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Abstract

De novo creation of protein coding genes involves the formation of short ORFs from
noncoding regions; some of these ORFs might then become fixed in the populationThese
orphan proteins need to, at the bare minimum, not cause serious harm to the organism,
meaning that they should for instance not aggregate. Therefore, although the creation
of short ORFs could be truly random, the fixation should be subjected to some selective
pressure. The selective forces acting on orphan proteins have been elusive, and
contradictory results have been reported. In Drosophila young proteins are more
disordered than ancient ones, while the opposite trend is present in yeast. To the best of
our knowledge no valid explanation for this difference has been proposed.

To solve this riddle we studied structural properties and age of proteins in 187
eukaryotic organisms. We find that, with the exception of length, there are only small
differences in the properties between proteins of different ages. However, when we take
the GC content into account we noted that it could explain the opposite trends
observed for orphans in yeast (low GC) and Drosophila (high GC). GC content is
correlated with codons coding for disorder promoting amino acids. This leads us to
propose that intrinsic disorder is not a strong determining factor for fixation of orphan
proteins. Instead these proteins largely resemble random proteins given a particular GC
level. During evolution the properties of a protein change faster than the GC level
causing the relationship between disorder and GC to gradually weaken.

Author Summary

We show that the GC content of a genome is of great importance for the properties of
an orphan protein. GC content affects the frequency of the codons and this affects the
probability for each amino acid to be included in a de novo created protein. The codons
encoding for Ala, Pro and Gly contain 80% GC, while codons for Lys, Phe, Asn, Tyr
and Ile contain 20% or less. The three high GC amino acids are all disorder promoting,
while Phe, Tyr and Ile are order promoting. Therefore, random protein sequences at a
high GC will be more disordered than the ones created at a low GC. The structural
properties of the youngest proteins match to a large degree the properties of random
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proteins when the GC content is taken into account. In contrast, structural properties
of ancient proteins only show a weak correlation with GC content. This suggests that
even after fixation in the population, proteins largely resemble random proteins given a
certain GC content. Thereafter, during evolution the correlation between structural
properties and GC weakens.

Introduction

Proteins without any detectable homology are often referred to as orphans. The
presence of orphans can be attributed to several causes; rapid sequence divergence
beyond the point of homology recognition |12, lateral transfer of genetic material 3],
and de novo gene creation [4]. The latter is of particular interest, as it is a source of
completely novel coding material. Studies of the properties of these proteins might
provide unique insights into the fundamental processes in the formation of all proteins,
since, in the strict sense, all proteins were once created by a de novo mechanism.

Before the genomic era, the scientific consensus held that de novo creation of new
genes was rare - instead it was believed that the vast majority of all genes were
generated in an ancient “big bang”. However, when the first complete genomic
sequences were initially published, this hypothesis was not supported [5]. In fact, to this
day, when analyzing complete genomes from closely related species, a surprisingly high
number of orphan proteins is still found [68]. It has later been shown that some of
these proteins are not de novo created but rather assigned as orphans as a result of
limited phylogenetic coverage in earlier studies [9].

Today supported by the vast amount of complete genome sequences available and
improved search methods [10], many of the initially identified orphans have been shown
to have distant homologs in other genomes. Still, at least in yeast, a large set of genes
appears to have been created through recent de novo formation [11,[12]. These studies
indicate that in yeast there is a large set of proto-genes: ORF's that remain on the verge
of becoming fixed as protein-coding genes in the population [11]. This provides a

possible model of how novel proteins can be generated from noncoding genetic material.

In other species than yeast the genomic coverage is more limited and therefore studies
have been less detailed.

The availability of many, complete, evenly spaced genomes allows classifying proteins
at different evolutionary age |7,[9l|11], using methods such as ProteinHistorian [13].
Here, a protein can be unique to a specific species, or even to a strain; alternatively it
can be present pervasively across a taxonomic group [14,/15]. After de novo creation, a
gene needs to become fixed in the population. The selective forces governing this
process have been studied by examining the properties of orphan proteins. Intrinsic
disorder, low complexity, subtelomeric location, high §-sheet preference as well as other
features have been associated with orphan proteins [16,/17]. It has also been proposed
that with age proteins (i) accumulate interactions, (ii) become more often essential and
(iii) obtain lower S-strand content and higher stability |18]. Some aspects of these
observations, such as the fact that orphans on average are short, are likely connected to
a de novo creation mechanism. However, other features, including intrinsic disorder, are
not obviously related to the gene genesis and could instead be the result of the selective
pressure acting during fixation.

In yeast, we have earlier reported that the youngest proteins, i.e. the ones unique to
S. cerevisiae, are less disordered than older proteins |7], while in Drosophila the opposite
can be seen: the youngest proteins are more disordered than the ancient ones [19]. To
the best of our knowledge the origin of this difference has not been explained. Could the
selective forces be that disparate between two different eukaryotes? Or is it an artifact
caused by limited genomic coverage? One difference between the two organisms is the
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content of Guanine and Cytosine (GC) nucleotides in the coding regions:
Saccharomyces cerevisiae genomes are roughly 40% GC, while in Drosophila
melanogaster the GC content is 53%.

To obtain a better understanding of the structural properties of orphan proteins, we
determined the age of proteins in 187 eukaryotic genomes and studied a number of
intrinsic properties, such as GC content, disorder, hydrophobicity, low complexity, and
secondary structure. As expected we find that the most striking difference between
young and old proteins is their difference in length. Further, intrinsic disorder and low
complexity appear to be higher in orphans, albeit with a much smaller difference than
for length, and these differences are not present in all species. The structural features in
young proteins differ significantly depending on the GC content: low-GC orphans are
much less disordered than high-GC orphans. In older proteins this relationship is much
weaker, supporting a model where genes are created de novo starting from random
DNA sequences, then their features gradually conform to those of ancient genes through
adaptation.

Materials and Methods

Datasets

Protein data for 400 eukaryotic species were obtained from OrthoDB, release 8 [20)],
divided into 173 Metazoans and 227 Fungi, for a total of 4,562,743 protein sequences.
This initial dataset was then filtered to a final size of 187 species, see below. For each
species, a complete proteome was also downloaded from UniProt Knowledge Base [21].

Age estimate

The ProteinHistorian software pipeline [13] is aimed at annotating proteins with
phylogenetic ages. It requires a phylogenetic tree relating a group of species, and a
protein family file representing the orthology relationships between proteins. The
pipeline assigns each protein to an age group, depending on the species tree. Here, we
used ProteinHistorian with default parameters, the NCBI phylogenetic tree [22], and
protein orthology data obtained from OrthoDB. The OrthoDB method is based on
all-against-all protein sequence comparisons using the Smith-Waterman algorithm and
requiring a sequence alignment overlap of at least 30 amino acids across all members of
an orthologous group. Therefore, the age group can be thought of as the level in the
species tree on which a shared sequence of at least 30 amino acids first appeared, i.e. it
assigns multi-domain proteins to the age of its oldest domains.

Identification and definition of orphans

Proteins present in OrthoDB are only those with orthologs in at least one other species,
i.e. proteins without orthologs (singletons) are not present in OrthoDB. Therefore, to
obtain a set of candidate orphan proteins, the complete proteomes of all species were
downloaded from Uniprot. Thereafter, BLAST was used to extract proteins not present
in the OrthoDB dataset, obtaining 356,884 candidate orphan proteins. However, a large
fraction of these proteins are not orphans but are missing from OrthoDB for other
reasons, including that they were not present when the database was created or that
they have undergone large domain rearrangements. We would assume that truly de novo
created orphans do not contain domains found in other proteins. Therefore to ensure
that we have a unique set of orphan proteins we filtered out proteins with hits in the
Pfam-A database, by using hmmscan [23]. We believe that, due to the stringent criteria
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used here, the majority of this remaining set is constituted of de novo created proteins, a
and we refer to them as orphans throughout the rest of this paper. These proteins are o
specific to the species taxonomic level, i.e. we expect not to find them in other species in o
the dataset, even in the same genus. For Saccharomyces cerevisiae, that has 16 strains o

in the dataset, we also included the strain specific proteins into the orphan group. o
Among the OrthoDB proteins, we defined genus orphans those that were assigned %
age = 1 (2 in the case of S. cerevisiae), while proteins having the maximum age o7

according to ProteinHistorian were defined as ancient: these proteins are thought to be o
present in the common ancestor of all Fungi (taxon id = 4751) or all Metazoa (taxon id o
= 33208). Finally, proteins whose estimated age is between genus orphans and ancient 10
were defined as intermediate. 101

Taxonomic genera represented by a single species in the dataset have by definition 102
no genus orphans; for this reason, we selected for our final dataset only the 187 species 103
that have at least one other species within the same genus. The final dataset amounts 10
to 1,782,675 proteins distributed across 187 species; 0.8% of them are defined orphans 105
and 0.6% as genus orphans, 15% are intermediate and the remaining 84% are ancient. 106

One problem that exists using the NCBI phylogenetic tree is the presence of many 107

polytomic branches, especially at the genus level, because ProteinHistorian cannot 108
distinguish between proteins being specific to that species and proteins shared among 109
the entire group. To solve this, we forced no polytomy on the terminal branches: 110
multifurcating nodes were converted to a randomly bifurcated topology, transforming m
the NCBI tree to a fully binary structure. While a binary tree is needed for 112
ProteinHistorian, its algorithm assumes that a protein gain is much more rare than a 113
loss; this means that the most recent common ancestor of a protein will be at the 114
topmost intersection of a group of species. Thus, randomly converting multifurcations  us
to bifurcation might likely underestimate the number of genus-specific orphans, but 116
have no effect on species-specific orphans. 7

Clades affected by the conversion from multi- to bi-furcating branches include 118
Caenorhabditis (5 species), Drosophila (5 species), Anopheles (5 species), Candida (5 119
species), Saccharomyces (14 strains), Aspergillus (5 species) and Trichopython (5 120
species). The taxonomic tree comprising the final set of 187 species is presented in Fig. =
m 122
Assigning GC content 123

We could map 1,357,518 out of 1,782,675 proteins (~76% of the dataset) to their ENA 1
identifiers. This mapping was used to download the Coding Sequence (CDS) data from s

ENA (https://www.ebi.ac.uk/ena/); the GC content was then calculated for each 126
mapped gene individually. 127
Gene ontology annotation 128

Evidence for functionality of the proteins was estimated using annotated Gene Ontology 12
(GO) terms. Using the Uniprot KnowledgeBase mapping data 130
(ftp://ftp.uniprot.org/pub/databases/uniprot/current_release /knowledgebase /idmapping /idmappin
we assigned UniprotKB identifiers to 894,831 out of 1,752,675 proteins (51%). These 132

were then annotated with three terms, one for each main GO category: Molecular 133
Function, Biological Process and Cellular Component. All GO terms are associated 134
with evidence codes; a subset of these codes CEXP’’'IDA’'IPT''IMP’"IGI’ or 'IEP’) 135
represents experimentally validated functional annotations. If any of these codes is 136
present we mark the corresponding protein as experimentally characterized. 137
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Predicted properties of proteins

Intrinsic disorder content was predicted for all the proteins by using several disorder
predictors; short and long disorder predictions by IUPred [24], three type of predictions
(REM-465, Hotloops and Coils) by DisEMBL [25] and GlobPlot [26]. In the main
figures we only report the prediction by IUPred long; the others are found in the
supplementary material (Fig. to . It is worth mentioning that these predictors
operate with different definitions of disorder, so a consensus should not be expected.

We used SCAMPI [27] to predict the fraction of transmembrane residues in a protein.

The fraction of low-complexity residues is predicted using SEG [28]. PSIPRED [29] was
used to predict the secondary structure of all the proteins in the dataset, using only a
single sequence and not a profile. This reduces the accuracy but the overall frequencies
should not be changed significantly. We annotated each protein with the fraction of
residues predicted to be in each type of secondary structure (a-helix, S-strand, coil).

Propensity scales

TOP-IDP [30] is a measure of the disorder-promoting propensity of a single amino acid.

For each protein, the average propensity was calculated by averaging the TOP-IDP
values of all its residues. Similarly the hydrophobicity of each protein was expressed as
the average hydrophobicity using the biological hydrophobicity scale [31]. Finally, we
computed the propensity of each amino acid to be in a secondary structure (helix, sheet,
coil, turn) in the same manner by using secondary structure propensity scales [32].

Statistical significance of the results

In order to test the statistical significance of the results, a number of tests were
performed. Rank-sum tests between all possible pairs of age groups were performed for
the entire dataset and for each studied property. Due to the large number of samples
the p-values from these tests are always smaller than 104! even when the absolute
difference in numbers is minuscule.

To study the difference between young and old proteins on a global level, we
performed a rank-sum test for orphan versus ancient proteins within each species. To
exclude small variations we only considered the species where the p-value of this test
was <0.01.

To determine the relationship between a property and GC we studied the slopes for
proteins of different age. If the p-value of a linear regression test is <0.01, the
corresponding property is considered significantly correlated with GC.

Random proteins at different GC contents

To test whether the studied intrinsic properties, as well as the frequency of any given
amino acid, were solely dependent on GC content, we used a set of 21,000 random
ORFs, generated as follows: at each GC content ranging from 20 to 90%, in steps of 1%,
a set of 400 ORFs (equally divided into 300, 900, 1,500 and 2,100 bp long) was
generated so that its content of GC was fixed. The ORFs were generated by randomly
selecting codons among the 61 non-stop codons. The probability to select one codon
given a GC content of GC/,.q is set accordingly:

Probability =TT, §(N:|GC)*GCrreq+6(N; | AT)x(1-GCfreq) (1)

where N; is the nucleotide of the codon in position 4 and §(N|GC is equal to 1 if the
nucleotide N is guanine or cytosine and zero otherwise, etc. Finally, start and stop
codons were added. These ORF's were then translated to polypeptides, and all their
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intrinsic properties, as well as the frequencies of their amino acid were computed, as
described above.

Results
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Figure 1. Overview of the proteins assigned to the four age groups: (a) the fraction of
proteins belonging to each age group, (b) the average length, in amino acids, (c) the
average GC content of the genes, (d) intrinsic disorder predicted by IUpred (long), (e)
percentage of transmembrane residues, (f) percentage of residues in low-complexity
regions, percentage of residues predicted to be in (g) a coil, (h) a S-sheet and (i) in a
helix. The difference between orphans and ancient is statistically significant for all the
considered properties: the p-value of a rank-sum test is always < 107141,

The assignment of age to all proteins is based on the ProteinHistorian pipeline [13].

In the youngest, orphan group, only proteins that are (a) not present in any other
genome and (b) that do not share any Pfam-A domain with any other eukaryotic
protein are present. In the next group, genus orphans, only proteins that are unique to
a genus are included. Proteins having the maximum age according to ProteinHisorian
are labeled as ancient; the rest is classified as intermediate.

A summary of the age assignment and subsequent grouping into orphans, genus
orphans, intermediate and ancient is shown for each species in Table Orphans and
genus orphans constitute each less than 1% of the dataset; intermediate proteins are
~15% and ancient proteins ~84%
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These results show that for most genomes we do a conservative estimate of the
number of orphans and find fewer orphans than in earlier studies. For instance, in

Saccharomyces cerevisiae we identified 16 orphans and 5 genus orphans, out of 6466
proteins. As a comparison, in our earlier study we reported 157 species-specific and 125

genus-specific orphans [7] while Vidal and co-workers reported 143 species-specific
(ORFs;) and 609 genus-specific (ORFsy_4) proteins [33]. Similarly, in Drosophila
pseudoobscura we could identify only 6 orphan proteins, in comparison to the 228

reported previously [8]. This shows that the exact identification of which proteins are de

novo created remains difficult and depends on the genomes included in the study.

However, our primarily aim for this study is not to estimate the exact number
orphans, but to examine properties of proteins of different ages. Therefore, we do
believe that our conservative estimate is useful to enhance the fraction of de novo
created proteins in the youngest groups.

Functional annotations.

Group GO Process GO Function GO Component

Ancient 25.7% (0.8%) 26.7% (0.5%) 22.4% (0.8%)
Intermediate  9.2% (0.5%)  10.6% (0.2%) 12.6% (0.4%)
Genus Orphans  7.4% (0.0%)  7.4% (0.0%)  14.1% (0.0%)
Orphans 3.3% (0.3%)  3.5% (0.1%)  9.4% (0.3%)

of

Table 1. For the four age groups, the fraction of proteins being annotated in Gene

Ontology (GO) is shown. In parentheses is the fraction of proteins having an
experimentally validated annotation (i.e. a GO evidence code equal to
'EXP’IDA’IPT ' IMP’ 'IGD or 'TEP’).

Next we set out to estimate the functional evidence for our set of proteins; for

this

we explore their Gene Ontology (GO) annotation. For each main GO category (process,
function and component), we computed the fraction of proteins being annotated with at
least one GO term in UniProt. In addition we calculated the fraction of proteins having

at least one experimentally verified GO annotation, Table
The fraction of annotated proteins increases steadily with age, from ~3-9% in

orphans to ~25% in ancient, Table [1l This is expected, as older proteins have more
regulatory, protein-protein, and genetic interactions [18]. However, the fraction of
proteins with experimental functional evidence is small (<1% of protein) irrespectively

of age. This shows that there exists at least a fraction of proteins of any age that

is

functionally characterized, but it is difficult to exactly determine how substantial it is.

In most genomes orphan proteins are more disordered.

The average length of the proteins increases by age, see Fig[Ip. The average lengt

h is

100 amino acids in orphans, 150 in genus orphans, 300 for intermediate and 500 for
ancient proteins. It can be noted that in the vast majority of the genomes the difference
in length is significant between orphan and ancient proteins, Table |2} This highlights the

well-established fact that eukaryotic proteins expand during evolution: the expans

ion

can occur by several mechanisms, including domain-fusions [34], additional secondary

structure elements [35] and expansion within intrinsically disordered regions [16].

GC content on the other hand does not appear to change by age, see Fig[lp. There
is approximately the same number of genomes where a statistically significant increase

or decrease exist, Table
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Property # > in orphans # > in ancient
General properties
Length (AA) 0 135
GC% 23 33
Disorder predictors
IUpred long (%AA) 64 12
IUpred short (%AA) 103 2
DisEMBL Coils (%AA) 96 3
DisEMBL REM465 (%AA) 125 0
DisEMBL Hotloops (%AA) 111 1
GlobPlot (%AA) 69 4
Secondary structure predictions
SEG (%AA) 45 3
Coil (%AA) 40 9
Helix (%AA) 2 51
Sheet (%AA) 13 13
T™ (%AA) 1 17
Propensity scales
Alpha propensity 29 9
Beta propensity 20 18
Coil propensity 14 33
Turn propensity 11 35
Hydrophobicity 22 28
TOP-IDP 50 17

Table 2. For the 187 considered species, the number of species in which a property is
significantly higher (increasing) or significantly lower (decreasing) in orphans compared
to ancient proteins is shown.

Next, we compared predicted structural properties of all proteins, see Fig. [Id-1,
and Table [21

The amount of predicted disorder residues ranges between 20% and 40%, depending
on the prediction method. For most disorder predictors the fraction of disordered
residues is higher in orphans than in ancient proteins. However, there exists about a
handful of genomes where the opposite trend is observed: supporting earlier
observations, orphans are significantly more ordered in Candida albicans according to 5
out of 6 methods, in Saccharomyces cerevisiae s288c for 4 methods and in Fusarium
pseudograminearum for 3. An interesting case is that of Drosophila pseudoobscura, that
appears to have more ordered orphans according to IUPred long, contrary to all others
Drosphila species.

The fraction of transmembrane residues is on average ~2% in orphan proteins, with
an increasing trend towards ancient (4%). Similarly the amount of helical residues

increase slightly with age, while the fraction of low complexity residues decrease by age.

For all these structural predictions the changes are quite small and there are genomes
with significant increases and decreases for all measures.

Orphan proteins are more disordered in yeast but less in
Drosophila

Above, we noted that on average orphan proteins are more disordered. However, we also
noted that in a handful of genomes a statistically significant opposite trend could be
observed. To investigate this further we studied the amount of predicted disorder in
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each genome separately. When studying intrinsic disorder, orphans and genus orphans

of S. cerevisiae appear remarkably ordered (~3% of the amino acids) as shown
before [7] see Fig. 2 and b. The closely related species Candida albicans shows a

similar trend; see Fig. 2k. Results from additional disorder predictors are presented in

Fig. S4-8 and agree well with these observations.

In contrast, but also consistent with earlier studies [36], orphans and genus orphans
in most Drosophila genomes are more disordered than ancient proteins, see Fig. and
e. In the worm C. elegans (Fig. ) orphan proteins appear to be consistently more

disordered than progressively older ones; this is true across all the considered

Caenorhabditis species. These results are consistent in other predictors, see Fig. S4-8 d,

e and f.

In general, it is apparent that in most organisms orphans are more disordered than

ancient proteins, while in yeast the opposite appears to be the case. What could

possibly explain this difference? One possibility is that the more complex regulations in
animals require more disordered residues in comparison with yeast. But the average

disorder content is similar in all eukaryotic species, contradicting this idea.

We noted that yeasts are among the genomes with lowest GC content (~40% in
S.cerevisiae, 35% in C. glabrata). Therefore, we decided to examine the properties of

proteins from different age groups in respect to their GC content.

Saccharomyces cerevisiae s288c Saccharomyces cerevisiae lalvin ga23 Candida albicans sc5314

1Upred long (%AA)
IUpred long (%AA)
IUpred long (%AA)

o
Orphans  Genus Intermediate Ancient Orphans  Genus Intermediate Ancient Orphans Genus Intermediate Ancient
orphans orphans orphans
(a) (b) (c)
Drosophila melanogaster Drosophila sechellia Caenorhabditis elegans
_ 80 _ 80 _
< < <
g s s
£ 60 g 60 £
o o =
2 2 g
° ° El
g 40 g 40 g
s s s
E] o E) E)
20 20
Orphans  Genus Intermediate Ancient Orphans  Genus Intermediate Ancient Orphans Genus Intermediate Ancient
phans orphans orphans
(d) (e) (f)

Figure 2. For six selected species ((a,b) two strains of S. cerevisiae, (¢) C. Albicans,
(d) D. melanogaster, (¢) D. sechellia and (f) C. elegans), intrinsic disorder (% of amino
acid predicted as disordered by IUpred long) is shown as violin plots for proteins in the

different age groups.

Orphans are more disordered in high-GC genomes

To identify the origin of the different properties of orphan and ancient proteins in
different organisms we studied the distribution of different structural properties,

including low complexity, fraction of transmembrane residues, secondary structure

frequency and intrinsic disorder) for all genomes against GC of the genomes, see Fig.

With the exception of S-sheet frequency, the difference between orphans and ancient

proteins for all the considered properties is statistically significant: the p-value of
rank-sum test (a non-parametric equivalent of the t-test) is always < 10711

a
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Figure 3. Structural properties of proteins of different ages plotted against the GC
content of the genome (coding regions). For clarity only the ancient (blue) and orphan
(red) proteins are shown individually, but the linear fitted lines for genus orphans (pink
line) and intermediate ones (light blue) are also shown. In the text box three values are
presented: rank-sum p-value = p-value of a rank-sum test of orphans versus ancient
(only the property on y axis is considered); correlation p-values = p-value of a linear
regression test for orphan and ancient.

For proteins of all ages, low complexity (SEG) and predicted coil frequency increase
with GC, while transmembrane, helix and sheet frequency decrease.

Notable is that intrinsic disorder shows a clear, directly proportional dependency on
GC: higher GC corresponds to more disorder. At the extreme (over 60% GC), more
than 50% of the residues in orphan proteins are predicted to be disordered, while for
ancient proteins the disorder fraction is about 30%. At low GC (below 40%) the fraction
of disordered residues is lower and similar in ancient and orphan proteins (15-20%).

Further, the dependency of GC is clearly stronger for younger proteins, indicating

that it is related to the creation of the protein and then gradually lost during evolution.

To assess the significance of this dependency, we performed a linear regression test for
each age group. The p-values of such test is presented for orphans and ancient in the
boxes of Fig. [3] All the properties, with the exception of low complexity, show a p-value
<0.01, indicating that they are significantly correlated with GC in both orphan and
ancient proteins.

The GC is not constant over a genome. In complex eukaryotic organisms, the global
GC content is heavily determined by the GC composition of isochores: these regions of
uniform GC form a mosaic in the genomes of many complex eukaryotes, and their
maintenance is likely the result of natural selection . In general coding regions have
higher GC than noncoding regions . Further, there are also variation in GC
between different regions of a genome, so when a noncoding region is turned into a gene
the local GC will decide the amino acid content of the protein.

Therefore, it might be more relevant to study the GC of each protein individually.
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A strong relationship between GC and structural properties of
orphans.

In Fig. [f] we show the dependency of structural properties on GC content for individual
proteins. In addition, structural properties of a set of proteins generated randomly at all
GC levels are shown. Orphans and genus orphans, as well as random proteins, show a
definite dependency on GC. In contrast, ancient and intermediate proteins are only
loosely dependent on GC.

In general there is a resemblance between orphans and randomly generated proteins.

However, when studying Fig. [f] in more detail a few notable differences between them
can be observed: orphans are more disordered and contain more low complexity regions
but fewer sheets, independently of the GC level.

It should be recalled that what we describe above is based on predicted structural
features that are an indirect reflection of the protein sequence. If a certain group of
proteins is predicted to be more disordered, or contain more sheets, it is quite likely a
consequence of changes in amino acid frequencies.

T T T
— Orphans
Genus orphans
Intermediate
— Ancient
Expected

IUpred long (%AA)
<SEG>
TM (%AA)

35 40 45 50 55 60

() (b) (©)

Coil (%AA)
Helix (%AA)

Betasheet (%AA)

(d) (e) ()
Figure 4. Running averages of predicted structural properties against GC content: (a)
disorder, predicted by IUpred (long); (b) low complexity, predicted by SEG; (c)
percentage of transmembrane residues predicted by Scampi; (c,d,e) percentage of
residues in secondary structure of type, respectively, coil, beta sheet and alpha helix.
For each property, colored lines represent proteins of different age: orphans (red), genus
orphans (pink), intermediate (light blue) and ancient (blue). The black lines represent
randomly generated proteins at different GC frequencies.

Property scales

Next, we studied the proteins using six different amino acid propensity scales. The
difference between the scales and predicted features is that scales describe general
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properties, and are directly calculated from amino acid frequencies, while predicted
properties can also include other features. For disorder we use the TOP-IDP scale [30],
for hydrophobicity we use the biological hydrophobicity scale |31], while sheet, turn, coil
and helix propensities are analyzed using the structure-based conformational preferences
scales [32].

— Orphans : H : 413
Genus orphans
Intermediate

— Ancient

Expected

4-0.02

112

4-0.04

1-0.06

<TOP-IDP>
<Turn propensity>

Jo.05 1-0.08

<Hydrophobicity> (Hessa)

4-0.10

(a) (b) (c)

: : : Lo -0.02
40.00
B = o4 -0.04 1-0.01
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<Coil propensity>
<Beta propensity>
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<Alpha propensity>

{-0.03
17002 1-0.08
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L I L I L I L I I I L I ~0.10
35 40 45 50 55 60 35 40 45 50 55 60

-0.05

(d) (e) (f)

Figure 5. Running averages of structural properties computed from amino acid scales
against GC content: (a) Intrinsic Disorder Propensity (TOP-IDP); (b) hydrophobicity
(Hessa scale); (b,c,d.e) average propensity for secondary structure of type, respectively,
turn, coil, beta sheet and alpha helix. For each property, colored lines represent proteins
of different age: orphans (red), genus orphans (pink), intermediate (light blue) and
ancient (blue). The black lines represent randomly generated proteins at different GC
frequencies.

In agreement with the predicted values; the average properties in the four age groups
of proteins are overlapping, see Fig. [S2] However, when taking the GC content into
account the properties of the younger proteins show a strong correlation with GC, see
Fig. [5l To a very large degree the properties of orphan proteins follow what would be
expected for random proteins (black line). However, regardless of GC, orphan proteins
are more disordered and hydrophobic, have slightly higher turn and helical propensities,
and also lower sheet propensities than random.

Interestingly, the propensities of the two groups of older proteins also change by GC;
however, this dependency is less pronounced than for orphan or random proteins. The
difference seen between orphan and ancient proteins indicates that, given evolutionary
time, the selective pressure to change the GC level is weaker than the selective pressure
to change amino acid frequencies.
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Figure 6. The relationship of each amino acid frequency with the GC content and age
of the protein. A black line represents the expected values. The amino acids are sorted
by the GC content in their codons.

Discussion

GC content affects the codon usage in the genome and it has been argued that GC
might be the sole responsible for codon bias . The difference in codon usage causes
differences in amino acid frequencies in such a way that some amino acids are more

frequent in higher GC for random protein sequences. Also, a preference for some amino
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Figure 7. The fraction of GC in all codons encoding an amino acid is plotted as a

dotted line and the values for the different propensity scales as filled bars: (a) TOP-IDP,

(b) Hessa transmembrane scale, and (c-f) Koehl secondary structure preference scale.
For each scale the Pearson (R) correlation with GC is also shown.

acids might cause a change in GC just by a higher frequency of certain codons. In
younger proteins the correlation between amino acid frequency and GC is stronger than
in older proteins, see Fig. This indicates that the selective pressure to change amino
acids in a protein is stronger than the one to change the GC content. At low GC
ancient proteins are more disordered than expected for random sequence while at high
GC they are less.

The influence of GC on amino acid preferences

How do changes in GC content affect proteins? In a random DNA sequence, the
frequency of different codons changes depending on GC, and this, in turn, affects the
resulting amino acid frequencies. To study the effect of GC content on amino acid
frequency we examined the frequency of all 20 amino acids in proteins of different age.

In Fig. [6] the expected and observed amino acid frequencies at different GC contents
are explored. For most amino acids the observed frequencies are surprisingly well
correlated with what is expected from GC alone. However, a few notable exceptions
exist:

e For Pro, Arg, Trp, Tyr, Phe and Ile, the frequencies in orphan proteins resemble
the random proteins and are strongly dependent on GC content, while the
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frequencies in ancient proteins are much less dependent on GC content. This
suggests that there is a selective pressure to gradually adjust the frequencies of
these amino acids to an optimal level.

e Asn and Ala change in both orphans and ancient proteins with GC frequency,
indicating that the selective pressure to change the frequency of these amino acids
is lower.

e Glu, Gln and Asp are more frequent than expected, at any GC level. Their
frequency in orphans is intermediate to what is expected by chance and what is
found in ancient proteins, suggesting a gradual increase during evolution. These
amino acids are coded by only two codons, i.e. there exists a selective pressure to
increase their frequency to a higher level than the 3.3% expected by chance.

e Finally, Cys and His are less frequent, independently of GC content, in real
proteins than in random ones, indicating their special roles in protein function
and folding as well as their rareness.

In Fig. [7] and Table [S2] the GC content of the codons of each amino acid is compared
with the propensity of that amino acid to be in a certain structural region. Three amino
acids, Ala, Gly and Pro are “high GC” amino acids, i.e. they have more than 80% GC
in their codons, while five amino acids, Lys, Phe, Asn, Tyr and Ile, are “low GC
codons”, with less than 20% GC in their codons.

All three “high GC” amino acids are disorder promoting (high TOP-IDP), and four
out of five “low GC” amino acids are order-promoting (low TOP-IDP) residues.
Therefore at high GC content, codons coding for hydrophilic, disorder-promoting amino
acid are prevalent. Genes low in GC tend to contain codons for hydrophobic amino
acids, associated with order.

All scales correlate with the GC frequencies with coefficients ranging from -0.42 to
0.39. The strongest correlations are found with S-sheet propensity (-0.42) and
TOP-IDP (0.39) and the weakest with hydrophobicity (0.16).

Conclusions

We have studied the properties of proteins and their age in a large set of eukaryotic
genomes. As shown before, orphan proteins are shorter than ancient proteins, but,
surprisingly, we do find that on average for other structural features the young and old
proteins are rather similar. However, we also observe that the properties of youngest
proteins vary significantly with the GC content. At high GC the youngest proteins
become more disordered and contain less secondary structure elements, while at low GC
the reverse is observed. We show that these properties can be explained by changes in
amino acid frequencies caused by the different amount of GC in different codons. The
influence of this can be seen in the frequency of the amino acids that have a high or low
fraction of GC in their codons, such as Pro.

In a random sequence, Pro only represents less than 5% of the amino acids at 40%
GC, but 10% at 60% GC. This actually agrees well with what is observed in orphan
proteins: 5% at 40% GC vs. 9% at 60% GC, see Fig.[6] Similar changes in frequencies
can be observed for several amino acids.

On average, young proteins are more disordered than ancient proteins, but this
property is strongly related to the GC content. In a low-GC genome the disorder content
of an orphan protein is ~30% while in a high-GC genome it is over 50%, see Fig.

Here we show that GC content of a genome strongly affects the amino acid
distribution in de movo created proteins. It appears as if de novo created proteins that
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become fixed in the population are very similar to random proteins given a certain GC
content. Codons coding for disorder-promoting residues are on average richer in GC,
explaining the earlier contrasting observations between the low disorder among orphans
in yeast (a low GC organism) and the high disorder among orphans in Drosophila (a
high GC organism).

Finally, it can be observed that older proteins show a lower dependency of their
structural properties on GC, but have a GC content similar to the one of orphans. This
can lead to the speculation that selective pressure acts less on GC levels and more on
structural features of proteins.
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Table S1. Summary of the numbers (with percentages in parentheses) of orphans, genus orphans,
intermediate and ancient proteins for each of the 187 considered eukaryotic species.

Tax 1D Tax Name Orphans Genus Orphans Intermediate Ancient
936046 Agaricus bisporus var. bisporus h97 23 (0.24)% 0 (0.0%) 1075 (11.06%) 8633 (88.72%)
597362 Agaricus bisporus var. burnettii jb137-s8 40 (0.56)% 0 (0.0%) 832 (11.6%) 6299 (87.84%)
447093 Ajellomyces capsulatus gl86ar 35 (0.41)% 27 (0.32%) 1245 (14.73%) 7148 (84.54%)
544712 Ajellomyces capsulatus h143 17 (0.19)% 343 (3.8%) 1311 (14.52%) 7359 (81.5%)
544711 Ajellomyces capsulatus h88 29 (0.32)% 343 (3.79%) 1360 (15.01%) 7329 (80.89%)
339724 Ajellomyces capsulatus naml 71 (0.83)% 27 (0.32%) 583 (6.85%) 7829 (92.0%)
653446 Ajellomyces dermatitidis atcc 18188 22 (0.24)% 172 (1.85%) 1430 (15.38%) 7674 (82.53%)
559207 Ajellomyces dermatitidis er-3 12 (0.13)% 172 (1.85%) 1357 (14.59%) 7762 (83.44%)
559298 Ajellomyces dermatitidis s1lh14081 15 (0.16)% 0 (0.0%) 1549 (16.72%) 7699 (83.12%)
7167 Anopheles albimanus 0 (0.0)% 0 (0.0%) 1867 (17.54%) 8775 (82.46%)
7173 Anopheles arabiensis 0 (0.0)% 13 (0.11%) 2389 (19.77%) 9679 (80.12%)
41427 Anopheles atroparvus 0 (0.0)% 0 (0.0%) 2895 (22.8%) 9802 (77.2%)
43041 Anopheles christyi 0 (0.0)% 44 (0.43%) 1737 (16.92%) 8486 (82.65%)
139723 Anopheles culicifacies 0 (0.0)% 0 (0.0%) 3032 (22.59%) 10391 (77.41%)
43151 Anopheles darlingi 35 (0.35)% 0 (0.0%) 1362 (13.45%) 8733 (86.21%)
7168 Anopheles dirus 0 (0.00% 0 (0.0%) 2109 (18.09%) 9548 (81.91%)
199890 Anopheles epiroticus 0 (0.0)% 0 (0.0%) 2065 (17.76%) 9561 (82.24%)
69004 Anopheles farauti 0 (0.0)% 0 (0.0%) 2800 (22.66%) 9555 (77.34%)
62324 Anopheles funestus 0 (0.0)% 0 (0.0%) 2197 (18.51%) 9674 (81.49%)
7165 Anopheles gambiae 73 (0.59)% 26 (0.21%) 1973 (15.82%) 10396 (83.38%)
74869 Anopheles maculatus 0 (0.0)% 0 (0.0%) 2013 (21.14%) 10869 (78.86%)
34690 Anopheles melas 0 (0.0)% 365 (2.38%) 3313 (21.59%) 11667 (76.03%)
30066 Anopheles merus 0 (0.0)% 13 (0.1%) 3260 (24.94%) 9799 (74.96%)
112268 Anopheles minimus 0 (0.0)% 0 (0.0%) 2135 (18.64%) 9317 (81.36%)
34691 Anopheles quadriannulatus 0 (0.0)% 20 (0.17%) 2386 (19.84%) 9618 (79.99%)
74873 Anopheles sinensis 513 (3.6)% 0 (0.0%) 3200 (22.46%) 10537 (73.94%)
30069 Anopheles stephensi 1 (0.01)% 5 (0.04%) 2161 (18.53%) 9496 (81.42%)
7462 Apis dorsata 0 (0.00% 101 (0.52%) 2227 (11.44%) 17131 (88.04%)
7463 Apis florea 0 (0.0)% 134 (1.19%) 1920 (17.06%) 9199 (81.75%)
7460 Apis mellifera 946 (7.25)% 85 (0.65%) 2140 (16.41%) 9873 (75.69%)
663331 Arthroderma benhamiae cbs 112371 67 (0.88)% 0 (0.0%) 716 (9.37%) 6856 (89.75%)
535722 Arthroderma gypseum cbs 118893 53 (0.64)% 0 (0.0%) 699 (8.45%) 7519 (90.91%)
554155 Arthroderma otae cbs 113480 25 (0.3)% 0 (0.0%) 568 (6.93%) 7606 (92.77%)
344612 Aspergillus clavatus nrrl 1 35 (0.4)% 0 (0.0%) 642 (7.25%) 8182 (92.36%)
332052 Aspergillus flavus nrrl3357 64 (0.51)% 0 (0.0%) 1455 (11.63%) 10987 (87.85%)
451804 Aspergillus fumigatus all63 10 (0.1)% 222 (2.27%) 793 (8.12%) 8747 (89.51%)
330879 Aspergillus fumigatus af293 3 (0.03)% 222 (2.32%) 754 (7.87%) 8604 (89.78%)
1033177  Aspergillus kawachii ifo 4308 13 (0.12)% 0 (0.0%) 1122 (10.0%) 10081 (89.88%)
227321 Aspergillus nidulans fgsc a4 164 (1.66)% 0 (0.0%) 631 (6.39%) 9081 (91.95%)
380704 Aspergillus niger atcc 1015 12 (0.11)% 108 (1.01%) 963 (8.98%) 9639 (89.9%)
425011 Aspergillus niger cbs 513.88 253 (2.15)% 108 (0.92%) 1214 (10.33%) 10176 (86.6%)
1160506  Aspergillus oryzae 3.042 0 (0.0)% 123 (1.08%) 1238 (10.9%) 9994 (88.01%)
510516 Aspergillus oryzae rib40 3 (0.03)% 123 (1.03%) 1357 (11.38%) 10441 (87.56%)
341663 Aspergillus terreus nih2624 31 (0.31)% 0 (0.0%) 754 (7.53%) 9227 (92.16%)
665024 Bipolaris maydis atcc 48331 10 (0.08)% 707 (5.64%) 1994 (15.92%) 9818 (78.36%)
701091 Bipolaris maydis c5 7 (0.06)% 708 (5.57%) 1979 (15.58%) 10011 (78.8%)
665912 Bipolaris sorokiniana nd90pr 66 (0.58)% 0 (0.0%) 1775 (15.5%) 9610 (83.92%)
132113 Bombus impatiens 0 (0.0)% 0 (0.0%) 2672 (21.48%) 9770 (78.52%)
30195 Bombus terrestris 0 (0.0)% 0 (0.0%) 2606 (21.36%) 9595 (78.64%)
1290391  Botryotinia fuckeliana bedwl 13 (0.12)% 0 (0.0%) 1634 (15.14%) 9145 (84.74%)
999810 Botryotinia fuckeliana t4 802 (6.48)% 0 (0.0%) 1939 (15.68%) 9627 (77.84%)
135651 Caenorhabditis brenneri 545 (2.1)% 192 (0.74%) 7935 (30.55%) 17306 (66.62%)
6238 Caenorhabditis briggsae afl6 470 (2.47)% 2220 (11.69%) 4576 (24.1%) 11724 (61.74%)
6239 Caenorhabditis elegans 229 (1.24)% 15 (0.08%) 6639 (36.01%) 11551 (62.66%)
281687 Caenorhabditis japonica 362 (1.57)% 17 (0.07%) 6127 (26.57%) 16551 (71.78%)
31234 Caenorhabditis remanei 214 (0.79)% 225 (0.83%) 8283 (30.59%) 18356 (67.79%)
237561 Candida albicans sc5314 250 (3.2)% 113 (1.44%) 914 (11.68%) 6546 (83.68%)
294748 Candida albicans wo-1 0 (0.0)% 105 (1.85%) 532 (9.35%) 5052 (88.8%)
573826 Candida dubliniensis cd36 2 (0.03)% 0 (0.0%) 539 (9.31%) 5246 (90.65%)
284593 Candida glabrata cbs 138 12 (0.24)% 0 (0.0%) 217 (4.29%) 4826 (95.47%)
1245528  Candida maltosa xu316 83 (1.45)% 0 (0.0%) 453 (7.94%) 5172 (90.61%)
1136231  Candida orthopsilosis co 90-125 4 (0.07)% 0 (0.0%) 494 (8.82%) 5105 (91.11%)
578454 Candida parapsilosis cdc317 2 (0.03)% 0 (0.0%) 504 (8.81%) 5213 (91.15%)
590646 Candida tenuis atcc 10573 19 (0.33)% 0 (0.0%) 372 (6.4%) 5425 (93.28%)
294747 Candida tropicalis mya-3404 22 (0.37)% 0 (0.0%) 563 (9.39%) 5411 (90.24%)
306901 Chaetomium globosum cbs 148.51 125 (1.25)% 0 (0.0%) 978 (9.78%) 8892 (88.96%)
759272 Chaetomium thermophilum var. thermophilum dsm 1495 49 (0.71)% 0 (0.0%) 437 (6.29%) 6462 (93.01%)
7719 Ciona intestinalis 759 (5.82)% 0 (0.0%) 1901 (14.57%) 10384 (79.61%)
51511 Ciona savignyi 182 (1.76)% 0 (0.0%) 1484 (14.37%) 8661 (83.87%)
246410 Coccidioides immitis rs 56 (0.64)% 0 (0.0%) 1132 (12.97%) 7539 (86.39%)
222929 Coccidioides posadasii ¢735 delta sowgp 5 (0.07)% 11 (0.15%) 382 (5.31%) 6793 (94.47%)
443226 Coccidioides posadasii str. silveira 93 (1.06)% 11 (0.13%) 1122 (12.84%) 7511 (85.97%)
1237896  Colletotrichum gloeosporioides cg-14 982 (6.38)% 184 (1.2%) 1894 (12.31%) 12324 (80.11%)
1213859 Colletotrichum gloeosporioides nara gcb 26 (0.17)% 185 (1.24%) 1856 (12.43%) 12865 (86.16%)
645133 Colletotrichum graminicola m1.001 73 (0.65)% 0 (0.0%) 1246 (11.12%) 9891 (88.23%)
759273 Colletotrichum higginsianum imi 349063 195 (1.41)% 0 (0.0%) 1579 (11.41%) 12069 (87.18%)
1213857 Colletotrichum orbiculare maff 240422 103 (0.84)% 0 (0.0%) 1482 (12.14%) 10620 (87.01%)
367775 Cryptococcus gattii wm276 28 (0.44)% 0 (0.0%) 767 (12.15%) 5519 (87.41%)
235443 Cryptococcus neoformans var. grubii h99 14 (0.2)% 0 (0.0%) 902 (12.66%) 6211 (87.15%)
283643 Cryptococcus neoformans var. neoformans b-3501a 0 (0.0)% 17 (0.26%) 778 (11.89%) 5747 (87.85%)
214684 Cryptococcus neoformans var. neoformans jec21 2 (0.03)% 17 (0.27%) 685 (10.8%) 5638 (88.9%)
7217 Drosophila ananassae 49 (0.35)% 0 (0.0%) 2871 (20.54%) 11056 (79.11%)
7220 Drosophila erecta 23 (0.16)% 35 (0.25%) 3237 (22.92%) 10828 (76.67%)
7222 Drosophila grimshawi 102 (0.72)% 0 (0.0%) 2780 (19.6%) 11302 (79.68%)
7227 Drosophila melanogaster 461 (3.29)% 19 (0.14%) 3008 (21.46%) 10528 (75.11%)
7230 Drosophila mojavensis 68 (0.5)% 0 (0.0%) 2668 (19.81%) 10735 (79.69%)
7234 Drosophila persimilis 124 (0.8)% 0 (0.0%) 3600 (23.3%) 11728 (75.9%)
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Tax ID Tax Name Orphans Genus Orphans Intermediate Ancient

7237 Drosophila pseudoobscura 6 (0.04)% 0 (0.0%) 3366 (22.46%) 11617 (77.5%)
7238 Drosophila sechellia 61 (0.4)% 673 (4.43%) 3026 (19.91%) 11437 (75.26%)
7240 Drosophila simulans 74 (0.52)% 35 (0.25%) 3523 (24.68%) 10644 (74.56%)
7244 Drosophila virilis 46 (0.34)% 0 (0.0%) 2722 (20.02%) 10829 (79.64%)
7260 Drosophila willistoni 29 (0.2)% 0 (0.0%) 2589 (18.07%) 11707 (81.72%)
7245 Drosophila yakuba 32 (0.22)% 10 (0.07%) 3422 (23.09%) 11357 (76.63%)
284813 Encephalitozoon cuniculi gb-m1 5 (0.26)% 0 (0.0%) 379 (19.72%) 1538 (80.02%)
907965 Encephalitozoon hellem atcc 50504 0 (0.0)% 0 (0.0%) 367 (20.23%) 1447 (79.77%)
876142 Encephalitozoon intestinalis atcc 50506 3 (0.17)% 0 (0.0%) 367 (20.19%) 1448 (79.65%)
1178016 Encephalitozoon romaleae sj-2008 0 (0.0)% 0 (0.0%) 370 (20.37%) 1446 (79.63%)
1279085 Fusarium fujikuroi imi 58289 27 (0.19)% 0 (0.0%) 1972 (13.8%) 12295 (86.02%)
229533 Fusarium graminearum ph-1 133 (1.08)% 0 (0.0%) 1688 (13.76%) 10448 (85.16%)
1229664 Fusarium oxysporum f. sp. cubense race 1 5 (0.03)% 96 (0.64%) 2308 (15.29%) 12681 (84.04%)
1220665  Fusarium oxysporum f. sp. cubense race 4 4 (0.03)% 96 (0.69%) 2115 (15.21%) 11693 (84.07%)
426428 Fusarium oxysporum f. sp. lycopersici 4287 393 (2.43)% 0 (0.0%) 2308 (14.28%) 13459 (83.29%)
660025 Fusarium oxysporum fo5176 240 (1.42)% 44 (0.26%) 2234 (13.24%) 14353 (85.07%)
1028729  Fusarium pseudograminearum cs3096 112 (0.93)% 0 (0.0%) 1555 (12.94%) 10347 (86.12%)
1104152 Glarea lozoyensis 74030 243 (3.45)% 0 (0.0%) 731 (10.39%) 6063 (86.16%)
1116229 Glarea lozoyensis atcc 20868 110 (0.92)% 0 (0.0%) 1339 (11.18%) 10525 (87.9%)
1071382 Kazachstania africana cbs 2517 7 (0.13)% 0 (0.0%) 249 (4.73%) 5004 (95.13%)
1071383 Kazachstania naganishii cbs 8797 9 (0.17)% 0 (0.0%) 227 (4.37%) 4960 (95.46%)
981350 Komagataella pastoris cbs 7435 5 (0.1)% 0 (0.0%) 277 (5.61%) 4656 (94.29%)
644223 Komagataella pastoris gs115 1 (0.02)% 0 (0.0%) 271 (5.43%) 4722 (94.55%)
242507 Magnaporthe oryzae 70-15 56 (0.47)% 89 (0.75%) 2479 (20.87%) 9257 (77.91%)
1143193  Magnaporthe oryzae p131 61 (0.5)% 675 (5.51%) 2450 (20.0%) 9062 (73.99%)
1143189 Magnaporthe oryzae y34 74 (0.6)% 88 (0.71%) 3068 (24.83%) 9126 (73.86%)
644358 Magnaporthe poae atcc 64411 189 (1.95)% 0 (0.0%) 1247 (12.88%) 8246 (85.17%)
425265 Malassezia globosa cbs 7966 18 (0.43)% 0 (0.0%) 215 (5.16%) 3935 (94.41%)
1230383  Malassezia sympodialis atcc 42132 0 (0.0)% 0 (0.0%) 141 (4.2%) 3217 (95.8%)
655827 Metarhizium acridum cqma 102 4 (0.04)% 0 (0.0%) 829 (8.67%) 8729 (91.29%)
655844 Metarhizium anisopliae arsef 23 28 (0.27)% 0 (0.0%) 922 (8.88%) 9429 (90.85%)
554373 Moniliophthora perniciosa fa553 63 (0.55)% 0 (0.0%) 1200 (10.57%) 10091 (88.88%)
1381753 Moniliophthora roreri mca 2997 82 (0.51)% 0 (0.0%) 1613 (10.06%) 14346 (89.43%)
1064592 Naumovozyma castellii cbs 4309 10 (0.18)% 0 (0.0%) 275 (5.02%) 5191 (94.8%)
1071378  Naumovozyma dairenensis cbs 421 11 (0.2)% 0 (0.0%) 248 (4.55%) 5186 (95.24%)
881290 Nematocida parisii ertm1 2 (0.08)% 146 (5.64%) 645 (24.92%) 1795 (69.36%)
935791 Nematocida parisii ertm3 11 (0.42)% 147 (5.56%) 655 (24.77%) 1831 (69.25%)
044018 Nematocida sp. 1 ertm?2 21 (0.84)% 0 (0.0%) 657 (26.21%) 1829 (72.96%)
367110 Neurospora crassa or7da 20 (0.2)% 0 (0.0%) 1659 (16.86%) 8162 (82.94%)
510951 Neurospora tetrasperma fgsc 2508 14 (0.14)% 766 (7.57%) 1696 (16.76%) 7644 (75.53%)
510952 Neurospora tetrasperma fgsc 2509 56 (0.54)% 766 (7.37%) 1774 (17.06%) 7801 (75.03%)
578461 Nosema bombycis cql 75 (2.03)% 0 (0.0%) 404 (10.95%) 3210 (87.02%)
578460 Nosema ceranae brl01 10 (0.53)% 0 (0.0%) 213 (11.21%) 1677 (88.26%)
482561 Paracoccidioides brasiliensis pb03 11 (0.15)% 193 (2.56%) 663 (8.8%) 6669 (88.5%)
502780 Paracoccidioides brasiliensis pb18 11 (0.14)% 193 (2.44%) 760 (9.63%) 6932 (87.79%)
502779 Paracoccidioides sp. ’lutzii’ pb01 51 (0.65)% 0 (0.0%) 817 (10.47%) 6936 (88.88%)
500485 Penicillium chrysogenum wisconsin 54-1255 63 (0.55)% 0 (0.0%) 1122 (9.81%) 10252 (89.64%)
1170230  Penicillium digitatum pd1l 2 (0.02)% 411 (4.64%) 785 (8.86%) 7663 (86.48%)
1170229  Penicillium digitatum phi26 2 (0.02)% 411 (4.57%) 788 (8.75%) 7800 (86.66%)
1209962  Pneumocystis jirovecii se8 14 (0.44)% 0 (0.0%) 82 (2.58%) 3080 (96.98%)
1069680 Pneumocystis murina b123 6 (0.16)% 0 (0.0%) 83 (2.26%) 3583 (97.58%)
1151754 Pseudozyma antarctica t-34 38 (0.6)% 0 (0.0%) 874 (13.7%) 5466 (85.7%)
1305764 Pseudozyma hubeiensis sy62 74 (1.16)% 0 (0.0%) 905 (14.19%) 5400 (84.65%)
418459 Puccinia graminis f. sp. tritici crl 75-36-700-3 202 (1.57)% 0 (0.0%) 1067 (8.31%) 11565 (90.11%)
630390 Puccinia triticina 1-1 bbbd race 1 161 (1.54)% 0 (0.0%) 794 (7.57%) 9533 (90.89%)
861557 Pyrenophora teres f. teres 0-1 54 (0.49)% 0 (0.0%) 1586 (14.38%) 9386 (85.13%)
426418 Pyrenophora tritici-repentis pt-1lc-bfp 85 (0.77)% 0 (0.0%) 1614 (14.63%) 9332 (84.6%)
983506 Rhizoctonia solani ag-1 ia 265 (3.4)% 0 (0.0%) 684 (8.77%) 6849 (87.83%)
1108050  Rhizoctonia solani ag-1 ib 166 (1.48)% 0 (0.0%) 829 (7.41%) 10189 (91.1%)
1160507  Saccharomyeces arboricola h-6 0 (0.0)% 0 (0.0%) 173 (4.76%) 3464 (95.24%)
545124 Saccharomyces cerevisiae awril631 132 (2.57)% 0 (0.0%) 326 (6.35%) 4676 (91.08%)
764097 Saccharomyces cerevisiae awri796 1 (0.03)% 5 (0.13%) 243 (6.5%) 3491 (93.34%)
889517 Saccharomyces cerevisiae cen.pk113-7d 0 (0.0)% 2 (0.04%) 309 (5.72%) 5091 (94.24%)
643680 Saccharomyces cerevisiae ec1118 0 (0.0)% 0 (0.0%) 823 (14.08%) 5022 (85.92%)
764102 Saccharomyces cerevisiae fostersb 3 (0.08)% 0 (0.0%) 229 (6.25%) 3433 (93.67%)
764101 Saccharomyces cerevisiae fosterso 4 (0.11)% 0 (0.0%) 227 (6.46%) 3285 (93.43%)
574961 Saccharomyces cerevisiae jay291 1 (0.02)% 0 (0.0%) 361 (6.99%) 4801 (92.99%)
721032 Saccharomyces cerevisiae kyokai no. 7 1 (0.02)% 1 (0.02%) 409 (7.2%) 5273 (92.77%)
764098 Saccharomyces cerevisiae lalvin qa23 1 (0.03)% 4 (0.1%) 244 (6.14%) 3725 (93.73%)
285006 Saccharomyces cerevisiae rm11l-la 3 (0.06)% 0 (0.0%) 384 (7.23%) 4926 (92.72%)
559202 Saccharomyces cerevisiae s288c 16 (0.25)% 5 (0.08%) 909 (14.06%) 5536 (85.62%)
764099 Saccharomyces cerevisiae vinl3 1 (0.03)% 1 (0.03%) 247 (6.35%) 3640 (93.6%)
764100 Saccharomyces cerevisiae v13 0 (0.0)% 5 (0.13%) 266 (6.67%) 3719 (93.21%)
307796 Saccharomyces cerevisiae yjm789 0 (0.0)% 2 (0.03%) 411 (7.08%) 5391 (92.88%)
226230 Saccharomyces kudriavzevii ifo 1802 0 (0.0)% 0 (0.0%) 231 (6.22%) 3480 (93.78%)
653667 Schizosaccharomyces cryophilus oy26 13 (0.26)% 0 (0.0%) 423 (8.48%) 4554 (91.26%)
402676 Schizosaccharomyces japonicus yfs275 16 (0.34)% 0 (0.0%) 315 (6.73%) 4350 (92.93%)
483514 Schizosaccharomyces octosporus yfs286 5 (0.1)% 0 (0.0%) 400 (8.18%) 4484 (91.72%)
284812 Schizosaccharomyces pombe 972h- 18 (0.36)% 0 (0.0%) 389 (7.88%) 4530 (91.76%)
036435 Serpula lacrymans var. lacrymans s7.3 88 (0.67)% 0 (0.0%) 2295 (17.56%) 10684 (81.76%)
578457 Serpula lacrymans var. lacrymans s7.9 73 (0.62)% 0 (0.0%) 2201 (18.65%) 9528 (80.73%)
441960 Talaromyces marneffei atcc 18224 11 (0.11)% 0 (0.0%) 648 (6.39%) 9484 (93.5%)
441959 Talaromyces stipitatus atcc 10500 11 (0.09)% 0 (0.0%) 813 (6.57%) 11545 (93.34%)
1071380  Tetrapisispora blattae cbs 6284 17 (0.32)% 0 (0.0%) 236 (4.47%) 5027 (95.21%)
1071381 Tetrapisispora phaffii cbs 4417 11 (0.21)% 0 (0.0%) 251 (4.88%) 4877 (94.9%)
452589 Trichoderma atroviride imi 206040 96 (0.89)% 0 (0.0%) 1056 (9.77%) 9661 (89.35%)
431241 Trichoderma reesei qm6a 36 (0.41)% 0 (0.0%) 774 (8.79%) 8000 (90.81%)
413071 Trichoderma virens gv29-8 40 (0.34)% 0 (0.0%) 1233 (10.57%) 10387 (89.08%)
559882 Trichophyton equinum cbs 127.97 24 (0.29)% 0 (0.0%) 1025 (12.37%) 7240 (87.34%)
559305 Trichophyton rubrum cbs 118892 40 (0.5)% 0 (0.0%) 755 (9.41%) 7227 (90.09%)
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Table S1 — Continued from previous page

Tax ID Tax Name Orphans Genus Orphans Intermediate Ancient

647933 Trichophyton tonsurans cbs 112818 14 (0.17)% 0 (0.0%) 995 (12.07%) 7235 (87.76%)
663202 Trichophyton verrucosum hki 0517 63 (0.82)% 0 (0.0%) 730 (9.53%) 6869 (89.65%)
1186058 Trichosporon asahii var. asahii cbs 2479 23 (0.28)% 0 (0.0%) 1059 (13.09%) 7009 (86.63%)
1220162  Trichosporon asahii var. asahii cbs 8904 33 (0.4)% 0 (0.0%) 1062 (12.88%) 7150 (86.72%)
1128400  Ustilago hordei uh4857-4 28 (0.41)% 0 (0.0%) 854 (12.6%) 5897 (86.99%)
237631 Ustilago maydis 521 15 (0.24)% 0 (0.0%) 824 (13.28%) 5364 (86.47%)
526221 Verticillium alfalfae vams.102 51 (0.52)% 0 (0.0%) 968 (9.92%) 8737 (89.56%)
498257 Verticillium dahliae vdls.17 53 (0.53)% 0 (0.0%) 998 (9.94%) 8990 (89.53%)
1299270 Wallemia ichthyophaga exf-994 14 (0.3)% 0 (0.0%) 247 (5.28%) 4419 (94.42%)
671144 ‘Wallemia sebi cbs 633.66 7 (0.14)% 0 (0.0%) 263 (5.2%) 4784 (94.66%)
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AA  GC% TOP-IDP Hessa Alpha Beta Coil Turn
Ala 0.83 0.06 0.11 0.17 -0.15 -0.08 -0.10
Arg 0.72 0.18 2.58 0.09 -0.04 -0.05 -0.04
Asn 0.17 0.01 2.05 -0.11  -0.22  0.07 0.20
Asp 0.50 0.19 3.49 -0.03 -0.27  0.08 0.08
Cys 0.50 0.02 -0.13 -0.02  0.08 -0.02 -0.02
Gln 0.50 0.32 2.36 0.07 -0.08 -0.02 0.00
Glu 0.50 0.74 2.68 0.18 -0.25 -0.12 0.06
Gly 0.83 0.17 0.74 -0.29 -0.18 0.10 0.27
His 0.50 0.30 2.06 0.00 -0.06 0.03 -0.01
Ile 0.11 -0.49  -0.60 0.00 0.26 -0.06 -0.62
Leu 0.39 -0.33  -0.55 0.09 0.10 -0.09 -0.17
Lys 0.17 0.59 2.71 0.07 -0.14 -0.05 0.11
Met 0.33 -0.40 -0.10 0.13 0.08 -0.09 -0.36
Phe 0.17 -0.70  -0.32 0.08 0.14 -0.10 -0.20
Pro 0.83 0.99 2.23 -0.31 -0.45 0.19 0.15
Ser 0.50 0.34 0.84 -0.13 -0.03 0.056 0.12
Thr 0.50 0.06 0.52 -0.11  0.09 0.06 -0.13
Trp 0.67 -0.88 0.30 0.04 0.12 -0.03 -0.26
Tyr 0.17 -0.51 0.68 -0.10 0.10 0.04 -0.10
Val 0.50 -0.12  -0.31 0.00 0.29 -0.11 -0.41

Table S2. For each amino acid we show the GC content of its codons, its value in the
TOP-IDP scale, its hydrophobicity (Hessa scale), as well as its value in the secondary

structure scales for Alpha, Beta, Coil and Turn propensity.
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Figure S1. Phylogenetic tree

of the final set of 187 eukaryotic species.
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Figure S2. Violin plots showing several properties calculated from propensity scales,
as average score. (a) Intrinsic disorder using the TOP-IDP scale, (b) hydrophobicity
using the Hessa scale, (c-f) secondary structure preferences.
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Figure S3. Violin plots showing intrinsic disorder as predicted by (a) IUPred (short),
(b) DiISEMBL Coils, (¢) DiSEMBL Rem465, (d) DisEMBL Hotloops and (e) GlobPlot
for all the 187 species.
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Figure S4. For six selected species (two strains of S. cerevisiae, C. Albicans, D.
melanogaster, D. sechellia and C. elegans), intrinsic disorder (% of amino acid predicted
as disordered by IUpred short) is shown as violin plots for proteins in the different age
groups.
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Figure S5. For six selected species (two strains of S. cerevisiae, C. Albicans, D.
melanogaster, D. sechellia and C. elegans), intrinsic disorder (% of amino acid predicted
as disordered by DisSEMBL Coils) is shown as violin plots for proteins in the different
age groups.
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Figure S6. For six selected species (two strains of S. cerevisiae, C. Albicans, D.
melanogaster, D. sechellia and C. elegans), intrinsic disorder (% of amino acid predicted
as disordered by DisEMBL REM-465) is shown as violin plots for proteins in the

different age groups.
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Figure S7. For six selected species (two strains of S. cerevisiae, C. Albicans, D.
melanogaster, D. sechellia and C. elegans), intrinsic disorder (% of amino acid predicted
as disordered by DisSEMBL Hotloops) is shown as violin plots for proteins in the
different age groups.
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Figure S8. For six selected species (two strains of S. cerevisiae, C. Albicans, D.
melanogaster, D. sechellia and C. elegans), intrinsic disorder (% of amino acid predicted
as disordered by GlobPlot is shown as violin plots for proteins in the different age

groups.
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