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ABSTRACT

Intrinsically disordered proteins and protein regions
(IDPs/IDRs) exist without a single well-defined con-
formation. They carry out important biological func-
tions with multifaceted roles which is also reflected
in their evolutionary behavior. Computational meth-
ods play important roles in the characterization of
IDRs. One of the commonly used disorder prediction
methods is IUPred, which relies on an energy esti-
mation approach. The IUPred web server takes an
amino acid sequence or a Uniprot ID/accession as
an input and predicts the tendency for each amino
acid to be in a disordered region with an option to
also predict context-dependent disordered regions.
In this new iteration of IUPred, we added multiple
novel features to enhance the prediction capabilities
of the server. First, learning from the latest evalua-
tion of disorder prediction methods we introduced
multiple new smoothing functions to the prediction
that decreases noise and increases the performance
of the predictions. We constructed a dataset con-
sisting of experimentally verified ordered/disordered
regions with unambiguous annotations which were
added to the prediction. We also introduced a novel
tool that enables the exploration of the evolution-
ary conservation of protein disorder coupled to se-
quence conservation in model organisms. The web
server is freely available to users and accessible at
https://iupred3.elte.hu.

GRAPHICAL ABSTRACT

INTRODUCTION

A significant part of the genome of various organisms en-
code protein segments that do not form a well-defined struc-
ture in isolation even under physiological condition (1–
3). These regions are called intrinsically disordered regions
(IDRs) and their presence defines intrinsically disordered
proteins (IDPs). IDRs are best characterized as fluctuating
conformational ensembles whose behaviour is often context
dependent (4,5). Despite the lack of well-defined structure,
disordered regions play important functional roles in many
cellular processes and are associated with various diseases
(4,6). IDRs are multifaceted in terms of their function and
can serve as entropic chains (serving e.g. as a spring) or flex-
ible linkers between domains, mediate interactions through
short linear motifs (SLiMs) or through sequentially longer
and evolutionary conserved functional units called intrin-
sically disordered domains (IDDs) (4). A growing number
of examples highlights the important role of IDPs driv-
ing or regulating the formation of membraneless organelles
through liquid-liquid phase separation as well (7). Recog-
nizing the importance of IDRs motivated efforts to develop
various computational resources to facilitate the identifica-
tion of biological relevant disordered regions and their func-
tional characterization.
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The central resource of experimentally verified disor-
dered segments is the DisProt database (8). Through a com-
munity effort, entries are identified on the basis of vari-
ous types of experimental data, collected from the litera-
ture by manual annotation. The IDEAL database has a
similar focus (9), while DIBS and MFIB collect specific
subsets of IDRs that undergo a disoder-to-order transition
upon binding to globular protein or other disordered pro-
tein partners, respectively (10,11). Ordered structures are
usually collected from the Protein Data Bank (PDB) (12).
However, the PDB also contains regions that only adopt a
well-defined structure in complex but would be disordered
in isolation. The presence of missing residues in X-ray struc-
tures or high variations between conformers which satisfy
the NMR constraints are usually taken as an indication of
disorder. Despite existing experimental information, there
can be ambiguity in the structural status of protein regions
when order and disorder annotations overlap.

In recent years, the number of regions annotated as dis-
ordered has been growing steadily, with >1700 entries cur-
rently collected in the DisProt database (8). However, the
overwhelming majority of IDRs is still uncovered. The
large-scale analysis of ordered and disordered regions in
proteins is available only through prediction tools which
can recognize these segments from the amino acid sequence.
More than 50 prediction methods have been developed over
the last 20 years relying on different principles, including
simple amino acid scales and biophysical models or various
machine learning techniques, including deep learning tech-
niques (13). The performance of these tools had been eval-
uated in the CASP experiments (14). However, these evalu-
ations only included a small number of disordered regions
with usually short length and provided limited insights into
the usability of disorder prediction methods. Recently, a
Critical Assessment of protein Intrinsic Disorder (CAID)
prediction experiment was launched as a community-based
blind test to determine the state of the art in predicting in-
trinsically disordered regions (15). Based on the first round,
top performing methods were using machine learning ap-
proaches incorporating multiple sequence derived inputs,
but the performance also varied depending on the evalu-
ation criteria.

An intriguing aspect of prediction of protein disorder is
what is the best way to incorporate evolutionary informa-
tion. Several prediction algorithms include information de-
rived from sequence profiles or raw multiple sequence align-
ment at the expense of significantly slower running time
(15). Although these types of inputs can increase predic-
tion accuracy, the gain is generally smaller relative to other
problems like secondary structure prediction. In general,
disordered regions are evolutionary less conserved com-
pared to ordered regions, due to the lack of structural con-
straints in the case of IDRs (16–18). However, sequence
based analyzes of functional IDRs showed that these mod-
ules can be as conserved in evolutionary terms as globu-
lar domains (17,19,20). The strict conservation is often lim-
ited to a few key amino acids, which could be surrounded
by less conserved positions (18). However, the appearance
of this island-like conservation pattern corresponding to
these functional motifs is often compromised due to dif-
ficulties finding the optimal sequence alignment. In some

cases, larger disordered segments can also show strong evo-
lutionary conservation, and can also be used to define se-
quence families (21). On the other hand, disordered char-
acteristics can also be preserved over evolution without any
sequential constraints. This type of conservation can occur
in case of entropic chains, such as the projection domain
of microtubule-associated protein 2 (MAP2), which serves
as a spacer in the cytoskeleton by repealing molecules that
approach microtubules (4). It was suggested that based on
the relationship between the conservation of disorder and
the conservation of sequence, three basic scenarios can oc-
cur. While the strict categorization largely depends on cut-
off values (22), the simultaneous inspection of the disorder
profile linked to sequence alignment can provide important
insights for the evolutionary analysis of IDPs.

In this paper, we present the updated version of the
IUPred (IUPred3) disorder prediction method. IUPred is
based on a unique energy estimation approach that pro-
vides fast and robust prediction of disordered tendency. In
addition, the same approach can also be used to highlight
context dependent disordered regions,which can undergo a
disorder-to-order transition as a result of binding (i.e. AN-
CHOR) or changes in redox conditions (23). IUPred is also
incorporated into databases such as ELM (24) and Mobidb
(25) or meta-tools (26,27). IUPred is also used to predict
disordered binding regions (28–30), or to aid the identifica-
tion of linear motif sites, both for de-novo discovery and to
filter out false positive instances (31,32). A recent applica-
tion of this method explored cancer associated mutations
within IDRs (33). In the new implementation of IUPred
we focus on features that can help the identification of bi-
ologically relevant disordered regions. We directly incorpo-
rated experimentally verified unambiguous ordered and dis-
ordered segments in the prediction profiles. We also devel-
oped a novel visualization tool which can highlight evolu-
tionary conserved features of disordered regions by link-
ing conservation protein disorder to sequence alignments
of model organisms.

MATERIALS AND METHODS

IUPRED3: the algorithm

IUPred is based on an energy estimation method (34). For
this, a pairwise statistical potential is generated from a li-
brary of known structures. Using this empirical force field,
an energy-like quantity can be assigned to each residue
based on the contacts it makes with other residues in the
structure. These energies are estimated from the amino acid
sequence using a 20 × 20 energy estimation matrix. The pa-
rameters in this matrix are calculated by least square fitting
to minimize the difference between the energies calculated
from known structures and the energies calculated from the
sequence. The energy estimation depends only on the amino
acid type of each residue and the composition of its sequen-
tial neighborhood. The basic assumption of this approach
is that residues with favorable energies are ordered while
residues with unfavorable energies are disordered (34). The
energies of neighboring residues are smoothed with a mov-
ing average using a window size of 10. Then, as a final step
the energies are converted into a score between 0 and 1.



Nucleic Acids Research, 2021, Vol. 49, Web Server issue W299

Table 1. Influence of an additional layer of smoothing for the performance
of IUPred on the CAID dataset using the previous method (no second
layer smoothing), using the Savitzky-Golay filter with parameters (19, 5)
and using moving average smoothing with window size 11 compared to
other stat-of-the-art disorder prediction tools

AUC F1 score

No smoothing (IUPred2A) - 0.736 0.417
Medium Sav Gol (19,5) 0.738 0.421
Strong MA (11) 0.744 0.428
IUPred3 + experimental data MA(11) 0.798 0.472
DisoMine 0.765 0.43
Predisorder 0.747 0.44

In our experience, the resulting IUPred profile can be
still quite noisy. Therefore, here we introduce additional op-
tions to apply another layer of smoothing for the web server
as well as for the downloadable IUPred3 package. As a
first option, we apply a medium level smoothing using the
Savitzky-Golay filter with parameters 19 and 5. This type of
smoothing follows the ups and downs of the original pre-
diction profile, but still eliminates significant parts of local
noise. The second option uses a moving average with win-
dow size 11. Both options, but especially the strong smooth-
ing options, improved the overall performance of the pre-
diction when tested on the CAID DisProt dataset (Table
1). Nevertheless, the medium level smoothing can also be
useful, because it can indicate local tendencies better, which
could correspond to disordered binding sites within disor-
dered regions, or flexible loops within ordered domains.

Experimentally verified information

To collect experimentally verified disordered regions, we
downloaded consensus disordered regions from the DisProt
database (version 8.1). We also collected 54972 monomeric
structures from the PDB using the Protein Interfaces, Sur-
faces, and Assemblies (PISA) service of the European
Bioinformatics Institute (EBI). These structures were fil-
tered for missing residues and served as a basis of our or-
dered dataset. However, the two types of annotations can
overlap. To resolve these issues, we used a strict definition
of order and disorder. Basically we eliminated DisProt an-
notations which overlapped with a monomeric structure or
with a Pfam family which mapped to a monomeric struc-
ture. Altogether we identified 3160 ordered domains and
462 disordered regions. In addition, filtering based on ex-
perimentally characterized domains significantly boosts the
performance of the method (Table 1).

Disorder conservation tool

In IUPred3, we introduce a novel viewer of evolutionary
conservation that enables the user to inspect disorder con-
servation along with sequence conservation. It is based on
a precalculated dataset of orthologous sequences and mul-
tiple sequence alignments. First, orthologs were obtained
by applying all-against-all GOPHER algorithm based pre-
diction using protein sequences of the latest QFO (re-
lease 2020 04) reference dataset as the searching database
(35,36). The orthology calculations were carried out for

48 eukaryota species with a total number of 876 605 pro-
teins. Multiple sequence alignments of orthologs were con-
structed for each protein using the MAFFT algorithm (de-
fault parameters) (37). The orthologs were classified into
the most specific term using 6 main evolutionary levels
(Mammalia, Vertebrata, Eumetazoa, Opisthokonta, Eu-
karya and Plant). Users can also upload their own align-
ments which extends the application of this tool beyond eu-
karyotic species.

SERVER DESCRIPTIONS

Version control

To enable the smooth transition between different ver-
sions of the prediction methods related to IUPred, we re-
structured the website. The URL of the current version
points to https:/iupred3.elte.hu and also to https://iupred.
elte.hu, which from now on will always be the latest ver-
sion of IUPred. The previous iterations were moved to
other domains, the original (34) version was renamed to
IUPred1 and relocated to https://iupred1.elte.hu, the previ-
ous version (23) is available at https://iupred2a.elte.hu, as
before. Many features of the web server were transferred
from this earlier implementation, including download op-
tions.

Submission page

The main page features entry boxes which accept a FASTA
formatted or plain protein sequence, or any valid UniProt
accession or an ID. The sequences of corresponding
UniProt entries are accessed through an SQL database con-
taining information about the specified input, or extract
the information directly from UniProt, in case of an SQL
database failure. In addition, a multi-FASTA formatted file
with a maximum size of 200MB can also be uploaded. The
web-server also incorporates RESTful services using cus-
tom links for searches.

IUPred3 offers multiple types of prediction options from
which the user can choose. These include the default long
disorder option, the short disorder option, which is tailored
to recognize missing residues from X-ray structures, and the
structural domains option. Additional options enable the
prediction of context-dependent disordered regions such as
disordered binding regions (ANCHOR method) or redox
regulated disordered regions. In the current version we im-
plemented novel features for the most commonly used long
disorder prediction option, and introduced a new tool to ex-
plore disorder conservation. Alongside with the novel meth-
ods we also introduced an option for the users to be able to
choose from different smoothing functions.

To further generalise the usability of the novel feature of
IUPred3 to visualize disorder conservation a new submis-
sion option has been added, where users can upload FASTA
formatted multiple sequence alignments containing up to
50 sequences. If such an alignment is supplied, IUPred3 will
automatically use the first six sequences to calculate the dis-
order conservation and presents the results similarly to a
standard ‘Disorder conservation’ analysis.

https:/iupred3.elte.hu
https://iupred.elte.hu
https://iupred1.elte.hu
https://iupred2a.elte.hu
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Disorder prediction output

Once the proper inputs are selected and submitted, the
server calculates the results on the latest Django based
back-end. Each prediction is calculated on-the-fly server
side, utilizing the latest MPI technology for maximum ef-
ficiency. Multi-FASTA uploads are treated separately and
are queued until the server has enough free capacity.

The output of the requested prediction is presented in a
graphical output visualized using a combination of Bokeh
(1.4.0) and PlotlyJS (1.58.4) integrated into the Django
frontend template framework. Integration with the UniProt
resource enables the display of various additional informa-
tion about the requested protein (when available). In case
of a sequence input, IUPred tries to match the given se-
quence to a UniProt entry based on hashes generated from
the sequence. If a unique matching entry is found, IUPred
will map the input to the found entry in UniProt. Addi-
tional annotations include information on experimentally
verified disordered regions from three different databases:
generic disorder from DisProt (8) and disordered bind-
ing regions from DIBS (10) and MFIB (11), together
with known motifs from the ELM database (24). Low-
throughput post-translational modifications (including Ser,
Thr and His phosphorylations, methylation, ubiquitylation
and acetylation sites) from PhosphoSitePlus (38) are also
indicated. In addition, PFAM annotations (39) with the
different types of sequence families (domain, families, re-
peats, motifs, disordered) highlighted with different col-
ors. Regions that have structural information based on
known structures in the PDB (40) are also mapped to the
selected entry. By selecting the ‘Show structures’ option,
the mapped PDB regions are shown individually for each
structure.

Besides the graphical output, both text based and JSON
formatted outputs are downloadable for each prediction.

All functions of IUPred support all modern HTML5 and
WebP compatible browsers.

Disorder conservation output

Here we introduce a novel feature of IUPred3 that outputs
both disorder and sequence conservation information of a
given query protein relying on orthologous sequences of
model organisms. The disorder conservation visualization is
available directly from the submission page, but can also be
accessed from the disorder output. The ‘IUPred3 disorder
conservation’ tool uses the latest PlotlyJS library alongside
with msaJS (1.0.0) (41).

Disordered profiles and multiple sequence alignments of
orthologs are visualized in two separate viewers which are
linked to each other. Disorder predictions are shown for
six species. The disorder profiles are linked with a custom
built hover function that maps the corresponding positions
in each sequence. If there is no corresponding ortholog se-
quence in the given species, this bar is left empty. Alongside
with the mapping of disorder profiles, the disorder conser-
vation tool displays the multiple sequence alignment of 48
orthologs of the query protein (if found) using the msaJS li-
brary (41). Orthologs of model organisms are classified into
six main evolutionary levels from unicellular eukaryotes to

mammalian in a nested way instead of listing sequences
without any order. Each level is indicated with different col-
ors to orient the users. The alignment is also mapped to the
hover function of the prediction plots marking the central
residue selected by the user. To ease the analysis of the mul-
tiple sequence alignment, pressing the Ctrl button locks the
alignment in its current position, and the prediction plots
can be reset to their default state. Disordered regions in the
prediction plots are highlighted, however the cut-off value
(default is 0.5) can be adjusted at the top of the page. Users
might also search for interesting regions in the sequences of
the model organisms using the respective input field above
the plot. The field accepts regions in the format of start-end
as well as standard regular expressions, for example ‘15–45’
or ‘[RK].TQT’, respectively.

Supporting features

IUPred3 also features the description of the method on the
website, as well as various examples that highlight its func-
tionality. Furthermore, IUPred3 is also available as a stan-
dalone downloadable package alongside ANCHOR2 and
the experimental redox sensitive conditional disorder pre-
diction. Besides the standard executable we supply the pack-
age with an importable python library to further ease the
use of the software (42).

USE CASES

Example 1. Combining prediction with experimentally veri-
fied information

Many different annotations can exist with different reliabil-
ities even for a single protein. These include experimental
disorder, structural information or mapped sequence fami-
lies. The complexity of these different levels of annotations
can be demonstrated in the case of yeast Rap1.

Rap1 (repressor-activator protein 1) in yeast is a mul-
tifunctional protein that controls telomere silencing and
the activation of glycolytic and ribosomal genes (43).
Yeast Rap1 contains multiple regions matching DisProt en-
tries and PDB structures (Figure 1). In this case, we ac-
cept disorder annotations, because there is no overlapping
monomeric annotation neither in this protein, nor in other
DisProt entries with the same domains. The BRCT domain
which is located near the N-terminal is considered as a
true ordered region. The solution structure of this domain
was determined previously which reveals there is no dis-
ordered part of the core domain (44). Indeed, we identi-
fied nine fully resolved monomeric PDB structures in to-
tal corresponding to the BRCT Pfam family. Furthermore,
the corresponding HMM profile did not match any of the
experimentally verified disordered regions. However, there
was no monomer based evidence identified for the other
three structured regions and currently these are not con-
sidered as true ordered regions despite structural and do-
main annotations. Supporting this, the central region forms
a complex with DNA, and probably has no or limited stabil-
ity without it. Furthermore, the second DNA-binding do-
main overlaps with an experimentally verified disordered
region.
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Figure 1. The output of IUPred3 for the repressor-activator protein 1 of Saccharomyces cerevisiae. The strong smoothing option was used to generate this
plot. At the upper part of the figure the disordered and ordered unambiguous experimentally verified protein regions are marked by red lines at the top and
bottom of the plot, respectively. According to the manual curation of experimental data, the part of protein that has unambiguous verified order/disorder
profile is coloured grey. The bottom part shows the various annotations for Rap1. Disordered regions from DisProt are shown in deep red boxes. Light red
and blue boxes correspond to Pfam families and domains, respectively. Green boxes mark mapped consensus regions of PDB structures.

To highlight more reliable annotations, regions consid-
ered as true ordered or true disordered are indicated by a
line at 0 and 1, and the prediction line faded to grey in the
corresponding region. Additional annotations which were
not accepted as true order or disorder due to some incon-
sistencies, are only highlighted below the plot. For these re-
gions, the prediction is shown by a red line. Altogether, the
visualization of the unambiguous experimental dataset of
disordered and ordered protein regions helps the users to
have a more clear view of the structural state information
on the query.

Example 2. Combined view of sequence and disorder conser-
vation in model organisms

Previous analyses highlighted that the relationship between
disorder and evolutionary conservation can be quite com-
plex and include cases when both disorder and sequence
is conserved, when only the disorder profile is conserved
or when the sequence conservation is limited to few posi-
tions that can be indicative of putative linear motif sites.
The two-level based visualization approach introduced here
can be used to identify the different scenarios. Tools, such
as Jalview (45) or ProViz (46) can visualize sequence align-
ment and also show disorder information for a single pro-
tein, but they cannot provide information on the evo-
lutionary conservation of IDPs. Altogether, this new vi-
sualization tool of IUPred3 offers a simple way to in-
spect the disorder conservation based evolutionary history
of IDPs.

One potential application of this tool is to locate puta-
tive linear motif sites within conserved disordered regions.
An example for an evolutionary conserved disordered re-
gion is the human Eukaryotic translation initiation factor
2A (eIF2A) (Figure 2). The eIF2A protein is thought to
participate in translation initiation during the translation of
the first few amino acids (47). Orthologs of human eIF2A
protein can be predicted not only in vertebrates but also
in eumetazoa and unicellular eukaryotic organisms. This
is supported by previous results in which yeast homolog

of eIF2A was identified based on homology searches (47).
These proteins contain a conserved disordered region in
their C-terminal. While the overall sequence conservation
is low, it contains likely linear motif sites. For example, the
YxPPx�R motif in eIF2A is preserved over the evolution
which is clearly observable in the multiple sequence align-
ment of orthologs (Figure 2). This corresponds to a con-
sensus translation initiation factor (eIF4E) binding motif
(YxPPx�R) that was originally identified based on the in-
teraction of eIF4E and DDX3X RNA helicase (48). How-
ever, in a previous study it was shown that the interac-
tion between eIF2A and eIF4E is not dependent on the
YxPPx�R motif. This suggests that eIF2A might have a
second binding region and the motif is involved in regula-
tion of eIF4E activity (32). Although the YxPPx�R motif
in eIF2A is not well characterized, its evolutionary conser-
vation indicates an ancient functional relevance.

CONCLUSION

Disordered prediction tools can be used for multiple prob-
lems, including identifying regions suitable for structure
determination, and are important starting points in the
quest to characterize the function of non-globular regions.
IUPred is one of the commonly used disordered prediction
methods that is also often used in different contexts, to char-
acterize individual proteins as well as for large-scale analysis
(49). Here, we describe novel features introduced into the
IUPred web server. We provide a way to filter out known
ordered regions and to leverage experimentally verified dis-
ordered segments. We offer smoothing options which can
help to eliminate noise in the prediction profile. These op-
tions can make it easier for the user to identify biologically
relevant disordered regions. We also introduce a novel vi-
sualization tool which can be used to understand how the
conservation of disorder is linked to the conservation of se-
quence. As the patterns of evolutionary conservation of dis-
ordered regions covers a wide range of behaviours, we ex-
pect this tool to be useful to understand the complex rela-
tionship between protein disorder and evolutionary history.
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Figure 2. The output of disorder conservation for the human eIF2A protein. At the top of the figure, IUPred3 profiles of the human eIF2A and its
orthologs from five generally known model organisms are depicted, and predicted disordered regions are highlighted by red. The bottom of the figure
represents the multiple sequence alignment of orthologs identified from an extended set of eukaryotic model organisms. The human eIF2A as the query
protein is highlighted by red in both parts of the figure. Model organisms are classified by taxonomic levels which are indicated with different colours.
Using the regular expression based motif search box, the YxPPx�R motif of eIF2A is highlighted by blue rectangles in each profile.
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(2021) MobiDB: intrinsically disordered proteins in 2021. Nucleic
Acids Res., 49, D361–D367.

26. Necci,M., Piovesan,D., Clementel,D., Dosztányi,Z. and
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