
fact, higher GC values in genes allow for the increased
propensity of Gly, Ala, Arg and Pro in proteins
encoded by these genes, whereas proteins encoded by
genes with lower GC values are expected to be
enriched in Phe, Tyr, Met, Ile, Asn and Lys.27’28 As
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mentioned above, in relation to the protein intrinsic
disorder phenomenon, Gly, Ala, Arg and Pro are con-
sidered as disorder-promoting residues, whereas Phe,
Tyr, Ile, and Asn are enriched in ordered proteins.
However, GC content was also shown to be related to
some other important characteristics of organisms,
such as their genome size, oxygen utility, and opti-
mum growth temperature.””*>*° Furthermore, GC
content was shown to vary greatly between different
genomic regions in many eukaryotes, with these varia-
tions reflecting selection, mutational bias and biased
recombination-associated DNA repair.’’ In agreement
with some of these observations, a computational
analysis of 296 prokaryotic completely sequenced
genomes revealed that maximum disorder in bacterial
proteins is observed for large genome size organisms
with high GC contents, whereas in archaea, proteomes
with higher disorder content are found in high GC
content-small genome size organisms and in high GC
content-facultative anaerobic or aquatic or mesophilic
organisms.”® Relatively high GC contents were
reported for the terminal regions of genes encoding
members of the sirtuin family of proteins, which are
found in eubacteria, archaea and eukaryotes and are
characterized by noticeable amount of functional dis-
order in their N- and C-terminal regions.”’ Analysis
of proteins containing tandem repeats of amino acids
(which often correspond to IDPRs’?) revealed that
some repeats of single amino acids correlate with the
GC-richness of the corresponding regions of the
genes.”” Finally, based on the comparative analysis of
sex chromosome-coded and autosome-coded proteins
in mammalian species and their corresponding genes
it has been concluded that the autosomes have a

stronger correlation between the GC content of the
transcripts and the structural disorder of the coded
proteins than the sex chromosomes.’® These authors
also established that some small but statistically signif-
icant positive correlation exists between the GC con-
tent of the most human chromosomes and disorder
content in the corresponding proteins, with the excep-
tion of chromosomes 21 and Y, where no statistically
significant difference could be found between these 2
palrameters.3 4

In this study, we report results of a systematic anal-
ysis of a correlation between the GC content in genes
of 12 diverse eukaryotic species and the level of disor-
der in their corresponding proteins. We also compare
the GC content in the gene regions encoding struc-
tured and disordered protein fragments and analyze
relation between GC content and content of amino
acids. The results of these analyses prompt us to char-
acterize the molecular functions and subcellular loca-
tions of proteins that are encoded by GC content rich
genes. Finally, we analyze potential links between the
GC content of codons, disorder content of corre-
sponding amino acids and protein evolution.

Materials and methods
Data set

We analyze GC content in 12 diverse eukaryotic spe-
cies, see Table 1. Motivated by the high quality of anno-
tations of protein-coding regions in the human and
mouse genomes generated by the collaborative consen-
sus coding sequence (CCDS) project,” we collect the
transcripts and their corresponding translated protein
sequences from this resource. We map the resulting

Table 1. Summary of the considered eukaryotic organisms. Taxonomy ID is the unique numerical identifier taken from the NCBI's taxon-
omy. Disorder content is defined as a fraction of disordered residues in protein sequences. GC content is the fraction of guanines (G) and
cytosines (C) in a corresponding nucleotide sequence. We provide median, 30™ centile, and 70 centile of content values over proteins

in a given genome.

Disorder content [%)] GC content [%]

Species Taxonomy ID Number of proteins median [30, 70] centile range median [30, 70] centile range
Ichthyophthirius multifiliis 857967 6789 34 [1.5,7.0] 24.7 [22.4,27.0]
Entamoeba dispar 370354 7871 3.6 [1.6,83] 28.3 [26.4,30.2]
Nosema bombycis 578461 4050 42 [1.7,9.7] 29.9 [28.0,32.1]
Trichoplax adhaerens 10228 9628 5.0 [2.3,11.7] 38.0 [36.7,39.2]
Naegleria gruberi 5762 14769 6.7 [2.8,15.7] 34.8 [33.5,36.1]
Giardia intestinalis 5741 9235 6.8 [3.0, 14.3] 48.1 [46.4,50.2]
Arabidopsis lyrata 81972 30480 8.5 [3.8,19.1] 443 [42.8,46.0]
Aureococcus anophagefferens 44056 7383 9.3 [4.6,17.2] 71.7 [68.8,74.2]
Mus musculus 10090 23089 12.0 [4.6, 25.8] 523 [48.3,56.0]
Homo sapiens 9606 29064 13.8 [6.0, 27.6] 52.5 [47.0,58.1]
Leishmania infantum 5671 7909 15.2 [7.5,26.9] 61.9 [60.3,63.4]
Chlamydomonas reinhardtii 3055 9420 153 [7.7,26.7] 66.8 [64.5,68.9]




29,064 human and 23,089 mouse proteins from CCDS
into UniProt (ref. 36) using the RefSeq and/or Ensembl
identifiers provided in CCDS. The mapping is needed
to investigate functional annotations of these proteins.
We collect complete proteomes from UniProt release
2013_11 (ref. 36) for the remaining 10 species. The 12
species were selected to provide a broad coverage of the
key relevant characteristics, such as amount of intrinsic
disorder, GC content and the proteome size. The pro-
teomes include between 4050 and 30480 proteins with
median size of 9300 proteins. The median disorder con-
tent of these proteomes ranges between low of 3.4% and
high of 15.3%, and GC content ranges between low of
24.7% and high of 66.8%. We include 4 organisms char-
acterized by relatively low disorder content up to 5%, 4
with medium disorder content between 5 and 10%, and
4 with high content of over 10%. This was done to
ensure that sampling is adequate to quantify relation
between disorder and GC content values. We use the
subsection “sequence databases” in UniProt to map into
and extract the corresponding transcripts from EMBL;”
we considered the feature key “CDS” in the EMBL’s fea-
ture table. If a given transcript is composed of multiple
gene segments, we consider the “join” and “comple-
ment” operators to join these gene segments together.
The EMBL’s feature table and operators are described
in the ftp://ftp.ebi.ac.uk/pub/databases/embl/doc/FT_cur
rent.txt file. In case when we obtain multiple tran-
scripts for a given protein from UniProt, we compute
sequence similarity between each translated sequence
and the sequence in the UniProt, and select the most
similar translated sequence from EMBL.

Relative enrichment =

GC content in disordered regions — GC content in ordered regions

GC content in ordered regions

Quantification of intrinsic disorder

We apply 2 methods: IUPred”® and ESpritz,* to anno-
tate putative intrinsic disorder in the proteins from the
12 species. These methods were shown to provide good
predictive quality”>*®** and are their low runtime
requirements allow for the multiple-genome-scale anal-
ysis. The two method predict different types of disor-
dered regions and apply complementary annotations
of disorder. We utilize 2 versions of IUPred that were
designed for the predictions of long and short
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disordered segments. ESpritz has 3 versions that con-
sider disorder annotations based on the X-ray crystal
structures, nuclear magnetic resonance structures, and
the experimental annotations from the DisProt data-
base.*" We combine the resulting 5 predictions together
using a majority vote-based consensus. This was moti-
vated by an observation that consensus-based
approaches provide improved predictive quality.*>** We
also note that the same consensus was applied in several
similar studies.'"***” The putative disorder was used to
calculate the disorder content (i.e., fraction of disordered
residues in protein sequences) and to extract disordered
regions and fully disordered/ordered proteins. Based on
refs. 48, 49 we assume that the disordered regions
include at least 4 consecutive disordered residues. Simi-
larly, structured regions are also set to be at least 4 resi-
dues long. We define a protein as fully disordered
(ordered) protein if it has at least 90% (at most 10%) of
disordered residues and no ordered (disordered)
regions. This definition was used to divide proteins in
each organisms into 3 subsets: majority of proteins that
include both ordered and disordered regions (DOProt),
fully disordered proteins (DProt), and fully ordered pro-
teins (OProt).

Quantification of GC content

We compute the GC content for transcripts from each
of the considered 12 genomes. Moreover, to quantify
relation between GC content and intrinsic disorder we
calculate relative enrichment in GC content in the
DOProt data set for each organism, which is defined as:

This value quantifies the amount of enrichment in
the GC content in the disordered regions compare
with the GC content in the ordered regions.

Functional annotation of proteins enriched in GC
content in disordered regions

Using the Gene Ontology (GO)™ terms that are avail-
able in the UniProt, we annotate biological processes,
molecular function and cellular components of the
considered eukaryotic proteins. We extract a subset of
these molecular-level annotations that are specific to
the proteins that have enriched GC content in the dis-
ordered regions and also to proteins that have enriched
GC content in the disordered regions and substantial
amount of disorder, i.e., at least 50% more disorder
than the average disorder content in a given species.


http://ftp://ftp.ebi.ac.uk/pub/databases/embl/doc/FT_current.txt
http://ftp://ftp.ebi.ac.uk/pub/databases/embl/doc/FT_current.txt
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The GC content enriched proteins are defined as pro-
teins that have at least 20% relative enrichment of GC
content in the disordered regions. First, we extracted a
set of proteins (proteins with large disorder content)
with GC-enriched disordered regions from given
DOprot data sets, and the same number of proteins (pro-
teins with large disorder content) with GC-depleted dis-
ordered regions. Next, we select at random half of the
proteins from these 2 sets and repeated this selection
10 times. We compute a fraction of the proteins that
have a given annotation in each repetition and each set.
As a result, we obtain 2 vectors of 10 fractions for each
annotation. We assume that a given annotation is spe-
cific to proteins with GC-enriched disordered regions if
the corresponding fractions are significantly higher. If
the corresponding vectors of fractions were normal,
which we test using the Anderson-Darling test at the
0.05 significance, then we utilize ¢-test to measure signifi-
cance; otherwise we use the non-parametric Wilcoxon
rank sum test. We annotate the significance of the differ-
ences at the 0.05 and the 0.001 levels. We consider anno-
tations that are observed for at least 10 proteins to assure
that the values of fraction are statistically sound.

Results and discussion

Relation between GC content and content of intrinsic
disorder

The GC content is defined as a fraction of G (gua-
nine) and C (cytosine) in a given set of transcripts or

fragments of transcript. The content of intrinsic disor-
der is defined as a fraction of disordered amino acids
in a given set of protein sequences. We use putative
annotation of disorder, as described in the Materials
and Methods. Fig. 1 summarizes results of the correla-
tion analysis between the mean GC content of genes
and the mean putative intrinsic disorder content
(PIDC) of the respective proteins aggregated per entire
genome for the considered 12 eukaryotic organisms.
The corresponding linear regression is:

PDIC = - 2.41 + 0.24xGCcontent (R*= 0.69)

This analysis show a strong correlation between the
mean intrinsic disorder content in eukaryotic proteins
and the mean GC contents of their corresponding
transcripts at the genome level. The organisms that
are biased toward larger GC content have more intrin-
sic disorder. We note that the considered organisms
provide a wide coverage of the range of the disorder
content values and the range of the GC content values,
including low, medium and high values. This ensures
robustness of our observation.

Relation between GC content and putative disorder
content for individual organisms computed at the pro-
tein level is summarized in Fig. 2. This figure shows
relation between average values of the disorder content
for proteins binned into 6 equally sized groups and the
GC content for the corresponding transcripts. The
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Figure 1. Correlation between the median GC contents in the 12 eukaryotic genomes and the median content of putative intrinsic disor-
der in the corresponding 12 proteomes. Error bars represent the 30" centile and 70™ centile of the disorder content (vertical bars) and
GC content (horizontal bars) over proteins/genes in a given proteome/genome.
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Figure 2. Relation between the GC content and disorder content for the 12 considered organisms. The disorder content values are
binned into 6 equally sized intervals and the disorder and GC content values are computed as the corresponding averages over pro-
teins/genes in each bin. We consider proteins that have both disordered and ordered regions. The lines show linear fit into these data
and the corresponding R? value between GC content and disorder content are shown in the figure legend.

results are consistent with Fig. 1 and they demonstrate
that the disorder content of proteins in each considered
organism is correlated with the GC content. The corre-
sponding R* values are shown in the legend of the
figure and they range between 0.49 and 0.99. We
observe that these trends are consistent across all con-
sidered organisms, irrespective of their underlying
range of their GC and disorder content values.

We further analyze the GC and intrinsic disorder
content values at a sub-protein level, by contrasting
putative disordered and structured regions in the pro-
tein chains. Comparison of the GC content in the disor-
dered regions relative to the GC content in the ordered
regions indicates substantial and consistent enrichment
in the disordered regions, see Fig. 3A. Median enrich-
ment computed over the 12 organisms equals 7.2%.
Eleven out of the 12 eukaryotic organisms show enrich-
ment. Moreover, over 70% of disordered regions are
enriched in GC content in these 11 organisms (30 cen-
tile is at or above the 0% relative enrichment line in
Fig. 3A). We conclude that the GC content is enriched
in the intrinsically disordered regions, irrespective of the
overall amount of disorder in a given organism.

We also investigate values of the GC content in the
fully disordered (DProt data set) and in fully ordered

(OProt data set) proteins, see Fig. 3B; we cannot com-
pute the enrichment for these proteins since they have
no ordered and no disordered regions, respectively.
Our analysis reveals that fully disordered proteins
have larger GC content when compared with the
ordered proteins across 11 out of the 12 considered
species. The overall increase across the 12 organisms,
which corresponds to the difference between the solid
and dashed horizontal lines in Fig. 3B, is relatively
large and equals 6.5%.

Our analysis demonstrates that the enrichment of
the GC content is associated with an increase in
intrinsic disorder. Using a representative sample of
eukaryotic organisms we empirically show that this
relation is true at the whole genome, protein and sub-
protein levels.

Relation between GC content and amino acid
content

We investigate whether the correlation between GC
and disorder content values is associated with differ-
ences in utilization of specific codons across eukary-
otic species. To this end, we computed correlations
between GC content and content of individual AAs,
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Figure 3. Comparison of the GC content between disordered and ordered proteins for the 12 eukaryotic organisms. Panel (A) shows relative
enrichment in GC content (enrichment in the GC content in the disordered regions compare with the GC content in the ordered regions) in
the DOProt set (proteins having both disordered and ordered regions). Black circles represent the median value of the relative enrichment
and the error bars represent the 30" and 70 centiles. The solid line corresponds to the median value of the relative enrichment over the con-
sidered eukaryotic organisms. Panel (B) summarizes average GC content values for fully disordered (DProt data sets) and fully ordered
(OProt data sets) proteins. The bars and error bars represent the median and 30 to 70% centiles of the GC content. The solid and dashed lines
show the median GC content for fully disordered and fully ordered proteins across the 12 organisms. The species are listed on the x-axis;
values in the brackets include the number of fully disordered proteins followed by the number of fully ordered proteins

see Fig. 4. We observe that the Pearson correlation
coefficient (PCC) values are consistent across the 12
eukaryotic species for all amino acids that are charac-
terized by at least weak correlation with the GC con-
tent (average |[PCC| > 0.2). In agreement with earlier
studies,?””*® several amino acids including Alanine
(A), Glycine (G), Proline (P), and Arginine (R) are
positively correlated with the GC content, while Iso-
leucine (I), Asparagine (N), Phenylalanine (F), Lysine
(K), and Tyrosine (Y) are negatively correlated. The
high GC content is expected for A, G, P and R because
the corresponding 16 codons are GC-enriched, i.e.,
GGX (for Glycine), CCX (for Proline), GCX (for

Alanine) and CGX (for Arginine) patterns, where X is
any of the 4 nucleotides.

This is a relevant finding since these correlations
with the GC content are in agreement with the pro-
pensity of a given protein region to be intrinsically dis-
ordered. In particular, Glycine, Alanine, Arginine and
Proline are considered as disorder-promoting resi-
dues, whereas Phenylalanine, Tyrosine, Isoleucine,
and Asparagine are enriched in ordered proteins.”'*"
Interestingly, several other amino acids, including E,
S, K, Q, H, and D'’ are also enriched in the disordered
regions, and in spite of that we observe that the
increase in GC content is associated with the increase
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in amount of the intrinsic disorder. This empirical
result suggests that the enrichment in GC content in
disordered regions in eukaryotes is due to inclusion of
a larger number of GC-enriched amino acids in the
disordered regions in eukaryotes, rather than due to
differences in utilization of codons.

Functional analysis of GC-enriched disordered
regions in eukaryotes

The enrichment in GC content in the disordered
regions in eukaryotes may possibly have functional
significance. Using GO annotations available in Uni-
Prot, we investigated whether proteins that have disor-
dered regions enriched in GCs carry our specific
molecular functions, are enriched in certain biological
processes, and are found in specific subcellular loca-
tions (see Materials and Methods for details). We col-
lected a sufficiently high number of GO annotation in
H. sapiens and M. musculus, however were not able to
secure enough data for the other species. Since the
results for human and mouse are similar, we present
results for H. sapiens. Moreover, we also analyze anno-
tations that are aggregated across the 12 eukaryotes.
Using proteins that have disordered regions, we com-
pare the abundance of the functional and subcellular
location annotations between proteins that are
enriched (> 20% enrichment) vs. depleted in GC con-
tent to find annotations that are overrepresented in
the GC content enriched proteins. We also repeat this
analysis using proteins that have large amount of dis-
order (> 50% enrichment) to enumerate annotations
that are overrepresented in the GC content and

disorder enriched proteins. In total, we used 322, 976
and 465 human proteins and 434, 1469, 940 eukary-
otic proteins to analyze abundance of biological pro-
cesses, subcellular locations and molecular functions,
respectively, across the proteins with disordered
regions. The analysis of abundance for the proteins
enriched in disorder is based on 20, 106, and 46
human proteins, and 96, 228, and 126 eukaryotic
proteins with the annotations of biological processes,
subcellular locations and molecular functions,
respectively.

Annotations of biological processes, molecular func-
tion, and subcellular locations that are significantly
enriched in proteins that are enriched in GC content in
disordered regions (> 20% enrichment compare with
the ordered regions) are given in Fig. 5A. The enrich-
ment in annotations is shown using white horizontal
bars for H. sapiens and black bars for the considered 12
eukaryotes. The red bars provides a point of reference,
defined as an average fraction of annotations, to assess
the magnitude of enrichment; i.e., black bars of the
same length as the red bar denote enrichment by 100%.
We observe that the enriched annotations are similar
between the human and the aggregate over the 12 eukar-
yotes. This means that the functions and locations asso-
ciated with the proteins enriched in GC content in the
disordered regions are likely to be invariant between dif-
ferent eukaryotic organisms. The proteins enriched in
GCs in disordered regions are involved in several bind-
ing events including interactions with RNAs, DNAs,
nucleotides, calcium and metal ions, and ATP. They are
involved in transcription, transport, cell division and
certain signaling pathways. These functional roles agree
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Figure 5. (For figure legend, see page 9.)
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Figure 6. Peculiarities of disorder evolution. Modern genetic code with information on the early and late codons (shown by light red
and light blue colors, respectively) and disorder- and order-promoting residues (shown by red and blue colors, respectively). Intermedi-
ate codons are shown by light pink color. Disorder-neutral residues are shown by pink color. Adapted from ref. 65.

with the functions previously associated with disordered intrinsic disorder.>'"'®**® Unfortunately the low
proteins.'*'®>'>® Moreover, these proteins are localized ~ number of the corresponding annotated proteins in
primarily in nucleus, cytosol and cytoplasm, whichisin ~ human prevent us from providing a direct side-by-
agreement with their putative functional roles. side comparison against the proteins from the consid-
Significantly enriched annotations for eukaryotic  ered eukaryotic organisms. However, Fig. 5B shows
proteins that are enriched in GC content in disordered ~ that the human proteins are enriched in the same of
regions and that have substantial amount of disorder  the same cellular components as the eukaryotic pro-
(> 50% more compare with average disorder content  teins, namely cytosol, nucleus and cytoplasm. They
in a given species) are listed in Fig. 5B. These disor-  also share enrichment in several molecular functions
dered proteins with GC-enriched disordered regions  including RNA and DNA binding.
can be found in nucleus, cytosol and cytoplasm and
are primarily involved in interactions with DNA,
DNA, nucleotides, and metal and zinc ions. They are
also enriched in transcription, cell division and apo-
ptotic processes. Importantly, these protein functions  An interesting fact established in this study that the dis-
and cellular localizations are a subset of the functions  ordered regions of eukaryotic proteins are encoded by
and locations that were previously associated with  the GC-enriched gene segments adds an important twist

Adding clues to understand evolution of protein
intrinsic disorder

Figure 5. (see previous page) Biological processes, molecular function, and cellular components that are significantly enriched in pro-
teins that (panel A) are enriched in GC content in disordered regions; (Panel B) that are enriched in GC content in disordered regions
and have high amount of disorder. Proteins enriched in GC content are defined as chains that have at least 20% enrichment in GCs in
the disordered regions when compare with the ordered regions. Proteins with substantial amount of disorder are defined as chains that
have disorder content enriched by at least 50% compare with average disorder content in a given species. The enrichment in annota-
tions is shown using horizontal bars: white bars for H. sapiens and black bars for all considered eukaryotes; red bars show a point of ref-
erence, which is the average fraction of annotations, to assess the magnitude of enrichment. The name of an annotation is followed by
the number annotated proteins in human, significance of enrichment, the number annotated proteins in the eukaryotes, and the corre-
sponding significance of enrichment. The significance is denoted with “+” and “++" that indicate that the P-value < 0.05 and
< 0.001, respectively. “NA” denotes that less than 10 proteins were annotated and thus results were not computed.
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to the understanding of the evolution of protein intrinsic
disorder. This finding parallels the results of earlier
computational studies on the abundance of intrinsic dis-
order at proteome level that systematically showed
higher abundance of IDPs/IDPRs in eukaryotes relative
to the less complex organisms®*'*"! Such compelling
findings suggest that disorder, with its ability to be
implemented in various signaling, recognition, and reg-
ulation pathways and networks, is important for the
maintenance of life in eukaryotic and especially muticel-
lular eukaryotic organisms.”**** Based on these and
other observations, one can assume that intrinsic disor-
der represents a relatively recent evolutionary inven-
tion.”> However, consideration of the early stages of
evolution suggests that the chances for the first polypep-
tides which appeared in the primordial soup of the
primitive Earth to possess well-developed and unique
3D structures are minimal. The Earth formed about 4.5
billion years ago. Scientists dated the first fossils to 3.85
billion years ago. There are debates and different theo-
ries about what happened in those years between the
time the earth was cool enough to spawn life and the
time the first fossils were formed. It has been hypothe-
sized®®” and letter experimentally shown.’®*® that
some organic molecules can be spontaneously produced
from the gases of the primitive Earth atmosphere
assuming that this primitive atmosphere was reducing
(as opposed to oxygen-rich), and there was an appropri-
ate supply of energy, such as lightning or ultraviolet
light. Although among organic compounds synthesized
in such experiments from methane and the non-organic
compounds believed to be the major components of the
early Earth’s atmosphere (water vapor, hydrogen, and
ammonia) some amino acids were found, these Miller-
Urey experiments yielded only about half of the modern

amino acids,®®®’

suggesting that the first proteins on
Earth may have contained only a few amino acids.
These findings go in parallel with the biosynthetic the-
ory of the genetic code evolution stating that the genetic
code evolved from a simpler form that encoded fewer
amino acids.”® It was also suggested that the subsequent
evolution of the primary genetic code developed in the
parallel with the invention of biosynthetic pathways for
new and chemically more complex amino acids.”' Some
support of the validity of this hypothesis can be found in
the standard genetic code (that consists of 4 x 4 x 4 =
64 triplets of nucleotides, codons), which is known to be
redundant (64 codons encodes for 20 amino acids). In
fact, with only 2 exceptions, codons encoding one amino

acid may differ in any of their 3 positions. However, only
the third positions of some codons may be fourfold
degenerate; i.e., any nucleotide at this position specifies
the same amino acid and all nucleotide substitutions at
this site are synonymous. Using these observations as a
reflection of the evolutionary development, it was pro-
posed that there was a period during code evolution
where the third position was not needed at all and a dou-
blet code preceded the triplet code, giving rise to 4 x 4 =
16 codons (encoding for 16 or fewer amino acids, if a ter-
mination codon is taken into account).”?

Based on these and many other observations,
hypotheses and models, evolutionarily old and new
amino acids can be differentiated. Combination of the
40 different single-factor criteria into a consensus gen-
erated the following temporal order of appearance and
subsequent addition of the amino acids: G/A, V/D, P,
S,E/L, T,R,N,K,Q L C H,F MY, and W.”> Even
superficial analysis of this sequence reveals that many
of the early amino acids (such as G, D, E, P, and S) are
disorder-promoting, as they are very abundant in mod-
ern intrinsically disordered proteins. On the other
hand, it looks like the major order-promoting residues
(C, W, Y, and F) were added to the genetic code late.®®

Curiously, at the nucleic acid level, harsh condi-
tions of the primitive Earth with its overall high tem-
peratures would clearly support the GC-enriched
nucleic acids since the nucleic acids with higher GC
content are known to be more stable than the nucleic
acids with lower GC content’* As we empirically dem-
onstrate here, higher GC values in modern genes lead
to the increased G, A, R, and P content in proteins
encoded by these genes, whereas proteins encoded by
genes with lower GC values are expected to be
enriched in F, Y, M, I, N, and K.*”**® Therefore, these
observations provide further support to the hypothesis
that primitive GC-enriched genes with their limited
set of early codons would code for mostly disordered
proteins. This hypothesis is illustrated in Fig. 6 that
shows modern genetic code in combination with
information on the early and late codons (shown by
light red and light blue colors respectively) and disor-
der- and order-promoting residues (shown by red and
blue colors, respectively). This figure reveals that there
is a relatively good agreement between the devised
“age” of the residue, its disorder-promoting capacity
and GC-enrichment of its codon, with early residues
being mostly disorder-promoting, and with the major-
ity of late residues being mostly order-promoting. This



observation is visualized by the abundance of the
matching colors (light red-red, light blue-blue and
light pink-pink). There are only 2 noticeable excep-
tions from these rule, valine and leucine, which are
early order-promoting residues.®”

Based on these data it was hypothesized that the
primordial polypeptides were intrinsically disordered
and did not possess catalytic activity.®>”> This hypoth-
esis is in line with the RNA world theory suggesting
that during the evolution of enzymatic activity, cataly-
sis was transferred from RNA first to ribonucleopro-
tein (RNP) and only then to protein.”® Therefore, the
first proteins in the primitive organisms are expected
to be nonspecific RNA chaperones rather than highly
elaborated and specialized catalysts.”>”” Obviously,
carriers of such intrinsically disordered RNA chaper-
ones possessed a significant selective advantage in the
RNA world, where the misfolding-prone RNA7%7?
was used for both information storage and catalysis.*
Since the variability of physico-chemical properties of
amino acids greatly exceeds that of nucleotides and
since protein structures are noticeably more stable
than RNA structures, the transition from RNAs (ribo-
zymes) to proteins as carriers of enzymatic activity
was a logical evolutionary step.®> However, efficient
catalysis relies on the proper spatial arrangement of
catalytic residues which requires a stable structure.®’
Therefore, grafting of the enzymatic activity to pro-
teins generated strong evolutionary pressure favoring
well-folded structures. In other words, the global evo-
lution of intrinsic disorder is characterized by a spe-
cific pattern,®> where highly disordered primordial
proteins with primarily RNA-chaperone activities
were gradually substituted with the well-folded, highly
ordered enzymes that evolved to catalyze the produc-
tion of all the complex organic components vital for
the independent existence of the first cellular organ-
isms. At the later stages of evolution, due to its specific
features crucial for the regulation of complex pro-
cesses, protein intrinsic disorder was reinvented, lead-
ing to the eventual appearance of the highly
elaborated eukaryotic cells.®®

Conclusions

We show that GC content is clearly enriched in gene
segments encoding the disordered regions of eukary-
otic proteins when compare with the structured
regions, irrespective of the overall amount of disorder
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in a given protein. We also show that in the disordered
regions in eukaryotes, this GC enrichment results
from the higher levels of amino acids encoded by the
GC-rich codons, with individual amino acids possess-
ing the very similar GC-content profiles across a
diverse set of 12 eukaryotic organisms. Finally, we
show that eukaryotic proteins characterized by IDPRs
encoded by the GC-enriched gene regions carry out
important molecular functions.

Our analysis also suggests a relationship between
the devised “age” of amino acids, their propensity for
intrinsic disorder and the GC content of their codons.
We suggest that the early residues are biased toward
being disorder-promoting and their codons are GC-
rich. On the other hand, most of the late amino acids
are mostly order-promoting. To paint a broader pic-
ture, we hypothesize that the evolution of intrinsic dis-
order is characterized by highly disordered primordial
proteins that were gradually substituted with struc-
tured enzymes that are crucial for the first cellular
organisms, with a more recent reinvention of the
intrinsic disorder that lead to the development of elab-
orate eukaryotic cells. We believe that this work adds a
significant piece of information needed to better
understand the evolution of intrinsic disorder.
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