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ABSTRACT

RNA interactions are exceptionally strong and highly redundant. As such, nearly any two RNAs have the potential to inter-
act with one another over relatively short stretches, especially at high RNA concentrations. This is especially true for pairs of
RNAs that do not form strong self-structure. Such phenomena can drive liquid-liquid phase separation, either solely from
RNA-RNA interactions in the presence of divalent or organic cations, or in concert with proteins. RNA interactions can
drive multimerization of RNA strands via both base-pairing and tertiary interactions. In this article, we explore the tenden-
cy of RNA to form stable monomers, dimers, and higher order structures as a function of RNA length and sequence through
a focus on the intrinsic thermodynamic, kinetic, and structural properties of RNA. The principles we discuss are indepen-
dent of any specific type of biomolecular condensate, and thus widely applicable. We also speculate how external condi-
tions experienced by living organisms can influence the formation of nonmembranous compartments, again focusing on
the physical and structural properties of RNA. Plants, in particular, are subject to diverse abiotic stresses including extreme
temperatures, drought, and salinity. These stresses and the cellular responses to them, including changes in the concen-
trations of small molecules such as polyamines, salts, and compatible solutes, have the potential to regulate condensate
formation by melting or strengthening base-pairing. Reversible condensate formation, perhaps including regulation by cir-
cadian rhythms, could impact biological processes in plants, and other organisms.
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INTRODUCTION nonmembranous compartments may have been especially
important in the emergence of life, forming the first cells or
"protocells” (Poudyal et al. 2018), which promoted the re-
tention of functional RNAs (Cakmak et al. 2020). In extant
organisms, nonmembranous compartments impact gene
expression, signaling cascades, and macromolecular
stability (Shin and Brangwynne 2017; Poudyal et al. 2018).

Liquid-liquid phase separation happens both inside and
outside of cells. Extracellular LLPS has been described as
protein-centric (Muiznieks et al. 2018; Chiu et al. 2020),
while condensates inside of the cell often involve RNA mol-
ecules. Cellular condensates can form in the cytoplasm or
the nucleus (Sabari et al. 2020) and more than 20 different
types of cellular condensates have been described. Some
of the best-known condensates that include RNA are stress
granules, which contain RNAs that are translationally inac-

Life as we know it exists inside of compartments. It is almost
impossible to imagine it otherwise. In the simplest terms,
compartments keep cellular contents from leaking into
the surroundings, but they can do much more, organizing
cellular processes and promoting diversity at the single-
cell level (Raser and O’Shea 2005; Wu et al. 2017; Stuart
and Satija 2019; Seyfferth et al. 2021). Compartments can
comprise an entire organism, a cell, amembrane-delimited
organelle, oranonmembranous biomolecular condensate.
Nonmembranous compartments, which form through lig-
uid-liquid phase separation (LLPS), are of special interest
because they can concentrate biomolecules and metabo-
lites without the complexity of a membrane, and in some
cases by purely physical parameters (e.g., temperature
and pH) (Nott et al. 2015; Falahati et al. 2016; Shin and

Brangwynne 2017). Because of their relative simplicity,
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tive, and P-bodies, which are involved in mRNA decay
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RNA multimerization and LLPS

(Buchan 2014; Khong et al. 2017). It is well known that pro-
tein—protein and protein—-RNA interactions in transdrive as-
sembly of condensates (Gilks et al. 2004; Decker et al.
2007; Nonhoff et al. 2007; Kedersha et al. 2016), and that
some proteins, particularly those with intrinsically disor-
dered regions (IDRs), can form liquid droplets without
RNA (Lin et al. 2015; Molliex et al. 2015; Patel et al.
2015). Importantly, interactions solely between RNAs can
also drive condensate formation, as has been shown in vitro
in RNA-only assemblies that form without proteins yet have
similar transcript compositions as those in vivo (Van Treeck
etal. 2018). Indeed, Ripin and Parker (2022) point out that
RNA-RNA interactions will become important in biomolec-
ular condensates when the RNA chaperone network is
overwhelmed with RNAs. Condensates can be comprised
of riboswitches driven by loop—loop RNA base-pairing
(Poudyal et al. 2021), as well as RNAs with CNG repeats
(Jain and Vale 2017). For the many condensates that in-
volve RNA-RNA interactions, their formation and dissolu-
tion should be responsive to the variables known to affect
RNA structure formation, including RNA sequence and
concentration, divalent cations, and temperature.

In this article, we focus on how RNA can provide the mo-
lecular, thermodynamic, and kinetic forces for liquid-liquid
phase separation. We conclude with considerations for
how proteins further affect the properties of biomolecular
condensates. Our overarching goal is to express general
principles of condensate formation in terms of RNA ther-
modynamics, kinetics, and structure, independently of cel-
lular domains, or species of compartments. There are
outstanding articles that describe the contents of specific
condensates; our hope is that our articulation in this article
of general principles of RNA structure and function vis-a-
vis nonmembranous compartments can provoke new in-
sights into biological condensates, their functions, and
their regulation.

RNA SECONDARY STRUCTURE IS STRONG
AND UBIQUITOUS

Because RNA-RNA interactions can mediate or assist LLPS
and biomolecular condensate formation, it is important to
appreciate how strong RNA-RNA interactions are.
Duplexes can form from stretches of RNA as short as
4 bp. For instance, we measured base-pairing between
CUCU and GGAGAA as part of one of our earlier studies
(Bevilacqua and Turner 1991). Thisis a good case to consid-
er, not only because the base-pairing length is short, but
because it has a mixture of different base pairs: two GC
pairs, an AU pair, and a GU pair, along with a 3'A dangling
end stack, which strongly promotes RNA folding. Base-
pairing between these two strands gives rise to an experi-
mentally determined AH® of —36 kcal/mol, a AS® of —103
eu, and a favorable AG°37 of —3.9 kcal/mol, corresponding
to an association constant, Ka, at 37°C of 550 M~

(Bevilacqua and Turner 1991). Base-pairing is enthalpically
driven and entropically opposed, which can be understood
because stacking and hydrogen bonds form while the sys-
tem becomes more ordered upon duplex formation. We
note that the free energy values reported here were deter-
mined in 50 mM Mg?*/25 mM Na*; however, melting tem-
peratures for model oligonucleotides, albeit DNA, are
similar between 50 mM Mg?*/12 mM Na™* and more phys-
iological salt conditions of 1 to 2 mM Mg?*/150 mM Na™*
(Williams et al. 1989), suggesting that the parameters
used above are reasonable. Nonetheless, there is a clear
need to obtain a full set of thermodynamic parameters un-
der physiologically relevant conditions.

The melting temperature (Ty) for a duplex formed be-
tween two strands of RNA is determined by their AH® and
AS° thermodynamic parameters, as well as by strand con-
centration (Bloomfield etal. 2000). At a total strand concen-
tration of 8 mM, a Ty, of 37.5°C is obtained for the above
4 bp duplex (see Supplemental Information, Tab 1),
meaning significant base-pairing would be occurring at
37°C and lower, which is relevant to humans and most poi-
kilotherms. A concentration of 8 mM is attainable in a stress
granule using published condensate parameters (Protter
and Parker 2016) and the following assumptions. One of
the defining features of stress granules is their small size.
A typical stress granule can be as small as 100 nm
(Wolozin and Ivanov 2019). Assuming a spherical shape,
the volume of a 100 nm stress granule is less than 1/
1000th of a fL (see Supplemental Information, Tab 1).
Small containers give rise to high strand concentrations,
which drive base-pairing in RNA. If we put one copy each
of CUCU and GGAGAA inside, we obtain an RNA strand
concentration of ~6 pM (see Supplemental Information,
Tab 1). A typical stress granule has thousands of mRNAs,
many of which are thousands of nucleotides in length
(Khong et al. 2017). If we take any stretch of four bases,
then the probability of finding its Watson-Crick comple-
mentis (1/4)*: in the millions of stretches found in the stress
granule there would likely be ~4000 complements, al-
though some will be tied up in base-pairing or protein bind-
ing. Long mRNAs, which tend to have long base-pairing
tracks, preferentially accumulate in stress granules in vivo
and in RNA-only assemblies in vitro (Khong et al. 2017,
Van Treeck et al. 2018). Similarly, there would be ~4000
copies of the original stretch of four nucleotides that would
correspond to an effective site concentration of 10mM and
a Ty of40°C. If we take GeU wobbles into account, then the
probability of base-pairing between any two positions rises
to 6/16, or 37.5%, making short base-paired stretches in
RNA probable.

To summarize, interstrand base-pairing is promoted in
biomolecular condensates, owing to the strength of stack-
ing and hydrogen bonding, the multitude of canonical and
noncanonical interactions across the four bases (see be-
low), and the small volume of the droplets, which
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concentrates biomolecules. Evidence that trans RNA-RNA
base-pairing occurs in coacervates comes from the obser-
vation that the subset of mRNAs from total yeast RNA that
form RNA-only assemblies in vitro, largely recapitulate the
stress granule transcriptome in vivo, as well as from enrich-
ment of antisense ncRNAs that are able to base-pair to lon-
ger mRNAs already enriched in stress granules (Van Treeck
etal. 2018). Moreover, Tauberand coworkers provide mul-
tiple lines of evidence—including stability to dilution, fluo-
rescence recovery after photobleaching (FRAP), and RNA-
RNA crosslinking—that recruitment of RNA to conden-
sates leads to enhanced interactions of those RNAs
(Tauber et al. 2020a). Additionally, we recently reported
that self-complementary as well as non-self-complementa-
ry loop-loop interactions drive condensate formation be-
tween two riboswitch strands (Poudyal et al. 2021). In
these cases, increasing M92+ concentrations from 5 mM
up to 100 mM led to more and bigger droplets, as well
as droplets with more RNA. This fits a theme of LLPS of
RNA being favored by cations (see below for organic
cations).

Above we took a specific example, one of 4 bp. In an ef-
fort to generalize the effects, we next asked what would
happen if we altered the number of base pairs in the du-
plex, here increasing from 4 to 8 bp. To estimate the param-
eters of the 8 bp duplex, we doubled the AH® and AS° of the
4 bp stem according to nearest neighbor theory. We note
that this approach is conservative since the price for initiat-
ing the helix is not paid again according to the zipper mod-
el for duplex formation (Bloomfield et al. 2000). In this case,
we obtain a AH® of =71 kcal/mol, a AS® of =205 eu, and a
favorable AG°®3; of —7.8 kcal/mol, corresponding to an as-
sociation constant, Keq, at 37°C of 3 x 10°. Clearly, this is
avery strong RNA-RNA interaction. The probability of find-
ing the Watson-Crick complement, however, is only (1 14)8,
and in the millions of 8mer stretches in the stress granule,
there would likely be only ~15 complements. This would
correspond to an effective concentration of ~50 pM and
a Ty of ~40.5°C, which is essentially the same as found
for the 4 bp duplex. In other words, doubling the length
of complementarity did not appreciably increase the melt-
ing temperature, which is because there is an offset
between the gain in stability and the rarity of complemen-
tary base-pairing. Nonetheless, this example illustrates that
many different stretches of base-pairing, with different
lengths and sequences, serve to stabilize interactions be-
tween different RNA molecules. Four base pairs was the
shortest helix we considered, but it might be possible to
have as few as 3 or even 2 bp if the effective concentration
was very high and the base-pairing was GC-rich.

It is worth noting that RNA structure formation is so
common that it is hard to design an RNA that does not
fold. For instance, it was exceptionally difficult to design a
structure-free RNA in previous work we conducted on inter-
actions between the RNA-activated protein kinase PKR and
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single-stranded RNA (Nallagatla et al. 2007). We ended up
choosing a sequence rich in A and C because each can
have only a single base-pairing partner (A with U, and C
with G). The notion that RNA readily adopts structure runs
counterto the familiar case of protein folding, wherein isolat-
ed secondary structures of a-helices and B-strands are very
weak. Indeed, the free energy of protein folding and pro-
tein—protein interactions for these secondary structures
tend to be relatively modest at about —1 kcal/mol (Yang
and Honig 1995a,b). The isolated o-helix is only slightly sta-
ble, if at all (Creighton 1993). Moreover, the overall free en-
ergy of folding for a globular protein under physiological
conditions is modest, being between -5 and —15 kcal/
mol. (Pace 1990). The relatively weak folding of proteins sug-
gests a reason for their presence in biomolecular conden-
sates of RNA, which is to temper the strength of
interactions in the condensate giving it more liquid-like
properties and allowing protein—protein, and perhaps pro-
tein—RNA, interactions to form and break more dynamically.

To give a sense of RNA's proclivity for pairing, we gener-
ated 100 random 50mers (Stothard 2000) and predicted
their secondary structure and free energy for folding using
Mfold, a leading secondary structure prediction program
(Zuker 2003). We found that on average 47% = 10% of the
bases were paired, with an average free energy of -9 4
kcal/mol, which gives a range of K.q from ~10% t010"°
(Supplemental Information, Tab 2). In other words, RNA
molecules are prone to basepair. While this simulation
was on intramolecular pairing, it is transferable to intermo-
lecular pairing, especially in the small confines of a conden-
sate where high RNA concentrations would statistically
favor encounters between complementary sequences.

Finally, it is noteworthy that two strands of RNA can in-
teract beyond Watson-Crick and wobble pairings.
Experimentally, this is supported by the observation that
all four homopolymers can form RNA condensates
(Aumiller et al. 2016; Van Treeck et al. 2018; Boeynaems
et al. 2019). Leontis and Westhof systematically character-
ized interactions between two strands of RNA, considering
all possible interactions of the Watson—Crick, Hoogsteen,
and sugar edges of the bases (Leontis and Westhof
2001). These give rise to six pairwise interactions of the
bases and two base orientations, or 12 geometric types
with at least two hydrogen bonds, with all 12 possibilities
experimentally known (Leontis et al. 2002). Because these
interactions have stacking and two-hydrogen bond base-
pairing, we can expect them to be relatively strong.
Overall, we are left with a picture of RNA as generally
capable of forming strong and frequent base-pairing inter-
actions with other RNAs, often beyond Watson—Crick
base-pairing, even without taking into consideration any
evolutionary effects. In the next section, we consider the
tendency of RNAs to multimerize via both canonical and
noncanonical secondary structure motifs and via tertiary
interactions.
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RNAs TEND TO MULTIMERIZE VIA SECONDARY
AND TERTIARY STRUCTURE INTERACTIONS

The previous section focused on RNA's tendency to form
strong and frequent secondary structure interactions. For
condensates to form, multiple strands of RNA must interact
with one another along their lengths. We begin with a con-
sideration of interactions that lead to RNA dimerization and
then move on to consider interactions that lead to higher-
order multimerization. In this section, we identify two gen-
eral ways that RNAs can interact in trans to promote RNA
condensation. First, prefolded RNAs can interact without
any concomitant unfolding, such as through single-strand-
ed loops, through bases engaging in preformed grooves to
form triples and quartets, and by stacking on the end of he-
lices. Since no bonds have to be broken, these should be
the most facile class of interactions. Second, RNAs can re-
arrange to interact. This involves the breaking of preformed
stems and so comes with a penalty that is both thermody-
namic and kinetic (see below for further considerations).
Finally, these interactions can be altered by the presence
of proteins such as helicases and the ribosome, which is
considered in the next section.

The fundamental building block of RNA structure is the
stem—loop, or hairpin. All stems have the intrinsic ability
to dimerize with a copy of themselves, which is favored
by the high concentrations of RNA found in condensates.
Dimerization is illustrated in Figure 1A wherein a 12mer
stem-loop with a 4 bp stem and a four-nucleotide loop in-
teracts with a copy of itself. Because there are 8 bp on each
side of this equation, this part of the process is thermoneu-
tral; in other words, this equilibrium involves breaking and
making the same numberand type of base pairs, albeit with
somewhat different dangling ends. Thus, what determines
whether the hairpin or the dimer state is favored at equilib-
rium is the nature of the hairpin/internal loops. If the loop
sequences are self-complementary, for example in
CGCQG, then the dimer will be favored, as they can form
four strong Watson-Crick base pairs in this state (Fig. 1A,
Example 1). However, if the loops form a strong hairpin tet-
raloop, for example in UUCG (described below), then the
hairpin will be favored since it has a stable loop structure
while the dimer’s internal loop will not as it has only two
weak GeU wobbles (Fig. 1A, Example 2). Indeed, we re-
cently demonstrated that strong dimer internal loop inter-
actions drive the formation of RNA condensates (Fig. 2A,;
Poudyal et al. 2021).

The above observations indicate that stable hairpin loops
in RNA would oppose condensate formation or partitioning
of RNA into condensates. The most stable hairpin loops are
the tetraloops UNCG and GNRA (“N" isany of the four bases
and “R" isa purine, Aor G) (Antao etal. 1991). However, oth-
er classes of stable tetraloops have also been found, includ-
ing CUUG and the YNMG family, where “Y" is a pyrimidine,
CorU,andMis CorA (Proctor et al. 2002). It is notable that

positions 1 and 4 of hairpin tetraloops do not undergo
Watson-Crick base-pairing while in the hairpin state
because it would cause ring strain, and that these loops of-
ten adopt well-characterized non-Watson—Crick interactions
of purine syn conformations, as well as 2’OH and phosphate
hydrogen bonding (Cheong et al. 1990; Heus and Pardi
1991). Triloops are the smallest RNA loops known, and the
most stable triloops include UUA, AUU, and GUU with a
CG closing base pair (Shu and Bevilacqua 1999). Because
these triloops are so strong, an RNA might avoid condensate
formation arising from RNA-RNA interaction by having one
ofthese stable hairpin loops. Indeed, we showed that UNCG
tetraloops tend to stay as monomeric hairpins even at the
high concentrations required for NMR, while CGCG tetra-
loops form dimers under these conditions (Proctor et al.
2003). We further showed that even the equilibrium of a
CGCG tetraloop could be tilted toward the hairpin by insert-
ing bromine at the 8 position of G4 of the loop; this change
induced the syn conformation of G in YNMG structure while
blocking Watson—Crick base-pairing required for the du-
plex. Modifications of RNA (or binding of proteins) can mod-
ulate these principles adding complexity to condensate
formation.

As mentioned above, the Ty of a duplex is a function of
AH®, AS°, and strand concentration, while the Ty, of a hairpin
is a function of AH® and AS® only—not of strand concentra-
tion (Bloomfield et al. 2000). Consequently, the position of
the equilibrium between duplex and hairpin will depend
on strand concentration and will increasingly favor the du-
plex atincreasing RNA concentration. Because condensates
have very small volumes, they concentrate RNAs and favor
dimerization strongly. Finally, it is worth noting that not all
RNA-containing systems reach equilibrium. For instance, a
particularly long and GC-rich stem might provide a kinetic
barrier to RNA strand multimerization since breaking of
strong base-pairing is very slow in RNA. The dissociation
of an 8 bp GC duplex was previously calculated to have a
half-life of ~16 h at 37°C (Turner and Bevilacqua 1993), al-
though this barrier can be lessened considerably by toe-
hold/branch  migration  processes (Auslander and
Fussenegger 2014; Zhou et al. 2019). Since RNA tends to
fold as it is being transcribed (Chadalavada et al. 2010;
Watters et al. 2016; Passalacqua and Luptak 2021), local
structures such as these stem-loops are initially favored.
Collectively, these kinetic barriers, their lessening by toe-
holds, and folding during synthesis all add to the complexity
of the folding landscape.

Above we considered interactions between two strands,
but RNA can form three- and four-stranded interactions as
well. These multimeric complexes are especially appealing
for condensate formation because they bring together
even more strands. Triplexes can form when a pyrimidine
strand interacts in the major groove of a duplex homopur-
ine—homopyrimidine stretch to form a base triple (Fig. 1B,
images 1 and 2), which can bring up to three different RNA
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FIGURE 1. Examples of RNA multimerization. (A) Duplex formation. A 12mer stem-loop interacts with a copy of itself to form a duplex. The 5'-
and 3'-strands (Ss' and S3/), as well as the loop (L), are designated and color coded in both the hairpin (left) and duplex (right) states. The image
depicts the base-pairing bringing together two different strands of RNA. The first example is of a self-complementary dimer internal loop se-
quence of CGCG that results in strong base-pairing and favors the duplex. The second example is of a non-self-complementary dimer internal
loop sequence that results in weak base-pairing and favors the stable UNCG hairpin. (B) Trimer formation. The first two images show a third strand,
denoted in magenta, interacting in the major groove of either an AU, or a GC Watson-Crick base pair. In the case of the GC base pair, the third
strand has a protonated C. The third image shows a third strand interacting, denoted in pink, in the minor groove of an AU Watson-Crick base pair.
The fourth image depicts two triples (triangles) bringing together three different strands of RNA, with the non-Watson-Crick strand in pink. (C)
Quartet formation. The fourimages depict two G-quartets (squares) bringing together up to four different strands of RNA. (D) Quartets can form in
many different ways such as a major groove base triple interacting with a fourth base. Note that here the C* interacts differently than in the stan-
dard triple in panel B. (E) Overview of the myriad RNA-RNA interactions that can lead to LLPS.

strands together (Fig. 1B, image 4; Devi et al. 2015). In
these cases, a U interacts with the Hoogsteen face of A
in an AU Watson—Crick pair, while a C* (protonated) inter-
acts with the Hoogsteen face of G in a GC Watson—Crick
base pair. What is the likelihood of such a triplex? For
the interaction of four consecutive base triplets, the prob-
ability that a 4 bp stretch is homopurine is (1/2)% or 12.5%,
which is reasonably high. The likelihood of a third strand
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complementing this duplex is smaller at (1/4)*, or 0.4%.
However, given evidence that there are a vast number of
nucleotides in a condensate, it also is reasonably high.
Because the likelihood of their formation is so high, triplex-
es may be important contributors to condensate forma-
tion. One of the appealing features of this type of an
interaction is that, unlike in the hairpin-dimer equilibrium
discussed above, no Watson—Crick base pairs have to be
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FIGURE 2. Loop-loop interactions mediate assembly of RNA condensates. (A) NUPACK-predicted architecture for multimerization (n = 6 here) of
the guanidine riboswitch from Bacillus subtilis. Self-complementary loops L1 and L2 form trans-strand dimerization motifs (DM). Stem-loop struc-
ture (SL) is retained as a cis-strand structure within the multimers. Each copy of the transcript is a separate color and labels are color-matched. (B)
Propensity for RNA multimerization of the guanidine riboswitch as predicted by NUPACK for WT (wild-type), M1 (mutant 1), M2 (mutant 2), and
M1 + M2 (equimolar mixture of M1 and M2). Sequences of WT, M1, and M2 are provided. We capped NUPACK calculations at complexes of six
monomers in this example; calculations for up to 10 monomers are possible (Zadeh et al. 2011) and were conducted, but showed no new modes
of interaction (Poudyal et al. 2021). (C) Samples containing both M1 (magenta) and M2 (green) showing condensate formation in 50 mM M92+
with complementary loops but not in samples containing M1-only and M2-only. Figure and legend adapted from Poudyal et al. (2021) with

permission.

broken; the triplex forms in the context of preformed base
pairs, which may lessen the aforementioned kinetic barri-
ers to structure formation.

Another way triplexes can form is through the A-minor
motif, which is quite common, being present in nearly all
large RNAs (Devi etal. 2015). In this motif, A residues interact
with a preformed duplex via base-base and base-sugar
(27OH) interactions in the wide and shallow (i.e., accessible)
minor groove of the duplex (e.g., Fig. 1B, image 3). The A-
minor motif is common in tertiary interactions, including
structures such as pseudoknots (Shalybkova et al. 2021).
This motif is more plastic than the aforementioned major
groove triplexes because A’s can interact with GC, CG,
AU, and UA pairs, as well as with non-Watson—Crick pairs
to make base triplesin the wide and accessible minor groove
of RNA.

Quadruplexes have been well described in RNA as well.
These include four-base G-quartets, which can form within
the same RNA strand or between two, three, or four differ-
ent RNA strands to make base quartets (Fig. 1C; Liu et al.
2000; Collie et al. 2010). As such, they could be especially
effective in bringing multiple RNA strands together
(Khong et al. 2017; Zhang et al. 2019). Stretches of as
few as two G's could allow quadruplex formation, and
these can be favored by the presence of polyamines, espe-
cially the organic cation spermine (Williams et al. 2021).
Quartets can form out of bases other than just G as well.
For instance, base quartets can form when the pyrimidine
in a major groove of a base triple interacts with a fourth

base (Fig. 1D; Su et al. 1999). The myriad ways these
RNA-RNA interactions conspire to drive LLPS is summa-
rized in the scheme in Figure 1E.

Finally, long RNAs such as mRNAs and IncRNAs can inter-
actalongtheirentire length (Van Treeck etal. 2018; Luo et al.
2021). For instance, one segment of a given RNA might in-
teract with a second RNA, while another segment of the first
RNA might interact with a third RNA and so on. Moreover,
those interactions could involve base-pairing, which bring
two strands together locally, or base triples or quartets,
which could bring together three or four strands locally.
Given that mRNAs can be thousands of bases long, a given
mRNA could have myriad RNA partners inside a conden-
sate, each held in place by numerous two-base, three-
base, or four-base interactions. We recently reported such
daisy chaining of RNA in the case of a riboswitch (Poudyal
et al. 2021) as analyzed by the RNA design software
NUPACK (Zadeh et al. 2011) where minimally six-stranded
complexes held together by base-pairing were predicted
(Fig. 2B). These considerations are consistent with reports
thatlonger mRNAs, which concomitantly have more interac-
tions, tend to accumulate in stress granules in vivo and in
RNA-only assembles in vitro (Khong et al. 2017; Van
Treecketal. 2018). These findings and others, which showed
a correlation between calculations (complex size by
NUPACK) and experiments (phase separation), suggest
that RNA design software packages such as NUPACK may
be useful for assessing the propensity of RNA to phase sep-
arate (Zadeh et al. 2011; Poudyal et al. 2021).
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DISRUPTIVE FORCES FOR PHASE SEPARATION

Stress granules are known to undergo reversible forma-
tion. One question then is: what could lead to dissolution
of the granule? The answer may lie in disrupting RNA-RNA
interactions, both by spontaneous breaking of base pairs
and by active disruption by helicases. As mentioned
above, RNA-RNA interactions can be long-lived, especially
for longer base-pairing stretches. Moreover, in vitro FRAP
experiments show that RNA-only condensates have much
longer half-lives than RNA-protein ones (hours versus sec-
onds) (Van Treeck et al. 2018; Poudyal et al. 2021). Heli-
cases can thus be expected to play a role in the
dissolution of condensates (Van Treeck and Parker 2018).
Indeed, stress granules contain RNA helicases such as
DEAD-box helicases, elF4A, RHAU, and DDX3 (Chalupni-
kova et al. 2008; Hilliker et al. 2011; Epling et al. 2015; Val-
entin-Vega et al. 2016; Kosmacz et al. 2019; Tauber et al.
2020a). In particular, the DEAD-box helicase elF4A has
been shown to suppress stress granule accumulation in hu-
man cell lines in a manner dependent on its RNA binding
capability (Tauber et al. 2020a). Over-expression of elF4A
is associated with improved drought and salinity tolerance
in several plant species (Santosh Rama Bhadra Rao et al.
2017 and references therein), and it would be of interest
to assess RNA condensation and stress granule formation
in these transgenic plant lines. In addition, translation
may disperse stress granules owing to ribosome interac-
tions with exiting mRNAs, preventing their reentrance
into the condensate; likewise, mRNA turnover may break
up P-bodies due to loss of RNAs themselves (Gilks et al.
2004; Khong et al. 2017). Furthermore, there is in vitro
and cellular evidence that RNA degradation within RNP
granules can reduce their assembly and size (Teixeira
et al. 2005; Burke et al. 2020).

Another factor that could interfere with RNA-RNA inter-
action and eliminate phase separation is an increase in
temperature, particularly in the case of poikilotherms
such as micro-organisms, fungi, plants, and invertebrates.
This is because RNA-RNA interaction is generally enthalpi-
cally driven, as mentioned above, and so disfavored at
higher temperatures (Nott et al. 2015; Falahati et al.
2016; Shin and Brangwynne 2017). Indeed, one could
imagine droplets forming and dissolving as a function of
temperature, perhaps according to the diurnal cycle, or
entrained by circadian rhythms. Intriguingly, several pro-
teins of the circadian clock show accumulation in nuclear
condensates in plants (Emenecker et al. 2020). Also, in
plants, high temperatures as well as the desiccation signal-
ing hormone, abscisic acid, promote redistribution of a
transcriptional repressor (Jung et al. 2020) and an RNA
binding protein (Li et al. 2002) into nuclear speckles.
Other abiotic stress-related factors could also affect con-
densate formation. Proline, which is a compatible solute
synthesized by plants during drought and salt stress
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(Tester and Davenport 2003; Tack et al. 2020) is a known
potent denaturant of RNA structure (Lambert and Draper
2007). Removal of salt stress (Tack et al. 2020) would re-
lieve conventional RNA-RNA base-pairing interactions,
which are favored by high salt, which might also dissolve
condensates. On other hand, we have found that aggre-
gates of spermine-promoted G-quadruplexes are elimi-
nated by higher salt (Williams et al. 2021), which is the
opposite effect, occurring here because the salt competes
the spermine away from the RNA. The major takeaway
from these studies is that abiotic variables such as temper-
ature and salt can have a multitude of effects on biomolec-
ular condensates such that their dynamics are affected,
especially in living systems. This may be important for
fine-tuning regulation but can make dynamics difficult to
predict.

RNA AS A MOLECULAR CHAPERONE

The biological functions of proteins are governed by their
amino acid properties and three-dimensional structure. If
proteins misfold, as a result of either mutation or environ-
mental stress, protein aggregation is likely to be one of the
major consequences, which can result in cytotoxic events
and cell death (Maisonneuve et al. 2008). Environmental
challenges (e.g., extreme temperatures, dehydration,
and osmotic stress) often expedite protein aggregation
and misfolding within the cell (Tyedmers et al. 2010). Un-
der these circumstances, diverse molecular chaperones
have been identified with pivotal functions that aid in pre-
venting protein aggregation and in regulating protein
folding. These chaperones are involved in maintaining
the equilibrium of folded proteins (proteostasis) and prote-
ome integrity (Balch et al. 2008).

Protein-based chaperones have been well studied and
are classified into two groups: (i) The ATP-independent
type chaperones, often called “holdases,” which bind to
unfolded or misfolded proteins directly, minimizing pro-
tein aggregation without consuming ATP; (i) The ATP-de-
pendent type chaperones, often called “foldases,” which
utilize ATP to assist proper protein folding (Hartl et al.
2011).

Aside from the above-described protein-based chaper-
ones, chaperoning of proteins by RNAs has been docu-
mented in several model systems (Kudlicki et al. 1997;
Choi et al. 2008; Son et al. 2015; Docter et al. 2016).
Among these studies, sequence specificity and the length
of the RNA (as short as 19 bases) have been characterized
in vitro for chaperone function (Docter et al. 2016); it is also
worth noting that RNA chaperones are more efficient than
other types of chaperones (protein-based, polyphospate,
and dsDNA) in suppression of protein aggregation (Gray
et al. 2014; Docter et al. 2016).

In biomolecular condensates that contain both RNA and
proteins, it is thus possible that RNA could chaperone its
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protein partners, perhaps acting as a holdase. It should be
noted that extensive RNA oligomerization or condensation
is often associated with cellular stress (Tauber et al. 2020b).
These stress conditions could trigger mRNAs to form non-
membrane-bound ribonucleoprotein (RNP) complexes,
stress granules or P-bodies, wherein some of the protein-
binding mRNAs could direct their protein partners to the
biomolecular condensate with consequent translation
shutoff or protection from protein degradation (Mateju
et al. 2017; Chantarachot and Bailey-Serres 2018;
Alriquet et al. 2019).

For example, it is known that heat shock proteins are of-
ten found in stress granules, and some of them (Hsp70,
110, and 60) can interact with A+ U rich elements (AREs)
both in vitro and in vivo (Henics et al. 1999; Wilson et al.
2001; Kishor et al. 2013; Docter et al. 2016). Particularly,
poly(U) RNA has been reported as a highly effective se-
quence that, in cooperation with the DnaK chaperone
(the homolog of Hsp70), can synergistically increase Hsp
protein refolding efficiency (Son et al. 2015; Docter et al.
2016). Notably, the chaperone activity of poly(U) RNA
was about 300-fold more effective at preventing luciferase
protein aggregation in vitro than the well-studied protein-
based chaperone GroEL (Docter et al. 2016). It merits at-
tention that ~10% of eukaryotic mRNAs have AREs in their
3" UTR (Halees et al. 2008), thus suggesting possible roles
of AREs in rapid stress response via assisting protein fold-
ing in cooperation with protein-based chaperones. Arelat-
ed biological question is whether there exist other RNA-
based chaperones that aid—via ARE recognition or by oth-
er sequences or motifs—in protein or RNA folding, there-
by opposing the degradation of their targets. Although
most mechanisms remain unknown to date, insights ob-
tained from future studies will undoubtedly further extend
and complement the current concept of RNA-protein net-
works in rapid stress responses.

CONCLUSIONS

Base pairing, both Watson—Crick and non-Watson—Crick,
between two RNA strands can lead to the formation of di-
mers that are both stable and frequent. Three- and four-
stranded interactions of RNAs involving major groove
and more permissive minor groove interactions are also
known and their formation may be more facile in that
they do not require disruption of base-pairing. At the
same time, interactions that first require the breaking of
preformed base pairs could be facilitated by toehold/
branch migration processes. RNA multimerization process-
es are driven by increases in RNA concentration, as would
happen in the sub-fL volumes of condensates, and could
drive liquid-liquid phase separation. One of the most strik-
ing features of the models considered herein is that pairing
between RNAs is common and strong, even when it initi-
ates purely by chance. That is not to say that all interactions

between RNAs are nonspecific; indeed, there is strong
evidence for specific interaction between sense and
antisense transcripts, for example (Van Treeck et al.
2018). Nonetheless, given the considerations herein,
there is likely to be a stochastic aspect to the formation
of RNA-RNA interactions in condensates. Diversity be-
tween different droplets of the same condensate could
lead to noise in gene expression, as has been observed
for single cells, which could in turn lead to a type of robust-
ness (Raser and O’Shea 2005). Probing the composition of
biomolecular condensates at the single compartment level
is thus an area for further study that could reveal underlying
heterogeneity of compartment composition and RNA
structure.

In this article, we have taken a decidedly RNA-centric
view of condensates. It will be of interest to see if RNA-
only condensates are discovered in vivo, since they form
readily in vitro. Such condensates would likely be associat-
ed with high divalent and organic cation concentrations on
the basis of our findings with riboswitches (Poudyal et al.
2021) and G-quadruplexes (Williams et al. 2021).
Nonetheless, proteins play critical roles in condensate for-
mation and properties. For instance, arginine-rich pep-
tides, which can bind robustly to RNA, trigger stress
granule formation by stabiliziing RNA-RNA interactions
through relieving anionic repulsion, base-pairing with gua-
nines, and engaging in cation-n interactions (Lee et al.
2013; Boeynaems et al. 2017; Reiss et al. 2017; Van
Treeck et al. 2018). Proteins also play important roles in
the properties of condensates, perhaps best illustrated
by the aforementioned in vitro FRAP experiments which
show that RNA-only condensates have very long half-lives
(Van Treeck et al. 2018; Poudyal et al. 2021). Like RNA-
RNA interactions, it is likely that some RNA-protein and
protein—protein interactions are specific, while others are
not. Because protein—protein interactions tend to be
weaker, they may temper the very strong RNA-RNA inter-
actions and foster rapid dissolution of droplets, which may
be needed for an effective biological response. In sum-
mary, the physicochemical properties of RNAs provide
an important context in which to understand and investi-
gate the behavior of diverse biomolecular condensates.
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