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ABSTRACT

Condensates are biomolecular assemblies that con-
centrate biomolecules without the help of mem-
branes. They are morphologically highly versatile
and may emerge via distinct mechanisms. Nucleic
acids—-DNA, RNA and poly(ADP-ribose) (PAR) play
special roles in the process of condensate organiza-
tion. These polymeric scaffolds provide multiple spe-
cific and nonspecific interactions during nucleation
and ‘development’ of macromolecular assemblages.
In this review, we focus on condensates formed with
PAR. We discuss to what extent the literature sup-
ports the phase separation origin of these struc-
tures. Special attention is paid to similarities and dif-
ferences between PAR and RNA in the process of
dynamic restructuring of condensates during their
functioning.

INTRODUCTION

Even though the phenomenon of phase separation in the
self-organization of living matter continues to be one of the
most discussed topics in the scientific literature, there are
challenges associated with its functional verification in vivo
(1). Non-membrane compartments that concentrate spe-
cific biomolecules—so-called condensates—may emerge via
various mechanisms or their superposition. Understanding
how a particular structure is formed is necessary to ob-
tain correct predictions of how it will function, as phase-
separated compartments differ significantly in terms of their
properties from those generated via binding and bridging.
The key role in condensate architecture belongs to nucleic
acids that function as polymeric scaffolds in both stoichio-
metric and liquid demixing models. In addition to DNA and
RNA, nucleic acids include an unusual polymer synthesized
in the cells of higher eukaryotes, namely poly(ADP-ribose)

[PAR]. Inherent features of this molecule (e.g. high charge
density and low complexity) are particularly required in the
context of liquid-liquid-phase separation (LLPS). More-
over, PAR can be produced ‘on demand’ at a desired intra-
cellular location and may even function in the extracellular
space. In the cell, PAR is concentrated in the biomolecu-
lar condensates, whose formation is space- and time-specific
(2), for example, the nucleolus (3,4), DNA repair foci (5,6),
stress granules (SGs) (7-9), the spindle (10) and transcrip-
tion hubs (11).

Nonetheless, which observations support that these con-
densates function as separate phases? In this review, we con-
sider the existing experimental evidence and attempt to un-
derstand the functional relevance of the LLPS-driving po-
tential of PAR. We also examine in detail how the similari-
ties and differences between PAR and RNA determine their
interplay during the formation and functioning of conden-
sates with a complex architecture.

PHASES VERSUS STRUCTURE
Phase separation

LLPS is a process of demixing of a homogeneous poly-
mer solution into polymer-rich condensates surrounded by
a dilute aqueous phase. The fundamental thermodynamic
equation used to describe phase behavior of such polymer—
water mixtures relates the Gibbs free energy (G) to the en-
thalpy (H) and entropy (S): AG = AH — TAS, where T is
the temperature (12). Being intrinsically disadvantageous in
terms of entropy, LLPS is possible owing to (i) energetically
favorable intermolecular interactions and (ii) the release of
water molecules from an entropically unfavorable preorga-
nized hydration shell into the bulk (13,14).

The enthalpic aspect of how LLPS is triggered at the
molecular scale has been described in detail in numerous
articles (15-18). From this perspective, phase separation
in a polymer solution occurs when the graph of a Gibbs
free energy change after mixing in a certain range of poly-
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mer concentrations acquires a negative curvature due to the
contribution of intermolecular interactions’ energy (12,18).
Therefore, the key property of molecules that determines
their susceptibility to LLPS is their ability to engage in mul-
tiple interactions (so-called multivalence). Indeed, multiva-
lent modular and disordered proteins and RNA are key
drivers of phase separation events in vitro and in vivo.

Alternative modes of self-organization and condensates of
mixed origin

Other mechanisms of molecular self-organization exist be-
sides LLPS. Notably, the term condensates does not imply
an obligatory LLPS stage during assembly. Biomolecular
condensates were initially defined as intracellular structures
that (i) accumulate molecules and (ii) comprise biological
molecules, independent of all other characteristics (16).

Condensates that are not formed via LLPS do not have
the properties of a separate liquid phase. Two such al-
ternative ways of condensate formation are discussed in
the literature on nuclear nonmembrane structures associ-
ated with chromatin (19,20). These include binding and
bridging (polymer—polymer phase separation). A detailed
comparison of non-LLPS and LLPS mechanisms of self-
organization is provided by Ref. (19,20). The formation of
condensates occurs between two poles: (i) stable complexes
with fixed stoichiometry and (ii) thermodynamically driven
LLPS in idealized several-component systems (21). A syn-
ergy between stoichiometric, structurally specific binding
and stochastic interactions in the assembly of biomolecu-
lar condensates was recently documented in a combined
theoretical-experimental analysis applied to the proteins
SynGAP and PSD-95, whose complex coacervate serves as
a model for neuronal postsynaptic densities (22). Moreover,
a recent paper by Musacchio provides a relevant discus-
sion on the role of site-specific interactions as the primary
physicochemical drivers of condensate assembly, even in
cases where further stages of its organization involve phase
separation (23). A conceptual framework based on syner-
gies between specific internal network structures and phase
separation is provided by the work (24).

It has been proposed that condensate functionality is
optimized when the interactions that drive the assembly
vary widely in affinity (25). Strong-affinity contacts provide
structural specificity, while rapidly recycling weak interac-
tions enable time-dependent patterns (25).

Intracellular condensates may have a mixed origin when
the LLPS stage is combined with other mechanisms dur-
ing the assembly. Besides, they may have a complicated
architecture, whose individual components act as a sepa-
rate phase. Finally, due to certain difficulties to specifically
manipulate condensate self-organization in vivo, for many
structures the role of LLPS in their organization remains
controversial.

Methods for studying LLPS and current challenges

According to the ‘gold standard’ of LLPS-derived liquid
condensates (19), these droplets must (i) maintain a spher-
ical shape, (ii) merge upon contact and undergo deforma-
tion in response to an applied force, (iii) contain mobile

molecules that constantly mix inside the droplet and are ex-
changed with molecules from the environment, (iv) be sen-
sitive to 1,6-hexanediol, (v) be scalable depending on con-
centration and (vi) pose difficulty for the diffusion of con-
densate components and inert probes across the interface.

In contrast, in the absence of quantitative measurements,
qualitative compliance even with several of these points
does not allow to conclude that a given structure is or is
not a phase-separated condensate in vivo (1,26). We consider
several methods often used to explore different aspects of
the ‘gold standard.” To what extent does a confirmation of
the points listed above really demonstrate that a particular
structure is LLPS-derived?

Morphological  characterization  (1,2). Condensates
formed through LLPS in living cells are often smaller
than the optical diffraction limit (27). Below this limit,
structures of completely different shapes tend to appear
spherical due to the scattering of light (1). The develop-
ment of super-resolution imaging provides opportunities
for more detailed research on condensate morphology. In
particular, super-resolution imaging and single-molecule
tracking have been used to quantitatively assess LLPS
within diffraction-limited foci in bacteria (28).

Although the presence of a sub-structure does not
negate phase separation, the results obtained using super-
resolution microscopy may in some cases cast doubt on
whether a structure is phase-separated. For example, stimu-
lation emission depletion microscopy (STED) has been em-
ployed to image individual heterochromatin domains (29).
Those investigators found that HP1« is enriched within het-
erogeneously distributed clusters, but its maximal concen-
tration in situ was estimated at 3 mM, that is, significantly
less than the critical concentration required for HP1ae LLPS
in vitro (29). However, these data were obtained with cells
fixed with 4 % paraformaldehyde (PFA). It is important to
note that PFA fixation used in several super-resolution mi-
croscopy techniques, including STED, can both enhance or
diminish putative LLPS behaviors, suggesting an advantage
of live-cell imaging to study LLPS systems rather than fixed-
cell experiments (30).

Detailed information on microscopy methods for mor-
phological characterization of condensates in vitro and in
vivo, is provided by (31,32).

The fusion properties of condensates can be quantified in
vitro by means of optical trap-induced droplet coalescence.
In this approach, individual condensates are optically cap-
tured from a solution in two different laser beams and are
brought into close proximity to initiate coalescence. The ki-
netics of droplet fusion and relaxation can be quantitatively
determined from fusion videos (33,34). The major experi-
mental techniques for studying physical properties of con-
densates are described in (34).

Determining biomolecular diffusion (3,6). Fluorescence
recovery after photobleaching (FRAP) is a widely used
technique for characterizing dynamic binding interactions
of fluorescently labeled molecules in vitro and in vivo (34,35).
Tagged molecules are bleached with a strong laser in one
spot, and the recovery of the fluorescent signal is analyzed.
Itis assumed that diffusion of photobleached molecules and



their replacement by new ones may reflect rapid reorgani-
zation of the ‘liquid’ contents within a compartment (1).
However, the recovery is not specific to freely diffusing par-
ticles, as even the molecules involved in the formation of
stable high-affinity complexes are exchanged (1). In differ-
ent studies, signal recovery time can vary by up to three
orders of magnitude. Nevertheless, it is used to determine
whether the investigated compartment is LLPS-derived (1).
Indeed, the interpretation of FRAP data often requires cau-
tion (34). For example, the FRAP recovery rate depends on
molecular identity of the labeled species in heterotypic con-
densates that correspond to the scaffold—client model (34).
Moreover, extracted FRAP data depend on the diffusion
model and boundary conditions (34).

Diffusion across a boundary is a criterion for differenti-
ating modes of self-organization. Observing the character-
istic motion of tracer particles in cells (passive microrhe-
ology) allows characterization of the physical properties of
the surrounding material and reveals a boundary constraint
(36). Live-cell single molecular tracking (SMT) experiments
can be conducted to visualize labeled molecules and cate-
gorize their trajectories as either ‘inside’ or ‘outside’ of the
compartment (37). This approach illustrates a difference
in the behavior of labeled condensate components inside
a compartment compared with the rest of cellular volume
and helps to quantitatively measure diffusion coefficients
(38). In the case of LLPS, the presence of the phase bound-
ary hinders the mobility of inert probes and component
molecules (19), while molecular crowding or interactions
within a separate phase should affect free diffusion (38). In
the case of binding and bridging, inert probes freely diffuse
through compartments, and component molecules likewise
move freely if they are not bound to the scaffold (19). A
theoretical framework to distinguish LLPS and molecular
trapping by multiple binding sites from SMT studies is de-
scribed in Ref. (39). Research on viral replication compart-
ments is a vivid example of how a careful combined use
of the above-mentioned approaches allows researchers to
avoid erroneous conclusions about the phase-separated na-
ture of a compartment (38). Using SMT, Rad52 motion
within DSB repair foci in Saccharomyces cerevisiae cells was
found to be consistent with the LLPS model (40). Direct ex-
perimental evidence how phase-separated condensates can
accelerate the efficiency and specificity of biochemical reac-
tions was likewise obtained by this method. It was shown
that transcriptional regulator CBX2 interacts with DNA
to assemble condensates on chromatin that facilitate the
target-search of CBX2 for its cognate binding sites, thereby
enhancing its genomic occupancy (41).

Interaction-disrupting assays (4). The importance of cer-
tain protein domains for LLPS implementation is com-
monly tested by truncation/modification experiments or
by perturbing weak hydrophobic interactions by 1,6-
hexanediol treatment (1). These studies make it possible
to establish the significance of certain protein—protein or
protein—nucleic acid interactions for an analyzed subcellu-
lar structure, but cannot prove LLPS as opposed to other
possible mechanisms (1). Moreover, it has been found re-
cently that 1,6-hexandiol hyper-condenses chromatin in liv-
ing cells in a manner distinct from its LLPS-disrupting
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activity, possibly due to the removal of water molecules
around chromatin (42). These data suggest that the results
obtained with 1,6-hexandiol treatment must be more care-
fully reconsidered in the case of chromatin-associated con-
densates (42).

Concentration-dependent effects (5). Compartment size
scaling in response to changes in component concentration
can be a useful indicator for distinguishing between bind-
ing, bridging, and LLPS (19). Because LLPS is critically
dependent on the concentration of biomolecules, the most
important test for liquid demixing is measurement of the
critical concentration, above which droplets exist, and be-
low which they do not form (1).

Most studies on LLPS in vivo involve ectopic overexpres-
sion (1), although it has been suggested that subcellular
systems may be supersaturated and exist on the brink of
a two-phase regime, where even the slightest overexpres-
sion is able to dramatically influence data interpretation
(43). However, there are examples where endogenously la-
beled proteins behave as overexpressed ones. Thus, liquid-
droplet behavior of 53BP1 foci was demonstrated in cells
with ectopic 53BP1 overexpression (44,45) and reproduced
in live-cell experiments with endogenously tagged 53BP1
(via CRISPR /Cas9) (45). LLPS of heat-shock transcription
factor 1 (HSF1) under heat-shock conditions with the for-
mation of liquid-like nuclear stress bodies (nSBs) was ob-
served in HeLa cells transiently expressing enhanced green
fluorescent protein (EGFP)-tagged HSF1 and confirmed
for endogenous HSF1 using HSF1-knock-in cells (obtained
by CRISPR-Cas9-mediated knockout and HaloTag inser-
tion into HSF1 gene locus) (46).

Protein concentrations in cell-free LLPS experiments are
often significantly higher (by one to two orders of mag-
nitude) than the intracellular concentrations determined
in proteomic studies (47). Nonetheless, numerous LLPS-
driver proteins have high local concentrations due to local-
ized translation of their messenger RNA (mRNA) and/or
recruitment to larger macromolecules carrying multiple
binding sites [e.g., RNA, DNA, membranes (47) or PAR].
Estimated local concentrations for some proteins, for ex-
ample, synaptic proteins, may by far outweigh their whole-
cell concentrations determined proteomically, and therefore
justify the use of high concentrations in cell-free experi-
ments (47).

RNA IN BIOMOLECULAR CONDENSATES
Nucleic acids in condensates: the basic principles

As discussed above, the composition of intracellular con-
densates is highly multicomponent, varied, and time-
dependent (48). Therefore, the concept of scaffolds and
clients (48,49) has proven to be a useful model for describing
compositional control of individual condensates. Scaffolds
are the framework components required for the structural
integrity of a given condensate. Their deletion or depletion
decreases the size and/or number of condensates, whereas
their overexpression may have the opposite effect (48). In
general, the number of scaffolds is limited. On the contrary,
numerous clients are present within a given condensate only
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under certain conditions, often because of direct interac-
tions with scaffold molecules, whereas they do not signif-
icantly affect the condensate structure (48,49). As a rule,
scaffolds are multivalent molecules, i.c., polymers contain-
ing multiple sites for intra- and intermolecular binding. Nu-
cleic acids (DNA, RNA and PAR) that harbor multiple re-
gions for specific and nonspecific interactions are some of
the most important classes of molecules partaking in the
architectural organization of condensates.

Nucleic acids with a large negative charge can phase
separate consistently with a generic electrostatic mecha-
nism that does not require specific interaction regions and
disordered components (50) in a process referred to as
complex coacervation (51). In the case of phase-separated
droplets, the size, sequence, structure, and rigidity of con-
stituent nucleic acids matters during condensate structur-
ing (52). For example, DNA molecules with more rigid
strands form weaker condensates that dissolve at lower
ionic strength compared with DNA strands of equal length
and charge density, but higher flexibility (53). This is be-
cause the force driving LLPS is not strong enough to
bend the rigid chains to a conformation optimal for max-
imal charge neutralization (53). Phase behavior also differs
between single-stranded and double-stranded sequences.
High LLPS potential of unfolded single-stranded nucleic
acids with exposed nucleobases is increased by contribut-
ing m-electron-related interactions (54). These include m—
7 and cation— interactions of the nucleobase components
(54) and sugar—m contacts enabled by deoxyribose moi-
eties (55). In contrast, double-stranded DNA has higher
charge density than single-stranded DNA, and binds more
strongly to polycations, thereby forming solid aggregates (at
low ionic strength) or a liquid—crystalline phase (at high
ionic strength), while remaining base-paired (53). The DNA
length finely affects the fluidity of DNA-based condensates:
short DNAs are reported to drive the formation of liquid-
like condensates, whereas longer DNA molecules are prone
to forming solid-like structures (56).

Notably, nucleic-acid-based condensates can be gener-
ated by monolayer protein recruitment: a mechanism de-
scribed by means of the FUS protein is an example (57).
FUS consists of a nucleic-acid—binding domain and a dis-
ordered low-complexity domain (LCD) that mediates FUS
self-attraction. Its adsorption on DNA gives rise to a self-
interacting protein—nucleic acid polymer that collapses with
the formation of FUS-DNA condensates (57) (see Fig-
ure 1A). FUS condensation with RNA is realized in a sim-
ilar manner: RNA serves as a multivalent platform, whose
length controls the valency of FUS (one FUS unit occu-
pies ~20—25 nts) (58). The results obtained by the authors
(58) show that the initial FUS-RNA interaction supports
the subsequent FUS-RNA: FUS-RNA interaction medi-
ated by protein—protein contacts and resulting in LLPS.
Atomic force microscopy studies revealed a similar phe-
nomenon for PAR: FUS interaction with PAR arising at
DNA break sites, which yields compartments that con-
centrate PAR, FUS, and damaged DNA (see Figure 1B).
The contribution of FUS LCD to the compartment for-
mation via the interaction with PAR is clearly detectable,
as a deletion of most of this region impairs the formation
of large compartments (59). Moreover, the progressive de-

crease in compartmentalization efficiency is observed with
an increase in the number of mutations in FUS LCD, mim-
icking its phosphorylation (59). FUS can likewise use long
PAR polymers (e.g. >16 monomers) as a scaffold for mul-
tivalent interactions that drive condensation, as it has been
described for FUS and RNA (60).

Interestingly, PAR is able to induce FUS condensation
in a completely different manner via a trans-acting catalyst-
like mechanism (60) (see Figure 2). According to this mech-
anism, PAR chains of all lengths (>4 monomers) can al-
ter FUS into LLPS-prone form via transient interactions.
The primed FUS is able to trigger the formation and main-
tain FUS condensates on its own (without PAR) (60). Thus,
FUS droplets remain intact after treatment of FUS-PAR
condensates by PAR-degrading enzyme PARG. Moreover,
the PAR-free fraction of PAR-treated FUS recruited unre-
acted FUS molecules into a condensate (60). A strikingly
low concentration of PAR (1 nM) was sufficient to induce
FUS condensation; interestingly, this value is three orders
of magnitude lower than in the case of RNA (60), and is
manifoldly lower than the K;,,, (>200 nM) for PAR-FUS
binding. Stimulation of FUS aggregation in vitro by sub-
stoichiometric amounts of PAR was also demonstrated pre-
viously (5). In contrast to PAR, RNA was demonstrated to
stably bind with FUS (Ky,,, ~ 5 nM) (60), and to be neces-
sary for formation and maintenance of FUS-RNA conden-
sates, as FUS-RNA droplets treated with RNase completely
dissolved (60).

This sub-stoichiometric mechanism of PAR-mediated
LLPS induction partially resembles the sub-stoichiometric
action of IncRNAs in the organization of phase-separated
condensates (61). The examples are the regulation of
Pumilio proteins by IncRNA NORAD and the control of
X chromosome inactivation / dosage compensation by the
IncRNA Xist (discussed in (61)). In both cases, significant
stoichiometric imbalances are bypassed via the two-step
mechanism. Initially, the condensate is nucleated by sto-
ichiometric multivalent interactions of the IncRNA with
its protein partner, resulting in a local increase in protein
concentration. At the following step, homotypic interac-
tions mediated by protein IDRs further amplify the supra-
stoichiometric recruitment of additional protein molecules,
enlarging the phase-separated compartment (61). Repet-
itive sequences, which promote multivalent interactions,
have proven to be essential for phase transitions seeded by
IncRNAs (61,62).

Nucleic acids influence condensate organization in three
key ways: they modulate biophysical properties, induce se-
lective nucleation, and recruit additional molecules (52).
In this regard, the work based on the ArtiGranule (Ar-
tiG) bottom-up approach is a vivid example. The experi-
ment consists of adding an artificial protein to cells, which
forms condensates. Then, an RNA-binding domain is in-
serted into the protein, and previously biochemically inert
condensates of this protein begin to attract RNA within
the cell, thus allowing to investigate the contribution of in-
tracellular RNA to the generation of artificial condensates
(63). Intracellular RNA has been found to seed the nucle-
ation of condensates, specifying their ultimate composition
by recruiting additional RNA-binding proteins (RBPs),
and serving as an architectural component that influences
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Figure 1. A mechanism for the formation of nucleic-acid-based condensates. (A) Monolayer FUS recruitment on DNA (57). (B) FUS interaction with
PAR and formation of compartments, concentrating PAR, FUS and damaged DNA (5,6,59).

condensate morphology (size, number and polydispersity)
(63).

RNA in condensates from a microstructural standpoint

As mentioned above, RNA is an essential component of
numerous nuclear and cytoplasmic condensates. Proper-
ties of scaffold RNA molecules (such as the composi-
tion, length, structure, modifications, and expression level)
can determine biophysical properties of a nascent conden-
sate: its size, shape, viscosity, fluidity, surface tension, and
molecular composition (64). RNA molecules containing
tandem repeats (repetitive RNAs, repRNAs) are the most
important regulators of dynamic chromatin compartmen-
talization (62). RepRNAs are generated during the tran-

scription of ribosomal RNA gene clusters in the nucle-
olus or during transcription of tandem repeats in satel-
lite DNA elements [(peri)centromeres and telomeres], and
can originate from repetitive transposon sequences scat-
tered throughout the genome. Local transcription and a
high copy number of repRNAs, along with their partial
self-complementarity, endow these biomolecules with high
potential for the nucleation of chromatin self-organization
processes (62).

Short RNAs lacking high valency may influence RBPs
phase separation through interaction with their RNA-
binding sites, thereby limiting RBPs’ valency or reducing
their effective concentration (65). Two RNAs harboring the
same number of RBP-binding sites, while having distinct
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Figure 2. A frans-acting catalyst-like mechanism for PAR-triggered FUS condensation.

secondary structures, may yield different outcomes during
LLPS, as demonstrated for the Whi3 protein from Ashbya
gossypii and two RNA transcripts: CLN3 and BNII (66,67).
It has been suggested that 3D folds of specific RNAs can act
as guide scaffolds for spatial positioning of RBPs (65). Prox-
imal location of bound RBPs may favor protein—protein
interactions within the complex, whereas more distal posi-
tioning may facilitate RBPs’ interactions with the immedi-
ate surroundings. Because of these differences, such com-
plexes may nucleate condensates with different composi-
tions and/or material properties (65).

RNA molecules can generate condensates (RNA gels)
that do not contain protein components (68). Nucleotide
repeat expansion in RNA gives rise to areas of multiple
interactions between nitrogenous bases of different RNA
molecules. This phenomenon leads to RNA gelation and
hinders the release of RNA molecules into the cytoplasm.
Consequently, nuclear RNA foci arise, a characteristic of
nucleotide repeat expansion disorders (68) (see Figure 3A).
RNA gelation takes place when RNA valence rises to a crit-
ical level. This may explain why the disease is triggered af-
ter nucleotide repeat expansion reaches a threshold repeat
number, and why nucleotide repeat expansions located in
seemingly unrelated genes can cause similar clinical symp-
toms (68).

RNA is the key player in the assembly of liquid conden-
sates with filamentous morphology (although these struc-
tures are not spherical, their protein components are as dy-
namic as those in classic droplets). An example of such a
mesh-shaped condensate is the TIS granule network ad-
joining the rough endoplasmic reticulum, which is impor-
tant for membrane protein trafficking (69). In vitro and in

vivo reconstitution experiments revealed that the minimal
set of components of filamentous condensates is a multiva-
lent RBP that concentrates mRNAs with large unstructured
regions able to form a pervasive intermolecular mRNA-
mRNA interaction network. The underlying RNA matrix
acts as a condensate skeleton and prevents full fusion of the
spherical liquid-like condensates, thereby generating mem-
braneless organelles with irregular shapes. The large surface
area of such structures may promote interactions at the con-
densate surface and at the interface with other organelles
(69).

Composition of RNA—protein systems: assembly manual and
a pacemaker

Global phase behavior of RNA-protein systems is deter-
mined by the complex interplay between homotypic (RNA-
RNA and protein—protein) and heterotypic (RNA—protein)
interactions (15). Alterations in the balance of structure-
forming contacts may not only shift the phase boundaries,
but also govern the formation of complex morphologies and
diverse material properties of liquid condensates (70).
Competing protein—protein and protein-RNA interac-
tions regulate the multiphasic structuring and spatial or-
ganization of multilayered condensates (71). Different sol-
vation of non-stoichiometric RNP-RNA complexes at
compositionally disproportionate mixtures results in a
composition-dependent tuning of the condensate surface
architecture. Thus, free RNAs in RNA-rich condensates
tend to position themselves on the surface due to the
larger effective solvation volume of partially bound RNA
molecules, as compared to fully complexed ones (71). In-
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to expansion of nucleotide repeat results in RNA gelation and sequestration of RNA molecules into nuclear foci (68). (B) RNA and LLPS in the creation
of cellular polar systems. Top: one-cell stage C. elegans embryo. Competition of MEX-5 and PGL-3 proteins for mRNA binding regulates the formation
of PGL-3 droplets (81). (C) LLPS-based channeling of ribosomal RNA (rRNA) flux out of the nucleolus. It is proposed that relatively nascent rRNA
are available for multiple interactions with scaffolding proteins of the GC-matrix, while rRNA binding with ribosomal proteins decreases their valency,
thus disturbing nucleolar LLPS and resulting in the effective emission of fully assembled pre-ribosomal particles (82). (D) Re-entrant liquid condensation.
Top: a schematic illustration of three different RNP (ribonucleoprotein complexes):RNA regimes. Bottom: a corresponding phase diagram. The arrow
represents the passage of the system from ‘+’ to “~’-charged RNPs through a charge-neutral stage and charge inversion when the RNA concentration is
increased (RNP concentration is fixed). The shaded area corresponds to the LLPS regime (I1). During the condensate dissolution stage, the RNA flux into

RNP droplets generates vacuolated coacervates (83).

deed, coarse-grained molecular dynamics simulation stud-
ies reveal that unequal component stoichiometry in con-
densates composed of two multivalent associative polymers
leads to an enrichment of the majority of species at the
interface and a drastic reduction in the surface tension
(72). RNA localization on the condensate surface may in-
fluence condensate morphogenetic properties, as increasing
the RNA surface density implies smaller and more numer-
ous condensates (73). Interestingly, at a high RNA surface

density, condensates may even lose sphericity and adopt a
clustered morphology akin to TIS granules (73).
Self-organization of heterotypic condensates can be dras-
tically altered by changes to the protein sequence (74). Due
to increased propensity for the formation of cation—m and
w—m interactions and lower charge density, ssRNA is pref-
erentially associated with the inner phase of model mul-
tiphasic condensates formed by polyK, polyR and polyD
peptides, while dsRNA is sorted into both the inner and
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outer phases (75). Moreover, the RNA structure is also in-
fluenced by the phase environment: in relatively protein-
poor outer phase RNA is well-structured, whereas dsSRNA
partition within the protein-dense inner phase results in
RNA duplexes melting (75). Higher-valency proteins were
predicted to concentrate within the core of multicompo-
nent condensates, whereas proteins with lower valency had
a tendency to cluster toward the interface (76). Such multi-
layered architecture was proposed to maximize the density
of molecular interactions that stabilize LLPS and reduce
the surface tension of condensates (76). Furthermore, using
computational methods, the phase behavior of a protein—
polynucleotide mixture, as well as co-localization of protein
and polynucleotide molecules within condensates could be
significantly affected by changes in the protein sequence:
increased charge patterning resulted in the formation of
structured or patterned condensates (77). Divalent cations
were found to have opposed effects on heterotypic (RNA-
peptide) and homotypic (RNA-RNA) condensates. As a
function of increasing cation concentration, heterotypic
phase-separated droplets dissolve to be replaced by homo-
typic droplets (78). The addition of cations to a solution has
opposite effects on the material properties of heterotypic
and homotypic condensates: although the relative fluid-
ity increases for RNA-protein droplets, it diminishes for
RNA-RNA droplets (78). In accordance, in the presence
of Mg?*, RNA molecules with repeat expansion sequences
self-assemble into morphologically distinct condensates de-
pending on the cation concentration. As the RNA/Mg**
ratio increases, the canonical nucleobase-paired structure is
substituted by a base-clustered one, especially prominent at
the rim, suggesting a hardening process (79).

In a recent study, Laghmach et al. explored how the in-
terplay of the RNA chain length, RNA-protein stoichiom-
etry, and environmental conditions jointly shape the ther-
modynamic landscape and interfacial properties of RNA—
protein condensates (80). The polyelectrolyte charge ratio
(RNA:protein charge units) was identified as a key variable
influencing the coexistence window of LLPS of protein—
RNA mixtures. The RNA chain length was determined as
a key parameter governing the surface tension and ther-
modynamic stability of protein—-RNA condensates. Indeed,
longer RNAs are more favored to form condensates com-
pared with shorter RNA chains due to reduced entropy cost
of binding. Salt and external crowding can likewise tune
the LLPS window. Increasing the salt concentration was
associated with attenuation of electrostatic interactions be-
tween the protein and RNA, resulting in a significant de-
crease in the LLPS. Under higher pressure, the coexistence
window of the RNA—protein mixture expanded consider-
ably, and mixtures containing short RNAs were particu-
larly sensitive to external pressure. External crowding could
also counter-balance the destabilizing effect of short RNAs
and extend the LLPS window of heterotypic mixtures
(80).

Therefore, alteration in the composition of an RNA—
protein system in particular is an approach to regulate one-
and two-phase regimes for this system. In this article sec-
tion, we consider several examples of how the composition
of an RNA-protein system can act as a ‘pacemaker’ during
condensate functioning.

Intracellular polar systems. The competition for RNA be-
tween different proteins in conjunction with LLPS can be
used to create intracellular polar systems (81). For exam-
ple, in the Caenorhabditis elegans germ line, a gradient of
the polar MEX-5 protein initiates localized phase separa-
tion with the formation of RNA—protein P-granules at one
of the cell poles, thereby inducing asymmetric division of
the embryonic cell. How can the gradient of the MEX-5
protein, which is not a constituent of P-granules, regulate
the spatial arrangement of these liquid compartments? The
mechanism is based on competition for RNA binding be-
tween MEX-5 and a scaffold protein of P-granules, PGL-
3 (81). RNA molecules bound to MEX-5 are incapable of
LLPS; therefore, the concentration gradient of MEX-5 cre-
ates an oppositely directed gradient of RNA molecules ac-
cessible to PGL-3: a ‘negative pattern’ of the distribution of
P-granules (81) (see Figure 3B).

Channeling of ribosomal subunits. The balance between
RNA and protein levels determines the saturation concen-
tration for multicomponent condensates. Heterotypic inter-
actions were reported to promote LLPS and stabilize liquid
droplets, whereas homotypic interactions destabilize them
(82). An elegant mechanism of directed flow along the nu-
cleolus is based on this principle. The binding of ribosomal
RNA to ribosomal proteins reduces the number of bind-
ing sites for heterotypic interactions of nucleolar scaffold
proteins. Accordingly, in comparison with completely as-
sembled ribosomal subunits, newly synthesized ribosomal
RNA transcripts are more accessible to binding by NPM1,
SURF6 and other scaffold components of the GC-matrix
(82). This situation causes selective exclusion of fully as-
sembled ribosomal subunits, thereby providing a thermody-
namic basis for the directed flow of RNA along a nucleolus
inside out (82) (see Figure 3C).

Re-entrant phase transitions. A phase transition is called
re-entrant if the system undergoing it proceeds from one
state to another state—that is macroscopically similar or
identical to the original one-through at least two-phase
transitions caused by a change in a single parameter (65).
Such phase behavior has been discovered for the systems
containing RNA (or single-stranded DNA) and cationic
intrinsically disordered proteins by varying the concentra-
tion of any one of the components (83) (see Figure 3D).
Re-entrant LLPS (re-LLPS) may result in multilayered
(‘nested’) droplets (65) or condensates containing dynamic
vacuoles with a tunable lifetime (83). The formation of hol-
low structures circumscribed by an ordered RNA—protein
envelope (‘bubble condensates’) and micelles has been doc-
umented in vitro at a certain RNA: protein ratio under a
certain concentration regime (84). Re-entrant phase behav-
ior is ideal for condensates that regulate their lifetime and
the duration of biochemical processes facilitated by them
(65). Furthermore, this behavior allows for temporal regu-
lation, because metastable condensates may limit their own
existence by the synthesis or decay of the second component
that influences the LLPS of the first one (65,85).

Re-LLPS has not been investigated in vivo. Nonetheless,
several condensates existing in the cell have characteristics
reminiscent of re-entrant systems, e.g., a nucleolus (see the



section above) and transcription compartments (65), as re-
viewed below.

AN INTRODUCTION TO THE ROLE OF PAR IN CON-
DENSATE BIOLOGY

PARPs and PAR

ADP-ribosylation is a reaction involving the transfer of
ADP-ribose residues originating from NAD+ to a modi-
fication target [a protein, DNA (86-88) or RNA molecule
(89)]. In mammals, only four enzymes from the 17-member
(ADP-ribosyl)transferase protein family (PARPs 1 and 2
and tankyrases 1 and 2) are able to catalyze the elongation
underlying the synthesis of PAR (90,91). Cellular functions
of poly(ADP-ribosyl)ation [PARylation] are mainly associ-
ated with DNA repair, as DNA breakage is the classic trig-
ger of PAR production, attributed to the folding of catalyti-
cally active PARP1 (92) and PARP2 (93). PARP1, the main
enzyme for PAR synthesis in the cell, modifies itself by PAR
polymers reaching >200 residues in size and up to 100 nm
in length (94,95), which look like a highly branched ‘star’
detectable by electron microscopy (95,96) or atomic force
microscopy (97) (see Figure 4A). How such a complicated
structure is achieved is still not fully understood (98). One
suggested explanation is that the branching is catalyzed by
PARP2 (99), however, it is well known that PARP1 yields
branched PAR as well.

There is evidence that PARP1 and 2 can be activated in
other ways: through the interaction with non-B DNA (100),
RNA (101-103) [refuted by (104)], including small nucle-
olar RNAs (105), PAR (99), and phosphorylated kinase
ERK2 (106). Moreover, PAR may be translocated within
the cell or released into the extracellular space (107). Extra-
cellular PAR can also be produced by the activity of PARP2
located on the surface of T cells (108). PAR is found ubiq-
uitously inside and outside the cell, although DNA damage
is the main epicenter of PAR synthesis (see Figure 4B).

Short PAR chains are poor substrates for poly(ADP-
ribose) glycohydrolase (PARG) (109). It has been proposed
that (ADP-ribosyl)hydrolase 3 (ARH3) activity compen-
sates for the slower processing of short chains by PARG.
ARH3 also performs the hydrolysis of terminal seryl-ADP-
ribosyl linkages (110), which are inaccessible to PARG
(111). PARG, but not ARH3, can resolve branched PAR
architecture (112).

The histone PARylation factor 1 (HPF1)—recently re-
ported to form a joint active site with PARP1 and/or
2 (113)-has been shown to limit the PARylation activ-
ity of PARPs and stimulate their NAD+ hydrolase activ-
ity (114). Further, HPF1 promotes DNA-dependent and
DNA-independent autoPARylation of PARP1 and/or 2, as
well as the heteroPARylation of histones in the complex
with a nucleosome in a defined range of HPF1 and NAD+
concentrations, at which no HPF1-dependent enhancement
of the hydrolytic NAD+ consumption occurs (115). The in-
fluence that HPF1 has on PAR production and structure in
the cell remains to be investigated.

PARPs are implicated in multiple DNA repair pathways
and in the maintenance of genomic stability (116). PARy-
lation is believed to be the first wave of DNA damage re-
sponse signaling. After PAR synthesis, several PAR read-
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ers containing different PAR-recognizing modules (117)
are recruited to a DNA lesion to remodel chromatin and
initiate DNA repair. Thus, in the case of single-strand
breaks (SSBs), the rapid recruitment of the core scaffold
factor of SSBs repair, XRCCl1, to lesion sites is dependent
on PARP1 or PARP2 (116). In the case of double-strand
breaks (DSBs), PARP1 is important for the early and rapid
recruitment of BRCA1 (118), which controls the initial steps
of DSB resection and also mediates strand exchange during
homologous recombination (HR) (116). During nucleotide
excision repair, XPC recruitment to UV lesions is mediated
by its binding to PAR (119). PARylation of UV-damaged
chromatin through the activity of PARPI1 is important for
the recruitment of the chromatin-remodeling enzyme ALC1
(120). Initial chromatin relaxation triggered by PARylation
and the PAR-binding remodeler activities of ALC1 (121)
facilitates the subsequent recruitment of CHD3 and CHD4
for further chromatin remodeling at DNA break sites (122).
As a key factor directing cell fate toward apoptosis under
the conditions of genotoxic stress, PARP1 is a promising
target for treating cancer as well as metabolic, inflamma-
tory, and neurological disorders (123,124).

Interestingly, PAR-dependent chromatin remodeling by
ALCI has been recently identified as a key determinant of
PARP inhibitor (PARPi) toxicity in HR-deficient (HRD)
cells (125,126). ALCI loss is synthetic lethal with HRD due
to the accumulation of replication-associated DNA dam-
age (125,127) and increased PARP trapping (125,126,128).
Nucleosome remodeling by ALCI1 is required for the re-
lease of trapped PARP2 (128). It was found that the in-
activation of ALCI traps PARP2 but not PARP1 (128).
The ubiquitin E3 ligase TRIP12 (129) and the ubiquitin-
dependent ATPase p97 (130) are involved in removing of
trapped PARP1 and their activities reduce PARPi efficiency.
However, PARP trapping is not solely responsible for the
ALCI deficiency/PARPi synthetic phenotype (127). It was
proposed that processing of alkylated base damage is a key
driver of synthetic lethality with HRD in ALCI—/— cells as
well as PARPI sensitivity in HRD (127).

PAR features relevant to condensate microstructuring

Several unique characteristics of PAR, including its low
complexity, multivalence, and large charge, may con-
tribute to organization of subcellular condensates, includ-
ing LLPS-derived ones (2).

Low complexity. It has been proposed that in the case
of RNA, the random coiled state of the molecule pro-
vides greater accessibility to the binding of short cationic
molecules than structured RNA (131). Complex coacer-
vates composed of low-complexity RNA (polyU) and short
polyamines (spermine and spermidine) share numerous
features with coacervates consisting of intrinsically dis-
ordered region (IDR)-containing proteins (131). Indeed,
stress-induced low-complexity ribosomal intergenic RNA
drives the formation of nucleolar liquid-like foci during the
nucleolus conversion to an A-body (132). Consequently,
the low complexity of the PAR structure may predis-
pose this polymer to complex coacervation as an LLPS
subtype.
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Figure 4. PAR synthesis and cellular localization. (A) PARPs is performs the PARylation reaction in the form of 1. Intramolecular (in cis-) auto-
modification, 2. Intermolecular (in trans-) auto-modification within PARP dimers and 3. trans-modification of non-PARP targets. The points of active
PAR production—PAR ‘stars’—are detected by electron microscopy (95,96) or atomic force microscopy (97). (B) PAR is found in cells at several locations:
1.transcription factories; 2. DNA repair foci; 3. the nucleolus; 4. Cajal bodies; 5. telomeres; 6. ASK3 condensates; 7. in the form of protein-free PAR chains;
8. stress granules; 9. pathological aggregates; 10. the spindle; and in extracellular space as 11. a product of PARP2 located on T-cell surface; 12. free PAR

chains released in the extracellular matrix due to cell necrosis.

Increased flexibility. Molecular dynamics simulations
have been employed to determine which geometrical con-
straints dictate the structural flexibility of PAR chains in
solution (133). In that study, PAR was shown to have higher
flexibility than single-stranded DNA, likely owing to the
presence of two phosphates linking the two deoxyriboses
instead of one as in DNA (or one ribose in RNA), and
therefore expanding the available conformational space
(133). In the same report, molecular dynamics simulations
revealed that PAR polymers, especially long ones, adopt
numerous different conformations in water, and a stable
and defined structure is never reached. A PAR 25-mer
adopted a three-globe-shaped conformation, indicating a
tendency of monomers to cluster together (133). Therefore,
PAR is prone to a dynamic size- and branching-dependent

multiglobular conformation, and this intrinsic flexibility
allows PAR to recognize multiple proteins and specifically
fit their structure (133).

Charge density and distribution. These parameters are
of key significance for complex coacervation (134). PAR
is the most electronegative natural polymer (135). Com-
pared to DNA and RNA, PAR has a doubled higher
negative charge and additional space between ribose
residues (2). Notably, polyelectrolyte interactions enable
ultrahigh-affinity binding, even though binding partners
in this case retain their structural disorder and highly
dynamic behavior (136,137), indicating that high-affinity
binding and structural disorder are not mutually exclusive

@1).



In living organisms, PAR complex coacervation with
Ca’" ions plays a key role during physiological bone
biomineralization and pathological vascular calcification
(107,138).

Structural heterogeneity and associated metabolic pathways.
Different structural elements of a PAR molecule (iso-ADP-
ribose, ADP-ribose-ADP-ribose junction and terminal
ADP-ribose) can be recognized through a variety of protein
domains (117). PAR molecules are highly heterogeneous in
terms of chain length and branching. This structural di-
versity influences the binding characteristics of PAR read-
ers, PAR catabolism and the dynamics of PAR-containing
biomolecular condensates (139). In summary, possible out-
comes of different PAR structures are as follows: (i) PAR
chain length and branching influence the number of PAR
readers able to interact with a single PAR molecule and
therefore determine their local concentrations. A highly
branched polymer may reduce the available space for PAR-
binding domains of proteins that recognize linear PAR
motifs. (ii) structure-specific binding may result in selec-
tive subcellular localization of PAR readers, their regu-
lation, and degradation via PARylation-dependent ubiq-
uitination. (iii) The synthesis of different PAR structures
can consume various amounts of NAD+, thus influenc-
ing local metabolic pathways. (iv) Given that PAR is highly
charged, differences in amounts of building blocks may af-
fect local biophysical properties of the cytoplasm. (v) Struc-
turally distinct PAR molecules behave differently during
degradation and can give rise to various sets of catabo-
lites with specific consequences for downstream signaling
(139).

The biological relevance of PAR branching is emphasized
by the fact that branching frequencies vary considerably
during different phases of the DNA damage-induced PARy-
lation reaction and among different mouse tissues. The PAR
branching and chain length strongly affect cellular func-
tions, thereby further supporting the notion of a ‘PAR code’
(140).

An additional valence source. In a protein-free state or in
the form of a protein PTM, PAR can serve as a source of
additional valence mediated by PAR—protein interactions
[as is the case for RNA (141)]. The PAR surface, com-
posed of repeated ADP-ribose units, can act as a multi-
valent platform for protein recruitment. Notably, a larger
PAR valence can be achieved in two ways: by increasing
the number of modification sites on a given protein, and
by increasing PAR length (up to 200 units) and branch-
ing (2). In many cases, however, a small polymer such
as oligo(ADP-ribose) may be sufficient to achieve desired
affinity (8).

Notably, repetitive sequences of IncRNAs are essen-
tial for their ability to seed formation of phase-separated
condensates, including assemblies organized by the sub-
stoichoimetric mechanism (61,62) (see also subsection Nu-
cleic acids in condensates: the basic principles).

Protein PTM. PTMs are the most important regulators of
protein—protein and protein—nucleic acid interactions, and
therefore represent one of the key approaches to modulate
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the formation and dynamics of biomolecular condensates
(142-144). 1t is possible that PARylation can alter a con-
formation and therefore interaction profile of the modified
protein similar to (145). Moreover, PAR covalently attached
to the protein may be a significantly more specifically orga-
nized structure than free PAR (146), and represent a spe-
cific platform for initiating the assembly of macromolecules
(147).

PAR IN CONDENSATES FROM A MACROSTRUC-
TURAL POINT OF VIEW. TRULY A SEPARATE
PHASE? PAR-RNA INTERPLAY

The above properties of PAR make it an attractive can-
didate for an LLPS driver. Indeed, PAR is a necessary
component for the assembly of various natural liquid-like
biomolecular condensates. In this section, we consider the
most relevant examples and attempt to understand support-
ing evidence of the LLPS mechanism for each structure. We
also discuss PAR characteristics that can be important for
the organization of these biomolecular assemblies in terms
of their macrostructure, that is, 3D shape and material prop-
erties.

Despite the similarities, PAR differs from RNA and
DNA and has a distinct spectrum of protein partners. In the
case of LLPS, this property can cause liquid immiscibility
of the PAR-containing phase with other liquid phases and
induce condensate subcompartmentalization with the for-
mation of multilayered structures. The reviewed case studies
deal with the nucleolus and DNA repair foci.

The nucleolus

Up to 40% of intracellular PARP1 molecules are concen-
trated in the nucleoli (148), and the disruption of PARPI
enzymatic activity leads to nucleoli disassembly (3).

A series of studies conducted in vitro (149,150) and in vivo
(151,152) collectively support a model where the nucleolus
behaves as a separate liquid phase in the nucleoplasm (1).
Internal architecture of the nucleolus consists of three lay-
ers, corresponding to different stages of ribosome biogen-
esis (153,154). Self-organization of the nucleolar internal
structure has been explained by the immiscibility of several
liquid phases (149). For example, NPM1 (a scaffold protein
of the nucleolus shell) and fibrillarin (a scaffold protein of
the nucleolus core) both undergo LLPS in the presence of
ribosomal RNA in vitro (150,151).

Nevertheless, NPM1- and fibrillarin-based liquid
droplets do not merge with each other and coexist inde-
pendently. Moreover, fibrillarin-rich droplets are captured
by NPM1 droplets, thus giving rise to a core-shell structure
characteristic of the nucleolus (149).

Although the exact function of PAR in nucleolus orga-
nization is unclear, an interesting analogy has been drawn
between the liquid-phase structure of the nucleolus and the
presence of PAR in one review (4): in yeast and other lower
eukaryotes, nucleoli have only two layers (they lack the fib-
rillar center, FC) (155), and there is no PARylation in yeast
(156). [On the other hand, it is thought that the evolution-
ary division of a single fibrillar compartment into the FC
and DFC was due to significant enlargement of the rDNA
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intergenic region (155); however, the Saccharomyces cere-
visiae TDNA intergenic spacer interrupting 35S RNA cod-
ing units is 2.5 kb long (157).] Moreover, nucleolar subcom-
partment immiscibility is not due to IDRs within fibrillarin
and NPM1, which appear to be fully miscible (158). Instead,
it is encoded in different RNA-binding domains of these
proteins, with distinct substrate specificity (158). Therefore,
it is possible that PAR as a specific scaffold played a role in
the divergence of FC and DFC subcompartments.

DNA repair foci

DNA damage induces the assembly of temporary compart-
ments concentrating damaged DNA and repair factors. On
the one hand, DNA breaks trigger PAR synthesis by acti-
vated PARPI1, and this PAR is believed to seed the LLPS
of FET proteins (FUS, EWSR1 and TAF15) at the lesion
site (5). That study involved overexpression of FET pro-
teins, and the conclusions were drawn from in vitro data
and indirect in vivo evidence such as roundness, fusion, and
alteration of light diffraction (5). Nonetheless, the droplet
size changed according to the alteration of protein expres-
sion levels (5), indicating a dependence on the critical con-
centration, which can be considered direct in vivo evidence
(1). The positive charges in RGG modules of FET proteins
were shown to be necessary for electrostatic PAR binding
(5), further indicating that LLPS is possible (the complex
coacervation type). PAR ability to nucleate FUS conden-
sates both in vitro and in vivo was also demonstrated by Patel
et al. (6). FUS assemblies in FUS-GFP-expressing cells im-
aged with a digital scanned light-sheet microscope (DSLM)
with structured illumination appeared to be spherical, un-
derwent frequent fusion events, and rapidly relaxed into a
spherical shape. Their viscosity values, approximated by re-
covery times of the FRAP were estimated to be around 10-
to 100-fold that of water (6).

As demonstrated elsewhere in vitro, PAR production at
DNA break sites results in the binding of the FUS pro-
tein and subsequent selective concentration of damaged
DNA in PAR-FUS compartments (59). It is believed that
FUS, by its direct binding to PAR, facilitates DNA repair
through the formation of transient compartments enriched
with damaged DNA, to which DNA repair proteins are
attracted. PAR hydrolysis by PARG enables the dissocia-
tion of these compartments, which in turn promotes the
turnover of DNA repair in the cell (59,159).

On the other hand, damage-induced long noncoding
RNA (dilncRNA) is also synthesized at the sites of DNA
double-strand breaks (DSBs), and this dilncRNA recruits
the 53BP1 protein, resulting in 53BP1 foci with liquid-
droplet properties (44,45). Herein, we consider the exper-
imental evidence pointing to the involvement of the LLPS
mechanism in the formation of 53BP1 foci. In the first study,
researchers utilized cells expressing near-endogenous levels
of GFP-53BP1 (44). Individual GFP-53BP1 foci in these
cells manifested a fast homogeneous recovery after photo-
bleaching. Notably, this behavior evolved with time, thereby
confirming a progressive increase in internal viscosity (44).
In that report, the dynamics (the number, average radius,
coalescence, or ripening) and morphology (shape fluctu-
ations) of the 53BP1 condensates were quantified in live

cells and supported the viscous-droplet model for 53BP1
foci (44). The average viscosity within foci was estimated
from the diffusion coefficient of S3BP1 molecules and ap-
peared to be 500 times higher than that of the nucleoplasm
(44). In the second study, live-cell microscopy with ectopic
53BP1 overexpression revealed dynamic spherical 53BP1
compartments that underwent fusion and fission events,
and that were highly sensitive to changes in the osmotic
pressure, temperature, and ionic strength and to the dis-
ruption of hydrophobic interactions by 1,6-hexanediol (45).
Moreover, the live-cell experiments were reproduced with
endogenously tagged 53BP1 (via CRISPR /Cas9) and con-
firmed droplet-like behavior of the 53BP1 assemblies (45).
The 53BP1 ability to phase separate was validated, and its
domains that drive LLPS were identified in vivo by opto-
Droplet experiments (45). Furthermore, those authors con-
firmed functional consequences of 53BP1 condensation, be-
cause the tumor suppressor protein p53 turned out to be
enriched within 53BP1 optoDroplets (45).

3D-SIM indicates that 53BP1 compartments have a hol-
low architecture: they consist of separate ‘beads’ (53BP1
nanodomains) arranged in a circular fashion around active
sites of DSBs, exemplified by XRCC4 or RPA spots (160).
In that study, the initial accumulation of 53BP1 was demon-
strated to occur immediately after DNA damage induc-
tion, and only 10—15 min after 53BP1 nanodomains started
to mature to circular microdomains involving the RIF1
factor for shaping chromatin architecture around a DSB
(160). The spatiotemporal dynamics of 53BP1 oligomer-
ization during DSB signaling was quantified by Lou et al
(161). They found that preformed 53BP1 dimers are re-
cruited from the nucleoplasm to DSB sites, where the DSB
histone code regulates their retention and self-assembly into
53BP1 oligomers.

RIF1 has been recently reported to directly interact with
three phosphorylated 53BP1 epitopes, and the simultane-
ous mutation of these sites abrogated RIF1 accumulation
into ionizing radiation-induced foci (162). Interestingly,
RIF1 is able to promote 53BP1-dependent DNA repair in-
dependently of 53BPI binding via regulation of shieldin
function (162). Notably, the genetic inactivation of RIFI re-
sults in phenotypes similar to 53BPI-null cells (163-165).
Indeed, in RIF1-depleted cells, the initial accumulation of
53BP1 was similar to that in wild-type cells, but the re-
sultant 53BP1 nanodomains failed to mature to their cir-
cular arrangement, while proteins related to DNA repair
(BRCA1 and RPA) lost their focal localization (160). The
authors proposed that 53BP1-RIF1 modules safeguard the
3D structure of damaged genomic loci, raise local concen-
trations of protective factors, and function as a barrier to
enzymes whose activity threatens genome stability and epi-
genetic information encoded in the chromatin architecture
(160).

53BP1 foci appear within 5-15 min after genotoxic expo-
sure (166) (or within 30-60 min of DSB induction according
to (161)), and can persist in the cell nucleus even for 24 h af-
ter DNA repair (167) or up to several days in heavily dam-
aged cells (59,168). Despite rapid PAR degradation (169),
PAR foci may have a significantly longer life span due to re-
peated PARPI activation on unrepaired DNA breaks. For
example, by means of XRCC1 as an indicator of PAR levels,



it was demonstrated that PAR foci peak at 1 min after DNA
damage, whereas their intensity decreases only to 80% of
the maximum in 5 min, and to 40% in 30 min (170). This
indicates that both compartments coexist for some period
of time.

Given all these data, we hypothesize that 53BP1 nan-
odomains arise as phase-separated droplets that do not co-
alesce completely due to rapid maturation and high viscos-
ity [as evidenced by FRAP (44) and 1,6-hexandiol treat-
ment (171)]. Within the 53BP1 microdomain, the emergence
of a cavity containing DNA damage and repair factors is
ensured by the presence of an incompatible liquid phase,
the formation of which precedes the appearance of primary
53BP1 liquid condensates. Interestingly, the formation of
53BP1 foci is delayed in FUS-knockout cells (171). The clo-
sure of viscous 53BP1 nanodomains into a circular struc-
ture around the ‘core’ is implemented by RIF1 (160). In-
deed, according to Altmeyer et al., PAR-mediated assembly
of FET proteins at the lesion site is incompatible with the si-
multaneous accumulation of 53BP1 (5), indicating that the
condensates formed by proteins FUS and 53BP1 do not in-
termix (45). Therefore, at least the intermediate compart-
ment of DSB repair can be assumed to have the structure of
a ‘nested’ condensate, with the inner phase generated via
PAR-mediated liquid demixing of FET proteins, and the
shell organized by phase-separated 53BP1 and dilncRNAs.
However, as 53BP1 foci are significantly more long-lived
than PAR, it is likely that the layered DNA repair conden-
sate may appear only at early stages and serve for proper
assembly of the 53BP1 compartment, which further persists
as a hollow structure containing active DSB sites and DNA
repair proteins in its center.

Transcription hubs

During transcription, various cis elements (e.g. promoters
and enhancers) and trans factors (such as transcription fac-
tors [TFs] and coactivators) are recruited to the immedi-
ate vicinity of active genes (172). Numerous eukaryotic TFs
contain intrinsically disordered low-complexity sequence
domains (173), and the LLPS driven by interactions be-
tween them may represent an elegant model of transcrip-
tion coordination and its burst-like dynamics (174,175). A
Flory—Huggins free energy model-as applied to the ther-
modynamic equilibrium of DNA mixed with nonspecific
DNA-binding proteins—has uncovered a biphasic regime in
solution, and therefore is believed to predict transcription
factories (176).

The most vivid illustration of a phase-separated conden-
sate participating in gene expression is the nucleolus. It is
thought that smaller transcriptional condensates may be
generated by the LLPS mechanism as well, and can pro-
mote local biomolecular interactions required for DNA
transcription (175,177,178). Nevertheless, the evidence for
LLPS taking place during transcription in the cell is rather
controversial (1). Transcriptional hubs have a small size and
are highly dynamic (173). Moreover, the constituent pro-
teins can interact not only with each other, but also with
DNA and RNA (1). Non-specific binding to DNA may
produce phenomena similar to, but distinct from, LLPS,
as in the case of viral replication compartments (38). Fur-
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thermore, accessible DNA sites in the nucleus were recently
found to be spatially segregated (179).

Although apparent LLPS is detectable during gross over-
expression of TF low-complexity sequence domains, there
is no evidence for phase separation of TF hubs (e.g. the
EWS/FLI1) formed at endogenous expression levels (173).

Therefore, concerning the topic of LLPS in relation to
transcription granules, many authors use cautious terminol-
ogy, deliberately avoiding the misleading term ‘condensates’
(1,173,178). The regulation of RNA Pol II transcription in
terms of both ‘condensates’ (as LLPS-based structures) and
hubs is discussed in a recent review (180).

PARPs are key players in transcription. In its inactive
state, PARP1 was shown to shape chromatin architecture,
where it helps to condense DNA by loop stabilization (181).
As a chromatin architectural protein, PARPI is enriched
within heterochromatin (181), while PAR is situated pre-
dominantly in actively transcribed genomic regions (182).
PARP activity is required for the structure of heat-shock
puffs of decondensed transcriptionally activated chromatin
in Drosophila (183), and it is reported to be necessary for
retaining RNA Pol I within a transcription compartment
(11).

In transcription, PARylation modulates DNA-binding
activities of specific TFs, and therefore affects their recruit-
ment, triggering chromatin structural rearrangements and
modulating the stability and degradation of specific mR-
NAs (182). PARPI1 affects RNA Pol II movement either
by reducing or raising the rate of RNA Pol II elongation,
depending on the chromatin context (184). In particular,
PARylation regulates RNA Pol II silencing during pro-
moter proximal pausing and is involved in the transcrip-
tional response to DNA damage (182). Recently, it has been
found that after sensing the lesion, PARPI interacts with
transcription elongation factor P-TEFDb, and modifies it at
multiple positions (185). PARylation prevents P-TEFb from
LLPS that is necessary for Pol IT hyperphosphorylation and
elongation stimulation (185). Large-scale alterations of the
expression of more than 600 genes and several mobile el-
ements in the absence of PARPI in Drosophila have been
documented (186).

Moreover, PAR may serve as a precursor of ATP (187).
ATP-Mg affects condensate viscosity, and at a millimo-
lar concentration, it dissolves liquid condensates regardless
of its canonical role as an energy source (188). Recently,
Mehringer et al. published an study indicating that ATP can
prevent fibrillation and enhance protein stability via specific
ion effects (salting out) and through interaction of adeno-
sine with delocalized m-systems of amino acid residues in
proteins (189). Moreover, ATP chelates most of intracellu-
lar Mg”*, the release of which promotes condensation of
chromatin by charge neutralization (190). This PAR prop-
erty is thought to contribute to transcription regulation
(191).

Thus, at the moment, it is uncertain to what extent the
LLPS mechanism takes part in the regulation of transcrip-
tion. Therefore, it is not possible to clearly define the role
of PAR in the organization of transcriptional condensates.
However, one of potential LLPS-concerning models was
provided by a recent study, which experimentally confirmed
the concept of an RNA-mediated negative feedback mech-
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anism in transcription (192). The study found that small
RNAs or low RNA levels at regulatory elements stimu-
late the transcriptional-condensate assembly, whereas the
burst of RNAs (long RNAs or high RNA concentrations)
produced during elongation promotes condensate dissolu-
tion (192). Accordingly, the inhibition of RNA elongation
in vitro and in vivo increases condensate size and prolongs
the condensate life span. In contrast, higher levels of local
RNA synthesis suppress transcriptional-condensate forma-
tion (192). It should be highlighted that the effects of di-
verse RNAs are sequence independent, suggesting that reg-
ulatory potential of RNA is ensured by its inherent high
negative-charge density. Furthermore, the re-LLPS model
of transcriptional control may account for dynamic burst-
like behavior characteristics of transcription (192).

Notably, re-entrant phase behavior during transcription
may be more complicated, with condensate nucleation and
dissolution being governed by distinct polymers: PAR and
RNA (65). PAR is involved in transcription activation,
where it mimics RNA and DNA to recruit TFs, and may
help with the formation of a transcription compartment,
whereas subsequent mRNA production during elongation
may dissolve this phase (65).

The spindle

The mitotic spindle is a bipolar dynamic macromolec-
ular structure that arises via self-organized assembly of
microtubules (dimers of «- and B-tubulin), microtubule-
associated proteins, and motor proteins (193). The spindle is
regarded as a condensate with liquid—crystalline properties
(194). The LLPS of key proteins involved in spindle func-
tion was demonstrated in recent publications (195,196).

Nuclear mitotic apparatus protein (NuMA) regulates
spindle polarity (197). In acentrosomal human cells, overex-
pressed NuMA was reported to form multiple condensates
that promote spindle bipolarization by organizing micro-
tubule asters (198). Recently, it became known that at spin-
dle poles, endogenous NuMA also forms numerous conden-
sates, which concentrate tubulins, bind microtubules, and
enrich crucial regulators (195). These condensates mani-
fest liquid-like behavior by fusion and fissure, are sensi-
tive to 1,6-hexanediol, and exhibit rapid FRAP recover-
ies. The phase separation of NuMA is mediated by its
C-terminus, whose phosphorylation by Aurora A reduces
LLPS and fluidizes NuMA condensates (195). By express-
ing NuMA mutants in endogenous-NuMA-depleted cells,
researchers found that the expression of an LLPS-incapable
NuMA mutant results in significantly longer spindle assem-
bly time compared to the wild-type protein, while expres-
sion of the unphosphorylatable mutant leads to the assem-
bly of a shorter spindle (195).

In 2004, researchers discovered that PAR is enriched
in the spindle and undergoes unusual localization dynam-
ics consistent with a low turnover rate (10). PAR cleavage
causes rapid disruption of the spindle structure, and PAR
hydrolysis during spindle assembly prevents the formation
of the bipolar spindle (10). Moreover, NuMA is a target of
covalent modification by PARP5a during mitosis (197), and
binds PAR in a noncovalent manner (199). However, PARy-
lation and PAR binding have no influence on NuMA local-

ization to spindle poles (197,199). PAR itself has been de-
tected at spindle poles and is thought to perform a dynamic
cross-linking function (199).

Combining these observations with modern data sugges-
tive of NuMA LLPS (195), we speculate that PAR ensures
the correct assembly and liquidity of NuMA condensates.
We would like to underline the finding that after forming
in the plural during nuclear-envelope breakdown, NuMA
droplets flow and fuse when transported along microtubules
to spindle poles, where they eventually generate large con-
densates (195). Therefore, it can be theorized that prema-
ture solidification of NuMA condensates in the absence of
PAR, similar to that observed in the case of unphosphory-
latable NuMA, can cause incomplete fusion of droplets and
the emergence of extra poles. This question remains open
for further research.

Notably, PARP5a PARylates a-tubulin, and this mod-
ification recruits the ECT2 factor required for cytokine-
sis control (200). A comprehensive discussion of PARPs’
participation in mitosis is provided in another review
(201).

RNP granules

SGs.  SGs are inducible cytoplasmic condensates that con-
centrate mRNA, RBPs and small ribosomal subunits of eu-
karyotic cells under stressful conditions (202). SG assembly
is triggered by a sudden upsurge of cytoplasmic mRNA lev-
els due to inactivation of translation and release of free mR-
NAs (202-204).

It has been proposed that SG formation is mediated by
LLPS, however, there are several objections to this model
(discussed in ref. (202)).

Several proteins that are located within SGs, for example,
FUS, hnRNPA1 and TIA-1, have been reported to phase
separate in vitro (6,205,206). Nevertheless, only G3BP pro-
teins (G3BP1 and its homolog G3BP2) are essential for SG
assembly, because cells with a double knockout of genes
G3BPI and G3BP2 do not form SGs in response to ar-
senite (207). Light-induced LLPS of G3BPI in an optoge-
netic system is sufficient to initiate the formation of SGs in
the cell, even in the absence of exogenous stress (208). In
contrast, light-induced LLPS of other SG proteins, includ-
ing TIA1, FUS, and TDP-43, results in liquid-like droplets,
whose content and biophysical properties are very differ-
ent from those of normal SGs (208). The seeding of pu-
rified G3BP1 in a mammalian cell lysate induces LLPS
with the assembly of condensates, whose RNA and pro-
tein composition is highly similar to that of SGs (209). An
excellent research study revealed that G3BPs are intracel-
lular sensors of protein-free unfolded RNA and outlines
a mechanism underlying G3BP granule formation (202).
According to this mechanism, unfolded mRNAs outcom-
pete G3BP autoinhibitory interactions, thereby affording a
conformational switch that couples RNA binding to a dra-
matic increase in multivalence. G3BP1 clusters (210) cross-
link RNA molecules into mesh-like inhomogeneous con-
densates of low protein density (202). Moreover, G3BP1-
driven recruitment of RNA into fluid condensates may in-
hibit RNA entanglement into irreversible structures based
on homotypic RNA-RNA interactions (202).



The functions of PAR in SG organization are sum-
marized in a recent review (211). In particular, PAR
regulates protein targeting to SGs (8,9,212). Thus, in
Drosophila TDP-43 protein binds target substrates modi-
fied by Tankyrase/PARPS5a, which results in LLPS of TDP-
43 and its accumulation in SGs (8). Non-covalent binding
of hnRNP A1l with PAR or PARylated targets controls its
sorting to SGs, while in vitro addition of PAR to this protein
induces its LLPS (9). Moreover, PAR regulates interactions
between hnRNP Al and TDP-43 and promotes co-LLPS
of these proteins (9).

In accordance with the forementioned observations, the
PAR interaction with G3BP is of particular interest in the
context of SG organization. PAR non-covalently binds to
the G3BP C-terminal RG-rich domain, allowing G3BP to
maintain cytoplasmic localization and enabling subsequent
assembly of SGs (213). Notably, it is this RG-rich region of
G3BP that must be released—either by high local protein
concentrations or via the removal of the inhibitory acidic
IDR—to switch G3BP from an autoinhibited state to a mul-
tivalent one, which allows for cooperative binding of RNA
and for condensate assembly (202).

A recent study indicates that alphavirus ADP-
ribosylhydrolase nsP3 suppresses the formation of SGs: its
expression gives rise to distinct condensates that lack trans-
lation initiation factors, but contain other SG-associated
RBPs. The expression of ADP-ribosylhydrolase—deficient
nsP3 yields condensates that retain translation initiation
factors as well as RBPs, similarly to SGs (214).

Furthermore, it is possible that PAR can finely influence
a condensate—s material properties as much as RNA (see
also subsection 4ASK3 condensates). For example, yeast SGs
have more viscous solid-like properties than mammalian
SGs, which manifest liquid-like behavior (215). It is likely
that a reason for this difference is the absence of PARyla-
tion in yeast (156).

ASK3 condensates. After osmotic shock, the cell recovers
its initial volume under the influence of kinase ASK3 (apop-
tosis signal-regulating kinase 3). Under hyperosmotic stress,
the cell undergoes contraction accompanied by the concen-
tration of cell contents, resulting in ASK3 condensates that
transduce an osmosensing signal driving ASK3 inactiva-
tion (216). ASK3 condensates are distinct from SGs and P-
bodies, which also appear under extreme hyperosmotic con-
ditions, because the markers of these membraneless struc-
tures are not colocalized (216).

ASK3 condensation has been suggested to proceed via
LLPS. In cells stably expressing ASK3, ASK3 conden-
sates emerge within seconds after hyperosmotic stress initi-
ation, then dynamically move and fuse, showing incomplete
but significant FRAP recoveries (216). It is particularly
noteworthy that the ASK3 condensation has a ‘spinodal-
decomposition-like’ pattern, which can be a good argument
in favor of the LLPS mechanism. In vitro, the formation of
ASK3 droplets is induced by crowding reagents, but not by
alterations of ionic strength. Indeed, in the cell, greater hy-
perosmolarity increases the number and diminishes the size
of ASK3 condensates, thereby pointing to the critical im-
portance of macromolecular crowding in condensate orga-
nization.
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Notably, ASK3 condensates obtained in vitro are solid-
like, as their FRAP recovery is undetectable (216). On the
contrary, the addition of either poly(A) RNA or PAR (but
not NAD+) suppresses the generation of solid ASK3 con-
densates. PAR depletion in the cell does not prevent ASK3
condensation under hyperosmotic stress, but significantly
inhibits FRAP of the emerging condensates. An ASK3 mu-
tant insensitive to PAR regulation yields ASK3 condensates
with significantly reduced FRAP recoveries in vitro and in
vivo (216).

Therefore, PAR proves to be important for the main-
tenance of ASK3 condensate liquidity. The main reason
seems to be its ability to serve as a multivalent interme-
diary coordinating transient interactions between ASK3
molecules (216). However, the report also proposed that
flexible and branching PAR may act as a ‘loosening filler’
and promote ASK3 condensate porosity by generating
empty spaces within the condensates. It was concluded that
this effect significantly influences the viscoelasticity of con-
densates and enhances ASK3 movement (216).

Pathological aggregates. The overexpression of PARPI is
associated with the pathogenesis of several central-nervous-
system disorders, such as strokes, Parkinson’s disease (PD),
Alzheimer’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis (217). The pathological change common
among the last four neurodegenerative diseases is abnor-
mal protein aggregation, for example, when an amyloid pro-
tein (such as a-syn, amyloid B, tau, FUS, TDP-43 or hn-
RNPA1) undergoes conformational alterations giving rise
to pathological aggregates associated with disease progres-
sion (218). Under physiological conditions, PARylation reg-
ulates the assembly/disassembly of SGs containing proteins
from this list, whereas dysregulation of PAR levels may in-
duce condensation of irreversible amyloid aggregates and
mitigate their cytotoxicity (218). Conversely, amyloid fib-
rils can stimulate PARPI1 activity and elevate PAR levels,
which play a major role in cell death (including apopto-
sis, necroptosis, and parthanatos) as well as activation of
PARylation-dependent ubiquitination (218). Consequently,
amyloid protein aggregation and PARylation may consti-
tute a feed-forward loop that accelerates the progression of
neurodegenerative diseases (218).

In a case study, high levels of PAR were monitored in
the cerebrospinal fluid of PD patients (219). PAR has been
reported to seed and accelerate a-syn fibrillization in cell-
free experiments and in the cell (upon the addition of ex-
ogenous PAR or DNA-damaging treatment) and to convert
pathological a-syn to a more toxic subtype (219). In a feed-
forward loop, preassembled a-syn fibrils activate PARP1
via nitric-oxide-induced DNA damage (219). PAR inter-
actions with hyperphosphorylated a-syn are predominantly
observed in PD transgenic murine models of a-syn pathol-
ogy and in postmortem tissue samples from PD/PDD pa-
tients (220). The study confirmed that these interactions in-
volve electrostatic forces between negatively charged PAR
and positively charged Lys residues at the a-syn N termi-
nus (220).

A recent study by Rhine ez al. elucidated how PAR can
trigger FUS transition into LLPS-prone form (60) (dis-
cussed also in the subsection nucleic acids in condensates:
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the basic principles). The FUS primed by short-lived inter-
action with PAR can recruit unreacted FUS molecules, in-
ducing condensate formation and persistence without PAR
(60). This mechanism for transferring an induced confor-
mation from one protein molecule to another resembles
prion-like spreading (221), which in the case of FUS was
demonstrated for the G156E FUS mutant (222). The influ-
ence of nucleic acids on conformational changes and aggre-
gation of amiloidogenic proteins was reviewed in a recent
study (223).

Interestingly, the FUS mutation was implicated in aggres-
sive cases of ALS coupled with frontotemporal lobar de-
mentia (FTLD) symptoms, which alters material properties
of FUS condensates, and is also connected with increased
PAR content that may drive solidification (60).

The ability of PAR to enhance the aggregation of LCD-
containing proteins in vitro, including FUS, was also shown
by Altmeyer et al. (5). In this study, co-incubation of FET
proteins or a model peptide, containing a short prion-like
sequence and a triple RGG repeat, with sub-stoichiometric
amounts of purified PAR significantly promoted the aggre-
gation process, resulting in larger, more condensed aggre-
gates (5).

A PAR-driven LLPS-like process may play a central part
in pathological extracellular-matrix calcification as well, by
generating calcified spherical particles reminiscent of those
observed during vascular calcification (138).

CONCLUSIONS AND PERSPECTIVES

The emergence of the LLPS paradigm in the context of
biomolecular interactions motivated great interest of the
scientific community to study the mechanisms of non-
membrane cell architecture organization. Critical work by
McSwiggen et al. (2019) revealed the limitations of the
LLPS concept by demonstrating the insufficiency of de-
scriptive characteristics for conclusions about the phase-
separated origin of a particular structure. However, the sub-
sequent development of the topic, in conjunction with the
parallel elaboration of methods over the past three years,
has led this area to the establishment of significantly more
stringent standards for the quality of experiments and the
terminology used.

Recently, the question of the validity of the hypothesis
that phase separation is the primary driving force behind
compartment assembly has been raised in the article by
Musacchio (23). The study draws the readers’ attention to
the fact that the classical LLPS model as a molecular mech-
anism for the formation of non-membrane organelles may
be considered counterintuitive. In particular, it is not clear
how low-affinity and low-specificity interactions can pro-
vide selective and localized assembly of macromolecules in
place and time under conditions of a large density of com-
peting interactions that takes place in a living cell. How do
the compartments formed maintain their identity? And how
is the required cellular critical concentration of a partic-
ular LLPS-driver adjusted across different tissues and or-
ganisms (23)? The author provides several convincing argu-
ments in favor of the fact that the primary drivers of con-
densate assembly are site-specific interactions (SSIs). This
does not negate the fact that the LLPS mechanism can

be involved at later stages of compartment organization,
investing the structure with the behavior characteristic to
LLPS-derived condensates (23). Indeed, even with the the-
oretical possibility of forming only stoichiometric networks
of interactions, the experiment may indicate the occur-
rence of stochastic binding events that organize preformed
stoichiometric clusters into structures of a higher order
(22).

Numerous examples of classical droplet-like compart-
ments, even among those considered in our review, confirm
the idea of SSIs-induced or restricted phase separation (23).
Thus, the sub-stoichiometric action of IncRNAs in the or-
ganization of phase-separated condensates (61) is based on
a similar principle. Assembly of the nucleolus and transcrip-
tion hubs requires active transcription, which results in SSIs
between protein components and specific sequences on spe-
cific RNAs (23). RNA-triggered FUS condensation like-
wise begins with the interaction of the FUS nucleic-acid-
binding domain with RNA molecules (58). G3BP gran-
ule formation starts from binding of unfolded mRNAs to
specific regions of G3BP, resulting in blocking of autoin-
hibitory interactions (202). This restricted phase separa-
tion can be implemented not only with the participation of
RNA, but also in the case of PAR due to SSI with either spe-
cific PAR-recognizing domains or high-affinity electrostatic
interactions (136).

However, there are two examples discussed above that
do not quite fit into the described scheme and deserve
closer study. The first one is the ability of PAR to prime
FUS into LLPS-prone state (60). Of particular importance
is that PAR concentration (1 nM), sufficient for induc-
ing FUS condensation, is manifoldly lower than the K, ,
(>200 nM) for PAR-FUS binding (60). FUS aggregation
by sub-stoichiometric amounts of PAR is also shown earlier
(5). The second example is ASK3 condensation in cells un-
der hyperosmotic stress that has a spinodal-decomposition-
like pattern (216) and therefore appears not to have a spe-
cific sites of nucleation. Both of these case studies must be
further investigated, possibly in accordance with the valida-
tion pipeline proposed in (23), to determine whether general
phase separation, which is not triggered by SSIs, is the driv-
ing force behind their assembly.

The hypothesis about the role of PAR in biomolecu-
lar condensate formation has been discussed previously
(2,21,59,224-226). In the present review, we examined how
PAR is involved in condensate organization and attempted
to discuss as completely as possible how phase separation—
considered a contributing mechanism in the literature—is
confirmed for each PAR-containing condensate.

We further paid special attention to the comparison be-
tween PAR and RNA, as well as to their interplay dur-
ing the organization of condensates. The main idea is that
PAR and RNA are quite similar, and yet different. Being
polymeric scaffolds, PAR and RNA can come into multi-
ple specific and nonspecific contacts. Specific interactions
may afford self-organization via binding, bridging, and the
formation of stoichiometric complexes, which among other
things, may seed LLPS when organizing larger-scale struc-
tures. Having different sets of partner proteins, PAR and
RNA can ensure the immiscibility of liquid phases and the
formation of multilayer condensates.



It was shown that among PAR-binding proteins, more
than one third also bind DNA: RNA hybrids, and the most
of the last ones contribute to the induction of LLPS. Several
proteins exhibited all three of the listed properties. This may
suggest that R-loops, dilncRNAs and PAR all contribute to
LLPS at DNA lesion sites (227).

Non-specific electrostatic interactions with PAR or RNA
may take part in phase separation by complex coacerva-
tion. For non-specific interactions, these polyanions are in-
terchangeable. In this regard, they can modulate conden-
sate liquidity in a similar manner, and function as scaffold
molecules during droplet assembly/disassembly. PAR can
act as a more rapidly synthesized and less site-dependent
RNA analoginitiating RNA-dependent systems at the early
stages of their activity. Similarities between PAR and RNA
can be helpful in systems with phase re-entrant behavior.

Furthermore, it must be pointed out that the advantage
of PAR for the assembly of transient compartments is evi-
dent due to the reversibility of PAR synthesis and degrada-
tion (59,159). PAR is important for the turnover of DNA
repair, or repair coupled to DNA replication and to other
highly dynamic intracellular processes, whereas RNA can
contribute to relatively stable condensates.
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