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Intrinsically disordered proteins (IDPs) are abundant in various proteomes, where they play
numerous important roles and complement biological activities of ordered proteins. Among
functions assigned to IDPs are interactions with nucleic acids. However, often, such assign-
ments are made based on the guilty-by-association principle. The validity of the extension of
these correlations to all nucleic acid binding proteins has never been analyzed on a large scale
across all domains of life. To fill this gap, we perform a comprehensive computational analysis
of the abundance of intrinsic disorder and intrinsically disordered domains in nucleiomes
(�548 000 nucleic acid binding proteins) of 1121 species from Archaea, Bacteria and Eukary-
ota. Nucleiome is a whole complement of proteins involved in interactions with nucleic acids.
We show that relative to other proteins in the corresponding proteomes, the DNA-binding
proteins have significantly increased disorder content and are significantly enriched in disor-
dered domains in Eukaryotes but not in Archaea and Bacteria. The RNA-binding proteins are
significantly enriched in the disordered domains in Bacteria, Archaea and Eukaryota, while the
overall abundance of disorder in these proteins is significantly increased in Bacteria, Archaea,
animals and fungi. The high abundance of disorder in nucleiomes supports the notion that the
nucleic acid binding proteins often require intrinsic disorder for their functions and regulation.
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1 Introduction

A significant portion of any given proteome is ascribed to
biologically active proteins that do not have unique 3D struc-
tures as a whole or in part [1–6]. The dynamic conforma-
tional ensembles of such intrinsically disordered proteins
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Significance of the study

Intrinsically disordered proteins and protein regions are
abundant across all domains of life and their functions
complement the functional repertoire of structured (or-
dered) proteins. In spite of the functional importance of
protein-nucleic acids interactions and the fact that intrin-
sically disordered proteins were shown to be very com-
mon in some classes of RNA- and DNA-binding proteins,
the question on how abundant the disorder is in the nu-
cleiome (whole complement of proteins involved in in-
teraction with nucleic acids) remains open. We report a
first-of-its-kind comprehensive analysis of the abundance

of intrinsic disorder and intrinsically disordered domains
in nucleiomes of over 1100 species from Archaea, Bacte-
ria and Eukaryota. We investigate intrinsic disorder from
multiple perspectives that include enrichment in the over-
all amount of disorder and the amount of disordered
domains, relation to the nucleic acid binding and enrich-
ment in a comprehensive set of functional classes of RNA-
and DNA-binding proteins. Our results provide a strong
support to the notion that the nucleic acid binding pro-
teins often require intrinsic disorder for their functions and
regulation.

(IDPs) or hybrid proteins with ordered and intrinsically dis-
ordered regions (IDRs) [2, 7–11] are highly heterogeneous,
ranging from collapsed-disordered (molten globule-like) to
partially collapsed-disordered (pre-molten globule-like) and
to extended-disordered (coil-like) forms [12,13]. Functions of
these proteins complement functional repertoire of ordered
proteins [14–17], with IDPs/IDPRs being commonly involved
in various cellular regulation, recognition, signaling and con-
trol pathways [18–20].

Furthermore, intrinsic disorder was shown to be very com-
mon in several classes of RNA- and DNA-binding proteins
[4, 9, 10, 21]. For example, IDPs were shown to be over-
represented in the nuclei of the Saccharomyces cells, where
they are potentially involved in the regulation and control
of transcription [3]. IDPs are also very common in nuclei
of human cells [22]. Some other illustrative examples of in-
trinsically disordered DNA- or RNA-binding proteins include
transcription factors [23–25], histones [26], ribosomal pro-
teins [27] and proteins involved in the formation and action
of human [28] and yeast spliceosomes [29]. One of the most
recent studies investigates conformational characteristics and
evolutionary conservation for a generic set of RNA-binding
proteins [30]. However, these studies focus on specific fam-
ilies/classes of DNA- or RNA-binding proteins or specific
organisms.

Although the aforementioned studies draw an impressive
picture of the prevailing abundance of disorder in several
classes of nucleic acid binding proteins, the question still re-
mained open on how abundant disorder is in the nucleiome,
which is defined as whole complement of proteins involved
in interaction with nucleic acids (DNA and RNA). In other
words, despite the fact that the high levels of intrinsic disorder
were found in transcription factors, histones, ribosomal and
spliceosomal proteins, the validity of the extension of these
correlations to the entire nucleiome in a comprehensive set
of species from all domains of life has never been analyzed
before. To fill this gap, we perform a comprehensive com-
putational analysis of the abundance of intrinsic disorder in
the nucleiome comprising �548 000 nucleic acid binding
proteins from 1121 complete proteomes from three domains

of life, Archaea, Bacteria and Eukaryota. Our study is the
first to systematically and on large scale analyze and compare
side-by-side the abundance and functional roles of disorder
in DNA- and RNA-binding proteins across a diverse set of
species that comprehensively cover all domains of life. The
key factors that define our analysis are: (i) inclusion of both
DNA- and RNA-binding proteins over the same set of or-
ganisms; (ii) comprehensive coverage of all domains of life;
and (iii) analysis at the species and domain levels. Overall,
this analysis reveals that the entire nucleiome is enriched in
intrinsic disorder, since relatively to other proteins in corre-
sponding proteomes, DNA- and RNA-binding proteins con-
tain significantly more intrinsic disorder, often in the form
of disordered domains.

2 Materials and methods

2.1 Datasets and annotation of DNA- and

RNA-binding proteins

We collect 1674 complete proteomes and the corresponding
20 619 215 proteins from the release 2015_08 of UniProt [31].
We remove viruses and categorized the remaining proteomes
into the Archaea, Bacteria and Eukaryota domains of life. To
reduce bias towards certain overpopulated in the UniProt
species and to reduce redundancy, we aggregate all the tax-
onomic identifiers to the second last level of the taxonomy,
which most commonly is the genus. We select one largest
proteome from each group of these identifiers, consequently
sampling species at the genus level. We annotate DNA- and
RNA-binding proteins in these proteomes based on the an-
notations from the Gene Ontology (GO) database [32] that are
linked in the UniProt. We include proteins that have molec-
ular function specified as “DNA binding” or “RNA binding”,
and the direct child terms of the “DNA binding” and “RNA
binding” terms in the gene ontology network. To assure that
the number of DNA- and RNA-binding proteins is sufficiently
large to perform statistical analysis, we remove the proteomes
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where the total number of DNA-binding proteins and RNA-
binding proteins is below 20. The resulting dataset includes
7 912 445 proteins from 1121 complete proteomes (species).
The number of species and proteins in each domain of life and
in the eukaryotic kingdoms that are included in our dataset,
and the number and fraction of the DNA- and RNA-binding
proteins aggregated into the domains and kingdoms of life are
shown in Supporting Information Table S1. To summarize,
the nucleiome analyzed in our study includes 548 091 DNA-
and RNA-binding proteins. The complete list of considered
species is given in Supporting Information Table S2.

The annotations of the DNA- and RNA-binding proteins
that we use include both manually annotated proteins and
proteins that are annotated automatically in UniProt using se-
quence similarity to the manually annotated entries. The cov-
erage drops dramatically if we would only use the manually
annotated entries. Out of the considered 1121 proteomes only
1% of eukaryotic species has over 50% of its proteins manu-
ally annotated while such level of coverage is not even present
in Archaea and Bacteria (Supporting Information Fig. S1A).
Moreover, only 6, 3 and 2% of the species in Archaea, Eukary-
ota and Bacteria, respectively, have over 20% of their proteins
reviewed. Similar lack of reviewed entries is true for the pro-
teins annotated as DNA- and RNA-binding. About 30, 15 and
5% of species in Archaea, Bacteria and Eukaryota, respec-
tively, have at least 20% of their all DNA- and RNA-binding
proteins annotated manually and these numbers drop to 6, 1
and 1% when we require at least 50% coverage (Supporting
Information Fig. S1B). More importantly, our analysis shown
in the Results section reveals that results based on a limited
set of the reviewed proteomes and proteins are very similar to
the results on the complete set of all proteomes and proteins.

2.2 Annotation and computational characterization

of intrinsic disorder

Given the large scale of our analysis, we perform the annota-
tion of disordered regions with high-throughput predictors.
We utilize a consensus of five such predictors including two
versions of IUPred [33] designed to find long and short IDRs
and three versions of Espritz [34] that predict intrinsic disor-
der annotated based on structures solved via X-ray crystallog-
raphy, the NMR-derived structures and the Disprot database
[35]. These methods were shown to provide good predictive
performance in a recent large-scale assessment with AUC val-
ues around 0.77 [36]. We use majority vote consensus where
a given residue is predicted as disordered if majority of the
methods (three or more out of the five methods) predict it as
disordered; otherwise the residue is predicted as structured.
The motivation to use of the consensus comes from empirical
observations which reveal that this leads to further increase
in the predictive performance when compared to the use of
individual predictors [36–38]. The same consensus was re-
cently used in related works [6, 27, 39]. The predictions were
filtered by removing disordered segments with less than four

consecutive residues, which is in agreement with other stud-
ies [6, 27, 40]. We note that such annotations of disordered
regions can be collected from two databases: MobiDB [41,42]
and D2P2 [43].

We use the putative disorder to compute disorder con-
tent (DC) per protein, which is defined as the fraction of
disordered residues in the given protein chain. The DC for
a proteome is the average of the DC values of its proteins.
We calculate relative disorder content (RDC), which quanti-
fies the DC in the DNA- and RNA-binding proteins relative
to the overall DC in their corresponding proteome. RDC is
calculated per protein as:

RDCprotein = sign
{
DCbind − DCproteome

}

× (
max

{
DCbind, DCproteome

}
/

min
{
DCbind, DCproteome

} − 1
) ∗ 100%

where DCbind is the DC of a given DNA- or RNA-binding
protein; DCproteome is the DC of the corresponding proteome;
and sign is the sign of the difference between DCproteome and
DCbind where the value is + (–) when DCbind > DCproteome

(DCbind < DCproteome) and RDCprotein = 0 if DCbind = DCproteome.
We also compute RDC per proteome as:

RDCproteome = sign
{
aveDCbind − DCproteome

}

× (
max

{
aveDCbind, DCproteome

}
/

min
{
aveDCbind, DCproteome

} − 1
) ∗ 100%

where aveDCbind is the average DC of all DNA- or all RNA-
binding proteins in a given proteome.

The RDCprotein (RDCproteome) values are defined as a ratio
between DC of the binding chain (or a set of binding chains)
and its (their) proteome and it quantifies the amount of en-
richment (if value is positive) or depletion (if negative) of the
disorder in the binding protein(s) relative to the content of
the proteome. The values of RDC vary between negative and
positive infinity and have intuitive interpretation, e.g., given
DCbind = 0.5 and DCproteome = 0.25, RDCprotein = 100% which
shows that the DC of the protein is 100% higher than the DC
of its proteome; given DCbind = 0.25 and DCproteome = 0.5,
RDCprotein = –100% which means that the DC of the protein
is 100% lower than that of its proteome.

We measure correlation between the average DC in pro-
teome and the average DC in its DNA- or RNA-binding pro-
teins over a given domain or kingdom of life to investigate
whether enrichment of depletion of disorder in the binding
proteins is consistent. The correlation is quantified with the
Pearson correlation coefficient (PCC):

PCC = covariance
(
aveDCbind, DCproteome

)
/

(
�aveDCbind ∗ �DCproteome

)

where aveDCbind, DCproteome are computed over proteomes in
a given domain or kingdom and � is the standard deviation.
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We annotate long disordered regions (LDRs) which are de-
fined as having 30 or more consecutive disordered residues
[3, 44–46]. These regions are recognized as a distinct class of
biologically functional IDP domains [3, 47, 48], which means
that proteins with LDRs are likely to carry functions through
disorder. We use these annotations to compute fraction of
proteins with LDRs in DNA- or RNA-binding proteins in a
given proteome, in entire proteomes and in domains and
kingdoms of life. The latter results are summarized in Sup-
porting Information Table S1.

We compute mean net charge (MNC) of proteins and
LDRs, which can be approximated as [4, 49]:

MNC = [(NR + NK) − (NE + ND)] /length

where NR, NK, NE and ND are the counts of arginine, lysine,
glutamic acid and aspartic acid residues and length is the
length of a given protein sequence of a protein or LDR.

2.3 Evaluation of the annotations of disorder

We compare the consensus of the five methods that is utilized
in this study with two other consensuses to demonstrate that
our results are not affected by a potential noise coming from
the use of different types of annotations of disorder by various
prediction methods. The first alternative consensus is based
on the ten methods that are included in MobiDB database
[41,42]: two versions of IUPred [33], three versions of Espritz
[34], two flavors of DisEMBL [50], GlobPlot [51], VSL2b [52]
and JRONN [53]). The second consensus includes these ten
methods and another recently published method: DynaMine
[54, 55], totalling in 11 predictors. We compare the predic-
tions of the three consensuses on two popular model genera:
Escherichia and Drosophila (Supporting Information Fig. S2).
The results show that the three consensuses generate similar
distributions of DC values for these genera, which suggests
that our putative annotations of disorder are not affected by
the selection of methods in the consensus.

Moreover, we also test predictive quality of these consen-
suses on the same genera by comparing their predictions
with the results generated by the ANCHOR method [56, 57],
which predicts protein binding residues located in the dis-
ordered regions. The predictions of the disordered residues
should significantly overlap with the binding residues that
are annotated with ANCHOR. To test that we compute the
fraction of binding residues that are predicted by ANCHOR
and that are also predicted as disordered by each of the three
consensuses. We compute a ratio between this fraction and
the fraction of randomly generated binding residues that are
also predicted as disordered; we generate the same number
of binding residues and regions as generated by ANCHOR
and place them randomly in protein sequences excluding the
locations of the ANCHOR’s predictions. The ratio equal 1
would indicate that disorder is equally abundant in the ran-
domly picked residues and in the disordered protein binding

regions coming from ANCHOR, while ratios > 1 would indi-
cate that disorder is enriched among the ANCHOR-generated
binding residues. On the Escherichia we obtain ratios of 6.02,
4.13 and 3.20 for the consensuses with 5, 10 and 11 meth-
ods, respectively, while for Drosophila the ratios are 3.47,
2.64 and 2.39, respectively. These high values demonstrate
the expected substantial enrichment of intrinsic disorder in
the disordered protein binding regions. This suggests that the
considered consensuses generate accurate predictions, which
in in agreement with the prior empirical evaluations of these
methods [36, 58].

2.4 Analysis of statistical significance

We assess statistical significance of the relationship between
enrichment or depletion of intrinsic disorder in the DNA- or
RNA-binding proteins relative to the disorder in the corre-
sponding proteomes for each domain or kingdom of life. We
quantify this using paired tests that evaluate significance of
differences between aveDCbind and DCproteome (between the
DC the DNA- or RNA-binding proteins and the whole pro-
teome) paired for the same proteomes and over all proteomes
in a given domain or eukaryotic kingdom. We also evalu-
ate the significance of difference in the fraction of DNA- or
RNA-binding proteins with LDRs between the DNA- or RNA-
binding proteins and the whole proteome, again paired for
the same proteomes and over all proteomes in a given domain
or eukaryotic kingdom. First we test normality of the values
of aveDCbind, DCproteome and the fractions using Anderson–
Darling test at p-value of 0.05. We use the Student’s paired
t-test for the normal data; otherwise we apply the Wilcoxon
signed-rank test.

2.5 Functional annotations of the DNA- and

RNA-binding proteins

We functionally annotate the considered DNA- and RNA-
binding proteins using the GO annotations collected from
the release 2015_08 of UniProt. We only consider reviewed
UniProt entries and aggregate the annotations by the corre-
sponding domains of life. We generate a list of all molecular
functions from GO and Enzyme Commission (EC) numbers
associated with the RNA- and DNA-binding proteins in the
UniProt for each of the three domains of life. To allow for sta-
tistically sound estimates of the abundance of intrinsic disor-
der we include a given functional annotation in our analysis
if the count of proteins that it covers > 20. In case of the en-
zyme types, we focus the analysis of eukaryotic species since
the coverage of the EC numbers in the Archaea and Bacteria
is relatively low. Moreover, we also collected annotations of
four specific functional classes of RNA- and DNA-binding
proteins for which the count of proteins > 20: transcrip-
tion factors, histones, ribosomal proteins and splicing factors.
These were identified by the corresponding keywords in the
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Figure 1. Relationship between average disorder content in an entire proteome (species) and average disorder content in the corresponding
DNA-binding (panel A) and RNA-binding proteins (panel B) for the considered 1121 proteomes. Each marker represents a proteome
(species). The black diagonal line represents the positions where the average disorder content in the DNA-binding or RNA-binding proteins
equals to the average disorder content in the entire proteome. Markers above (below) the diagonal line correspond to species that have
enriched (depleted) disorder content in the binding proteins when compared to all proteins.

protein name. In total, we consider 36 molecular functions
in Archaea (17 for DNA-binding and 19 for RNA-binding
proteins), 85 molecular functions in Bacteria (34 for DNA-
binding and 51 for RNA-binding proteins), 194 molecular
functions in Eukaryota (117 for DNA-binding and 77 for RNA-
binding proteins), 23 enzyme types (10 for DNA-binding and
13 for RNA-binding proteins) and four functional classes in
Eukaryota. Some these functional annotations are common
for both DNA- and DNA-binding proteins and across the three
domains of life.

3 Results

3.1 Enrichment in intrinsic disorder in the DNA- and

RNA-binding proteins

We compare the DC computed per proteome (DCproteome) with
the content computed for the DNA- or RNA-binding proteins
(aveDCbind) in the same proteome. The results for the con-
sidered 1121 proteomes are grouped by their taxonomic an-
notations into Archaea, Bacteria, Eukaryota and four eukary-
otic kingdoms including animals, plants, fungi and Protista
(Fig. 1). Points located above the black diagonal line indi-
cate species for which abundance of intrinsic disorder in the
nucleic acid binding proteins is enriched compared to their

overall abundance of disorder. Our analysis suggests that
DNA-binding proteins are enriched in disorder in proteomes
from all eukaryotic kingdoms (Fig. 1A). The RNA-binding
proteins are enriched in proteomes from Bacteria, Archaea
and in most of the Eukaryota, in particular, in the majority
of animal and fungi proteomes (Fig. 1B). The amount of en-
richment is substantial and can be as high as 100%, which we
observe for some animal and plant proteomes for the DNA-
binding proteins and for some bacterial proteomes for the
RNA-binding proteins.

We aggregate these results for each domain and eukaryotic
kingdom of life, compute the change in the DC in the RNA-
and DNA-binding proteins relative to the content in their
proteomes, assess statistical significance of these changes
and compute correlation between the DC in proteomes and
in the corresponding nucleic acid binding proteins (Table 1).
The results reveal that the median increase of the DC in the
DNA-binding proteins equals 46% in Eukaryota, with animal
and plant proteomes having the largest median increases at
63 and 49%, respectively. The median DC in these proteins in
proteomes from Eukaryota is 0.3 with 0.32 in animals, 0.31
in fungi and 0.28 in plants. This means that about a third
of residues in these DNA-binding proteins are disordered.
The enrichment in the disorder in the DNA-binding proteins
in Eukaryota and all considered here eukaryotic kingdoms
is statistically significant (p-value < 0.01). Interestingly, the
correlations between DC in the DNA-binding proteins and
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Figure 2. Relative disorder content (panel A) and relative fraction of proteins with LDRs (panel B) for the DNA- and RNA-binding proteins
in Archaea, Bacteria, Eukaryota, Animals, Plants, Fungi and Protista. The box plots include 5th centile, 20th centile, 50th centile (median),
80th centile and 95th centile.

in the whole proteomes are very high, 0.6 or higher, in all
domains of life; this can be observed in Fig. 1A. This means
that proteomes that have lower or higher overall amount of
disorder will also have similarly decreased or increased DC
in the DNA-binding proteins. Results for the RNA-binding
proteins show that organisms from Archaea and Bacteria
are characterized by substantially larger amounts of disor-
der in these proteins compared to their overall amount of
disorder. The median enrichment values of disorder in the
RNA-binding proteins among these species are 46 and 56%,
respectively, and these increases are statistically significant
(p-value < 0.01). The enrichment in Eukaryota is relatively
small at 4% (p-value = 0.002), with the exception of animal
species that have the median enrichment at 13% (p-value =
0.005). Similarly to the results for the DNA-binding proteins,
the DC in the proteomes is highly correlated with the disorder
in the RNA-binding proteins; see also Fig. 1B. The overall dis-
tribution of the RDC values for the RNA- and DNA-binding
proteins in the considered domains and kingdoms of life is
shown in Fig. 2A. It confirms that DNA-binding proteins are
enriched in disorder in virtually all Eukaryotes while having
no bias in the Archaea and Bacteria (black bars). Also, the
RNA-binding proteins are universally and strongly enriched
in disorder in Bacteria and Archaea and slightly enriched in
the animals (gray bars).

We analyze further details of the enrichment in the in-
trinsic disorder in DNA- and RNA-binding proteins using
histograms of the RDC for the nucleic acid binding proteins
(Supporting Information Fig. S3). The x-axis shows RDC

where positive values denote enrichment and negative de-
pletion in DC in the nucleic acid binding proteins relative
to the content of their proteomes. The first and last inter-
vals on the x-axis denote DNA- and RNA-binding proteins
that are structured and highly disordered, respectively. The
abundance values for each interval, which are in the form
of error bars, give the distribution of the fraction of proteins
from specific proteomes in a given domain of life includ-
ing the 5th, 20th, 50th (median), 80th and 95th centiles. Our
analysis demonstrates that the differences in the DC range
from a strong depletion to a strong enrichment. We note a
bias towards enrichment in the DC for the RNA-binding pro-
teins and for the DNA-binding proteins in Eukaryota; this
is visible as a shift towards larger fractions of binding pro-
teins (higher values on the y-axis) for the RDC values above
0 in Supporting Information Fig. S3. Majority of these DNA-
and RNA-binding proteins have their relative enrichment in
the DC below 250% (the median fraction of the binding pro-
teins drops to low values for the x-axis values over 250%; see
Supporting Information Fig. S3), although some binding pro-
teins are enriched in disorder by as much as over 500%. This
is true for the RNA-binding proteins in Archaea and Bacteria
and stems from the overall lower amounts of disorder in these
two domains of life compared to Eukaryota. However, a rela-
tively substantial fraction of RNA-binding proteins (between
a few and about 15%) and DNA-binding proteins (several to
about 15% in Archaea and Bacteria and up to about 10%
in Eukaryota) are structured. Thus, although overall we ob-
serve enrichment in the disorder in the nucleic acid binding
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proteins, some of them are fully structured. Interestingly,
both RNA- and DNA-binding proteins from animals (gray
lines in Supporting Information Fig. S3E and F) are charac-
terized by histograms that indicate increase in the enrichment
(depletion) that is higher (lower) than the overall values for
Eukaryota over the entire range of the RDC values.

3.2 Enrichment in intrinsically disordered domains

in the DNA- and RNA-binding proteins

Overall, about 39% of proteins in Eukaryota, 10% in Ar-
chaea and 9% in Bacteria have LDRs; i.e., IDRs having 30
or more consecutive disordered residues, which constitute
disordered domains (Supporting Information Table S1). We
analyze differences in the abundance of proteins with LDRs
between the DNA- and RNA-binding binding proteins and
the overall proteomes. Table 1 shows that similarly to the
DC, the DNA-binding proteins are significantly enriched in
LDRs in Eukaryota (p-value < 0.01). The overall median en-
richment equals 72%, and the median enrichment for ani-
mals and plants is 79 and 88%, respectively. About 68% of
DNA-binding proteins in the eukaryotic species have LDRs
compared to only about 12% in Archaea and 8% in Bac-
teria (Supporting Information Table S1). Interestingly, the
RNA-binding proteins across all domains of life are signifi-
cantly enriched in LDRs, see Table 1 (p-value < 0.01). The
median enrichment values range between 18% in Protista
and 102% in Bacteria, and they are at 37% and 54% for ani-
mals and fungi, respectively. Our analysis reveals that about
50% of RNA-binding proteins in Eukaryota have disordered
domains, 15% in Bacteria and 11% in Archaea (Supporting
Information Table S1). In spite of having relatively small
magnitude, the latter two numbers are significantly higher
than those for the corresponding complete proteomes, see
Table 1 (p-value < 0.01). Figure 2B shows the distribution of
the fraction of proteins that have LDRs and further confirms
the notion that nearly all species in the three domains of life
are enriched in the disordered domains in the RNA-binding
proteins (gray bars), while this enrichment for the DNA-
binding proteins holds only for the Eukaryotes (black bars).
Taken together, we show that the amount of disordered do-
mains is significantly enriched in the RNA-binding proteins
across all three domains of life while the DC in these proteins
is also significantly enriched in Bacteria, Archaea and ani-
mals. Furthermore, DNA-binding proteins in Eukaryota are
significantly enriched in the disorder and in the disordered
domains.

3.3 Comparison of results based on reviewed and a

combined set of reviewed and automatically

annotated DNA- and RNA-binding proteins

Since our analysis is based on both manually and automat-
ically (based on sequence alignment) annotated nucleic acid

binding proteins, we compare these results with a small sub-
sets of manually reviewed annotations. The coverage rates
of reviewed proteins are very low in most proteomes (Sup-
porting Information Fig. S1) and thus to secure sufficient
amount of data we select the proteomes with the coverage
rates of at least 20%. Consequently, our analysis includes 31
such proteomes with five in Archaea, 18 in Bacteria and eight
in Eukaryota. We compare the distribution of the per pro-
teome values of DC and fraction of proteins with LDRs in
the DNA- and RNA-binding proteins in each domain of life
when considering the reviewed and all (reviewed and auto-
matically annotated) proteins (Supporting Information Fig.
S4); these data can be compared with Table 1 that is based
on the complete set of 1121 proteomes. The values are very
similar between the analysis using reviewed and all entries.
For instance, Supporting Information Fig. S4A shows that
the median DC in the DNA-binding proteins in species in
Archaea for both reviewed and all proteins is 5.6% (6% in Ta-
ble 1), in Bacteria for both is also equal 5.6% (7% in Table 1)
and in Eukaryota it equals 30.1 and 33.8% for all and reviewed
entries, respectively (30% in Table 1). The content in the RNA-
binding proteins in species in Archaea for the reviewed and
all proteins is 9.0 and 10.5%, respectively (9% in Table 1), in
Bacteria is 11.0 and 9.7%, respectively (12% in Table 1), and
in Eukaryota is 25.0 and 25.1%, respectively (21% in Table 1).
We observe similar results for the fractions of proteins with
LDRs. For instance, in Eukaryota 69.4 and 71.9% of the re-
viewed and all DNA-binding proteins, respectively, have LDRs
(70% in Table 1) and 58.0 and 58.6% of the reviewed and all
DNA-binding proteins, respectively, have LDRs (54% in Table
1). Overall, these numbers for the reviewed and all binding
proteins from the selected 31 proteomes and from the all
binding proteins in the full set of 1121 proteomes are similar
and preserve the relative (between the domains of life) simi-
larities and differences. This suggests that the inclusion of the
automatically assigned annotations does not affect the overall
conclusions.

3.4 Peculiarities of charge distribution

Figure 3 summarizes the MNC differences of proteins from
the whole genomes and RNA- and DNA-binding proteins in
Archaea, Bacteria and Eukaryota (black bars). As expected, the
nucleic acid binders are characterized by higher net charge.
This is because the protein-nucleic acid binding events in-
volve interactions between the positively charged amino acids
of the nucleiome members with the negatively charged phos-
phate backbone of DNA or RNA. This also agrees with the
fact that net charge was found predictive for the DNA- and
RNA-binding proteins and sites [59–61]. Furthermore, we in-
vestigate the values of the MNC in the LDRs localized in the
DNA- and RNA-binding proteins compared to the LDRs in
the whole genomes (gray bars in Fig. 3). Similar to the anal-
ysis for the whole proteins, there is a visible increase in the
net charge for the disordered regions in the RNA-binding
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Figure 3. Mean net charge
(MNC) of proteins (black bars)
and LDRs (gray bars) in the
complete proteomes and DNA-
and RNA-binding proteins in Ar-
chaea, Bacteria and Eukaryota.
The box plots include 5th cen-
tile, 20th centile, 50th centile (me-
dian), 80th centile and 95th cen-
tile.

proteins in Archaea and Bacteria and to a lesser extend
in Eukaryota. This means that the disordered domains
are not only enriched in the RNA-binding proteins in the
three domains of life (Fig. 2B) but they are possibly di-
rectly involved in the binding. However, in spite of the sub-
stantial enrichment of the LDRs in the DNA-binding pro-
teins in Eukaryota (Fig. 2B), these regions have similar net
charge when compared with the overall population of LDRs
(Fig. 3).

3.5 Analysis of functional annotations in the

nucleiome

We analyze the enrichment in the disordered content for a set
of nucleic acid binding proteins with well-annotated (manu-
ally reviewed) in the UniProt functional classes. We compute
the median RDC per protein in each functional annotation
(molecular functions from GO, EC numbers and the four spe-
cific functional classes) and each type of binding and select
the annotations that are substantially depleted or enriched
in disorder, i.e., the RDC > 50% or < –50%, respectively,
when compared to the content in the same domain of life.
In Eukaryota, we raise the threshold to 200% given the large
number of enriched and depleted in disorder annotations
in this domain of life. Consequently, out of 36 considered
molecular functions in Archaea, 19 are either enriched or de-
pleted in disorder with eight for the DNA-binding proteins
(Fig. 4A) and 11 for the RNA-binding proteins (Fig. 4B). Simi-
larly, in Bacteria we selected 30 out of 85 considered molecular
functions, 11 for the DNA-binding proteins (Fig. 4C) and 19
for of the RNA-binding proteins (Fig. 4D). Finally, using the
higher threshold, in Eukaryota we found 46 enriched or de-
pleted molecular functions, 34 in the DNA-binding proteins
(Fig. 4E) and 12 in the RNA-binding proteins (Fig. 4F), com-

pared to the 194 considered annotations. We also found
nine out of 23 considered types of enzymes in Eukary-
ota that are depleted or enriched in disorder, four in the
DNA-binding proteins and five in RNA-binding proteins
(Fig. 4G).

In Archaea (Fig. 4A and B) we found 3′-5′ exonucleases,
polymerases, ribosomal proteins and ribonucleases to be en-
riched in disorder, while the 5′-3′ exonucleases, endonucle-
ases, proteins associated with magnesium and ATP binding,
and some of the ligases are depleted in disorder. In Bacteria
(Fig. 4C and D), single stranded DNA-binding and double
stranded RNA-binding proteins, ribosomal proteins, phos-
phatases and some mRNA-binding proteins are enriched in
disorder. The list of molecular functions in Bacteria that are
depleted in disorder includes magnesium binding proteins,
5′-3′ exonucleases, some of the hydratases, polymerases,
ligases, nucleotidyltransferases, sulfotransferases, adenylyl-
transferases and methyltransferases. In Eukaryota (Fig. 4E
and F) majority of the molecular functions are enriched in
disorder and they include transcription factor and chromatic
binding proteins, beta-catenin, ubiquitin, p53 and heparin
binders, some of the kinases and methyltransferases and
snRNA binders. The annotations that are depleted in dis-
order in Eukaryota include some of the ligases and ribonu-
cleoside binding proteins. Analysis of the various types of
enzymes (Fig. 4G) is consistent with the analysis based on
the GO’s molecular functions. We found that some of the
methyltransferases and lyases are enriched in disorder, while
a class of enzymes that act on ester bonds and some of the
polymerases and ligases are depleted in disorder. Our analysis
of the four specific functional classes that include histones,
transcriptions factors, splicing factors and ribosomal proteins
reveals that they are all substantially enriched in disorder in
Eukaryota, with the median RDC of 317, 195, 355 and 47%,
respectively.
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Figure 4. Median relative disorder content per protein for the enriched or depleted in disorder functional annotations of the DNA-binding
and RNA-binding proteins. Panels A and B, C and D, E and F show results for the GO’s molecular functions for the DNA- and RNA-binding
proteins in Archaea, Bacteria and Eukaryota, respectively. Panel G shows results for the enzyme types for the DNA-binding and RNA-
binding proteins in Eukaryota. Black and gray bars corresponding to the DNA-binding and RNA-binding proteins, respectively. Solid and
hollow bars corresponding to functions where the disorder is enriched and depleted, respectively. The x-axis is in the logarithmic scale.
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4 Discussion

Summarizing, for the first time, we performed a compre-
hensive computational analysis of the abundance of in-
trinsic disorder and intrinsically disordered domains in
�548 000 nucleic acid binding proteins found in 1121 com-
plete proteomes of species from the three domains of life.
These whole complements of proteins involved in interac-
tions with nucleic acids (DNA and RNA) comprise nucle-
iomes of different species. On average, the nucleiome ac-
counts for �8.7% of the corresponding proteome. Although
the 1121 analyzed proteomes contain, on average, �16% of
proteins with lLDRs, the corresponding fractions are sig-
nificantly larger among the DNA- and RNA-binding pro-
teins: 23.6 and 24.7% of them, respectively, contain LDRs.
Overall, our study reveals that relative to other proteins
in the corresponding proteomes, the DNA-binding pro-
teins are characterized by the significantly increased DC
and are significantly enriched in disordered domains in
Eukaryotes (p-value < 0.01) but not in Archaea and Bac-
teria. The RNA-binding proteins are significantly enriched
in disordered domains in Bacteria, Archaea and Eukary-
ota (p-value < 0.01), while the overall abundance of disor-
der in these proteins is significantly increased in Bacteria,
Archaea and animals. We also show that proteins in nu-
cleiomes are noticeably more charged than other proteins
in corresponding proteomes and that the nucleiomal LDRs
typically retain this bias toward higher content of charged
residues. A very noticeable exception is the LDRs of the DNA-
binding proteins in Eukaryota. In fact, although these pro-
teins are characterized by the substantial enrichment in LDRs
(Fig. 2B), their putative LDRs are characterized by the net
charge similar that of other eukaryotic LDRs (Fig. 3). This
finding points out to the intriguing possibility that the disor-
dered domains of the eukaryotic DNA-binding proteins can
have moonlighting functions other than DNA-binding and
that these LDRs can also be used for regulation. This may
also be true in reverse, meaning that the disordered domains
that are not annotated as DNA-binding could have this as a
“secondary” function.

Importantly, our analyses on disorder-function association
show that among the highly disorder-enriched nucleic acid
binding proteins are histones (over 300% enrichment), tran-
scription factors (�200% enrichment), ribosomal proteins
(�50% enrichment) and splicing factors (over 300% enrich-
ment). These findings are in excellent agreement with the
results of previous studies. In fact, earlier bioinformatics
analyses revealed that many transcription factors are highly
enriched in intrinsic disorder [23–25], with amino acid se-
quences of 401 human transcription factors being �50% dis-
ordered [25]. Histone tails (N-terminal domains of core his-
tones and C-terminal domains of linker histones) were long
known to be important members of the IDP realm [62]. They
contain multiple sites of various posttranslational modifica-
tions that modulate the structure of chromatin [63, 64] and
constitute the basis of the histone code [64–68]. Interestingly,

a recent large-scale analysis of the members of histone fam-
ily, where 2007 non-redundant chains from 746 species were
studied, revealed that majority of the histone family members
were predicted to be mostly disordered, with intrinsic disorder
extending far beyond the limits of the aforementioned tails
[26]. Another recent bioinformatics analysis of the 3411 ribo-
somal proteins from 32 species revealed that >35% of these
proteins are completely disordered and almost all remaining
ribosomal proteins contain disordered domains [27]. Finally,
computational analyses showed that �50% of the 109 yeast
spliceosomal proteins were predicted to be mostly disordered,
44 and 48% were expected to be moderately (10% � DC <

30%) and highly disordered (disorder � 30%), respectively,
and that only �8% of the yeast spliceosomal proteins were
expected to be highly ordered proteins containing less than
10% of disordered residues [29].

Concluding, our study provides compelling evidence for
the high abundance of disorder in nucleiomes of species
from three domains of life. Therefore, this work provides
a strong support to the notion that the nucleic acid binding
proteins often require intrinsic disorder for their functions
and regulation.
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