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Abstract

Phase separation is emerging as a paradigm that explains the self-assembly and organization of
membrane-less bodies in the cell. Recent advances show that this principle also extends to
nucleoprotein complexes, including DNA-based structures. We discuss here recent observations on
the role of phase separation in genome organization across the evolutionary spectrum from
bacteria to mammals. These findings suggest that molecular interactions amongst many DNA-
binding proteins evolved to form a variety of biomolecular condensates with distinct material
properties that contribute to genome organization and function. We suggest that phase separation
contributes to genome organization across evolution and that the resulting phase behavior of
genomes may underlie regulatory mechanisms and disease.
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Phase separation organizes proteins and nucleic acids

The interior of the cell is highly spatially organized. The cell relies on lipid membranes and
cytoskeletal fibers to arrange and stabilize its contents. However, the cell also contains many
membrane-less organelles which lack these organizational features, yet persist as cohesive,
dynamic structures. Many of these bodies assemble and maintain their organization via the
process of phase separation, which is reminiscent of the immiscible behavior between oil
and water [1, 2] (Figure 1A). Such cellular bodies appear as droplets within the cell, each
representing a distinct phase, and collectively, are referred to as biomolecular condensates
[3]. Well-studied examples of phase separated sub-cellular structures include P-granules [4]
and stress granules [5] in the cytoplasm, and the nucleolus [6], histone locus bodies [7], and
nuclear speckles [8] in the nucleus [9]. While these examples are comprised of protein and
RNA, similar phase behavior also occurs with protein and DNA complexes.
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Biomolecular phase separation generally occurs via multiple, but weak, interactions between
proteins and/or (ribo)nucleic acids to favor de-mixing from a single, homogenous phase into
multiple phases (Figure 1A). Typically, proteins that drive phase separation are highly
modular in that they contain multiple structured, interacting domains that include self-
interacting domains, such as dimerization domains [10], nucleic acid binding domains [11],
and/or protein interaction domains [12, 13] (Figure 1B). Additionally, phase separating
proteins are typically interspersed with unstructured sequences, including intrinsically
disordered regions (IDRs), which add flexibility to the protein chain (Figure 1B) [13].
Together, these domains allow for networks of homo- and hetero-typic interactions among
multiple biomolecular species, and in this way, form condensates [14]. Moreover, the long
DNA fiber also contributes to multivalency, particularly through its repetitive DNA
sequences [15, 16]. Commonly, one or a few biomolecular species are the main drivers of
phase separation of a condensate, thereby acting as scaffolds, which can further recruit other
biomolecules, or clients, to partition into the droplets, but which cannot condense on their
own (Figure 1C) [17]. The summation of these weak interactions among biopolymers
promotes phase separation, yet, importantly, allowing for dynamic rearrangements that
frequently confer dynamic, liquid-like behavior [3].

Typically, de-mixing molecules in solution undergo liquid-liquid phase separation (LLPS)
[1, 18]. However, with increasingly complex systems, as in cells, phase behavior can deviate
from classic LLPS [19] and can exhibit more nuanced properties such as multi-phase
behavior [6], liquid-solid phase transitions [20] and gel-like states [21], which we
collectively refer to as phase separation.

Here, we survey the emerging role of phase separation among proteins and DNA, and how
phase separation may contribute to the organization of genetic material in diverse organisms,
including bacterial, mitochondrial and nuclear genomes.

The mammalian genome as an emulsion of condensates

Genomes are organized and function via their interactions with DNA-binding proteins and
associating factors and also via chromatin-chromatin interactions [22]. Phase separation can
influence the higher-order structure of the nuclear genome across several hierarchical levels
of organization (Figure 1D-H).

Histone tails and nucleosomal arrays

The DNA double helix locally wraps around histone octamers to form nucleosomes, which
in turn assemble into a chromatin fiber (Figure 1E) [22]. Histones contain disordered tails
that protrude from the nucleosome core and are post-translationally modified to mark
epigenetic states. Akin to the IDRs of biomolecular condensates, histone tails are sufficient
to drive phase separation as seen with the C-terminal tail of histone H1 (CH1), which forms
a complex coacervate with DNA /n vitro [23], and with larger assemblies of small
nucleosome arrays containing linker histone H1, whose tails are required for droplet
formation (Figure 1E) [24]. Moreover, post-translational modifications (PTMSs) of the tails
significantly influence their phase behavior: CH1 phosphorylation reduces propensity for
phase separation with DNA [23] and acetylation leads to droplet dissolution [24].
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Furthermore, bromodomain-containing proteins bind to acetylated nucleosomes, leading to
de-mixing of acetylated droplets from unmodified nucleosomal droplets [24]. PTMs may not
only serve as mediators of epigenetic control, but may also allow multiple nucleosomal
condensates to stably coexist in the nucleus (Figure 1D) [25].

Transcriptional condensates

Transcription requires the coordinated local action of a large number of proteins, many with
DNA-binding properties (Figure 1F). Nuclear transcription sites represent many defining
features of condensates, including dynamic recovery after photobleaching, fusion events,
and reversibility (Figure 1F) [26]. Many proteins associated with the transcription
machinery, including RNA Polymerase Il (Pol I1) itself, contain multiple modular domains
as well as IDRs that can phase separate into liquid-like droplets /n vitroand in vivo[11, 27,
28]. However, the biomolecular features of their IDRs vary; for example, TAF15 is enriched
in charged residues [29], whereas the carboxy-terminal domain (CTD) of Pol Il contains
heptapeptide repeats that can be phosphorylated [30]. CTD hyper-phosphorylation
influences the phase behavior to coincide with the transition between transcription initiation
and splicing [31]. Moreover, the Pol 11 CTD lengths and sequence motifs are selectively
conserved along evolutionary lineages [32], and engineered CTDs that contain varying
copies of the consensus heptapeptide differ in levels of partitioning and dynamics in live
cells [33].

Gene activity is often controlled by upstream regulatory regions referred to as enhancers or
super-enhancers, if present in multiple copies [34]. An emerging model has been proposed
in which these sequences may exert their function by acting as nucleation sites for the
formation of large, phase-separated transcriptional condensates, which contain high
concentrations of transcriptional machinery components and transcriptional regulators
(Figure 1F) [11, 34]. Consistently, transcriptional co-activators, such as BRD4 and MED1,
assemble into dynamic puncta at sites of super-enhancers that are enriched in Pol 11 in live
cells [26, 28]. The unique physicochemical environment provided by the condensate may
enhance transcription [26, 28, 29]. Such properties have been proposed to contribute to the
characteristic bursting behavior of many genes by which they undergo rapid cycles of high
activity and inactivity [35]. In fact, the concentrated production of RNA transcripts
associated with these transcriptional condensates may serve a regulatory role in their
stability, since high RNA levels lead to droplet dissolution /n vitro and in vivo [36].

Chromatin domains

The interactions of histone tails and other chromatin proteins have been suggested to
facilitate the formation and maintenance of larger chromatin domains, such as topologically
associating domains (TADs), by promoting short-range polymer-polymer interactions
(Figure 1G) [22, 37]. Indeed, super-resolution microscopy reveals that nucleosomes pack to
form domains of ~200-300 nm and move as units, primarily stabilized by cohesin and
nucleosomal interactions [38]. These domains tend to contain cohesin and active histone
modifications that envelope a core enriched in repressive modifications [39]. Consistently,
purified cohesin and DNA complexes phase separate into droplet-like structures /n vitro
[40]. However, in vivo nucleosomal domains can persist after cohesin depletion, suggesting
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the additional contribution of cohesin-independent mechanisms to maintain their condensed
structure [39]. These sub-compartments or chromatin domains could effectively represent
distinct phases within the nucleus [41], and the immiscibility between neighboring
chromatin domains could explain how they stably maintain their identity and composition
(Figure 1G).

Higher-order chromatin structure

Genomic regions are typically classified as either euchromatin which represents regions that
are actively transcribed or heterochromatin containing regions that are permanently
repressed. One key protein known to coat and organize DNA in heterochromatin is
heterochromatin protein 1a (HP1la). HP1la phase separates /in vitro and forms condensates
in live cells [42, 43]. HP1a has two structural domains, which allow for a variety of
interactions that collectively contribute to its phase behavior. The chromoshadow domain
undergoes homodimerization and is separated by a hinge region from the chromodomain
that interacts specifically with methylated histone 3, lysin 9 (H3K9me); the two domains are
flanked by disordered N- and C-tails. Modulated by phosphorylation, HP1 engages with the
H3K9me2 and 3 writer SUV39H1 and with the TRIM28 scaffolding protein in live cells and
forms multi-component droplets /n vitro that closely resemble properties of heterochromatin
[12, 42]. Indeed, the collective condensation of HP1a around DNA provides mechanical
protection, preventing DNA from rearranging in response to tensile force [44]. Another
example of heterochromatin phase separation includes the Polycomb protein chromobox 2
(CBX2), which forms liquid-like droplets via its IDR [45]. Together, these results suggest
phase separation driven by multiple, weak interactions, including between histone tails and
heterochromatin-associated proteins, underlie heterochromatin formation and cohesion [12].

Phase separation may also contribute to the segregation of heterochromatin and euchromatin
on a larger scale due to preferential homotypic interactions between eu- and heterochromatin
phases in the nucleus [22] (Figure 1H). The pattern of segregation is also be affected by the
interaction of eu- and heterochromatin with spatial constraints such as the nucleolus and the
nuclear periphery as suggested by the observation that nuclear lamina components determine
the location of heterochromatin relative to the nuclear periphery [22, 46].

Other nucleoprotein condensates

Other nucleoprotein complexes likely also arise from phase separation. During the cell
cycle, genomes undergo significant condensation into highly compact mitotic chromosomes
followed by dissolution into a relatively more diffuse state of chromatin in the intact
nucleus. Many of the reversible changes to condensation/dissolution state of many
membrane-less organelles during mitosis are mediated by the kinase DYRKS3, which serves
as a dissolvase that solubilizes the mitotic cytoplasm [47]. During mitosis, the proliferation
marker protein Ki-67 acts as a polymeric surfactant that envelopes the condensed mitotic
chromosomes [48]. Specifically, Ki-67 forms a brush-like coating along the chromosome
that stabilizes its structure both sterically and electrostatically [48] and reduces partitioning
of cytoplasmic components [49]. Indeed, other features of mitotic chromosomes further
maintain this condensed state, such as the centromere, which contains a borealin subunit as
part of the chromosomal passenger complex (CPC) that phase separates in vitro [50].
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Inactivation of the second X chromosome in female cells occurs via the non-coding Xist
RNA and associated proteins that assemble into droplets, reminiscent of the behavior of
heterochromatin [51, 52]. Furthermore, assemblies of DNA repair factors spontaneously
assemble upon DNA damage into DNA-damage-response foci [53]. Replication
compartments may also represent distinct phases as the replication machinery, including
Origin Recognition Complex components, Cdc6 and Cdt1, contains evolutionarily conserved
IDRs and forms liquid-like foci on DNA origins [54].

Limits of phase separation mechanisms in genome organization

Important to note is that phase separation of chromatin into liquid-like bodies may not be a
universal nor the exclusive physical mechanism of genome organization [55, 56]. For
example, mouse heterochromatin does not exhibit canonical features of phase separation /n
vivo, as the heterochromatin compaction state does not appear to be influenced by HP1
levels as would be expected in a phase separation model [57]. Moreover, nucleosomal arrays
can be experimentally varied to exhibit a range of material properties [55]. They can
condense into solid-like structures under MgCl,-buffer conditions /n7 vitro, and fluidity can
be restored for example by reducing agents [55]. Similarly, limited recovery after
photobleaching of fluorescently labelled chromatin in live cells suggests little rearrangement
of the DNA fiber itself, while associated proteins are able to exchange [55]. These dynamics
point to solid-like features of chromatin on longer-length scales [55], but the dynamics may
also be limited by the long-diffusion times associated with the considerable length of the
DNA fiber compared to that of proteins. These collective interactions propagate to give rise
to chromatin scaffold that contributes mechanical integrity to the nucleus, yet can still
support local assembly of condensates [55]. In addition, other competing mechanisms are
likely at play, giving rise to the multiple time and length scales involved in eu-and
heterochromatin organization [56].

Organization of the mitochondrial genome by phase separation

Mammalian cells contain a second, much smaller, genome: the mitochondrial genome (mt-
genome). The mt-genome consists of a 16 kb circular DNA (mtDNA) and exists as hundreds
of copies per cell [58]. Unlike the assembly of nuclear DNA via histones, mtDNA is
organized by a set of mitochondrial proteins, forming dynamic, membrane-less
nucleoprotein complexes. These mt-nucleoids are normally maintained to be ~100 nm in
size (Figure 2A), but can assemble and coarsen into larger structures [58].

The major mt-nucleoid architectural protein is the mitochondrial transcription factor A
(TFAM), which binds and bends DNA via its two high mobility group (HMG) domains that
are separated by a disordered linker and flanked by a disordered C-tail (Figure 2B) [59],
rendering TFAM highly flexible [60]. These molecular features allow TFAM to
spontaneously self-assemble into viscoelastic droplets /n vitro [61]. mtDNA partitions into
TFAM droplets with heterogenous localization consistent with the organization seen in live
cells [61]. The heterogeneity may be due to intrinsic differences in the two HMG domains,
which are not physicochemically identical as they bind DNA with varying affinity [62] and
arrange DNA in inverse localizations within the droplet [61]. Interestingly, HMG domains
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are abundant and highly conserved in many nuclear proteins, suggesting that similar phase
behavior and organization may occur in nuclear genomes [63].

Phase separation may not be unique to human mt-nucleoids. Yeast S. cerevisiae package
their mt-genome with Abf2, a TFAM homologue that lacks a prominent disordered C-tail
(Figure 3) [64, 65]. mtDNA of other organisms diverge from that of a single, small plasmid,
and one notable example is from unicellular flagellates that contain thousands of copies of
catenated circular DNA (kinetoplasts, ~10 gm in length) [66]. Interestingly, kinetoplast
proteins have highly basic tails, which are reminiscent of those in nuclear histone proteins,
allowing for a conserved role of phase separation in kinetoplast organization [67].
Furthermore, evolutionary analysis of the mt-nucleoid protein TFAM indicates that the
structured domains (HMGA, HMGB) tend be more conserved than disordered regions
(linker, C-tail), in line with reduced evolutionary pressure of disordered regions to maintain
a specific sequence (Figure 3). Moreover, observed systematic changes to disordered
regions, and not to structured domains, along the phylogenetic tree, such as the significant
truncation of the C-tail in mammals, raise the intriguing possibility that changes to TFAM
evolved to adjust the phase behavior of mt-nucleoids to maximize evolutionary fitness of
organisms under various environmental conditions.

Phase behavior of genomes in the context of evolution

Mitochondria are thought to have arisen via endosymbiosis of prokaryotic progenitors,
suggesting mitochondrial and bacterial genomes are evolutionarily related. The involvement
of phase separation in the organization of not only nuclear and mitochondrial genomes in
mammals, but also of genomes from other phylogenetic kingdoms, thus, raises the
possibility that phase separation is an evolutionarily conserved mechanism of genome
organization.

The bacterial genome

Prokaryotes lack membrane-bound organelles that are common in eukaryotes. Bacterial
genomes consist of a single, circular plasmid that is organized by abundant, diverse histone-
like proteins, but unlike in mammalian nuclear genomes, bacterial genomes do not assemble
into orderly-spaced nucleosomes [68]. Instead, the bacterial genome forms a nucleoid,
analogous to the mitochondrial nucleoid (Figure 2C) [69], and bacterial nucleoids frequently
undergo large conformational changes in response to growth and environmental conditions
[70]. Early observations [71] and more recent work suggest that phase separation may play a
role in organization of bacterial nucleoids [72-76] (Figure 2).

Bacterial nucleoids are organized by nucleoid associated proteins (NAPS). In stationary
phase, £. colinucleoids are enriched in the DNA-binding protein from starved cells (Dps),
which promotes the compaction of the nucleoid, while loss of Dps leads to a more expanded
nucleoid that permeates the bacterial volume in a manner consistent with condensate
formation [73]. One of the most prominent histone-like proteins is HU, which binds non-
specifically to DNA to widely cover the bacterial chromosome (Figure 2D) [68]. HU has
two subunits, which associate as homo- or heterodimers, providing multivalency and
containing flexible B-sheet arms that interact with DNA [77]. The nucleoid is most diffuse
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during lag phase, but transitions into a highly compact state consisting of a dense core
surrounded by flexible chromatin during the exponential phase, and is followed by an
intermediary state during stationary phase [77]. While the effects of Dps and HU on
bacterial genomes are consistent with a role of phase separation in nucleoid organization,
neither Dps nor HU have been fully demonstrated to phase separate. In addition, NAPs tend
to be more structured than their eukaryotic counterparts [78], suggesting other molecular
interactions besides disordered regions may determine their behavior.

Several bacterial proteins involved in active processes such as transcription and replication
demonstrate signatures of phase behavior [72, 79, 80]. Although the bacterial RNAP lacks a
disordered CTD characteristic of eukaryotic Pol 11 [81], RNAP localizes to discrete foci,
which are typically found along the periphery of the nucleoid and exhibit phase behavior
[72, 79]. Other bacterial transcription factors, including NusA and Fis, undergo phase
separation /n vitro, and several additional proteins contain disordered domains, such as the
highly expressed H-NS and DksA [72]. Phase separation may also be relevant for bacterial
genome replication, since the tetrameric single-stranded DNA-binding protein (SSB) recruits
single stranded DNA (ssDNA) and other SSB-interacting partners, which assemble into
dynamic condensates /n vitro (Figure 2F) [80].

Although these studies point to a general role of phase separation in some aspects of
mitochondrial and bacterial nucleoid organization, their respective NAPs are not conserved
[82], suggesting that the ability of DNA-binding proteins to phase separate has evolved
multiple times.

Potential roles of phase separation in other genomes

Many other forms of genome organization exist across phylogenetic kingdoms that may
involve phase separation. The plant nuclear genome is dramatically larger (~100-fold) than
the mammalian genome. As similar organizational principles are shared between the two,
including chromatin loops, TADs, chromosome territories, and heterochromatin [83], phase
separation has been implicated in plant genomes. Indeed, many plant DNA binding proteins
are modular and are enriched in disordered domains [84], and the plant protein ADCP1
(triple tandem Agenet protein) reads H3K9me, associates into gene-silenced phases in cells,
and forms droplets with nucleosomal arrays /7 vitro similarly to HP1 [85]. These
observations point to phase separation playing a putative role in organizing plant genomes
and to convergent evolution of this property [83, 86].

Phase separation in modulation of genome organization and function

Several models have been proposed for how RNA-condensates can affect biological
function, such as sequestration of MRNA in stress granules or outward flux of processed
rRNA in the multiphase nucleolus [87]. However, more nuanced implications for genome
organization and function emerge for DNA-condensates, whose physics tend to be governed
by the long, polymeric nature of DNA (Figure 4).
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Phase separation in chromatin positioning

Condensate formation in the nucleus can be a reversible process, involving cycles of
assembly and disassembly in response to changes in the cellular state (Figure 4A). Typically,
DNA condensates nucleate around genomic loci and coarsen with time (Figure 4A) [88],
which may also lead to rearrangements of the chromatin fiber (Figure 4A). In support, upon
optogenetically-induced condensation, protein-bound segments of DNA come together to
form a condensate (Figure 4B) [88], and chromatin rearrangements can persist after
polycomb complex PRC1 condensate dissolution, suggesting the chromatin does not
elastically return to its original conformation, but is stabilized by the repressive marks
accrued while in the condensate [89]. Similar entrapment may be the foundation for the
formation of super-enhancer clusters by coactivator proteins into transcriptional condensates
[28]. The dynamic assembly and disassembly of nuclear condensates in a population of cells
may explain, in part, the known spatial variability of genomic loci [90, 91] and their
characteristically confined motion [92].

Ultimately, thermodynamic equilibrium would favor a fully de-mixed nucleus containing a
single, cohesive phase of each DNA condensate. However, the nucleus may not reach such a
de-mixed state as many non-thermal, ATP-dependent processes occur in the interior [93, 94],
while the nucleus may also be kinetically or sterically trapped, preventing the sampling of
all configurations necessary to reach equilibrium (Figure 4C). Thus, the nucleus may
effectively represent an emulsion of condensates formed by various chromatin domains
(Figure 1D). While individual proteins or small nucleoprotein complexes can diffuse rapidly
across the nucleus [95], condensates exhibit highly sub-diffusive motion within the nucleus
[96], since they are part of the larger continuous chromatin fiber that is further confined by
larger architectural elements of the nucleus, such as nuclear bodies and the nuclear lamina
[22].

Phase separation as a means to localize and coordinate function

One characteristic feature of condensates is their ability to concentrate protein and DNA,
thereby controlling their local composition (Figure 4D-G). Increasing the content of DNA
relative to protein impedes the relaxation of condensates into a round droplets /n vitro [44,
61] and can translate to inaccessible DNA states, which are consistent with compact, gene-
silenced heterochromatic regions (Figure 4D) [10, 42]. Similarly, viral RNA genomes may
be compacted into droplets as observed for the SARS-CoV-2 genome by its nucleoplasmid
(N) protein [97], suggesting the interactions that drive phase separation may facilitate tight
packaging of various genomes.

High protein concentrations inside of droplets may also enhance reaction rates (Figure 4E)
[34]. For example, hyperosmatic stress triggers condensation of the transcriptional
coactivator Yes-associated protein (YAP) in the nucleus, recruiting other transcription factors
to increase transcription of essential proliferative genes [98]. Optogenetic approaches also
show increased RNA transcription upon light-induced clustering of transcriptional
components [29]. By concentrating transcriptional machinery into condensates, the cell may
be able to react more robustly in response to stimuli to carry out specific transcriptional
programs.
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The self-organization of select factors into DNA-based condensates also allows for precise
spatiotemporal control of nuclear functions. DNA repair factors rapidly assemble into phase
separated foci at double strand breaks (DSBs). The condensates seem to be initially seeded
by short-lived PARYylation of regions around DSBs [99] and DSBs are subsequently
recognized by the DNA repair factor 53BP1, which acts as a scaffold protein for recruitment
of additional clients, such as p53, for signal activation (Figure 4F) [53]. Another potential
role of condensates may be the exclusion of immiscible factors from entering DNA repair
foci [99] as well as damaging agents, including ROS, which may invoke further DNA
damage (Figure 4G).

Phase separation in genome activity

DNA condensates exhibit a range of physicochemical properties: while the long DNA fiber
remains immobilized in condensates, proteins associate with varying affinities and dynamics
[55]. It is tempting to speculate that the continuum of material properties may influence the
degree of biological activity along the DNA fiber (Figure 4H-J). More liquid, dynamic
characteristics as found in transcriptional condensates allow higher accessibility and
transcriptional activity along the chromatin fiber (Figure 4H) [26, 28]. In contrast, the DNA
condensates associated with gene-silenced regions, such as heterochromatin, have been
associated with a large immaobile fraction of protein within the DNA condensate (Figure 41)
[43], indicative of reduced dynamics or of viscoelastic behavior. At the extreme end of the
spectrum, the ability of DNA to exist in solid-like or crystalline states may be advantageous
in maintaining the sequence-integrity of the genome (Figure 4J). DNA can take on a
multitude of crystalline morphologies under various /7 vitro conditions [100-102] and DNA
forms highly condensed, liquid-crystals in some bacteria and in sperm nuclei [103-106].
Furthermore, viral genomes, such as that of herpesvirus, actively thread DNA using an ATP-
dependent motor into highly crystalline organization within their capsids, by which DNA
may be perpetually preserved [107, 108]. These observations underscore how the emergent
material properties within the condensate affect genome function.

Anomalies in DNA-condensate phase behavior in disease

Dysregulation of phase behavior of biomolecular condensates is thought to underlie disease
[87]. A prominent example is how mutations in the FUS protein drive an aberrant liquid-to-
solid transition implicated in neurodegenerative diseases [20]. By extension, perturbation of
the phase behavior of DNA-condensates could be pathogenic [87, 109, 110].

Cancer is associated with increased DNA damage and altered transcriptional activity,
particularly of oncogenes, leading to changes in genome organization. Phase separation may
contribute to these functionally by influencing (dis)assembly and properties of condensates
in localizing and affecting function, in particular transcription [76]. An example is the EWS-
FLI1 fusion protein in Ewing’s sarcoma in which the prion-like domain (PLD) of the RNA-
binding protein EWSIR is joined to the transcription factor FL1. The fusion of the PLD to
FL1 triggers de novo formation of condensates, which can recruit and concentrate factors to
tumor-specific enhancers [111]. Similar LSD-translocation and condensation of
heterogenous nuclear ribonucleoproteins (hnRNPs) from the FET family (FUS, EWSR1,
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and TAF15) may be at play in other cancers [112]. Oncoproteins that drive leukemia
progression analogously involve the fusion of NUP98’s intrinsically disordered N-terminus
preferentially to C-termini of other phase-separating proteins, resulting in nuclear puncta
formation and altered gene expression [113]. Additionally, mutations to the tumor
suppressor POZ protein (SPOP) cause cancer in part by leading to the dissolution of
enzymatically functional SPOP condensates [114]. Furthermore, cancer cells can lengthen
their telomeres independent of telomerase via alternative lengthening of telomeres (ALT) in
ALT-associated promyelocytic leukemia nuclear bodies, whose formation involves phase
separation around telomeres and enrichment of DNA repair factors [115]. Understanding the
molecular interactions that govern phase behavior in the genome may also be relevant for
clinical applications as some cancer therapeutics are enriched in DNA-based condensates
and thus affect drug pharmacodynamics [116].

Viruses are known to significantly alter genome organization upon infection. For example,
herpesvirus pushes the host nuclear genome to the periphery to allow for coalescence of
viral replication compartments (RCs) in the nuclear interior [117]. The resulting de-mixed
RCs are able to accumulate host Pol 11 and other DNA-binding proteins, but their
physicochemical properties do not follow classic LLPS as there is no diffusion barrier
between phases as would be expected [118]. Epstein-Barr virus has two transcription factors
EBNAZ2 and EBNALP that assemble into condensates, and inside of nuclei, these
condensates are concentrated in super-enhancers to aid in transcription of viral genes [119].
Infection with influenza virus is associated with high levels of transcription elongation that
in turn favors the transition of heterochromatin into euchromatin [120]. Comparing the
nature of the physical mechanisms, be they phase separation or other forms, of viral-induced
genomic compaction could shed light on the particular advantages for each class of virus
[19].

Concluding Remarks

Biological phase separation may represent a fundamental behavior of biopolymers (DNA,
RNA, protein) [121]. Indeed, the long, polymeric nature of DNA combined with the modular
proteins that bind and package DNA endow genomes with molecular features that favor
phase separation. The ubiquity of phase separation, especially in distantly related organisms,
suggests phase separation is an evolutionarily conserved mechanism in genome organization
with implications for preservation of DNA sequence integrity and gene function. Future
studies will explore how these interactions drive phase separation of the genome, and how
they relate to other modes of DNA organization, to give rise to emergent material properties
that affect genomic activity. A further major direction in this field will be to determine how
cells regulate the phase behavior of their genomes in response to vicissitudes of their
environment and long-term over the course of evolution. An evolutionary framework for
phase separation of genomes should serve as a springboard for future hypothesis-driven
studies to uncover the fundamental mechanisms and functional consequences of genome
organization (see Outstanding Questions box).
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Outstanding questions:

How have phase separation mechanisms, and architectural genome proteins,
evolved to accommodate size and complexity of various genomes (bacterial,
mitochondrial, chloroplast, nuclear, germline, viral)?

How do specific molecular interactions lead to promoting evolutionary fitness
versus contributing to disease processes?

How do non-thermal activity and complexity of the crowded cellular
environment influence the phase behavior and consequently function of DNA-
condensates?

How does the role of phase separation compare to the other modes of DNA
compaction and organization across the phylogenetic tree of life?

Has phase separation been actively selected for or is it an innate feature of
proteins and DNA confined to cellular milieu?

How can comparing differences in protein-mediated phase separation across
evolution give insight into fundamental principles for engineering de novo
condensates and developing biomimetic therapeutics?
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Highlights
. Protein-mediated phase separation contributes to the self-assembly and

organization of genome features, such as domains and compartments.

. Evidence for phase separation in overall genome organization exists across
the tree of life.

. DNA-based biomolecular condensates have a wide range of emergent
material properties that may have functional consequences, including for
transcription and maintenance of DNA integrity.

. Dysregulation of genomic phase behavior may reduce organismal fitness and
contribute to disease.
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Figure 1. Molecular driving forces of phase separation of the mammalian nuclear genome
(A) Phase diagram for a simple, two-component system where an interaction parameter,

such as temperature, salt concentration, pH, etc., is plotted as a function of concentration of
one of the components. The dark solid line represents the boundary between a single,
homogenous phase and the two-phase coexistence region. Insets show representative
examples of the solution in different regions of the phase diagram. (B) Schematic of a
typical phase separating protein. Many phase separating proteins contain substrate-binding
(i.e. DNA-binding, protein-interaction) domains and unstructured, disordered domains that
can both be arranged in (n) multiplicities, giving rise to multivalent interactions. (C)
Representative arrangement of DNA-binding phase separating proteins to form condensates
in association with DNA. (D) The nucleus as an emulsion of DNA condensates. (E-H)
Levels of phase separation in the nucleus include interactions between histone tails as part of
nucleosomal arrays (E), transcriptional condensates involving the interaction of enhancer
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elements and transcription factors (F), partial miscibility or immiscibility between
neighboring chromatin domains (G), and large gene-silenced regions compacted in
heterochromatin (H). Bar represents typical length scale of interactions.
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Figure 2. Conservation of phase separation in organization of nucleoids
(A,B) Phase separation interactions drive the organization of the mitochondrial genome in a

mitochondrion (A) into nucleoprotein complexes called mitochondrial nucleoids (B). (B)
Mitochondrial Transcription Factor A (TFAM): primary nucleoid architectural protein
containing two HMG domains and two IDRs (linker and C-tail); mt-nucleoid associated
proteins (mt-NAPS): core proteins associated with mtDNA involved in transcription
(TFB2M, POLRMT, mTERF) and replication (mtSSB, POLG1/2, TOP1MT), many of
which have DNA-binding domains and intrinsically disordered regions; mtDNA:
mitochondrial genome consisting of ~16 kB circular DNA existing as ~1-2 copies per
nucleoid; mtRNA: mitochondrial RNA transcribed directly from the mitochondrial genome
inside the condensate but later associates into separate RNP condensates. (C,D) The larger
bacterial genome is analogously organized as a phase-separated nucleoid (D) in a bacterium
(C). HU: one of the major architectural, histone-like proteins that exists as a dimer with
flexible B-sheet arms that package DNA into a dense core surrounded by less dense phase of
DNA and associated proteins; Transcriptional foci: dynamic condensates comprised of RNA
polymerase (RNAP) and other transcription factors, many of which contain IDRs; SSB
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compartments: single-stranded DNA binding protein (SSB) forms a tetramer around single-
stranded DNA with protruding intrinsically disordered linkers that are capped by conserved
C-terminal peptide motif.
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Figure 3. Phylogenetic tree comparing the evolution of TFAM’s modular domains
FASTA sequences were obtained for fifty representative organisms for TFAM and/or the

homologue Abf2 (S. cerevisiae). Organisms were grouped using NCBI Taxonomy Common
Tree algorithm, and the generated tree was visualized using the EMBL Interactive Tree of
Life (iTOL) tool. Sequences were aligned using the NCBI Cobalt algorithm using default
settings, and color coding was assigned based on frequency-based differences, where red
indicates highly variable regions with high frequency of mutations and grey indicates highly
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conserved regions with low frequency of mutations. Sequence gaps are indicated by solid
black lines.
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Figure 4. Regulation of phase separation in genome organization and function
(A) Phase diagram describing phase separation of a DNA condensate within the cell nucleus.

There is an interplay between organization of the chromatin and droplet coarsening. (B)
Droplets nucleate around specific genomic loci, which are brought together as droplets grow
and coarsen, while other genomic loci are excluded from the droplet. (C) Individual proteins
and small condensates can diffuse and rearrange in the nucleus, while larger condensates are
immobilized within the chromatin network. (D) Droplets concentrate DNA which may lead
to transcriptional repression. (E) Droplets concentrate proteins, such as transcription factors,
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which can alter reaction kinetics, leading to changes in gene activity. (F) In DNA repair,
droplets nucleate scaffold proteins such as 53BP1 that later recruit client proteins which
partition into the droplet to augments DNA repair. (G) The viscous physicochemical
environment within the droplet stabilizes stabilize the chromatin fiber from thermal
fluctuations and excludes immiscible molecules from entering, such as potentially damaging
reactive oxygen species (ROS). (H-J) DNA condensates exhibit a spectrum of material
properties: highly dynamic, liquid-like behavior (H), intermediary, viscoelastic behavior (l),
and solid-like, crystalline behavior (J). These material properties correlate with the level of
biological activity, such as transcriptional bursting, controlled processing, or genome
preservation, respectively.
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