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Abstract

ro

Phase separation of biological molecules, such as nucleic acids and proteins, has garnered

-p

widespread attention across many fields in recent years. For instance, liquid-liquid phase

re

separation (LLPS) has been implicated not only in membraneless intracellular organization, but

lP

also in many biochemical processes, including transcription, translation, and cellular signaling.
Here, we present a historical background of biological phase separation and survey current

na

work on nuclear organization and its connection to DNA phase separation from the perspective

Jo

ur

of DNA sequence, structure, and genomic context.

Introduction

Compartmentalization of the cellular interior is an important part of life processes (1). This past
decade has seen resurgence of interest in membraneless compartmentalization achieved via
phase separation of proteins and nucleic acids (2-5). Many of these studies implicate liquidliquid phase separation (LLPS) as the physical principle behind formation of membraneless
compartments inside cells (3). The term LLPS in this context refers to segregation of one or
more macromolecules into a concentrated liquid phase and a dilute phase depleted of the
macromolecules. LLPS of biological macromolecules have also been referred to as liquid phase

1

condensation (LPC) and the resulting concentrated phases have been termed biomolecular
condensates (4, 5).
Several proteins, typically highly charged and/or enriched in disordered regions, have been
shown to readily undergo LLPS in vitro (6). Databases now exist dedicated to compiling proteins
that are either predicted or have been experimentally shown to undergo LLPS (7-10). The phase
behavior of a protein depends on external environmental factors, including temperature (11, 12),

of

ionic strength (13, 14), or pH (15, 16). Furthermore, the phase transitions are often seeded/tuned

ro

by the presence of RNA (17, 18), DNA (14, 19), or free nucleotides (19, 20). Nucleic acids can

-p

have a complex effect, as both physical (structural/mechanical) and chemical properties of DNA

re

can influence the phase transitions (14, 21-24). For instance, DNA hybridization and local

lP

sequence-dependent flexibility selectively promote either precipitation or LLPS (14, 21).
Chemical modifications through nucleotide methylation have also been shown to affect DNA

na

phase separation (23, 24). Additionally, when considering DNA-dependent phase separation

ur

within the nucleus, several features of the genomic DNA such as the distribution patterns of

Jo

DNA sequence elements (CpG islands (25), repeat elements (26), specific protein recognition
elements (27, 28)), the number and affinity of protein-binding DNA motifs (29), as well sequence
features of the DNA that can affect nucleosome positioning (30) (31), can contribute to the
formation and stability of phase separated condensates.
Much of the current physical understanding of LLPS (32, 33) is based on the theoretical
framework of phase separation of polymers. Prediction of the phase diagram, temperature
dependence and critical temperature, and effect of intermolecular interactions on phase
separation is based on modified Flory-Huggins theory, which describes the thermodynamics of
phase separation of uncharged polymers. The theory expresses the free energy of a polymer
solution as the sum of the mixing entropy and the polymer-polymer, polymer-solvent, and
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solvent-solvent interactions (34). To describe the phase behavior of charged polymers
(polyelectrolytes), Voorn and Overbeek modified Flory-Huggins theory by adding a DebyeHückel term to the free energy expression to describe electrostatic interactions (35). While the
Voorn-Overbeek theory was successful at modeling simple polyelectrolytes (36, 37), the
shortcomings become apparent when attempting to describe biological phase separation, which
involves polyelectrolytes with non-uniform charge distribution and multivalent interactions.

of

Modern theories aimed at describing biological phase separation attempt to account for complex

ro

charge distributions and charge correlations along the polymer backbone (33, 38, 39). One such

-p

approach, termed spacers-and-stickers model, coarse grains a protein into ‘sticker’ segments

re

with associative interactions separated by inert ‘spacer’ segments (33, 40, 41). The system is
then characterized by the strength and type of associative interactions and the average spacing

lP

between sticker segments, which can be estimated from the protein structure. This approach

na

has been successful in reproducing experimentally measured phase diagram and temperature

ur

dependence of LLPS of prion-like domains (41).

Jo

LLPS has been implicated in many biological functions, including spatial organization of
chromatin (42-44), transcription (45, 46), translation (47), DNA damage repair (48, 49), cellular
signaling (50, 51), and immune response (52, 53). Despite the apparent success of LLPS as a
general description of biological phase separation, the field has not yet obtained a unified view
on what in vivo observables are indeed characteristic of LLPS. Recent debates and discussions
on the methods determining phase separation in vivo can be found in the following reviews (5456). Alternative mechanisms for protein localization in vivo have also been put forward, including
polymer-polymer phase separation (PPPS) (57) as well as transient multivalent interactions
without LLPS (58). The importance of identifying the correct mechanism goes beyond
semantics, as many biophysical/biochemical processes occurring within biological condensates
depend on the underlying physical mechanism (57). Key differences between these
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mechanisms include the dependence on protein concentration, the regulation of the condensate
size and concentration, and the transport properties within the condensates. LLPS requires a
critical protein concentration to drive phase separation and once formed, the concentration
within the phase-separated droplet is regulated by the chemical potential of the concentrated
and dilute phase. In addition, partitioning/exclusion of ‘spectator’ species (small molecules or
proteins that do not directly contribute to phase separation) is determined by the chemical

of

properties of the molecule or the protein. In contrast, PPPS and transient multivalent

ro

interactions predict that the intermolecular interactions can localize and concentrate proteins
even at low protein concentrations. The concentration within the condensates is determined by

-p

the number of binding and interaction sites (57, 58). Furthermore, partitioning and transport of

re

spectator species within the condensates are based on size exclusion, not chemical properties

lP

(57). Therefore, characteristics of the condensates, including size of nucleation sites,

physical mechanism.

na

condensate size and concentration, and partitioning and transport properties, depend on the

ur

In this review, we focus mainly on LLPS of DNA in a biological context, beginning with a

Jo

historical perspective of nucleic acid phase separation and early descriptions of liquid-like
compartmentalization within the nucleus. We then discuss the potential relationship between
DNA sequence features and genomic context in phase separation of membraneless nuclear
compartments and domains. Lastly, we discuss an emerging theme regarding the role of DNA
mechanical properties, determined by the hybridization, sequence, and chemical modifications,
on the phase behavior.
History of the biological liquid-liquid phase separation concept
The discovery of phase separation of proteins and nucleic acids can perhaps be credited to
Albert Kossel, who noted that solutions of proteins can separate into layers: a depleted phase
and an enriched phase (59-61). Although we are only beginning to unravel the multidimensional
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functional consequences of phase separation, the concept of phase separation as the
organizing principle of the cellular interior has existed since the late 1800s (Figure 1). Otto
Bütschli (62, 63) depicted the protoplasm (protoplasm is an obsolete term that was used to refer
to the cellular interior as a basis of life) as ‘alveolar’ (emulsion-like). In his published lecture, E.
B. Wilson, drawing on his light microscopy experiments with the naturally pigmented Ophiura
eggs, described ‘liquid droplet’ based organization of the protoplasm (64), consistent with

of

Bütschli’s depiction. Additionally, the physical property of one of the earliest known

ro

membraneless organelles - the nucleolus - was also described in the late 1800s as liquid-like,

-p

as inferred from observations of fusion and growth of smaller nucleoli (using nucleolar stains)

re

under a light microscope (65).

lP

While ‘LLPS’ has recently become the more commonly used term, it is analogous to ‘complex
coacervation’. This phenomenon is observed when two or more macromolecules with

na

associative interactions, such as electrostatic interactions in oppositely charged polyelectrolytes,

ur

are mixed in aqueous solutions under appropriate conditions (66). Descriptions of coacervation
arose in the 1930s from extensive studies by Bungenberg de Jong (67). He used the term

Jo

‘coacervate’ to refer to the layer (or drops as observed under a light microscope) enriched in
dissolved substances that separated from the dilute (depleted in dissolved substances) phase.
‘Biomolecular condensate’ is a newer term used to refer to highly concentrated droplets, gels, or
reversible aggregates formed via associative interactions of biological macromolecules, and
therefore ‘complex coacervates’ can be considered a subset of biomolecular condensates.
Bungenberg de Jong studied a variety of mixtures of hydrophilic biological polymers and
discussed potential implications of coacervation in biology, including the formation of the
nucleolus (67). Based on the realization that the nucleolus consists of high concentrations of
histone-like (positively charged) proteins and ribose nucleotides (negatively charged), FreyWyssling hypothesized that the nucleolus is a coacervate (67, 68). This was supported by
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temperature-dependent experiments on the nucleoli of fixed and stained root meristems by Lars
Ehrenberg in the 1940s (69). The phenomenon of coacervation was also adopted by Alexander
Oparin during his ‘Origin of Life’ studies, where he proposed that the enrichment of
concentration resulting from complex coacervation was the mechanism of formation of
primordial cells (70).
In the late 1900s, in vitro studies (using methods such as optical and electron microscopy,

of

birefringence, rheology, turbidity measurements) of phase separation of DNA in contexts such

ro

as DNA condensation, liquid crystal formation, and gene delivery were quite popular (71-73).

-p

Several studies have shown that DNA forms liquid crystals at high solution concentrations, in

re

presence of polymers that induce osmotic stress as well as multivalent polycations and

lP

polymers (74). Leforestier and Livolant proposed the chromatin to have local liquid crystalline
domains (71). In dinoflagellates, which are single-celled eukaryotes with large genomes, liquid

ur

(75).

na

crystalline DNA have been observed using polarized light microscopy and electron microscopy

Jo

After Finch and Klug’s proposal of the solenoid model of chromatin in 1976 based on electron
microscopy images (76), the chromatin was largely assumed to be organized into 30-nm
chromatin fibers (77). This model, however, has been heavily debated (78, 79). Several studies
suggest the chromatin to be more disordered and liquid-like (80, 81). More recently, the
functional role of LLPS at the genetic level has garnered attention with studies implicating LLPS
in the segregation of genes into transcriptionally active and repressive regions (42-44). This is
consistent with liquid-like descriptions of interphase chromatin as well as observations of highly
dynamic exchange of chromatin associated proteins observed in many early in vivo experiments
as discussed below (82-85).

6

Besides the chromatin itself, liquid-like properties of several nuclear bodies were reported in
many studies. For example, Platani et al. in 2000 reported fusion events of Cajal bodies (86),
which are nuclear compartments involved in biogenesis of small ribonucleoproteins. Prior to
LLPS being a widely observed phenomena in biology, studies had demonstrated high mobility of
proteins inside cellular bodies such as promyelocytic leukemia protein (PML) bodies (87),
nuclear speckles (88), and Polycomb bodies (89), using in vivo FCS, FRAP, and/or particle

of

tracking techniques for nuclear compartments. The observation of high mobility proteins

ro

established the dynamic nature of the bodies, which allows exchange of the proteins with the

re

membraneless organelles formed via LLPS.

-p

surroundings. High mobility of proteins, although not defining, is a characteristic feature of

lP

As observations of proteins undergoing phase separation have become increasingly common,
renewed critiques have emerged regarding whether observations of dynamically localized

na

proteins in vivo are correctly attributed to LLPS. In concert, alternative mechanisms for the

ur

formation of membraneless bodies have also been proposed. In 1995 Walter and Brooks
hypothesized that compartmentalization of the cytoplasm occurs via phase separation arising

Jo

from macromolecular crowding (90). In 2007, Iborra suggested that differences in dynamic
mobility of nuclear components could be a driving force in compartmentalization (91), similar to
viscoelastic phase separation previously described in simple polymer solutions (92).
Interpretations of chromosome conformation capture data, such as Hi-C contact maps, have
invoked block copolymer phase separation in chromatin compartmentalization (93, 94), where
weak attractions between similar sections of A-B structured polymers drive segregation (95).
Alternatively, PPPS can drive phase separation and compaction via bridging proteins that can
bind to multiple segments of a polymer (57). This mechanism has been argued as the
underlying mechanism of heterochromatin organization by HP1 owing to the bridging nature of
HP1 (96). Recently, using live-cell single-molecule imaging, Tjian and coworkers studied the
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formation of local compartments enriched in low complexity domains of transcription factors
(‘high concentration hubs’) (58). They showed that at endogenous levels of the transcription
factors, selective, dynamic interactions between the low-complexity domains drive their
assembly into such compartments via transient multivalent interactions with no detectable
LLPS. In light of emerging alternative mechanisms for membraneless compartmentalization, it is
clear that more rigorous experimental methods for differentiating mechanisms of phase

of

separation in the nucleus are needed.

ro

Phase separation and compartmentalization in the nucleus: Role of DNA

-p

The genomic DNA in eukaryotes is hierarchically organized in the nucleus. The first level is in

re

the form of the nucleosome core particle that packs ~140 bp long DNA with the help of core

lP

histones (97). Linker histones then package the nucleosome core particles into chromatin (98).
Chromatin fibers appear randomly interwoven during the interphase of the cell cycle, though the

na

spatial distribution is known to be highly organized (99). Each chromosome is known to occupy

ur

a distinct region in the nucleus, referred to as chromosome territory (100, 101). Originally defined

Jo

based on staining with simple dyes, chromatin is segregated into densely staining
heterochromatin and lightly staining euchromatin (102), which occur on the length scale of ~100
Kbp to ~1 Mbp DNA. Heterochromatin, further categorized as constitutive and facultative
heterochromatin, is enriched in repressed genes whereas euchromatin is enriched in active
genes (103). From live cell fluorescence microscopy as well as in vitro studies, segregation of
heterochromatin has been linked to LLPS (42-44), although it has been argued that
heterochromatin formation via bridging proteins like HP1 can also be explained by PPPS (57).
The nucleus also harbors several distinct compartments enriched in proteins/RNA for specific
functions (Figure 2). Many compartments include chromatin while some compartments are
present in the inter-chromatin space. Compartments without chromatin therefore may not be
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directly dependent on the physical and chemical properties of the chromatin DNA.
Compartments that include DNA and are dependent on DNA biochemistry, include the
nucleolus (104), Polycomb bodies (105, 106), and transcription and replication factories (107110).
The nucleolus, whose coacervate nature was described as early as 1940s (69), now stands as
a hallmark for LLPS of membraneless organelles in vivo. It is a prominently visible nuclear

of

compartment where ribosomal genes (rDNA) are transcribed and ribosomal RNAs (rRNAs) are

ro

processed (104). The nucleolus is formed around arrays of rDNA repeats termed nucleolar

-p

organizer regions (NOR). While NORs themselves remain poorly understood regarding their

re

sequence and genomic map, the telomeric side of NORs, termed distal junctions (DJ) localized

lP

in perinucleolar heterochromatin, have been characterized (111, 112). It has been suggested
that DJs anchor rDNA to the perinucleolar heterochromatin (111) and thus could contribute to

na

partitioning of the rDNA to the nucleolus. There are several recent studies providing insights into

ur

the connection between phase separation and the biochemistry of the nucleolus, reviewed in

Jo

(113, 114). However, questions regarding how the features of nucleolar DNA affects phase
separation of the nucleolus still remain. For instance, how the sequence and local physical
properties of DNA sequence elements of NORs play a role in binding/partitioning of key proteins
associated with NORs, such as the upstream binding factor (UBF) (111), remain unexplored.
Polycomb bodies are sites in the nucleus, mostly associated with gene silencing, where
Polycomb group (PcG) proteins are concentrated (28). Recently, it has been suggested that
Polycomb bodies are assembled via phase separation of PcG proteins (115-117). Recruitment of
PcG proteins is known to occur via binding to specific DNA sequences termed Polycomb
repressive elements (PRE). However, PREs lack sequence homology and remain poorly
characterized in mammals (27). It is thought that the specificity of recruited PcG proteins may be
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determined by transcription factors, chromatin modifications, and certain RNAs (118). In
Drosophila, the PREs are often enriched in DNA motifs that are sequence-specific to many
transcription factors (28). In embryonic stem cells, transcriptionally inactive GC-rich DNA
sequence elements (CpG islands) can initiate the recruitment of Polycomb repressive complex
2 (119). It remains to be investigated if, and how, the features of PREs contribute to phase
separation of Polycomb bodies. PRE sequence features can include the GC content and

of

distribution, propensity for chemical modifications, the number and PcG protein-binding affinity

ro

of transcription factor-binding DNA motifs, as well as sequence complementarity with RNA

-p

motifs enriched in the Polycomb bodies.

re

Other well-studied nuclear compartments include Cajal bodies (120), histone locus bodies

lP

(121), nuclear speckles (88), paraspeckles (122), and PML bodies (123). PML nuclear bodies
typically do not contain RNA or DNA (123), whereas Cajal bodies, histone locus bodies, nuclear

na

speckles, and paraspeckles are thought to nucleate via coding or noncoding RNA (124, 125).

ur

The role of RNA in the formation of these nuclear bodies has been reviewed in (126). For

Jo

discussions on recent studies implicating phase separation of specific proteins in the formation
of these compartments many reviews are available (113, 126-129). Depending on whether
nucleic acids are required for the nucleation and growth of the compartments, their formation
and stability can be governed by the nucleic acid secondary/tertiary structure, propensity for
chemical modifications, as well as local mechanical properties (modulated by the sequence,
presence of transient nicks, single-stranded loops or bulges).
Chromosome conformation capture data and relationship between DNA sequence and
phase separation of chromatin compartments and domains
Chromosome conformation capture experiments have enabled recognition of chromatin
compartments and domains and advanced our knowledge on the hierarchical organization of
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the genome (130, 131) (Figure 3). Chromatin compartmentalization, depicted via the contact
maps obtained from such experiments, have been explained to occur via phase separation (93,
94), using models of block copolymer phase separation driven by weak attractions (95).
However, the sequence features of the genomic DNA that drive the phase separation of the
chromatin compartments as inferred from chromosome conformation capture data, are yet to be
understood. In this section, we discuss how overlapping datasets analyzing sequence features

of

of the genome with chromosome conformation capture data could provide insights into the role

ro

of DNA sequence in phase separation.

-p

In Hi-C maps, plaid patterns of high frequency and low frequency interactions denote A- and

re

B-compartments respectively, which are now understood to be the broadly classified

lP

euchromatin and heterochromatin, respectively (132, 133). Studies have shown that A/B
compartments can be further divided into subcompartments based on specific epigenetic marks

na

(133). DNA sequence analysis shows that the A-compartments are GC-rich while B-

ur

compartments are AT-rich (134). The A-compartments are also enriched in CpG dinucleotides

Jo

and CCCTC-binding factor (CTCF) binding sites (134, 135). Liu et al. found that high and low
density of CG-islands (CGI) are arranged alternately along the linear DNA sequence, referred to
as forests and prairies for CGI-rich and CGI-poor domains, respectively (135). They showed that
the structural features of the CGI forests and prairies overlap well with that of compartments and
domains depicted via Hi-C data. Based on DNAse sensitivity data, it has been proposed that
interactions between the prairies drives their phase separation due to their high occupancy of
histones (25, 135). These studies thus suggest that insights into DNA-sequence driven phase
separation of chromatin can be obtained by utilizing chromosome conformation capture data.
Higher resolution Hi-C experiments have allowed for detection of features in the
submegabase scale such as chromatin loops and topologically associated domains (TADs)

11

(130). TADs have been considered as physically isolated chromatin units in which clustered
genes are often co-regulated (136-139). Although it is not fully understood how the genetic
information guides TAD formation, there is evidence that certain DNA sequence elements are
important in the mechanism. For example, correlating Hi-C data with DNA sequence analysis for
CTCF binding sites and housekeeping genes shows that these elements are highly enriched at
TAD boundaries (133, 140, 141). Such sites are found to be flanked by closely spaced

of

nucleosome arrays (30). It has thus been hypothesized that the decreased flexibility of these

ro

high nucleosome occupancy sites is a potential mechanism of inhibition of inter-TAD

-p

interactions at the TAD boundaries (31). Furthermore, GC-rich TADs have been shown to have

re

increased interchromosomal contacts and possible clustering behavior, attributed to “softer”
mechanical properties of GC-rich domains (142). While the segregation of A/B-compartments

lP

(euchromatin/heterochromatin) has been attributed to LLPS (42-44), the role of TADs in LLPS

na

and vice versa is yet to be explored. We expect that future studies will be directed towards
elucidating whether and how DNA sequence/structure plays a role in phase separation of

Jo

ur

chromatin compartments and domains.

How do repetitive DNA sequences contribute to phase separation?
Repetitive DNA sequences, which account for a large fraction of the genome (143-145), are
now understood to have important structural and functional consequences (146, 147). Many
repetitive DNA sequences are found in constitutive heterochromatin where they are silenced as
a part of the cell’s mechanism to maintain genome integrity (148). DNA repeats have been
categorized as interspersed throughout the genome (for e.g. transposable elements and tRNA
genes) and as tandem repeats (rDNA repeats in the nucleolus and satellite DNA in telomeres
and centromeres) (144, 149). As discussed earlier, LLPS has been implicated in the segregation
of heterochromatin (42-44) as well as the formation of membraneless organelles enriched in
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repetitive DNA such as the nucleolus (69, 113, 114). Phase separation can cluster DNA
elements that are distant in the linear sequence allowing them to be in close physical proximity
in 3D. Telomeres, which are repetitive DNA sequences at chromosomes ends, have been also
shown to cluster in cells via phase separation (150, 151).
Identical DNA sequences appear to have an inherent property to self-interact (152). This
type of interaction is thought to enable recombination-independent pairing of homologous

of

chromosomes (153). Assuming homology sensing between repetitive DNA sequences, Tang

ro

has proposed that repetitive DNA can drive chromatin folding and phase separation (26). In

-p

addition, high copy numbers and clustered distribution patterns of certain DNA repeats could

re

facilitate the interactions between members in the same family of repeats contributing to phase

lP

separation (26). It has also been shown that RNA-protein droplets in homologous chromosomes
do not fuse if they contain different species of non-coding RNA (154, 155). This suggests that

na

the RNA sequence, which in turn reflects the DNA sequence where it accumulates, plays a role

ur

in pairing of homologous chromosomes.

Jo

Do local structural properties of nucleic acids play a role in phase separation?
While the genomic DNA has the basic information on chromatin organization, in the context
of in vivo phase separation we have yet to understand how properties of the DNA itself plays a
role. As discussed above, there are some hints as to how DNA sequence features could govern
formation of chromatin compartments. Local structural properties of DNA could also contribute
to the nucleation and maintenance of nuclear bodies assembled around chromatin segments.
While many recent studies have explored the role of protein sequence and structure in LLPS
(156), there are relatively few studies (14, 21) focused on such aspects of DNA. In vitro studies
by Shakya et al. have shown that local flexibility encoded by the DNA sequence can bias the
phase behavior, with more flexible DNA sequences promoting LLPS and stability of resulting
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droplets against salt (14). This applies to hybridization-based changes in flexibility that increase
the rigidity of the molecule as well as sequence-dependent flexibility of individual single or
double strands (Figure 3). In this section we discuss the mechanical properties of DNA and how
it can contribute to phase separation of DNA.
The persistence length (lp) of a polymer chain is defined as the length scale beyond which
the polymer is strongly bent from thermal fluctuations (157). Under physiological conditions,

of

double-stranded DNA (dsDNA) has a high lp of ~50 nm (158). In contrast, lp of single-stranded

ro

DNA (ssDNA) is < 5 nm, making it a model flexible polymer (158). The large difference in local

-p

flexibility of DNA depending on whether the DNA is single- or double-stranded has been

re

demonstrated to dictate phase behavior of DNA in presence of polycationic polymers (14, 21)

lP

and histones (19). Experiments studying different ssDNA and dsDNA sequences further
demonstrated that sequence-dependent local flexibility, not simply linear charge densities,

na

modulate the phase behavior of DNA (14). Specifically, dsDNA helices rich in GC, which are

ur

more flexible than sequences rich in AT (159), were found to undergo LLPS more readily (14).
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Note, this trend extends to ssDNA (14), where polyT phase separates more readily than polyA
due to the slightly larger lp of polyA (160). The results demonstrate that the free energy for
complexation of two polyelectrolyte chains is partially offset by the bending energy of the chains
(14, 161). Indeed, molecular dynamics simulations have shown that, upon complexation with
oppositely charged polymers, flexible polyelectrolyte chains form dynamic clusters with higher
density and structural correlation compared to rigid chains (162).
The physical properties of dsDNA have also been shown to be sensitive to modifications
such as methylation (163, 164). Methylation of the CpG nucleotide steps, which are enriched in
human promotor sequences, was shown to significantly increase the local lp of the DNA (163),
making nucleosome incorporation difficult. Subsequent work by Ha and coworkers (164) further

14

confirmed that cytosine methylation decreased local DNA flexibility, thereby decreasing
nucleosome stability. In addition, they found modifications of methylated cytosine, including
hydroxymethylcytosine and formylcytosine (formed during the demethylation pathway),
increased local DNA flexibility and nucleosome stability, demonstrating the complex role of
nucleotide modifications in DNA mechanics. Recent in vitro studies have shown that
polynucleosome chains can form liquid droplets with the phase behavior being dependent on

of

factors such as type of DNA-binding proteins (44) and internucleosome distance (165). As

ro

mechanical properties of DNA is linked with formation, stability (166), as well as dynamics of the

-p

nucleosome core particle (167, 168) we anticipate their effects on the phase separation of

re

chromatin in vivo.

lP

While this review is focused on the phase separation of DNA and how its structural features
can play a role, the discussion would perhaps be incomplete without discussing RNA phase

na

separation. RNA, in contrast to DNA, can fold into complex 3D structures with both single and

ur

double-stranded character (169). Many membraneless organelles are known to contain RNA.
There are few studies examining the impact of the structural diversity of RNA on phase

Jo

behavior. Nott and Baldwin (170) demonstrated that condensates formed from the N-terminus of
the Ddx4 protein selectively partitioned flexible nucleic acids, including ssDNA and ssRNA, as
well as regulatory RNA and hairpins that are rich in single-stranded features, while destabilizing
or excluding dsDNA and dsRNA. Similarly, complexation of mRNA with the polyQ protein Whi3
has been shown to induce sequence-specific structural changes of the mRNA (22). In contrast,
NMR experiments have shown that the structure and dynamics of a hairpin RNA are not
influenced by complexation with polycationic polymers (171). Vale and coworkers

have

demonstrated that RNA with repeat expansions phase separate in absence of proteins via basepairing, ultimately forming gels at a critical hybridization content (172). Many processes in cells,
such as transcription and DNA damage (173-176), can result in large changes in the structure

15

and mechanical properties of the localized DNA/RNA and alter interactions with binding
partners. Therefore, it is likely that the structural features of the nucleic acids affect phase
behavior associated with such processes. While it is challenging to directly measure structural
changes in vivo, the development of new approaches (177) is necessary to advance our
understanding of the role of nucleic acids structure in phase separation of nuclear
compartments.

of

Conclusion

ro

The phenomenon of associative phase separation of biological molecules has a long and

-p

rich history spanning more than a century. The past decade has brought many new discoveries

re

and insights that have highlighted the importance of phase separation in biology. The field has

lP

benefited greatly from interdisciplinary knowledge and expertise; as key insights have come
from communities ranging from cell biology to polyelectrolyte/polymer physics. To date, most

na

studies on phase separation have focused on proteins. However, studies implicating the role of

ur

nucleic acid sequence and structural features are also emerging. We anticipate that future

Jo

investigations on how nucleic acid mechanical properties, sequence, and the genomic context
manifest in phase separation will enhance our understanding of membraneless intracellular
organization and function.
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Figure 1. Abbreviated timeline of studies of phase separation in biology. The discovery

re

that charged proteins can spontaneously segregate into concentrated and dilute phases dates
back to the 1890s. Around the same time, initial descriptions of the cell interior invoked the

lP

formation of liquid-like emulsions as the organization principle of the cell. Decades later,

na

systematic studies of phase separation of polyelectrolytes, termed complex coacervation,
provided a general framework to understand the membraneless organelles like the nucleolus. In

ur

the 2000s, significant progress was made, revealing the dynamic nature of several nuclear

Jo

compartments and the rapid exchange of their components. Subsequent work explained the
formation of P granules by LLPS. This work helped draw significant attention of the biological
community towards LLPS, which has been considered as the mechanism underlying the
formation of a number of membraneless compartments in cells.
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Figure 2. Associative phase separation and the formation of membraneless organelles.
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(a) Under appropriate environmental conditions (concentration, temperature, solution ionic
strength, etc.), oppositely charged polymers spontaneously separate into a solution phase that

re

is depleted of the polymers and a condensed phase that is rich in the polymers. (b) This general

lP

phenomenon has been proposed as the driving force for the formation of several nuclear

na

compartments that contain charged proteins and nucleic acids. The formation, dynamics, and
stability of these compartments can be affected by not only the concentration levels but also the

ur

structural aspects of the constituent biomolecules. The figure includes diagrammatic structures

Jo

of RNA depicted as hairpin and bulge structures in the RNA-enriched compartments.
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Figure 3. Phase separation of chromatin and the role of DNA local mechanical properties.

ro

(a) The linker histone H1 forms liquid-like condensates that merge with neighboring

-p

condensates in HeLa nuclei, as evidenced by fluorescence imaging of GFP tagged H1. The H1condensates are colocalized with heterochromatin. The scale bar denotes 5 µm (b) On the

re

submegabase scale the chromatin has features called topologically associated domains (TADs),

lP

the boundary of which are enriched in CTCF binding sites flanked by closely spaced

na

nucleosome arrays that increase the rigidity of chromatin. (c) Local organization of chromatin is
revealed in Hi-C contact map data, which show regions of chromatin DNA that associate

ur

strongly and the regions that associate less frequently. (d) Persistence length, lp, a property of

Jo

the DNA as a polymer, quantifies the local flexibility of the DNA chain. Local flexibility is DNA
sequence dependent. GC-rich DNA sequences are more flexible than AT-rich sequences. (e)
Sequence-dependent flexibility tunes DNA phase behavior, where more flexible DNA
sequences, in presence of charged polymers like poly-L-lysine (PLL), favor formation of liquidlike droplets compared to more rigid DNA sequences.
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