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Paradoxes and wonders of intrinsic disorder: Prevalence of exceptionality
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This article opens a series of short com-
ments on paradoxes and wonders of the
protein intrinsic disorder phenomenon.
Here, the “prevalence of exceptionality”
paradox is introduced in a form of a brief
historical overview that shows a progres-
sion in understanding of the natural abun-
dance of intrinsically disordered proteins
from the early days, when these biologi-
cally active proteins without unique struc-
tures were taken as rare exceptions, to the
current days, when the prevalence of
intrinsically disordered proteins (IDPs) in
various proteomes and biological processes
is a well-recognized reality.

In one of the first systematic works
on IDPs published in 1997," Dunker
et al. searched PDB for proteins con-
taining at least one intrinsically disor-
dered region (IDR) longer than seven 7
residues. There, IDRs were defined as
regions of missing electron density in
structures
incoherent

the corresponding crystal
(since disorder leads to
X-ray scattering and subsequent absence
of electron density in the solved struc-
ture), and, depending on their length,
were partitioned into short, medium
and long data sets, denoted as SIDR
(7-21 amino acids), MIDR (22-44
amino acids), and LIDR (45 or more
amino acids), respectively.! The SIDR
dataset contained 38 disordered seg-
ments from 34 proteins with 411 disor-
dered amino acids and 11,050 total
amino acids; MIDR set contained 22
disordered segments from 20 proteins
with 464 disordered amino acids and
4,764 total amino acids; and LIDR set
contained 7 regions from 7 proteins
with 465 disordered amino acids and
2,069 total amino acids." In the subse-
quent study, the set of seven 7 LIDR
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proteins with the X-rayX-ray-character-
ized regions of disorder was extended to
include seven 7 proteins shown to be
disordered by NMR, with the total
number of disordered residues in that
set being 677 amino acids.” Uversky
et al. compiled a list of 91 IDPs charac-
terized by NMR, circular dichroism or
other biophysical techniques.” Proteins
in that study were completely disor-
dered, belonging to the sub-class of
natively unfolded proteins that do not
have any (or almost any) residual struc-
ture. Those IDPs ranged in length from
49 to 1,827 residues and the total num-
ber of disordered residues in that set
was 17,318 amino acids.® In 2001, it
has been reported that the list of experi-
mentally validated IDPs characterized
by NMR or X-ray, or circular dichro-
ism can be extended to 150 entries that
contained 17,417 disordered residues’
and a year later, this set was further
extended to total 157 proteins with
18,833 disordered residues® A subse-
quent search of X-rayX-ray crystal struc-
tures and the literature have further
expanded this list to more than 200
proteins that contain disordered regions
of 30 consecutive residues or longer as
characterized by X-ray crystallography,
proteolytic digestion or other physical
analyses such as NMR or circular

79 Recently, the exhaustive

dichroism.
literature analysis revealed that the cur-
rent list of experimentally validated
IDPs includes ~1,150 non-redundant
proteins (DeForte S., Uversky V.N.,,
manuscript in preparation)

Careful analysis and comparison of the
non-redundant sets of ordered and disor-
dered proteins (where IDPs/IDRs were

characterized by different experimental
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techniques, such X-rayX-ray crystallogra-
phy, NMR and CD) revealed that IDRs
share at least some common sequence fea-
tures over many proteins and that amino
acid sequences of IDPs/IDRs are different
from those of ordered protein and
domains.>'" Finding numerous proteins
with the experimentally characterized
regions of disorder and recognizing that
amino acid sequences of IDPs/IDRs and
ordered protein and domains are signifi-
cantly different opened a possibility for
the development of rather accurate predic-
One of the
extremely useful features of the computa-
tion tools is their applicability for the large
scale analyses of various datasetdata sets

tors of intrinsic disorder.

and proteomes. In attempt to have an edu-
cated guess on the natural abundance of
intrinsic disorder, Romero et al. devel-
oped neural network predictors of protein
disorder using primary sequence informa-
tion and applied these tools to the Swiss
Protein Database'’ With more than
15,000 proteins being predicted to con-
tain disordered regions of at least 40 con-
secutive amino acids, and with more than
1,000 proteins having especially high dis-
order scores'' that analysis resulted in

conclusion — disordered proteins are not
as rare as it was originally expected, sug-
gesting that the presence of intrinsic disor-
der in a protein is not an exception, but a
rule!

Several subsequent studies, where vari-
ous computational tools were applied to
the different large datasets, databases, and
genomes, provided very strong support to
these first observations. In one of the first
study of that kind, the commonness of
IDPs/IDPRs was estimated by predicting
disorder for whole genomes containing
both known and putative protein sequen-
ces.'” The analyzed in that study proteins
belonged to 3131 g genomes from 3 king-
doms of life, and the percentage of
sequences in each genome with segments
predicted to have >40 consecutive disor-
dered residues by one of the early
PONDR® predictors was used to gain an
overview of proteomic disorder.’? This
analysis revealed that the eukaryotes
than
the prokaryotes or the archaea, with

exhibited more disorder either
C. elegans, A. thaliana, S. cerevisiae, and
D. melanogaster being predicted to have
52-67% their proteins with long IDRs,
and with bacteria and archaea being pre-

dicted to have 16-45% and 26-51% pro-
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Figure 1. Correlation between the intrinsic disorder content and proteome size for 3,484 species
from viruses, archaea, bacteria, and eukaryotes. Each symbol indicates a species. There are totally
six 6g groups of species: viruses expressing one polyprotein precursor (open blue circles), other
viruses (blue crosses), bacteria (green circles), archaea (red open circles), unicellular eukaryotes
(brown open squares), and multicellar eukaryotes (yellow triangles). Each viral polyprotein was
analyzed as a single polypeptide chain, without parsing it into the individual proteins before pre-
dictions. The proteome size is the number of proteins in the proteome of that species shown in
the log base. The average fraction of disordered residues is calculated by averaging the fraction
of disordered residues of each sequence over the all sequences of that species. Disorder predic-
tion is evaluated by PONDR® VSL2B. Based this plot is based on data published in ref.'®
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teins with such long IDRs, respec-
tively.4’12 Later, using a conservative dis-
order classifier, DISOPRED2, Ward et al.
revealed that putative, long (>3030 resi-
due) IDR can be found in 2.0% of
archaean, 4.2% of eubacterial and 33.0%
of eukaryotic proteins.'”? The difference in
numbers of IDR-containing proteins gen-
erated by these two 2 studies was
explained by the difference in the false
positive rates, which were at the level of
16% for disordered segments longer than
40 residues in the PONDR®-based study
and with false positive rates estimated to
be lower than 0.5% on long disordered
in the DISOPRED2-based

Alternative analysis of several

segments
study."?

whole proteomes utilizing binary disorder
predictors; i.e., predictors that indicate if a
query protein is expected to be ordered or
disordered as a whole and are based on the
net charge-hydropathy distribution and
disorder prediction score distribution, and
by a corresponding consensus-based
method revealed that approximately 4.5%
of Yersinia pestis, 5% of Escherichia coli
K12, 6% of Archacoglobus filgidus, 8% of
Methanobacterium  thermoautotrophicum,
23% of Arabidopsis thaliana, and 28% of
Mus musculus proteins were expected to be
mostly disordered.”

There were several subsequent studies
dedicated to the large-scale analyses of the
abundance of intrinsic disorder. For exam-
ple, the abundance of IDPs and IDRs in
53 archaca species'® or in 332 prokaryotic
proteomes15 was evaluated. Later, the
completed proteomes of 3,484 species
from three 3 domains of life (archaea, bac-
teria and eukaryotes) and from viruses
were evaluated by PONDR® VSL2 for
the presence of IDPs and IDRs.'® Results
of this analysis are shown in Figure 1 that
represents the correlation between the
intrinsic disorder content and proteome
size for 3,484 species from viruses,
archaea, bacteria and eukaryotes and
clearly indicates that (a) viruses are charac-
terized by the widest spread of the prote-
ome disorder content (the percentage of
disordered residues ranges from 7.3% in
human coronavirus NL63 to 77.3% in
Avian carcinoma virus); (b) eukaryotic
proteomes are typically more disordered
than proteomes of archaea and bacteria;
and (c) there is a well-defined gap between
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the prokaryotes and eukaryotes in the plot
of fraction of disordered residues on pro-
teome size.'® The presence of this gap,
where almost all eukaryotes have 32% or
more disordered residues, whereas the
large majority of the prokaryotic species
have 27% or fewer disordered residues,
suggested in transition from the morpho-
logically less-complex prokaryotes to the
morphologically more-complex eukar-
yotes the gain in the complexity of cellular
morphology was compensated by a leap in
intrinsic disorder content'® Very recently,
a broad and detailed computational analy-
sis of 6,438,736 proteins from 965 com-
plete proteomes (59 archaea, 471
bacterial, 110 eukaryotic, and 325 viral
proteomes) was performed using arguably
more accurate consensus-based disorder
predictions.l7 In this work too, high natu-
ral abundance of disorder was observed,
with higher prevalence of IDPs/IDPRs
being found in eukaryotic proteomes.'”
Walsh et al. analyzed 25,833 UniProt
proteins with disorder annotations from
the X-ray crystallographic data using a
total of 11 fast disorder predictors with
different disorder flavors, and showed that
these crystallizable proteins are expected
to contain 350,858 disordered residues
combined in 23,566 short and 3,439 long
(>2020 residues) IDRs.'®

To conclude this journey from the
“rare exceptions” to the “exceptionally
the
“prevalence of exceptionality,” a D’P?
database’® and MobiDB platform®®?!
have to be mentioned. D°P? is a Data-
base of Disordered Protein Prediction
that is available at htep://d2p2.pro and
represents predicted disorder informa-
tion for 10,429,761 proteins from
1,765 complete proteomes.'” Disorder
propensities of all these proteins are
pre-computed by several disorder pre-
dictors and their variants (PONDR®
VLXT, PONDR® VSL2b, PrDOS,
PV2, Espritz, and IUPred). The output
is further enhanced by presenting posi-

abundant exceptions” and

tions of posttranslational modifications,

disorder-based  binding  sites, and
locations of conserved functional
domains."”  MobiDB  (http://mobidb.
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bio.unipd.it/) is a database of intrinsi-
cally disordered and mobile proteins
that provides the most complete picture
on different flavors of disorder in pro-
tein structures covering all UniProt
sequences (currently
80 million).?®*' This platform repre-
sents outputs of 10 disorder predictors
(three 3 ESpritz flavors, two 2 IUPred
flavors, two 2 DisEMBL flavors, Glob-
Plot, PONDR® VSL2b and JRONN)
and also generates a consensus annota-
tion and classification for long disor-

over

dered regions.*®*' In addition to
showing disorder predispositions of
UniProt proteins, MobiDB includes

annotations of their posttranslational
modifications, linear motifs, and Pfam
domains. Furthermore, it shows experi-
mental  protein-protein  interactions
from STRING (http://string-db.org/),
with binding partners being also anno-
tated with their disorder contents.?%?!
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