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Abstract: At the molecular level, aging is often accompanied by dysfunction of stress-induced membrane-less
organelles (MLOs) and changes in their material state. In this work, we analyzed the proteins included in the
proteome of stress granules (SGs) and P-bodies for their tendency to transform the material state of these MLOs.
Particular attention was paid to proteins whose gene expression changes during replicative aging. It was shown
that the proteome of the studied MLOs practically does not differ in the analyzed characteristics and consists
of completely or partially intrinsically disordered proteins, 30 - 40% of which are potentially capable of liquid-
liquid phase separation (LLPS). At the same time, the proportion of proteins capable of spontaneous LLPS is
relatively small, which indicates the leading role of nucleic acids in the biogenesis of these membrane-less
organelles. Proteins whose gene expression changes during the transition of human cells to a senescent state
make up about 20% of the studied proteomes. There is a statistically significant increase in the number of
positively charged proteins in both datasets studied compared to the complete proteomes of these organelles.
An increase in the relative content of DNA-, but not RNA-binding proteins, was also found in the stress-
granules dataset with senescence-related processes. Among SG proteins potentially involved in senescent
processes, there is an increase in the abundance of potentially amyloidogenic proteins compared to the whole
proteome. The hnRPDL protein has the highest degree of disorder and highest propensity for LLPS among
such proteins, which allows us to consider it as “potentially dangerous.” Proteins common to SGs and P bodies,
potentially involved in processes associated with senescence, form clusters of interacting proteins. The largest
cluster is represented by RN A-binding proteins involved in RNA processing and translation regulation. These
data indicate that SG proteins, but not proteins of P-bodies, are more likely to transform the material state of
MLOs. Furthermore, these MLOs can participate in processes associated with aging in a coordinated manner.

Keywords: liquid-liquid phase separation; membrane-less organelles; stress granules; P-bodies;
intrinsically disordered proteins; intrinsically disordered regions; aging; senescence; protein
aggregation; nucleic acids; RNA-binding protein; DNA-binding protein

1. Introduction

In recent years, due to an improvement in the quality of life, people's life expectancy has
increased significantly in developed countries, but this has also led to the fact that previously rare
diseases characteristic of older people, including neurodegenerative diseases, began to take on the
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character of an epidemic. In this regard, research aimed at developing approaches to reduce the
negative effects of pathological aging and slow down the processes of natural aging have become
highly relevant.

As is known, the molecular aspects of aging are a distortion of proteostasis, deregulation of
intracellular signaling pathways, and an abundance of incorrectly folded proteins in the cell, which,
in turn, provokes a permanent cellular stress response. To combat stress, any cell has special
compartments whose task is to preserve hereditary material and a large number of proteins during
stress.

Compartmentalization is primarily necessary for the cell to concentrate certain biomolecules in
a limited volume of intracellular space and ensure the effective occurrence of biochemical reactions
[1]. According to modern concepts, the compartmentalization of the intracellular space is determined
by the formation of two types of structures: lipid membrane-bound organelles whose contents
represent specific microenvironments suited to their function which are isolated from the main
contents of the cell by a membrane acting as a diffusion barrier and membrane-less organelles
(MLOs); i.e., the membrane-free formations that originate in the cell as a result of the liquid-liquid
phase separation (LLPS) of biopolymers, have physicochemical properties characteristic of liquids,
usually contain intrinsically disordered proteins (IDPs) and RNA, and constantly exchange their
contents with the intracellular environment.

Stressful conditions caused by various external factors, including changes in temperature, pH,
irradiation, an increase in the intracellular concentration of reactive oxygen species, salts, and various
chemical compounds activate multiple cellular signaling pathways, which is expressed in changes in
the composition and characteristics of the intracellular environment, in particular, inhibition of
protein synthesis, expressed under normal conditions and activation of the expression of stress
response proteins. This creates conditions for changing the critical concentration of proteins
necessary for the formation of a number MLOs both in the cytoplasm and in the nucleoplasm of the
cell. The most studied MLOs formed in response to stress in eukaryotic cells are stress granules (SGs)
and processing bodies (P-bodies).

The formation of SGs and P-bodies can be caused by both exogenous and endogenous factors,
such as temperature, oxidative and osmotic stress, UV radiation, impaired proteostasis, viral
infection, and other reasons [2—4]. Stress impact on the cell causes translation arrest and dissociation
of the polyribosomal complex. According to modern concepts, the dissociation of the polyribosome
and the mRNA that has not yet undergone translation is accompanied in parallel by the transition of
the core IDPs of SGs into the liquid-droplet phase, followed by the recruitment of free mRNA and
other components of these MLOs [3,5-7].

SGs and P-bodies are directly involved in the regulation of a large number of signaling
pathways. Furthermore, the course of a number of neurodegenerative diseases is accompanied by
the transformation of proteins found in these MLOs into amyloid fibrils. SGs can act as a target in the
treatment of oncological diseases. In aging C. elegans cells, P-bodies regulate proteostasis by recruiting
the IFE-2 isoform of the transcription initiation factor eIF4E into these organelles, which contributes
to the blocking of protein biosynthesis and increases the lifespan of cells [8]. Mutant forms of several
proteins, such as T-cell intracellular antigen-1 (TIA-1), TIA-1-related (TIAR), RNA-binding protein fused in
sarcoma (FUS), heterogeneous nuclear ribonucleoprotein A1 (hNRNPA1), transactive response DNA binding
protein 43 kDa (TDP-43), and polyadenylate-binding protein 1 (PABP1) promote the transformation of SGs
and P-bodies into aggregates of amyloid fibrils. A number of neurodegenerative diseases, including
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), are directly associated with the
degradation of SGs due to the inclusion in their composition of mutant forms of the FUS, TDP-43, hNRNPAI,
and TIA-1 proteins with the subsequent transformation of these proteins into the amyloid-like fibrils [9—15].

The transformation of SGs into MLOs containing amyloid fibrils in neurodegenerative diseases
may be due not only to the inclusion of mutant forms of the FUS, TDP-43, hNRNPA1, and TIA-1
proteins in their composition. Impaired SG biogenesis (i.e., the timely disassembly of these MLOs)
can also lead to the formation of ordered amyloid fibrils in the cell [16-19]. The SG breakdown can
occur via the autophagosomal mechanism, despite the fact that SGs contain virtually no ubiquitinated
proteins [17]. The interaction of the autophagy regulator p62 with hexanucleotide repeats of the
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C9orf72 gene contributes to the attraction of the formed complexes to the methylated arginine
residues of intrinsically disordered stress granule proteins and the subsequent binding of SGs to the
LC3-II autophagosomal membrane protein [17,20]. C9orf72 mutations inhibit this process and
promote the transformation of liquid-like SGs into biomolecular condensates (BMCs) containing
amyloid-like fibrils and the development of neurodegenerative diseases [17]. Therefore, the
permanent presence of SGs in the cell cytoplasm can provoke the development of neurodegenerative
diseases, which is observed in aging cells [21]. In other words, distortions in the time-dependent MLO
degradation/disassembly during cell or organism aging increase probability of solid aggregate
formation from liquid MLOs (i.e., promote a kind of liquid-solid phase transition). However, other
types of aberrant phase separation besides liquid-to-solid transitions can add to proteostasis
disruptions [22].

Accordingly, changes in the material states of these MLOs may correlate with toxic effects in the
cell observed during pathological and natural aging. In this work, we analyzed the proteins included
in the proteome of SGs and P-bodies for their tendency to spontaneous and induced phase separation,
as well as their tendency to aggregate and be engaged in nonspecific interactions with nucleic acids.
Particular attention was paid to the proteins whose gene expression, according to transcriptomic
data, changes significantly during the transition of human cells to the senescent state.

2. Materials and Methods

2.1. Design of the analysis

A dataset of proteins included in the proteomes of SGs and P-bodies was assembled using results
reported in [17,23-61]. Proteins whose gene expression changes during the transition of cells to the
senescent state were selected from the GenAge database [62,63].

We analyzed the amino acid sequences of collected proteins for the potential propensity to
spontaneous and induced liquid-liquid phase separation (LLPS) and the tendency of these proteins
to gelation and amyloid fibrillation. We evaluated the a broad set of sequence-based parameters,
which are summarized in Figure 1.

Charge and
List of known proteins localized Hydrophobicity
in stress granules and P-bodies Disorder analysis
prediction and
Stress granules: 720 proteins classification
P-Bodies: 177 proteins RIDAO, D2P2
LLPS prediction
and classification
FuzDrop,
Checking the association of proteins Role prediction PSFredictor
with senescence: GenAge database in membraneless
organelles
Aggregation
Formation of proteins dataset analysis

Database search:
UniProt, CPAD

associated with senescence
Stress granules: 135 proteins Enar:;rllrg?snt
P-Bodies: 42 proteins Y StringDB,
Enrichr

Figure 1. The scheme illustrating analysis design

2.2. Disorder Prediction
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The disorder analysis of the studied proteins was carried out using the RIDAO online service
[64] to predict disordered regions in proteins based on their amino acid sequences. This package
combines the forecasts of several well-known disorder predictors, such as PONDR® VLXT [65],
PONDR® VL3 [66], PONDR® VLS2B [67], PONDR® FIT [68], IUPred2 (Short) and IUPred2 (Long)
[69,70]. In the case of a significant discrepancy between the results obtained by different predictors,
the correctness of the protein structure disorder prediction was determined by the protein structure
prediction using the AlphaFold2 algorithm [71].

The most consistent predictions of disorder for a large dataset were generated by the PONDR®
VSL2B algorithm. As a measure of the disorder of the protein structure, we used the percentage of
predicted disordered residues (PPDRvsi2); i.e., the percentage of residues in the protein amino acid
sequence, for which the predicted disorder score is higher than the threshold of 0.5. Such regions are
defined by the algorithm as "probably disordered".

Next, we carried out a classification of proteins according to their degree of disorder. At this
stage, we used very stringent criteria, and proteins with a PPDRvsL2 value < 50% were classified as
"Ordered". Proteins with 50 < PPDRvsi2 < 85% were classified as Partially Disordered (IDPRs),
whereas proteins with the PPDRvsL2 > 85% were classified as Disordered (IDPs). Note that this is a
more conservative classification in comparison with accepted in the field criteria, where proteins with
PPDR < 10% are considered as ordered or mostly ordered; proteins with 10% < PPDR < 30% are
considered as moderately disordered; whereas proteins with the PPDR > 30% are considered as
highly disordered [72]. Furthermore, proteins can be also classified based on their mean disorder
scores (MDS) as highly ordered (MDS < 0.15), moderately disordered or flexible (MDS between 0.15
and 0.5) and highly disordered (MDS > 0.5).

Next, the outputs of two binary predictors, the charge-hydropathy (CH) plot [73,74] and the
cumulative distribution function (CDF) plot [74-76] were combined to conduct a CH-CDF analysis
[76-79] that allows classification of proteins based on their position within the CH-CDF phase space
as ordered (proteins predicted to be ordered by both binary predictors), putative native “molten
globules” or hybrid proteins (proteins determined to be ordered/compact by CH, but disordered by
CDF), putative native coils and native pre-molten globules (proteins predicted to be disordered by
both methods), and proteins predicted to be disordered by CH-plot, but ordered by CDF.

Complementary disorder evaluations together with important disorder-related functional
information were retrieved from the D?P? database (http://d2p2.pro/) [80], which is a database of
predicted disorder for a large library of proteins from completely sequenced genomes [80]. D2P?
database uses outputs of IUPred [69], PONDR® VLXT [65], PrDOS [81], PONDR® VSL2B [66,82], PV2
[80], and ESpritz [83]. The visual console of D2P2 displays 9 colored bars representing the location of
disordered regions as predicted by these different disorder predictors. In the middle of the D2P2
plots, the blue-green-white bar shows the predicted disorder agreement between nine disorder
predictors (IUPred, PONDR® VLXT, PONDR® VSL2, PrDOS, PV2, and ESpritz), with blue and green
parts corresponding to disordered regions by consensus. Above the disorder consensus bar are two
lines with colored and numbered bars that show the positions of the predicted (mostly structured)
SCOP domains [84,85] using the SUPERFAMILY predictor [86]. Yellow zigzagged bar shows the
location of the predicted disorder-based binding sites (MoRF regions) identified by the ANCHOR
algorithm [87], whereas differently colored circles at the bottom of the plot show location of various
PTMs assigned using the outputs of the PhosphoSitePlus platform [88], which is a comprehensive
resource of the experimentally determined post-translational modifications.

The standard deviation calculated using the bootstrap was used as an error ID estimate. The
subsample size is equal to the size of the set of proteins of the corresponding compartment, the
number of generated subsamples is 10,000.

2.3. LLPS prediction

The studied datasets were further analyzed for the propensity of their proteins to undergo
liquid-liquid phase separation (LLPS) using FuzDrop [89] and PSPredictor [90] predictors. The
propensity of the analyzed protein to LLPS was determined based on PSPredcitor score > 0.5 and
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FuzDrop score > 0.6. In the event of a discrepancy between the results of predicting the propensity to
phase separation obtained using both predictors, the analyzed proteins were assigned to the
“controversial LLPS” group.

The FuzDrop predictor also predicts the ability of a query protein to undergo LLPS
spontaneously (droplet-driving proteins) or requiring additional interactions with LLPS partners to
form droplets (droplet-clients). Proteins with the pLLPS > 0.60 likely drive liquid-liquid phase
separation. Proteins with the propensity for liquid-liquid phase separation (pLLPS) below the
threshold of 0.6 but containing the droplet-promoting regions (DPRs), defined as consecutive
residues with pDP > 0.60, will likely serve as drop-let-clients.

2.4. Aggregation propensity prediction

Analysis of the propensity of the studied proteins to aggregation and the formation of amyloid
fibrils was performed using the AggreScan package [91], which makes it possible to determine the
so-called aggregation hot spots; i.e., areas of the protein that promote its aggregation. After
preliminary analysis, it turned out that each protein in the studied datasets contained at least one
such region. In this regard, the results of the performed analysis were supplemented using
Normalized a4v Sequence Sum for 100 residues (Na4vSS) values, which reflect the average protein
aggregation propensities of the sequences (Na4vSS5>0) once corrected for their size.

In addition, the ability of the analyzed proteins to form amyloid fibrils was verified by searching
the CPAD database, composed of experimentally confirmed proteins prone to aggregation [92].

2.5. Evaluation of protein charge and hydrophobicity

The charge of the studied proteins was determined at pH = 7 according to [73] as the average
protein charge over the sequence, taking into account the charge of amino acids: R=1, K=1, H=0.5,
D =-1, E =-1. The hydrophobicity of the studied proteins was calculated and normalized according
to the Kyte and Doolittle scale.

2.6. Analysis of the interctability of proteins

Information on the interactability of 10 human senescence-related proteins shared by SGs and
P-bodies was retrieved by Search Tool for the Retrieval of Interacting Genes; STRING, http://string-
db.org/. STRING generates a network of protein-protein interactions based on predicted and
experimentally-validated information on the interaction partners [93]. In the corresponding network,
the nodes correspond to proteins, whereas the edges show predicted or known functional
associations. Seven types of evidence are used to build the corresponding network, where they are
indicated by the differently colored lines: a green line represents neighborhood evidence; a red line —
the presence of fusion evidence; a purple line — experimental evidence; a blue line — co-occurrence
evidence; a light blue line — database evidence; a yellow line — text mining evidence; and a black line
— co-expression evidence [93].

In this study, STRING was utilized in two different modes: to generate the internal network
protein-protein interactions (PPIs) between the 10 query proteins and to produce the global PPI
network centered at these 10 proteins. Resulting PPI networks were further analyzed using STRING-
embedded routines in order to retrieve the network-related statistics, such as: the number of nodes
(proteins); the number of edges (interactions); average node degree (average number of interactions
per protein); average local clustering coefficient (which defines how close the neighbors are to being
a complete clique — if a local clustering coefficient is equal to 1, then every neighbor connected to a
given node Ni is also connected to every other node within the neighborhood, and if it is equal to 0,
then no node that is connected to a given node Ni connects to any other node that is connected to Ni);
expected number of edges (which is a number of interactions among the proteins in a random set of
proteins of similar size); and a PPI enrichment p-value (which is a reflection of the fact that query
proteins in the analyzed PPI network have more interactions among themselves than what would be
expected for a random set of proteins of similar size, drawn from the genome. It was pointed out that
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such an enrichment indicates that the proteins are at least partially biologically connected, as a
group). The MCL algorithm was used to cluster the proteins that are displayed in the network.

2.7. Definition of Biological Processes and Molecular Functions of Proteins

The analysis of biological processes and molecular functions of query proteins was conducted
using the Enrichr resource (https://maayanlab.cloud/Enrichr/, accessed on 20 April 2023), and 10
terms with the lowest p-values were selected. The p-values were computed from the Fisher exact test,
which is used to determine whether or not there are significant nonrandom associations between two
categorical variables.

3. Results and discussion

3.1. Analysis of the proteomes of stress granules and P-bodies

Stress granules (SGs) and P-bodies are known to be MLOs with the overlapping compositions
and functions. Almost all analyzed parameters of the studied datasets are the same for SGs and P-
bodies (Tables 1, 2 and S1). This indicates that SGs and P-bodies are structures formed by a single
mechanism. This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental conclusions
that can be drawn.

Table 1. Comparative characteristics of the proteomes of the SGs and their proteins involved in
senescence-related processes

SGs Are the differences Statistical
Parameter SGs senescence- g
significant? test
related
Size of dataset 720 135 - -
Median molecular weight, kDa 60.44 57.67 No t-test
Median Disorder 48.5 44.3 No t-test
Ordered Proteins | 9 (1 %) 1 (1%) No exact fisher
Disorder IDRs ( 2147;; ) 37 (27%) No exact fisher
IDPs 239 97 (72%) No exact fisher
(75%)
LLPS-free 279 57 (42%) No exact fisher
(39%)
: 146 .
LLPS Controversial (20%) 28 (21%) No exact fisher
LLPS 295 50 (37%) No exact fisher
(41%)
LLPS-free 391 66 (49%) No exact fisher
Role in (54%)
(Flfz];;sop) Client ( ;6602 ) 52 (39%) No exact fisher
Driver 68 (9%) 17 (13%) No exact fisher
MedlalnDcé‘:‘rge of 1 008 0.06 No t-test
. 118 .
Charge Negative charge (16%) 20 (15%) No exact fisher
490 .
Near-zero charge (68%) 79 (59%) Yes exact fisher
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112
Positive charge 36 (27%) Yes exact fisher
(16%)
LAHS per length
(Summary
Length of AHS 0.089 0.08 No t-test
Aggregation per protein
length)
Amyloidogenic .
) 57 (8%) 18 (13%) Yes exact fisher
proteins
. RNA-binding 3809 (54 67 (50%) No exact fisher
Nucleic %o)
acid-
110 (1
binding DNA-binding 3; > 31 (23%) Yes exact fisher

Table 2. Comparative characteristics of the proteomes of the P-bodies and their proteins involved in

senescence-related processes

PBs Are the differences Statistical
Parameter PBs senescence- g
significant? test
related
Size of data 177 42 - -
Median molecular weight, kDa 69.8 66.2 No t-test
Median Disorder 46.76 45.3 No t-test
Ordered Proteins | 4 (2%) 0 (0%) No exact fisher
Disorder IDRs 42 (24%) 14 (33%) No exact fisher
IDP 133/0;74 28 (67%) No exact fisher
LLPS-free 78 (44 %) 22 (52%) No exact fisher
LLPS Controversial 34 (19%) 8 (19%) No exact fisher
LLPS 65 (36%) 12 (29%) No exact fisher
Role in LLPS-free 87 (49%) 17 (40%) No exact fisher
LLPS Client 71 (40 %) 19 (45%) No exact fisher
(FuzDrop) Driver 19 (11%) 6 (14%) No exact fisher
Medla?DCI?:rge °F1 0003 0.031 No t-test
Charge Negative charge | 17 (10%) 4 (10%) No exact fisher
Near-zero charge (6182 (2) ) 21 (50%) Yes exact fisher
Positive charge | 40 (23%) 17 (40%) Yes exact fisher
LAHS per length
(Summary
Length of AHS 0.091 0.084 No t-test
Aggregation per protein
length)
Amyloidogenic | g 100 | 3 (79 No exact fisher
proteins
RNA-binding 116 31 (74%) No exact fisher
Nucleic (66%)
acid-
binding DNA-binding 31 (18 %) 10 (24%) No exact fisher
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Results of global intrinsic disorder analysis of the proteomes of SGs and P-bodies as well as
common proteins that are simultaneously included in SGs and P-bodies are summarized in Figure 2.
This global disorder analysis revealed that all these proteins contain noticeable levels of intrinsic
disorder. For example, this is evidenced by the results of the classification of the disorder status of
these proteins based on the outputs of the per-residue disorder predictor PONDR® VSL2 in a form of
the mean disorder score (MDS) vs. percent of predicted disordered residues (PPIDR) dependence.
This plot shows distribution of the proteins within MDS-PPIDR blocks containing mostly ordered
(blue and light blue), moderately disordered (pink and light pink), or mostly disordered (red)
proteins. Based on these classifications, none of the proteins analyzed in this study was predicted as
ordered by MDS and PPIDR simultaneously (dark blue segment is empty), and only 9 SG proteins, 4
P-body proteins, and 1 common protein were predicted as mostly ordered by MDS. Therefore, the
remaining proteins in these datasets are expected to be either moderately or highly disordered. In
fact, according to the Figure 2A 23.9%, 23.7%, and 21.8% of the SG, P-body and common proteins
were predicted as moderately disordered and containing noticeable levels of flexible or disordered
residues/regions based on both their MDS and PPIDR values (dark pink segment). Additional
20.6%/19.8%/19.% proteins were expected to be moderately disordered based on their MDS values
(light pink segment), indicating that altogether 44.5%/43.5%/41.5% of the human SG/P-body/common
proteins are predicated as moderately disordered. Finally, 54.3%/54.2%/57.5% of the SG/P-
body/common proteins are expected to be highly disordered (red segment). These global disorder
contents in the proteomes of SGs and P-bodies as well as common proteins that are simultaneously
found in SGs and P-bodies are somewhat higher than that of the whole human proteome, where the
moderately and highly disordered proteins account for 51.7% and 39.8%, respectively [94].

A 1.0
9(1.2%) [E B s Q3 153 (21.3%)| Q4 14 (1.9%)
96 (54.2%)
- 50 (57.5%) s ®  16(18.4%) 2(2.3%)
9
[
@ 02
2 08 1 :
—
2 5
= 148 (20.6%)| < o0 |
o 04
=
o]
o 0.2
0.2 1 ® ]
0 | Q2 231(32.1%) Q1 322 (44.7%)
- 34(39.1%) 35 (40.2%)
0 20 40 60 80 100 04 02 00 02 0.4
PONDR VSL2 (%) ACDF

Figure 2. Global disorder analysis of proteins in the proteomes of human SGs (720 proteins, green
circles) and P-bodies (177 proteins, yellow circles), as well as proteins simultaneously found in SGs
and P-bodies (87 proteins, yellow-green circles). (A) PONDR® VSL2 output. PONDR® VSL2 score is
the mean disorder score (MDS) for a protein, which is calculated as a sequence-length normalized
sum of its per-residue disorder scores. PONDR VSL2 (%) is a percent of predicted intrinsically
disordered residues (PPIDR); i.e., the percent of residues with disorder scores above 0.5. Color blocks
indicate regions in which proteins are mostly ordered (blue and light blue), moderately disordered
(pink and light pink), or mostly disordered (red). If the two parameters agree, the corresponding part
of the background is dark (blue or pink), whereas light blue and light pink reflect areas in which only
one of these criteria applies. The boundaries of the colored regions represent arbitrary and accepted
cutoffs for MDS (y-axis) and the percentage of predicted disordered residues (PPDR; x-axis). (B)
Charge-hydropathy and cumulative distribution function (ACH-ACDF) plot. The Y-coordinate is
calculated as the distance of the corresponding protein from the boundary in the CH plot. The X-
coordinate is calculated as the average distance of the corresponding protein’s CDF curve from the
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CDF boundary. The quadrant where the proteins are located determines their classification. Q1, 111
proteins (67.3%) predicted to be ordered by CDF and compact/ordered by CH-plot. Q2, 30 proteins
(18.2%) predicted to be ordered/compact by CH-plot and disordered by CDF. Q3, 16 proteins (9.7%)
predicted to be disordered by CH-plot and CDF. Q4, 8 proteins (4.8%) predicted to be disordered by
CH-plot and ordered by CDF.

Further support for high disorder status of human proteins in the proteomes of the SGs and P-
bodies as well as common proteins that are simultaneously found in SGs and P-bodies was provided
by analyzing the combined outputs of two binary disorder predictors charge-hydropathy (CH) plot
and cumulative distribution function (CDF) analysis that classify proteins as mostly ordered or
mostly disordered (see Figure 2B). The result of the ACH-ACDF plot provides useful means for more
detailed characterization of the global disorder status of proteins, classifying them as mostly ordered,
molten globule-like or hybrid, or highly disordered (see Materials and Methods section). Figure 2B
shows that 44.7% (SGs), 44.6% (P-bodies), and 40.2% common proteins (cf. 59.1% in entire human
proteome [94]) are located within the quadrant Q1 (bottom right corner) that includes proteins
predicted to be ordered by both predictors, with remaining proteins in these datasets being located
outside the quadrant Q1 and can be considered as proteins with high disorder levels. Figure 2B shows
that the quadrant Q2 (bottom left corner) corresponding to molten globular or hybrid proteins
predicted to be ordered/compact by the CH-plot and disordered by the CDF analysis includes
32.1%/29.4%/39.1% of SG/P-body/common proteins (21.5% in human proteome [94]). Furthermore,
21.3%/24.3%/18.4% of SG/P-body/common proteins (12.3% in human proteome [94]), being located
in the quadrant Q3 (top left corner), are predicted as highly disordered by both predictors. Finally,
the quadrant Q4 (top right corner) contains 1.9%1.7%/2.3% of SG/P-body/common proteins predicted
as disordered by CH-plot and ordered by CDF analysis (3.1% in human proteome [94]). It seems that
the disorder levels of common proteins (PPIDRvsL2 = 51.2+24.0%; MDS = 0.542+0.158) are somewhat
higher than the disorderedness of the proteins in the SG (PPIDRvst2 = 50.8+25.1%; MDS = 0.543+0.168)
and P-body proteomes (PPIDRvsL2 = 48.4+25.7%; MDS = 0.523+0.157). However, significance of this
difference is not clear due to the small size of the analyzed datasets. Therefore, results these analyses
show that the levels of intrinsic disorder in human proteins from the proteomes of the SGs and P-
bodies as well as common proteins simultaneously found in SGs and P-bodies are noticeably higher
than those of entire human proteome, suggesting that intrinsic disorder might play important roles
in functions of these proteins and is likely to be related to the biogenesis of these MLOs.

The proteomes of these MLOs are represented by proteins involved in the processes of
translation, regulation, and RNA processing (Figures 3 and 4) and is almost 100% composed of
completely or partially disordered proteins, 30 - 40% of which are potentially capable of phase
separation (Figure 5).

doi:10.20944/preprints202311.0853.v1
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Stress granules Stress granules (senescense)
RNA Binding (GO:0003723) RNA Binding (GO:0003723)
mRNA Binding (GO:0003729) mRNA Binding (GO:0003729)
mRNA 3'-UTR Binding (GO:0003730) DNA Binding (GO:0003677)
Translation Initiation Factor Activity Single-Stranded RNA Binding (G0O:0003727)
(GO:0003743)
Cadherin Binding (G0:0045296) Protein Homodimerization Activity
(G0O:0042803)
Double-Stranded RNA Binding Single-Stranded DNA Binding (GO:0003697)
(GO:0003725)

Poly-Purine Tract Binding (GO:0070717) Single-Stranded DNA Helicase Activity
(GO:0017116)

miRNA Binding (GO:0035198) Telomeric DNA Binding (GO:0042162)
Regulatory RNA Binding (GO:0061980) Poly-Pyrimidine Tract Binding (GO:0008187)
Ribosome Binding (G0:0043022) mRNA 3'-UTR Binding (GO:0003730)

Figure 3. Diagram presenting the molecular functions of the proteins of the SGs and their proteins
involved in senescence-related processes

P-Bodies P-Bodies (senescense)
RNA Binding (GO:0003723) RNA Binding (GO:0003723)
mRNA Binding (G0O:0003729) mRNA Binding (G0O:0003729)
Double-Stranded RNA Binding Double-Stranded RNA Binding
(G0O:0003725) (GO:0003725)
N6-methyladenosine-containing RNA Single-Stranded RNA Binding (GO:0003727)
Binding (G0:1990247)
mRNA 3'-UTR Binding (G0O:0003730) RNA Polymerase || Complex Binding

(G0O:0000993)
Single-Stranded RNA Binding (G0O:0003727) |RNA Polymerase Core Enzyme Binding
(G0O:0043175)

3'-5'-RNA Exonuclease Activity Protein Heterodimerization Activity
(GO:0000175) (GO:0046982)

poly(A)-specific Ribonuclease Activity Single-Stranded DNA Binding (GO:0003697)
(G0O:0004535)

mRNA 5'-UTR Binding (G0:0048027) DNA Binding (GO:0003677)

snRNA Binding (GO:0017069) Basal RNA Polymerase Il Transcription

Machinery Binding (G0O:0001099)

Figure 4. Diagram presenting the molecular functions of the proteins of the P-bodies and their
proteins involved in senescence-related processes
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Figure 5. Pie charts presenting the proportion of IDPs (upper panels) and LLPS-related proteins
(bottom panels) in the proteomes of stress-granules (panels A and D), P-bodies (panels B and E) and
intersecting proteins (panels C and F) according to the PONDR® VSL2b and FuzDrop/PSP predictor
analysis.

Furthermore, the proportion of proteins capable of spontaneous LLPS is four times lower than
the proportion of proteins potentially capable of LLPS induced by interactions with partners (Tables
1 and 2). These data correlate with the modern concepts of the biogenesis of these MLOs, according
to which the formation of SGs and P-bodies is initiated by the coacervation of their scaffold proteins
and RNA molecules [3]. This is further confirmed by the high content of RNA- and DNA-binding
proteins in the proteome of the studied MLOs (Tables 1 and 2, Figures 3 and 4). The proportion of
amyloidogenic proteins — proteins that potentially contribute to the transformation of these
compartments into BMCs containing insoluble aggregates of amyloid fibrils — is relatively small in
the proteomes of SGs and P-bodies (8 and 11%, respectively).

The only analyzed parameter in which the datasets for SGs and P-bodies differ significantly from
each other is the average charge of the proteome (Tables 1 and 2). SG proteins generally carry a higher
positive charge than the P-body proteins. This may indirectly indicate a relatively higher content in
the SG proteome of proteins capable of nonspecific interactions with RNA compared to P-bodies.

3.2. Analysis of proteins from the proteomes of SGs and P-bodies that are potentially involved in the
senescence-related processes

Proteins whose gene expression changes during the transition of human cells to a senescent state
account for about 20% of the studied proteomes of SGs and P-bodies. Figure 6 represents the outputs
of a global intrinsic disorder analysis in these proteins and shows that they are somewhat less
disordered (SGs: PPIDRvsL2 = 49.3+25.7%; MDS = 0.539+0.168; P-bodies: PPIDRvsL2 = 46.9+22.7%; MDS
= 0.516+0.152; common proteins: PPIDRvs.2 = 44.6+19.8%; MDS = 0.504+0.144) than proteins in the
complete proteomes of SGs and P-bodies. However, these differences are not significant.
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Figure 6. Global disorder analysis of human proteins that are potentially involved in the senescence-
related processes and can be found in SGs (135 proteins, green circles) and P-bodies (42 proteins,
yellow circles), as well as proteins simultaneously found in SGs and P-bodies (17 proteins, yellow-
green circles). (A) PONDR® VSL2 output. (B) Charge-hydropathy and cumulative distribution

function (ACH-ACDF) plot.

More detailed analysis of the datasets consisting of proteins potentially involved in senescent-
related processes showed that within these arrays, there is no significant change in the content of
intrinsically disordered proteins and proteins prone to phase separation compared to the complete
proteomes of SGs and P-bodies (Figure 7).
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Figure 7. Pie charts presenting the proportion of IDPs (upper panels) and LLPS-related proteins
(bottom panels) in the senescence-related proteomes of SGs (panels A and D), P-bodies (panels B and
E) and intersecting proteins (panels C and F) according to the PONDR® VSL2b and FuzDrop/PSP
predictor analysis.

At the same time, a statistically significant increase in the number of positively charged proteins
is observed in both studied datasets (Tables 1 and 2, Figures 8 and 9, Table S2). This may indicate an
increase in the relative content of proteins prone to nonspecific interaction with negatively charged
nucleic acids. An increase in the relative content of DNA-, but not RNA-binding proteins, was also
found in the SG dataset of proteins associated with the senescence-related processes (Tables 1 and 2,
Figures 3 and 4). As is known, the SG scaffold protein G3BP1 is required for the activation of the
cytosolic DNA sensor, cyclic GMP-AMP synthase (cGAS) [95], which is involved in the regulation of
the transition of cells to the senescent state when telomeres are disrupted [96].
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Figure 8. Distribution of the proteins from senescence-related proteomes of stress-granules based on
protein disorder propensity, tendency to LLPS, roles in LLPS according to FuzDrop, and protein

charge.
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Figure 9. Distribution of the proteins from senescence-related proteomes of P-bodies based on protein
disorder propensity, tendency to LLPS, roles in LLPS according to FuzDrop, and protein charge.

Among the SG proteins potentially involved in senescent-related processes, there is a statistically
significant increase in the relative abundance of potentially amyloidogenic proteins compared to the
whole proteome of these MLOs (Tables 1 and 2). These are proteins involved in the regulation of the
cell cycle, telomerase activity, and DNA processing (Figures 10 and 11). A significant portion of the
potentially amyloidogenic SG proteins associated with senescence are components of nuclear pore
complexes. It is known that the course of many neurodegenerative diseases is accompanied by
disruption of nuclear-cytoplasmic transport and the inclusion of nucleoporins and other nuclear
proteins in the composition of SGs.
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Figure 10. Diagram presenting the molecular functions of amyloidogenic proteins in senescence-
related proteome of stress-granules
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Figure 11. Diagram presenting the biological processes of amyloidogenic proteins in senescence-
related proteome of stress-granules

Heterogeneous nuclear ribonucleoprotein D-like protein (hnRPDL) has the highest degree of
disorder and the highest propensity for LLPS among potentially amyloidogenic SG proteins
associated with senescence. This nuclear protein, being a component of nuclear speckles, is directly
involved in the aging process by regulating the expression of cytoskeletal and synapse genes [97].
Mutations in the C-terminal disordered domain of this protein, characteristic of limb-girdle muscular
dystrophy 1G, promote fibrillation of this protein [98]. Taken together, these data allow us to consider
this protein as “dangerous” in the context of aging and senescence-related processes. Figure 12
represents a disorder-centric “portrait of this hero” and clearly shows that hnRPDL, being
characterized by high levels of disorder, contains numerous disorder-based binding sites (molecular
recognition features, which are disordered regions that undergo disorder-to-order transitions at
interaction with binding partners), contain numerous sites of various post-translational
modifications, shows high LLPS propensity and contains several aggregation hot spots.
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Figure 12. Functional disorder analysis of human hnRPDL protein. A. Structural model generated by
AlphaFold. B. Functional disorder profile generated by D?P? platform. C. Per-residue intrinsic
disorder profile generated using outputs of RIDAO. D. FuzDrop-generated profile of the LLPS
potential of hnRPDL showing positions droplet-promoting regions, aggregation hot spots and regions
with context-dependent interactions.

3.3. Analysis of proteins simultaneously included in the proteomes of GSs and P-bodies and potentially
involved in senescence-related processes

Among the proteins analyzed in this study, 87 proteins are simultaneously included in the
proteomes of SGs and P-bodies. In general, the analyzed characteristics of the proteins included in
this dataset correspond to the characteristics of the complete proteomes of SGs and P-bodies (Table
3). 17 proteins from this array could potentially be involved in processes associated with the
transition of cells to the senescent state. Among them are 11 RNA-binding and 3 DNA-binding
proteins (Table 3, Figure 13).
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Table 3. Comparative characteristics of the intersecting proteins between proteomes of the P-bodies

and SGs and their proteins involved in senescence-related processes

SG&PBs Are the Statistical
Parameter SG&PBs senescence- differences
L test
related significant?
Size of data 87 17 - -
Median molecular weight, kDa 67.7 61.1 No t-test
Median Disorder 48.4 48.3 No t-test
) Ordered Proteins 1 (1%) 0 (0%) No exact fisher
Disorder -
IDRs 19 (22%) 6 (35%) No exact fisher
IDP 67 (77%) 11 (65%) No exact fisher
LLPS-free 28 (32%) 9 (53 %) No exact fisher
LLPS Controversial 16 (18%) 2 (12 %) No exact fisher
LLPS 43 (49%) 6 (35%) No exact fisher
Role in LLPS-free 54 (62%) 8 (47%) No exact fisher
LLPS Client 26 (30%) 7 (41%) No exact fisher
(FuzDrop) Driver 7 (8%) 2 (12%) No exact fisher
Medla;‘DCé‘:rge °Hl o014 0.035 No t-test
Charge Negative charge 7 (8%) 1 (6%) No exact fisher
Near-zero charge | 66 (76%) 9 (53%) No exact fisher
Positive charge 14 (16%) 7 (41%) Yes exact fisher
LAHS per length
(Summary
Length of AHS 0.11 0.095 No t-test
Aggregation per protein
length)
Amy101d9gen1c 8 (9%) 0 (0%) No exact fisher
proteins
Nucleic RNA-binding 63 11 No exact fisher
? Clc.i- DNA-binding 13 3 No exact fisher
binding

Stress granuless & P-Bodies

Stress granuless & P-Bodies

(senescense)
RNA Binding (GO:0003723)
mRNA Binding (GO:0003729)
Core Promoter Sequence-Specific DNA
Binding (GO:0001046)
Single-Stranded RNA Binding (GO:0003727)

RNA Binding (GO:0003723)
mRNA Binding (GO:0003729)
mRNA 3-UTR Binding (GO:0003730)

poly(A)-specific Ribonuclease Activity
(GO:0004535)

3'-5'-RNA Exonuclease Activity
(G0O:0000175)

Double-Stranded RNA Binding
(G0O:0003725)
N6-methyladenosine-containing RNA
Binding (GO:1990247)

mRNA 5'-UTR Binding (G0:0048027)

Double-Stranded RNA Binding
(GO:0003725)
RNA Nuclease Activity (GO:0004540)

Single-Stranded DNA Binding (G0O:0003697)
Cuprous lon Binding (GO:1903136)

miRNA Binding (GO:0035198) poly(A)-specific Ribonuclease Activity
(GO:0004535)

U6 snRNA Binding (GO:0017070)

RNA Exonuclease Activity, Producing 5'-
Phosphomonoesters (GO:0016896)
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Figure 13. Diagram presenting the molecular functions of the intersecting proteins between
proteomes of the P-bodies and SGs and their proteins involved in senescence-related processes

According to the STRING-based analysis (Figure 14), proteins common to SGs and P-bodies,
potentially involved in processes associated with senescence, form clusters of interacting proteins.

G
=

Figure 14. Interactome of intersecting senescence-related proteins between SGs and P-bodies

according to STRING. Colors presenting proteins clusters.

The largest cluster is represented by RNA-binding proteins involved in RNA processing and
translation regulation (Figures 15 and 16).
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Figure 15. Diagram presenting the molecular functions of the EIF4A3-related cluster in interactome
of intersecting senescence-related proteins between SGs and P-bodies
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Figure 16. Diagram presenting the biological processes of the EIF4A3-related cluster in interactome
of intersecting senescence-related proteins between SGs and P-bodies

Several proteins in this cluster are directly involved in the processes of aging regulation.
Eukaryotic initiation factor 4A-III (eIF4A3), a core helicase component of the exon junction complex
(EIF4A3), is included in P-bodies during aging, participating in the negative regulation of gene
expression and ribosomal biogenesis [8,99]. Interleukin Enhancer Binding Factor 3 (ILF3) is involved
in the regulation of gene expression during aging and chronic stress [100,101]. Protein argonaute-2
(AGO-2) is an important component of the RNA-induced silencing complex (RISC) targeting
microRNA (miRNA) to mRNA for translational inhibition or destruction of the target mRNA. It is
known that the miRNA expression and nucleocytoplasmic transport of these molecules change
significantly during aging, which correlates with changes in yjr AGO-2 expression in aging cells [102—
104]. Associated with this cluster are two more clusters, also containing proteins directly involved in
processes associated with aging. Overexpression of Small heat shock protein beta 1 (HspB1) increases
lifespan in Caenorhabiditis elegans [105].

Common SG and P-body proteins that do not form clusters are also involved in aging-related
processes, including collagen biogenesis, mitochondrial RNA regulation, and transcriptional control
[106-108].

4. Conclusions

The data obtained in this study suggest that SGs and P-bodies are structures formed by a
common mechanism, in which RNA molecules play a leading role. These MLOs are widely involved
in aging and related processes and can participate in such processes in a coordinated manner,
primarily at the level of translation regulation. Stress granules are more prone to pathological
transformation during aging than P-bodies, probably due to the inclusion of nucleocytoplasmic
transport proteins in their content.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1: Characteristics of the proteomes of the SGs and PBs their proteins involved in
senescence-related processes; Table S2: Characteristics of the proteomes of the SGs and PBs proteins involved in
senescence-related processes
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