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What are the distinguishing features and size requirements
of biomolecular condensates and their implications
for RNA-containing condensates?
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ABSTRACT

Exciting recent work has highlighted that numerous cellular compartments lack encapsulating lipid bilayers (often called
"membraneless organelles”), and that their structure and function are central to the regulation of key biological processes,
including transcription, RNA splicing, translation, and more. These structures have been described as “biomolecular con-
densates” to underscore that biomolecules can be significantly concentrated in them. Many condensates, including RNA
granules and processing bodies, are enriched in proteins and nucleic acids. Biomolecular condensates exhibit a range of
material states from liquid- to gel-like, with the physical process of liquid-liquid phase separation implicated in driving
or contributing to their formation. To date, in vitro studies of phase separation have provided mechanistic insights into
the formation and function of condensates. However, the link between the often micron-sized in vitro condensates with
nanometer-sized cellular correlates has not been well established. Consequently, questions have arisen as to whether cel-
lular structures below the optical resolution limit can be considered biomolecular condensates. Similarly, the distinction
between condensates and discrete dynamic hub complexes is debated. Here we discuss the key features that define bio-
molecular condensates to help understand behaviors of structures containing and generating RNA.
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INTRODUCTION: KEY DISTINGUISHING FEATURES
OF BIOMOLECULAR CONDENSATES

merous condensates have been shown to form, including
intracellular membraneless organelles, membranes, lipid
rafts, extracellular biomaterials, and bacterial biofilms, to
name a few (Heberle and Feigenson 2011; Muiznieks
et al. 2018; Bratek-Skicki et al. 2020; Seviour et al. 2020).
The physics of in vitro LLPS has been found to reasonably
mimic the manner in which a number of biomolecular con-
densates assemble and disassemble in cells (Riback et al.
2020; Shimobayashi et al. 2021). There is increasing evi-
dence that biomolecular condensates play significant roles
in regulating central enzymatic functions, such as transcrip-
tion, RNA processing, and translation (Cho et al. 2018;
Lu etal. 2018; Sabari etal. 2018; Guo et al. 2019). Because
of their importance in RNA biology, here we focus on bio-
molecular condensates containing RNA and protein, such
as “transcriptional condensates” including RNA polymer-
ase Il (RNA Pol Il) and enhancer proteins that activate tran-

The ability of polymers to self-organize into discrete liquid-
like droplets (de-mix) from a solvent solution has been
readily observed and extensively studied in polymer
chemistry for decades (Flory 1941). This phenomenon,
called liquid-liquid phase separation (LLPS), occurs when
dynamic multivalent interactions between components
create an exchanging network in which the sum of interac-
tions overcomes the entropic free energy that favors a fully
mixed solution. As a result, a phase that is rich in these
interacting components (here termed a condensate) seg-
regates from its surroundings with the formation of a phys-
ical boundary defined by surface tension (Brangwynne
et al. 2009; Li et al. 2012; Banani et al. 2017). Cells contain
significant concentrations of biopolymers (e.g., proteins,

nucleic acids, lipids, carbohydrates), and accordingly nu-
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scription, nuclear speckles and Cajal bodies involved in

© 2022 Forman-Kay et al. This article, published in RNA, is available
under a Creative Commons License (Attribution-NonCommercial 4.0

International), as described at http:/creativecommons.org/licenses/
by-nc/4.0/.

36 RNA (2022) 28:36-47; Published by Cold Spring Harbor Laboratory Press for the RNA Society


mailto:forman@sickkids.ca
http://www.rnajournal.org/cgi/doi/10.1261/rna.079026.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.079026.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.079026.121
http://www.rnajournal.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml

Features and size requirements of RNA condensates

splicing, and germ granules, processing bodies (P-bodies),
stress granules, and mRNA transport granules that regu-
late cytoplasmic RNA processing and translation.

Biomolecular condensates are non-membrane-delimit-
ed biological structures that have a physically defined
boundary generated by surface tension (via LLPS or other-
wise) creating distinct inside versus outside environments
and that are dynamic and can be reversibly assembled
and disassembled. The insides of condensates are chemi-
cally distinct microenvironments that are densely concen-
trated with certain protein and RNA molecules that
together solvate and enrich for specific sets of biomole-
cules, while excluding others (Jain et al. 2016; Su et al.
2016; Woodruff et al. 2017; Langdon et al. 2018). The in-
side condensate environments often contain lower water
concentrations than the outside, as measured within sim-
ple in vitro systems. While this may also be the case for bio-
molecular condensates in cells, it is not necessarily the
case; selective concentration of certain biomolecules in-
side could leave similar overall biomolecular concentra-
tions outside, consistent with the overall 70% water by
mass found in cells (i.e., the cell is highly concentrated in
biomolecules). Condensates exhibit fluid dynamic material
properties like liquids or gels, and are not solid or irrevers-
ible structures. They have been described as tunable visco-
elastic fluids, varying from low to high viscosity depending
on the protein and RNA composition, sequence and struc-
ture, as well as conditions (Alshareedah et al. 2021; Zhou
2021). Biomolecules inside and outside the condensate
are usually able to exchange across the boundary, with ex-
ceptions involving interfacial physical forces or other fac-
tors that inhibit this, as observed in some gel-like
condensates (Brady et al. 2017) and those with a nondy-
namic shell (Schmidt et al. 2021). Liquid- and gel-like (or
complex fluid) material properties of these condensates
are supported by dynamically exchanging multivalent in-
teractions, including between folded protein domains, in-
trinsically disordered protein regions (IDRs) and nucleic
acids. On the other hand, stable interactions that do not
exchange with similar partners in the context of multiva-
lency do not give rise to a fluid network of interactions,
but form either defined complexes with unique partners
for each interface, such as a ribosome (also see next sec-
tion), or static large-scale associated states or aggregates,
such as tau aggregates. Increasing evidence suggests that
tuning of interaction strengths can shift the properties of
initially fluid-like condensates to more stable structures,
including solid aggregates or fibrous states. This transition
has been observed with many proteins that form insolu-
ble protein aggregates in neurodegenerative diseases
(Lin et al. 2015; Patel et al. 2015; Wegmann et al. 2018;
Hardenberg et al. 2021).

Condensates can exhibit various sizes, simple spherical
shapes or complex multiphase or multilayer architectures
with nonspherical topologies (Feric et al. 2016; Jain et al.

2016; Kim et al. 2019; Marmor-Kollet et al. 2020; Sanders
et al. 2020; Schmidt et al. 2021). In addition, they can be
rapidly assembled and disassembled in seconds to minutes,
or persist over many hours to days (nuclear pore, extracellu-
lar matrix components). Despite the many possible varia-
tions, there are key features that distinguish condensates
from other cellular assemblies, such as hubs of interacting
proteins: the presence of a unique fluid “solvent environ-
ment” inside created from a mixture of biomolecules and
water, which concentrates or excludes certain molecules in-
side, with these specific components relatively depleted or
enriched, respectively, outside, and with the inside/outside
boundary defined by surface tension. Here we use “fluid in-
side” as a short reference to these distinguishing features.

WHAT CAN WE EASILY RULE OUT AS A
CONDENSATE AND WHAT IS DEBATABLE?

Based on these condensate-defining features, it is crucial
to consider the roles of internal dynamics (whether it is flu-
id) and of component mass and size (whether it is large
enough to support an inside—outside regime) in determin-
ing whether something can be called a condensate, partic-
ularly in relation to how many molecules of protein or RNA
are required. Many types of complexes arising from pro-
tein interactions have been described, including (i) molec-
ular machines and supramolecular complexes, which are
stably folded multisubunit structures (primarily enzymes)
composed of protein and RNA or only protein (e.g., ribo-
some, proteasome, mitochondrial complex 1) (Yusupov
et al. 2001; Leggett et al. 2002; Zickermann et al. 2015),
(i) stable homo- and hetero-oligomeric complexes (e.g.,
for homo-oligomers, insulin, hemerythrin) (Schlichtkrull
1956; Sieker et al. 1981), and (iii) discrete dynamic com-
plexes involving intrinsically disordered protein regions
(e.g., Fbw7/Jun, prothymosin a/histone H1a) (Csizmok
et al. 2018; Feng et al. 2018). While stable complexes
can often have aqueous internal cavities and have signifi-
cant functional dynamic modes, the proteins (or nucleic ac-
ids) themselves are not part of the fluid solvent, making a
clear distinction between these assemblies and conden-
sates. Furthermore, discrete dynamic complexes that
have multivalent interaction sites on only one component
of a heteromeric complex cannot lead to large-scale net-
works. On the other hand, complexes that have multivalent
sites on two or more components can, in principle, support
the formation of large-scale networks depending on the
balance of solvation/association energetics. In the cases
where the energetics for condensate formation are not fa-
vorable, however, multivalent components can form dis-
cretely defined oligomers (i.e., dimers, trimers, n-mers
with n being a defined integer) (e.g., the prothymosin
o/histone H1lo dimer [Borgia et al. 2018]). Thus, stable,
folded complexes can be ruled out, but dynamic complex-
es are more challenging.
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Proteins containing multiple interaction sites are often
critical for forming either stable scaffolds (with unique in-
terfaces that do not exchange), or “dynamic hubs” (de-
fined below). The stable scaffold alone can be ruled out
as a condensate, although scaffolds and other stable com-
plexes may be incorporated into condensates through
bridging interactions. However, it is less clear what dis-
criminates between a dynamic hub and a condensate.
The phrase “dynamic hub” has been used for complexes
with exchanging multivalent interactions that are consid-
ered to be smaller than what is required for a condensate,
including both discrete and larger-scale associated dy-
namic states (Chong et al. 2018; Mir et al. 2018). If the dy-
namic hub is a larger-scale (i.e., a structure with an
undetermined but large number, n, of components and
no defined upper size limit), this may merge with the def-
inition of a condensate and raises questions relating to
how small a “true” condensate can be. If the hub is dis-
crete, with one or a defined number of molecules of a par-
ticular component, this raises questions as to whether any
discrete defined oligomer state of a dynamic complex can
be considered a condensate, or whether a condensate
must be composed of n units, with n large and not specif-
ically definable. One approach to answering these ques-
tions from a theoretical perspective is in terms of density
fluctuations. Thus, the distinctions could be stated as the
inside of a condensate should be liquid/fluid-like with a
significant component of the biomolecules “solvating”
themselves or other biomolecules, while a dynamic hub
would be more gas-like, referring to the spatially sparse
distribution of biomolecules and the large fluctuations of
their densities at a given spatial position, with greater wa-
ter solvation. On the other hand, the nondynamic, stable
complexes would be solid.

A biological perspective suggests that the distinction
between a condensate and dynamic hub lies in whether
its function requires the generation of a unique internal
environment (condensate) or whether it functions optimal-
ly in the surrounding aqueous solvent without requiring
the inside vs. outside distinction found in condensates (dy-
namic hub). To reiterate, any state having a physically de-
fined boundary leading to an inside and outside, with the
inside being a fluid solvent that is rich in certain proteins
and/or RNAs and the outside depleted in these specific
components, can fulfill the definition of a condensate,
while states lacking these do not. We propose that “dy-
namic hubs” may be a valuable term for complexes that
function without forming a compartment having a fluid
inside.

RNA AND RIBONUCLEOPROTEIN PARTICLES
IN CONDENSATES

RNA-containing structures pose a valuable focus for asking
these questions about the nature of condensates, due to
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the large sizes of many pre- and mRNA molecules and their
frequent association with self and with proteins (both fold-
ed domains and IDRs). From the moment it is transcribed,
an RNA is decorated with various RNA-binding proteins
(RBPs) to form a ribonucleoprotein particle (RNP). An
RNP travels through different cellular locations during its
lifetime: from transcription sites, often to nuclear speckles
for splicing, through the nuclear pore, and in certain cells
into cytoplasmic granules, including transport granules,
P-bodies for degradation, and stress granules under stress
conditions (McKnight 2019). All of these cellular locations
have been described as biomolecular condensates (Patel
et al. 2015; Schmidt and Gorlich 2016; Cho et al. 2018;
Lu et al. 2018; Sabari et al. 2018; Guo et al. 2019; Kim
et al. 2019; Sachdev et al. 2019; Tsang et al. 2019; Liao
and Regev 2021).

Some of the cellular bodies or structures with which RNA
have been associated, including transcription, splicing, nu-
cleartransport, and mRNA transport condensates, range in
size from 50 to 500 nm in diameter. One example is MRNA
transport granules, a type of RNP prevalent in neurons.
These “granules,” which are ~100 to 250 nm in diameter,
may contain a single or very few mRNA molecules with
some associated proteins, and transport the mRNAs from
the soma along axons or dendrites to the synapse to reg-
ulate activity-dependent local translation in neurons
(Batish et al. 2012). These compartments enrich certain
RNA-binding proteins, which are dynamically exchanging
by live-cell imaging, but not others (Gopal et al. 2017).
These constituents, including FMRP, CAPRIN1, and TDP-
43, dynamically exchange in and out of the granules and
have all been shown to phase separate in vitro (Conicella
etal. 2016; Kim et al. 2019; Tsang et al. 2019). These pro-
teins are also components of other micron-sized biomolec-
ular condensates, such as stress granules and P-bodies.
Another example is paraspeckles, nuclear bodies with a
lower size estimates of ~50 nm that appear to regulate
gene expression by sequestrating certain proteins or
mRNAs (Fox et al. 2002; Prasanth et al. 2005; Clemson
et al. 2009). Specifically, paraspeckles are composed of
the long noncoding RNA NEAT1 and certain proteins
such as FUS, NONO, and SFPQ that dynamically exchange
with the nucleoplasm. Advanced microscopic imaging of
RNA Pol ll-enhancer clusters at transcriptional activation
sites suggests that these also possess characteristic fea-
tures of condensates, such as fusion and internal dynamics,
while being as small as ~100 nm in diameter (Cho et al.
2018). These distinct condensate-like characteristics of
submicron-sized cellular structures raise a number of ques-
tions regarding the lower size limit of condensates. Does
an RNP have to reach a “critical” size to achieve an in-
side—outside condensate distinction or can a single RNA
molecule in the nucleus or cytoplasm that interacts with
a limited number of protein molecules be considered a
condensate?
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WHAT ARE THE SIZE REQUIREMENTS OF A
CONDENSATE AND HOW MANY MOLECULES
ARE NEEDED?

Work from the Pomés group (Rauscher and Pomés 2017)
demonstrated, via molecular dynamics simulations, that
27 copies of a 35-residue disordered elastin-like peptide
(ELP) could self-associate in an aqueous solvent to create
liquid condensates with clear differences between their in-
side and outside. The condensate had 40% water content
by mass, in agreement with experimental in vitro measure-
ments for elastin of 40%-60% (Chalmers et al. 1999). A
plateau in water density representing a homogeneous "in-
side” indicates that the resulting structure is large enough
to exhibit bulk-like properties of a separate liquid phase.
Indeed, they observed quantifiable differences in the pep-
tides inside and outside of the condensates. The number
of water molecules contacting each peptide residue in
the condensate was fewer than half those contacting a
monomer freely diffusing in the dilute solution. Peptides
had a significantly larger average radius of gyration (Rg)
in condensates, consistent with less hydrogen-bonded
turn formation and reduced contact between amino- and
carboxyl termini. Together, this ELP model system clearly
describes a state with a distinct inside and outside “sol-
vent” environment that can impact conformational equilib-
ria. We use these results to suggest a lower bound on what
size is needed to create such distinct environments in the
rest of this perspective, recognizing the potential limi-
tations of protein molecular dynamics to model cellular
phenomena as well as their value in providing a concrete
molecular description and estimate of the size that can
generate such condensate properties. So how big/small
is it? While not exactly spherical, the distance from the cen-
ter of mass of the ELP condensates to the inflection point

of peptide and water density is ~30 A, leading to a diam-
eter of ~60 A, or 6 nm (Fig. 1).

More recent coarse-grained simulations of biomolecular
condensates (Dignon et al. 2018; Wessén et al. 2021) also
demonstrate a distinction between inside and outside for
droplet sizes that are comparable to the ELP condensates
simulated using all-atom and explicit-water molecular dy-
namics (Rauscher and Pomés 2017). In one of these simu-
lations, 100 chains of 50-residue IDRs with mixed-charged
sequence created a droplet of about 15 nm in diameter
(Wessén et al. 2021). The system was used to explore the
impact of the condensed environment on the dielectric
constant, a measure of how a fluid or another material
screens electrostatic interactions, which has significant im-
pact on biomolecular interactions and catalysis in biology.
When contributions from the charged sequences are in-
cluded, the dielectric constant experienced by a molecule
partitioned inside the droplet was found to be significantly
higher than that of the bulk solvent (Wessén et al. 2021).
The presence of the protein inside the simulated conden-
sate thus creates a different solvent environment within the
physical boundary defined by the surface of the droplet.
This result provides additional support for the idea that
even a nanoscale condensate environment can have sig-
nificant biochemical impact.

Given that this nanometer size bound is small, a ques-
tion arises about whether a condensate could be formed
from a single large polymer. The term “condensate” is
usually considered to imply a phase transition involving
multiple molecules rather than a conformational state of
a single chain, and the concentration of molecules need-
ed to drive the phase transition under certain conditions
is a key parameter. However, from the point of view of
polymer theory, there is a relatively trivial difference (re-
lating to the configurational entropy) between generating
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FIGURE 1. Scales of biomolecular condensates and component biomolecules. Left (expanded view). (Top row from leftto right) Elastin-like pep-
tide (ELP) condensates as characterized by molecular dynamics simulations to be ~6 nm in diameter (Rauscher and Pomeés 2017); single mRNA
molecule (1 kb or 1000 nt), ~10 nm radius of gyration (Rg) (Yoffe et al. 2008; Gopal et al. 2012; Borodavka et al. 2016); RNP condensate, such as ofa
mRNA transport granule, composed of a single mRNA with some RBPs, ~100 nm diameter (Batish et al. 2012); mediator-RNA Pol Il foci, contain-
ing growing RNA chains and multiple components of the transcriptional machinery, ~300 nm in diameter (Cho et al. 2018). (Bottom row from left
to right) 35-residue elastin-like peptide (ELP), Ry~ 1 nm; 400-residue intrinsically disordered protein region (IDR), Ry ~ 3.5 nm; 1000-residue IDR,
Ry~ 6 nm; megadalton (MDa) protein complexes, ~10 to 30 nm diameters (depending on geometry). (Right) Comparison of the scales of the
condensates on the top row to the nucleolus, ~1000 to 3000 nm in diameter.
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a condensed state from multiple shorter homopolymeric
chains or a single long chain that is the sum of these
lengths (consider the thought experiment of cutting up
a long chain into a number of shorter chains); in addition,
the interaction term that drives phase separation in the
highly used Flory polymer theory does not depend on
number of chains (Flory 1953). It is also possible to
draw a parallel between condensates and single chain
polymers or disordered proteins in “collapsed globule”
states in which there are significant dynamic chain—chain
interactions, distinct from highly extended or random coil
states with fewer chain—chain and more chain—solvent in-
teractions (Matsuyama and Tanaka 1981; Kolinski and
Madziar 1998; Holehouse and Pappu 2018). The pattern-
ing of charged and aromatic residues has been shown to
correlate with both individual chain collapse (in terms of
Ry) and phase behavior; this suggests that the Ry of a
long chain could be thought of as a measure of conden-
sation of a single chain (Harmon et al. 2017; Lin and Chan
2017; Dignon et al. 2018; Martin et al. 2020; Zeng et al.
2020). These arguments support the idea that a single,
long biomolecule can have condensate properties (e.g.,
a distinct fluid inside of a physically defined boundary,
as defined above).

CAN AN RNA OR AN RNP CONSTITUTE
A CONDENSATE?

How does the simulated ELP condensate size compare to
proteins and RNA? Eukaryotic proteins come in a wide va-
riety of sizes, from under 50 amino acid residues to Titin at
~34,000 residues (canonical splice isoform) with an aver-
age of ~400 residues. An mRNA is approximately nine
times larger in mass than the protein for which it codes,
with the average mRNA being ~1 to 2 kilobases (kb). In-
trons in pre-mRNAs can be five times larger than the pro-
cessed mMRNA (Novikova et al. 2012; Palazzo and Lee
2015). The average size of long noncoding RNAs
(IncRNAs) is around 1 kb and small nuclear and nucleolar
RNAs (sn- and snoRNAs, respectively) range from 60 to
300 bases (Liang et al. 2019). On the other hand, micro-
RNAs (miRNAs) and Piwi-interacting RNAs (piRNAs) are
smaller, <35 nt (Starega-Roslan et al. 2011). Beyond the
number of residues or bases of proteins and RNA, the
physical dimensions for these molecules are highly depen-
dent on their structural conformations, with stable globular
(and packed) proteins or tRNAs having smaller Ry values
per residue or base than dynamic and disordered states,
which sample mixtures of compact (lower R;) and extend-
ed (higher Ry) conformations. Taking this into consider-
ation, average Ry values of a 400-residue protein range
from 2 to 4 nm (Erickson 2009) with shapes ranging from
spherical to rod-like to long disordered chains (Sommer
and Cohen 1980; Tiessen et al. 2012; Borodavka et al.
2016). The Ry values of a 1 kb mRNA range from 9 to 11

40 RNA (2022) Vol. 28, No. 1

nm depending on secondary and tertiary RNA structure
and solvent conditions (Yoffe et al. 2008; Gopal et al.
2012; Borodavka et al. 2016). All in all, pre-mRNA,
mRNA, and IncRNA are much larger than proteins and
they can easily form structures that are larger than 6 nm,
the size of the simulated ELP condensate.

Single-stranded RNAs, such as pre-mRNA, mRNA, and
IncRNA, form intramolecular hydrogen-bonds and base-
pairing interactions to generate secondary and tertiary
structures. These single-stranded RNAs, like disordered
proteins, have immense multivalent interaction potential
via pi, hydrogen-bonding and electrostatic interactions in-
volving bases, the phosphate backbone, and metal or oth-
er counter ions. Such interactions support condensate
formation, most likely requiring cations to neutralize the
negative charge (or the presence of RNA-binding proteins,
see the following). Indeed, single-stranded RNAs (includ-
ing polyU/G/A/Cs and tandem repeats of CAGs and
CUGs) undergo phase separation in vitro without proteins
(Jain and Vale 2017; Van Treeck et al. 2018). In addition,
RNA in the cell, from the time of transcription, is almost al-
ways coated with proteins (Duss et al. 2018), which further
enhance multivalency via their folded RNA-binding do-
mains and IDRs. More than 60% of proteins have signifi-
cant intrinsically disordered protein regions (Tsang et al.
2020) and there are estimates that 40% of proteins have se-
quence features facilitating phase separation (Hardenberg
etal. 2020). A significantly higher percentage of RBPs con-
tain IDRs than the general proteome (Varadi et al. 2015)
with over 20% of them containing 80% or more disorder
(Jarvelin et al. 2016). Many RBPs undergo phase separa-
tion in vitro via multivalent interactions involving both
IDR-IDR and promiscuous IDR-RNA interactions, as dem-
onstrated by the phase separation of RGG-rich and other
low complexity IDRs alone or with simple oligoribonucleo-
tides and longer RNAs (Kato et al. 2012; Elbaum-Garfinkle
et al. 2015; Molliex et al. 2015; Zhang et al. 2015; Saha
et al. 2016; Banerjee et al. 2017, Langdon et al. 2018;
Maharana et al. 2018; Tsang et al. 2019; Sanders et al.
2020). In the context of full-length RBPs, RNAs can interact
more specifically with folded RNA-binding domains, in-
cluding via secondary and tertiary structures or with post-
transcriptionally modified bases, such as with m°A
methylation (Ries et al. 2019). The combination of interac-
tions involving long RNA molecules, with IDRs and folded
domains of RBPs, including protein oligomerization do-
mains, facilitates dynamic multivalent interactions leading
to phase separation.

Given these considerations, the size and potential multi-
valency of a single pre-mRNA, mRNA, or IncRNA (here
grouped as “long” RNA) molecule appears to be enough
to support a condensate with distinct inside and outside
regions, compared to the ELP model. But can a single
RNA generate an internal fluid chemical environment
that can solvate, enrich or exclude other molecules? The
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answer likely lies in the length and stability of interactions
and folded nature within the RNAs.

RNAs that form significant base-pairing interactions,
such as tRNAs, are similar to folded protein domains in
that they do not present the dynamic fluctuating interac-
tions that are required for liquid or fluid behavior by them-
selves. tRNAs are also relatively short at 70 to 100 bases
and have similar sizes as globular proteins, further limiting
their ability to facilitate dynamic interactions. Single-
stranded long RNAs, however, are highly dynamic, with
multiple energetically accessible secondary and tertiary
structures that rapidly fluctuate (Sponer et al. 2018). This
presents significant multivalent interaction potential that
could exchange and be fluid. Drawing a parallel with fold-
ed protein domains that do not offer as many interacting
sites, or as much flexibility, per residue to support fluid
states compared to disordered regions, the same is likely
true for RNA. Regions exhibiting stable structures are
less likely to support dynamic multivalent interactions re-
quired for condensate formation. Thus, the propensity of
a single long RNA molecule to form a condensate will
depend on the amount of stable secondary and tertiary
structure in the RNA, with a wide range of changing struc-
tural propensities observed in RNA sequences, with some
single long RNAs having highly dynamic structures poten-
tially able to generate a “fluid inside” region, as defined
above (Fig. 1).

Adding to the possibility that some long RNAs could
form condensates on their own, RNPs—with estimates of
a dozen or more RBPs per mRNA (Hogan et al. 2008)—cer-
tainly meet the size criterion set by the ELP condensate
simulation that provides a fluid inside zone (Fig. 1). As not-
ed before, most RBPs have significant IDRs that are known
to or highly predicted to phase separate to form fluid con-
densates in vitro, including with RNA, that can enrich or ex-
clude other biomolecules (Zhang et al. 2015; Langdon
et al. 2018; Maharana et al. 2018; Wang et al. 2018;
Guillen-Boixet et al. 2020; Yang et al. 2020). Thus, these
are strongly suggestive of the potential condensate prop-
erties of a single RNA with associated RBPs. One possibil-
ity is that an mRNA acts as a long scaffold that nucleates
RNP condensates, which in turn concentrate additional
proteins to build enzymatic compartments. For example,
an RBP, Argonaute, recruits GW182 and Pumilio proteins,
deadenylases, and cap binding complexes (4EHP/
GiGYF2), all of which have IDRs (Braun et al. 2011;
Chapat et al. 2017; Sheu-Gruttadauria and MacRae
2018; Sternburg et al. 2018). On the other hand, if the
RBPs form stable interactions that hinder the internal dy-
namics of the RNA, this would not support a condensate.
Based on the size of long single-stranded RNAs and
RNPs and their dynamic properties, we argue that these
could meet the characteristic features of condensates,
even if they are smaller than observable using light
microscopes.

WHAT NEW INSIGHTS CAN WE GLEAN FROM
CONSIDERING RNAs AND RNPs AS
CONDENSATES?

While experiments have not conclusively shown that some
single RNA molecules or RNPs are condensates, it is worth
considering how this view may be valuable for providing
insights into RNA metabolism. One expectation provided
by the lens of RNA or RNP condensation is that the sharp
transition from condensed to mixed states dictated by
the physics of phase separation provides the means for
their rapid assembly and disassembly. While the formation
of all macromolecular complexes depends on the concen-
tration of components and conditions, the concentration-
and condition-dependence of phase transitions is much
steeper than the transition between monomer and dis-
crete complex. This has the potential to lead to powerfully
fine-tuned biological regulation, generating rapid switch-
like responses in the assembly, disassembly, composition,
and function of RNPs. One such example may be the reg-
ulation of mRNA translation by neuronal RNA transport
granules containing FMRP. The sharp dependence of in vi-
tro translational inhibition on the concentration of an FMRP
IDR (Hill coefficient ~5) is completely unlike that of small
molecule translational inhibitors, such as puromycin, that
have a noncooperative dose dependence (Hill coefficient
~1), and can be explained by formation of protein—
mRNA condensates, not by binding of the protein to
mRNA (Tsang et al. 2019). For condensates formed by
one or a small number of molecules, the steep depen-
dence on conditions would be more relevant than on
concentration.

Understanding RNPs as condensates can also help to
clarify or unify apparently contradictory literature about
the role of RBPs in RNA regulation. Continuing to use
the example of translational regulation, there are conflict-
ing views presented and numerous questions in the litera-
ture about the mechanism of FMRP's translational
inhibition and the role of phosphorylation (Santoro et al.
2012; Davis and Broadie 2017). FMRP may have multiple
mechanisms of translational repression, including by inhi-
bition of translational initiation, stalling of translocating ri-
bosomes (Chen et al. 2014), and interacting with miRNA
and the RNA-induced silencing complex (Edbauer et al.
2010). The solvated, mixed-phase FMRP IDR in the context
of the in vitro assay used for that study (Tsang et al. 2019) is
not a translational inhibitor, and neither is phosphorylated
FMRP. But the condensed state of the FMRP IDR, which
phosphorylation facilitates, inhibits translation ~10- to
20-fold relative to the solvated, mixed-phase state and
100-fold relative to buffer (Kim et al. 2019; Tsang et al.
2019). This condensed state also concentrates 4E-BP2, a
known inhibitor of translation initiation, and a miRNA in-
volved in translational inhibition, even without a canonical
miRNA-binding domain (Tsang et al. 2019). A
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subcompartmentalized condensate of a phosphorylated
FMRP IDR with a CAPRIN1 IDR inhibits translation to an
even greater extent, by four orders of magnitude relative
to buffer, likely by partitioning RNA away from certain
components of the translational regulatory machinery
(Kim et al. 2019). Thus, depending on the conditions of a
particular cellular experiment, FMRP may or may not ap-
pear to repress translation via various mechanisms and
phosphorylation may or may not impact translation; con-
sideration of whether the protein is in a condensed state,
however, can provide clarity and potential insights into
the multiple mechanisms through which FMRP can act
(Davis and Broadie 2017).

Single RNP “condensates” have the potential to form
compartments that modulate enzymatic activities relating
to RNA metabolism, as this example for translation sug-
gests. Indeed, condensates can enhance/reduce activities
by concentrating/excluding reaction substrates, products
and/or enzymes, and by creating conditions that can mod-
ulate conformational equilibria of proteins (O'Flynn and
Mittag 2021; Peeples and Rosen 2021). The regulation of
mRNA decapping in P-bodies, which are storage and de-
cay sites, provides another illustration of some of these en-
zymatic regulatory mechanisms, and another instance
where the condensate perspective clarifies data. Recent
work demonstrates that both storage and decay outcomes
are possible in the context of Dcp1/Dep2-containing con-
densates that can significantly stabilize an inactive Dcp2
conformation relative to dilute solution (inhibiting decapp-
ing enables RNA storage); Dcp2 can be activated by the
addition of Edc3 (stimulating decapping promotes RNA
decay) (Tibble et al. 2021). The conformational switch be-
tween inactive and active states of Dcp2 is impacted by the
composition of the condensate environment, coupling
regulation of enzymatic function to reorganization of inter-
actions spanning the condensate. These results clarify
complex data and demonstrate how an “activator” can
change the interactions within a condensate to control
conformational equilibria to give opposing outcomes.

Another idea that emerges from the view of RNA or
RNPs as condensates is the notion that most of the RNA
"life-cycle” may exist in the context of various conden-
sates, that we briefly alluded to above. In this model, which
requires additional experimental validation, RNA is initially
generated within RNA Pol ll-enhancer condensates that
function as transcription initiation reaction vessels; from
there it moves into transcription elongation condensates
as the post-translational modification state of RNA Pol |l
changes, then into splicing condensates such as nuclear
speckles, then into the nuclear pore condensate and
then cytoplasmic mRNA transport granules and P-bodies
(Kwon et al. 2013; Lu et al. 2018; Guo et al. 2019;
McKnight 2019). One way to view this is that the composi-
tion of the RNP (i.e., which RBPs interact with the RNA) rep-
resents partitioning of specific RBPs to an RNA or RNP
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condensate. Accordingly, one could view this as droplet
fusion and fission events, with specific RNPs merging
with or emerging from different larger condensates that
mediate RNA metabolism (such as nuclear speckles and
P-bodies). In this manner, the physics of condensate parti-
tioning and solvation may provide a means for the right
RBPs to concentrate with RNAs at specific stages to facili-
tate RNA processing. In addition, these transitions can be
sharply controlled through post-translational or post-tran-
scriptional modifications of protein and RNA, respectively,
and by the available concentrations of various compo-
nents. Indeed, these modifications affect condensate com-
position in various contexts (Ditlev et al. 2018; Langdon
et al. 2018; Ries et al. 2019; Sanders et al. 2020). Some
of the RNP condensate regulators could also be other
RNAs, including the IncRNAs NEAT1 and MALAT1 that
are important for paraspeckle and nuclear speckle forma-
tion, respectively (Statello et al. 2021), and smaller RNAs
that could possibly modulate the phase behavior of these
RNPs (Sheu-Gruttadauria and MacRae 2018; Manage et al.
2020). In this context, RNA can modulate the size, mor-
phology and composition of RNP condensates as demon-
strated by artificial granules with RBPs (Garcia-Jove
Navarro et al. 2019). Conversely, certain RBPs may solvate
mRNAs outside of condensates. For example, ribosome-
bound mRNAs are readily solvated in the cytoplasm and
generally also do not incorporate into condensates
(Delarue et al. 2018). Thus, specific RNAs and RBPs deter-
mine whether or not condensates are generated; and the
composition, material properties, unique solvent environ-
ment and function of condensates that are formed will
be controlled by the RNAs and RNPs that partition into
or fuse with them.

CAN CONDENSATE-LIKE PROPERTIES OF RNAs
AND RNPs BE OBSERVED IN CELLS?

Regardless of the conceptual value of this condensate lens
for RNAs and RNPs, it is critical to examine how experi-
mental data supports or argues against this view and con-
sider alternative explanations (Alberti et al. 2019;
McSwiggen et al. 2019; Peng and Weber 2019). For in-
stance, if small cellular RNAs and RNPs are fluid-like con-
densates, it may be expected that they fuse to grow to
be microscopically observable through the process of
“coarsening” that is seen for in vitro and micron-sized cel-
lular condensates (Brangwynne et al. 2009, 2011; Molliex
et al. 2015; Nott et al. 2015; Patel et al. 2015; Smith
et al. 2016; Wheeler et al. 2016; Kistler et al. 2018). How-
ever, this behavior is not frequently observed in cells.
This raises the question, if RNPs are indeed condensates,
as is predicted by their size, multivalency, and in vitro
counterparts, why is coarsening not more widely observed
in cells? Several potential explanations for this observation
exist. Because cells are not in a state of equilibrium, various
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factors that control the formation and growth of conden-
sates are in constant flux which limits growth (Zwicker
et al. 2016; Kirschbaum and Zwicker 2021). Examples of
such factors are potentially limiting concentrations of con-
densing protein and RNA, as well as the concentration of
other molecules that may solubilize condensate compo-
nents. In addition, some cellular components or types of
protein sequences act as surfactants to decrease the ener-
gy of the interface between condensates and the solvent,
thereby limiting growth (Cuylen et al. 2016). Forces gener-
ated by motors and/or the cytoskeleton can also act on
condensates to prevent their fusion or promote fission
(Brangwynne etal. 2011; Ditlev et al. 2019). Chemical reac-
tions can theoretically control droplet sizes (Kirschbaum
and Zwicker 2021). Finally, the presence of component
clusters at the interface can regulate the size of conden-
sates by tuning the exchange of materials between the cy-
toplasm and condensates or fusion of condensates
(Folkmann et al. 2021). Any one or combination of these
reasons can explain why RNPs, like other types of conden-
sates (Ranganathan and Shakhnovich 2020), do not form
larger structures in cells. Interestingly, RNP condensate
growth might be regulated in a cell-type and condition
specific manner, as certain RNPs travel in the form of mi-
croscopically observable, larger granules in neurons and
germ cells or form micron-sized stress granules in response
to stress (Knowles et al. 1996; Carson and Barbarese 2005;
Brangwynne et al. 2009; Lee et al. 2020).

The inside/outside distinction and fluid nature of various
RNA-containing condensates have been observed for mi-
cron-sized condensates in cells. For example, the enrich-
ment of specific components has been observed for
numerous condensates using imaging and proximity label-
ing approaches. These techniques report on the spatial
distribution of and relationships between components
that may not have specific high-affinity binding partners,
thereby identifying which factors “partition” into conden-
sates. Not only RNAs and proteins can partition; there is in-
creasing work demonstrating that small molecules can be
enriched in or excluded from biomolecular condensates,
including drugs and nucleotides (Klein et al. 2020; Folk-
mann et al. 2021; Kim et al. 2021). Techniques that assess
diffusion, including photobleaching/photoactivation-
based approaches and fluorescence correlation spectro-
scopy, have also been used to probe certain aspects of flu-
idity in cells. However, in-depth studies of these features in
condensates smaller than 100 nm in diameter is quite lim-
iting for these techniques; many condensates in mamma-
lian cells, and most in bacteria, are simply too small to
easily probe their biophysical properties with these tools
(e.g., fluorescent microscopy). In fact, the nature of imag-
ing methods being limited by the resolution of light has al-
most led to a de facto definition of the size of biomolecular
condensates based on the ability to resolve them by mi-
croscopy. The 6 nm diameter ELP condensates would

elude microscopic observation, yet they fulfill the defini-
tions we propose of a fluid inside a physical boundary.
Cryo-electron tomography may enable insights with reso-
lution bridging optical microscopy and molecular imaging
techniques, but there have not been significant studies to
date (Franzmann et al. 2018). So, what are some of the lat-
est advances that are enabling us to extract information
about condensates below the standard optical resolution?

Two recent studies have used innovative techniques to
break through the resolution barrier that traditionally defines
biomolecular condensates. The Cissé laboratory has modi-
fied super-resolution photoactivated localization microsco-
py techniques to study the dynamics of condensate-
dependent gene regulation in living cells. Using this tech-
nique, they demonstrated that RNA Pol Il clusters in the nu-
cleus display the behaviors, such as coalescence and rapid
fluorescence recovery after photobleaching, expected of
liquid-like condensates (Cho et al. 2018). The Brangwynne
group found that in vitro condensate nucleation is well mod-
eled by classical nucleation theory (CNT), which states that
the degree of condensate formation depends on compo-
nent saturation while the location of condensate formation
depends on the heterogenous interactions between surfac-
es of condensate seeds. They found that, in cells, CNT can
be used to describe both model condensate formation
and endogenous condensate formation. Thus, CNT can
be usedto describe cellulareventsthatare notresolvable us-
ing traditional light microscopy. These results also support
the notion that in vitro condensate formation can be repre-
sentative of cellular condensate formation (Shimobayashi
et al. 2021). In principle, these techniques with theoretical
modeling could be adapted to study groups of RNPs
throughout living cells to better understand their properties
regardless of their size.

CONCLUSION

In summary, we propose that RNPs and possibly some sin-
gle long RNA molecules could be understood as conden-
sates, forming fluid states with unique inside environments
dependent on the nucleotide sequence and the composi-
tion of RBPs that decorate it. The life-cycle of RNAs can be
correlated with changes in RNP condensate compositions
and material properties, impacting their localization and,
ultimately, their function. The RNA life-cycle could include
transcription initiation and then transcription elongation
condensates where RNA is generated; splicing conden-
sates; the nuclear pore condensate; and various cytoplas-
mic RNA condensates that control RNA processing/
modifications, mRNA translation and finally degradation.
New experimental and theoretical methods will hopefully
provide more clear evidence for the presence of cellular
RNA and RNP condensates. As these tools are being
developed and critical data emerge, we argue that this
condensate view can provide a valuable context for
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interpreting experimental results and a conceptual foun-
dation for understanding RNA and RNP regulation and
the mechanisms of their biological functions.
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