Cellular and Molecular Life Sciences (2022) 79:251

https://doi.org/10.1007/500018-022-04276-4 Cellular and Molecular Life Sciences

REVIEW q

Check for
updates

Liquid-liquid phase separation as an organizing principle
of intracellular space: overview of the evolution of the cell
compartmentalization concept

luliia A. Antifeeva' - Alexander V. Fonin' - Anna S. Fefilova' - Olesya V. Stepanenko’ - Olga I. Povarova’ -

Sergey A. Silonov' - Irina M. Kuznetsova' - Vladimir N. Uversky?® - Konstantin K. Turoverov’

Received: 8 December 2021 / Revised: 24 March 2022 / Accepted: 27 March 2022 / Published online: 20 April 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

At the turn of the twenty-first century, fundamental changes took place in the understanding of the structure and function of
proteins and then in the appreciation of the intracellular space organization. A rather mechanistic model of the organization
of living matter, where the function of proteins is determined by their rigid globular structure, and the intracellular processes
occur in rigidly determined compartments, was replaced by an idea that highly dynamic and multifunctional "soft matter"
lies at the heart of all living things. According this “new view”, the most important role in the spatio-temporal organization
of the intracellular space is played by liquid-liquid phase transitions of biopolymers. These self-organizing cellular com-
partments are open dynamic systems existing at the edge of chaos. They are characterized by the exceptional structural and
compositional dynamics, and their multicomponent nature and polyfunctionality provide means for the finely tuned regula-
tion of various intracellular processes. Changes in the external conditions can cause a disruption of the biogenesis of these
cellular bodies leading to the irreversible aggregation of their constituent proteins, followed by the transition to a gel-like
state and the emergence of amyloid fibrils. This work represents a historical overview of changes in our understanding of the
intracellular space compartmentalization. It also reflects methodological breakthroughs that led to a change in paradigms in
this area of science and discusses modern ideas about the organization of the intracellular space. It is emphasized here that
the membrane-less organelles have to combine a certain resistance to the changes in their environment and, at the same time,
show high sensitivity to the external signals, which ensures the normal functioning of the cell.
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Introduction

A living cell is an open, dynamic, multicomponent system
filled with a large number of continuously interacting mol-
ecules of water, salts, osmolytes, various small molecules
of organic and inorganic origin, proteins, nucleic acids,
lipids, polysaccharides, etc. For the fulfillment of its vital
functions, cell needs to ensure the coordinated simultane-
ous implementation of many biochemical reactions, and also
it has to be sufficiently resistant to the external influences.
The localization of various biochemical processes within
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the individual (and specialized) cell compartments ensures
a well-coordinated regulation of the cellular metabolism.
For example, the presence of a nuclear membrane not only
create a well-protected “vault” for keeping precious genetic
material, but also allows eukaryotic cells to separate the
transcription process that takes place in the nucleus from the
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translation process that takes place in the cytoplasm. Fur-
thermore, this division (or compartmentalization) of the cel-
lular space ensures the increased rate of chemical reactions
by concentrating the reaction components inside specialized
compartments. It also helps excluding the components that
might inhibit these reactions or simply do not participate
in them. There are also compartments responsible for the
segregation of components destructive to the cell.

For a long time, it was believed that the differentiation of
specialized processes in a cell is provided by the presence of
biological membranes, lipid bilayers with protein molecules
embedded in them, as organelles bounded by such a mem-
brane are highly stable. Such lipid bilayers are formed due
to the amphiphilicity of the molecules that form them, as
corresponding phospholipids contain the hydrophilic (polar)
heads, which are exposed to the aqueous medium, and the
hydrophobic (non-polar) tails, which are immersed into the
interior of the membrane. The membranes formed by phos-
pholipids are permeable to low molecular weight neutral and
fat-soluble substances (the phenomenon described by the
solubility diffusion model, also known as the Meyer—Over-
ton rule [1-3], correlating the solubility of a substance in
an organic phase with its membrane permeability) [4], but
practically are impenetrable for ions and large polar mole-
cules. The transport across biological membranes of the sub-
stances incompatible with the spontaneous solubility-based
diffusion is conducted by the carrier proteins or membrane
channels, the presence of which in the membrane determines
the functionality of a particular cellular compartment [5].
More generally, functions of the membranes are determined
by their permeability. The compartments bounded by the
lipid membrane include the nucleus, the Golgi apparatus, the
endoplasmic reticulum, lysosomes, and mitochondria (and
chloroplasts in plant cells). Such membrane-embedded orga-
nelles are highly stable, and this provides important means
for preserving constituents isolated due to the presence of
the surrounding membrane for a long time in a constantly
changing intracellular environment. Furthermore, these
organelles are even able to maintain their structure after
being isolated from the cells. Until recently, such membrane-
bounded compartmentalization was considered as the only
method of the intracellular space organization.

However, along with the compartments bounded by mem-
branes, researchers have long found “cellular bodies” that do
not have a membrane. In particular, the nucleolus, the best
known and most studied of the membrane-less organelles
(MLOs), was discovered about 200 years ago (reviewed in
[6]). Over time, more and more such MLOs were discovered,
first in the nucleus, and then in the cytoplasm. However, for
a long time, these compartments were of interest mainly to
the cell biologists, whose main efforts were directed towards
the description of these organelles and attempts to somehow
characterize their purposes and functional roles in the cell.
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In a number of cases, the same organelles were discovered
and described independently by different groups of research-
ers and therefore received different names. Currently, there
are about a hundred organelles that do not have a membrane.
Until recently, no one even thought that organelles partici-
pating in completely different processes occurring in the cell
could have common properties and a common mechanism
of formation. As a rule, these compartments act as microre-
actor-fermenters, storages of target molecules, and network
hubs that regulate various cellular signaling pathways.

Only quite recently, in the mid-2010s, the understand-
ing was achieved that the formation of all these membrane-
less structures is based on the reversible liquid—liquid phase
separation (LLPS), leading to the significantly increased
concentrations of specific biopolymers (proteins and nucleic
acids) inside the MLOs as compared to the concentrations
of these constituents in the environment.

Such a radical change in the understanding of the molecu-
lar mechanisms of MLO formation became possible only
after the equally significant changes took place in the con-
cepts of the protein structure and function. In fact, at the
turn of the century it became obvious that globular proteins
do not exhaust the variety of functional protein structures. It
turned out that a number of proteins do not have an ordered
structure and nevertheless perform essential functions in
the cell; i.e., they are functionally active in the absence of
unique structures. Such proteins are known now as intrinsi-
cally disordered. The name emphasizes that the disordered-
ness of their structure is an inherent property of these pro-
teins, which is encoded in their amino acid sequences and
determines their diverse functionality. It would seem that the
existence of such functional intrinsically disordered proteins
(IDPs) that do not have a stable conformation requires rejec-
tion of the dogma that has been prevailing for more than
120 years that the structure of a protein determines its func-
tion. In our opinion, this is not correct, as the discovery of
IDPs does not negate the importance of the structure—func-
tion paradigm, but rather extends it to a more general pro-
tein structure—function continuum model [7-9]. In fact, it
is simply sufficient to interpret the terms "structure" and
"function" more broadly. Disorder is just one of the struc-
tural varieties. There are many flavors of protein disorder,
and proteins can be disordered to different degrees.

Unlike ordered proteins, which have unique structures,
structural representation of disordered proteins must include
consideration of conformational ensembles, which reflect
dynamic equilibrium between different conformers sepa-
rated by low energy barriers. As a result, any, even rather
insignificant changes in the external conditions, such as tem-
perature, pH or ionic strength of a solution, interaction with
a partner, or post-translational modifications, can lead to a
significant change in the dynamic structure of an ensemble
of IDP molecules. This defines the polyfunctionality of IDPs



Liquid-liquid phase separation as an organizing principle of intracellular space: overview...

Page3of32 251

and explains why these proteins play a dominant role in the
formation of MLOs. Therefore, understanding of the MLO
biogenesis is tightly linked now to the process of liquid-lig-
uid phase separation, which, in its turn, heavily relies on
intrinsically disordered proteins with their structural plastic-
ity, binding promiscuity, and ability to be engaged in poly-
valent weak interactions.

It should be noted that the concept of the "organelles
without a membrane" is broader than the “membrane-less
organelle” concept. A mandatory attribute of the most
MLOs, which researchers have long observed in the nucleus
and cytoplasm of a cell, is their formation via liquid—liquid
phase separation driven by polyvalent weak interactions.
On the contrary, although "organelles without a membrane"
(e.g., ribosome) do not have membranes, they are formed,
exist, and function not due to the LLPS, but as a result of
strong intermolecular interactions. Curiously, although ribo-
somes have a rigid well-determined 3D structure [10-13],
they are formed via the folding-at-binding mechanism,
where mostly disordered ribosomal proteins [14] fold at the
ribosome assembly due to the specific protein—protein and
protein—rRNA interactions.

The goal of this article was to represent an overview of
the key discoveries and methodological breakthroughs asso-
ciated with the formation of modern ideas about the organi-
zation of the intracellular space.

Early research into the organization
of the intracellular space

Everything has started in the middle of seventeenth century,
when for the first time in the history of mankind, Robert
Hooke (1635-1703) used a light microscope to describe the
cellular organization of several natural objects: elderberry,
dill, carrots, fly and mosquito eyes, mold, and moss [15].
Looking at the thin sections of cork under his compound
microscope he noticed honey-comb like compartments.
Based on these observations, he introduced the concept of
"cell" derived from a Latin word “cellula”, which means
a hollow space [15]. This pioneering work was paral-
leled by the active research of Antonie van Leeuwenhoek
(1632-1723), who used lenses and a microscope of his own
design to study the surrounding natural objects. It was he
who first managed to attract the attention of biologists to
microscopes. He was one of the first people who observe
microorganisms (animalcules) and living cells, such as bac-
teria from ponds and tartar of the teeth, erythrocytes of a
fish, spermatozoa, and protozoans [16]. However, although
the resolution of the instruments designed by A. Leeuwen-
hoek could potentially allow him to observe some details
of the intracellular structure, in his works this topic was not
analyzed [17]. Therefore, the researchers of the seventeenth
century confined themselves to the idea of cells as voids in
a continuous mass of living tissues. The general cell theory
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was developed almost 175 years later, in 1838, by German
botanist Matthias Jacob Schleiden (1804—1881) for plants
[18], which was extended to animals in 1839, by German
physiologist Theodor Schwann (1810-1882), who is con-
sidered now as a founder of modern histology by defining
the cell as the basic unit of animal structure [19]. Figure 1
shows some of the most significant, in our opinion, stages
in the development of biological science, which determined
the modern concept of the organization of the intracellular
space.

Eventually, the perception of a cell as a hollow space
has changed, as some specific structures were found in
these voids in a living tissue. In 1774, Felice Fontana
(1730-1805) discovered nucleolus as a cellular compart-
ment that becomes visible under the microscope during the
interphase of the eukaryotic cell division (reviewed in [6]).
However, the first reliable descriptions of the nucleolus were
reported more than 60 years later. In fact, in 1835, Rudolf
Wagner (1805-1864) described an important formation in
the ovum of several mammalian species, which he called
the macula germinativa, and which is known now as the
nucleolus [20]. Independently, in 1837, Gabriel Gustav Val-
entin (1810-1883) described nucleolus as “a kind of second
nucleus within the nucleus” [21]. Curiously, the nucleolus
was observed well before the discovery of nucleus, which
was described by Robert Brown (1773—1858) more than
50 years later, in the first half of the nineteenth century,
based on the analysis of a plant cell using a microscope with
achromatic lenses [22].

Some other intracellular bodies were observed as well
raising a question on the internal structure of the cell, and
a term “protoplasm” (the substance found inside cells) was
proposed by Jan Evangelista Purkyné (1787-1869) in 1839
for the description of the "living substance" of the cell and
to designate the colloid substance (cytosol) within the cell
outer membrane [23]. Scientists believed that the physical
foundations of life should be found in the structure of this
biological substance [24]. It should be noted that already at
the beginning of the twentieth century the term "protoplasm"
began to gradually go out of use, since it began to go beyond
the cellular structure and became associated with vitalism
and such contradictory topics as primitive life, spontaneous
generation of life, etc., while the attention of biologists was
focused on particular elements of the cellular composition
[24] (Fig. 1).

However, despite the widespread criticism of the theories
of life associated with protoplasm, the study of this issue
played a very important role in the understanding of the
internal structure of cells and the formation of molecular
biology. In what follows, the term protoplasm will be used
to indicate the cytoplasm and the cell nucleus. However,
for a long time, after the discovery of the nucleolus in
1774, detailed analysis of the intracellular organization was
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hindered by the fact that all the elements of the cytoplasm
have similar optical properties and, therefore, are inacces-
sible to observation by conventional light microscopy. In
1879, Walther Flemming (1843-1905) expressed this obser-
vation in his study of salamander epithelial cells: “Having
reached plasma, a human does not see anything at all” [25].
This issue was resolved when a method of cell fixation
and selective staining of certain cellular bodies was elabo-
rated [26]. This approach led to the emergence of a new
direction of biological science, cytochemistry, and allowed
discovery and description of nuclear chromatin, nucleoli,
mitochondria, Golgi apparatus, endoplasmic reticulum, cen-
trioles, and some other cytoplasmic inclusions. End of the
nineteenth century was associated with the emergence of a
number of theories on the structure of protoplasm: reticular,
fibrillar, foam, alveolar, microsomal, and granular [24]. Fur-
thermore, in 1899, Edmund Beecher Wilson (1856-1939)
made an important observation that the researchers of the
protoplasm structure often observe a fundamentally different
picture of the internal structure of a cell, even when working
with the same objects. In fact, observed internal structure of
the cell can be very different and depends on the differences
in methods used for fixation and staining of the studied cells
[27]. As a result of the analysis of the literature, and hav-
ing studied the internal structure of living and fixed eggs of
several species of sea stars and sea urchins, Edmund Wilson
came to the conclusion that the protoplasm of the eggs of all
these creatures, although they differ visually, represents an
emulsion consisting of a solid substance and droplets of vari-
ous sizes and, apparently, of various chemical nature [27].
He was also the first to point that these droplets are liquid,
being able to coalesce [27]. In fact, a fortunate combina-
tion of circumstances allowed Edmund Wilson to prove the
liquid nature of the droplets forming an intracellular emul-
sion. This was because the microspheres in the protoplasm
of the oocytes of one of the sea star species were natively
pigmented. Due to this fact, during the destruction of the
egg, he was able to observe how granules having the same
color merge when colliding with each other, forming a larger
droplet (coalescing) [27]. Interestingly, more than 100 years
later, a similar approach was used by Clifford Brangwynn
and Anthony Hyman to confirm the liquid nature of C. ele-
gans P-granules in their pioneering work, which revived the
interest of researchers around the world to study the role
of phase transformations of biopolymers in cell life [28]
(Fig. 2). Edmund Wilson was also the first to propose that
the seemingly continuous matter of protoplasm consists of
smaller objects that were inaccessible to the eyes of his con-
temporaries due to the limitations of the resolution of light
microscopes of his time. Furthermore, he suggested that it
is from these small and invisible elements the alveoli and
fibrillar structures visible to the eye are formed, similar to
the processes of coagulation of gelatin and albumin in vitro.
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Fig.2 Growth in the number of publications on membrane-less orga-
nelles after the publication of the article from Brangwynne et al. [28]

Therefore, it seems that Edmund Beecher Wilson was the
first to propose considering the phase separation of biopoly-
mers as a way of the internal organization of the cell [27].

These ideas where so significant that in 1924, Alexander
Ivanovich Oparin (1894—1980) proposed a model, according
to which the formation of liquid coacervates due to phase
separations was a necessary element in the formation of
primitive life [29]. In 1929, British biologist John Burdon
Sanderson Haldane (1892-1964) proposed similar hypoth-
esis of the progressive emergence of life on the primitive
earth [30, 31]. However, the successes of the biochemical
reductionist approach in the analyses of the cell and the
advances in the study of biological membranes of the twen-
tieth century led to the fact that the colloidal theory of the
structure of protoplasm faded into the background for more
than 100 years (Fig. 1). During that time, the study of phase
transformations of biopolymers (proteins, polysaccharides,
and nucleic acids) did not stop completely, but continued
mainly by the efforts of specialists in colloidal chemistry,
mainly in the interests of the food industry and pharmacol-
ogy [32-37].

Studies on the principles of the intracellular
organization in the twentieth century

Most advances in the analysis of the protoplasm structure in
XX century are linked to the discovery and development of
the electron microscopy. This technique is behind of detailed
structural characterization of the plasma membrane of the
cell [38] that was predicted in earlier studies based on the
results of indirect methods (e.g., based on the analysis of the
blood cells of man and of the rabbit, dog, guinea pig, sheep,
and goat, it was stated: “It is clear that all our results fit in
well with the supposition that the chromocytes are covered
by a layer of fatty substances that is two molecules thick™)
[39]. This technique was also used for the description of

major cellular organelles surrounded by lipid membranes,
such as mitochondria [40], endoplasmic reticulum [41], and
Golgi apparatus [42]. In 1974, Belgian-American cell biolo-
gist and medical doctor Albert Claude (1899-1983), Belgian
cytologist and biochemist Christian René Marie Joseph, Vis-
count de Duve (1917-2013), and Romanian-American cell
biologist George Emil Pallade (1912-2008) were awarded
the Nobel Prize in Physiology or Medicine for “their dis-
coveries concerning the structural and functional organiza-
tion of the cell”. In the 1970s, the actual structure of the
membranes including lipid bilayer and integral and periph-
eral proteins was recreated using the freezing—chipping
(etching) method of electron microscopy [43—45]. Already
at the end of the nineteenth century, a British physiologist
and biologist Charles Ernest Overton (1865-1933), who is
regarded now as a pioneer of the theory of the cell mem-
brane, discovered that the cell membrane selectively passes
molecules with different properties into the cell, i.e., has a
barrier function [46] and that the anesthetic potency cor-
relates inversely with lipophilicity [2].

By the end of the twentieth century, largely due to the
development of specialized approaches, such as the patch-
clamp technique elaborated by Erwin Neher and Bert Sak-
mann in the late 1970s and early 1980s (who received The
Nobel Prize in Physiology or Medicine 1991 "for their dis-
coveries concerning the function of single ion channels in
cells") [47—49] and the measurement of the conductivity of
model lipid membranes (1962) [50], several mechanisms of
the substance transport across biological membranes have
been described in detail: passive transport, active transport,
and secondary active transport [51]. In 1997, Danish chemist
Jens Christian Skow (1918-2018) was awarded the Nobel
Prize in Chemistry for his discovery of the sodium potas-
sium pump [52, 53]. During this period, transporter proteins
and ion channels were discovered and characterized. Based
on all these developments and observations, the assumption
began to prevail that biological membranes and membrane
transport are the key elements for maintaining the vital
activity of the cell. It is interesting that Alexander Oparin,
who proposed a coacervate model of primitive organisms
[29], regretted that his studies bypassed the liposomal model
of the origin of life [54].

The middle of the twentieth century marked the begin-
ning of the epoch of the biological crystallography (Fig. 1).
In 1953, British molecular biologist, biophysicist, and neu-
roscientist Francis Harry Compton Crick (1916-2004),
American molecular biologist, geneticist and zoologist
James Dewey Watson, British biophysicist Maurice Hugh
Frederick Wilkins (1916-2004), and English chemist and
X-ray crystallographer Rosalind Franklin (1920-1958) deci-
phered the structure of DNA [55-57]. In 1962, The Nobel
Prize in Physiology or Medicine was awarded to James
Watson, Francis Crick and Maurice Wilkins for their 1953
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discovery of the molecular structure of DNA, but Rosalind
Franklin, who died from cancer at the age of 37, was not so
honored, despite the fact that her work was central to the
understanding of the molecular structures of DNA.

In 1958 and 1960, English biochemist, crystallogra-
pher, and science administrator Sir John Cowdery Kendrew
(1917-1997) and British molecular biologist Max Ferdinand
Perutz (1914-2002) were the first to determine the crystal
structures of globular proteins, hemoglobin and myoglobin
[58, 59]. In 1962, they received the Nobel Prize in Chemis-
try, for their work on the analysis of the structure of heme-
containing proteins. Solving the first crystal structures of
globular proteins was paralleled by the classic experiments
of Christian Boehmer Anfinsen Jr. (1916—1995) on ribonu-
clease refolding [60]. This work unequivocally showed that
the spatial structure of a globular protein is determined by its
primary sequence, and for this research, Christian Anfinsen
received the Nobel Prize in Chemistry in 1972. In the subse-
quent years, advances in the X-ray diffraction analysis have
significantly strengthened the idea that the unique structure
of a protein is strictly determined by its amino acid sequence
and, in its turn, defines unique protein function.

In 1975, British biophysicist and chemist Sir Aaron Klug
(1926-2018) reconstructed the three-dimensional structure
of the nucleic acid—protein complex using a novel technique
he elaborated, crystallographic electron microscopy [61].
He was awarded the 1982 Nobel Prize in Chemistry for
this development of crystallographic electron microscopy
and structural characterization of biologically important
nucleic acid-protein complexes. In 1984, the structure of a
large membrane protein complex, the photosynthetic reac-
tion center from Rhodopseudomonas viridis, was determined
[62], and a German biochemist Hartmut Michel received the
1988 Nobel Prize in Chemistry for this significant contribu-
tion towards the understanding of photosynthesis. In 1992,
an American physician and molecular biologist Peter Agre
and co-workers discovered aquaporin membrane water chan-
nels, thereby answering a long-standing biophysical ques-
tion of how water crosses biological membranes specifically
[63]. In 1998, an American biophysicist and neuroscientist
Roderick McKinnon deciphered the structure and explained
the function of the potassium transmembrane channel [64].
These were great achievements in understanding of the
molecular mechanisms of membrane channel actions, and,
in 2003, Peter Agre and Roderick MacKinnon shared the
2003 Nobel Prize in Chemistry for "discoveries concerning
channels in cell membranes.

In parallel with structural studies, the processes of enzy-
matic catalysis were actively analyzed in the twentieth
century as well. In 1913, a German biochemist, physical
chemist, and physician Leonor Michaelis (1875-1949) and a
Canadian bio-medical and medical researcher Maud Leonora
Menten (1879-1960), based on their experimental analysis
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of the sucrose hydrolysis by the enzyme invertase, confirmed
the model of enzymatic kinetics [65] proposed in 1902 by
a French-Russian physical chemist and physiologist Victor
Henri (1872-1940) [66], which establishes a relationship
between the reaction rate and the substrate concentration,
thereby reducing the activity of biological agents to the basic
laws of physical chemistry. To explain the high specificity of
enzymatic processes, two models were suggested as follows:

1) Proposed in 1894 by a German chemist Hermann Emil
Louis Fischer (1852—-1919) a classic "lock-and-key"
hypothesis, which suggested that there is an exact fit
between the substrate and the active site of the enzyme,
in the same way as a key fits into a lock [67].

2) Proposed in 1958 by an American biochemist Daniel
E. Koshland Jr. (1920-2007) an induced-fit model of
substrate—protein interaction [68]. This model can be
described as “hand-glove” correspondence, where the
active center of the enzyme changes its conformation
after binding of the substrate and thereby addresses the
importance of structural flexibility of proteins for their
function. In short, this model suggested that the active
site of an enzyme and a substrate not necessarily have
the complimentary shapes. However, a substrate can
bind to an enzyme and induces a change in the structure
of enzyme’s active site: the amino acids constituting the
active site are tuned into a precise conformation, bring-
ing the chemical groups of the active site into positions
which enable the enzyme to perform its catalytic func-
tion most effectively [68].

More recently, Hungarian biochemists Ferenc Bruno
Straub (1914-1996) and Gertrud Szabolcsi (1923-1993)
proposed a fluctuation fit (or conformational selection)
model suggesting selective binding of a ligand to a single
conformation in the conformational ensemble [69]. Accord-
ing to this model, among the conformations of the dynami-
cally fluctuating protein, the ligand selects the one, which
is compatible with binding, and shifts the conformational
ensemble towards this state [69]. In 1965, a French biochem-
ist Jacques Monod (1910-1976), an American molecular
biologist and biophysicist Jeffries Wyman (1901-1995), and
a French neuroscientist Jean-Pierre Changeux proposed a
Monod-Wyman—Changeux model postulating the existence
in a protein molecule of a small number of discrete confor-
mational states independent of ligand structure and occu-
pancy [70]. In 1966, Daniel E. Koshland Jr. (1920-2007),
a Hungarian-American biochemist George Némethy, and
an American biochemist David L. Filmer proposed sequen-
tial, induced-fit binding model to explain experimental data
on the interaction mechanisms of the multi-subunit pro-
teins [71]. Here, the existence of multiple conformational
states in the proteins and the ability of ligand binding to
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induce tertiary changes complementary to ligand structures
were postulated. According to this model, ligand binding
promotes “a progressive change” of conformation and the
required conformation in a subunit is achieved only when
the ligand is bound to it [71]. Finally, in 1981, based on the
NMR analysis of the ligand binding by receptors, a British
physician and pharmacologist Arnold Stanley Vincent Bur-
gen [72] and an American biophysicist Angela M. Gronen-
born [73] provided experimental evidence for the existence
of the conformational selection accompanying ligand—pro-
tein interaction.

Therefore, based on all these developments, rather mech-
anistic ideas about principles of the organization of the liv-
ing matter were formed in the twentieth century. According
to these concepts, proteins are globules possessing unique
crystal-like tertiary structures with strictly determined
atomic positions. These unique structures of proteins deter-
mine their unique functions. The vital activities of the cell
are carried out due to the strictly determined biochemical
processes conducted by complex molecular machines with
rigid three-dimensional structures, whereas the biological
membranes of intracellular organelles serve as part of these
machines and separate enzymatic processes in space.

First inconsistencies in the “harmonious
picture of the universe”

Despite the general belief in the validity of protein struc-
ture—function paradigm, more and more exceptions from
the rule were found, and more and more cases of “uncrys-
tallisable” proteins or biologically active proteins without
unique structures were reported [74]. Increasingly, research-
ers came across proteins, which upon refolding, did not form
the native state, but stayed misfolded and formed aggregates.
However, in most cases, these observations were taken as
artifacts and explained by the errors of the experimenters.
At the same time, information was accumulating about
various intracellular formations, which are known now as
membrane-less organelles. Among noticeable events in this
field were detailed characterization of the ultrastructure of
the largest and most studied MLO—the nucleolus, which
was shown to contain three main structural components: a
fibrillar center, a dense fibrillar component, and a granular
component [75], and which was shown to serve as a site of
the ribosome biogenesis [76]. Another noticeable event of
that time is a rediscovery of the Cajal (coiled) bodies (CBs),
by Ariane Monneron and W. Bernhard in 1969 [77]. CBs,
which are responsible for processing small nuclear and small
nucleolar RNAs, were first described in 1903 by a Spanish
neuroscientist, pathologist, and histologist Santiago Ramén
y Cajal (1852-1934), who called them nucleolar accessory
bodies because of their close association with nucleoli [78].

CBs were discovered by a “reduced silver staining method”,
elaborated by Cajal as a simple and reliable procedure for
demonstrating diverse cellular structures [79]. Curiously,
these nuclear MLOs were (re)discovered multiple times
independently by scientists from different research fields
generating a realm of different names, such as "sphere orga-
nelles", "Binnenkorper (endobody)”, "nucleolar bodies",
"coiled bodies", or “perichromatin fibrils” used to describe
the same structure [80].

Unfortunately, the method of electron microscopy and
used in the XX century methods of light microscopy did not
allow observing the dynamic properties of MLOs. Because
of these limitations, until the beginning of the twenty-first
century, these cellular bodies were perceived as ordered
macromolecular complexes or loci, in which the local con-
centration of any component is increased due to the work
of carriers, anchoring or synthesis of these substances [81].

Paradigm shift: emerging of the protein
intrinsic disorder concept

The turn of the twenty-first century was characterized by
the recognition that protein functionality is not necessarily
linked to unique structure. Instead, biological functions were
found for many structure-less proteins, which are known
now as intrinsically disordered proteins (IDPs) or hybrid
proteins containing ordered domains and intrinsically dis-
ordered regions (IDRs) to emphasize that their inability to
form a globular structure is an intrinsic (inherent) property
of their particular polypeptide chain, due to the peculiarities
of its amino acid composition and sequence [82—84]. In fact,
it was shown that the ability of a polypeptide chain to form
an ordered globular structure is associated with the value
of the total charge (no matter what sign) and the number of
hydrophobic residues [83, 85]. The lower the specific con-
tent of the amino acids with hydrophobic side chains and
the greater the total charge of the polypeptide chain, the less
likely this polypeptide chain will form a compact globular
structure [83, 85].

It became clear that proteins can be functionally active
not only in a well-folded globular state, but also in a partially
or fully unfolded state [8§2—84, 86-97]. The ordered globular
structure is mostly found in enzymes—proteins, the cata-
Iytic function of which is strictly determined and requires
unique configuration of an active site. The proteins from
the regulatory and signaling pathways involved in interac-
tion with a large number of often unrelated partners require
much greater structural pliability to function, and, therefore,
these proteins are partially or completely unstructured in
their native states [90, 98—105]. Overall, despite the lack
of unique structures in IDPs/IDRs, the functional range of
these proteins/regions is remarkably broad and complements
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functions of ordered proteins and domains [82, 84, 86, 87,
89, 90, 92, 95-97, 99, 103, 104, 106-111].

Compact globular structures are formed in proteins in
aqueous media when the peculiarities of the polypeptide
chain allow strong and specific intramolecular interactions.
Whether a polypeptide chain can fold into a compact globu-
lar form depends on the ratio of the number of hydrophobic
and charged residues that make up the amino acid composi-
tion of a protein. Many partially or completely disordered
proteins can form a compact structure in complexes with
their partners, with such a binding-induced (semi)ordered
structure originating due to intermolecular interactions
between the atoms of the polypeptide chain of the pro-
tein and the partner [14, 82—-84, 90, 92-96, 102-104, 106,
112-119]. Furthermore, often, the functionality of IDPs/
IDRs depends on the presence of disorder-based binding
sites, called molecular recognition features (MoRFs), which
are interaction-prone disordered regions that can fold at
binding to specific partners [120-123]. More generally, the
capability to be engaged in interactions with various binding
proteins, such as other proteins, lipids, membranes, nucleic
acids, polysaccharides, and small molecules of organic and
inorganic origin represents an important functional feature
of IDPs/IDRs. They are able to form a multitude of static
complexes characterized by very unusual and complex
topologies ranging from the interaction-induced local fold-
ing generating structural elements bound to the surface of a
partner to folding of a whole IDP, and from wrapping around
the binding partner to penetrating deep inside the binding
partner, or to form semi-static or dynamic complexes [124].

Many IDPs/IDRs can form fuzzy complexes either with
“the flanking fuzziness” in the bound state disordered
regions flanking the interaction interface but not the inter-
face itself, or remain disordered or characterized by “the
random fuzziness” attributed to the ability to not fold at
interaction and preserve highly dynamic structure in the
bound state [125—-131]. Some IDPs/IDPRs are able to bind
to multiple partners and to gain very different structures
in the bound state, and this adjustable promiscuity repre-
sents an important means for the increased complexity of
the disorder-based interactomes [99, 132]. Curiously, the
presence of intrinsic disorder allows formation of the most
and the least stable protein complexes. Importantly, although
specific disorder-based interactions often engage binding-
induced folding, formation of stable complexes does not
always require folding, and IDPs/IDPRs were shown to form
tight complexes (with the affinity approaching picomolar
levels) without gaining any ordered structure and retaining
long-range flexibility and highly dynamic character [133].

Intermolecular interactions of protein molecules with
each other can lead to the formation of various associ-
ates, ranging from oligomers to amorphous aggregates,
and amyloid-like fibrils. For such contacts to occur, it is
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necessary to have hydrophobic regions of the polypeptide
chain exposed to the solvent. Since IDPs/IDRs do not have
unique structures, many of them would satisfy such require-
ments. Therefore, aggregation of partially or completely dis-
ordered proteins is a very common phenomenon, and many
IDPs/IDRs are related to various human amyloidoses and
other proteinopathies [134—137]. More generally, pathogen-
esis of many human diseases is linked to the misbehavior
and deregulation of IDPs/IDRs [138-140].

At the turn of the century, it seemed that IDPs and IDRs
were just an exception to a well-known and broadly accepted
rule. Indeed, thanks to the advances in the X-ray diffraction
analysis, by this time structural information on a large num-
ber of globular proteins had been collected in the protein
data bank (PDB), and it seemed that ordered proteins con-
stitute the bulk of protein universe. However, later it turned
out that IDPs/IDPRs are not mere exceptions, but are uni-
versally present in all living organisms. It is also clear that
the abundance and penetrance of disorder typically increase
with an increase in organism complexity [141-144]. In fact,
from 25 to 30% of eukaryotic proteins are predicted to be
mostly disordered, more than half of eukaryotic proteins
have long regions of disorder [141], and more than 70%
of signaling proteins have long disordered regions [104].
IDPs and hybrid proteins with long IDRs could not get into
PDB [145-147], since they do not easily crystallize under
the traditionally used conditions.

Discovery of the protein intrinsic disorder phenomenon
has opened a new page in the protein science, eventually
leading to the transformation of the classical but limited
protein structure—function paradigm into the more general
protein—structure continuum model [7-9]. Here, the pecu-
liarities of the amino acid sequences determine the multi-
level spatiotemporal heterogeneity of IDPs and defines their
mosaic structure, where different parts of a protein can be
(dis)ordered to different degrees. As a result, the entire IDP
can be described as a combination of foldons (independent
foldable units of a protein), inducible foldons (disordered
regions that can fold at least in part due to the interaction
with binding partners), morphing inducible foldons (disor-
dered regions that differently fold at interaction with dif-
ferent binding partners), non-foldons (non-foldable protein
regions), semi-foldons (regions that are always in a semi-
folded form), and unfoldons (ordered regions that have to
undergo an order-to-disorder transition in order to make a
protein functional) [148, 149]. Importantly, such spatiotem-
poral heterogeneity of IDPs defines their multifunctional-
ity, as differently (dis)ordered regions of a protein might
have well-defined and specific functions [150]. Therefore,
IDPs/IDRs are structurally and functionally heterogeneous
complex systems acting within the frames of the protein
structure—function continuum model indicating that the
actual gene—protein relationship is better described by the
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“one gene—many functional proteins” or “one gene—many
functions” model rather than the classical (but heavily over-
simplified) “one gene—one protein” paradigm [150, 151].
Furthermore, the structural flexibility of IDPs/IDRs defines
the broad spectrum of means for their functional regulation
and control [86, 124, 148, 152], including various post-trans-
lational modifications (PTMs) [153, 154]. Important for this
review, structural pliability and the capability of IDPs/IDRs
to be involved in weak multivalent interactions define the
broad engagement of these proteins in the biological LLPS
and MLO biogenesis [150, 155-157].

Changes in the concept of the intracellular
space compartmentalization
in the twenty-first century

The mechanistic theory of the protoplasm structure was
shattered in 2009 by the pioneer work of Clifford P. Brang-
wynne, Frank Jiilicher, Anthony A. Hyman and their col-
leagues, where the formation mechanism of the P-granules
in germ cells was established [28]. This work began as a
part of the Summer School for Young Scientists on New
Microscopy Techniques at the Marine Biological Labora-
tory, Woods Hole, Massachusetts. As a learning task, the
teachers of the school asked the students to observe the pro-
cess of the P-granule formation in the embryos of the free-
living transparent nematode Caenorhabditis elegans. Sum-
mer school students David Hole and Lindsay Moore were
able to capture on video how P-granules stained with green
fluorescent protein fused with each other upon collision to
form a larger body (coalesced), like the oil droplets in water.
The researchers realized that this behavior is not typical of
solid, rigid structures. Therefore, P-granules should be con-
sidered as liquid droplets. Researchers did not immediately
grasp the scope of the discovery. However, after the summer
school was over, teachers Anthony A. Hyman and Clifford P.
Brangwynne, who assigned the students this task, returned
to this study. They conducted several more experiments that
allowed them to prove that P-granules are liquid condensates
and to quantitatively characterize their properties, such as
viscosity and surface tension. In addition, they managed
to record the processes of condensation and dissolution of
these bodies. Due to these data, the authors suggested that
the formation of P-granules occurs due to the spontaneous
separation of a supersaturated polymer solution into two
phases, one of which is enriched with a polymer substance,
and the other is diluted. More importantly, the authors sug-
gested that the mechanism of P-granule formation represents
an example of the general principle of the organization of
the cytoplasm via controlled liquid-liquid phase separation
and may even be a mechanism of self-assembly of early life
forms [28, 158]. Therefore, the results of this work brought

back the forgotten hypotheses of Alexander Oparin and John
Burdon Sanderson Haldane proposed about a century ago.
It is worth noting that Hyman's group was not the first
group to record liquid properties of MLOs. For example, in
2005, it was proposed that Cajal bodies can be describe as
“semi-liquid” spheres due to their permeability to external
probe molecules, low density compared to the surrounding
nucleoplasm, and surprisingly spherical shape [159]. In
2008, when studying the morphology and distribution of
Zebrafish germ cell granules, it was found that these gran-
ules are capable of coalescence, although the authors of this
work did not make assumptions about the state of matter
of these bodies [160]. Since the liquid-like properties were
earlier described for the Cajal bodies [159] and Zebrafish
germ cell granules [160], the actual importance of the work
of the group of Anthony A. Hyman is in the generalization
of the hypothesis of the mechanism of MLO formation as the
major principle of the cytoplasm organization. In addition,
in their work, the authors used physical approaches available
to many biological laboratories, which make it possible to
quantitatively determine specific parameters characteristic
of the liquid phase, such as the diffusion coefficient, surface
tension, and viscosity [28]. Knowledge of these parameters
makes it possible to reliably determine the state of matter
of the system and compare the properties of various MLOs.
Two years later, similar studies were performed for the
nucleolus [161], and later for other MLOs [162]. To date,
the functional role of condensation of macromolecules in
the cell has been confirmed by a large number of examples
[163]. In 2012, an American group from Howard Hughes
Medical Institute and University of Texas Southwestern
Medical Center led by Michael K. Rosen succeeded in the
in vitro reconstruction of the structure and functionality of
cellular membrane-less compartments from purified protein
and RNA preparations [164]. These authors showed that
interactions between various multivalent macromolecules
(including multi-domain proteins and RNA) in aqueous
solution produce sharp liquid-liquid-demixing phase sepa-
rations, generating micrometre-sized liquid droplets [164].
Using the actin-regulatory protein neural Wiskott-Aldrich
syndrome protein (N-WASP) and its established biologi-
cal partners NCK (also known as SH2/SH3 adaptor pro-
tein NCK-a) and phosphorylated nephrin, the authors also
established that phase separation in this system coincides
with a sharp increase in the activity of this system towards
an actin nucleation factor, the Arp2/3 complex [164]. The
authors also pointed that the LLPS is governed by the
degree of nephrin phosphorylation, suggesting that PTMs
can control biogenesis of the resulting biomolecular conden-
sate [164]. Having a possibility to induce phase separation
in vitro provides important means for the determination of
the necessary and sufficient conditions for the formation of
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biomolecular condensates, as well as helps in determining
the functions they perform.

Generally speaking, the separation of polymer solutions
into phases is a well-known and well-studied process. In
fact, the ability, under specific conditions, to undergo liq-
uid-liquid phase transitions (LLPTs) leading to the LLPS
represents a general property of various biological and non-
biological polymers. For example, biocompatible aqueous
two-phase systems (ATPSs, which are typically polymer-
based systems) are widely used in biotechnology for multi-
ple purposes [165, 166]. MLOs that exist as liquid droplets
in cytoplasm, nucleoplasm, mitochondrial matrix, or stroma
of the chloroplasts reflect the importance of phase separation
in biology [155, 156, 162, 167-172]. There is a myriad of
different biomolecular condensates in eukaryotic cells, the
incomplete list of which includes cytoplasmic centrosomes
[173], germline P-granules (germ cell granules or nuage)
[28, 174], neuronal RNA granules [175], processing or
P-bodies [176], and stress granules (SGs) [177], chloroplast
stress granules (cpSGs) [178] and mitochondrial RNA gran-
ules [179]. In the nucleosome, there are Cajal bodies (CBs)
[180], chromatin [181], cleavage bodies [182], histone locus
bodies (HLBs) [183], nuclear gems or Gemini of coiled of
Cajal bodies [184, 185], nuclear speckles or interchromatin
granule clusters [186], nuclear pores [187], nuclear stress
bodies (nSBs) [188, 189], nucleolus [190], Oct1/PTF/ tran-
scription (OPT) domains [191], perinucleolar compartment
(PNC) [192], paraspeckles [193], PML-bodies (PML onco-
genic domains, PODs) [194], polycomb bodies (PcG bod-
ies) [195], and Sam68 nuclear bodies (SNBs) [192]. The
key components, characteristic size and biological role of
some of listed above MLOs are given in Table 1. Therefore,
for many proteins, this property to undergo LLPS was dis-
covered long before Rosen's work. This phenomenon was
especially well known to crystallographers, for whom the
formation of a liquid-liquid interface is a favorable condi-
tion on the way to crystallization of a target protein. Despite
this, the realization of the fact that the condensation of mac-
romolecules with the formation of two liquid phases is the
principle of the organization of the intracellular space com-
mon to all cells came only recently [196].

The highly dynamic nature of MLOs, as well as the dis-
ordered structure of the proteins that form them, has seri-
ously shaken the positions of the deterministic theory of the
organization of the intracellular space and the linear bio-
chemistry of intracellular processes. Currently, the attention
of researchers is increasingly focused on the stochasticity of
cellular processes, where the cell is considered as a system
with the properties of highly dynamic "soft" matter [197].
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Principles of membrane-less organelles’
formation, structure, and function

The principle components of MLOs are proteins containing
intrinsically disordered domains [198], which, due to their
polyvalence and high degree of conformational heterogene-
ity and flexibility, are capable of undergoing liquid—liquid
phase separation under physiological conditions in contrast
to proteins with a rigid three-dimensional structure [199].
Importantly, only weak nonspecific multiple interactions
of disordered regions of scaffold proteins or RNA can be
the involved in the initial stages of the MLO formation. In
the work by [200], it was shown that the formation of S—S
bonds and interaction of RBCC motifs of PML isoforms
(which were long believed to act as driving force of PML-
body formation) are possible only in the process of primary
small PML-bodies maturation, when the concentration of
PML-proteins (scaffold proteins of PML-bodies) is already
significantly (100/1000 times) higher than their concentra-
tion in nucleus (Fig. 3). Interestingly, 25-35% of proteins
in eukaryotic proteomes do not have a stable tertiary and/or
secondary structure in their native state, and more than 50%
of proteins contain long disordered regions in their structure.

Currently MLOs are defined as dynamic biomolecular
condensates formed as a result LLPS. The size of MLOs
extends from nanometers (signaling puncta of the adaptor
protein Lat [201] to microns (e.g., nucleolus, stress gran-
ules, etc. [202-204], see Table 1). Multivalent interactions
are considered to drive the MLO formation. The required
multivalency may be achieved by multiple copies of folded
domains (such as RRM domains) interconnected by flexible
linkers or by IDRs [163] of the associated with LLPS pro-
teins. IDRs involved in phase transitions typically have low-
complexity sequences, which are repetitive and enriched in
amino acids having polar (G, Q, N, S), positively charged (R,
K), negatively charged (D, E) or aromatic (F, Y) side chains.
The sequences often contain multiple short motifs such as
YG/S-, FG-, RG-, GY-, KSPEA-, SY- and Q/N-rich regions,
as well as blocks of alternating charges. Such sequence
promotes weak interactions, such as charge—charge, pi—pi,
and cation—pi [168]. When the polymers are separated into
phases, the entropy of the system decreases only slightly
compared to the decrease in the entropy of the system when
the equivalent amount of their monomer units is separated
into phases. Therefore, even a small decrease in the enthalpy
of the system during the interaction of polymers causes a
LLPS with clear boundaries between the phases. It should
be borne in mind that biopolymers function in a cell under
conditions of a limited free volume and a minimum of free
water, i.e., under crowding conditions. These conditions
significantly limit the possible conformational states of the
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Table 1 (continued)

&

Reference

Size Associated processes

RNA

Key proteins

Year of discovery Key components

Organelle

Springer

0.3-1.0 pm SNB may act as the regula- [192, 332-334]

arcRNA

Sam68
DBCI1

Sam68 nuclear bodies (SNBs) 1999

tory factory of coupled
transcription-splicing

events

SLM-1

T-STAR

hnRNP L
Dcpla

mRNA storage and transla- [175, 176, 335, 336]

tional regulation

5.1-15 um

Translationally repressed

1997

P-bodies

mRNA

Lsm proteins
Rck/p54

GW182
FUS

[177, 336, 337]

mRNA decay and silencing

Poly-(A) + mRNA associated 0.1-2.0 pm

1999

Stress granules

with PABP

hnRNPAL1

polymer and thereby facilitate the separation of biopolymers
into phases.

There is a set of physico-chemical features that define
droplets as phase-separated liquid condensates in the cells:
their ability to maintain spherical shape, coalescence, fluid-
ity under shear stress, high viscosity, molecular dynamicity,
assembly cooperativity, concentration-dependent size scal-
ing, and sensitivity to 1,6-hexanediol [162, 205].

The first two signs are governed by surface tension of
the dense phase, which helps the droplets to maintain a
spherical shape and coalescence after touching each other.
Besides, liquid condensates are distinguished by their abil-
ity to flow when subjected to shear stress. However, MLOs
may exhibit also elastic properties (keep a constant deformed
shape under stress). For instance, it has been shown that Bal-
biani bodies behave as solids [206]. Microrheology analysis
revealed a high viscosity of liquid-like MLOs ranging from
1 to 10% Paxs [162]. Another feature of MLOs is the rapid
exchange of molecules within the liquid-like phase and with
the surrounding milieu. The fluorescence recovery of GFP-
PGL-1 in P granules occurred on a time scale of 5.9+0.6 s
[28]. The assembly of condensates is a cooperative process
and the dense phase volume grows continuously with the
macromolecule concentration increase until the system
entering a single-phase regime, where the molecule’s con-
centration corresponds to the concentration of dense phase
[204]. The sensitivity of condensates to 1,6-hexanediol (a
mild perturbant of hydrophobic interactions) proposed as
an indicator of LLPS is not definitive, since phase separa-
tion involves various types of interactions including pi—pi,
cation—pi, and electrostatic interactions, not all of which
are impaired by hexanediol [207]. The unique properties of
membrane-less organelles, such as the ability to selectively
concentrate or exclude certain molecules, make them impli-
cated in a variety of cellular processes.

The concentrations of specific proteins, nucleic acids,
and small molecules is locally increased within MLOs. The
concentration of species inside condensates ranges from 1
to 10 uM with a partition coefficient reaching 100 [204].
This property allows MLOs to enhance the rate of cellular
biochemical reactions concentrating reactants together. An
illustrative example is given by the enhancement of micro-
tubule nucleation occurring upon tubulin co-condensation
with microtubule-associated protein TPX2 [208]. The abil-
ity to preferably concentrate certain molecules over others
may also provide specificity in signaling or metabolic net-
works through accelerating some reactions over others. For
instance, only one of the two substrates recruited into arti-
ficial condensates reconstituting the SUMOylation cascade
was SUMOylated efficiently [209].

The preferable exclusion of some molecules from con-
densates (partition coefficient < 1) is expected to slow down
biological reactions in the case of separation of one reaction
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component from another or enhance the catalytic activity
of enzymes in the case of depletion of the droplets in reac-
tion inhibitors. This is exemplified by the suppression of
the auxin-dependent nuclear translocation and gene regula-
tory activities of auxin response factor proteins (ARF7 and
ARF19) by its cytosolic sequestration [210], and the cluster
stabilizing effect of the CD45 phosphatase exclusion from
the condensates formed by LAT and group of adaptor pro-
teins via reduced LAT dephosphorylation [211].

Along with the concentration regulation of the rates of
biochemical reactions inside MLOs, many other physical
features of condensates may affect the processes occurring in
them. For example, molecular crowding inside the conden-
sate may alter the activity of resident enzymes by decreas-
ing the accessible to molecules volume. Additionally, the
porous internal structure of the condensate can act as a filter
for molecules with certain size/structure or slow down the
diffusion rate of molecules inside [163]. The increased actin
filament nucleation activity of N-WASP and Arp2/3 within
the nephrin signaling clusters was found to be caused by
the prolonged stay of the proteins on the membrane [212].
Scaffold structure within the condensate may also enhance
the biochemical reaction by tethering the substrate and
enzyme in close proximity. Such a mechanism has been
suggested based on the analysis of the rate of SUMOylation
reaction within synthetic condensates containing SUMOyla-
tion enzyme cascade [209]. The biochemical environment
within the MLOs distinct from that of bulk phase may pre-
vent protein aggregation, for example, misfolded proteins
are protected by association with nucleolar proteins, such
as nucleophosmin (NPM1) in the nucleolar granular com-
ponent [213]. The cooperativity of the droplet formation
process and the concentration-dependent scaling of the
condensate size make MLOs applicable to buffering of cel-
lular components [214]. The sensitivity of LLPS to solution
properties (temperature, pH and ionic strength) define the
potential for MLOs to be exploited as a means of sensing and
responding to deleterious environmental conditions, such as
the condensation of mRNA poly(A) binding protein Pabl
in budding yeast in response to the heat shock [215]. The
viscoelastic properties of condensates allow generation of
forces that can be used, for example, to deform the plasma
membrane [216].

The main function of MLOs is the implementation of
spatio-temporal control of biochemical reactions occurring
inside the cell. For example, liquid-like RNA transport gran-
ules in neurons have been shown to serve for translocation of
mRNA packaged in them from the neuron body to the ends
of axons and dendrites by attaching to lysosomes through
annexin A1l (Liao et al., 2019). Another example is the
spatially coordinated nucleation of microtubules occurring
upon the co-condensation of tubulin with microtubule-asso-
ciated protein TPX2 [208]. Unlike the classical organelles

surrounded by a lipid membrane, MLOs are freely exchang-
ing their content with the environment. Unlike traditional
membrane-embedded organelles, the transport of substances
in and out of the MLOs is not complicated by the need of
involvement of carrier proteins in this process, as well as
by the requirement to have specific signals of import and
export. This is because to capture the target protein inside
the droplet, general physico-chemical properties are used,
such as charge, polarity of the amino acids that make up the
protein, etc. [168]. Another advantage of MLOs over the
membrane-bound organelles is the ability of MLOs to form
rapidly in response to minimal changes in the intracellular
environment (temperature, pH, ionic strength, concentration
of the target protein, etc.) [163]. These properties allow the
cell to use phase separation to form a timely and effective
response to the stress [217-219]. For example, inhibition
of the Pol I-, II- and III-dependent RNA transcription by
actinomycin D lead re-organization of both nuclear and cyto-
plasmic membrane-less organelles [220]. Importantly, the
characteristics of the biochemical environment within the
MLOs may differ from the conditions of the surrounding
cytoplasm or nucleoplasm. This makes it possible to imple-
ment unique strategies for the regulation of biochemical
reactions inside the cell. For example, inside MLOs formed
by the Ddx4 protein, conditions are created that favor melt-
ing of the DNA double helix [219].

It was recently recognized that the disturbances in the
maintenance of the MLO homeostasis can have detrimental
consequences, e.g. leading to the formation of amyloid-like
fibrils within them [217, 219, 221-226]. The aberrant liquid-
to-solid phase transition and amyloid fibril formation have
been shown for FUS [227], hnRNPA1 [217], TDP-43 [228],
Tau [229, 230], and a-synuclein [231]. The formation of
amyloid fibrils is closely associated with the development
of several serious diseases, such as Alzheimer's disease, Par-
kinson's disease, prion diseases, amyotrophic lateral sclero-
sis, frontotemporal dementia (FTD), diabetes mellitus, etc. It
is possible that the processes associated with the disruption
of the functioning of MLOs are the cause of the development
of other common diseases, including carcinogenesis [200,
232]. Therefore, it is quite obvious that studies aimed at the
analysis of the principles underlying the phase transitions
occurring in protein solutions will find practical applications
in medicine and will make it possible to understand how to
predict and correct dysfunctions of MLOs.

Stress granules, cytoplasmic MLOs formed in response
to stress, are studied quite well [233]. This is partly related
to the ease of managing their assembly/disassembly and the
ability to simulate these processes: these MLOs appear in
response to stress and dissolve after the stress removal. Tran-
sient stress-induced compartments formed via liquid—liquid
phase separation most probably benefit cell survival by play-
ing the role of temporal cellular preservation clusters for
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«Fig.3 PML-bodies formation. It is shown schematically that at the
first stage, a liquid-liquid phase separation should occur, leading to
a manifold increase in the concentration of scaffold proteins due to
weak interactions, only after this the formation of specific interac-
tions such as S-S bonds, RBCC motive, etc., which ultimately lead
to the formation of mature MLO, in the case of PML-bodies they
are large toroidal bodies are possible. Disordered regions of scaf-
fold proteins are primarily involved in the formation of nonspecific
interactions. In the case of PML proteins, these are the C-termini
of PML-isoforms. Designations used in the figure are given in the
lower left corner. Schematic presentation of different alternatively
spliced isoforms of human PML protein are also shown: Mean dis-
order score determined by averaging the outputs of, [IUPred2A Short
IUPred2A Long, PONDR® VLXT, PONDR® VL3, PONDR® VSL2B
and PONDR® FIT. The curve is superimposed with the positions of
cysteine residues (black circles in N-terminal and red circles in C-ter-
minal) and lysine residues (green circles); The generalized domain
structure, indicating positions of the Ring domain (R—amino-acid
residues 45-105), Box 1 (B1—residues 124-166), Box 2 (B2—resi-
dues 184-230), Coil-coil (CC—residues 229-323), Positions of the
nuclear localization signal (NLS—tesidues 476-490), SUMO-inter-
acting motif (SIM—residues 556-562) and nuclear export signal
(NES—residues ~704-713, exclusive to isoform I); PML-I exons;
The length of each isoform (colored line) and the length of the frag-
ment in which the amino acid residues are the same in PML-I iso-
forms (black line)

hundreds of proteins that have to be inactivated during the
period of post-stress recovery, while allowing cell to save
resources on their degradation and de novo synthesis. The
main function of cytoplasmic stress granules is to ensure
cell survival under stress conditions by preserving untrans-
lated mRNA and a pool of specific cytoplasmic proteins,
eliminating the need for their de novo synthesis, as well as
to regulate the stress response [234].

The formation of stress granules is initiated by the dis-
sociation of the polyribosomal complex, which releases into
the cytoplasm untranslated mRNA associated with elements
of the cell's translational machinery, in particular, with the
small subunit of the ribosome [233]. mRNAs participate in
the formation of stress granules both passively and actively
[235]. On the one hand, a sharp increase in the concentra-
tion of mRNA in the cell cytoplasm contributes molecular
crowding, thereby favoring spontaneous phase separation
of disordered biopolymers [236]. On the other hand, free
mRNA molecules drag scaffold proteins of stress granules
(see Table 1) towards themselves through RNA recognition
motifs (RRM) in these proteins, thereby increasing their
local concentration to the level required for the formation
of liquid condensates [237].

Stress granules are multiphase structures [238]. The
scaaffold proteins of stress granules associated with mRNA
molecules form a solid-like non-dynamic core of these
MLOs surrounded by a layer of client proteins, which
dynamically exchanges its contents with the cytoplasm
[239]. The continuous exchange of the content of stress
granules with the intracellular environment enables these

structures to regulate the network of signaling pathways that
control the cellular responses to stress [238]. Curiously, the
stress granules present in yeast cells are gel-like spheroid
particles practically devoid of a dynamic layer [233]. The
composition and properties of stress granules are regulated
by post-translational modifications of their scaffold proteins,
changes in pH, salt concentration, ambient temperature, and
other environmental factors [234, 238].

A change in the functional activity of stress granules
is often accompanied by a change in their material state
[240-242]. The course of a number of neurodegenerative
diseases, including amyotrophic lateral sclerosis, Alzhei-
mer's disease, and frontotemporal dementia, is coupled
with dysregulation of the structure and properties of stress
granules [243]. Incorporation into stress granules of mutant
forms of proteins specific of these diseases, such as T-cell
intracellular antigen-1 (TIA-1), TIA-1-related protein
(TIAR), RNA-binding protein fused in sarcoma (FUS),
heterogeneous nuclear ribonucleoprotein A1 (hNRNPAT1),
transactive response DNA binding protein 43 kDa (TDP-
43), and polyadenylate-binding protein 1 (PABP1) promotes
the pathological transformation of stress granules into toxic
aggregates of amyloid fibrils [225, 237, 242, 244-248].

To survive stress cell activates various stress-response
pathways, such as heat-shock response, while inhibiting
other major signaling pathways, such as protein synthe-
sis. Transient stress-induced compartments formed via
liquid-liquid phase separation most probably benefit cell
survival by playing role of temporal cellular preservation
clusters for hundreds of proteins that have to be inactivated
during period of post-stress recovery, while allowing cell to
save resources on their degradation and resynthesis. To act
as reversible stress responders, several known MLOs pos-
sess a transient nature and represent cellular adjustments to
changing environmental conditions. The examples are given
by stress-inducible A-bodies (amyloid bodies) and nuclear
stress-bodies (nSBs), which are formed in the cell nucleus
in response to severe environmental conditions. A-bodies of
different composition assemble inside the nucleoli following
thermal stress and hypoxia-induced extracellular acidosis.
Mature A-bodies are non-dynamic solid-like condensates
that consist of low-complexity RNA and proteins with fibril-
lation propensity. They can be distinguished from other con-
densates by large electron-dense fibers that can be stained
with various amyloidophylic dyes [249]. However, during,
their development a LLPS stage is essential. A-bodies for-
mation is triggered by transcription of non-coding RNA
derived from the ribosomal intergenic spacer DNA, called
rIGSRNA. rIGSRNA contains long evolutionary conserved
clusters of simple cytosine/uracil (CU) or adenine/guanine
(AG) di-nucleotide repeats. The activated transcription of
rIGSRNA leads to the increase in local concentration of low-
complexity RNA, which induces the formation of multiple
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liquid-like foci most probably formed as a result of complex
coacervation. Various proteins containing low complexity
domains are recruited to these foci. Characteristic A-body
also contain amyloid-converting motif (ACM), as well as
fibrillation propensity domain. Increased concentration of
such proteins driven by their interactions with low-complex-
ity RNA initiates amyloidogenic propagation-like pathway,
which leads to proteins immobilization and liquid-to-solid
phase transition. The important features of A-bodies is
their reversibility and the lack of toxicity. The breakdown
of A-bodies is initiated by the termination of stress and is
carried out in an Hsp70/90-dependent manner [250]. Typi-
cally, aggregates of amyloid fibrils formed by basic stress
granule proteins are toxic to cell and are associated with
development of neurodegenerative diseases [251]. However,
rIGSRNA dependent amyloid bodies can be disassembled
and probably represent a bright example of so called func-
tional amyloid fibrils that can temporally store proteins in
the form of amyloids.

On the other hand, nuclear stress bodies (nSBs), are
formed as a result of LLPS in response to the thermal,
chemical, proteotoxic, and some other types of stress and
remain in a liquid-like form until disassembled during post-
stress recovery [188, 252]. Like A-bodies, nSBs assembled
in an RNA-dependent manner. Their formation occurs at
transcription sites of satellite DNA 3, which consists of tan-
demly organized repeats of nucleotide sequences located on
several human chromosomes, but nSBs are mainly associ-
ated with chromosome 9 (locus 9q12). It was shown that
nSBs form through LLPS and their dynamic properties
decrease with the duration of the stress exposure [252]. The
heat shock factor 1 (HSF1) is one of the key partners of
HSatIII RNA and is required for its transcription. The bio-
logical function of nSBs is most probably in resolving post-
stress deformations and enhancing cellular survival. Thus,
inhibition of HSF1 expression increased HeLa sensitivity to
apoptosis [253]. Besides that, it has been discovered that SR
proteins are translocated into nSBs, which suggests the role
of nSBs in the post-stress regulation of mRNA splicing or
their role as protein storage clusters [254].

Satellite DNA 3 sequences appeared relatively late in the
evolution and nuclear stress bodies were not found in mam-
mals other than primates [255]. However, in Drosophila,
functionally similar formations were described and called
omega speckles [256]. Omega speckles assembly depends
on the long noncoding RNA Hsrw (heat shock RNA o)
transcribed from the 93D heat shock locus. In response to
thermal stress, omega speckles coalesce at the Hsro RNA
transcriptional loci. It was suggested that they act as reposi-
tories for various mRNA processing factors contributing to
translation inhibition and cellular post-stress recovery [257].

Another example of well-researched MLOs are the
PML-bodies. The study of PML-bodies has begun long
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before the recognition of the general principle of the for-
mation of all MLOs via LLPS [258]. PML-bodies are pol-
yfunctional dynamic protein organelles present in most
cell types, where they are involved in the regulation of
transcription, cell differentiation, stress response [259,
260]. The main protein of PML-bodies is the protein of
promyelocytic leukemia (PML) [261]. As a result of alter-
native splicing, at least seven main isoforms of PML are
generated, which differ in size and amino acid sequence
of the C-terminal domain [262]. The N-terminal ordered
region of the protein, which is exactly the same for all
PML isoforms, contains the so-called RBCC (Ring-Box-
Coil-Coil) motif consisting of several zinc-binding RING
domains (Really Interesting New Gene), two B-domains
(B-Boxes), as well as a leucine-rich a-helical coil-coil
domain [263, 264]. The C-terminus of most PML isoforms
contains a nuclear localization signal (NLS) and a SUMO-
interacting motif (SIM). Together SIM and RBCC provide
the possibility of specific interaction of PML with a large
number of partners, and NLS is responsible for the nuclear
localization of PML-bodies [265]. According to the cur-
rently accepted model of PML-body formation, oxidative
dimerization of a PML isoform induces the formation of
disulfide bonds between monomers of this protein and thus
initiates the formation of an insoluble "aggregates"”, to
which client proteins are recruited via SUMO/SIM interac-
tions [259]. However, one should keep in mind that at least
the following three factors are necessary for the formation
of intermolecular disulfide bonds [266]:

1) The spatial accessibility/physical proximity of the part-
ner cysteine residues forming a disulfide bond;

2) the difference between the pKa of the involved thiol
groups and the pH of the local environment (with lower
pH limiting reactivity and higher pH favoring increased
reactivity), and

3) the redox environment (with lesser reactivity under more
reducing conditions and greater reactivity under more
oxidizing conditions)

Therefore, oxidative dimerization of PML requires high
concentrations of PML molecules and enzymes that cata-
lyze the formation of disulfide bonds “in the right place at
the right time” [200]. Interactions between the regions of
conserved residues of the RBCC motif also require high
protein concentrations. Accordingly, the de novo formation
of PML bodies requires PML precondensation [200], which
can occur as a result of LLPS of PML isoforms due to the
multiple weak nonspecific interactions of intrinsically dis-
ordered regions of PML isoforms.

The analysis of the amino acid sequences of PML iso-
forms showed that the variable C-terminal domains of
almost all PML isoforms have properties characteristic of
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sequences potentially capable of LLPS due to electrostatic
interactions [200]. The C-terminal regions of PML isoforms
are highly disordered, contain a large number of charged
residues and tandem repeats of the SS and PP type. The
C-terminus of the PML-II isoform contains the highest pro-
portion of disordered residues among all protein isoforms. In
addition, only the C-terminal domain of PML-II is enriched
with numerous RG motifs characteristic of LCD. Together
with the available literature data on RBCC-free and SUMO/
SIM-free incorporation of this protein into PML bodies, this
allows us to conclude that the PML-II isoform can form
liquid-droplet structures regardless of the interaction with
other proteins [200].

It has been shown that the C-terminal domains of the
PML-II and PML-V isoforms not only integrate into endog-
enous PML bodies, but also form dynamic liquid-droplet
compartments in HeLa PML ™" cells, while partially passing
into the nucleoplasm [267]. Furthermore, disruption of PML
sumoylation by K490R substitution promoted mainly diffuse
distribution of the C-terminal domains of the PML-II and
PML-V isoforms in the HeLa cells knockout for the endog-
enous PML, but not in the wild-type cells. Taken together,
these data confirmed the earlier hypothesis on the significant
role of weak nonspecific interactions mediated by disordered
C-terminal domains of PML isoforms in the formation of
PML bodies.

Modern approaches to the analysis of MLOs

Despite the advances made over the past decades in the study
of the principles of the formation of MLOs, many questions
still remain not fully resolved. For example, how are the
microscopic properties of biomolecules included into the
MLO and the macroscopic properties of the resulting con-
densate interrelated? And also, what conditions are neces-
sary and sufficient for the liquid-liquid phase separation to
take place in the cell? A systematic study of the influence
of various factors on changes in the structural properties of
proteins that make up the MLOs might help answering these
questions. A wide range of biophysical methods is already
being used to carry out such studies.

Taking into account the fact that the first experiments
to reveal the role of phase transformations of biopolymers
in the cell compartmentalization were carried out within
the framework of a summer school devoted to the modern
methods of light microscopy [28, 158], it is not surpris-
ing that this method is the most widely used for studying
MLOs. This method makes it possible to study the phase
separation of biopolymers both in vivo and in vitro. Vari-
ous microscopic techniques are suitable for imaging of the
biomolecular condensates, including differential interference
contrast (DIC) and confocal fluorescence microscopy. Since

the intracellular environment is a complex colloidal system
containing many contrast objects, confocal fluorescence
microscopy is mainly used to study MLOs in vivo. Because
of the fact that the MLOs are highly dynamic cellular bodies,
an important requirement for the equipment utilized in their
analysis is the ability to be used it in a time-resolved mode.
In fact, the use of time-resolved microscopy makes it pos-
sible to determine/estimate various physical characteristics
of condensates, such as viscosity and the value of their sur-
face tension [268]. This is achieved by measuring the time
when two small condensates coalesce into one larger droplet
upon collision and by measuring the contact angle between
the condensate surface and the cover slip. The surface ten-
sion is the driving force of the relaxation of the droplets
shape after its deformation, while the viscosity prevents this
process. Visualization of passive fusion of droplets is avail-
able to most laboratories since it does not require the usage
of any specific technique. Using this method, the friction
between the condensates and the glass surface, as well as the
initial shape of the droplets, should be taken into account,
since it can have a significant impact on the quality of the
obtained data. The application of this method is complicated
for samples containing a small number of droplets, since it
is time-consuming to fix a statistically significant number
of stochastically occurring fusing events. In addition, for
droplets with low viscosity and/or high surface tension, coa-
lescence processes are fast (usually in a millisecond scale),
and detection of such events require the usage of expensive
imaging devices (to increase the temporal resolution) [269].
The usage the dual-trap optical tweezers allows researchers
to measure the droplets fusion time in more controllable
manner and improve the data quality. The different refractive
index of the condensed and dilute phases allows droplets
to be optically captured using highly focused laser beam
and cause them to fuse. The change in the deflection of the
laser beam upon the droplets coalescence allows to detect
the fusion events and to measure the relaxation time. Optical
traps usually have a higher temporal resolution than video
cameras used in the method of passive fusion. This allows
detection of the very fast fusion events. Besides, this forced
coalescence improves data collection even for samples with
small number of droplets. Optical traps stimulate the drop-
lets fusion in the bulk solution, which prevents the surface
effects from interfering with data collection [269]. The dual-
trap optical tweezers technique was used to study the effect
of mutations on the material properties of condensates com-
posed of FUS [227, 270] and hnRNAP1 [271], as well as the
change in dynamics of RNP — RNA condensates depending
on the peculiarities of the RNA and protein sequence [272].
The disadvantage of the fusion-based techniques is that they
only give the ratio between the viscosity and surface tension
and do not provide any explicit values.
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Apparent viscosity inside the condensed phase can be
evaluated by a method of passive microrheology [273].
The method consists in introducing synthetic balls of a
certain size into the system in order to observe their diffu-
sion and determine the mean square of their displacement
over a certain time. The mean of apparent viscosity for
Newtonian pure viscous liquids is extracted by assuming
Brownian dynamics using Stokes—Einstein equation. Addi-
tionally, using this method together with droplet fusion
assays permits estimation of the apparent mean of the con-
densate surface tension [269]. The advantages of the pas-
sive microrheology technique are the absence of the need
of labeling the polymers engaged in the droplet forma-
tion, which preserve intactness of the condensates, and the
availability of equipment. The method can be used even in
a living cell but it requires utilization of advanced labeling
techniques and super-resolution microscopy [274, 275].
The application of the passive microrheology technique
is limited by the droplet size, which should be larger than
the commonly used beads (20-500 nm). While interpret-
ing the data, it is necessary to consider the possibility of
nonspecific interactions between the condensate molecules
and the particle surface. Frequently, particle surface pas-
sivation is required [269]. A regulatory role of salt and
RNA on the viscosity of the LAF-1 droplets was tested by
this method [273].

All described so far methods are limited to classifying the
condensate as purely liquid or not, still they do not provide
quantitative data on droplets elastic properties. However,
MLOs have elastic properties along with liquid one. They
are especially pronounced for those condensates serving as
structural elements of the cells. Furthermore, liquid-to-solid
phase transitions of some condensates are well known to be
implicated in neurodegenerative diseases [217, 227, 276].
The method of active microrheology was adapted to quan-
tify the elasticity of protein/RNA condensates [277]. This
method is based on the deformation of the droplets using
dual-trap optical tweezers. Two optical tweezers entrap two
beads immersed inside a droplet, place them on the oppo-
site poles of the condensate and apply controlled oscillatory
stresses. The method allows determination of the complex
frequency-dependent spring constant of the droplet response.

1 (@) = y(@)+iy" (@)
and extract complex shear modulus.
G*(w) = G (w) + iG" (w),

where G” and G”” denote the storage and loss moduli respec-
tively. These data are then used for evaluation of the surface
tension y [277-279]. Furthermore, a viscosity and terminal
relaxation time can be extracted from the complex shear
modulus [277]. Storage and loss moduli allow estimation
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of the viscoelasticity of the material, since it is known that
G” dominates for a purely viscous condensate, whereas G’
dominates for an elastic condensate [269]. The authors of
this method showed that the droplets of PGL-3 (a major
component of P granules, the germline granules of the
nematode worm Caenorhabditis elegans) were viscoelastic
rather than fully viscous, whose viscoelasticity depended on
the salt concentration [277] and exhibited aging behaviors
(Jawerth et al. 2020). Microrheology analysis indicated that
the viscosity of liquid-like MLOs ranged from~ 1 Pax s for
P-granules to~ 10 Paxs for nucleoli [162]. The approach
is feasible only for droplets that is larger than 10 pm and
requires the usage of beads with refractive index higher than
that of the droplets [269].

Another fluorescence microscopy-based technique for
assessing the liquid properties of MLOs is the method of
fluorescence recovery after photobleaching (FRAP) [28].
The method is based on the irreversible photo-bleaching of
the region of interest (ROI) within the droplet by a high-
power laser illumination and monitoring the subsequent
fluorescence recovery of the bleached region as a function
of time. This approach allows researchers to determine the
proportion of the mobile fraction inside the biomolecular
condensate, which gives the rough estimation of the droplet
viscoelasticity, the diffusion coefficient of target molecules
inside the MLOs, and describes the process of substance
exchange at the droplets interface. A fitting model for data
analysis should be chosen with care. It strongly depends on
the molecular identity of the labeled species, the size and
shape of the bleached area, as well as the droplet size, the
profile of the laser beam used for bleaching, the photofading,
the dimensionality of the diffusion process, and the existence
of the reaction processes coupled with free diffusion [269,
280]. FRAP method for studying the dynamic properties of
MLOs is the easiest to use and available to most laborato-
ries. It permits the analysis of the condensate dynamics even
in the living cells. Unfortunately, FRAP faces a number of
limitations. For example, it does not provide information on
the material state of the condensate but only the diffusion
dynamics of the labeled molecules. Namely, FRAP measure-
ments may reveal the liquid-like behavior for one component
of the condensate and the viscoelastic behavior for another.
Such results are usually interpreted in the frame of a scaf-
fold-client model [163]. Additionally, the FRAP method is
difficult to apply to small droplets (< 1 pum), that are typical
of living cells [272]. In such cases, fluorescence correla-
tion spectroscopy (FCS) may be the method of choice [280].
This method allows an accurate estimation of the molecular
concentrations and diffusion coefficient of individual mol-
ecules inside the biomolecular condensates. FCS is based on
the measurements of the fluctuations of fluorescent intensity
of labeled molecules inside femtolitre excitation volumes.
Some technical limitations impede the characterization



Liquid-liquid phase separation as an organizing principle of intracellular space: overview...

Page 190f32 251

of LLPS using FCS method. Differences in the refractive
indexes of the light and dense phases cause the inaccuracy
in calibration of the fluorescence excitation volume using
external calibration. FCS modifications, namely 2-focus FCS
and Z-scan ultrafast FCS, can bypass this limitation [281,
282]. However, the availability of this method is still limited
due to the high cost of ultrasensitive photodetectors required
for registering the fluorescence of single molecules [207].
The FCS technique was applied to study LLSP of LAF-1 to
determine the protein concentration and its diffusion coef-
ficient in the light and dense phases [282].

The main disadvantage of standard light microscopy
methods is their limited resolution, which does not allow
the researcher to resolve organelles with size close to the
diffraction limit (an example is RNP granules about 180 nm
in size [238]) and to characterize the ultrastructure of MLOs
(nuclear speckles are sub-compartmentalized into sub-speck-
les with a diameter of 200-500 nm, further divided into sub-
compartments tens of nm in size [283]). Higher resolution of
light microscopy can be achieved with the super-resolution
microscopy methods [281], such as structured illumination
microscopy (SIM) (XY resolution 100-130 nm) [284], sto-
chastic optical reconstruction microscopy (STORM) (XY
resolution 20 nm) [238], and lattice light sheet microscopy
(LLSM) (XY resolution 150-280 nm) [285]. The application
of super-resolution techniques requires the usage of specific
fluorescent probes and is associated with prolonged illumi-
nation of the sample with high-intensity light [286], which
may dramatically affect such sensitive systems as liquid con-
densates especially in living cells. Super-resolution tech-
niques are not flexible in their application; their protocols
cannot be adjusted easily in the middle of an experiment.
Finally, the main disadvantage of super-resolution tech-
niques is their cost, which is at least twice that of confocal
microscopes [286].

The electron microscopy (EM) provides a resolution of
0.8 A. The cellular ultrastructure is commonly studied by
transmission electron microscopy (TEM) with negative
staining. Using this method, the ultrastructure of many
MLOs was studied, including nucleolus [287], nuclear
speckles [288], Cajal bodies [289], etc. Despite the excel-
lent magnification for studying the ultrastructure of MLOs,
the methods of fixing biological samples applied in classical
electron microscopy change the morphology of condensates
beyond recognition. This is especially evident for the in vitro
condensates, which barely retain their native structure upon
drying. The recently developed cryoelectron microscopy
(cryo-EM) method is devoid of these drawbacks. Cryo-EM
is a type of transmission electron microscopy, in which a
sample is examined at cryogenic temperatures. Cryo-EM
is free of harsh fixation and staining of biological samples,
thereby maintaining their structure native (or at least maxi-
mally close to native and minimally perturbed). This method

is widely used in the analysis of soluble oligomers associ-
ated with nucleation of phase transitions as well as is applied
to characterization of the gel-like structures formed upon
condensates aging [281, 290, 291]. Furthermore, cryoelec-
tron tomography gives an opportunity to study the ultras-
tructure of MLOs even as part of the whole organism [291,
292]. Unfortunatelly, intrinsically disordered domains being
the main components of MLOs are poorly resolvable by EM
[281].

The changes in the structural and dynamic properties
of IDPs occuring upon phase separation in vitro have been
studied by the nuclear magnetic resonance (NMR) spec-
troscopy. NMR may provide information on the structural
features of proteins within phase separated bodies, protein
interactions within the condensed phase (site of interactions,
conformational changes, length scale interactions, dissocia-
tion constant), dynamics of proteins within various types of
liquid-like and other mesoscale assemblies on timescales
from ns to s [281]. Due to the deficiency of BCand PN
isotopes in nature, the saturation of proteins with these iso-
topes may be required to increase sensitivity of the method.
To that end, recombinant proteins are expressed in bacte-
ria grown in a minimal media supplied with these isotopes.
However, the NMR experiments require a large amount of
IDPs which is hardly achievable in minimal media. Further-
more, the application of the NMR method requires the use
of expensive equipment, wihich is not available to every lab
and can only be used by users with high technical skills.
This method was applied, for instance, to detect a nearly
100-fold reduction in the rate of translational diffusion of
the N-terminal LC region of Ddx4 occurring upon phase
separation [284] and to identify inter-molecular interactions
between the helical segment of the C-terminal LC region of
TDP-43 as driving force of its phase separation [293].

The full understanding of mechanisms of MLO formation
and functioning requires not only mechanical and structural
characterization of phase separated systems but also the abil-
ity to predict their phase behavior and knowledge of kinetic
trajectories of their formation. Each two-phase system can
be described by its unique phase diagram that character-
izes the conditions for the solution to undergo phase separa-
tion. Plotting phase diagrams using manual methods require
performing a huge number of time- and sample-consuming
experiments. Therefore, the development of high-throughput
automated methods of studying phase separation is topical.
The flow-based methods are promising. The recently devel-
oped method of capillary flow experiments (Capflex) allows
the fast and fully automated determination of the dilute
phase concentration, relative droplet size distributions, the
kinetics of droplet formation and maturation into amyloid
fibrils, as well as the binding affinity between the polypep-
tide undergoing LLPS and LLPS-modulating compounds
[294]. Capflex is realized on the basis of the commercially
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available FIDA-1 (flow-induced dispersion analysis) instru-
ment, which consists of a temperature-controlled tray in a
sample-handling robot holding 96-well plates and a temper-
ature-controlled chamber containing a fused silica capillary.
The sample placed into the well of the plate is injected into
the capillary where it undergoes LLPS due to changing of
the temperature (the temperature of the capillary chamber is
below the cloud point), or the environment (different com-
position of the solution filling the capillary); then the sam-
ple passes to detector, where the fluorescence time trace is
recorded. The passing of each droplet causes a signal spike
in the fluorescence time trace. The signal baseline intensity
level allows determination of the protein concentration in
the dilute phase and the relative peak intensity distribution
closely reflects the droplet size distribution. Analyzing the
fluorescence time trace also allows resolving the kinetics of
droplet formation. The inbuilt function of the FIDA-1 instru-
ment allows researchers to measure the affinity and complex
size of an indicator and analyte molecule by Taylor disper-
sion for non-phase separated regime [294, 295]. The method
is also applicable for the analysis of the preformed droplets.
The dissolution of preformed droplets upon dilution reflects
their liquid nature. Capflex can be easily interfaced with the
automated fluid handling systems, such as the OpenTrons
OT?2, additionally minimizing manual interventions. This
method allows 96 samples to be analyzed daily, including
sample preparation time with minimal human supervision.
A sample volume of 40 pl per vial is sufficient to perform
two iterations per sample [294].

Even lower sample volume may be achieved by using
microfluidic-based approach. For example, microfluidic
device with capillary valves enables determination of
saturation concentrations of five conditions with twenty
replicates in a single experiment with a sample load of
only 10 pl [296]. Different modes of microfluidic assay
cover a number of tasks, including determining the
phase diagrams of biopolymers (manipulating multiple
parameters such as the protein/RNA concentration, tem-
perature, pH, ionic strength and solution composition),
observing coalescence events, studying the dynamics
of protein phase transition and vizualizing the droplet
aging [297]. Microfluidic tools were even applied for
determining the rheological properties of condensates
[298] and their composition [299]. To monitor phase
transition over a long time, droplets can be entrapped in
droplet storage arrays [300]. Condensates can be manip-
ulated before, during or after their storage. Microfluidic
assay is compatible with most optical detection methods
[297]. The main disadvantage of microfluidic approach
is the requirement of high technical skill for users. How-
ever, the recently developed capillary valving devices
can be operated even by the inexperienced users [296].

@ Springer

Another flow-based approach has been applied to study
the early stages (100 ms and 10 s) of the phase separation
kinetics. The stopped-flow method is a useful and essentially
automatic way for studying the kinetics of phase separa-
tion [301]. Apparent differences in kinetic traces of phase
separation induced by pH jump-, urea dilution-, and maltose
binding protein tag cleavage was shown using stopped-flow
equipment [301]. However, the turbidity of the solution
(measured by the change in absorbance at 600 nm), chosen
in this study to control phase separation, is a relative char-
acteristic and depends on the number and size of scattering
particles, while not giving quantitative information about
phase separation [207]. Therefore, the authors also used
manual measurements of dynamic light scattering (DLS)
and fluorescent microscopy to quantify the droplet number
and size. It has been established that rapidly changing the
pH of a solution from a carefully selected extreme to physi-
ological value enables instantaneous induction of LLPS
under near-native conditions with minimal sample dilution,
whereas other commonly used approaches for inducing
LLPS such as urea dilution and solubility tag cleavage may
perturb kinetic schemes of the process [301].

The application of all flow-based approaches is limited to
only in vitro studies. An important approach for the analysis
of MLOs in living cells is based on the use of platforms
that allow for controlled assembly or disassembly of cellular
bodies. The design of such platforms relies on the genetic
engineering techniques needed to create various combina-
tions of proteins and their individual domains. The inclusion
of fluorescent biomarkers in synthetic MLOs makes it pos-
sible to visualize and quantitatively analyze phase transitions
in a cell using fluorescence confocal microscopy. In view of
the highly dynamic nature of MLOs, the most acceptable
way of influencing them is irradiation with light, while an
activating/deactivating stimulus can be applied to a local
area of the cell. To this end, several optogenetic systems
have been developed, including optoDroplets [302], Corelets
[303] and PixELL [304], in which the photosensitive part is
represented by a photoreceptor capable of oligomerization
(cryptochrome Cry?2 or Cry2olig) or the formation/destruc-
tion of a complex with a partner protein (iLID/SspB and
PixE/PixD) when irradiated with the light with a certain
wavelength, and where the condensing part is formed by
the intrinsically disordered domains or proteins containing
them, which provides means for the clusterization of the sys-
tem. Such platforms actually undergo concentration-depend-
ent phase separation in the cell with the formation of liquid
or gel-like bodies [302] and can be used for the analysis
of the functioning of MLOs and their roles in pathologi-
cal processes [305]. However, only the assembly of photo-
regulated MLOs from cryptochromes is controlled by light,
while disassembly is possible only due to dark relaxation
[302]. It has recently been shown that MLO formed from
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plant phyB and PIF6 assembly and disassembly are con-
trolled by light [306].

In same line, Corelets and PixELL platforms were used
to understand the mechanisms by which the local formation
of MLOs occurs and how their asymmetric distribution in
the cell is maintained [303, 304]. Mechanisms of stress gran-
ule formation have been characterized using the Corelets
platform [307]. A model was proposed according to which
the G3BP1 protein (Ras GTPase-activating protein-binding
protein 1, which is ATP- and magnesium-dependent heli-
case that plays an essential role in innate immunity [308]),
the main component of the stress granules, through homo-
dimerization forms a platform for the binding of other pro-
teins, such as UBAP2L (Ubiquitin-associated protein 2-like),
and allows the accumulation of valences (RNA-binding
domains, RBDs included in G3BP and UBAP2L, as well
as other components of stress granules). Phase separation is
due to the interaction of a multivalent protein complex with
mRNA molecules that accumulate under stress. In this work,
it is indicated that intrinsically disordered domains can play
not a guiding, but a regulating role in phase separation, as
interaction between central disordered domains of G3BP1
inhibits the stress granule formation in the absence of RNA
[236, 239]. Furthermore, intrinsically disordered domains
of the G3BP1 were shown to affect the physical properties
of the stress granules [236, 239].

The combination of technologies for recognizing dif-
ferent DNA regions (CRISPR/Cas9) with the optogenetic
platforms for assembling MLOs in a system called CasDrop
makes it possible to understand the role of nuclear bodies in
genome organization [309]. In particular, it has been shown
that fusion due to the surface tension of MLOs formed in
certain regions of chromosomes can lead to their conver-
gence. It is believed that such a mechanism may underlie the
formation of, for example, super-enhancers [309].

The described optogenetic tools allow reconstruction
of the cellular phase separation with physiological protein
concentrations and provide means to eliminate artifacts asso-
ciated with protein overexpression. The caution should be
exercised analyzing the data obtained using current optoge-
netic platforms, since the artificially introduced system mul-
tivalency may strongly affect the naturally occurring cellular
processes. The carefully designed control experiments are
required [207].

Conclusions

The present work represents an analysis of the literature
devoted to the study of the problem of the intracellular
space compartmentalization. The paper also represents the
main methodological developments and describes novel
experimental procedures that contributed to the formation

and dissemination of the theories of cellular compartmen-
talization in different periods of history. It is emphasized
that there are two general models describing principles of
the compartmentalization within the intracellular space.
The first model suggests that the vital activity of the cell
is carried out mainly due to strictly determined linear bio-
chemical processes, in the organization of which biological
membranes play a key role. The second model represents the
cell as a highly dynamic system with the properties of "soft
matter”’, in which the internal order is achieved due to the
spontaneous and stochastic separation of a supersaturated
intracellular polymer solution into phases. Currently, these
two models of the intracellular compartmentalization are to
some extent opposed to each other. However, the cell uses
both mechanisms to maintain the internal organization of
protoplasm [310].

Therefore, it is expected that the next period in this
field will be associated with the merger of these theories
and the description of the processes occurring during
the interaction of MLOs with lipid membranes and their
role in the cell. In fact, already in 2012, morphological
changes in lipid vesicles were discovered that occurred
when the vesicular walls came into the contact with the
polymer condensates [311]. It was emphasized that in a
system comprising lipid vesicles encapsulating aqueous
two-phase polymer solutions, a variety of unusual wetting
phenomena and formation of membrane nanotubes can be
induced by the phase separation process and by the inter-
actions of the lipid bilayers with the phases [311]. This
phenomenon can play an important role in the organization
of the intracellular transport and in determining the mor-
phological features of the cell structure. Evidence is rap-
idly accumulating that the interaction of membrane-bound
organelles and MLOs also plays an important role in the
organization of the intracellular space [312]. For exam-
ple, it is assumed that the ability to regulate liquid-liquid
phase separation via the post-translational modifications
of proteins that make up MLOs can play an important role
in the disassembly and subsequent assembly of membrane
organelles (in particular, the Golgi apparatus cisterns)
during cell division. Several sets of data indicate that the
physical properties of MLO (liquid, gel, amyloid-like
fibrillar) can influence the formation of autophagosome
membranes around them [248, 313, 314]. Many other
processes within the cell are beginning to be viewed in
terms of liquid—liquid phase separation. Examples of such
processes include the formation of signaling complexes
or adhesion complexes and tight contacts between cells,
where the plasma membrane serves as a platform for the
formation of supramolecular structures due to liquid-liq-
uid phase separation [164, 211, 315]. Various functional
granules are collected in certain areas of the membrane of
the endoplasmic reticulum to perform certain functions,

@ Springer



251 Page 22 of 32

I. A. Antifeeva et al.

for example, folding of newly synthesized transmembrane
proteins and their incorporation into the membrane (TIS
granules formed by the broadly expressed RNA-binding
protein TPA-induced sequence 11b (TIS11B, also known
as mRNA decay activator protein ZFP36L1 [316]) or pro-
tection of functional areas of the endoplasmic reticulum
under conditions of amino acid starvation (Sec granules
that incorporates components of the ER exit sites and
require both protein transport protein Sec23 and secre-
tory protein Sec24AB [317] for their formation). These
are far from all forms of interaction between MLOs and
intracellular membranes, the mechanisms of which have
yet to be investigated [318]. The development of these
exciting directions can be facilitated by the improvement
of the methods for three-dimensional visualization of bio-
logical objects.
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