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Autophagy-related intrinsically disordered
proteins in intra-nuclear compartmentsy

Insung Na,#* Fanchi Meng,1° Lukasz Kurgan*© and Vladimir N. Uversky*®'

Recent analyses indicated that autophagy can be regulated via some nuclear transcriptional networks and
many important players in the autophagy and other forms of programmed cell death are known to be
intrinsically disordered. To this end, we analyzed similarities and differences in the intrinsic disorder
distribution of nuclear and non-nuclear proteins related to autophagy. We also looked at the peculiarities
of the distribution of the intrinsically disordered autophagy-related proteins in various intra-nuclear
organelles, such as the nucleolus, chromatin, Cajal bodies, nuclear speckles, promyelocytic leukemia (PML)
nuclear bodies, nuclear lamina, nuclear pores, and perinucleolar compartment. This analysis revealed that
the autophagy-related proteins constitute about 2.5% of the non-nuclear proteins and 3.3% of the nuclear
proteins, which corresponds to a substantial enrichment by about 32% in the nucleus. Curiously, although,
in general, the autophagy-related proteins share similar characteristics of disorder with a generic set of all
non-nuclear proteins, chromatin and nuclear speckles are enriched in the intrinsically disordered

Received 27th January 2016,
Accepted 20th June 2016

autophagy proteins (29 and 37% of these proteins are disordered, respectively) and have high disorder
content at 0.24 and 0.27, respectively. Therefore, our data suggest that some of the nuclear disordered
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Introduction

The nucleus is a eukaryote-specific organelle that is used for the
storage of hereditary material and for the coordination of various
cellular activities, such as protein synthesis, cell division, cell growth,
and metabolism."™ Structurally and morphologically, the cell
nucleus is a double membrane-bound, large, non-homogeneous
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proteins may play important roles in autophagy.

organelle equipped with a set of highly dynamic, membrane-less
sub-nuclear organelles or compartments, many of which appear
only during certain stages of the cell cycle via dynamic recruitment
of proteins, RNA and DNA.” Because of the lack of protective
outer membranes, the content of these organelles is involved in
direct contact with the surrounding nucleoplasm.®” Similar to
membrane-less organelles found in the cytoplasm, these sub-
nuclear organelles are described as liquid-droplet phases of the
nucleoplasm.®*™® Currently, the exact functions of many of
these sub-nuclear compartments, as well as biological roles of
interactions between them, and the molecular mechanisms
defining the ability of these organelles to maintain their
specific structures in the absence of membranes remain mostly
unknown.'* Among these subnuclear organelles are Cajal
bodies, chromatin, cleavage bodies, nuclear gems (Gemini of
coiled bodies), nuclear pores, nuclear speckles, nucleolus, Oct1/
PTF/ transcription (OPT) domains, PcG bodies (subnuclear
organelles containing polycomb group proteins), perinucleolar
compartment, promyelocytic leukemia (PML) nuclear bodies,
SAM68 nuclear bodies, and a few others."> The introductory
description of some of these organelles (nucleolus, chromatin,
Cajal bodies, nuclear speckles, PML bodies, nuclear lamina,
nuclear pores, and perinucleolar compartment) is provided in
our recent studies.'®"”

Proteins (and RNA or, in some cases, DNA) represent the
common denominator of various sub-nuclear membrane-less
organelles. Many of the proteins found there are intrinsically

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6mb00069j&domain=pdf&date_stamp=2016-07-05

Paper
disordered;'®”
being characterized by the lack of specific tertiary structures.
Such intrinsically disordered proteins (IDPs) and hybrid proteins
containing ordered domains and intrinsically disordered protein
regions (IDPRs) are abundantly found in all proteomes,” " where
they complement the functionality of ordered proteins,®*>*
being engaged in various activities related to regulation, control,
recognition, and signaling.**’

Recently, it has been shown that proteins involved in the
regulation and execution of programmed cell death (PCD) possess
substantial amounts of intrinsic disorder.>® PCD is a suicidal
response of a cell to some environmental factors mediated by a
set of specific intracellular programs. Depending on the type such a
program, PCD, is realized in the form of apoptosis, autophagy, or
necroptosis, with different PCD routes assumed to have very
different biological roles. In fact, apoptosis (which is important
for the development, immune regulation, and homeostasis of a
multi-cellular organism) and necroptosis (that plays a role in the
modulation of inflammatory response, serves as a backup
mechanism to clear pathogens, and is involved in the immuno-
logically silent maintenance of T cell homeostasis*?) are typically
considered as mechanisms contributing to the cell death. On the
other hand, autophagy could have either pro-survival or pro-death
functions,*®** since this program typically regulates the turnover of
long-lived proteins, the disposal of the damaged organelles and
misfolded proteins, and the turnover of the cellular building blocks
following nutrient deprivation. Therefore, it controls starvation, cell
differentiation, and cell survival,**** and under some conditions it
can initiate cell death."*"

Autophagy is traditionally considered as a cytoplasmic process
where the unnecessary or dysfunctional cellular cytoplasmic
components are first isolated from the rest of the cell within a
specialized double-membrane vesicle, autophagosome, which
then fuses with the lysosome, where these unnecessary or
dysfunctional cellular components are degraded and recycled.*¢>°
Furthermore, recent studies clearly indicated that this important
mechanism is controlled via a transcriptional network that
includes tightly controlled transcription factors (such as TFEB
and ZKSCAN3).”! Furthermore, it has been emphasized that the
autophagy in yeast and mammals is regulated by various tran-
scriptional, post-transcriptional, and post-translational means.>?
Based on these and other observations it has been concluded
that although the role of nuclear events in autophagy was

i.e., they have a wide spectrum of crucial functions,
18-24

Table 1 Characteristics of mouse autophagy-related proteins
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underappreciated, the nucleus has to be considered as a major
regulator of autophagy.®™*® To fill this gap, the current work
extends our earlier studies on the analysis of the disorder status
of human'® and mouse'” nuclear proteins. Here, we analyzed
the disorder status of mouse and yeast nuclear proteins that are
involved in autophagy to shed more light on the prevalence and
potential roles of autophagy-related intrinsically disordered
nuclear proteins.

Results and discussion

Global analysis of the prevalence of intrinsic disorder in
autophagy-related nuclear proteins

We investigated whether autophagy-related mouse proteins are
preferentially localized in the nucleus. We do not consider the
Cajal bodies and perinucleolar compartment when assessing the
characteristics of these proteins in the individual intra-nuclear
compartments since the corresponding protein counts are too
low at 2 and 1, respectively. The other compartments include
between 6 and 56 autophagy-related mouse proteins (Table 1).

We found that the autophagy-related proteins constitute
about 2.5% of the non-nuclear mouse proteins and 3.3% of
the nuclear mouse proteins, which corresponds to a substantial
enrichment by about 32% in the nucleus. This raises an
important question as to whether the enrichment in nuclear
IDPs observed here is specific to the autophagy process or can be a
more general phenomenon found under various stressed condi-
tions. This question deserves a detailed analysis. However, based
on the well-known involvement of IDPs in the regulation of various
cellular processes,**” one can argue that any conditions leading to
the changes in cellular regulatory networks might cause an increase
in the overall cellular or nuclear intrinsic disorder status.

Fig. 1A reveals that the number of autophagy-related proteins in
the mouse nucleus varies widely between different intra-nuclear
compartments, with particularly high fractions being found in
the PML nuclear bodies, nuclear pores, and lamina. This enrich-
ment of autophagy-related intrinsically disordered proteins in
three nuclear compartments in the mouse cell can be related to
the roles of these compartments in the regulation of autophagy.
For example, besides playing important roles as a provider of the
mechanical support to the nucleus, the nuclear lamina is known
to be involved in most activities taking place in the nucleus.

Intra-nuclear Number Averaged Averaged PONDR"™ Averaged PONDR"™

compartment of proteins length VSL2 score VLXT score Averaged ACH Averaged ACDF
Non-nuclear 748 871 £ 800 0.49 £ 0.18 0.38 £ 0.15 —0.088 £ 0.116 —0.052 £ 0.246
Nuclear 123 928 + 898 0.52 £ 0.18 0.41 £ 0.18 —0.059 £ 0.111 —0.089 £ 0.237
Chromatin 21 1591 £+ 1316 0.56 = 0.16 0.45 £ 0.14 —0.042 £ 0.095 —0.146 £ 0.223
Cajal bodies 2 643 £+ 575 0.61 £ 0.34 0.53 £ 0.31 —0.034 £ 0.211 —0.245 £ 0.442
Nucleolus 56 641 + 538 0.49 £ 0.15 0.37 £ 0.13 —0.071 £ 0.109 —0.047 £ 0.219
Nuclear lamina 9 1249 £ 1060 0.55 £ 0.20 0.39 £ 0.15 —0.073 £ 0.081 —0.135 £ 0.293
Nuclear pore 6 1154 £+ 1252 0.38 £ 0.02 0.31 £ 0.01 —0.135 £ 0.016 0.104 £+ 0.021
Nuclear speckle 19 682 + 464 0.58 £ 0.18 0.48 £ 0.17 —0.005 £ 0.154 —0.179 £ 0.253
Perinuclear 1 1274 0.52 0.47 —0.062 —0.067

PML nuclear bodies 9 1251 £+ 1079 0.53 £ 0.18 0.39 £ 0.16 —0.085 £ 0.081 —0.101 £ 0.268
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Fig. 1 Fraction of autophagy-related proteins (panel A) and median disorder
content and fraction of disordered proteins (panel B) for the autophagy-related
non-nuclear and nuclear yeast proteins (left sides of plots) and the autophagy-
related proteins and the non-nuclear proteins from the NNUCLEAR dataset
and from the considered intra-nuclear compartment from the NUCLEAR,,
dataset (for mouse proteins) (right sides of plots). Disorder was annotated with
the consensus of Espritz and IUPred.

The related processes include DNA replication, RNA transcrip-
tion, and nuclear and chromatin organization, as well as several
important cellular processes, such as apoptosis, cell cycle regulation,
cell development and differentiation, and nuclear migration.”* PML
(promyelocytic leukemia) nuclear bodies belong to the nuclear
matrix that plays a role in the regulation of many nuclear functions,
such as DNA replication, transcription, and epigenetic silencing.”
PMLs contribute to the formation of a favorable nuclear
environment for the expression of specific genes, thereby
playing a role in the regulation of gene expression.>® They are
regulated by various types of cellular stresses, ranging from
viral infection to DNA-damage, transformation, and oxidative
stress,”” are commonly associated with viral infection and
oncogenesis,””*® and are known to recruit a very large number
(~100) of different partner proteins.’>” Finally, nuclear pores,
which are one of the largest protein complexes in the cell,
represent a specific aqueous channel providing access to the
nucleus. It is filled with multiple copies of several evolutionarily
conserved proteins known as nucleporins that form a complex
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network regulating the transport of proteins and RNA across
the nuclear envelope.””

Next, we compared disorder content and fractions of dis-
ordered proteins between the autophagy-related proteins and
all considered proteins both inside and outside the nucleus
(Fig. 1B). The results for the non-nuclear proteins (NNUCLEAR
set of bars in Fig. 1B) demonstrate that they are typically less
disordered than nuclear proteins in general. Furthermore,
Fig. 1B illustrates that among the non-nuclear mouse proteins
the autophagy-related proteins share similar characteristics
of disorder with a generic set of all non-nuclear proteins
(the corresponding bars have comparable heights). On the
other hand, the results for the intra-nuclear compartments,
which are sorted by the increasing median disorder content
over all nuclear proteins (grey bars), show that the autophagy-
related proteins are characterized by relatively low levels of
intrinsic disorder, except for the chromatin and nuclear speckles.
The latter two compartments are enriched in the disordered
autophagy proteins (29 and 37% of these proteins are disordered,
respectively) and have high disorder content at 0.24 and 0.27,
respectively. These high levels of disorder are similar to the
overall disorder levels in proteins from these two intra-nuclear
compartments. Fig. 1B also shows that in comparison with other
proteins found in the corresponding nuclear compartments,
autophagy-related mouse proteins (except for lamina) are not
enriched in intrinsic disorder. To summarize this part, Fig. 1A
illustrates how autophagy-related proteins are distributed inside
and outside the nucleus. It clearly shows that in the mouse cell,
autophagy-related proteins are more common among the
nuclear proteins than among the cytoplasmic proteins. Fig. 1B
shows that the nuclear proteins are, in general, more disordered
than the non-nuclear proteins, and this observation agrees well
with the results of previous studies where nuclear proteins were
systematically reported to be characterized by high levels of
intrinsic disorder.’®!” Furthermore, based on the comparison
of the levels of intrinsic disorder in autophagy-related and
autophagy-unrelated proteins in various nuclear compartments
of the mouse nucleus one can conclude (see Fig. 1B) that the
autophagy-related proteins are characterized by relatively low
levels of intrinsic disorder, except for the chromatin and nuclear
speckles, whose corresponding bars are taller than those of the
nuclear proteins in general. Finally, among the autophagy-
related proteins found in various compartments of the mouse
nucleus, only lamina is characterized by an apparent enrichment
of disorder. The observations that IDPs are more commonly
found in the autophagy-unrelated proteins of various nuclear
compartments than in their autophagy-related proteins do not
mean that IDPs are not important. In addition to the informa-
tion on how many IDPs are associated with autophagy in various
nuclear compartments, a very important consideration is what
these autophagy-related IDPs are and what they do.

The point that mouse autophagy-related nuclear proteins
contain substantial amounts of intrinsic disorder is further
illustrated by Fig. 2A. Here, the per-protein propensities for
disorder (computed by averaging the corresponding per-residue
propensities) were evaluated by PONDR® VSL2°° and PONDR®

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Prevalence of intrinsic disorder in autophagy-related mouse proteins.
(A) Per-protein propensities for disorder (average of the corresponding
per-residue propensities) evaluated by PONDR® VSL2%° (x-axis) and
PONDR® VILXT?6! (y-axis) for the autophagy-related non-nuclear proteins
and autophagy-related nuclear proteins in various intra-nuclear compartments
listed in Table 1. (B) Evaluation of intrinsic disorder in autophagy-related mouse
proteins by CH-CDF analysis.2%?862 Here, the coordinates of each point were
calculated as a distance of the corresponding protein in the CH-plot from the
boundary (y-axis) and an average distance of the respective CDF curve from
the CDF boundary (x-axis). The four quadrants correspond to the following
predictions: Q1, proteins predicted to be disordered by CH-plots, but ordered
by CDFs; Q2, ordered proteins; Q3, proteins predicted to be disordered by
CDFs, but compact by CH-plots (ie., putative molten globules or hybrid
proteins); Q4, proteins predicted to be disordered by both methods. Proteins
found in different sub-nuclear compartments are indicated by differently
colored symbols.

VLXT.*"*! Fig. 2A and Table 1 illustrate that mouse autophagy-
related nuclear proteins are generally more disordered than the
autophagy-related non-nuclear proteins. In fact, our analysis using
PONDR"™ VSL2 (PONDR™ VLXT) indicates that the autophagy-
related non-nuclear proteins are characterized by the mean per-
protein propensity for disorder of 0.49 + 0.18 (0.38 £ 0.15), whereas
for all nuclear autophagy-related proteins the corresponding

This journal is © The Royal Society of Chemistry 2016
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values were 0.52 + 0.18 (0.41 + 0.18). Curiously, autophagy-related
proteins found in different membrane-less nuclear organelles were
disordered to a different extent, with the nuclear pore proteins
(0.377 £ 0.015 (0.306 + 0.007)) being noticeably more ordered than
non-nuclear proteins and proteins in other nuclear compartments,
and with autophagy-related proteins in nuclear speckles and
chromatin being noticeably more disordered than proteins in other
datasets (0.58 + 0.18 (0.48 & 0.17), and 0.56 + 0.16 (0.45 + 0.14),
respectively, see Table 1).

Overall, according to the results of the analysis of the
average per-protein intrinsic disorder propensities evaluated
by PONDR® VSL2, the autophagy-related proteins in intra-nuclear
compartments can be arranged in the following order: nuclear
speckles > chromatin > nuclear lamina > PML nuclear bodies >
nucleus = non-nuclear > nuclear pore. Similar but not identical
order is generated based on the results of the PONDR® VLXT-based
analysis: nuclear speckles > chromatin > nuclear lamina = PML
nuclear bodies > non-nuclear > nucleus > nuclear pore (see
Table 1). These results are also consistent with the analysis
from Fig. 1B where we used a different set of methods to
putatively annotate intrinsic disorder. Curiously, this order is
noticeably different from that generated in our earlier analysis
of the disorder status in all mouse nuclear proteins:'” perinucleolar
compartment > nuclear speckles > chromatin > nucleolus =
PML nuclear bodies > Cajal bodies > nuclear lamina > non-
nuclear proteins > nuclear pore. This observation indicates
that autophagy-related IDPs are differently distributed within
the membrane-less nuclear organelles, suggesting that these
organelles might be differently involved in autophagy. In our
view, this is an interesting hypothesis that requires further
analysis in order to find supporting evidence.

Next, the distribution of autophagy-related nuclear proteins
within the CH-CDF phase space was analyzed. Fig. 2B shows
that these proteins occupy quadrants Q2 (that contains “true”
ordered proteins; i.e., proteins predicted to be ordered by both
CH and CDF), Q3 (where native molten globular or mixed
proteins containing comparable amounts of order and disorder
are located; i.e., proteins predicted to be disordered by CDF but
compact by CH-plot), and Q4 (that includes native coils or
native pre-molten globules; i.e., proteins predicted to be dis-
ordered as a whole by both CH and CDF), whereas there are no
proteins in quadrant Q1 (that contains proteins predicted to be
extended by CH but ordered by CDF analysis). Therefore, in this
analysis, quadrants Q1, Q3, and Q4 contain proteins predicted
to be disordered as a whole by at least one of the methods, with
disordered proteins located in quadrants Q3 and Q4 being
further classified as proteins with compact/mixed or extended
disorder, respectively.

Overall, of 871 autophagy-related proteins analyzed in this
study, 467 (54%) are predicted to be ordered by both CH and
CDF predictors. Fig. 2B also shows that the autophagy-related
non-nuclear mouse proteins are distributed within the four
quadrants of the CH-CDF plot as follows: 0% (Q1), 54.1% (Q2),
19.7% (Q3), and 26.2% (Q4). On the other hand, the situation
is quite different for the autophagy-related nuclear mouse
proteins, which are split between the four quadrants of the
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CH-CDF plot in the 0.0%(Q1) : 50.4%(Q2) : 26.0%(Q3) : 23.6%(Q4)
proportion. Therefore, this analysis indicates that in comparison
with the autophagy-related non-nuclear mouse proteins, in a set
of mouse nuclear proteins associated with autophagy, there is a
noticeable decrease in the “truly” ordered proteins compensated
by the noticeable increase in native molten globules, suggesting
that nuclear IDPs with a molten-globule type of disorder
might have some autophagy-related functions. Obviously, this
interesting observation requires further analysis.

The content of mostly disordered autophagy-related proteins
(i.e., Q3 + Q4 proteins located within the quadrants 3 and 4 of the
CH-CDF plot) in different sub-nuclear compartments ranges
from 67% in chromatin to 0% in nuclear pore. By their content
of mostly disordered autophagy-related proteins, the nuclear
compartments can be arranged in the following order: chromatin
(67%) > nuclear speckle (63%) > non-nuclear (46%) > nucleolus
(45%) > PML nuclear bodies (44%) = nuclear lamina (44%) >
nuclear pore (0%). Therefore, with the exception for proteins
found in nuclear pores, a significant fraction of autophagy-
related proteins is expected to be either extended IDPs (behave
as native coils or native pre-molten globules) or the potential
native molten globules/hybrid proteins.

Altogether, our results that employ multiple methodologies
clearly and consistently demonstrate that in the mouse cells,
the autophagy-related intra-nuclear compartments (with the
exception of the nuclear pore) are enriched in IDPs, with
particularly high prevalence of disorder in the nuclear speckle
and chromatin.

To evaluate the evolutionary conservation of the observed
phenomenon (where many nuclear autophagy-related proteins
are enriched in IDPRs), we collected the autophagy related
proteins in the proteome of Saccharomyces cerevisiae. First, we
collected the complete and reviewed yeast proteome (6721
proteins) from UniProt. The same as for mouse, we extracted
112 autophagy related yeast proteins from the Autophagy
Database which we mapped into the complete proteome. Next,
we used the GO (gene ontology) annotations in the UniProt to
annotate nuclear proteins in yeast (we could not use Nsort/DB
since it is specific to mouse). We generated a list of GO cellular
component terms that are associated with nucleus; they
include the term nucleus and its child nodes in the ontology.
Yeast proteins that include at least one of these terms are
assumed to be localized in the nucleus. Overall, we found 2040
nuclear proteins in yeast, and 27 nuclear proteins among the
112 autophagy-related yeast proteins. Using the GO-based
annotations we were able to associate only four autophagy
related proteins with specific intra-nuclear localizations: two
in chromatin, one in the nuclear pore and one in the nucleolus.
Therefore, we decided not to split nuclear yeast proteins
according to their subnuclear locations and analyzed them as
two sets, autophagy-relate and unrelated yeast nuclear proteins
(see Fig. 1). Fig. 1A shows that contrarily to mouse, yeast
contains relatively less autophagy-related proteins in the
nucleus than in the cytoplasm. Next, we compared disorder
content and fractions of disordered proteins between the
autophagy-related proteins and all considered yeast proteins.

2802 | Mol. BioSyst., 2016, 12, 2798-2817
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Fig. 1B shows that irrespectively of their relation to autophagy,
nuclear proteins in yeast are expected to be significantly more
disordered than the non-nuclear proteins. Furthermore, in the
yeast nucleus, autophagy-related proteins were predicted to be
noticeably more disordered than other nuclear proteins. Next,
we compared various yeast datasets non-nuclear autophagy
unrelated (set 1, 4681 proteins), non-nuclear autophagy related
(set 2, 85 proteins), nuclear autophagy unrelated (set 3, 2040
proteins), and nuclear autophagy related (set 4, 27 proteins),
looking at percentages of their proteins that have at least one,
three, or five long IDPRs, and also calculated the number of
long IDPRs per 1000 residues. According to this analysis, set 1
contains 27%, 6%, and 1% of proteins with at least one, three, or
five long IDPRs, whereas in sets 2, 3, and 4, the corresponding
percentages are: 49%, 7%, and 1%; 58%, 15%, and 4%; and
78%, 26% and 11%, respectively. In these four datasets, the
average numbers of long IDPRs per 1000 residues are 1.23, 1.25,
2.05, and 1.92. Therefore, these data clearly show that the most
disordered proteins in yeast are nuclear autophagy related
proteins. Fig. 1B also shows that there is a proportional increase
in the disorder content among nuclear and non-nuclear proteins
related and unrelated to autophagy while moving from yeast to
mouse. In fact, disorder content of nuclear proteins in either
yeast or mouse is ~2-fold higher than the disorder level of their
cytoplasmic proteins. This evolutionary conserved enrichment in
disorder content suggests the functional importance of nuclear IDPs.

Analysis of the autophagy-related transcription factors and
nuclear IDPs associated with autophagy

Next, we analyzed a set of transcription factors involved in the
regulation of autophagy.”® The results of the analysis of the
disorder status of these transcription factors are summarized in
Table 2, which clearly shows that all these proteins are predicted
to have high contents of intrinsic disorder and contain numerous
functional IDPRs. These observations are in good agreement
with the results of previous large-scale computational studies
showing that intrinsic disorder is crucial for the function of
transcription factors.®*®* Furthermore, several proteins included
in Table 2, such as p53,%*°*% p63,°® p73,°° CHOP,*®*° NF-«B,”’
B-catenin,’®’* and FOXO03,”*”* represent well-characterized
examples of functional IDPs.

By applying a set of computational tools we revealed that two
important transcription factors, TFEB and ZKSCAN3, which are
known to be located at the center of the transcriptional network
that regulates autophagy,” are expected to be highly disordered,
contain numerous disorder-based binding sites and various post-
translational modifications, and to be involved in a multitude of
interactions with numerous proteins (see Fig. S1 and S2, ESI}).
Also, our analysis revealed that not all autophagy-related nuclear
IDPs are transcription factors, and that such autophagy-related
nuclear IDPs can be found in all nuclear compartments.

To illustrate this point, Table 3 represents some peculiarities
of functional intrinsic disorder in illustrative representatives of
the autophagy-related nuclear IDPs. Here, these proteins are
grouped according to their association with various nuclear
compartments. Table 3 shows that nuclear IDPs associated with

This journal is © The Royal Society of Chemistry 2016
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Table 2 Peculiarities of functional intrinsic disorder in mouse transcription factors involved in the regulation of autophagy

Core autophagy genes regulated Effect on MobiDB PONDR Njpr’
Name (UniProt ID)*? at the transcriptional level® autophagy” Length pI  consensus’ VSL2° (PLD?)  Namps'
CHOP (P35639) ATG5 and LC3 Enhanced 168 4.65 83.93 86.31 1(61.90) 5
FOXO03 (QYWVH4) ATG4, ATG12, BECN1, BNIP3, Enhanced or suppressed 672  4.92 72.62 85.86 3 (21.58) 16
LC3, ULK1, ULK2, and VPS34
FOXO1 (Q9R1E0) ATG5, ATG12, ATG14, BECN1, BNIP3, Enhanced 652 6.47 69.48 71.47 3 (24.39) 20
LC3, and VPS34
TFEB (Q9R210) ATG4, ATGY, BCL2, LC3, SQSTM1, Enhanced 475 5.86 64.63 87.79 3 (21.11) 15
UVRAG, and WIPI
ATF5 (070191) mTOR Suppressed 283 4.87 61.48 85.51 2(33.92) 6
ATF4 (Q06507) ATG5, BH3-only LC3, and ULK1 Enhanced 349 4.71 58.74 91.69 1 (12.89) 10
SOX2 (P48432) ATG10 Enhanced 319 9.81 51.41 100.00 1 (13.17) 10
JUN (P05627) BECN1 and LC3 Enhanced 334 8.88 45.21 77.84 1(30.84) 7
P73 (Q9JJP2) ATG5, ATG7, and UVRAG Enhanced 631 6.49 43.42 59.43 2 (8.08) 11
p63 (088898) ATG3, ATG4, ATG5, ATG7, ATG9, Enhanced 680  6.19 40.00 59.12 3 (15.59) 9
ATG10, BECN1, LC3, and ULK1
HIF1 (Q61221) BNIP3 Enhanced 836 5.14 39.00 60.53 3 (12.56) 15
ZKSCAN3 (Q91VW9) LC3,° ULK1,° and WIPI Suppressed 553  5.66 38.89 75.59 4 (58.95) 10
GATA1 (P17679) LC3 Enhanced 413 8.91 38.26 64.89 1(5.08) 6
E2F1 (Q61501) ATG5, BNIP3, LC3, and ULK1 Enhanced 430 4.92 36.05 63.95 2(16.28) 9
C/EBPp (P28033) BNIP3, LC3, and ULK1 Enhanced 296 8.78 34.12 89.53 1(8.11) 7
NF-kB (P25799, QOWTKS5) BCL2, BECN1, BNIP3,° and SQSTM1 Enhanced or suppressed 971 5.20 17.20 33.26 1(2.68) 6
899 5.93 32.59 60.29 3 (13.01) 16
p53 (P02340) ATG2, ATG4, ATG7, ATG10, BCL2,°  Enhanced (nucleus) 387  6.83 30.23 64.60 1(11.11) 6
BH3-only, ULK1, and UVRAG or suppressed (cytosole)
SREBP2 (Q3U1N2) LC3, ATG4B, and ATG4D Enhanced 1130 8.75 18.32 45.22 1(398) 6
B-catenin (Q02248) SQSTMI° Suppressed 781  5.53 17.31 29.96 2 (14.98) 9
STAT1 (P42225) ATG12° and BECN1° Suppressed 749 5.42 11.48 3712 4(29.91) 4
STAT3 (P42227) ATG3, BCL2, and BNIP3 Suppressed 770 594 9.74 3234 2(19.61) 3

“ Data are taken from ref. 51. © Abbreviated names (in order of appearance): ATF, activating transcription factor; BECN1, beclin 1; BH3-only, BCL-2
homology 3-only; C/EBPB, CCAAT/enhancer-binding protein-f; CHOP, C/EBP-homologous protein; FOXO, forkhead box O; HIF1, hypoxia-inducible
factor 1; LC3, light chain 3; NF-kB, nuclear factor-«B; RB1CC1, RB1-inducible coiled-coil 1; SOX2, SRY box-containing factor 2; SQSTM1,
sequestosome 1; SREBP2, sterol regulatory element binding protein 2; STAT, signal transducer and activator of transcription; TFEB, transcription
factor EB; ULK, UNC-51-like kinase; UVRAG, ultraviolet irradiation resistance-associated gene; VPS34, vacuolar protein sorting 34; WIPI, WD repeat
domain, phosphomos1t1de interacting; ZKSCANS3, zinc-finger protein with KRAB and SCAN domams 3 ¢ Genes are upregulated by the specified
transcrlptlon factor unless marked, which lndlcates that the transcription factor downregulates them. ¢ Content of predicted disordered residues
in a given proteln based on the M0b1DB consensus score.”*”” ¢ Content of predicted disordered residues in a given protein based on the PONDR*®

VSL2 analysis. /

calculated as content of predicted disordered residues in long disordered regions in a given protein based on the MoleB consensus analysis.

Nipr, Number of long disordered regions in a protein based MobiDB consensus analysis.”*”> ¢ PLD, percent of long disorder

74,75

" Nass, number of ANCHOR identified binding sites.”®’” ? Values calculated based on the results of the PONDR® VSL2 analysis.

autophagy have numerous functionally important IDPRs that
are involved in protein-protein interactions. Curiously, even
within the intra-nuclear compartments containing the least
disordered autophagy-related proteins (e.g., nuclear pore and
perinucleolar compartment) these proteins still have numerous
AIBSs, emphasizing their binding promiscuity. Also, two highly
disordered autophagy-related nuclear proteins (Akap8 and RING1,
see Table 3) were found to be associated with two different nuclear
compartments (chromatin and nuclear speckles).

Focused look at the illustrative examples of nuclear IDPs
associated with autophagy

For all proteins listed in Table 3, we evaluated their per-residue
intrinsic disorder propensities using PONDR™ VLXT,*!
PONDR®™ VsSL2,° PONDR® VL3,”® and PONDR®™ FIT,”
retrieved information on functional disorder in these proteins
from the D*P* database (http://d2p2.pro/),*® and finally looked
at the interactivity of these autophagy-related nuclear proteins
using the STRING database.®® The results of these analyses
for eight autophagy-related nuclear proteins (one illustrative
example for each membrane-less nuclear organelle considered
in this study) are discussed below, whereas analogous data for

This journal is © The Royal Society of Chemistry 2016

the remaining proteins from Table 3 are shown in the ESIf
(Fig. $3-S14).

Cajal body: ataxin-2-like protein A2LP

Fig. 3 represents the results of computational analysis of the
prevalence and functionality of intrinsic disorder in ataxin-2-
like protein (A2LP, UniProt ID: Q7TQHO) found in Cajal body.
According to this analysis, mouse A2LP is predicted to be a
highly disordered protein (see Fig. 3A and B) that is heavily
decorated with various post-translational modifications (PTMs)
and has numerous disorder-based interaction sites (see Fig. 3B)
and is shown to be involved in multiple protein-protein inter-
actions (see Fig. 3C). The presence of multiple PTM sites®"*?
and binding promiscuity?!:>436:37:6%:83
features characteristic of IDPs.

A2LP is a paralogue of ataxin-2, which is a disease-causing
protein involved in the pathogenesis of spinocerebellar ataxia
type 2. Mouse protein has a proline-rich N-terminal region
(residues 4-61). It has been established that human A2LP is
able to interact with ataxin-2 itself and with some of the known
binding partners of ataxin-2, such as the poly(A)-binding protein
and the RNA helicase DDX6.** It is also known that mouse

are well-known functional
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Table 3 Peculiarities of functional intrinsic disorder in illustrative representatives of mouse autophagy-related nuclear IDPs

Name (UniProt ID)* Length pl MobiDB consensus” PONDR VSL2° Nipr” (PLDY) Nams'
Cajal body

A2LP (Q7TQHO) 1049 8.94 77.22 91.13 6 (53.00) 26
Chromatin

o-NAC (P70670) 2187 9.39 85.32 97.12 8 (55.05) 65
Champ1 (Q8K327) 802 8.08 71.07 81.67 5 (56.61) 11
Piccolo (Q9QYX7) 5068 6.10 63.24 84.65 17 (38.32) 96
Akap8 (QI9DBRO) 687 5.03 N.D. 91.99 5 (93.67) 15
RING1 (035730) 406 5.54 51.23 65.02 2 (30.05) 5
Nuclear lamina

Cux1 (P53564) 1515 6.02 62.05 84.09 6 (36.57) 30
Nuclear pore

SRP1-f (Q60960) 538 4.93 14.68 31.41 1 (11.90) 3
Qip2 (035344) 521 4.80 14.97 26.30 1 (5.57) 3
Pendulin (P52293) 529 5.49 14.37 27.98 2 (9.83) 5
Nuclear speckle

Bud13 (Q8R149) 637 9.94 92.31 94.98 4 (73.94) 14
Srrm1 (Q52KI8) 946 11.87 87.53 90.70 1 (82.45) 17
Pabp2 (Q8CCS6) 302 5.13 59.93 76.82 1 (36.75) 5
Jip1 (Q9WVI9) 707 4.84 54.15 68.74 3 (47.38) 13
Akap8 (QIDBRO) 687 5.03 N.D. 91.99 5 (93.67) 15
RING1 (035730) 406 5.54 51.23 65.02 2 (30.05) 5
Nucleolus

Tp2 (P11378) 117 11.80 56.15 68.74 3 (47.38) 3
Nkx-3.1 (P97436) 237 8.98 56.12 80.59 1 (40.51) 5
Eps15R (Q60902) 907 4.86 57.11 71.44 2 (29.88) 13
Perinuclear compartment

Sin3a (Q60520) 1274 6.82 30.14 48.90 5 (15.23) 20
PML

Grip1 (Q61026) 1462 6.22 67.37 87.14 4 (15.39) 28
Numa1 (Q80Y35) 2094 5.68 61.03 93.27 7 (23.40) 44

¢ Abbreviated names (in order of appearance): A2LP, ataxin-2-like protein; a-NAC, nascent polypeptide-associated complex subunit alpha, muscle-
specific form; Champ1, chromosome alignment-maintaining phosphoprotein 1; Piccolo, protein piccolo; Akap8, a-kinase anchor protein 8; RING1,
E3 ubiquitin-protein ligase RING1; Cux1, homeobox protein cut-like 1; SRP1-B, importin subunit o-5; Qip2, importin subunit o-4; pendulin,
importin subunit o-1; Srrm1, serine/arginine repetitive matrix protein 1; Pabp2, polyadenylate-binding protein 2; Jip1, C-Jun-amino-terminal
kinase-interacting protein 1; Tp2, nuclear transition protein 2; Nkx-3.1, homeobox protein Nkx-3.1; Eps15R, epidermal growth factor receptor
substrate 15-like 1; Sin3a, paired amphipathic helix protein Sin3a; Grip1, nuclear receptor coactivator 2; Numal, nuclear mitotic apparatus protein 1.
b Content of predicted disordered residues in a given protein based on the MobiDB consensus score.”*”* ¢ Content of predicted disordered residues
in a given protein based on the PONDR™ VSL2 analysis. ¢ Ny;pg, number of long disordered regions in a protein based on the MobiDB consensus
analysis.”*”® ¢ PLD, percent of long disorder calculated as content of predicted disordered residues in long disordered regions in a given protein

based on the MobiDB consensus analysis.”*”*/ Nus, number of ANCHOR identified binding sites.”®””

protein is phosphorylated at Ser27, Thr45, Ser109, Ser236,
Ser407, Serd96, Ser499, Ser560, Ser597, and Ser637,%” and is
acetylated at the residue Lys205.%® Human A2LP is involved in
the regulation of stress granules and processing bodies.®*
Furthermore, in addition to the canonical form comprising
1049 residues, two more forms are produced by alternative
splicing (AS). In one of these AS isoforms, the 439-444 region
is missing, whereas in the second AS form, in addition to the
removal of this region, the C-terminal 16 residues are changed to
the GEQPGQAPGFPGGADDRIREFS LAGGIWHGRAEGLQVGQDA
RVLGGD sequence. Also, residues 98-121 of human protein
(which correspond to residues 96-119 in mouse A2LP) are
involved in interaction with a cytokine receptor Mpl, thereby
activating multiple downstream signal transduction pathways.®”

Although currently available structural and functional infor-
mation about A2LP is rather limited, some of the results of

2804 | Mol. BioSyst., 2016, 12, 2798-2817

bioinformatics analysis are supported by experimental evidence.
In fact, the indicated Mpl-binding region of mouse A2PL coin-
cides with one of its 25 predicted disorder-based binding sites,
whereas all the aforementioned PTM sites are located within the
disordered regions of this protein. Also, earlier studies revealed
that alternative splicing occurs mostly in regions of RNA that
code for the disordered protein regions.***°

Chromatin: nascent polypeptide-associated complex subunit o

Fig. 4 depicts the results of the evaluation of the muscle-specific
form of a-NAC protein (SkNAC, UniProt ID: P70670) for intrinsic
disorder and shows that this protein is expected to be highly
disordered, have several isoforms produced by AS, and possess
numerous PTM sites and disorder-based binding sites defining
its ability to interact with various partners. Due to the length of
this and several other proteins discussed below and due to the

This journal is © The Royal Society of Chemistry 2016
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line — experimental evidence; a yellow line — text mining evidence; a light blue line — database evidence; a black line — co-expression evidence.®°

high informational density of the corresponding STRING and
D?P? plots, it is almost impossible to extract exact information
from these graphs. One should keep in mind though that the
goal of the corresponding figures is to show how common is
disorder in these proteins and what it can be used for. We
expect that the interested readers will be able to obtain required
information from the interactive plots available for these
proteins at the STRING http://string-db.org/ and D*P* (http://
d2p2.pro/) websites.

a-NAC is the a-subunit of the nascent polypeptide-associated
complex (NAC). In yeast, together with the Hsp40/70-based
chaperone system RAC-Ssb, NAC is involved in assisting cotrans-
lational folding of nascent polypeptides at the ribosome.”® In
archaea, NAC is a homodimeric complex formed by two o-NAC

This journal is © The Royal Society of Chemistry 2016

subunits, whereas in eukaryotes, a stable o-NAC heterodimer is
found. NAC serves as a dynamic component of the ribosomal exit
tunnel that ensures appropriate nascent protein targeting by
protecting the emerging polypeptides from interacting with
other cytoplasmic proteins.”® In mice, o-NAC serves as a cardiac-
and muscle-specific transcription factor.”*

It was shown that a muscle-specific, proline-rich isoform of
a-NAC termed as skNAC is generated by an alternative splicing-
in of a 6.0 kb-exon.”" skNAC serves as a tissue-specific DNA-binding
activator and participates in normal myogenic differentiation as
well as in the regulation of myoblast fusion.”® Also, this muscle-
specific transcription factor skNAC interacts with muscle-restricted
histone methyltransferase Smyd1 and is involved in cardiac
development and skeletal muscle growth and regeneration,’

Mol. BioSyst., 2016, 12, 2798-2817 | 2805
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Fig. 4 Prevalence and functionality of intrinsic disorder in a-NAC protein (UniProt ID: P70670) from chromatin. (A) Evaluation of the per-residue
disorder propensity by the members of the PONDR family of disorder predictors. (B) Evaluation of the functional intrinsic disorder propensity by the DP?
database (http://d2p2.pro/). (C) Analysis of the a-NAC interactivity by STRING computational platform.

whereas skNAC depletion stimulates myoblast migration and
perturbs sarcomerogenesis via enhancement of the activity of
calpains 1 and 3.% skNAC can be found both in the cytoplasm
and in the nucleus.’* Also, via its PXLXP motif skNAC is able to
interact with the evolutionarily conserved MYND domain of the
m-Bop repressor protein, which is essential for cardiogenesis,”
as well as with other MYND-containing transcriptional regulators
linked to development, chromatin stability, and cancer.®* High
predisposition of skNAC for intrinsic disorder is not surprising
since many transcription factors are known to be highly
disordered.®

Nuclear lamina: homeobox protein cut-like 1 (Cux1)

The results of the multiparametric disorder analysis of the
homeobox protein cut-like 1 (Cux1, UniProt ID: P53564) from
nuclear lamina are shown in Fig. 5, which clearly illustrate that
Cux1 is predicted to be highly disordered (Fig. 5A) and can be

2806 | Mol. BioSyst, 2016, 12, 2798-2817

involved in a multitude of interactions with various binding
partners (Fig. 5B).

Because Cuxl1 is a transcription factor (see below), it was
expected that it will be highly disordered. Although the results
of D?P*-based analysis are not available for this protein as of
yet, Table 3 shows that it is predicted to have 30 disorder-based
binding sites. Furthermore, there are four DNA binding domains
in mouse Cuxl, residues 540-627, 929-1016, 1112-1199, and
1239-1298. Also, it is expected to be phosphorylated at Ser427,
Ser761, Ser901, Ser1064, Ser1332, and Ser1506. There are six
isoforms of Cux1 produced by alternative splicing: a canonical
isoform (1515 residues); isoform 1 (678 residues) is known as
the cytohesin-associated scaffolding protein (CASP) and has
first 420 residues similar to those of isoform 3. In isoform 2
(1413 residues), residues 406-507 are missing.

In isoform 3 (1504 residues), residues 630-651 are
missing and the N-terminal 10 residues are changed to the

This journal is © The Royal Society of Chemistry 2016
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MAANVGSMFQYWKRFDLQQLQ sequence; isoforms 4 and 5
(1332 and 460 residues, respectively) are characterized by
missing regions 1-183 and 1-1055, respectively. The canonical
form of the mouse protein has a coiled-coil domain (residues
56-361) and the alanine-rich domain (residues 1358-1463).
On the functional site, Cux1 serves as a repressor of develop-
mentally regulated gene expression.”>”® Cux1, also known as
the CCAAT displacement protein (CDP), was shown to act as a
transcriptional repressor in various processes, ranging from
terminal differentiation, to cell cycle progression, to DNA
replication, to the spindle assembly checkpoint that controls
progression through mitosis, and to the control of nuclear
matrix attachment regions,”>*” likely due to the ability of this
transcription factor to regulate a large number of genes and
microRNAs involved in multiple cellular processes.”” CUX1 is
found within a multi-protein complex known as the histone
nuclear factor D (HiNF-D).*® In humans, the CASP isoform of
Cux1 acts as an important scaffold protein needed for the assembly
and recruitment of various protein complexes associated with
intracellular trafficking and signaling and plays a role in
immunity.”® Changes in the expression levels of various Cux1
AS isoforms were observed in many cancers, where this protein

This journal is © The Royal Society of Chemistry 2016
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plays a role in the stimulation of cell migration and invasion, as
well as tumor initiation and progression.”” Besides carcinogenesis,
Cux1 is involved in the etiology of polycystic kidney diseases,
cognitive disorders, neurodegeneration, and obesity.®”

Nuclear pores: importin subunit a5 (SRP1-f)

Fig. 6 summarizes the results of computational analysis of the
a5 subunit of importin (UniProt ID: Q60960), also known as
importin o-S1, karyopherin subunit a-1 (Kpna1), nucleoprotein
interactor 1 (NPI-1), RAG cohort protein 2 (RCH2), or SRP1-. It
is seen that although SRP1-f is one of the most ordered
proteins considered in our study, it has a long, highly disordered
N-terminal tail (residues 1-120, Fig. 6A), which contains three
disorder-based binding sites (Fig. 6B). SRP1-§ is involved in a
wide network of protein-protein interactions (Fig. 6C), and
binding promiscuity helps SRP1-B to serve as an adapter protein
for the nuclear receptor karyopherin subunit -1 (Kpnf1) and to
bind specifically and directly to a multitude of protein-substrates
containing nuclear localization signal (NLS) motifs."*

Being an active substrate recruiter of the karyopherin-nuclear
pore complex (NPC) machinery, SRP1-f is needed for targeting
specific cargos for nucleo-cytoplasmic transport, and for the reloca-
tion of essential targets into and out of the nucleus.'® Since both
NLS-binding sites (major, residues 149-241, and minor, residues
318-406) are located within the mostly ordered part of SRP1-B, it is
likely that these localities serve as docking sites for the intrinsically
disordered NLS motifs.

Nuclear speckles: Bud13 homolog protein

Fig. 7 shows the PONDR-based disorder profile, D*P* plot, and
STRING-based interactome of the nuclear speckle-located
Bud13 homolog protein (UniProt ID: Q8R149), which, in yeast,
is a member of the precursor mRNA (pre-mRNA) retention and
splicing (RES) complex.'** This RES complex is composed of at
least three proteins, snRNP-associated protein 17 (Snu17, also
known as Ist3), pre-mRNA-leakage protein 1 (Pml1), and bud
site-selection protein 13 (Bud13).'® It has been shown that the
entire Bud13 and the N-terminal third of Pml1 are intrinsically
disordered in isolation.'®* Fig. 7A and B show that in agreement
with these experimental data for the yeast Bud13, the mouse
protein is predicted to be mostly disordered.

Therefore, if these extensions and insertions would be
excluded, the actual sequence identity for these two proteins would
be >60%. Curiously, the C-terminally located UHM-ligand motif
(ULM) of yeast Bud13 is highly similar to the C-terminal region of
mouse protein that contains two disorder-based binding sites (see
Fig. 7B). Altogether, mouse Bud13 is predicted to have 14 such
disorder-based interaction sites and therefore is expected to have a
multitude of binding partners. In agreement with this hypothesis,
Fig. 7D shows that this protein is indeed a promiscuous binder.
Furthermore, according to Fig. 7B, functionality of Budi13 is
regulated by intensive phosphorylation and acetylation. Importantly,
all sites of posttranslational modifications are located within the
intrinsically disordered regions. This is in agreement with the well-
known fact that phosphorylation® and many other enzymatically
catalyzed PTMs are preferentially located within the IDPRs.*

Mol. BioSyst,, 2016, 12, 2798-2817 | 2807
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Bud13 binds to Snul7 with nanomolar affinity.'®* The
formation of this heterodimeric complex involves an inter-
action between the U2AF-homology motif (UHM) located within
the RNA-recognition motif (RRM) domain of Snul7 and the
C-terminal UHM-ligand motif (ULM) of Bud13.'® The 50
residue-long IDPR located at the N-terminus of Pml1 is respon-
sible for the engagement of this protein in the RES complex."*®
Therefore, the RES core complex in yeast involves the
C-terminal domain (residues 200-266) of Bud13 and residues
1-60 of Pml1 bound to the RRM domain (residues 25-138)
of Snu17."®" Fig. 7C represents the solution structure of this
RES core complex and shows that even in its bound form, the
C-terminal domain of Bud13 preserves significant flexibility.
Curiously, in addition to the aforementioned engagement in
the RES complex formation, yeast Snu17 and Bud13 are known
to be directly involved in mRNA splicing,'°®'®” whereas in
Caenorhabditis elegans, Bud13 also plays a role in the regulation
of embryogenesis.'®® Although Bud13 in yeast is noticeably
shorter than its orthologue in mouse (266 vs. 637 residue),
these two proteins share 25.1% identical residues. The actual
similarity is even higher, since in comparison with Bud13 from

2808 | Mol. BioSyst., 2016, 12, 2798-2817

yeast, mouse protein has a 299 residue-long N-terminal extension
and multiple long insertions that sum up to 92 residues.

Nucleolus: nuclear transition protein 2 (Tp2)

Fig. 8 shows that the nuclear transition protein 2 (Tp2, UniProt
ID: P11378), being shortest among the proteins considered here
(it has just 117 residues), is predicted to be highly disordered
(Fig. 8A) and is involved in a very dense network of protein-
protein interactions (Fig. 8B). Table 3 also illustrates that Tp2
has three disorder-based potential binding sites. This high
binding promiscuity and high disorderedness level are directly
related to the functionality of this important protein found in
the nuclei of male germ cells. In fact, together with two other
testis-specific transition proteins, Tpl and Tp4, Tp2 plays a
crucial role in the global chromatin remodeling process that
takes place during mammalian spermiogenesis, and where
haploid round spermatids are transformed into a toroidal
nucleoprotamine fiber in the mature spermatozoa.'®*™'"> In
this two-step process, 90% of histones are first replaced by the
moderately basic transition proteins Tp1 (55 residues, pI 12.09,
net charge +19), Tp2 (117 residues, pI 11.80, net charge +25),

This journal is © The Royal Society of Chemistry 2016
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and Tp4 (in Sus scrofa, 138 residues, pI 12.10, net charge +43),
which at the later stage are replaced by highly basic proteins,
sperm-specific protamines P1 (51 residues, pl 12.07, net
charge +31) and P2 (107 residues, pI 12.05, net charge +33) to
form a highly condensed sperm chromatin.'®*™"'® Recently it
has been established that Tp1 and Tp2 from rat have 16 and 19
PTMs, respectively, and that Tp2 is methylated at Arg71, Arg75,
and Arg92 residues by the arginine methyltransferase PRMT4
(CARM1), and is methylated at Lys88 and Lys91 residues by the
lysine methyltransferase KMT7 (Set9).'*® In support of this Tp2
from rat was shown to be a zinc-metalloprotein, whose intrinsically
disordered structure in the unbound form was moderately
perturbed by interaction with zinc ions.'*”

Perinucleolar compartment: paired amphipathic helix protein
Sin3a

The results of the functional disorder evaluation in the paired
amphipathic helix protein Sin3a (UniProt ID: Q60520) are
shown in Fig. 9. It is seen that similar to the aforementioned
karyopherin subunit SRP1-f from nuclear pore, Sin3a belongs to
the category of hybrid proteins™*® that possess both functional

This journal is © The Royal Society of Chemistry 2016

IDPRs and ordered domains. Fig. 9A and B show that both
N- and C-terminal domains of this protein are substantially
disordered (residues 1-450 and 1050-1150, respectively). There
are also several shorter disordered regions in the middle part of
Sin3a. According to Fig. 9B, disordered regions of Sin3a contain
numerous PTM sites. Fig. 9C shows that Sin3A is involved in
numerous protein-protein interactions, whereas Fig. 9B illustrates
that several potential binding sites are located within the
terminally and centrally located IDPRs. Curiously, many of
these predicted binding sites overlap or coincide with known
binding regions of Sin3a. For example, residues 119-196 are
involved in interaction with HCFC1, residues 205-479 bind to
REST, whereas residues 688-830 are responsible for interaction
with HDAC1 and ARID4B.

Sin3A serves as a co-repressor required for the regulation of
functions of the Mad proteins (which are basic region-helix-
loop-helix-leucine zipper (b HLHZip) proteins that act as tran-
scriptional repressors and antagonize the transcriptional and
transforming activity of the Myc proto-oncogenes''*"*"), where
the Mad-Max transcriptional repression is mediated by the
formation of the ternary complex with Sin3A,'*>'** and where

Mol. BioSyst., 2016, 12, 2798-2817 | 2809
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interaction with Sin3A is critical for the function of the Mad
proteins as transcriptional repressors.** Sin3A also is involved
in the formation of large multi-protein complexes that contain
the histone deacetylases HDAC11 and HDAC2, and these
histone deacetylases are needed for the mediation of the
Mad-based transcriptional repression.'>>'*¢ Additionally, these
complexes contain SAP18 and SAP30 proteins, with both SAP18
and SAP30 being involved in direct interaction with Sin3A."*” In
addition to modulating the biological and transcriptional activities
of Mad, the complex between Sin3A and HDAC was shown to serve
as a co-repressor used by various transcriptional repressors, such as
the estrogen receptor, MeCP2, Pit1, RPX, and RXR."**

Important functional units of the members of the Sin3
family are paired amphipathic o-helix (PAH) domains that
contain two amphipathic o-helices separated by a flexible linker
and that serve as specific protein-protein interaction domains.'?>'3*
In fact, PAH1 of Sin3A interacts with the repression domain of
the nuclear hormone corepressor N-CoR,"**"** PAH2 binds to
Mad proteins,"**"** and PAH3 is responsible for interaction
with SAP30.'*

2810 | Mol BioSyst, 2016, 12, 2798-2817
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PML nuclear bodies: glucocorticoid receptor-interacting
protein-1 Grip1

Glucocorticoid receptor-interacting protein-1 (Grip1, UniProt
ID: Q61026) is also known as nuclear receptor coactivator-2
(NCoA-2), steroid receptor coactivator-2 (SRC2), and transcriptional
intermediary factor-2 (TIF2). Fig. 10A and B shows that this
transcriptional coactivator for steroid receptors and nuclear
receptors is predicted to be highly disordered, and that dis-
order is unevenly distributed within the protein sequence, with
C-terminal 1000 residues representing a highly disordered
domain and with the N-terminal 400-residue-long domain
containing a mixture of disordered and ordered regions.
Although there are 28 potential disorder-based binding sites
spread throughout the protein sequence, these sites are very
dense within the disordered domain, which can be considered
as a long binding platform (see Fig. 10B), and which can
explain the high binding promiscuity of Grip1 and its involve-
ment in the well-developed and highly dense interaction net-
work (see Fig. 10C). Finally, Fig. 10C shows that functionality of
Grip1 is regulated by numerous PTMs. In agreement with the
prediction that many regions of Gripl may undergo binding-
induced folding, the 686-697 region folds into short o-helix
upon binding to the human estrogen receptor o ligand-binding
domain®*>"3¢ or to the peroxisome proliferator-activated receptor y
(PPARY),"*” and the 741-753 region also adopts an o-helical con-
formation as a result of binding to the nuclear receptor FXR,"*® or
the androgen receptor,'* or to the glucocorticoid receptor.'*’

High binding promiscuity and a wide spectrum of binding
partners define the multifarious role of Gripl in various bio-
logical processes ranging from orchestration of metabolism*" to
regulation of energy balance between white and brown adipose
tissues and related coordination of energy homeostasis,"** to
control of circadian clock,"*" to regulation of fasting hepatic
glucose release needed for basal brain function and survival
when dietary glucose is unavailable,"** to control of the thymic-
specific retinoic acid-related orphan receptor y (RORy)t-regulated
thymocyte survival,"** and to regulation of chromatin structure
remodeling, recruitment of RNA polymerase, and transcription
activation via interaction with various hormone-activated nuclear
receptors (NR)."*®

Experimental
Datasets

We collected a comprehensive set of autophagy-related proteins
in mouse from the Autophagy Database.'*® We picked mouse
since it is characterized by a good coverage of the autophagy-
related proteins and annotations of intra-nuclear compartments.

The autophagy-related proteins include experimentally
annotated proteins, orthologs of the autophagy-related proteins
and proteins that share high sequence similarity to these
‘reviewed’ and ‘orthologous’ proteins (based on PSI-BLAST with
3 iterations and E-value < 1e'%).

We collected nuclear proteins and their annotations of the
intra-nuclear compartments from the Nsort/DB database'*’

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Prevalence and functionality of intrinsic disorder in Sin3a protein (UniProt ID: Q60520) from Perinuclear compartment. (A) Evaluation of the
per-residue disorder propensity by the members of the PONDR family of disorder predictors. (B) Evaluation of the functional intrinsic disorder propensity
by the D?P? database (http://d2p2.pro/). (C) Analysis of the Sin3a interactivity by STRING computational platform.

that combines data from a comprehensive set of sources:
NPD,'*® NOPdb,'*® NMPdb,"*® UniProt,’** and HPRD.'? We
mapped the autophagy-related and nuclear proteins into a
complete mouse proteome collected from UniProt,">! using the
same procedure as in ref. 17. Briefly, mapping primarily relied
on the comparison of accession numbers and in the case where
these numbers were not available we matched proteins using
sequence identity. This way the autophagy-related proteins are
assigned to specific intra-nuclear localizations or to the set of
non-nuclear proteins. We include 748 and 123 non-nuclear and
nuclear autophagy-related proteins, respectively (see Table 1).

Annotation and characterization of intrinsic disorder

We collected putative annotations of intrinsic disorder based
on a majority vote consensus of two high-throughput predictors
of intrinsically disordered residues. We utilized the consensus
since this was demonstrated to increase predictive performance
as compared to using a single predictor.”>*™*® Our consensus

This journal is © The Royal Society of Chemistry 2016

considers a diverse set of methods that use complementary
definitions of disorder and predict different types of disordered
regions. We used three versions of the Espritz method"®” that
predict disorder annotated based on crystal structures, NMR-
generated structures, and using annotations from the Disprot
database."*® We also used two versions of the IUPred method">°
that were optimized to predict long and short disordered
regions. A recent comparative assessment found that these
methods are characterized by high predictive performance,
with AUC values of about 0.77.'>* The same consensus was
applied in a few related studies.”*"'®°**> We obtained the
putative disorder annotations for each residue and computed
the following two measures by combining these predictions per
protein or a group of proteins:

- Disorder content: fraction of disordered residues in a given
protein;

- %DisProt (fraction of disordered proteins): fraction of
proteins with disorder content >0.4 in a given protein set.

ol. BioSyst,, 2016, 12, 2798-2817 | 2811
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Fig. 10 Prevalence and functionality of intrinsic disorder in Gripl protein (UniProt ID: Q61026) from PML nuclear bodies. (A) Evaluation of the per-
residue disorder propensity by the members of the PONDR family of disorder predictors. (B) Evaluation of the functional intrinsic disorder propensity by
the D?P? database (http://d2p2.pro/). (C) Analysis of the Gripl interactivity by STRING computational platform.

We calculated these measures for the autophagy-related
non-nuclear proteins, and the autophagy-related nuclear proteins
in each intra-nuclear compartment.

Disorder sub-classification of autophagy-related proteins based
on charge/hydropathy-cumulative distribution function
analysis

One of the visually attractive ways to classify intrinsic disorder
in whole proteins is given by the charge-hydropathy/cumulative
distribution function (CH-CDF) analysis, which utilizes the
ability of the CH-plot to separate proteins with extended disorder
from compact proteins*>*® as opposed to the CDF plot that
discriminates all types of IDPs, including molten globules, from
the ordered proteins.*® Here, the disorderedness of a protein is
characterized by its position within the two-dimensional plot,
where a distance of this protein in the CH-plot (charge-hydropathy
plot)***® from the boundary separating compact (molten globule-like
and well-structured globular proteins) and intrinsically disordered
proteins with extended disorder (random coils and pre-molten
globules) is used as the Y-coordinate, whereas an average distance
of the protein’s CDF curve®® from the CDF boundary separating

2812 | Mol BioSyst. 2016, 12, 2798-2817

ordered and disordered proteins serves as its X-coordinate,®**63164

The resulting CH-CDF plot contains four quadrants and provides
useful means for the visual sub-classification of proteins into
ordered proteins, IDPs with extended disorder, compact molten
globular IDPs or hybrid proteins containing ordered domains and
IDPRs. Here, quadrant Q1 contains D/O proteins predicted to be
disordered by CH-plots, but ordered by CDFs; quadrant Q2 corre-
spond to the O/O proteins predicted to be ordered by both binary
classifiers; quadrant Q3 includes O/D proteins predicted to be
compact by CH-plots (ie., putative molten globules or hybrid
proteins with ordered domains and IDPRs) and disordered by
CDF analysis; whereas quadrant Q4 contains D/D proteins pre-
dicted to be disordered using both methods.®***

Disorder and disorder-based functional analysis of selected
autophagy-related nuclear proteins using consensus disorder
predictors, PONDR predictors, D’P?>, STRING, and ANCHOR

To strengthen confidence of our analysis, disorder evaluations
for several selected proteins (which are mouse autophagy-related
nuclear proteins found in specific sub-nuclear compartments)
are further analyzed by two consensus-based computational tools

This journal is © The Royal Society of Chemistry 2016
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for evaluation of intrinsic disorder, PONDR-FIT”® and MobiDB.”*”*
The MobiDB database (http://mobidb.bio.unipd.it/)”*”> uses
consensus-derived disorder scores based on ten disorder pre-
dictors: ESpritz in its two flavors,®” IUPred in its two versions,"*
DisEMBL in two of its flavors,'°® GlobPlot,'®” PONDR™ VSL2B,” %68
and JRONN.'®°

Furthermore, disorder was also evaluated using the methods
from the PONDR family: PONDR® VLXT,?* PONDR® VSL2,*
PONDR® VL3,”® and PONDR® FIT.”” PONDR® VSL2 was shown to
be among the accurate disorder predictors.*”*>*'>® PONDR® VLXT
has high sensitivity to local sequence peculiarities associated with
disorder-based interaction sites.”> PONDR® VL3 was assessed to
provide accurate predictions of long disordered regions,”® whereas
PONDR-FIT is one of the recent consensus predictors. Again, we
use multiple disorder predictors here to increase confidence of our
results.

For selected mouse autophagy-related nuclear proteins additional
information on the prevalence of disorder together with important
disorder-related functional information was collected from the
D?P? database (http://d2p2.pro/).*° This database utilizes the
data pre-generated by PONDR®™ VLXT,** IUPred,"*® PONDR®™
VSL2B,”*'°® PrDOS,"”° ESpritz,">” and PV2.>° It also provides
access to relevant functional information, such as location of
various curated posttranslational modifications and predicted
disorder-based protein binding sites.*

Additional functional information was obtained with the
STRING (Search Tool for the Retrieval of Interacting Genes;
http://string-db.org/) platform. STRINGS includes experimental
and predicted interactions for proteins®® We collected these
interactions based on stringent cut-off of 0.9 as the minimal
required level of confidence.

Putative protein binding sites that are localized in disordered
regions of selected mouse nuclear proteins and which are
co-localized in at least three sub-nuclear compartments and
have at least five disordered domains (defined as regions of at
least 30 consecutive disordered residues'’*'”?) were identified
using the ANCHOR algorithm.”®’” ANCHOR relies on the
estimation of pair-wise energy and hypothesis that long disordered
regions contain localized potential binding sites that cannot form
favorable intra-chain interactions to fold on their own but which
are likely to fold by interacting with a globular protein partner.”®””
Regions of a protein suggested by the ANCHOR algorithm to have
significant potential to be binding sites are the ANCHOR-indicated
binding sites (AIBS).

Statistical analysis

We computed and compared the median disorder content and
the %DisProt values computed for the autophagy-related nuclear
proteins in the intra-nuclear compartments with the corres-
ponding values for the non-nuclear autophagy-related proteins.
We evaluated the statistical significance of the differences
between these values following ref. 17, 31 and 161. We assessed
the significance between two groups of values of a given measure
estimated over ten subsets of randomly chosen sets of half of
proteins in the corresponding two protein sets. We chose half of
proteins in a given intra-nuclear compartment and the same

This journal is © The Royal Society of Chemistry 2016

Molecular BioSystems

number of non-nuclear proteins that have a similar size (+10%
tolerance) compared to the selected nuclear proteins; we repeated
that ten times. The protein size should be matched since prior
research shows that the amount of disorder is dependent on the
length of eukaryotic proteins.'®® We used the ttest for normal
measurements (normality was assessed by the Anderson-Darling
test'”® at the 0.05 significance) and otherwise we used the Wilcoxon
rank sum test."’* A given difference was deemed significant if the
corresponding p-value < 0.01.

Conclusions

Overall, our study revealed that autophagy-related nuclear
proteins analyzed here are expected to possess multiple long
disordered regions, contain numerous disorder-based binding
sites and multiple sites of various posttranslational modifications
and have multiple alternatively spliced isoforms. They are also
expected to be promiscuous interactors, typically possessing rather
well-developed interactomes.

Since autophagy-related IDPs were found in different membrane-
less nuclear organelles, our data are consistent with the conclusion
that various nuclear compartments can be related to the autophagy
regulation. This conclusion is in accord with the earlier observations
that a nuclear pore protein, nucleoporin Tpr, is involved in the
control of autophagy,'” that a multifunctional and highly-conserved
nuclear protein HMGB1 (high mobility group box 1), which typically
serves as an architectural chromatin-binding protein, is associated
with cell autophagy,'”® that the histone deacetylases sirtuins Sirt1
and Sirt2 have multifaceted roles in the regulation of autophagy,'””
as well as with the presence of numerous autophagy-related histone
modifications,> and with known involvement of various transcrip-
tion factors in controlling autophagy via transcriptional events.”*

In conclusion, this work provides support to the idea of the
functional importance of intrinsic disorder for the functionality of
autophagy-related proteins. This conclusion follows from the fact
that the autophagy-related nuclear IDPs are not only transcription
factors but proteins that can be found in all nuclear compartments.
These findings clearly indicate the presence of strong involvement
of the cell nucleus in the control of autophagy and suggest that
various nuclear events can be tightly connected to autophagy.
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