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factors representing the class VII, hAHR, hHIF-1α, hCLOCK and hARNT were predicted as containing
some sequences with high propensity score (Figure 6). Especially interesting is the observation that
the transcription repressors show a very low propensity scoreto undergo LLPS in contrast to the
transcription activators such as hHEB or atMYC2. It is possible that the bHLH repressors inhibit
transcription by preventing spontaneous phase separation required to form a complete initiation
complex. This hypothesis is substantiated by the observation for TAZ mutants [120], discussed in the
previous section.

Figure 4. Prediction of propensity of LLPS formation. (A) class I human HEB [Q99081], (B) class II human
MYOD [P15172], (C) class III human MYC [P01106-2] and (D) Arabidopsis thaliana MYC2 [Q39204].

Figure 5. Prediction of propensity of LLPS formation. (A) class IV human MAD [Q05195] and (B) human
MAX [P61244], (C) class V human ID4 [P47928], (D) class VI human HES1 [Q14469].
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Figure 6. Prediction of propensity of LLPS formation for bHLh-PAS proteins. (A) human AHR [P35869],
(B) human HIF-1α [Q16665], (C) human CLOCK [O08785], (D) human ARNT [P27540].

As the range of the propensity score is not determined precisely, as a control we performed
catGranule prediction for proteins known to create LLPS: nucleophosmin (Figure 7A) and estrogen
receptor (Figure 7B) which are deposited in the recently published PhaSePro database (https://phasepro.
elte.hu) [141].

Figure 7. Prediction of propensity of LLPS formation for representative LLPS-enabled proteins.
(A) nucleophosmin [P06748], (B) estrogen receptor [P03372].

Results of performed in silico analyses in comparison to the control show that the selected bHLH
proteins have regions that might be involved in multivalent interaction leading to formation of liquid
condensates. What would be their role in condensates formation and how would mutations and wrong
dimerization/interaction influence formation of the bHLH TFs containing condensate remains a puzzle,
however we believe that such an important family of TFs engaged in the crucial pathways and related
to many severe disorders like cancer should be the subject of research in this field.
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6. Concluding Remarks and Future Perspectives

In eukaryotic cells, regulation of transcription is a dynamic process which requires very precise
temporal and spatial coordination of proteins assembling functional complexes. The bHLH family
comprises a large group of TFs which utilize conserved DNA binding domain to interact with DNA,
but also additional, often disordered domains and motives that allows formation of complex interacting
network with various transcription co-factors. It is possible that flexible disordered regions of the
bHLH proteins play a role in formation of liquid condensates via LLPS and contribute in this way to
regulation of transcription process. Up to date however, there is a lack of experimental evidences. Also
recently published PhaSePro database for LLPS does not contain any bHLH TF [141]. We believe that
this is due to difficulties with the experimental studies of the bHLH proteins mentioned previously
and we expect that some bHLH proteins will be appended in future.

Presented in the previous section predictions may give a hint about the link between LLPS by
the bHLH proteins and transcription regulation. This raise a question about functional relevance of
this discrepancy between family members. An interesting observation is the predicted low propensity
score to form LLPS in the case of transcriptional repressors in contrast to proteins acting as activators.
This raise a question about the functional relevance of this discrepancy between family members.
Importantly, connection between LLPS and transcription regulation is not limited to the direct
interaction between transcription regulators at the active transcription sites. LLPS form nuclear
bodies, that maintain, store and modify transcription regulators. Examples include nuclear speckles,
polyleukemia bodies, nucleolus, histone locus and others [142]. Within LLPS-formed condensates
proteins can undergo acetylation/deacetylation or sumoylation, proteasome-dependent degradation
and other posttranslational modifications that influence their functionality [143–145]. Importantly,
barrier-free character of these phase separated condensates allows shuttling of its component between
the condensates and nucleoplasm, and whenever needed molecules can be recruited from these
compartments to the active transcriptionally sites. The discovery that LLPS which is well known
in polymer chemistry can play an important role in molecular biology has definitely brought us
closer to understanding the cell functionality and regulation of fundamental cellular processes such as
transcription. However, our understanding and detailed knowledge is still residual. Many important
questions regarding a LLPS concept in transcription regulation remain without answer. We do not
know, which components drive association/dissociation events at the active sites. Which molecules
serves as a scaffold conditioning formation of liquid condensates and which are just clients. How
the type of client molecules influence the function of the phase separated condensates? Also, we do
not know which factors and in which way alter LLPS leading to the pathological processes. What
would be the role of the bHLH TFs in a condensates formation, and how mutations and incorrect
dimerization/interaction of these proteins would impact formation and function of condensates? These
questions, as well as many other ones await experimental verification. We believe that such important
family of transcription factors which is engaged in crucial pathways and related to many severe
diseases like cancer and neurodegenerative disorders, should be the subject of further intensive studies.
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Abbreviations

AHR Aryl hydrocarbon receptor
AS-C Achaete scute complex
ARNT Aryl hydrocarbon receptor nuclear translocator
bHLH Helix–loop–helix
ccRCC Clear cell renal cell carcinoma
CLOCK Circadian locomotor output cycles protein kaput
CTD C-terminal domain
CycT1 Cyclin T1
EMC Extramacrochaetae
E(spI) Enhancer of split
ER Estrogen receptor
ESC Embryonic stem cells
GCE Germ cell-expressed protein
GRO Groucho
HAT Histone transacetylase
HIF Hypoxia-inducible factor
HSCa Hematopoietic stem cells
HRD histidine reach domain
ID Inhibitor of DNA binding
IDPs Intrinsically disordered proteins
IDRs Intrinsically disordered regions
LLPS liquid-liquid phase separation
LZ Leucine zipper motif
MET Methoprene-tolerant protein
MXI1 Max interacting protein
Ngn2 Neurogenin
NPAS Neuronal PAS domain-containing protein
PAS Period-arylhydrocarbon nuclear translocator-single minded domain
Pol II RNA polymerase II
SE Super-enhancer
SIM Single-minded protein
SIMA Similar protein
S/MARs Scaffold/matrix associate regions
SREBP Sterol-responsive element-binding protein
TAD Transactivation domain
TAZ Tafazzin
TFs Transcription factors
TRH Trachealess protein
USF Upstream stimulatory factor
VHL Von Hippel-Lindau tumor suppressor
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Abstract: Advances in genomics and proteomics have revealed eukaryotic proteomes to be highly
abundant in intrinsically disordered proteins that are susceptible to diverse post-translational
modifications. Intrinsically disordered regions are critical to the liquid–liquid phase separation that
facilitates specialized cellular functions. Here, we discuss how post-translational modifications of
intrinsically disordered protein segments can regulate the molecular condensation of macromolecules
into functional phase-separated complexes.

Keywords: liquid–liquid phase separation; intrinsically disordered regions; post-translational
modifications; membraneless organelles

1. Introduction to Liquid–Liquid Phase Separation and Membraneless Organelles

Cells contain crowded molecular environments hosting discrete functions that must be separated
within time and space. Membrane-less compartments resulting from liquid–liquid phase separation
(LLPS) are increasingly being recognized as mechanisms for organizing cellular activities. These distinct
regions may be referred to as biomolecular condensates or membrane-less organelles (MLOs). As the
names suggest, these organelles are not encapsulated in a membrane, yet contain enriched sets of specific
macromolecules. Thus, LLPS is the biologically regulated process by which specific macromolecular
components are concentrated into a specific MLO.

MLOs contain proteins, and frequently nucleic acids, and are dynamic in size (generally
submicrometer), formation, and composition [1]. They behave like liquid droplets, capable of fusing,
deforming, and rearranging [2]—all while being solvated in the larger aqueous environment of the cell.
The macromolecular components of MLOs have a higher affinity for each other than for surrounding
molecules, allowing for separation from the bulk solution by demixing, thus forming two co-existing
liquid states with differing concentrations of particular solutes [3].

The network of multivalent interactions within an MLO is not ordered like a conventional protein
complex [4–6]. The interactions are typically characterized as non-static and more dynamic, with less
specificity and weaker binding than the forces that hold macromolecular complexes—such as the
proteasome or ribosome–into rigid stoichiometric structures [2]. For example, a ribosome consists
of large and small subunits with more-or-less specific quaternary arrangement of components that
together form a large macromolecular machine. Interactions in MLOs are thought to be less specific,
with greater fluctuation of molecular contacts and stoichiometry. The plasticity of interactions may
permit these organelles to react more dynamically to specific cellular conditions.

Numerous distinct functional MLOs have been characterized, and their many unique protein
constituents have been previously reviewed [7,8]. A recently developed database of nearly 3000
non-redundant LLPS-associated proteins suggests that many MLOs have yet to be fully characterized [9].
Of the MLOs that have been characterized, their diversity and ubiquity is remarkable. MLOs have been
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observed in cytoplasm and nucleoplasm, and also in canonical membrane-enclosed organelles like
mitochondria or chloroplasts [10]. Most commonly, MLOs are linked to specific functions involving
ribonucleic acid, such as germ granules [11]. Pathological examples have also been proposed, such as
the cytoplasmic inclusion bodies (IBs) within which measles viral RNA is replicated [12]. MLOs may
exist transiently, like stress granules (SGs), which are stalled translation complexes that form upon
cellular stress [13]. Alternatively, MLOs can have a more persistent presence, like the nucleolus, which
is a constant site of ribosome production in the nucleus [7,14]. MLOs may also form in response to
spatial necessity, such as neuronal RNA granules, which function in transport of mRNAs from dendrite
bodies to distant synapses [15,16].

MLOs may also have roles in the pathogenesis of many diseases, particularly neurodegenerative
disorders [17]. For example, many proteins linked to amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD) can undergo LLPS and accumulate within MLOs [18]. Mutations
in these proteins not only cause disease but can alter LLPS and the physical properties of the
phase-separated state [19,20]. It is hypothesized that aberrant irreversible phase transitions may result
in proteinaceous neuronal inclusions that lead directly to cellular dysfunction [2].

2. Intrinsically Disordered Regions Facilitate LLPS

An interesting feature of proteins that undergo LLPS is they frequently contain long segments
that lack well-defined three-dimensional structure. These segments are typically termed intrinsically
disordered regions (IDRs), or intrinsically disordered proteins (IDPs), because they have no single
equilibrium structure; instead, they exist as broad structural (or population) ensembles or they exchange
between multiple conformations rapidly. IDRs are usually defined as being approximately 30 amino
acids or longer [21], and their distinguishing characteristic is a relative paucity of hydrophobic amino
acids to drive folding into a narrow conformational landscape.

The sequence composition of IDRs can vary, but is commonly disproportionately represented
by only a few amino acids (i.e., low-complexity). Some low-complexity sequences are called yeast
prion-like because they are compositionally very similar to the domains that enable certain yeast
proteins to form self-propagating amyloid fibers. Yeast prion domains (and prion-like domains (PrLDs))
are usually very rich in hydrophilic amino acids (e.g., asparagine, glutamine, serine, and tyrosine).
Other low-complexity sequences may disproportionately contain charged amino acids, such as the
arginine/glycine repeats (RGG or GRG), which occur in several IDRs within liquid phase-separating
proteins. Repeating (or spatially distributed) motifs of a subset of amino acids are also common to
IDRs [6]. IDRs of MLO-forming proteins are also enriched in amino acids that can form π–π interactions,
in which induced electrostatic interactions occur between sp2 hybridized atoms [22]. These interactions
can also involve the backbone amide bonds, which are accessible due to the non-folded arrangement
of IDRs.

The significance of IDRs in liquid phase-separating proteins is they enable diverse networks
of transient interactions with moderate affinities (i.e., reversible, due partly to entropic penalties of
IDRs adopting binding conformations). Relative to folded domains, IDRs have greater accessible
conformational space and flexibility for forming molecular contacts. The frequent presence of repetitive
motifs can enable numerous low-affinity interactions with the potential for high-avidity binding [23].
IDRs can therefore support multivalent interactions, meaning they can form multiple molecular
contacts with a potential variety of binding partners. Thus, an MLO may emerge from a continuous
network of IDRs forming inter-protein (or RNA-protein) multivalent contacts.

3. Post-Translational Modifications of Intrinsically Disordered Domains Can Govern LLPS

The lack of secondary structure makes IDRs especially susceptible to post-translational
modifications (PTMs) [24]. In fact, IDRs are disproportionately modified post-translationally relative to
the entire proteome [25–27]. A variety of PTMs can alter IDR charge, hydrophobicity, size, and structure.
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These changes may occur through additions of functional groups (e.g., phosphoryl, methyl, acyl,
glycosyl, alkyl, etc.), or subtler chemical changes such as oxidation, deimidation, and deamidation [28].

There are many biological examples of PTMs serving as on/off switches, where they regulate
a cellular event, such as protein signaling, localization, and degradation. In the case of IDRs and phase
separation, PTMs can similarly have on/off functions by altering the nature of intermolecular contacts
that support MLO formation or dissolution [29] (Table 1). Here, we discuss examples of PTMs and
IDRs in proteins that undergo functional phase separation in cells. We evaluate the hypothesis that
the combination of IDR multivalency and the capacity to be extensively modified results in reversible
networks of interactions that can be regulated by specific cellular cues (Figure 1).

Table 1. Examples of post-translational modifications (PTMs) of intrinsically disordered regions
(IDRs) altering the liquid–liquid phase separation (LLPS) of proteins. The underlined proteins have
multiple PTMs that affect the phase separation propensity. Arrows indicate if PTMs promote (↑) or
inhibit (↓) LLPS. C-terminal domain (CTD), N-terminal domain (NTD), prion-like domain (PrLD),
arginine-glycine-glycine (RGG), stress granules (SGs), amyotrophic lateral sclerosis (ALS), and frontal
temporal dementia (FTD).

PTM
Protein

Example
Region

Modified
Proposed Effects of
PTM on LLPS (↓↑) Type of MLO Disease Link

Serine/Threonine
Phosphorylation

FMRP CTD IDR ↑
Increases

electrostatic
interactions

Neuronal
granules

Fragile X
syndrome

TIAR-2 CTD PrLD ↑ SGs

Phosphoprotein Internal IDR ↑ Inclusion bodies Measles

tau Internal IDR ↑ SGs Alzheimer’s
disease

MEG-3 Internal IDR ↓
Introduces

electrostatic
repulsion

P granule

FUS NTD PrLD ↓ SGs, nuclear
paraspeckles ALS, FTD

TDP-43 NTD domain
& CTD IDR ↓ SGs ALS, FTD

Arginine
Methylation

(SDMA)
LSM4

49 aa, NTD
RGG domain ↑

Changes
hydrophobicity
and H-bonding

Processing
bodies

(ADMA)
hnRNPA2

CTD IDR at
RGG sites ↓ SGs ALS, FTD

RAP55A 36 aa, NTD
RGG domain ↓

Changes
hydrophobicity
and H-bonding

SGs, Processing
bodies

Primary biliary
cirrhosis

FUS 41 aa, CTD
RGG domain ↓ SGs, nuclear

paraspeckles ALS, FTD

Arginine
Citrullination FUS RGG domain ↓

Disrupts
charge-charge

interactions

SGs, nuclear
paraspeckles ALS, FTD

Lysine Acetylation

DDX3X NTD IDR ↓
Disrupts cation–π

interactions

SGs Intellectual
disability

tau Internal IDR ↓ SGs Alzheimer’s
disease

Lysine Ribosylation hnRNPA1 Glycine-rich
region ↑ Increases

multivalency SGs ALS, FTD
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Figure 1. Liquid–liquid phase separation (LLPS) of biopolymers, such as proteins and RNA,
is a mechanism by which cells organize their contents into specific functional structures called
membraneless organelles (MLOs). Post-translational modifications (PTMs) of intrinsically disordered
proteins can influence LLPS and thus regulate the formation and dissolution of MLOs. The figure
depicts different patterns of PTMs favoring dispersed or condensed states. Changes in the material
properties of liquid-phase separated granules are hypothesized to cause some neurodegenerative
diseases. According to this hypothesis, droplets lose their liquid (reversible) properties and adopt more
rigid (less reversible) internal structures, which may be glass-like, or in some cases, may have solid
amyloid-like structures. These irreversible phase states may have gain-of-function toxicity to neurons.

3.1. Serine/Threonine/Tyrosine Phosphorylation

Phosphorylation is the covalent attachment of a phosphoryl group to an amino acid hydroxyl
group. The phosphoryl group is negatively charged, so its addition changes a polar, uncharged residue
to a negatively charged amino acid. Serine is the most commonly phosphorylated residue, followed
by threonine and tyrosine [30]. The addition of charges to macromolecules may promote certain
charge–charge interactions that drive complex coacervation (phase separation of oppositely charged
polymers) [31]. Alternatively, addition of phosphates may cause charge repulsion or steric hindrance,
thus inhibiting phase separation [2]. Depending on the protein context, the phosphate modification of
amino acids can either favor or disfavor phase separation.

Serine/threonine phosphorylation has been shown to promote phase separation of IDPs such
as fragile X mental retardation protein (FMRP) [32], TIA-1/TIAL RNA binding protein homolog
(TIAR-2) [33], and microtubule-binding protein tau [34]. FMRP has 12 serine residues within its
C-terminal IDR (aa 445–632) that have been identified as targets of casein kinase II (CKII). In vitro
phosphorylation by CKII results in an increase in the negative charge densities throughout this IDR,
increasing the propensity for multivalent electrostatic interactions and promoting phase separation [32].
TIAR-2 also contains a C-terminal intrinsically disordered PrLD that facilitates its LLPS into cytosolic
granules [33]. The PrLD of TIAR-2 was shown to be serine phosphorylated when expressed in
mechanosensory neurons. Ten serine residues in the intrinsically disordered PrLD were predicted as
phospho-sites using NetPhos3.1 [35]. Expression of a non-phosphorylatable (S→A) TIAR-2 mutant
(at 10, 8, or 2 serine residues) showed significantly less granule formation in the axons of neurons
when compared to wild type. Alternatively, phosphomimetic (S→E) TIAR-2 mutants showed similar
levels of granule formation when compared to wild type. These data suggest phosphorylation of
serine residues promotes LLPS and formation of TIAR-2 positive granules in neurons of C. elegans [33].

PTMs also affect virally encoded proteins and their LLPS capabilities in cells. Measles virus
phosphoprotein is a 507-amino acid virally encoded protein composed of multiple IDRs. Measles virus
phosphoprotein and nucleoprotein undergo LLPS to form IBs. Phosphoprotein is phosphorylated
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at multiple sites, but Serine 86 and Serine 151—both of which are in IDRs—have been identified as
regulatory sites for IB formation. Mutation or inhibition of phosphorylation at these two sites results
in irregular and small IBs [12].

Examples of serine/threonine phosphorylation that disrupt LLPS include maternal-effect germline
proteins (MEGs) in P granules of C. elegans [36], fused in sarcoma (FUS) [37–39] and TAR DNA-binding
protein 43 (TDP-43) [40]. Proper segregation of P granules in zygotes of C. elegans requires the
expression of MEG proteins [41]. Interestingly, two of the MEG family proteins (MEG-1 and MEG-3)
are phosphorylated within their IDRs by a regulatory kinase (MBK-2) [36]. MBK-2 activity and
counteractive phosphatase (PPTR-1) activity on MEGs is required for P granule disassembly and
formation, respectively [36].

FUS and TDP-43 are frequently studied proteins because their phase separation in vivo has been
linked to amyotrophic lateral sclerosis (ALS) [42]. A current hypothesis is that MLOs containing these
proteins may promote their stochastic conversion into solid, pathological aggregates [43]. FUS contains
an intrinsically disordered N-terminal PrLD, which is necessary and sufficient to drive LLPS [5].
The ~160 amino acid PrLD has 32 putative phosphorylation sites, 12 of which have been identified as
PIKK family kinase consensus sites [44]. Phosphomimetic substitution (S/T→E) at 6 or 12 PIKK consensus
sites diminishes FUS’s ability to phase separate and form fibrillar aggregates in vitro [37]. In cells,
a decrease in cytoplasmic aggregation is also observed upon increase in phosphomimetic substitution,
suggesting a potential therapeutic target for disrupting pathological aggregate formation [37]. TDP-43
has a C-terminal PrLD, which is multiphosphorylated and aggregated in ALS motor neurons [45]. Two
phosphorylation sites in the PrLD, Serine 409 and 410, identified in samples from frontotemporal lobar
dementia patients were shown to regulate TDP-43 cytoplasmic granule formation. Phosphomimetic
substitution (S→D) at Serine 409 and 410 showed a significant reduction in the number of cells
containing TDP-43 puncta [46]. Interestingly, TDP-43 phase separation is regulated by PTMs in both
an IDR and a structured domain. A single phosphorylation event in its N-terminal structured domain
at Serine 48 is sufficient to suppress its LLPS in vitro and in cells [40]. Serine 48 is conserved in most
species evaluated, including flies, mice, and humans [40].

There are two kinases, SKY1 and DYRK3, that have the ability to phase separate into SGs and,
in the stages of recovery following a stress response, phosphorylate proteins containing IDRs, resulting
in dissolution of the granules [47,48]. SKY1 is a yeast protein kinase with a PrLD that enables its
recruitment into SGs. In SGs, SKY1 phosphorylates NLP3 at Serine 441, which is located in its
serine-arginine rich C-terminal IDR [49]. This phosphorylation event promotes SG dissolution [48].
Similarly, DYRK3 (human homolog of MBK-2) was shown to phase separate into SGs via its intrinsically
disordered N-terminal domain. Aside from regulation of SGs, DYRK3 was identified as a factor that
controls phase separation and dissolution of several condensates containing IDPs during mitosis [50].
This kinase is interesting because it has broad-specificity and is generally proline-directed. Some
proteins sensitive to DYRK3 inhibition, all of which contain IDRs, include splicing-speckle marker SC35,
SG marker PABP, and pericentriolar-material protein PCM1. DYRK3 expression results in dissolution
of these granules during mitosis, whereas a kinase-dead mutant or inhibition of DYRK3 results in the
persistence of granules [50].

For some proteins, phosphorylation can be a driver or inhibitor of condensate formation, but
there are instances where it is not clearly binary. Tau441 contains numerous IDRs and putative
serine/threonine phosphorylation sites throughout the protein [51]. In experiments performed with
bacterially produced recombinant full-length tau441 and molecular crowding agents, LLPS was driven
mostly by electrostatic intermolecular interactions. There was no requirement for phosphorylation [52].
However, in a different study, phosphorylation was found to be required to initiate tau441 LLPS
in vitro [34]. Of importance, there are 22 phospho-sites analyzed in this study, 15 of the sites are
located in IDRs. Interestingly, LLPS of p-tau was dependent on hydrophobic interactions [34], whereas
unphosphorylated tau LLPS was more dependent on ionic interactions [52]. These examples suggest
the biophysical mechanism driving LLPS can be altered by the post-translational state of the protein.
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3.2. Arginine Methylation

Methylation of arginine residues is important for regulating phase separation and recruitment of
proteins into MLOs. The side chain of arginine contains a positively charged guanidinium head group
that can be multiply methylated. This reaction is catalyzed by protein methyltransferases (PRMTs)
using a donor methyl group from S-adenosyl methionine (SAM). Arginine methylation does not
change the charge of the side group, but instead alters its volume, charge distribution, hydrophobicity,
and potential for hydrogen bonding [53].

Including unmethylated arginine, there are four differential arginine methylation patterns.
Arginines can be monomethylated (MMA) or dimethylated (DMA); arginine dimethylation can
exist as symmetrical dimethylation (SDMA) or asymmetrical dimethylation (ADMA). Symmetric
dimethylation occurs when two methyl groups are added to the two different nitrogen atoms within
the guanidino group, whereas asymmetric dimethylation is when two methyl groups are added to the
same nitrogen [54]. These reactions are catalyzed by different methyltransferases. PRMTs are grouped
into three subtypes based on their catalytic activity. Type I PRMTs include PRMT1, 2, 3, 4, 6, and 8,
while type II PRMTs include PRMT5 and 9 and there is one type III methyltransferase, PRMT7 [55,56].
All three classes of PRMTs have the ability to catalyze MMA reactions, but the DMA reactions that
occur subsequent to this reaction are specific to type I and II enzymes. Type I PRMT enzymes catalyze
the reaction of MMA to ADMA and type II enzymes catalyze MMA to SDMA. PRMT enzymes
target arginine residues within glycine-arginine-glycine (GRG) or arginine-glycine-glycine (RGG)
sequences [57], which are preferred sites of arginine methylation [58], and are frequently encoded as
multiple repeats within low-complexity regions [6].

The hydrogen bond potential of the head group is the same for SDMA and ADMA, but the location
of the methyl group can alter the orientation of hydrogen bonding. Additionally, SDMA and ADMA
have different electrostatic surface potentials to the head group, resulting in shifting of charge [59].
The hydrophobicity of the head group is also modified upon methylation. Arginine hydrophobicity
incrementally increases following the addition of MMA, ADMA, and SDMA, respectively [53].
Hydrophobic residues are generally located within the folded core of proteins, so within the context of
an IDR, these changes may have profound effects on the propensity to fold or bind other macromolecules.

The guanidinium electrons are delocalized into π orbitals, enabling interactions via π-stacking [54].
Arginines can form cation-π interactions, which occur between the positively charged guanidinium
group and the available electrons of the π orbital of aromatic rings [60]. These cation-π interactions
have been shown to drive protein condensate formation [61]. Methylation of arginine has been shown
to both favor and disfavor phase separation in certain contexts. ADMA in RGG motifs has been
shown to disrupt favorable interactions and thus disrupt phase separation of IDPs such as dead-box
helicase 4 (DDX4) [6], heterogeneous nuclear ribonucleoproteins A2 (hnRNPA2) [62], RAP55A [63,64],
and FUS [65]. SDMA within RGG motifs, however, has been shown to drive phase separation. In the
case of U6 snRNA-associated Sm-like protein (LSM4), SDMA is necessary for phase separation and
processing body formation [66]. PRMT5 catalyzes SDMA of LSM4 at multiple arginine residues in its
intrinsically disordered C-terminal RGG-containing domain. Mutation of the arginine residues in this
domain or knockdown of PRMT5 diminish SDMA and processing body formation in cells [66].

YTH domain-containing family (YTHDF) of proteins contain numerous IDRs, which allows them
to undergo LLPS. These proteins are found in cytoplasmic phase-separated SGs, P-bodies, and neuronal
RNA granules [67]. In vitro experiments show that enzymatic modifications drive phase separation,
but interestingly, the modifications occur to mRNA, not the protein. Methylation of adenosine in RNA,
specifically the formation of N6-methyladenosine (m6A), is the most commonly modified nucleotide
in mRNA. This modification increases mRNA’s multivalency and seeds phase separation of YTHDF
proteins in vitro [67]. The protein has the ability to form droplets in solution without the presence of
m6A, but only at much higher concentrations. Importantly, the mRNA that seeded droplet formation
of YTHDF was multimethylated; unmethylated or singly methylated mRNA did not show droplet
formation [67].

490



Int. J. Mol. Sci. 2019, 20, 5501

3.3. Arginine Citrullination

Citrullination is another PTM that occurs to arginine residues. Instead of the addition of
a functional group, the arginine side chain undergoes an oxidation (or deimination) reaction. In
this reaction, peptidylarginine deiminases (PADs) catalyze the oxidation of an imine group (=NH),
forming a ketone group (=O) [60,68]. This modification removes the positive charge, leaving a neutrally
charged amino acid. Interestingly, the consensus site for PADs are the same RG/RGG motifs that are
common to many RNA-binding and phase separating proteins [69]. Citrullination of FUS by PAD4
was shown to diminish FUS recruitment to SGs [69]. PAD4 knockout in mouse embryonic fibroblasts
showed a greater amount of FUS sequestration into SGs than when PAD4 was overexpressed in
these cells, suggesting citrullination hinders FUS phase separation. Cation-π interactions between
arginine residues and the π orbitals of tyrosine residues modulate FUS phase separation [60], but when
citrullination occurs, the positive charge of the arginine side chain is removed, disrupting cation-π
interactions and disrupting FUS phase separation in vitro [60].

3.4. Lysine Acetylation

Similar to citrullination, acetylation neutralizes the positive charge of an amino acid. Lysine
residues contain a positively charged amino head group that can be neutralized by addition of an acetyl
group; this not only changes lysine’s charge state but also increases its hydrophobicity [70]. Acetyl
groups are enzymatically added via acetyltransferases and removed by deacetylases [71]. Acetylation
has been shown to disrupt simple coacervation of DDX3X (dead box RNA helicase 3) in vitro [72].
DDX3X has two IDRs: at the C-terminus and the N-terminus. Analysis of an acetylome dataset
identified several acetylated lysines in the N-terminal IDR that play a role in DDX3X incorporation
into SGs [72]. DDX3X is a substrate of acetyltransferase CREB-binding protein (CBP) and histone
deacetylase 6 (HDAC6). To better understand the role of acetylation of DDX3X and SG incorporation,
acetyl mimetic (K→Q) constructs and acetyl-dead (K→R) were constructed and expressed in DDX3X
knock-out cell lines. Expression of acetyl-dead DDX3X (or inhibition of CBP) increased SG volume,
whereas expression of acetyl-mimetic mutant (or inhibition of HDAC6) decreased SG volume.

The formation of SG has been proposed as a two-step process. First a stable core structure is
formed, which is followed by the recruitment of IDPs into an outer shell structure [73]. The increase in
volume is an important step in SG maturation. Of significance to this growth mechanism, the interaction
partners of the acetyl-dead and acetyl mimetic DDX3X mutants were different. The non-acetylated
DDX3X interacts with numerous SG components, whereas the acetyl mimetic loses its capacity for
interactions with SG proteins, thus showcasing how lysine acetylation can be used to regulate MLO
maturation [72].

Another protein that is lysine acetylated is tau, which is of particular interest since its solid-phase
aggregation in neurons is linked to Alzheimer’s disease [74]. Tau is an IDP, and like DDX3X, its ability
to phase separate is disrupted by lysine acetylation [75]. Ferreon et al. found that recombinant
tau, when incubated with enzymatically-active p300 histone acetyltransferase (HAT), becomes
hyperacetylated (ac-tau) [75]. This acetylation (removal of positive charges) was observed to disfavor
LLPS, which is consistent with the previous observations of Wegmann et al. that phosphorylation
(addition of negative charges) promotes tau phase separation [34]. Using mass spectrometry analysis,
15 acetylation sites were identified, 8 of which are located in IDRs. Tau readily undergoes LLPS
in vitro in low-salt conditions, but ac-tau was unable to form droplets under the same conditions.
The neutralization of charged residues was concluded to disrupt electrostatic interactions required for
tau LLPS [52,75]. Interestingly, tau also phase separates into SGs [76]. Ukmar-Godec et al. showed
that tau association into SGs is altered by the acetylation state of the lysines. Unmodified full length
tau441 readily associated with SGs following proteasome inhibition by MG132. Consistent with the
in vitro findings above, acetylation of tau strongly reduced the association of the protein with SGs
in HeLa cells [77]. Lastly, Ac-tau also showed decreased solid-phase aggregation propensity and
reduced thioflavin-t reactivity, which indicates less propensity to form amyloid-like solid aggregates.
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This suggests acetyltransferases and deacetylases are potential therapeutic targets for prevention of
pathological tau aggregation [75].

3.5. Poly(ADP-Ribosylation)

Poly(ADP-ribosyl)ation or PARylation is a reversible covalent addition of multiple NAD-derived
ADP-ribose (ADPr) molecules to a protein [78]. ADPr units can be added to glutamate, aspartate,
lysine, arginine, or serine residues by poly(ADP-ribose) polymerases (PARPs) and removed by PAR
glycohydrolases (PARGs) [78]. Aside from the physical addition of ADPr units, polyADP-ribose (PAR)
molecules are freely synthesized polymers that can modify phase separation of some IDPs [79]. PAR
is a multivalent, anionic, nucleic acid-mimicking (similar to RNA) biopolymer that can be bound
by phase separating proteins [2]. Cellular stress conditions and DNA damage have been shown to
cause an upregulation of PAR synthesis [79]. PAR, PARPs, and PARGs have all been shown to play
a regulatory role in SG dynamics [80].

The SG component hnRNPA1 contains both a PAR-binding domain and a PARylation site at
Lysine 298 within a glycine rich IDR. PARylation at hnRNPA1 Lysine 298 is important for hnRNPA1
nucleocytoplasmic shuttling, a necessary step for localization to SGs following cellular stress [81].
Interestingly, like numerous other proteins, hnRNPA1 contains a PAR-binding motif (PBM). In vitro
experiments showed hnRNPA1 phase separation increasing in response to increased PAR concentration
in solution. Mutating the hnRNPA1 PBM resulted in no phase separation in the presence of PAR,
implying this interaction is domain specific. TDP-43 also contains a PBM and co-phase separates with
hnRNPA1 in vitro and in SGs [81,82]. In vitro, PAR binding via hnRNPA1 PBM is necessary for the
co-phase separation of TDP-43 and hnRNPA1 in low-salt concentrations. In cells, both TDP-43 and
hnRNPA1 need functional PBMs to localize to SGs, highlighting the role of PAR in protein–protein
interaction and phase transition [81,82].

4. Membraneless Organelles and Neurodegenerative Diseases

A connection between MLOs and neurodegenerative disease has been widely observed [83].
Specifically, many proteins that are genetically or histopathologically linked to neurodegeneration
are also found in neuronal MLOs [18]. Likewise, proteins with intrinsically disordered PrLDs are
notoriously disproportionately linked to neurodegenerative disease [84], and many of these proteins
are both capable of undergoing LLPS and frequently found within inclusions of diseased neurons [85].

Why do the same proteins that functionally undergo LLPS appear to adopt pathological meso-scale
aggregates in cells? A leading hypothesis is proteins within MLOs may undergo additional transitions
into oligomeric species, solid-phase aggregates [86], or droplet-like structures with dramatically
different material properties [17] (Figure 1). For example, expression of an ALS-linked TDP-43 mutant
results in an MLO that is more viscous and resistant to solvation, suggesting it has a stabilized internal
structure [19]. Similarly, in vitro, ALS-mutant FUS can transition from a droplet state into a solid
aggregate more rapidly than wild-type FUS [42]. Once formed, such aggregates are thought to be
detrimental to cell function and contribute to neuronal degeneration. Possibly, the high concentration
of specific proteins within MLOs may potentiate these stochastic, irreversible phase transitions.
Since disease-linked proteins like tau and TDP-43 are hyper- and multi-phosphorylated, respectively,
within neuronal cytoplasmic inclusions, it is possible the PTMs are facilitating solid-phase transitions;
alternatively, the PTMs may simply mark failed attempts at solubilization.

In the case of many IDRs, the abundance of hydrophilic amino acids and lack of stable tertiary
structures may facilitate solid-phase transitions into highly ordered amyloid conformations. Amyloid
is a well-ordered, filamentous polymeric state composed of a single protein species, much like
a one-dimensional crystal [87]. It usually consists of polypeptides aligning in parallel in-register beta
sheets [88] and is notoriously difficult to solubilize. MLOs may provide an environment in which some
enriched IDR-containing proteins can stochastically adopt amyloid-like conformations, thus explaining
the presence of certain MLO-linked proteins in pathological neuronal inclusions. Examples include tau
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(Alzheimer’s disease), TDP-43 (ALS), and FUS (frontotemporal dementia). Importantly, crystal-like
arrangements would be disrupted by PTMs occurring within the structural core of amyloid [89]; thus,
targeting specific modifying enzymes could offer a viable therapeutic strategy for neurodegenerative
disorders that feature solid-phase inclusions.

5. Future Directions

Experimentation with MLOs is frequently focused on a few protein species. However, in vivo,
the entire repertoire of macromolecules within individual biocondensates remains largely unknown.
Additionally, for any given MLO, specific protein components can exhibit a broad array of PTMs,
thus making it difficult to dissect which modifications are altering LLPS or perhaps serving other
non-structural functional roles. Going forward, a major challenge will be to determine the precise
relationship between MLOs and disease processes. For example, many human viruses encode proteins
with PrLDs [90]. Given what we know about this type of protein domain, it is possible many viruses
exploit LLPS during replication and infection, yet antiviral drugs do not specifically target LLPS
mechanisms. In the case of neurodegenerative diseases, the pathological connections between aberrant
phase transitions and neuronal death are not fully understood, and there are many non-unifying
hypotheses. No drugs specifically target phase-separation processes in any neurodegenerative disease.
Yet, given the almost complete lack of drugs for treating these diseases, manipulating the enzymes that
regulate biocondensation may provide a new target paradigm.
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ADMA Asymmetric dimethyl arginine
ADPr NAD-derived ADP-ribose
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LCD Low-complexity domain
LLPS Liquid–liquid phase separation
MMA Monomethyl arginine
MLO Membrane-less organelle
PTM Post-translational modification
PrLD Prion-like domain
SDMA Symmetric dimethyl arginine
SG Stress granule
RGG/RGR Arginine/glycine repeats
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Abstract: Organisms face stress from multiple sources simultaneously and require mechanisms to
respond to these scenarios if they are to survive in the long term. This overview focuses on a series of
key points that illustrate how disorder and post-translational changes can combine to play a critical
role in orchestrating the response of organisms to the stress of a changing environment. Increasingly,
protein complexes are thought of as dynamic multi-component molecular machines able to adapt
through compositional, conformational and/or post-translational modifications to control their
largely metabolic outputs. These metabolites then feed into cellular physiological homeostasis or the
production of secondary metabolites with novel anti-microbial properties. The control of adaptations
to stress operates at multiple levels including the proteome and the dynamic nature of proteomic
changes suggests a parallel with the equally dynamic epigenetic changes at the level of nucleic
acids. Given their properties, I propose that some disordered protein platforms specifically enable
organisms to sense and react rapidly as the first line of response to change. Using examples from
the highly dynamic host-pathogen and host-stress response, I illustrate by example how disordered
proteins are key to fulfilling the need for multiple levels of integration of response at different time
scales to create robust control points.

Keywords: intrinsically disordered proteins; epiproteome; disordered protein platform; molecular
recognition feature; post-translational modifications; physiological homeostasis; stress response;
RIN4; p53; molecular machines

1. Introduction

Survival of both individuals and a species is predicated, in no small measure, on their ability to
respond to a changing environment. Faced with the challenge of drastic changes, organisms have stark
options of fight or flight. Flight comes with its own series of challenges (including adapting to a new
environment, or competing with others that have already occupied the new niche). Either way there is
a strong evolutionary imperative to acquire an ability to adapt. Adaptation is likely to require response
at different time scales from immediate (at the level of the individual) to geological scale (at the level
of species and genus). Rapid response can be both a benefit and a cost, as a quick change in direction
can sometimes prove to be detrimental in the fullness of time and might, therefore, be likely to favor
rapid responses that are also readily reversible. Critical decision points used by the organism to drive
response in a particular direction need to be robustly integrated into the core physiology of the cell.
In this review I argue in favor of the broader interpretation of the term epiproteome to encapsulate the
concepts that (1) changes at the post-translational level are ideally placed to respond in real time and
that (2) flexible proteins displaying significant disorder are ideal platforms that can be decorated with
post-translational changes and used to integrate responses that potentially have competing impacts on
cellular resources.
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The term epiproteome was first coined by Dai and Rasmussen [1] to refer to proteomic changes
directly associated with epigenetic modifications, namely histone acetylation. Some researchers argue
that histone modifications are part of epigenetics, although others argue that their lack of heritability
means they should not be included in that term. A search for epiproteome/epiproteomics in PubMed
Central yields references to post-translational modification (PTM) changes in histones and a small
number that use the term in a wider sense to refer to other PTM [2]. Below I argue in favor of the broad
interpretation that includes all PTM.

I suggest that an understanding of the epiproteome (i.e., changing alternative post-translational
protein states) in combination with the critical nodal positions occupied by disordered proteins,
provides a new basis to comprehend the hypervariable PTM theatre. Its features enable integration of
multiple post-translational signals to match the demands of a flexible response. The best examples of
hypervariable theatres of response to stress are the battle between hosts and their pathogens and/or
their changing environment. Epiproteomic changes offer the host an elegant real-time control of its
responses. Unfortunately, this also makes the PTM theatre an Achilles heel, able to be exploited by
pathogens. Arguably this explains why so much of a pathogens weaponry appears to be enzymatic
and focused on the PTM level of host organisation [3].

2. Review

Below I address five key points or questions that address the key demands on a highly integrated
cellular stress control point, namely: (1) A broad interpretation of the concept of the epiproteome;
(2) How an organism can communicate between (and marshal) sets of proteins that need to respond
to stress while also integrating the, on occasion conflicting, demands of distinct but simultaneous
stresses; (3) Are there some key exemplars in plants and animals that point towards solutions to meet
the demanding challenge of multiple stresses? (4) What are the characteristics required for a node that
can successfully integrate response to simultaneous challenges? (5) How can multiple diverse signals
be coordinated in real-time to deliver a coherent response?

2.1. Why Use the Broad Interpretation of the Term Epiproteome?

Our concepts of how the molecular machinery in a cell operates have changed radically over the
last three decades. One-dimensional models of static proteins acting alone to promote a particular
enzymatic step have been superseded by an understanding that proteins typically act as parts of
molecular nano-machines in complexes, and are dynamically controlled by a combination of their own
intrinsic flexibility [4], their micro-environment, location and their interactions with their partners.
We know that robust control of cellular processes needs to occur at multiple levels [5] that can include
modifications of chromatin, transcription, post-transcription, translation and PTM. Epigenetic changes
and their role in host plasticity have been widely discussed over the last decade [6,7], including their
role in responding to challenges such as pathogens [8]. More recently epitranscriptomic changes
have become a topic of renewed interest [9]. It is timely therefore to focus on the epiproteome and
the key role that PTM could play in coordinated cellular response to pathogens and other stresses.
There are of course thousands of papers referring to specific post-translational modifications or similar
terms. Initially epiproteomics referred simply to changes in the specific proteome associated with DNA
epigenetic changes [1]. And indeed it is still sometimes used in this way now [10]. Only recently have
papers used the term to refer to the sum of all post-translational changes in all proteins or a subset
such as the redox or cysteine epiproteome [2,11]. The term epiproteomics evokes a parallel with the
temporal nature of epigenetics that is entirely appropriate, and perhaps even central, to the importance
of the PTM level of control. Therefore below the term epiproteome is applied in a much more general
way to any post-translational modification of any protein in any protein complex. PTM can lead to a
large ensemble of forms of the components of the proteome existing in a dynamic state within a cell.
Unfortunately, the research tools required to analyse PTM states properly are still expensive to run
and hence our current picture of the dynamics of these states is inadequate. PTM alternative states
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are however likely to be more significant than random noise and there are numerous individual cases
where this is confirmed.

2.2. Marshalling a Diverse Set of Responding Proteins More or Less in Unison

When combined with the concept of the role of intrinsic disorder in signalling, the significance
of epiproteomic changes are placed in a new light. Coherently controlled epiproteomic changes
would have the potential to alter the response of many proteins simultaneously, whether they be
members of the same protein complex or dispersed complexes that need to be coordinated with each
other. Individual PTM changes have been shown to play key roles in a number of different properties
including the formation or dissolution of protein interactions [12], the conformation of a protein [13],
the membrane localisation of a protein [14] or the inactivation [15] or degradation [16] of a protein.
When such changes are driven by a significant change in physiology of the entire cell, such as its
redox potential or pH, there is significant scope for matching coordinated changes in the protein
complexes within the cell that need to react to the new state. Thus, the epiproteome is uniquely
positioned to play a vital role in marshalling multi-protein responses. There are some known examples
of this in situations of stress in nature already. A plant pathogen effector was recently shown to
acetylate several proteins that interact with each other in a complex [17]. Another example is the
cell signalling that results from electrophilic oxidized lipid products, so called reactive lipid species
(RLS), that can react with the amino acids cysteine, lysine and histidine because of their nucleophilic
nature. RLS effects on signalling events are largely restricted to the modification of cysteine residues
in proteins. RLS induced modifications appear to participate in multiple physiological processes
including inflammation, induction of antioxidants and even cell death through the modification of
signalling proteins [18].

2.3. Animal and Plant Exemplars: p53 and RIN4

The p53 transcription factor in mammals is best known as a target for cancer therapy and
understanding the interaction between stress and cancer but is also associated with facets of aging and
microbial responses [19]. Additionally, p53 is a target for microbial manipulation by both viruses and
bacteria [20]. The p53 protein interacts with a remarkable array of partners and a key characteristic
that allows p53 to act as such a key node/hub is believed to be its disordered characteristics [21].
A particularly pertinent facet of disorder in this discussion is its accessibility to PTM events. In highly
structured proteins, only a minority of surface exposed residues and short flexible disordered loops
are available for PTM. In disordered proteins/regions, the majority of residues are exposed and
provide a readily available platform for epiproteomic modification. Disorder is particularly common
in regulatory proteins such as transcription factors (TF) in both animals and plants [22]. The TF p53
has a typical platform with a number of disordered regions (often highly charged) attached to a more
structured domain that interacts with DNA. The number of proteins that p53 interacts with, the roles
played by epiproteome changes in p53 that link with protein–protein interactions, and the types of
PTM events have grown into a very complex interacting network [23,24]. The p53 platform epitomizes
the plasticity of disordered proteins and the vital importance of epiproteomic changes to their flexible
response. PTM changes are clustered in and around Molecular Recognition Features (MoRFs)—short
semi-ordered segments within a largely unstructured backbone that drive interactions with multiple
protein partners [25] (see Figure 1).

Disorder-associated properties of p53 have likely also played a significant role in the evolution
of this protein family. In a recent study of the evolution of p53 and related proteins in metazoans,
Joerger et al. [26] suggest that mutations which stabilized formation of tetrameric p53 forms early in
the evolution of vertebrates may have freed up the C-terminal region to adopt a disordered structure.
Disorder then may have allowed the C-terminus to undergo numerous PTM and evolve the ability to
interact with multiple partner regulatory proteins. They suggest that this disorder assisted evolutionary
path allowed p53 to acquire many novel somatic functions by rewiring signalling pathways. Different
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parts of the p53 disordered regions have been shown to possess significant variation in divergence
rates [27]. Indeed, it has been argued for some time that disordered regions in general have novel
properties and show increased rates of mutation that suggest they are often under diversifying selection
pressure and may be important to allow organisms to adapt [28–31].

Figure 1. Multiple PTMs cluster in the Molecular Recognition Features within the disordered regions
in p53 (A) and RIN4 (B). Consensus disordered regions are indicated by the red bar at the bottom
while ordered regions are indicated by the green bar, putative MoRFs within the disordered regions are
indicated by black bars as determined by Uversky (2016; p. 53, [23]) or Sun et al. (2014; RIN4, [32]) by
application of disorder prediction programs. PTMs for p53 are a modified form of those identified by
Gu and Zhu (2012) [24]. TAD: Transactivation domain; P-rich: proline-rich domain; DBD: DNA binding
domain; TD: tetramerization domain; REG: C-terminal regulatory domain; NES1/2: N-terminal (1)
and C-terminal (2) nuclear export sequences; NLS: nuclear localization sequence; N-NOI: N-terminal
Nitrate induced domain; C-NOI: C-terminal Nitrate induced domain; ACS: AvrRpt2 cleavage site.

The nature of the role played by RPM1-Interacting protein 4 (RIN4) in plant defence is an
enigma. That its role is important is hard to question, as RIN4 is targeted directly or indirectly by
a number of plant pathogen effectors [32,33]. Moreover the activity of effectors result in several
different epiproteomic changes to RIN4 including phosphorylation [34,35], proteolytic cleavage [36],
proline isomerisation [37] and acetylation [17]. We have suggested that, like p53, RIN4 is largely
intrinsically disordered and is therefore a viable platform for multiple PTM events [32]. As for p53,
RIN4 has MoRFs that correlate with conserved motifs and sites of critical importance within RIN4
that are targeted for epiproteomic modification by pathogens and/or the cell itself, or are juxtaposed
to modified residues (Figure 1). Two known examples of how RIN4 works are illustrated by recent
research [33,37]. Chung and colleagues suggest that two phosphorylation sites within RIN4 are in
competition with each other and may be responsible for driving RIN4 in the direction of either innate
(molecular pattern triggered) immunity or effector triggered immunity. The authors suggest that RIN4
is a ‘phospho-switch’ and I note that one of these sites (T166p-phosphorylated) sits in the middle of
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one of the MoRFs identified by Sun et al. [32], while the other sits near the boundary of this MoRF
(S141p). Li and colleagues [37] identify a proline isomerisation site at P149 in the same MoRF that is, in
turn, influenced by phosphorylation at T166. The T166p epiproteomic variant has a reduced affinity
for the ROC1 enzyme that drives a cis to trans isomerisation at P149. These first examples of multiple
proteomic forms illustrate how RIN4 constitutes the most compelling example yet of a plant protein
playing a parallel role to that of p53, as a platform that appears primed to ‘collect’ epiproteomic signals.

2.4. Characteristics Required for an Integrated Response to Simultaneous Challenges

In order to be able to integrate responses, a hub must be capable of multiple interactions with
various partners and collect signatures from various input pathways that can then be coherently
interpreted. A high number of flexible and reversible interactions, and ability to make subtle changes
to the equilibrium between the various states of control, would constitute a further advantage for such
a hub. As these requirements match key characteristics of disordered regions it has been recognised for
some time that such hub proteins are highly enriched for disorder [38]. Epiproteomic modification to
MoRFs or neighbouring sites in a disordered platform could either block interactions, block other PTM
changes at the same site (e.g., acetylation of a serine residue sometimes phosphorylated), or change the
charge profile in disordered regions that then changes the dynamic of how (and/or whether) a MoRF
interacts with a specific partner. While a degree of subtlety is important sometimes, a hard on-off
switch will be important at other times. Disordered proteins can also undergo major conformational
switches and even these can be linked to epiproteomic changes by adding larger modifying groups
(e.g., glutathionylation, or AMPylation), isomerisation events around critical prolines, or by targeting
the entire protein for proteolytic degradation for example.

In a recent analysis of human cells, Chavez and colleagues [39] used novel protein cross-linking
methods combined with mass spectrometry to directly identify PTM decorated proteins that are
physically associated with each other in complexes. New software advances have also enabled
data analysis to focus on cross-linked peptides [40]. In cross-linking analyses distance constraints
can be imposed by the type of chemical linker arm used, while addition of biotin groups permits
enrichment for cross-linked fragments (e.g., by using avidin-mediated affinity capture technologies).
Although the majority of cross-linked peptides identified were derived from homo-dimer interactions,
acetylated and methylated peptides from core histone proteins participating in hetero-dimers were
particularly common in this analysis. Almost half of the cross-linked histone peptides were found
to contain at least one PTM event. Histones are known carry a number of highly significant PTM
events. The multiple cases of linkages found between specific peptides increases the likelihood
that these have biological relevance in terms of the protein interaction zones between the partners.
Interestingly many of the cross-linked peptides with PTM contained modified lysine or arginine
residues (residues that are also particularly enriched in disordered regions of proteins). Cross-linking
sites were common in the disordered N- and C-termini of histones. In fact, it has been known for
more than two decades that the histone tails are the sites where some of the most significant PTM
takes place and that these modifications play key roles in the formation or dissolution of chromatin
remodelling complexes. These tails serve as recognition sites for chromatin assembly as well as
the assembly of the multi-component transcription machinery [41]. The largely positively charged
disordered N-terminal tail also contributes to inter-nucleosome binding by contacting an acidic patch
in the structured component of histone H2A/H2B dimers to influence histone stacking [42].

The cross-linking analysis allowed Chavez and colleagues [39] to build a significant interactome
network map and highlights the importance of the combination of disordered regions and PTM to
interactions in such networks, the hub position occupied by histones and the importance of their
lysine/arginine rich disordered tails to drive their ability to organize into multi-component complexes.
Other biophysical methods of experimentation can also provide indications of how closely associated
proteins are in vitro or in vivo. Hydrogen-deuterium exchange (HDX) provides a measure of how
exposed different parts of proteins are to PTM [43]. Changes in HDX patterns upon binding with
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partners can indicate likely interaction zones in protein complexes and were initially used to map
antibody binding sites [44]. Other techniques like Förster (fluorescence) resonance energy transfer
(FRET) also lend themselves to analysing protein disorder. For example, Vassall et al. [45] used
FRET measurements to analyse the order-to-disorder transition of the myelin basic protein (MBP).
MBP is largely disordered in aqueous conditions but forms alpha helical recognition fragments upon
binding to membranes and its protein partners. The MBP FRET studies, when combined with other
tools used to probe structural transition in largely disordered proteins (such as circular dichroism
and the membrane-mimetic solvent trifluoroethanol), yielded some surprising results. The data
suggested that an intermediate conformational form between disorder and alpha helical state is
in fact more compact than the alpha helical form (the latter would normally be expected to have
more compactness). This longer form may provide a better bridge across to its complexing protein
partners as well as facilitating faster binding to the membrane. Disorder-associated characteristics
possessed by histone hubs allow them to integrate epigenetic marks with downstream modifications in
mRNA expression response and transfer signals between the epigenetics and transcriptomics levels of
response. The disorder properties of MBP on the other hand allow MBP to peripherally attach itself to
the cytoplasmic membrane as well as interact with both cytoskeletal proteins like actin and signalling
proteins that respond to Ca2+-triggered protein cascades.

One of the ways that cells coordinate their response to changing situation such as stress is
to form recognizable sub-cellular organelles. Examples include stress granules (SG), processing
bodies (P-bodies) and nuclear stress bodies. Such organelles do not contain membranes, a factor that
differentiates them from permanent cellular compartments like the ER, nucleus and mitochondria.
Functional organelles must be able to keep interacting with their surrounding liquid environment
and yet they must have an ability to form an interphase boundary with this environment. In a recent
review Uversky [46] suggests that disorder can provide a crucial component required for forming
this liquid-to-liquid interphase. Examples of this are the role that the RNA-binding protein TIA-1
plays to promote assembly of SG through its disordered domains and the disordered regions of a
number of the RNA-binding proteins found in human and yeast stress granules. The latter were
found to be able to undergo liquid-liquid phase transition in vitro on their own, or when combined
with RNA [47]. The phase separated droplets promoted by this organisation can then also recruit
other proteins with disordered regions. Furthermore mutations in the key disordered regions or PTM
sites involved in regulation can then lead to aberrant fibers or granules that may then contribute to
neurodegenerative conditions.

2.5. How Can Multiple Diverse Signals Be Coordinated in Real-Time?

Responses need to be organised at both the temporal and spatial levels. An important biological
question is how can organisms create control points that match such elaborate requirements? Significant
PTM changes can be very rapid with response times measured in minutes as opposed to hours or even
days for many other types of regulation responses [48]. Rapid response makes this level of regulation
ideal for responding in real time to challenges perceived by the organisms. A successful reaction to
stress is dynamic and requires both sequential, temporal and spatial separation of components and the
ability to be nimble in response. The high degree of sophistication required by a successful response is
elegantly matched with the opportunities offered by disordered platforms to rapidly integrate PTM
signals through multiple MoRFs, multiple targeted PTM sites and reversible as well as competing
PTM changes at particular sites. Moreover, PTM changes can also be spatially compartmentalised by
limiting where matching substrates and enzymatic functions are co-expressed. As discussed above
compartmentalisation can even be aided or driven by the ability of disordered proteins to contribute
to phase transition in examples like stress bodies.

Importantly many PTM changes are reversible involving balancing modifications such as
phosphorylation/dephosphorylation or acetylation/de-acetylation. Pathogens in turn interfere with
PTM processes by developing modifications that can compete with these changes, e.g., phospholyase
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reactions that break a unique phospho-threonine bond in a protein kinase activation site and make
this site un-available for re-phosphorylation [15]. The very properties that make PTM changes so
dynamic also make this level of response technically very demanding to illustrate. In order to capture
such dynamic potential, sampling time needs to be adjusted to a much finer timescale than commonly
used. In addition, techniques that can capture protein associations in real time and are not affected
by their readily reversible nature (such as cross-linking techniques) will be required. This will need
to be matched with detection techniques sensitive enough to identify any PTM, yet robust enough
to be able to scan across complex proteomes. Physical and software enrichment strategies that can
overcome the challenge of these limitations in concert with much more sensitive mass spectrometry
instrumentation have recently become available. I suggest that disordered protein regions in particular
have properties that indicate they are likely to feature prominently in these novel analyses in the near
future. Their dynamic ability to change their binding partnerships and to be decorated by multiple
PTM events, as illustrated by the examples of p53, RIN4 and histones presented above, suggest that
this is one of the major reasons that disorder has become such a common feature of proteins in complex
multi-cellular organisms. Indeed this fits with the proposal that disorder was a key enabler on the
road to multi-cellular lifestyles [31]. The ability of disordered regions to sense the physiological milieu
in which they find themselves by a combination of PTM events, charge profiles and electrostatic
interactions suggests that sensing change in this milieu is a specific biological niche that disordered
proteins occupy.

3. Conclusions

The animal and plant exemplars, p53 and RIN4, show some key similarities. I suggest that their
disordered platform is specifically designed to integrate diverse signals that arrive via alternate
post-translational changes inside (or sometimes in close proximity to) MoRFs. PTM changes
have a great deal of flexibility and can be very rapid and reversible (e.g., phosphorylation and
de-phosphorylation) and the term epiproteomics evokes the dynamic nature of these changes.
In addition to reversibility, PTM sites can be; locked in competitive battles (e.g., phosphorylation
and acetylation [24]), display competition between sites (as illustrated by the RIN4 phospho-switch
concept [33]), result in more subtle shifts in equilibrium (e.g., by changing the charge profile and
flexibility of the environment around a MoRF), or result in drastic conformational changes suited
to acting as a molecular on/off switch (e.g., by proline isomerisation or multiple phosphorylations).
I suggest that the main role of the p53 and RIN4 (and probably many other) proteins containing large
disordered domains is to act as sensors and integrators of stress signals from multiple distinct sources
via changes to the epiproteome. Moreover, this could explain why examples such as RIN4 and p53
play such important roles in plant and animal disease respectively.
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