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Abstract
The c-Jun N-terminal kinase (JNK) signaling cascade is a mitogen-activated protein kinase (MAPK)
signaling pathway that can be activated in response to a wide range of environmental stimuli. Based on
the type, degree, and duration of the stimulus, the JNK signaling cascade dictates the fate of the cell by
in�uencing gene expression through its substrate transcription factors. Oxidative stress is a result of a
disturbance in the pro-oxidant/anti-oxidant homeostasis of the cell and is associated with a large number
of diseases, such as neurodegenerative disorders, cancer, diabetes, cardiovascular diseases, and
disorders of the immune system, where it activates the JNK signaling pathway. Among different
biological roles ascribed to the intrinsically disordered proteins (IDPs) and hybrid proteins containing
ordered domains and intrinsically disordered protein regions (IDPRs) are signaling hub functions, as
intrinsic disorder allows proteins to undertake multiple interactions, each with a different consequence. In
order to ensure precise signaling, cellular abundance of IDPs is highly regulated, and mutations or
changes in abundance of IDPs/IDPRs are often associated with disease. In this study, we have used a
combination of six disorder predictors to evaluate the presence of intrinsic disorder in proteins associated
with the oxidative stress-induced JNK signaling cascade, and as per our �ndings, none of the 18 proteins
involved in this pathway are ordered. Highest level of intrinsic disorder was observed in the scaffold
proteins, JIP1, JIP2, JIP3; dual speci�city phosphatases, MKP5, MKP7; a phospho-serine binding protein
14-3-3ζ, and transcription factor c-Jun. The MAP3Ks, MAP2Ks, MAPKs, TRAFs, and thioredoxin were the
proteins that were predicted to be moderately disordered. Furthermore, to characterize the predicted
IDPs/IDPRs in the proteins of the JNK signaling cascade, we identi�ed the molecular recognition features
(MoRFs), posttranslational modi�cation (PTM), sites and short linear motifs (SLiMs) associated with the
disordered regions. These �ndings will serve as a foundation for experimental characterization of
disordered regions in these proteins, which represents a crucial step for better understanding of the roles
of IDPRs in diseases associated with this important pathway.   

1. Introduction
In order to ensure survival, cells have to adapt to a wide range of environmental stimuli. These stimuli
could be of a physical nature, such as heat, UV radiation, osmotic stress, pH variation, oxidative stress,
mechanical stress, or of a chemical nature, such as stimuli generated by cytokines, hormones, growth
factors, amount of nutrients, and other environmental stresses [1]. Cells have implemented a wide range
of complex signaling pathways that co-operate to mitigate the adverse effects that could result from
these stimuli. Among these pathways, the Mitogen activated protein kinase (MAPK) signaling pathways
relay, amplify, and integrate extracellular signals, and thereby control the cell’s physiological response to
these conditions [2].

The c-Jun N-terminal kinases (JNKs) belong to the sub-family of Mitogen activated protein kinases
(MAPKs). This kinase sub-family also includes p38 MAPKs and Extracellular signal-regulated kinases
(ERKs) [3]. The JNK group of MAPKs are multi-functional proteins that have been implicated in regulation
of important physiological processes, including embryonic development, neuronal development and
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regeneration, immune responses, cytoskeletal protein dynamics, cell proliferation and apoptosis. The
JNKs are also known as Stress activated protein kinases (SAPKs), because the JNK signaling pathway is
activated mainly in response to biotic and abiotic stresses and mediates cell responses to such
conditions [4,5]. JNKs were originally identi�ed for their ability to phosphorylate the transcription factor c-
Jun in response to stress conditions and enable it to transactivate the expression of stress related genes
[1,3,6].

Similar to other MAPK pathways, JNK signaling is also “three-tiered”. The top tier consists of Mitogen
activated protein kinase kinase kinases (MAP3Ks) [4]. These MAP3Ks can promote apoptosis via JNK
signaling in a cell type- and stimuli-speci�c manner. At least 20 different MAP3Ks have been identi�ed,
out of which 14 are known to be involved in JNK signaling [7]. MAP3K1 (which is also known as
MAPK/ERK kinase kinase 1,MEKK1) was one of the �rst MAP3K identi�ed that is involved in the JNK
activation [8]. MAP3Ks further activate the middle tier, which constitutes the Mitogen activated protein
kinase kinases (MAP2Ks) via dual phosphorylation in the activation loop (T-loop) [1]. MKK4/MAP2K4 and
MKK7/MAP2K7 are the MAP2Ks involved in the JNK signaling. They can activate JNKs by dual
phosphorylation of Thr and Tyr residues [1], and these JNKs form the last tier of the pathway. JNKs
further activate pro-apoptotic genes and apoptotic signaling through transactivation of transcription
factors, such as c-Jun [1,6]. They can also phosphorylate and activate pro-apoptotic or anti-apoptotic
proteins of the mitochondria [7].

Oxidative stress is a phenomenon that takes place when the pro-oxidant/anti-oxidant homeostasis of the
cell is disturbed, resulting in severe oxidative damage to biomolecules and compromising the viability of
the cell [9]. Sources of oxidative stress can be internal biochemical pathways (e.g., a large number of
reactive oxygen species (ROS) are generated in the mitochondria as a part of the aerobic respiration
process), as well as external factors, such as UV radiation, smoke, alcohol, and environmental pollutants
[10]. Cells produce a wide range of anti-oxidant enzymes to neutralize these ROS species, and, in the
physiological state, a balance exists between the production of ROS species and these enzymes, thus
protecting the cells from oxidative damage [10,11]. However, when the concentration of pro-oxidants
increases beyond the neutralization capacity of the anti-oxidants, it results in oxidative stress within the
cells [11,12].

Excess amounts of ROS species within the cell result in activation of Apoptosis signal-regulating kinase 1
(ASK1), a member of the MAP3K family, ultimately resulting in stimulation of JNK module and apoptosis
(see Figure 1). The fate of the cell depends on the degree as well as duration of the activation signal,
which, in this case, is oxidative stress [12]. In an unstimulated cell, ASK1 protein is bound to a redox
sensitive regulatory partner, Thioredoxin (Txn), which prevents it from forming a homo-oligomer or a
hetero-oligomer with ASK2 [12,13].

During oxidative stress, ROS species lead to oxidation of Cys-32 and Cys-35 residues within the redox
center of Trx that results in the dissociation of this redox sensitive protein from ASK1, followed by the
dissociation of 14-3-3ζ, thus allowing oligomerization of ASK1 [14]. Tumor necrosis factor receptor



Page 4/59

associated factors 2 and 6 (TRAF2 and TRAF6) are also activated and recruited to the ASK1 signalosome
complex. ASK1, in its homo-oligomeric form, undergoes trans-autophosphorylation at the conserved Thr-
838 residue within the activation loop [14]. However, when it hetero-oligomerizes with ASK2, ASK2
undergoes auto-phosphorylation and further phosphorylates ASK1. Active ASK1 phosphorylates
members of the MAP2K family, MKK4 and MKK7 [14]. These penultimate dual speci�city kinases are
responsible for activation of JNKs through phosphorylation of Thr and Tyr residues within the activation
loop. Another set of proteins known as the JNK interacting proteins or JIPs (JIP1, JIP2, and JIP3) act as
scaffold proteins, interacting with the three tiers of the JNK signaling pathway and thus are important for
potentiating JNK activation [15].

Sustained JNK activation leads to the induction of apoptosis either through intrinsic or extrinsic pathway.
In the intrinsic pathway, activated JNKs translocate to the mitochondria. Knockout studies in mouse
embryonic �broblasts (MEFs) suggested that JNK plays a critical role in the release of cytochrome c from
the inner mitochondrial membrane, which activates the Caspase-9 apoptotic cascade. However, the
mechanisms by which JNK mediates the release of cytochrome c are not completely understood [7]. The
extrinsic pathway involves translocation of an active form of JNK to the nucleus, where it phosphorylates
and transactivates many transcription factors. c-Jun was the �rst of JNK substrates to be identi�ed and
has been well characterized. JNK phosphorylates Ser63 and Ser73 residues within the N-terminal
transactivation domain of c-Jun, thereby enhancing its transcriptional activity [2,16]. JNK also
phosphorylates other components of the Activator protein 1 (AP1) complex, which includes Jun-B, Jun-D,
c-Fos, and Cyclic AMP-dependent transcription factor ATF-2 (also known as Cyclic AMP-responsive
element-binding protein 2, CREB2) [3,17]. Overall, more than 100 proteins have been reported as JNK
substrates, which include 30 well-described TFs and transcriptional activator protein substrates.
Therefore, JNK can regulate transcription of a large number of target genes through these transcription
factors and generate a stress response in the cells [4].

Under normal physiological conditions, the JNK signaling cascade must remain inactive. Also, after the
stress stimulus is removed, the cells need to return to their normal state. Hence, the JNK signaling
pathway is tightly regulated. The components that are essential for the regulation of this pathway include
the MAP3Ks, ASK1 and ASK2, the redox sensing Txn, JIPs, which are scaffold proteins, and dual
speci�city phosphatases [18]. Dual speci�city phosphatases known as the Mitogen activated kinase
phosphatases (MKPs) are important for down regulating JNK activity in cells post-stimulus.

The central dogma of structural biology states that, a protein needs to acquire its stable 3D folded state
to perform its biological function. Many proteins need to have a stable structure to be functional, and
these proteins are known as structured or globular proteins. Apart from these, the proteome of any
organism also consists of biologically active, functional proteins that lack well-de�ned 3D structures
either as whole or in some their parts. These proteins are referred to as intrinsically disordered proteins
(IDPs) [19,20] and hybrid proteins containing ordered domains and intrinsically disordered protein regions
(IDPRs). Therefore, disorder can be global or local. Proteins which are completely disordered and have no
structure at all are globally disordered, while proteins that have disordered as well as ordered regions are
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locally disordered [21]. Characteristic features of the amino acid sequence of intrinsically disordered
proteins are biased composition of amino acids, low sequence complexity, abundance of hydrophilic and
charged amino acids, and limited number of bulky and hydrophobic amino acids [20,22].

Many disordered proteins contain binding sites known as molecular recognition features (MoRFs).When
they adhere to their speci�c partners, these proteins undergo a transition from disordered state to ordered
state, in which the entire protein or a speci�c protein region adopts a well-structured conformation and is
now ready to perform its function [22,23]. Disordered proteins are often involved in regulation, signaling
and control processes. Their structural �exibility and plasticity enables them to interact with a multitude
of binding partners, which are often unrelated to each other [24]. IDP/IDPRs contain large number of
interaction motifs that allow them to bind to large number of targets. Therefore, many IDP/IDPRs
function as hubs in numerous signaling pathways. Their �exible nature allows them to bind target
molecules at multiple sites and form high-order complexes. Due to the presence of these multiple binding
sites, IDP/IDPRs can play a role in allosteric responses, which are an intricate part of signaling processes
[19,21,22,24].

Proteins play a variety of crucial roles in maintenance of life, and hence their dysfunction can lead to
occurrence of various pathologies [24]. IDPs and IDPRs, due to their unique structural and functional
properties, are prone to misfold, which can lead to misidenti�cation, misregulation, and missignalling and
thus cause the development of diseases [24]. This is now known as the ‘Disorder in disorders’ or D2

concept [24]. In line with this idea, many disease-associated proteins are known to be highly disordered.
The misfolded peptides also tend to aggregate and gain toxic functions, as, for example is seen in
various neurodegenerative diseases. Therefore, disordered proteins must be protected from pathological
aggregation, since they comprise of few hydrophobic amino acids that can stick together and lead to
pathogenesis.

In this study, we aim to identify the disordered regions in the proteins involved in the oxidative stress
induced, extrinsic JNK signaling pathway using available computational tools and further characterize
these disordered regions by identifying binding sites (MoRFs) and short linear motifs within these MoRFs,
post-translational modi�cation sites and protein-protein interaction networks.

2. Materials And Methods

2.1 Retrieval of protein sequences
Protein sequences of the various components of the JNK signaling cascade were collected from UniProt
[25]. All the sequences used in the analysis are reviewed entries, and this assures that they have been
manually curated and include functional annotations.

2.2 Analysis of intrinsic disorder predisposition, disorder-
based protein-protein interaction sites (MoRFs) and post-
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translational modi�cation sites
In this study, we have used six disorder predictors, four from the PONDR® family (PONDR®VLXT,
PONDR®VSL2, PONDR®VL3 and PONDR®FIT) and two from IUPred (IUPred long and IUPred short) and
a database of protein disorder (D2P2). PONDR®VLXT [26], which uses a neural network-based approach
to predict IDPRs in proteins is the �rst computational tool designed to predict disorder and is highly
sensitive to local peculiarities within the protein sequence. PONDR®VSL2 [27] also uses neural network-
based algorithms to predict long and short disordered regions in protein sequences. PONDR®VL3 [28]
accurately predicts long disordered regions in protein sequences. IUPRED [29] employs inter-residue total
pairwise interaction energy to predict IDPRs using protein amino acid sequences. This algorithm has two
implementations, IUPrd long and IUPred short to predict long and short disordered regions in protein
sequences, respectively. PONDR®FIT [30] is a meta predictor which combines the outputs of six different
disorder predicts (PONDR®VSL2, PONDR®VLXT, PONDR®VL3, IUPred, TopIDP and FoldIndex) to reliably
identify IDPRs. Using this combination of predictors makes PONDR®FIT even more accurate than its
most accurate component.

The D2P2database [31], holds predictions from six disorder predictors (PONDR®VLXT, PONDR®VSL2,
IUPred, Espritz, PV2 and PrDOS) for more than 1765 proteomes and their variants. D2P2 also shows
predicted protein binding sites associated with disordered regions (MoRFs) along with various post -
translational modi�cation (PTMs) sites and location of conserved functional domains (if any). In our
study, we have used D2P2 to identify predicted MoRFs and PTMs within the disordered regions of query
proteins.

2.3 Identi�cation of short linear motifs (SLiMs) associated
with MoRF regions
The Eukaryotic linear motif (ELM) database [32] has been used to identify conserved functional sequence
motifs within the disordered regions of proteins known as SLiMs (short linear motifs). ELM subjects all
identi�ed SLiMs within the protein to undergo globular domain, structural, and context �ltering to exclude
SLiM matches that lie within the globular protein domains, which are highly structured, and this leaves
behind SLiM from unstructured or disordered regions of the protein. The ELM server annotates these
SLiMs into six categories, which include, motifs that serve as proteolytic cleavage sites (ELM_CLV), PTM
sites (ELM_MOD), ligand binding motifs (ELM_LIG), motifs responsible for targeting to sub-cellular
compartments (ELM_TRG), degron motifs for polyubiquitylation and protein targeting for proteosomal
degradation (ELM_DEG) and docking motifs for modifying enzymes that are not within the active site
(ELM_DOC). In this study, the SLiMs embedded into disordered regions that overlap with or are in the
close proximity of the predicted MoRF residues (from D2P2) have been identi�ed and annotated using the
aforementioned six categories.

2.4 Identi�cation of interacting partners of proteins involved
in the JNK signalling cascade
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STRING (Search Tool for the Retrieval of Interacting Genes) [33] is a well-known database of known as
well as predicted protein – protein interactions. It currently covers 24,584,628 proteins from 5,090
different organisms. STRING has been used to identify interaction partners of proteins from the JNK
signaling cascade as well the interaction of the proteins of this cascade with each other.

2.5 Mapping of IDPRs and MoRFs on available PDB
structures
High resolution structures of proteins involved in the oxidative stress induced JNK signaling pathway
were obtained from Protein data bank (PDB). The predicted IDPRs and MoRF regions were marked on the
PDB structures of these proteins using UCSF Chimera [34].

3. Results And Discussion

3.1 Global Overview of Intrinsic Disorder in proteins of the
oxidative stress induced JNK signaling cascade
In response to a wide range of environmental stimuli/stresses, such as oxidative stress, cells activate the
JNK signaling pathway. The activated JNK MAPKs can in�uence a wide range of transcription factors
(TFs), which affect expression of numerous speci�c genes within the cell. The degree and the duration of
the environmental stress dictate the type of response and the fate of the cells. Figure 1 shows a
schematic representation of the oxidative stress-induced JNK signaling cascade, whereas the actual roles
of the 18 proteins involved in this pathway are described in Table 1.
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Table 1
Proteins involved in the extrinsic JNK signaling pathway induced by Oxidative Stress.

Sr.
No.

  Protein UniProt
ID

Length Role in JNK signaling
cascade

References

1 MAP3Ks ASK1 Q99683 1374 Activates MAP2Ks (MKK4
and MKK7) by
phosphorylating residues Ser
and Thr in the conserved S-X-
A-K-T kinase motif.

[35]

2 ASK2 O95382 1288 Forms a heterodimer with
ASK1 and activates ASK1 by
phosphorylation.

[36,37]

3 Regulatory
proteins of
MAP3Ks

Txn P10599 105 Negatively regulates ASK1
activation by inhibiting
formation of ASK1
signalosome.

[38,39]

4 14-3-
3ζ

P63104 245 Negatively regulates ASK1
signalosome formation by
binding to phosphorylated
Ser967 and Ser964 of ASK1
and ASK2 respectively.

[40]

5 TRAF2 Q12933 501 Stabilize ASK signalosome
complex and promote ASK1
activation.

[41,42]

6 TRAF6 Q9Y4K3 522

7 MAP2Ks MKK4 P45985 399 Activator of p38 MAPKs and
JNKs. Activated MKK4
phosphorylates Thr183 and
Tyr185 residues in JNKs.

[43]

8 MKK7 O14733 419 Activates JNKs by
phosphorylating Thr183 and
Tyr185 residues in JNKs.

[44]

9 MAPK JNK1 P45983 427 Activate Transcription factors
like c-Jun, ATF2 and many
others, thus, in�uencing
transcriptional activity.

[1,2]

10 JNK2 P45984 424

11 JNK3 P53779 464

12 Scaffold
proteins

JIP1 Q9UQF2 711 Associates with MAP3Ks,
MAP2Ks, JNKs and MKPs
and regulate JNK activation.

[5,45]

13 JIP2 Q13387 824

14 JIP3 Q9UPT6 1336

15 Dual
speci�city
phosphatases

(DSPs)

MKP1 P28562 367 Essential for determining
magnitude of JNK activation
and responsible for
downregulation of JNK
signaling cascade by
dephosphorylation of JNK

[4,46]

16 MKP5 Q9Y6W6 482
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Sr.
No.

  Protein UniProt
ID

Length Role in JNK signaling
cascade

References

after stress stimuli is
removed.17 MKP7 Q9BY84 665

18 Transcription
factor

c-Jun P05412 331 Activates AP-1 driven
promoters.

[47]

Table 2 and Figure 2 provide a global overview of the intrinsic disorder status of proteins involved in the
oxidative stress-induced JNK signaling pathway. Table 2 contains the predicted percentage of intrinsic
disorder (PPID) obtained for each protein from six disorder predictors, as well as their calculated
PPIDMean scores. Figure 2 is a 2D disorder plot representing the PPIDPONDR®FIT vs. PPIDMean dependence
for all the proteins analyzed in this study. Depending on the levels of intrinsic disorder, proteins can be
classi�ed into three groups, highly disordered (PPIDMean ≥ 30%), moderately disordered (10% ≤ PPIDMean

< 30%) and highly ordered (PPIDMean < 10%) [48,49].
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Table 2
Predicted Percentage of Intrinsic Disorder (PPID) in proteins of the oxidative stress

induced JNK signaling cascade.
Sr. No. Proteins PPID

VLXT

PPID

VL3

PPID

VSL2

PPID

FIT

PPID

IUPRED

long

PPID

IUPRED

short

PPID

Mean

1 ASK1 28.09 31.44 33.62 17.54 10.63 9.75 21.32

2 ASK2 32.92 34.47 38.35 22.75 19.80 15.61 25.70

3 Txn 11.43 38.10 30.48 20.95 0 10.48 14.29

4 14-3-3ζ 44.90 49.80 53.88 12.65 9.39 27.76 34.29

5 TRAF2 31.14 38.32 41.92 0 1.80 3.60 14.40

6 TRAF6 23.18 15.33 23.37 13.03 3.64 3.83 11.11

7 MKK4 27.57 26.32 37.59 22.81 22.56 23.31 27.57

8 MKK7 45.82 23.87 39.86 31.50 22.67 21.48 26.73

9 JNK1 19.67 23.65 27.63 15.46 16.86 17.80 19.44

10 JNK2 23.35 20.99 27.36 18.40 16.51 16.27 18.87

11 JNK3 14.87 19.61 26.72 15.52 15.52 14.87 14.87

12 JIP1 51.20 64.98 69.90 57.38 56.12 47.40 57.52

13 JIP2 58.01 73.67 73.79 68.20 65.05 56.31 65.66

14 JIP3 49.63 58.46 49.63 46.26 41.77 33.46 49.70

15 MKP1 20.16 14.17 23.98 13.90 0 3.81 11.72

16 MKP5 42.95 47.30 54.77 32.57 15.98 12.45 34.23

17 MKP7 37.44 41.95 55.49 39.10 26.47 27.97 36.84

18 c-Jun 64.05 75.83 82.78 61.03 64.35 30.82 57.10

From the PPIDMean scores in Table 2, the 2D disorder plot in Figure 2 and the PPID based classi�cation,
we conclude that, none of the proteins involved in the JNK signaling cascade can be considered as highly
ordered. Highest PPIDMean of 65.7% was observed in case of the scaffold protein JIP2. The other scaffold
proteins, JIP1 and JIP3 along with dual speci�city phosphatases MKP5 and MKP7, and proteins 14-3-3 ζ
and c-Jun were also found to be highly disordered. The MAP3Ks (ASK1 and ASK2), MAP2Ks (MKK4 and
MKK7), MAPKs (JNK1, JNK2 and JNK3) as well as proteins Txn, TRAF2, TRAF6 and MKP1 belonged to
the class of moderately disordered proteins.
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IDPRs and IDPs sometimes may contain short protein binding regions, which, upon coming in contact
with appropriate binding partners, can undergo a transition from disordered to ordered state [23]. These
regions are known as Molecular Recognition features (MoRFs) and can be predicted through algorithms,
such as ANCHOR that recognize their distinct sequence signatures [50]. The D2P2 database identi�es the
MoRF regions in query proteins through ANCHOR. Using D2P2, we have identi�ed the number of MoRF
residues and calculated their percentage (% MoRF) for each protein (Table 3). The protein JIP2, which
possesses the highest percentage of intrinsic disorder, also contains the highest percentage of MoRF
residues. To gain further insight into the predicted IDPRs and MoRF regions, the ELM resource was used
to predict short linear motifs (SLiMs) and their instances in the protein sequence. The ELM resource, after
globular domain, structural and context �ltering, retains the SLiMs which are associated with IDPRs. In
Table 3, along with the MoRF residues and % MoRF, the total (T) number of SLiMs identi�ed and those
retained (R) after �ltering have been listed.
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Table 3
Identi�cation of SLiMs and MoRF regions in the proteins of the oxidative stress induced JNK signaling.
Sr.
No.

Protein ELM MoRFs

Total (T)
/Retained
(R)

SLiMs Instances Residues (length) %
MoRF

1 ASK1 T 95 625 8 - 36 (29), 53 - 68 (16), 1012 - 1020
(9), 1213 -1226 (14)

4.95

R 80 401

2 ASK2 T 94 557 17 - 27 (11), 44 -52 (9), 833 - 839 (7),
859 - 865 (7), 876 - 890 (15), 892 - 910
(19), 937 - 951 (15), 959 - 975 (17),
988 -1017 (30), 1037 - 1046 (10), 1076
- 1083 (8), 1161 - 1170 (10)

10.71

R 80 351

3 Txn T 32 52 None 0

R 12 15

4 14-
3_3ζ

T 48 112 217 - 222 (6) 2.45

R 22 32

5 TRAF2 T 59 157 244 -251 (8) 1.6

R 44 91

6 TRAF6 T 63 170 None 0

R 48 95

7 MKK4 T 65 180 1 - 14 (14), 29 - 62 (34), 73 - 83 (11) 14.79

R 31 60

8 MKK7 T 63 222 1 - 19 (19), 24 - 52 (29), 71 - 110 (40) 21

R 34 73

9 JNK1 T 72 215 319 - 324 (6), 352 - 363 (12), 377 - 387
(11), 397 - 402 (6), 413 - 427 (15)

11.71

R 54 102

10 JNK2 T 69 200 320 - 325 (6), 352 - 362 (11), 391 - 424
(34)

12.03

R 48 100

11 JNK3 T 74 239 356 - 363 (8), 390 - 399 (10), 431 - 464
(34)

11.21

R 55 127

12 JIP1 T 72 323 18 - 104 (87), 118 - 202 (85), 232 - 251
(20), 259 - 323 (65), 329 - 343 (15),
369 - 403 (35), 411 - 420 (10), 458 -
464 (7), 477 - 484 (8)

46.69

R 55 199
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13 JIP2 T 77 382 1 - 16 (16), 23 - 202 (180), 211 - 488
(278), 496 - 537 (42), 546 - 558 (13),
569 - 572 (4)

64.68

R 57 248

14 JIP3 T 84 526 168 - 180 (13), 206 - 252 (47), 279 -
303 (25), 318 - 354 (37), 506 - 511 (6),
571 - 581 (11), 614 - 630 (17), 661 -
674 (14), 689 - 714 (29), 769 - 788
(20), 800 - 814 (15), 870 - 888 (19),
893 - 902 (10), 910 - 930 (21), 966 -993
(28), 1220 - 1226 (7), 1281 - 1295 (15)

26.12

R 78 432

15 MKP1 T 46 153 None 0

R 26 72

16 MKP5 T 57 191 25 - 31 (7), 50 - 55 (6), 144 -154 (11),
228 - 233 (6), 324 - 331 (8)

7.88

R 30 81

17 MKP7 T 66 338 287 - 293 (7), 310 - 317 (8), 339 - 345
(7), 369 - 387 (19), 400 - 419 (20), 440 -
449 (10), 514 - 521 (8), 654 - 665 (12)

13.68

R 51 178

18 c-Jun T 51 137 66 - 81 (16), 110 - 121 (12), 143 - 151
(9), 157 - 201 (45), 209 - 222 (21), 241 -
250 (10), 252 - 284 (33), 312 - 324 (13)

48.04

R 47 103

We have further analyzed the intractability of the 18 proteins involved in the JNK signaling cascade. The
STRING database was used to obtain the inter-set and external interaction networks shown in Figure 3A
and 3B. The interaction network in Figure 3A clearly shows that all the 18 proteins are highly
interconnected and engaged in a dense PPI network. The 18 nodes (proteins) in the network have 88
edges (connections), which is much higher than the expected edges (p value < 1.0 e -16) for a random set
of proteins drawn from the human genome.

The average node degree, which indicates the number of connections each node has to the other nodes is
9.78. Next, we extended this PPI network further by including the second shell of 500 interactors to the
�rst shell of 18 proteins. This extended PPI network is shown in Figure 3B. In order to generate a reliable
network, the highest con�dence score of 0.9 was set as the minimum required interaction score. The
extended network included 518 nodes and 8125 edges. The number of expected edges calculated on a
random protein set of comparable size was only 3002 (p value < 1.0 × 10−16). The average node degree
for this network was 31.4 and was calculated centred at the 18 proteins involved in the JNK signaling
cascade.

3.2 Analysis of Intrinsic disorder in MAP3Ks of JNK
signaling pathway

3.2.1 ASK1 (UniProt ID: Q99683)
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ASK1 is a 1,374 amino-acid-long protein and is also known as Mitogen activated protein kinase kinase
kinase - 5 (MAP3K5). The domain structure of this protein includes a coiled coil domain at the N-terminal
(CCI, residues 290-317), another coiled coil domain at the C-terminal (CCII, residues 1236-1293) and a
catalytic protein kinase domain (residues 670-940). ASK1 activation can be triggered in response to
stressors, such as oxidative stress, ER stress, lipopolysaccharides, Fas ligand, GPCR agonists,
in�ammatory cytokines, and Ca2+ ion in�ux [51–55]. In normal conditions, ASK1 remains bound to Txn
through the N-terminal region and 14-3-3ζ at the phosphorylated Ser-967 [4]. But under oxidative stress,
Txn undergoes oxidation and forms a disulphide bridge between Cys-32 and Cys-35 [4]. This oxidised
form of Txn dissociates from ASK1 followed by the dissociation of 14-3-3ζ. This allows ASK1 to undergo
a con�rmation change and form homodimers in a head-to-tail fashion, which are stabilized by the CCII
[38,56]. This ASK1 then undergoes phosphorylation at Thr-838 either by autophosphorylation or by ASK2
and thus gets activated [4]. Activated ASK1 phosphorylates MAP2Ks,such as MKK4 and MKK7, which
further activate the JNK MAPKs [57]. ASK1 also plays a role in regulation of the JNK signaling.

According to the available literature, ASK1 has been known to be associated with a large number of
human pathologies, which include neurodegenerative diseases, cancer and cardiovascular diseases, and
hence has been a target for pharmaceutical intervention. Activation of ASK1 due to ROS under oxidative
stress conditions has been known as the key mechanism for neurotoxicity induced by Amyloid β peptide
(Aβ) in Alzheimer’s disease (AD) [58,59]. Recent studies also showed that, knocking out ASK1 in mice
injected with α-synuclein preformed �brils lead to the reduction in the amount of phosphorylated α-
synuclein in striatum and cortex and attenuated neuroin�ammatory reaction compared to the wild type
animals. Hence, ASK1 inhibition could be used as a therapeutic strategy against Parkinson’s disease (PD)
[60].

A 2.10Å resolution structure (PDB ID: 5ULM, Figure 4A1) of the central regulatory region (CRR, residues
269-658) of ASK1 (missing residues 269 – 271, 341, 383– 384,527 – 531, and 656 – 658) [61] and a
2.11 Å resolution structure of the residues 660-977 (PDB ID: 4BF2, Figure 4A2) of ASK1 [14], which
includes the catalytic domain are available (missing residues 660 – 670, 714 – 723, 831 – 836, and 941 -
977). Therefore, structure is currently available for ~ 46% of the protein.

Figure 4A represents the disorder pro�le generated by six different disorder predictors and the PPIDMean

score for ASK1 is 21.3% (Table 2), which indicates that the protein is moderately disordered. Figure
4 shows that this protein contains 5 long IDPRs and 8 short IDPRs distributed across the entire sequence.
The CCI domain (PPIDMean: 0%) and the catalytic domain of ASK1 (PPIDMean: 0%) are completely ordered,
while the CCII domain is predicted to be highly disordered (PPIDMean: 66.1%). Small angle X-ray scattering
(SAXS) data for the kinase/catalytic domain of ASK1 shows that the residues 659 – 669 and 941 – 973
are �exible and they overlap with our predicted IDPRs (residues 657 – 665, 944 - 991) [62]. D2P2also
indicates the abundance of disordered regions in ASK1 (Figure 4A3).

Furthermore, D2P2 also shows that ASK1 has 4 short MoRF regions, which constitute 4.95% of the protein
(Table 3). All MoRFs are embedded within IDPRs. ASK1 has 24 phosphorylation sites, out of which 10 lie
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in the disordered region, one acetylation site in the disordered region, 3 sumoylation sites and one
nitrosylation site (Figure 4A3). ELM resource has predicted the presence of 95 SLiMs and their 625
instances, out of which 80 SLiMs and their 401 instances are associated with disorder and hence were
retained after �ltering (Table 3).The SLiMs, which were found related to the predicted MoRF regions, have
been identi�ed and classi�ed into six classes based on their function (Supplementary Table 2).

3.2.2 ASK2 (UniProt ID: O95382)
ASK2 is a 1,288-residue-long MAP3K belonging to the family of STE serine/threonine kinases. The gene
coding for ASK2 generates 3 isoforms that are produced by the alternative splicing. ASK2 has 45%
sequence identity to ASK1, and the domain structure of ASK2 is similar to that of ASK1 [49]. ASK2
consists of a protein kinase domain (residues 648-906) and two coiled coil (CC) domains, CCI (residues
1004-1029) and CCII (residues 1166-1205). It mainly differs from ASK1 at the N- and C-termini, as it is
shorter at either ends than ASK1 [63]. No PDB structures for ASK2 have been reported as of yet.

ASK2 forms a heteromeric complex with ASK1, and this complex formation is essential for the effective
expression and kinase activity of ASK2. It was observed that in the ASK1 de�cient cells, endogeneous
levels of ASK2 decreased as ASK2 underwent constitutive degradation [36,37]. Therefore, ASK1 is
required for stability of ASK2 in cellular milieu. ASK2 in this complex was found to activate ASK1 by
phosphorylation, therefore suggesting that ASK1 and ASK2 in the heteromeric complex facilitate each
other’s activities by distinct mechanisms [36,37]. Knockout studies have revealed that ASK2 is essential
for oxidative stress-induced JNK signaling. ASK2, when in complex with ASK1, can function as a MAP3K
and is competent to respond to oxidative stress, resulting in activation of JNK and p38 MAPK pathways
[36,37]. ASK2 expression is reduced in cancer cells and tissues. In a recent study, it was observed that
ASK2 in complex with ASK1 can work as a tumour suppressor by inducing pro-apoptotic activity in the
epithelial cells [64].

The disordered regions in ASK2 predicted by six different disorder predictors and their mean have been
indicated in the Figure 4B and the PPIDMean score of ASK2 was calculated to be 25.7% (Table 2). This
indicates that ASK2 belongs to the category of moderately disordered proteins. As seen in ASK1, 3 long
and 9 short disordered regions were observed to be scattered across the protein sequence in ASK2 as
well. The CCI domain of ASK2 is completely disordered (PPIDmean: 100%), CCII domain is moderately
disordered (PPIDmean: 30%) and the protein kinase domain (PPIDmean: 6.95%) is highly ordered. The result

from D2P2 (Figure 4B1) also shows the prevalence of disorder in the protein.

According to D2P2, ASK2 has 12 MoRF regions which are distributed across the protein sequence and
which constitute 12.3% of the protein and six of these regions are either embedded in or overlap with the
predicted IDPRs (Table 3). The MoRF regions have been marked in the plot generated by D2P2 in Figure
4B1. D2P2 also shows that ASK2 has 11 phosphorylation sites, out of which 7 lie in the predicted IDPRs
and 4 ubiquitylation sites, out of which two lie in the IDPRs. ASK2 has been predicted to have 94 SLiMs
and their 557 instances, out of which 80 SLiMs and their 351 instances are disorder associated and were
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retained after �ltering (Table 3). They have been further sorted with respect to their association with
predicted binding sites/ MoRFs and have been described in Supplementary Table 2.

3.3. Analysis of intrinsic disorder in proteins involved in
regulation of MAP3Ks
A large number ofASK1 accessory proteins have been reported. Several of these binding partners play
important roles in regulation of ASK1 activity. For example, under normal conditions, Thioredoxin (Txn)
and 14-3-3ζ bind and negatively regulate ASK1 and thus prevent activation of JNK signaling cascade.
However, under the oxidative stress, Txn and 14-3-3ζ dissociate and activate formation of the ASK1
signalosome by allowing dimerization of ASK1 and recruitment of TRAF2 and TRAF6 [39]. The detailed
role of these proteins in the regulation of ASK1 along with analysis of their intrinsic disorder propensity
and characterization of disordered regions are described in sections below.

3.3.1. Thioredoxin (UniProt ID: P10599)
Thioredoxin is a small redox protein, which is only 105-amino-acid-long. In fact, it is shortest protein
analysed in this study. It exists as a homo-dimeric �avoprotein and is extremely important for regulation
of redox homeostasis, growth, and differentiation within the cells [65]. Mammalian cells contain two
thioredoxins, which are expressed ubiquitously. Trx-1 or Txn is mainly targeted to the cytosol and nucleus,
whereas Trx-2 is present in the mitochondria [65,66]. Overexpression studies indicate that Trx-2 is
important for regulation of mitochondrial ASK1. Activated ASK1 can induce cytochrome c release and
result in apoptosis without inducing JNK activation [67]. On the other hand, Trx-1/Txn is responsible for
regulating the JNK signaling cascade through its interaction with ASK1.

The gene coding for human thioredoxin-1 (TXN) is located on chromosome 9q31. Coding region of TXN
gene spans 13 kb and is organized into 5 exons [68]. The active site of Txn is composed of Trp-Cys-Gly-
Pro-Cys-Lys residues and is conserved across species. The two cysteine residues (Cys32 and Cys35)
within the active site are important for ASK1 activation [69]. In normal conditions, Txn remains in a
reduced state, and the cysteines form thiols. This reduced state of Txn strongly supports its binding to the
ASK1 N-terminal coiled coil (NCC) region. Under oxidative stress, the cysteines within the active site form
a disulphide, and in this oxidised state, Trx-1 has poor binding a�nity for ASK1, which results in its
dissociation from ASK1 [38,39]. This step is extremely crucial for the activation of ASK1.

Apart from its role in JNK signaling, Txn have also been implicated in a wide range of functions. One of
the earliest ascribed functions of Txn includes its ability to act as a source of reducing equivalents for the
enzyme ribonucleotide reductase [69] in prokaryotic systems. In eukaryotes, it is known to act as growth
factor, antioxidant, regulator of transcription factors, and an inhibitor of apoptosis, but the mechanisms
involved yet remain to be completely understood [70]. Txn has also been implicated in a wide range of
diseases, such as atherosclerosis, AD, acquired immunode�ciency syndrome (AIDS), and cancer. In fact,
elevated levels of Txn have been observed in a large number of cancers and are associated with



Page 17/59

aggressive growth of tumours [70]. Hence, Txn serves as a suitable target for drug development
especially against cancers.

The structure of Txn homodimer has been determined through X-ray crystallography. A 0.94A  resolution
structure of mutated Thioredoxin homodimer (PDB ID: 4OO4) is available.

In Figure 5A1, the three mutated amino acids (residues 63, 69, 73) in each monomer have been shown in
cyan colour. Thus, ~97% of the structure of Txn is known. Prediction of disordered regions in the protein
has been carried out by six disorder predictors, and the results have been combined to compute PPIDMean

score (Table 2) for the protein which revealed that Txn has 15.2% disorder. Therefore, Txn belongs to the
category of moderately disordered proteins. The per-residue disorder predisposition predicted by all six
predictors and their mean has been indicated in Figure 5A. As per our analysis, the residues that comprise
the active site of Txn are completely ordered and only short IDPRs have been observed in the N-terminal
and C-terminal regions of this protein. These �ndings are consistent with the crystallography studies that
reveal the presence of a �exible arm in the C-terminal region of thioredoxin [65].

Results from the D2P2 platform do not show any MoRF residues in the protein (Table 3, Figure 5A2), but it
indicates that Txn has six phosphorylation sites, out of which one lies in the disordered region, four
acetylation sites out of which one is disordered, four ubiquitylation sites and three nitrosylation sites.
Presence of 32 SLiMs and their 52 instances in the protein has been predicted by ELM resource and after
globular domain �ltering, structural �ltering and context �ltering only disorder associated 12 ELMs and
their 15 instances were retained.

3.3.2. 14-3-3ζ (UniProtID: P63104)
The 14-3-3 family is a group of phospho–binding proteins and consists of seven isoforms (β, ϒ, ε, η, σ, τ
and ζ), each of which are expressed by a different gene [71,72]. They may exist as homo or heterodimers
[71] and are conserved across species. The unusual name of this protein is derived from its DEAE-
cellulose chromatography fraction number (14th fraction) and migration position on starch gel
electrophoresis (fraction 3.3). It was initially described in 1967 by Moore and Perez as a brain abundant
protein. But decades of research that followed have revealed the roles of the 14-3-3 family of proteins in
regulation of every major cellular function, as they act as signaling hubs that integrate and control
multiple signaling pathways, including cell cycle control, cell proliferation, apoptosis inhibition, glucose
metabolism, autophagy and cell mobility [72].

In the JNK signaling pathway, 14-3-3ζ acts as a negative regulator of ASK1 activation along with Txn. 14-
3-3ζ interacts with the phosphorylated Ser-967 and Ser-964 residues of ASK1 and ASK2 respectively. 14-
3-3ζ �rst binds to the phosphorylated Ser-964 in ASK2, and ASK2 further recruits 14-3-3ζ to Ser-967 of
ASK1, where it inhibits the formation of ASK1 signalosome [40]. The mechanism of this inhibition has not
been completely understood, but according to the available evidence, it is likely that 14-3-3ζ either
changes ASK1 conformation or blocks the active site. Under oxidative stress conditions, when the ROS
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levels are signi�cantly increased, they trigger dephosphorylation of the serine residues and the
subsequent release of 14-3-3ζ allows ASK1 to undergo activation [73].

Localization studies on the 14-3-3 proteins indicate their presence in disease-associated inclusion bodies,
such as neuro�brillary tangles in AD, Lewy bodies in PD, Lewy body-like hyaline inclusions in amyotrophic
lateral sclerosis (ALS), pick bodies in Pick’s disease, nuclear inclusions in spinocerebellar ataxia-1, and
prion plaques in Cruetzfeldt-Jakob disease [74]. Although data from the invitro studies, genetic analysis,
animal model studies, and post-mortem studies have made 14-3-3 proteins interesting therapeutic
targets, their roles in neurological disorders need further investigation [75]. 14-3-3ζ is also known to be
overexpressed in breast cancers. The role of 14-3-3 proteins as signaling hubs in many pro- survival
signaling pathways suggests their immense potential as therapeutic targets for disruption of tumorigenic
pathways [72].

Forty structures of 14-3-3ζ determined by X-ray crystallography are available on PDB. These multiple
crystallography studies have failed to capture the �exible C-terminal region of 15 amino acids [72], which
has also been predicted as disordered according to our analysis. A 2.0 Å resolution structure (PDB ID:
1QJB) of the full-length 14-3-3ζ homodimer (missing residues 233 - 245) is shown in Figure 5B1 [76].
Thus, structure is known for 94.7% of this protein. Figure 5B represent disorder pro�le generated for 14-3-
3ζby the six disorder predictors and their mean. The PPIDMean score calculated for the protein is 34.29%
(Table 2) which indicates that it belongs to the class of highly disordered proteins. Most of the disorder
was observed at the N-terminal region of the protein, as two IDPRs of 40 and 26 amino acids respectively
were identi�ed (residues 1 – 40 and 61 - 86) and another IDPR of 18 amino acids (residues 228 – 245)
was predicted within the �exible C-terminal region.

The result from D2P2 (Figure 5B2) shows that the protein has a single MoRF region of six amino acids,
which constitutes 2.45% of the protein (Table 3). This predicted MoRF region is in close proximity to the
C-terminal IDPR. D2P2 also indicates that the protein has 25 phosphorylation sites, out of which 6 lie in
the disordered region, 11 acetylation sites, out of which 5 are disordered, 13 ubiquitylation sites, out of
which 4 are disordered, 3 nitrosylation sites, out of which one lies in IDPR, and one methylation site. The
result from the ELM resource predicts 48 SLiMs and their 112 instances in 14-3-3 ζ and after globular
domain �ltering, structural �ltering and context �ltering, 22 ELMs and their 32 instances are retained. The
SLiMs associated with the predicted MoRF region have been described and further classi�ed into six
classes depending on their function (Supplementary Table 2).

3.4. Tumour necrosis factor receptor (TNF-R) associated
factors (TRAFs)
The family of TRAF proteins contains seven members (TRAF1 – TRAF7), which are key signaling
molecules involved in the regulation of a wide array of physiological processes. They were initially
identi�ed as adaptors for signaling that bind to the cytoplasmic region of receptors of TNF-R superfamily
[77]. Further research led to the identi�cation of more receptor families that use TRAFs. These include Toll
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like receptor (TLR), nucleotide binding oligomerization domain (NOD) – like receptor (NLR), RIG-I like
receptor (RLR),T cell receptor, IL-1 and IL-17 receptors, IFN receptors and TGFβ receptors [77]. Studies with
TRAF-de�cient mice have helped to understand that TRAFs play physiological role in regulating
embryonic development, bone metabolism, tissue homeostasis, immune system and stress response [77].

The members of the TRAF family (except TRAF1) possess a homologous domain at the N-terminal called
the RING domain, zinc �nger motifs, and a coiled coil domain. These proteins also possess a protein -
protein interaction domain (except TRAF7) or the TRAF domain at the C-terminal. This TRAF domain is
divided into two subdomains, TRAF – N and TRAF – C, which are composed of a coiled coil domain and
seven to eight anti-parallel β-strand folds respectively [78,79].

In the oxidative stress induced JNK signaling pathway, TRAF2 and TRAF6 are important for the formation
of the ASK1 signalosome. Under the in�uence of ROS species, when Txn and 14-3-3ζ are dissociated
from ASK1, these two members of the TRAF family are recruited to form a high molecular mass complex
[41]. The TRAFs stabilize the complex and promote the activation of ASK1. Although the precise
mechanism by which TRAFs in�uence ASK1 activation is still unknown, studies have suggested that
TRAF2 and TRAF6 result in homo-oligomerization of the N-terminal region and induce an open
conformation in the central regulatory region of ASK1 [41,42].

3.4.1.TRAF2 (UniProtID: Q12933)
TRAF2 is a 501-amino-acid-long protein coded by its gene located on chromosome 9q34.3. The full-
length structure of TRAF2 has not been determined yet. But a 1.90 Å crystal structure of the RING domain
(PDB ID: 3KNV) and the �rst zinc �nger motif (Figure 6A1; residues 1 – 133; Missing residues 1 – 14) [80],
a 2.40Å resolution structure (PDB ID: 1QSC) of the TRAF domain (Figure 6A2; residues 311 – 501;
Missing residues 311 - 322) [81] and a 2.61Åresolution structure (PDB ID: 3M0A) of the residues 267-328
are available (Figure 6A3) [82]. Therefore, structural information is currently available for almost 72% of
the protein.

The per-residue disorder propensity predicted for TRAF2 by six disorder predictors and their mean are
shown in Figure 6A. The disorder scores from each disorder predictor for the protein (Table 2) were
averaged to obtain the PPIDMean score of 14.4%, indicating that TRAF2 belongs to the category of
moderately disordered proteins. Three short IDPRs were observed in TRAF2, which included a 10-amino-
acid-long region (residues 1 - 10) in the N-terminal segment, a short region (residues 314 - 318) within the
coiled coil domain, and another short IDPR(residues 145, 147 - 155) between the RING domain and the
coiled coil domain of the protein. As per our analysis, the RING domain (residues 34 – 72) and the
TRAF/MATH domain (residues 351 - 496) of the protein are completely ordered, while 10% disorder was
observed in the coiled coil domain (residues 299 - 348). In a crystallography study, no electron density
was observed for a short �exible region of 12 residues (residues 311 - 322) [81], and according to our
analysis, the residues 314 – 318, which lie within this �exible region, were also predicted to be disordered.
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The D2P2 database shows that TRAF2 possesses a single MoRF composed of 8 amino acids, which
correspond only to 1.6% of the protein (Table 3). According to D2P2, the protein also possesses 12
phosphorylation sites, out of which two lie in the predicted IDPRs and 8 ubiquitylation sites (Figure 6A4).
The ELM resource after globular domain �ltering, structural �ltering and context �ltering, recognizes
several SLiMs within the disordered region of a protein. In TRAF2, 51 SLiMs and their 157 instances were
predicted. Out of these, 44 SLiMs and their 91 instances are retained after �ltering (Table 3). The SLiMs,
which are associated with the MoRF region, have been described and further classi�ed into six classes
according to their functions (Supplementary Table 2).

3.4.2. TRAF6 (UniProtID: Q9Y4K3)
Although complete structure of the TRAF6 protein has not been determined, ~60% of its structure is
known. A 2.20A  resolution structure (PDB ID: 3HCS) of the N-terminal domain of TRAF6 which includes
the RING domain and the �rst zinc �nger motif (residues 54 - 210) bound to the Ubiquitin conjugating
enzyme (E2) is available [83]. We have evaluated the disorder propensity of the E2 protein in one of our
previous studies [84]. A 1.80A  resolution structure (PDB ID: 1LB6) of the TRAF domain (residues 347 -
501) in complex with the protein CD40 has been determined [85]. These above-mentioned structures have
been represented in Figure 6B1 and �gure6B2.

Combining the result obtained from six disorder predictors revealed that TRAF6 is a moderately
disordered protein as it contains four short IDPRs which result in a PPIDMean score of 11.11% (Table 2).
The Figure 6B shows the disorder score predicted for each residue of the protein by the six disorder
predictors and their mean. According to our analysis, the RING domain (residues 70 - 108) and the coiled
coil domain (residues 288 - 347) of TRAF6 are completely ordered, while the TRAF domain (residues 355 -
482) is predicted to have 2.34% of disordered residues. The extent of disorder in TRAF6 has also been
depicted in the result from D2P2 (Figure 6B3). The database D2P2 indicates that the protein contains �ve
phosphorylation sites and two ubiquitylation sites.No MoRF regions were predicted within the protein
(Table 3). According to the ELM resource the protein has 63 SLiMs and their 170 instances out of which
48 SLiMs and their 95 instances are retained after globular domain, structural and context �ltering (Table
3). Filtering helps to identify motifs that are associated with disordered regions.

3.5. Analysis of Intrinsic Disorder in MAP2Ks of the
Oxidative stress induced JNK signaling pathway
MAP2Ks make up the second tier of the MAPK signaling pathways. They are Ser/Thr protein kinases
belonging to the MAP kinase kinase subfamily. MAP2Ks are phosphorylated and activated by MAP3Ks,
and they further activate the downstream MAPKs [1]. So far, seven MAP2Ks have been identi�ed, and
each of them possesses selective substrate speci�city [86]. For example, although MKK7 is a speci�c
activator of JNKs, MKK4 can activate both JNKs, as well as p38 MAPKs [87]. Studies showed that in the
MKK7 de�cient mice, JNK activation is completely lost even in presence of stress stimuli, but in the MKK4
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de�cient mice, the activation of JNK is reduced to 50%. Therefore, although MKK4 is responsible for the
optimal activation of JNK, MKK7 is crucial for the activation of this protein [43].

Structurally, MKK4 and MKK7 are made up of the D (docking) domain, which as the name suggests,
contains the docking site for substrate JNKs, the protein kinase domain, and the DVD (domain for
versatile docking) domain, which harbours the conserved site for MAP3K binding. MKK7 also contains a
single N-terminal coiled coil region [88]. MKK4 and MKK7 have a conserved Ser–Xaa–Ala–Lys–Thr (S–
X–A–K–T) kinase motif within their kinase domain. The Ser and Thr residues within this motif are the
phosphorylation targets for MAP3Ks [35]. Activated MKK7 and MKK4 phosphorylate Thr-183 and Tyr-185
residues,respectively, within the JNK activation loop [43,44].

3.5.1. MKK4 (UniProtID: P45985)
MKK4 is a 399-residue-long protein encoded by the 11 exons of its gene, which lies on chromosome
17p12. Crystal structure of MKK4 (residues 80 – 399; Missing residues80 – 82, 254-283, and 311-317)
with a resolution of 2.30 Å (PDB ID: 3ALN) containing the kinase domain and the DVD domain of the
enzyme has been obtained and is represented in Figure 7A1 [89], indicating that structural coverage of
this proteins is equal to almost 68%.

The intrinsic disorder pro�le generated for MKK4 by six disorder predictors and their mean are shown in
Figure 7A. Averaging the results from these disorder predictors, it was found that MKK4 has a PPIDMean

score of 27.6% (Table 2), which puts this protein to the category of moderately disordered proteins. Our
analysis shows that, the D domain (residues37-57) of MKK-4, which contains the docking site for JNK
substrates, falls within a large, disordered region at the N-terminal (residues 1 - 85) of the protein and
hence this domain is completely disordered (PPIDMean: 100%). The protein kinase domain (residues102-
367) is moderately disordered, as it contains three short IDPRs (residues 133 – 134, 138 – 141, and 324 -
334), which make up 6.4% of the protein’s total disorder, while the DVD domain (residues364-387), which
harbours the conserved MAP3K binding site, is completely ordered (PPIDMean: 0%). In an X-ray
crystallography study of the non-phosphorylated MKK4 (npMKK4) kinase domain in complex with AMP-
PNP and a ternary complex of npMKK4, AMP-PNP and p38 peptides, no electron density was observed
for residues 80 – 83 and the C-terminal residues 391 – 399 in the monomeric npMKK4 (residues 80 - 399)
[89]. These residues were also predicted to be disordered according to our analysis.

The D2P2 plot (Figure 7A2) includes three disorder-associated binding regions, which constitute 14.8% of
the protein (Table 3). All these regions are located within the 85-amino-acid-long N-terminal disordered
region. D2P2 also predicts that MKK4 has 12 phosphorylation sites, out of which 9 lie in the IDPRs, 2
ubiquitylation sites, out of which 1 is disordered, one di-methylation site located in the IDPR, and one
acetylation site. The ELM resource has predicted 65 SLiMs and their 180 instances within MKK4, and
after the globular domain, structural and context �ltering, 31 SLiMs and their 60 instances were retained
(Table 3). The ELMs, which are closely associated with the MoRF regions, have been described and
classi�ed based on their functions in Supplementary Table 2.
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3.5.2. MKK 7 (UniProt ID: O14733)
MKK7 is a 419-amino-acid-long kinaseencoded by a gene located on the chromosome 19p13.2. Structure
of residues 103 – 419 (Missing residues 267 – 278, 404 - 419) of MKK7 with resolution 2.10 A  (PDB ID:
5B2L) has been obtained by X-ray crystallography and is available on PDB (Figure 7B1) [90]. This
structure contains the kinase domain and the DVD domain of the protein. Thus, 69% of the protein
structure of MKK7 is known.

Figure 7B represents the intrinsic disorder pro�le of MKK7 generated by six disorder predictors and their
mean. Combining the disorder from all six different predictors, we observed that MKK7 has a PPIDMean

score of 26.7% (Table 2). Thus, the protein belongs to the category of moderately disordered proteins.
Most of this predicted disorder lies in a long N-terminal IDPR (residues 1 - 94), which contains the coiled
coil region (PPIDMean: 100%) and the D domain (PPIDMean: 100%) of MKK7. The protein kinase domain
contains a short IDPR of 13 amino acids (residues 148 - 160) and four additional disordered residues and
hence is mainly ordered (PPIDMean: 6.9%), while the DVD domain of MKK7 is completely ordered
(PPIDMean: 0%). In a recent study, nuclear magnetic resonance (NMR) residual dipolar couplings and data
from small-angle X-ray scattering were used to build ensemble models that describe secondary structure
and identify partially structured regions in IDPs. The ensemble model for MKK7 concurs with our analysis
and shows that the N-terminal region of the protein is highly unstructured [91].

The D2P2 plot (Figure 7B2) indicates the presence of three MoRF regions, which constitute 21% of the
protein (Table 3). These MoRF regions are associated with the long N-terminal IDPR as the �rst two
regions (residues 1 – 19, 24 - 52) are embedded in the IDPR, while the third MoRF region (residues 71 -
110) overlaps with it. D2P2 also shows that this protein has 16 phosphorylation sites, out of which 7 are
present in the disordered region and 3 ubiquitylation sites. According to the ELM resource, MKK7 has 222
instances of 63 predicted SLiMs. After �ltering, 34 SLiMs and 73 instances that are associated with the
disordered regions of the protein were retained. We have identi�ed, described, and classi�ed the SLiMs
that are either embedded in or overlap with or are in close proximity with the predicted MoRF regions into
six classes based on their functions (Supplementary Table 2).

3.6. Analysis of intrinsic disorder in MAPKs of the oxidative
stress-induced JNK signaling pathway
JNKs are a group of evolutionarily conserved serine/threonine kinases belonging to the MAPK family.
JNKs are mainly activated in response to extracellular stress stimuli and hence they are also known as
Stress activated protein kinases. Alternative splicing of three genes that code for JNKs result in ten
isoforms, out of which JNK1, JNK2, and JNK3 are predominant [1]. JNK1 and JNK2 are ubiquitously
expressed, while JNK3 is mainly speci�c to neuronal cells [92]. The JNK protein was �rst identi�ed for its
role to phosphorylate Ser-63 and Ser-73 residues of c-Jun [16]. Now, more than 100 substrates of JNKs
have been identi�ed, and at least 30 of those are transcription factors [4].
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Two important regions essential for JNK to perform its function include the activation TxYmotif and the
protein kinase domain, which is responsible for catalytic activity of the protein. The upstream MAP2Ks,
MKK4 and MKK7 phosphorylate JNK at the tyrosine and threonine residues of the TxY motif,
respectively,and,therebyproduce activated form of JNK. This activated JNK then translocates into the
nucleus, where it phosphoylates transcription factors, which include c-Jun and ATF2 of the activator
protein -1 (AP-1) complex [1,2]. These activated TFs can then bind to promoters and enhancers of their
target genes and mediate transcriptional activity [1,2].

The point whether JNK is pro-survival or pro-death is still controversial. However, temporal regulation has
been indicated as a strong determinant in cellular response. Transient JNK activation results in cell
survival, while prolonged activation of JNK results in apoptosis [93]. JNK1 has been implicated in type 2
diabetes-associated obesity and insulin resistance [94], along with JIP1 [95], while deregulation of JNK2
has been implicated in development of diseases, such as type I diabetes [96]. Thus, in recent studies,
inhibitor molecules targeting JNK1 and JNK2 have been proposed as a therapeutic approach against
diabetes [96,97]. JNK3 has been implicated in neurodegenerative diseases, such as AD and PD, and is
therefore regarded as an attractive therapeutic target against neurodegeneration [92].

3.6.1. JNK1 (UniProtID: P45983)
JNK1 is a 427-amino-acid-long protein and the gene coding for it (MAPK8) produces 4 splice variants, but
their functions have not been determined yet. A 1.33 Å resolution structure (PDB ID: 2XRW, Figure 8A1) for
JNK1 (residues 2 - 364) was obtained using X-ray diffraction [98] (missing residues 173-188), indicating
that the structure is known for 81.26% of JNK1. Averaging the disorder content obtained by six different
predictors, we observed that JNK1 has a PPIDMean score of 19.4% (Table 2). Thus, JNK1 belongs to the
category of moderately disordered proteins. The protein kinase domain (residues 26 - 321, PPIDMean: 0%)
and the TxY activation motif (residues 183 - 185, PPIDMean: 0%), which are extremely crucial for protein
function are completely ordered. A long IDPR of 62 amino acids is present in the C-terminal region
(residues 366 - 427) of the protein. JNK1 also contains two short IDPRs, one of which lies at the N-
terminal and the other is in close proximity of the protein kinase domain. Figure8A represents the disorder
pro�le containing the outputs of six per residue disorder predictors along with their mean.

The D2P2 plot shows the distribution of MoRF regions in JNK1 (Figure 8A2) and according to it, the
protein has 5 MoRF regions, which constitute 11.7% of its length (Table 3). Three MoRF regions are
embedded within the long IDPR at the C-terminal segment of JNK1. The protein contains 13
phosphorylation sites, out of which one lies in the IDPR, two ubiquitylation sites, one acetylation site, and
one nitrosylation site (Figure 8A2). According to the ELM resource, the protein has 215 instances of 72
SLiMs,out of which 54 SLiMs and their 102 instances are retained after globular domain, structural and
context �ltering. The retained SLiMs instances, which are associated with the predicted MoRF regions of
the protein have been classi�ed and described further (Supplementary Table 2).

3.6.2. JNK2 (UniProtID: P45984)
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JNK2 is a protein made up of 424 amino acids encoded by the MAPK9 gene, which gives rise to four
splice variants. The functions of the splice variants have not been determined yet. Through X ray
crystallography, a 2.14 Å resolution structure (PDB ID: 3E7O, Figure 8B1) of the residues 1-361 (Missing
residues 1 – 8, 282 – 283, 338 – 346), which included the catalytic protein kinase domain (residues 26 –
321) and the TxY activation motif(residues 183 – 185) of JNK2 was determined [99]. Thus, the structural
coverage of this proteins is equal to 80.7%.

The per-residue disorder pro�les generated for JNK2 by six different predictors and their mean are shown
in Figure 8B. The PPIDMean score for this protein was calculated to be 18.9%.These values indicate that
JNK2 belongs to the category of moderately disordered proteins. As observed in JNK1, the TxY motif in
JNK2 is completely ordered, while the protein kinase domain, which was completely ordered in JNK1,
contains 2.7% disorder in JNK2. The short IDPR at the N-terminal and the long IDPR at the C-terminal
segments that were observed in JNK1 are also seen in JNK2 (residues 1 – 6and 367 – 424, respectively).
Besides these, the protein contains two short IDPRs out of which one is embedded in the kinase domain
(residues 286 - 293).

According to the D2P2 database (Figure 8B2), JNK2 has three MoRF,which constitute 12% of the protein
length (Table 3). One of these MoRF regions is embedded within the C-terminal IDPR. The D2P2plot
(Figure 8B2) also shows that the protein has ten phosphorylation sites, out of which three lie in IDPRs,
one nitrosylation site, three ubiquitylation sites, and one acetylation site. The ELM resource predicts the
presence of 200 instances of 69 SLiMsin JNK2, and 48 of these predicted SLiMs and their 100 instances
are associated with disordered regions and hence, were retained after �ltering. Based on their association
with the predicted MoRF regions and their function, these SLiMs were further classi�ed into six groups
(Supplementary Table 2).

3.6.3. JNK3 (UniProtID: P53779)
These 464-amino-acid-long protein is encoded by the MAPK10 gene, which gives rise to two alternatively
spliced isoforms. However, the functions of the splice variants are not known as of yet. A 2.10 Å
resolution structure of the full length JNK3 (PDB ID: 3TTJ; Missing residues 1 – 45, 54 – 55, 212 – 216,
221 – 224, 373 – 383, 401 - 464) was obtained by X-ray crystallography (Figure 8C1) [100]. Thus,
structure is known for 71.8 % of this protein.

Figure 8C shows the disorder propensity predicted for each residue of JNK3 by six disorder predictors and
their mean. The PPIDMean score for JNK3 was calculated to be 14.87% and Thus, JNK3, like JNK1 and
JNK2, belongs to the category of moderately disordered proteins. Similar to JNK1 and JNK2, a long IDPR
of 63 amino acids (residues 403 - 465) was observed at the C-terminal part of the protein. The protein
also possesses a short IDPR of 6 amino acids (residues 375 - 380). As observed in JNK1, the protein
kinase domain (residues 64 – 359) and the TxY activation motif (residues 183 – 185) are completely
ordered in JNK3 as well. Using the ANCHOR algorithm, the D2P2 database has predicted three MoRF
regions in the protein, which constitute 11.2% of its length (Table 3), and one of these regions (residues
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431 - 464) is embedded within the long IDPR at the C-terminal. The D2P2plot also shows that the JNK3
has 8 phosphorylation sites, one ubiquitylation site, and one acetylation site (Figure 8C2). According to
the ELM resource, the protein has 54 SLiMs and their 239 instances, out of which 55 SLiMs and 127
instances, which are disorder-associated being retained after �ltering. The retained SLiMs which are
embedded in, overlap with, or are in close proximity of the predicted MoRF regions were identi�ed and
classi�ed based on their functions (Supplementary Table 2).

3.7. Analysis of intrinsic disorder in scaffold proteins

3.7.1. JNK interacting protein 1 (JIP1; UniProtID: Q9UQF2)
JIP1 is a 711 amino acid long protein belonging to the family of JNK interacting scaffold proteins. The
JIP1 gene is located on chromosome 11 while a JIP1 pseudogene is located on chromosome 17 (17q21)
[15]. Apart from a JNK binding domain (residues 127-285), the protein also contains a SH3 domain
(residues 488-549) and a phosphotyrosine binding domain (PTB domain, residues 561 - 700) which are
both located within the COOH terminal region. The structure of the full length JIP1 has not been
determined as of yet. A 1.99 Å (PDB ID: 4H39, Figure 9A1) structure of a short JIP1 peptide (residues 158-
167) in complex with JNK 3 [101] and 2.70 Å structure (PDB ID: 6FUZ, Figure 9A2) of the C-terminal
peptide of JIP1 (residues 701 -711, Missing residues 701 - 703) in complex with Kinesin light chain-1
(KLC-1) [102] are available. Therefore, structure is known only for 2.5% of the JIP1sequence.

JIP1 and JIP2 are mainly expressed in neurons and in insulin secreting β-cells of pancreas [1]. JIP1 is
essential for the stress-mediated activation and modulation of JNK signaling. It associates with protein-
kinases as well as protein-phosphatases that target JNK and regulates their activity, as well as sub-
cellular localization [5,45]. Transfection assays in the cell culture studies and studies in mouse model
[103] have helped determine the roles of JIP1 in JNK activation. Deletion of Jip1gene in mouse models
leads to the reduced apoptosis of hippocampal neurons in response to stress. This is an indication of
decreased JNK activity and reduced c-Jun phosphorylation [103]. JIP1 has also been reported to bind
top190 Rho guanine nucleotide exchange factor (RhoGEF) [104], Apolipoprotein E receptor-2 (ApoER2)
[105], LDL-receptor mediated protein, and megalin[106]through its PTB domain. JIP1 also interacts with
Kinesin-1 [107] and p150Glued, which is a subunit of the dyenein-dynactin complex [108]. By binding to
these partners, JIP1 co-ordinates and regulates amyloid precursor protein (APP) transport by switching
between anterograde and retrograde motile complexes in neurons and, thereby, determines the
directionality of axonal transport of APP [108]. Impairment of theaxonal transport can lead to the
excessive production and aggregation of Aβ peptide into senile plaques, thus, resulting in AD [108].

Multi-parametric disorder analysis of JIP1 was conducted in our study using six disorder predictors (see
Figure 9A). Averaging the output of these predictors revealed that JIP1 has a PPIDMean score of 57.5%
(Table 2). This clearly places JIP1 in the category of highly disordered proteins. Figure9Arepresents the
per-residue disorder predisposition ofJIP1 predicted by all six disorder predictors and their mean.
According to our analysis, the protein contains a large 309-residue-long IDPR (residues 67 - 375), and the
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JNK binding domain is completely disordered as it is embedded within this region. JIP1 also contains
another long IDPR of 41 amino acids (residues 414 - 454) and 4 short IDPRs (residues 1 – 24, 32 – 58, 60
– 64, 709 - 711).

The D2P2 plot also illustrates the abundance of disordered regions in JIP1 (Figure 9A3). It also shows
that JIP1 has 9MoRF regions predicted by the ANCHOR algorithm, which constitute 46.7% of the protein
(Table 3). Among the predicted MoRF regions, four are found to be embedded into the 309-amino-acid-
long IDPR and three overlaps with other predicted IDPRs. Also, according to D2P2, the protein has 40
phosphorylation sites, out of which 31 lie in the disordered regions, 1 methylation, and 1 acetylation site
both located within the disordered regions. The ELM resource has predicted the presence of 323
instances of 72 SLiMsin JIP1, and among these 55 SLiMs and their 199 instances are linked to disorder
as they are retained after globular domain, structural, and context �ltering (Table 3). The retained SLiMs,
which are associated with predicted MoRF regions, were further classi�ed into six classes based on their
function (Supplementary Table 2).

3.7.2. JNK interacting protein 2 (JIP2; UniProtID: Q13387)
JIP2, a protein belonging to the family of JNK interacting proteins, is 824-amino-acid-long and shows
highsequence homology to JIP1[5]. Domain structure of JIP2 is similar to that of JIP1. This protein has a
JNK-binding domain in the N-terminal region (residues 110 - 275) and a SH3-domain (residues 604-665)
and a PTB domain (residues 677 - 813) in the C-terminal region [15]. Three isoforms of this protein with
length of 797, 598, and 443 amino acids have been identi�ed. The gene coding for JIP2is located within
the chromosome 12 (12q13) and is made up of 12 exons[15]. No PDB structure of this protein is
available. Similar to JIP1, this protein is expressed in neurons and insulin-secreting β-cells of the
pancreas [1] and in testis [5].

Unlike other JIP proteins that form homo-oligomers, JIP2 has been reported to form hetero-oligomers with
JIP1 and JIP3. JIP2 interacts with multiple components of the JNK signaling pathway and plays a role in
JNK activation [109]. It has also been reported to interact with isoforms of the MAPK p38. The interaction
of JIP2 with proteins of the APP family is highly conserved, and JIP1 and JIP2 collectively play a role in
regulating the phosphorylation of APP by JNK [110]. Studying these interactions is important to gain
insight into the molecular mechanisms involved in AD.

Figure 9B represents the per-residue disorder predisposition of JIP2predicted by six IDP predictors and
their mean. Combining the output from these predictors indicates that JIP2 belongs to the category of
highly disordered proteins as itsPPIDMean score was calculated to be 65.7 % (Table 2).

Three long IDPRs made up of 155 amino acids (residues 1 - 155), 339 amino acids (residues 166 - 504),
and 41 amino acids (residues 530 - 570) were predicted along with three very short IDPRs (residues 157 –
159, 627, and 823 - 824). According to our analysis, the JNK binding domain of JIP2 is highly disordered,
while the SH3 domain and PTB domain are mostly ordered.
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As no entry for JIP2 was available in D2P2, we used the ANCHOR algorithm which is available at
(https://iupred2a.elte.hu/) directly to predict MoRF regions, but the locations of the PTM sites in this
protein have not been documented. ANCHOR predicts that JIP2 has 6 MoRF regions, which make up
64.7% of its sequence (Table 3). All these MoRFs are either embedded in or overlap with the predicted
IDPRs. The ELM resource has predicted 382 instances of 77 SLiMs, out of which only 57 SLiMs and their
248 instances are retained as linked to disordered regions. Furthermore, the SLiMs associated with the
predicted MoRF regions were identi�ed and classi�ed into six classes based on their function
(Supplemetary Table 2).

3.7.3. JNK interacting protein 3 (JIP3; UniProt ID: Q9UPT6)
JIP3 is another protein belonging to the family of JNK interacting protein and is 1,336-amino acid-long.
Its sequence is distinct from those of JIP1 and JIP2 but is highly related to JIP4 [5,109]. JIP3 is mainly
expressed in the brain and is also expressed in testis and heart and in other tissues at a low level [109]. It
can form homo-oligomers and hetero-oligomers with JIP2. JIP3 binds to the MLK3-MKK7-JNK signaling
module and activates JNK signaling [111]. A splice-variant of JIP3 also acts as a scaffold protein. JIP3 is
localized mainly to the cytoplasm and accumulates in the growth cones of developing neuritis [111]. A
recent study has shown that JIP3 enhances axonal elongation in hippocampal and cortical neurons in a
kinesin and JNK dependant manner [112]. This elongation is facilitated by JIP3 mediated JNK activation
at the tip of axons and is modulated by the dynamics of actin �laments and co�lin activity [112].

The domain structure of JIP3 includes RILP homology (RH1) domain (residues12-100), which overlaps
with the Kinesin binding domain (residues50-80) and coiled coil I region (residues58-177), JNK binding
domain (residues209-225), and Coiled coil II (residues440-554) region, which overlaps with both leucine
zipper domain (residues423-458) and RH2 domain (residues520-594) [109,112]. A structure of the full-
lengthJIP-3 is not available as of yet, but a 2.06 Å resolution structure of the leucine zipper II domain of
JIP3 (PDB ID: 4PXJ, Figure 9C1) has been determined [113].

Figure 9C shows that the JIP3 has several long IDPRs, which overlap with functional domains. The coiled
coil I (PPIDmean: 69.2%) and coiled coil II (PPIDmean: 80.9%) regions, the kinesin binding domain
(PPIDmean: 41.9%), RH1 (PPIDmean: 37.1%) and RH2 (PPIDmean: 69.3%) domains are highly disordered and
the leucine zipper domain (PPIDmean: 11.1%) is moderately disordered, while the JNK binding domain
(PPIDmean: 0%) is highly ordered. The protein JIP3 has a PPIDMean score of 49.70%. Our prediction puts

JIP3 in the category of highly disordered proteins. The result from D2P2 (Figure 9C2) also reveals the
prevalence of disorder in JIP3. It shows the presence of 20 MoRF regions in JIP3, which make up 26.12%
of the protein. Seven of these MoRFs are embedded within the predicted IDPRs, while four overlap with
IDPRs (Table 2). D2P2 further indicates that JIP-3 has 16 phosphorylation sites out of which 9 lie in the
disordered region, 3 methylation sites and 1 ubiquitylation site in the disordered region (Figure 9C2).
According to ELM, JIP3 is predicted to have 526 instances of 84 SLiMs.There are 432 instances of the 78
disorder-linked SLiMs, which are retained after the globular domain, structural, and context �ltering. The
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retained SLiMs associated with MoRF regions have been identi�ed and classi�ed in Supplementary Table
2.

3.8 Analysis of intrinsic disorder in MAP kinase
phosphatases (MKPs)
The outcomes of MAPK signaling pathways in cells depend on the duration and magnitude of the stress
signals that are responsible for the kinase activation. But when the stress is removed, downregulation of
MAPKs is achieved through dephosphorylation by tyrosine phosphatases, serine/threonine
phosphatases, and dual speci�city phosphatases (DSPs) [114,115]. MKPs are a group of DSPs that
possess the ability to dephosphorylate phophotyrosine, as well as phophoserine/phosphothreonine
residues within MAPKs of JNK, ERK, and p38 signaling pathways [114–116].

So far, 10 catalytically active members of the MKP family have been identi�ed in mammals (MKP1,
MKP2, MKP3, MKP4, MKP5, MKP7, MKPX, PAC1, hVH3, and hVH5), and they have been classi�ed based
on their sub-cellular localization. MKP1, MKP2, hVH3, and PAC1 are present in the nucleus; MKP3, MKP4,
and MKPX are present in the cytoplasm, while MKP5, MKP7, and hVH5 are found in both nucleus and
cytoplasm [117]. All MKPs contain a highly conserved C-terminal DSP catalytic domain (DSPc). They also
contain an N-terminal Rhodanese domain, which is thought to contain crucial Kinase interacting motifs
(KIMs) that confer MAPK substrate speci�city [115]. MKP1, MKP5, and MKP7 are known to show
speci�city for JNKs and p38 MAPKs over ERKs [115,117].

MKP1, MKP5, and MKP-7 coordinate with each other and regulate the magnitude and persistence of JNK
activation in response to oxidative stress [118]. Overexpression of MKP1 in mouse embryonic �broblast
cells shows increased resistance of cells against oxidative damage. Therefore, MKP1 activation is a
survival mechanism against oxidative damage [119]. But even MKP1-based JNK inactivation is
dependent on the magnitude and persistence of the oxidative stress. A study using RNA interference for
characterizing functional role of MKPs has shown that MKP1 and MKP5 are essential for determining the
magnitude of oxidative stress induced JNK activation, whereas MKP7 shows signi�cant late phase
induction and is responsible for downregulation of the JNK signaling cascade by dephosphorylation of
JNK [118].

3.8.1 MKP1 (UniProt ID: P28562)
MKP1, also known as DSP1, is a 367-amino-acid-long protein (39.30 kDa) encoded by the gene located
on the chromosome 5q34. A 2.23 Å resolution crystal structure (PDB ID: 6D66) is known for the catalytic
domain (DSPc) of MKP1 fused with the Maltose binding periplasmic (MBP) protein and in complex with
designed AR protein mbp 3_16 (Figure 10A1). The MBP protein is a �xed arm crystallization chaperone,
which is often used to assist crystallization of other proteins [120]. Structure is known only for 39% of
this protein.
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Figure 10A represents the per residue disorder propensity of MKP1 predicted by six disorder predictors
and their mean. The protein has 4 short IDPRs, and a PPIDMean score of 11.7% was calculated, which
places the MKP1 to the category of moderately disordered proteins. Short IDPRs of 5 and 10 amino acids
were observed at the N- and C-termini of the protein respectively. The RhoD domain and the DSPc domain
of the protein did not contain any disordered residues, and hence were completely ordered. A disordered
region of 27 amino acids located between the RhoD domain and the DSPc domain, where it serves as a
�exible linker. The D2P2 database (Figure 10A2) did not show presence of MoRFs in MKP1 (Table 3). But
it indicates the presence of 7 phosphorylation sites, of which �ve are disordered, 3 ubiquitylation sites,
and one acetylation site. The ELM resource has retained disorder-associated 72 instances of 26 SLiMs
after �ltering from the total of 153 instances of 48 SLiMs. As no MoRF regions were observed in this
protein, no MoRF-associated ELMs were identi�ed (Supplemtary Table 2).

3.8.2. MKP5 (UniProtID: Q9Y6W6)
MKP5 is also known as DSP10, and the gene located on chromosome 1q41 codes for this 52.64 kDa
protein. A 2.20 Å structure (PDB ID: 2OUC) of the MAPK binding domain (residues 148 – 287, Missing
residues 162 - 171) and a 2.80 Å resolution structure (PDB ID: 2OUD) of the catalytic domain of MKP5
(residues 315 - 482) have been determined using X-ray crystallography (Figure 10B1and10B2) [121].
Thus, structure is known for 61.8% of this protein.

The disorder pro�le for MKP5 shown in Figure 10B represents the per-residue disorder propensity of the
protein predicted by six disorder predictors and their mean. As per this analysis, MKP5 has a PPIDMean

score of 34.23% (Table 2), which puts it in the category of highly disordered proteins. MKP5 contains 8
IDPRs, which are spread across the protein. The Rhodanese (RhoD) domain, which is also the MAPK
binding domain, contains three short IDPRs, which constitute 14.4% of the total disorder of the protein.
Another IDPR of 33 amino acids lies in close proximity of the RhoD domain. The catalytic domain (DSPc)
of the protein was found to be completely ordered.

The expression construct used in crystallization experiments for the MAPK binding domain contained 9
additional residues (residues 139 – 147) which did not show any electron density and hence were
regarded as disordered [121]. These residues were also predicted to be disordered according to our
analysis.

According to the D2P2 database (Figure 10B3), MKP5 has 5 short MoRF regions, which constitute 7.9 %
of the protein, and three of these are associated with the predicted IDPRs (Table 3). Presence of three
phosphorylation sites in MKP-5 was also predicted out of which two lie in the disordered regions. The
ELM resource has predicted the presence of 191 instances of 57 SLiMsin the protein, and after globular
domain, structural, and context �ltering, only 81 instances of 30 disorder-associated SLiMs were retained.
The SLiMs, which are either embedded in or overlap with or are in close proximity of the MoRFs were
identi�ed, and these MoRF-associated SLiMs have been described in Supplementary Table 2.

3.8.3 MKP7 (UniProtID: Q9BY84)
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Alternative nomenclature for the protein MKP7 is DSP16, and the gene encoding this 73.10kDa protein is
located on chromosome 12p13.A crystal structure of the RhoD domain of MKP-7 (residues 5 – 150;
Missing residues 139 - 150) with a resolution of 2.20 Å (PDB ID: 2VSW) has been determined (Figure
10C1). Another structure of the MKP7 residues 156 – 301 (Missing residues 156 – 157, 301) in complex
with JNK1 (PDB ID: 4YR8) is also available (Figure 10C2) [116]. Thus, structure is currently known for
only 41.65% of this protein.

The per residue disorder propensity of MKP7 predicted by six disorder predictors is shown in Figure 10C
along with their mean. The PPIDMean score for this protein was calculated to be 36.8%, which
classi�esMKP7 as highly disordered proteins (Table 2). The N-terminal part of MKP7 is highly ordered, as
it only contains a short IDPR of 5 amino acids. The RhoD domain, which is responsible for the MAPK
substrate speci�city, and the DSPc domain, which harbours the catalytic site of the protein, are highly
structured as well, since none of the residues within these domains fall into IDPRs. It was observed that
most of the second half of MKP7 is disordered, as it contains three large IDPRs of 98 (residues 302 –
399), 69 (residues 440 - 508), and 73 (residues 593 - 665) amino acids respectively.

The D2P2plot (Figure 10C3) has indicated the presence of 8 short MoRF regions in MKP7, which make up
13.68% of the protein (Table 3). Interestingly, six of these regions are associated with the predicted IDPRs.
The 98-amino-acid-long IDPR contains three MoRFs embedded in it and one MoRF region is in its close
proximity. The 69- and 73-amino-acid-long IDPRs have one MoRF embedded in each of them. D2P2 also
indicates that MKP7 has 8 phosphorylation sites, and six of them lie in IDPRs (Figure 10C3). The ELM
resource has predicted 338 instances of 66 SLiMs within the protein, and after �ltering out the structured
domains, 178 instances of 51 disorder-based SLiMs were retained (Table 3). TheMoRF-associated SLiMs
were identi�ed and further described (Supplementary Table 2).

3.9. Analysis of intrinsic disorder in transcription factors
that are known JNK substrates

3.9.1. c-Jun (UniProt ID: P05412)
Activator Protein -1 (AP - 1) complex is a term used for the dimers formed by proteins belonging to the
JUN (JunB, JunD, c-Jun), FOS (c-Fos, FosB, Fra1, Fra2), ATF (ATF2, ATF3, B-ATF, JDP1 and JDP2) and
Masculoaponeurotic �brosarcoma (MAF) sub families and bZIP family. These proteins interact through
the bZIP domain to form dimers [122,123]. c-Jun which is 331 amino acid long transcription factor is the
most widely studied protein of the AP - 1 complex. The gene JUN which codes for this protein is intron
less and has been mapped to chromosome 1p32 – p31.Structure and function studies on this protein
have shown that it can act as a homodimer or heterodimer and bind to DNA in order to regulate gene
expression. This protein has two functionally important domains, a DNA binding domain (Residues: 227-
252) and the bZIP domain (Residues: 252-315).



Page 31/59

A 1.99 Å resolution XRD structure of c – Jun (Figure 11A1) is available on PDB (PDB ID: 5FV8, residues
277 - 308), which indicates that only 9.67% of the protein structure is known. Figure 11A represents the
per – residue disorder propensity of c – Jun predicted by the six disorder predictors and their mean. As
per the analysis, c – Jun belongs to the category of highly disordered proteins due to its PPIDMean score
of 57.10% (Table 2). This disorder is distributed in the form of three IDPRs, two of which are short and
located at the N and C terminals of the protein. The third IDPR lies in the middle of the protein and houses
the DNA binding domain (PPIDMean: 100%) and a signi�cant part of the bZIP domain (PPIDMean: 78.13%).

According to the result from D2P2 (Figure 11A2), c – Jun contains 8 MoRF regions out of which 5 are
embedded in the long IDPR. These predicted MoRF regions constitute 48.04% of the protein length (Table
3). c - Jun contains 18 phosphorylation sites, out of which 8 are disordered, two ubiquitylation sites, out
of which one is disordered, two disordered sumoylation sites and three disordered acetylation sites
(Figure 11A2). The ELM resource predicts that the protein has 51 SLiMs and their 137 instances. After
globular domain, structural and context �ltering, only 47 SLiMs and their 103 instances are retained. The
Supplementary Table 2 contains a detailed description and classi�cation of SLiMs which are associated
with MoRF regions.

3.9.2. Global overview of intrinsic disorder in the other 29
TFs that are known as JNK substrates
The PPIDMean scores for the 29 transcription factors (Supplementary Table 2), the 2D disorder plot (Figure
12) and the PPID based classi�cation method described before led us to conclude that none of these
known JNK substrates are highly ordered. Highest level of intrinsic disorder was observed in the
transcription factor, Nrl (PPIDMean score: 88.6%). Among these 29 TFs, 23 were found to be highly
disordered; while, only 6 were identi�ed as moderately disordered proteins.

Concluding Remarks

The JNK signaling cascade is a MAPK pathway that mediates response of eukaryotic cells to a wide
range of abiotic and biotic stress conditions and stimuli. This pathway impacts gene expression and cell
death/survival pathways. Oxidative stress is one such stimuli that occurs when the pro-oxidant/anti-
oxidant balance of the cell is disturbed and results in activation of the JNK signaling cascade. Although
the JNK signaling cascade has been under study for more than20 years, our studyrepresentsthe �rst
systematic analysis of the abundance and functional roles of intrinsic disorder in proteins involved in this
pathway. In this study, we have focused on the 18 proteins that are involved in the oxidative stress-
activated extrinsic JNK signaling cascade.

As per our analysis, all proteins of the JNK signaling cascade possess signi�cant levels of intrinsic
disorder. Our �ndings align with the known fact that IDPRs are found in abundance in proteins involved in
various cellular pathways, where they enhance and propagate signaling. IDPRs are also known to play
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important roles in assembly of signalosome complexes, and according to our analysis, the scaffold
proteins (JIP1, JIP2, and JIP3), which are important for holding the JNK signalosome complex together,
have the highest PPID values. The dual speci�city phosphatases (MKP5 and MKP7), transcription factor
c-Jun, and regulatory protein 14-3-3ζ have also shown high levels of intrinsic disorder. The MAP3Ks
(ASK1 and ASK2), MAP2Ks (MKK4 and MKK7), MAPK (JNK1, JNK2 and JNK3) of the JNK signaling
cascade and the proteins thioredoxin, TRAF2, TRAF6, and MKP1 were predicted to be moderately
disordered. Furthermore, the highest percentage of disorder associated binding sites or MoRFs were also
found in the scaffold proteins JIP1 and JIP2, as well as in the transcription factor c-Jun. This shows that
the �exible nature of IDPRs may facilitate the capability of proteins to interact with multiple binding
partners, which is important for signaling. For functional characterization of the predicted disordered
regions, we identi�ed the disorder associated functional motifs or SLiMs and further classi�ed them into
six classes based on their function. We also documented the PTM sites present in the proteins of the JNK
signaling cascade and observed that a large number of PTM sites are embedded into the disordered
regions.

High levels of oxidative stress have often been associated with various pathological conditions, such as
neurodegeneration, diabetes, cancer, cardiovascular diseases, and immune system associated disorders,
where they activate the JNK signaling cascade. As IDPRs constitute a noticeable (and non-negligible)
fraction of the proteins involved in this pathway, further experimental characterization of these regions is
extremely crucial to identify novel therapeutic targets to curb oxidative stress associated pathogenesis in
disease conditions.
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Figure 1

Schematic representation of oxidative stress-induced JNK signaling pathway. When a cell is subjected to
oxidative stress, Trx dissociates from ASK1 followed by 14-3-3 ζ. Free ASK1 either homodimerizes or
forms a heterodimer with ASK2. This is followed by recruitment of TRAF2 and TRAF6 to ASK1
signalosome complex. ASK1 is activated either by trans-autophosphorylation (in homodimers) or is
phosphorylated by ASK2 (in heterodimers). Active ASK1 triggers a cascade which results in
phosphorylation of MAP2Ks, MKK4 and MKK7 followed by phosphorylation and activation of JNKs. The
scaffold proteins (JIP1, JIP2 and JIP3) interact with all 3 tiers of MAPKs and potentiate JNK activation.
Phosphorylated JNK translocate to the nucleus where it activates its substrate transcription factors such
as c-Jun. It is through these substrates that JNK generates a stress response in the cell by altering gene
expression. Upon removal of stress stimulus, it is important to inactivate JNKs and return cells to their
normal state. This task is performed by dual speci�city phosphatases (MKP1, MKP5 and MKP7).
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Figure 2

Evaluation of the disorder status of 18 proteins of the oxidative stress induced JNK signaling pathway:
The 2D disorder plot represents the PPIDPONDR®FIT (Y co-ordinate) vs. PPIDMean (X co-ordinate)
dependence.
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Figure 3

Evaluation of interactivity of proteins involved in the oxidative stress induced JNK signaling cascade. (A)
Inter-set interactability of 18 proteins (ASK1/MAP3K5, ASK2/MAP3K6, Txn, 14-3-3ζ/YWHAZ, TRAF2,
TRAF6, MKK4/MAP2K4, MKK7/MAP2K7, JNK1/MAPK8, JNK2/MAPK9, JNK3/MAPK10, JIP1/MAPK8IP1,
JIP2/MAPK8IP2, JIP3/MAPK8IP3, MKP1/DSP1, MKP5/DSP10, MKP7/DSP16 and c-Jun/JUN) was
analysed using STRING resource. A single PPI network including all proteins was generated using a
medium con�dence score of 0.4. (B) PPI network centred at the above mentioned 18 proteins of the JNK
signaling cascade was obtained from STRING. This network includes 500 �rst shell interactions of the 18
query proteins and was generated using the highest con�dence score of 0.9.
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Figure 4

Intrinsic Disorder Analysis in ASK1 and ASK2: (A) Per-residue intrinsic disorder propensity of ASK1. (B)
Intrinsic disorder propensity of ASK2. In plots (A) and (B), disorder pro�les of ASK1 and ASK2 were
generated by PONDR® VLXT (black line), PONDR® VL3 (red line), PONDR® VSL2 (blue line), PONDR®
FIT (cyan line), IUPRED long (orange line), and IUPRED short (wine line). The magenta dotted line
represents the mean disorder propensity calculated using the disorder scores from all six predictors and
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the magenta shadow region represents the mean error distribution. The grey shaded region in plot (A)
represents the residues of the protein for which either no PDB structure is available or the residues which
are missing in the available PDB structures. (A1) 2.10 Å resolution structure of the central regulatory
region (residues 269 - 658) in ASK1 homodimer (PDB ID: 5ULM). (A2) 2.11 Å resolution, structure of
residues 660 – 977 of ASK1, including the kinase domain (PDB ID: 4BF2). The protein structures in (A1)
and (B1) have been shown in green colour. As no PDB structure for ASK2 is available, the entire plot (B) is
shaded grey. (A3) (B1) Evaluation of intrinsic disorder, MoRF regions and PTM sites in ASK1 and ASK2 by
D2P2.
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Figure 5

Intrinsic Disorder Analysis in Txn and 14-3-3ζ: (A) Disorder Propensity of residues in Txn. (B) Disorder
Propensity of residues in 14-3-3ζ. In plots (A) and (B), disorder pro�les of Txn and 14-3-3ζ generated by
PONDR® VLXT (black line), PONDR® VL3 (red line), PONDR® VSL2 (blue line), PONDR® FIT (cyan line),
IUPRED long (orange line) and IUPRED short (wine line) have been represented. The magenta dotted line
represents the mean disorder propensity calculated using the disorder scores from all six predictors and
the magenta shadow region represents the mean error distribution. The grey shaded vertical lines in plot
(A) represents the residues which are mutated in the available PDB structure, while, the grey shaded
region in plot (B) represents the residues of the protein for which either no PDB structure is available or
the residues which are missing in the available PDB structure. (A1) 0.97 Å resolution full length structure
of Txn homodimer with three mutated residues. (PDB ID: 4OO4). (B1) 2.00 Å resolution, full length
structure of 14-3-3ζ homodimer (PDB ID: 1QJB). The protein structures in (A1) and (B1) have been shown
in green colour. The protein residues which fall in the IDPRs have been coloured red, the MoRF regions
have been shown in purple and the mutated residues in Txn have been represented in cyan colour in PDB
structures. (A2) (B2) Evaluation of intrinsic disorder, MoRF regions and PTM sites in Txn and 14-3-3ζ by
D2P2.
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Figure 6

Intrinsic Disorder Analysis and structural characterization of TRAF2 and TRAF6: (A) Per-residue intrinsic
disorder propensity of TRAF2. (B) Disorder propensity of TRAF6.In plots (A) and (B), disorder pro�les of
TRAF2 and TRAF6 generated by PONDR® VLXT (black line), PONDR® VL3 (red line), PONDR® VSL2
(blue line), PONDR® FIT(cyan line), IUPRED long (orange line)and IUPRED short (wine line) have been
represented. The magenta dotted line represents the mean disorder propensity calculated using the
disorder scores from all six predictors and the magenta shadow region represents the mean error
distribution. The grey shaded region in the graph represents the residues of the protein for which either no
PDB structure is available or the residues which are missing in the available PDB structures. (A1) 1.90 Å
resolution structure of the RING domain and �rst zinger �nger domain of TRAF2 (PDB ID: 3KNV). (A2)
2.61 Å resolution structure of the residues 266 – 328 in TRAF2 homotrimer (PDB ID: 3M0A). (A3) 2.4 Å
resolution structure of the TRAF domain in TRAF2 homotrimer (PDB ID: 1QSC). (B1) 2.20 Å resolution
structure of the N-terminal domain of TRAF6 homodimer (PDB ID: 3HCS). (B2) 1.80 Å resolution structure
of the TRAF domain in TRAF6 (PDB ID: 1LB6). The protein structures in (A1), (A2), (A3), (B1) and (B2)



Page 53/59

have been shown in green colour. The protein residues which fall in the IDPRs have been coloured red in
these structures. (A4) (B3) Evaluation of Intrinsic disorder, MoRF regions and PTM sites in TRAF2 and
TRAF6 by D2P2.

Figure 7

Intrinsic disorder analysis of MKK4 and MKK7: (A) Per-residue disorder predisposition of MKK4. (B)
Disorder propensity of MKK7. In plots (A) and (B), disorder pro�les of MKK4 and MKK7 generated by
PONDR® VLXT (black line), PONDR® VL3 (red line), PONDR® VSL2 (blue line), PONDR® FIT (cyan line),
IUPRED long (orange line) and IUPRED short (wine line) have been represented. The magenta dotted line
represents the mean disorder propensity calculated using the disorder scores from all six predictors and
the magenta shadow region represents the mean error distribution. The grey shaded region in the graph
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represents the residues of the protein for which either no PDB structure is available or the residues which
are missing in the available PDB structures. (A1) 2.30Å resolution structure containing the protein kinase
domain and DVD domain of MKK4 homotrimer (PDB ID: 3ALN). (B1) 2.10 Å resolution structure of the
protein kinase domain and DVD domain of MKK7 (PDB ID: 5B2L). The protein structures in (A1) and (B1)
have been shown in green colour. The protein residues which fall in the IDPRs have been coloured red, the
MoRF regions have been shown in purple and the IDP residue (Residue: 83) in chain A of MKK4
homotrimer which also lies in the MoRF region is represented in cyan colour PDB structures. (A2) (B2)
Evaluation of intrinsic disorder, MoRF regions and PTM sites in MKK4 and MKK7 by D2P2.

Figure 8

Intrinsic disorder analysis in JNK1, JNK2, and JNK3: (A) Disorder propensity of JNK1. (B) Disorder
predisposition of JNK2. (C) Per-residue disorder pro�le of JNK3. In plots (A), (B) and (C), disorder pro�les
of JNK1, JNK2 and JNK3 generated by PONDR® VLXT (black line), PONDR® VL3 (red line), PONDR®
VSL2 (blue line), PONDR® FIT(cyan line), IUPRED long (orange line) and IUPRED short (wine line) are
shown. The magenta dotted line represents the mean disorder propensity calculated using the disorder
scores from all six predictors and the magenta shadow region represents the mean error distribution. The
grey shaded region in the graph represents the residues of the protein for which either no PDB structure is
available or the residues which are missing in the available PDB structures. (A1) 1.33Å resolution
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structure of residues 2 - 364 containing the protein kinase domain and TxY activation motif of JNK1 in
complex with a short peptide from the Nuclear factor of activated T-cells, cytoplasmic 3 (NFATC3) (PDB
ID: 2XRW). (B1) 2.14 Å resolution structure of residues 1 – 361 containing the protein kinase domain and
the TxY activation motif of JNK2 homodimer (PDB ID: 3E7O). (C1) 2.10 Å resolution structure of the full-
length JNK3 (PDB ID: 3TTJ). The JNK1, JNK2 and JNK3 protein structures in (A1), (B1) and (C1) have
been shown in green colour. The protein residues which fall in the IDPRs have been coloured red, the
MoRF regions have been shown in purple and the NFATC3 protein which is bound to JNK1 in (A1) has
been coloured salmon pink. (A2) (B2) (C2) Evaluation of intrinsic disorder, MoRF regions and PTM sites in
JNK1, JNK2 and JNK3 by D2P2.

Figure 9

Intrinsic Disorder Analysis in JIP1, JIP2 and JIP3:(A) Disorder propensity of JIP1. (B) Disorder
predisposition of JIP2. (C) Per-residues disorder pro�le of JIP3. In plots (A), (B) and (C), disorder pro�les
of JIP1, JIP2 and JIP3 generated by PONDR® VLXT (black line),PONDR® VL3 (red line), PONDR® VSL2
(blue line), PONDR® FIT(cyan line), IUPRED long (orange line) and IUPRED short (wine line) have been
represented. The magenta dotted line represents the mean disorder propensity calculated using the
disorder scores from all six predictors and the magenta shadow region represents the mean error
distribution. The grey shaded region in the graph represents the residues of the protein for which either no
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PDB structure is available or the residues which are missing in the available PDB structures. (A1) 1.99Å
resolution structure of the residues 158 - 167 of JIP1 in complex with JNK3 (PDB ID: 4H39). (A2) 2.70 Å
resolution structure of residues 704 – 711 of JIP1 fused with TPR domain of KLC1 in complex with a
nanobody (PDB ID: 6FUZ).(C1) 2.06 Å resolution structure of the leucine zipper II domain in JIP3
homotrimer (PDB ID: 4PXJ). The JIP1 and JIP3 protein structures in (A1), (A2) and (C1) have been shown
in green colour. The proteins JNK3 and nanobody, which are bound to JIP1 peptides in (A1) and (A2)
have been indicated in coral colour, and the protein KLC1, which is fused to JIP1 peptide in (A2) has been
shown in salmon pink. The protein residues, which fall in the IDPRs have been coloured red, and the
IDPRs which fall into MoRF regions have been shown in cyan colour. (A3) (B1) (C2) Evaluation of intrinsic
disorder, MoRF regions and PTM sites in JIP1, JIP2 and JIP3 by D2P2.

Figure 10

Intrinsic Disorder Analysis in MKP1, MKP5 and MKP7: (A) Disorder Propensity of residues in MKP1. (B)
Disorder Propensity of residues in MKP5. (C) Disorder Propensity of residues in MKP7. In plots (A), (B)
and (C), disorder pro�les of MKP1, MKP5 and MKP7 generated by PONDR® VLXT (black line), PONDR®
VL3 (red line), PONDR® VSL2 (blue line), PONDR® FIT(cyan line), IUPRED long (orange line) and IUPRED
short (wine line) have been represented. The magenta dotted line represents the mean disorder propensity
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calculated using the disorder scores from all six predictors and the magenta shadow region represents
the mean error distribution. The grey shaded region in the graph represents the residues of the protein for
which either no PDB structure is available or the residues which are missing in the available PDB
structures. (A1) 2.23A  resolution structure of catalytic domain of MKP1 (green colour) fused with MBP
protein (coral colour) and in complex with AR protein (salmon pink). (PDB ID: 6D66). The histidine tag
has been shown in yellow colour. (B1) 2.20 A  resolution structure of MAPK binding domain (green
colour) (PDB ID: 2OUC). (B2) 2.80 A  resolution structure of the catalytic domain of MKP5 (green colour)
(PDB ID: 2OUD). (C1) 2.20 A  resolution structure of the RhoD domain of MKP7 (green colour) (PDB ID:
2VSW). (C2) Structure of the residues 156 – 301 of MKP7 (green colour) in complex with JNK1 (Salmon
pink) (PDB ID: 4YR8). In the protein structures, the residues which fall in the IDPRs have been coloured
red and the MoRF regions have been shown in purple colour. (A2) (B3) (C3) Evaluation of intrinsic
disorder, MoRF regions and PTM sites in MKP1, MKP5 and MKP7 by D2P2.
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Figure 11

Intrinsic Disorder Analysis in c - Jun: (A) Disorder propensity of c – Jun. In plot (A), disorder pro�le of c -
Jun generated by PONDR® VLXT (black line), PONDR® VL3 (red line), PONDR® VSL2 (blue line),
PONDR® FIT (cyan line), IUPRED long (orange line) and IUPRED short (wine line) have been represented.
The magenta dotted line represents the mean disorder propensity calculated using the disorder scores
from all six predictors and the magenta shadow region represents the mean error distribution. The grey
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shaded region in the graph represents the residues of the protein for which either no PDB structure is
available or the residues which are missing in the available PDB structure. (A1) 1.99 Å resolution structure
of the residues 277 - 308 of c – Jun in complex with FOSW (PDB ID: 5FV8). The c – Jun protein structure
in (A1) has been shown in green colour. The protein FOSW, which is bound to c – Jun peptide in (A1) has
been indicated in coral colour. The protein residues, which fall in the IDPRs have been coloured red, and
the IDPRs which fall into MoRF regions have been shown in cyan colour. (A2) Evaluation of intrinsic
disorder, MoRF regions and PTM sites in c – Jun by D2P2.

Figure 12

Evaluation of the disorder status of 29 Transcription factors which are known substrates of JNK: The 2D
disorder plot represents the PPIDPONDR®FIT (Y co-ordinate) vs. PPIDMean (X co-ordinate) dependence.
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