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ABSTRACT

Intracellular condensates formed through liquid–liquid phase separation (LLPS) primarily contain proteins and RNA. Recent
evidence points to major contributions of RNA self-assembly in the formation of intracellular condensates. As the majority
of previous studies on LLPS have focused on protein biochemistry, effects of biological RNAs on LLPS remain largely un-
explored. In this study, we investigate the effects of crowding, metal ions, and RNA structure on formation of RNA con-
densates lacking proteins. Using bacterial riboswitches as a model system, we first demonstrate that LLPS of RNA is
promoted by molecular crowding, as evidenced by formation of RNA droplets in the presence of polyethylene glycol
(PEG 8K). Crowders are not essential for LLPS, however. Elevated Mg2+ concentrations promote LLPS of specific ribo-
switches without PEG. Calculations identify key RNA structural and sequence elements that potentiate the formation of
PEG-free condensates; these calculations are corroborated by key wet-bench experiments. Based on this, we implement
structure-guided design to generate condensates with novel functions including ligand binding. Finally, we show that RNA
condensates help protect their RNA components from degradation by nucleases, suggesting potential biological roles for
such higher-order RNA assemblies in controlling gene expression through RNA stability. By utilizing both natural and ar-
tificial RNAs, our study provides mechanistic insight into the contributions of intrinsic RNA properties and extrinsic envi-
ronmental conditions to the formation and regulation of condensates comprised of RNAs.
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INTRODUCTION

Subcellular organization of biomolecules such as RNAs
and proteins is key to the regulation of cellular biology.
Recent evidence points to important roles for mem-
brane-less organelles or intracellular condensates (ICs)
such as stress granules (SGs), P-granules, and Cajal bodies,
among others, in the spatial organization of biomolecules
(Gomes and Shorter 2019). Studies suggest that these ICs
form through liquid–liquid phase separation (LLPS) of bio-
polymers (Brangwynne et al. 2009; Alberti 2017).
Associative interactions such as H-bonding, charge-charge
contacts, cation-pi interactions, and hydrophobic interac-
tions play important roles for the formation of ICs that con-
tain RNA and proteins (Gomes and Shorter 2019).

Furthermore, RNA-containing complex coacervates, which
also form by LLPS and lack lipid bilayer membranes, have
also been implicated in origins of life as bioreactors, where
encapsulated nucleotides, magnesium, and RNA mole-
cules increase in local concentration (Koga et al. 2011;
Poudyal et al. 2018). Our group previously demonstrated
that increase in concentration of biomolecules within con-
densates can activate RNA enzymes (Poudyal et al. 2019a).
As the structure of RNA can dictate which parts of the mol-
ecule are available for associative interactions, RNA struc-
ture likely plays important roles for its encapsulation within
the condensates. Despite concrete evidence of RNA en-
capsulation and enrichment in diverse artificial and biolog-
ical condensates (Aumiller et al. 2016; Frankel et al. 2016;
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Drobot et al. 2018; Boeynaems et al. 2019; Poudyal et al.
2019a), little is known about how intrinsic properties of
RNAs such as structure and sequence affect their encapsu-
lation within condensates formed by associative LLPS.

Several key observations point to essential roles for
base-pairing in the assembly of intracellular condensates;
however, the structural context for such base-pairing inter-
actions has not been clearly established. In vitro, base-
paired DNA has been reported to be less potent at form-
ing condensates with polylysine compared to single
stranded DNA (Shakya and King 2018). Furthermore, in
the case of droplets composed entirely of DNA, repro-
gramming of complementarity was shown to enable
association of unique droplets (Jeon et al. 2020). RNAs
containing CAG and CUG trinucleotide repeats, which
are associated with neurodegenerative phenotypes
(Nalavade et al. 2013), can self-assemble into droplets
both in vitro and in vivo (Jain and Vale 2017). The mode
of condensate assembly by such RNAs is likely due to
the high propensity for GC base-pairing, which can form
extended networks of RNAs. More recently, RNAs with
known structure such as G-quadruplexes have also been
shown to form condensates in the presence of crowding
agent in vitro (Zhang et al. 2019). In this case, condensate
assembly is likely driven by the formation of trans G-quad-
ruplex, which can bring together multiple strands of RNA.
Furthermore, RNA has been shown to stimulate formation
of condensates with MEG-3 and PGL-3 P-granule proteins
both in vitro and in vivo (Smith et al. 2016; Putnam et al.
2019). Interestingly, highly structured ribosomal RNA
does not stimulate formation of PGL-3 condensates until
the RNA is heat denatured, supporting the importance of
exchanging intramolecular base-pairing interactions with
intermolecular ones in condensate assembly (Saha et al.
2016). Total RNAs from yeast have also been shown to
form condensates in the presence of crowding agents or
polyamines (Van Treeck et al. 2018). Furthermore, changes
in salt conditions have been reported to dramatically im-
pact the constituents of RNP condensates, with high con-
centrations of salt favoring RNA-rich condensates by
depleting proteins (Onuchic et al. 2019). Precipitation of
DNA molecules in a length-dependent manner has also
been observed in the presence of polyethylene glycol
(PEG) and Mg2+ or NaCl (Paithankar and Prasad 1991).
Furthermore, long mRNAs generated from rolling circle
transcription have been shown to form RNA nanoparticles
through multimerization (Kim et al. 2015). Recently, it has
been shown that addition of dimerization elements to
RNA can significantly alter material properties of the RNP
condensates, suggesting important roles for RNA–RNA in-
teractions in such condensates (Ma et al. 2021). These
studies point to important contributions of both intrinsic
(e.g., structure and sequence of RNA) and extrinsic factors
(e.g., crowding, metal cations, and polyions) in facilitating
LLPS of RNAs.

In this study, we sought to understand the contribution
of RNA structure toward formation of condensates through
LLPS. To that end, we used riboswitches as model RNAs to
build several artificial condensates, which allowed us to
isolate specific structural features in RNAs that potentiate
condensate formation. We first demonstrate that in molec-
ularly crowded conditions from PEG, RNA condensation is
non-specific, while in the absence of crowding agents,
RNA condensation is sequence- and structure-specific.
We further show that RNAs that have a high-propensity
to form oligomers (dimers up to hexamers) are prone to
LLPS. Our study suggests that self-complementary (palin-
dromes) and non-self-complementary sequences in the
unpaired regions of the structure play key roles in RNA
multimerization and affect condensate formation. To test
these principles, we apply RNA structural engineering
and generate condensates with novel properties, also in-
troducing functional domains within the network of RNA
interactions involved in the assembly of condensates.
Finally, we show that RNA-based condensates help pro-
tect RNA from degradation by a ribonuclease, suggesting
potential roles for LLPS in RNA stabilization.

RESULTS

Molecular crowding induces condensation
of bacterial riboswitches

Several studies on RNA condensation provided initial in-
sights on role of RNA sequence on assembly of conden-
sates. For example, homopolymeric RNAs have been
shown to undergo liquid–liquid phase separation in the
presence of molecular crowders or sufficient divalent
ions (Van Treeck et al. 2018; Boeynaems et al. 2019;
Onuchic et al. 2019). While an important step forward,
such homopolymers of RNAs have little structure, and so
contributions of RNA secondary and tertiary structures to-
ward assembly of condensates cannot be deduced. At the
other extreme, total RNAs from yeast have been shown to
form condensates under specific conditions; while biolog-
ically relevant, the heterogeneity in RNA identity prevents
delineating effects of individual RNA base pairs or specific
structural domains toward the mechanism of assembly of
condensates (Van Treeck et al. 2018). To address this
gap, we chose bacterial riboswitches as structured but
tractablemodel RNAs to understand howexternal environ-
ment and RNA sequence and structural features facilitate
formation of condensates.

We first sought to understand whether some bacterial
riboswitches could form RNA condensates in a structure-
dependent manner. We chose the guanine (Gua)
(Mandal et al. 2003), guanidine (Gdn) (Nelson et al.
2017), and ykkc_2C riboswitches (Sherlock et al. 2019),
as they are similar in size (148–169 nt) and GC content,
while forming structures of similar stability, with predicted
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free energies of−47.8,−56.9, and−47.5 kcal/mol, respec-
tively (Fig. 1A; Supplemental Fig. S1; Supplemental Table
1). Upon renaturation in the presence of 2.5 to 10% (w/w)
of the crowding agent polyethylene glycol (8000 Da), all
three riboswitches formed droplets in H10N15M10 buffer
(Fig.1B, see Materials and Methods). These observations
indicate that non-specific RNA condensation of these
riboswitch RNAs may be promoted by high concentration
of PEG 8K. At low concentrations of PEG 8K, the Gdn
riboswitch formed well-defined condensates most readily,
even with only 2.5% PEG 8K (Fig. 1B, image 6). This obser-
vation suggests that either the sequence or structure of the
RNA may determine its propensity to form condensates in
low amounts or even the absence (see below) of crowding
agents. It is especially important to investigate no-PEG
conditions since PEG is a dehydrating agent and its rele-
vance to biology is uncertain (Buscaglia et al. 2013;
Tyrrell et al. 2015).
To further understand the composition of the conden-

sates, we used CF-647 fluorescent dye-tagged Gdn RNA
and FITC-tagged PEG in the condensation experiments.
The resultant droplets were highly enriched in RNA, while
PEG was excluded (Fig. 1C, compare panels 2 and 3).
These observations confirmed that RNA itself is the main
macromolecular component of the condensate.

Mg2+ promotes condensation of specific RNAs in the
absence of PEG

In an effort to understand how RNA structure, sequence,
and environmental factors affect condensation, we elimi-

nated crowding agents in our experiments. Here, we
were specifically interested in the roles of Mg2+ in conden-
sate formation, which could be associated with RNA–RNA
interactions or specific structures. It has been shown that
elevated Mg2+ levels can induce phase separation of ho-
mopolymeric RNAs in vitro (Onuchic et al. 2019). To test
whether elevatedMg2+ levels can drive RNA condensation
in the absence of macromolecular crowding, we focused
on theGua andGdn RNAs as they showed apparent differ-
ences in condensation propensity at low PEG concentra-
tions (Fig. 1B, compare panels 2/3 with 6/7). We titrated
Mg2+ in our condensation experiments with CF-647-la-
beled Gdn and CF488-labeled Gua riboswitch RNAs.
Even in the absence of a crowding agent, the Gdn ribo-
switch formed droplets at concentrations as low as 5 mM
Mg2+ (Fig. 2A). Both the amount of RNA inside droplets
and size of the condensates increased with increasing con-
centration of Mg2+ (Fig. 2A). Specifically, when the largest
visible condensates were compared between 30 and 100
mM Mg2+, both the average fluorescence intensity and
size of the condensates increased approximately 1.3- to
1.5-fold (Supplemental Fig. S2A).
To investigate the potential role for Mg2+ and RNA stoi-

chiometry further, we compared condensation experiments
at 2.5 and 10 µM Gdn RNA in 10 and 100 mMMg2+. At 10
mM Mg2+ we observed condensates for only 2.5 µM RNA;
however, at 100 mM Mg2+, both 2.5 µM and 10 µM RNA
samples formed condensates (Supplemental Fig. S2B).
These results are consistent with Mg2+ shielding charges
of anionic backbone of RNA allowing extensive RNA–RNA
interactions, and that more Mg2+ is required to allow such

RNA–RNA interactions at high concen-
trations of RNA. Interestingly, whenwe
performed similarMg2+ titrationexper-
iments with 2.5 µMGua riboswitch, no
droplets were observed until 100 mM
Mg2+ (Fig. 2B). These data indicate
that sequence and structure of the
riboswitch RNAs are critical for the for-
mation of condensates at elevated
Mg2+ in the absence of crowding
agents. Furthermore, these observa-
tions are consistent with previous re-
ports on short oligonucleotides where
increase in cation concentration was
found to shift the equilibria from hair-
pin to dimers (Nakano et al. 2007).

To further understand the biophysi-
cal and biochemical properties of
these condensates, we tested whether
Na+ ions could substitute for Mg2+

ions. In the absence of Mg2+, no con-
densates were visible for the Gdn
riboswitch at 0.5 or even 1MNaCl, de-
spite the ionic strength being greater

BA

C

FIGURE 1. Macromolecular crowding induces condensate formation of bacterial ribo-
switches. (A) Secondary structure models of guanine (Gua), guanidine (Gdn), and ykkc_2c
riboswitches based on NUPACK (Zadeh et al. 2011). See Supplemental Figure S1 for sequenc-
es. The 3′ ends of the RNAs are indicated with green arrows. (B) DIC microscope images of
riboswitch RNA condensates in the presence of polyethylene glycol 8K (PEG8K). 10 µM
RNA was renatured in the presence of H10N15M10 buffer (see Materials and Methods), and
varying amounts of polyethylene glycol (8K) for the indicated riboswitches. Renaturation was
carried out by heating the mixture at 90°C for 3 min, 65°C for 1 min, and holding at 37°C until
mounted on a glass slide with DIC visualization. (C ) Condensates contain RNA and are deplet-
ed in PEG. Conditions as per image 8, except CF647-labeled guanidine riboswitch (8% la-
beled) and FITC-labeled PEG-8K (0.5% labeled) were used in all three images. See
Materials and Methods for excitation and emission parameters.
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than at 50 mM MgCl2 (Supplemental Fig. S3A), indicating
that divalent cations are needed to drive RNA condensa-
tion. We then investigated the dynamics of the RNA within
droplets by Fluorescence Recovery After Photobleaching
(FRAP) at 50 mM Mg2+ (Supplemental Fig. S3B).
Fluorescence did not recover in the bleached region even
after 4 min, indicating that Gdn RNAs inside the droplets
at 50 mM Mg2+ are largely immobile. This observation is
consistent with previously published reports on phase tran-
sition of RNAs containing triplet repeats (Jain and Vale
2017) andmay be the result of strong base-pairing between
RNAs, although Mg2+-phosphate interactions could also
contribute to the lack of diffusion. Finally, Mg•ATP has
been shown to completely dissolve proteinaceous conden-
sates even at concentrations as low as 4–8 mM (Patel et al.
2017). We thus, formedGdn RNA condensates in the pres-
ence of various concentrations of Mg•ATP. However, no
significant effect ofMg•ATP on RNAdroplets was observed
even up to 10 mM Mg•ATP (Supplemental Fig. S3C).
Together, these observations suggest that biochemical
and biophysical properties of condensates formed by ribo-
switches are distinct from many liquid-like condensates,
which are formed by weak multivalent interactions and
typically show high diffusion of biomolecules and sensitivity
toward hydrotropes and salt (Aumiller et al. 2016; Patel et al.
2017; Onuchic et al. 2019).

To further understand the contribution of RNA structure
toward formation of condensates, we predicted the pro-
pensity of multimerization for all three riboswitches using

the Nucleic Acid Package (NUPACK) (Zadeh et al. 2011).
The Gua riboswitch, which did not form RNA droplets
readily in the absence of crowding agents (Fig. 2), was pre-
dicted to form primarily dimers and not higher order multi-
mers (Fig. 3A, col 1). Strikingly, the Gdn riboswitch, which
demonstrated a high propensity to form RNA condensates
(Figs. 1, 2), also had a high predicted propensity for multi-
merization (Fig. 3A, col 2), consistent with this behavior.
These in silico predictions suggest that RNAs predisposed
to multimerization may be prone to forming condensates
and that intermolecular RNA–RNA interactions are drivers
of condensate formation.

Loop-mediated intermolecular RNA interactions
drive RNA condensation

To further examine the relationship between multimeriza-
tion and RNA phase transition, we focused on the Gdn
riboswitch, which forms condensates most readily. For
this RNA, the structureof themonomer consists of threehe-
lical domains, two of which have internal bulges and un-
paired tetraloop regions (L1 and L2), while the remaining
helix forms an uninterrupted very stable stem–loop struc-
ture (SL) (Fig. 3B, left). Uponmultimerization, structural fea-
tures that normally form intramolecularly are predicted to
form intermolecularly, as is typical in most RNAs (Proctor
et al. 2003). Interestingly, the L1 and L2 loop sequences
are palindromic and so are predicted to become part of
the dimerization helices as the dimerization motifs
DM(L1/L1) and DM(L2/L2) (Fig. 3B, right). Notably, the he-
lices containing L1 and L2 are considerably less stable than
the SL region, approximately two- to fourfold in terms of
free energy change per nt (Supplemental Fig. S4A). This
suggests that during renaturation the SL domain is likely
to remain folded or to rapidly reform localized cis base-
pairs, while the L1 and L2 regions are likely to re-pair during
this step. To test this model, we generated two variants of
the Gdn riboswitch, wherein the L1 and L2 sequences
were changed to UGGU (M1) and ACCA (M2) (Fig. 3C,
left). (See also Supplemental Text for effects of mutants
on structure itself and Supplemental Fig. S5.) In silico,
both M1 and M2 mutant RNAs are predicted to not multi-
merize when they are present by themselves (Fig. 3C,
grid, cols 2 and 3), but to form higher-order multimers
when both the mutant RNAs are present, similar to WT
(Fig. 3C, grid, compare cols 1 and 4). Although NUPACK
will predict up to 10 monomers, we chose 6 for ease of in-
spection and clarity, as no new modes of interaction were
observed for the WT Gdn riboswitch when 10 monomer
complexes were tested (Supplemental Fig. S4B).

Next, we tested these predictions experimentally. When
M1 (CF-647 labeled) andM2 (CF-488 labeled) were present
by themselves, no condensates were visible until 20 mM
Mg2+ (Fig.3D,panels 3and21), andevenhereRNAdroplets
were sparse compared to the WT guanidine riboswitch

B

A

FIGURE 2. RNA phase transition is dependent on RNA identity and
magnesium concentration. (A) 2.5 µM Guanidine riboswitch (CF-
647-labeled, ∼13% labeled RNA) was renatured in the presence of
10 mM HEPES (pH 7.0) and the indicated amounts of Mg2+.
Contrast of the images was increased to aid in visualization at lower
Mg2+ levels. (B) Same as A but with Guanine riboswitch (CF-488-la-
beled, ∼10% labeled RNA). Note that the CF-647 label is essential
to visualization: When 10 µMGdn RNAwas used (Fig. 1B) as opposed
to 2.5 µM (A), no condensates were visible in the absence of PEG 8K at
the 10 mM Mg2+ with DIC visualization (Fig. 1B, panel 5).
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(compare to Fig. 2A). These data suggest that mutations of
the palindromic sequences indeed have a deleterious effect
on RNA condensation. Strikingly, when the mutants were
mixed together, the droplets are visible even at 10 mM

Mg2+ and become larger with increas-
ingMg2+ (Fig. 3D, rows5 and6), similar
to WT guanidine riboswitch (Fig. 2A).
Combined, these results suggest that
loop–loop interactions play key roles
in driving RNA multimerization and
condensation. Our data thus indicate
that RNA sequence and structures can
be rationally designed to tuneandcon-
trol the propensity of RNAs to form
condensates.

To understand whether modulation
of RNA condensationbyRNA structure
can be generalized, we turned our at-
tention from the Gdn riboswitch to
the Gua riboswitch (Fig. 4), which
does not readily form condensates,
evenat 100mMMg2+ (Fig. 2B). In silico
predictions suggested that SL1 and
SL2 domains of monomeric Gua ribo-
switch (Fig. 4A) form helical structures
in trans DM(SL1/SL1) and DM(SL2/
SL2), which contain bulges (Fig. 4B).
We reasoned that mutating nucleo-
tides to strengthen theDM interactions
might promote RNA multimerization.
We began by considering strengthen-
ing of base-pairing in SL2. Specifically,
we looked at the two G•U wobbles at
the base of SL2 involving U100 and
U101. Strengthening the SL2 dimeriza-
tion stem from twoG•Uwobbles to two
GC base pairs in U101C and U100C:
U101C as “M1” and “M2” in Figure
4A were predicted by NUPACK to not
have any significant impact on RNA
multimerization (Fig. 4C, compare WT
to M1 and M2). These mutations
strengthen base-pairing equally in the
monomeric and dimeric states, reveal-
ing that a design principle for driving
LLPS is to strengthen selectively in the
multimeric state.

Because SL2 mutants were not
predicted to affect multimerization,
we turned our attention to SL1.
Specifically, we considered a A24C:
U25C double mutant, which was pre-
dicted to replace a single G•U wobble
in the multimer structure with two GC
base pairs (Fig. 4B, inset) and to in-

crease thepropensityof theguanine riboswitch tomultimer-
ize (Fig. 4C, DM). The reason is that these mutations
preferentially strengthen the dimer/multimeric state, much
like M1+M2 in the guanidine riboswitch (Fig. 3C,D). To

BA

C

D

FIGURE 3. Loop–loop interactions mediate assembly of RNA condensates. (A) Propensity for
RNA multimerization as predicted by NUPACK for guanine (Gua), guanidine (Gdn), and ykkc_2c
nucleotide binding riboswitch (ykkc_2c). (B) NUPACK predicted architecture for multimerization
(n=6 here) of guanidine riboswitch. Self-complementary loops L1 and L2 form trans-strand dime-
rization motif (DM). Stem–loop structure (SL) is retained as a cis-strand structure within the multi-
mers. Each copy of the transcript is a separate color and labels are color matched. (C ) Propensity
for RNA multimerization of the guanidine riboswitch as predicted by NUPACK for WT, M1, M2,
and M1+M2 mutants. M1 was CF647 labeled and M2 was CF488 labeled. (D) Guanidine ribo-
switch mutant RNAs were renatured with indicated amounts of Mg2+ (in the absence of PEG).
Samples contained 2.5 µM total RNA, with ∼8% labeled with indicated dyes. For experiments
containing both M1 and M2, half amounts of individual RNAs were premixed while keeping
the total RNA concentrations identical to experiments containing single RNA only.
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test these in silico predictions, we compared the experimen-
tal condensation data of the A24C:U25C double mutant
(Gua DM) to the WT (Fig. 4D). While no condensates were
observed for the WT Gua riboswitch until 150 mM Mg2+

(Fig. 4D, top row), robust condensates formed in the
A24C:U25C double mutant even at 20 mM Mg2+ (Fig. 4D,
bottom row). This is similar to the Mg2+ response of the
WT and M1+M2 Gdn riboswitches (Figs. 2, 3), although in
the case of the Gua riboswitch, the DM mutant turned on
condensation, while in the case of the Gdn riboswitch it
only restored it. Overall, these data indicate that structure-
guided modulation of trans-RNA–RNA interactions can be
used to control the condensation behavior of RNAs.

RNA structure probing
corroborates in silico predictions

To test our multimerization model, we
performed in-line probing (ILP) ex-
periments on the 5′-labeled Gua DM
riboswitch inside of condensates
(Supplemental Fig. S6). We chose
this RNA because in silico calculations
predict a 15 nt base pair upon multi-
merization (Fig. 4A), which is double
the number for the Gdn riboswitch.
The ILP approach provides nucleo-
tide-level resolution of RNA structure,
with base-catalyzed hydrolysis of the
RNAbackboneoccurring preferential-
ly in flexible, single-stranded regions
of the RNA (Regulski and Breaker
2008; Cakmak et al. 2020; Poudyal
et al. 2021). Because the multimeriza-
tion model predicts the single-strand-
ed loops of SL1 and SL2 in the
monomer conformation (Fig. 4A) to
bebase-paired in themultimer confor-
mation (Fig. 4B), nucleotides in this
loop region were monitored by in-
line probing upon droplet formation.
We found that overall the Gua DM

RNA exhibited similar ILP patterns in
the presence and absence of conden-
sates (Supplemental Fig. S6, compare
“−Condensate” and “+Condensate”
lanes), supporting a model in which
the Gua DM RNA adopts a similar
core secondary structure inside and
outside of condensates. Moreover,
the ILP reactivity data were consistent
with the NUPACK-predicted second-
ary structures for −Condensate and
+Condensate RNA populations
(Supplemental Fig. S7, red maps to
single-stranded regions).

Evidence to support multimerization came from the SL1/
SL1 and SL2/SL2 regions. The SL1/SL1 region showed a
striking change in ILP patterns (Fig. 4B; Supplemental
Fig. 6, gray). Upon multimerization, G23 has drastically re-
duced ILP reactivity while G22 has slightly enhanced reac-
tivity (Supplemental Fig. S6). This supports a very slight
change of a migrating bulge, with G23 pairing and G22
unpairing upon multimerization as shown in Supplemental
Figure S7C.

Our ILP data also captured predicted SL2/SL2 interac-
tions. For example, in silico models predicted nucleotides
C87 to G92 to be base-paired exclusively in the multimeric
state (Supplemental Figs. S6, S7). Indeed, we see

BA
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FIGURE 4. Stabilization of RNA–RNA interactions favors LLPS of the Guanine riboswitch. (A)
Predicted secondary structure of the Guanine riboswitch monomer. Regions containing un-
paired nucleotides that become part of base-paired structures post-multimerization are indi-
cated as SL1 and SL2 and encompassed with ovals. Colored arrows refer to positions of
mutants below. (B) NUPACK model for multimerization of the Guanine riboswitch (n = 4
here). Self-complementary SL1 and SL2 form extended dimer helices (DM) in trans. The SL1
region was stabilized by the A24C:U25C double mutant designed to stabilize DM (SL1/SL1)
region (shown in dotted region). Each copy of the transcript is a separate color and labels
are color-matched. (C ) The SL2 region was stabilized by the M1 and M2 changes (SL2/SL2).
See panel A for color-matching arrows. (D). Microscopy images comparing formation of con-
densates by theWT (10% labeled RNA) and A24C:U25C double mutant guanine (15% labeled
RNA) riboswitch. Samples contained 2.5 µM RNA in 10 mM HEPES and 15 mM NaCl (pH 7.0)
with indicated concentrations ofMg2+. Lines directly compare the 50mMMg2+ concentrations
for WT and DM, as well as the 100 mM Mg2+ concentrations.
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experimentally that ILP signals from this set of nucleotides
are lower in the condensate fraction (Supplemental Fig.
S6). Overall, the ILP data directly support the importance
of loop–loop interactions in driving RNA condensation
and indicate that NUPACK calculations are largely predic-
tive of phase separation.

Engineering of new RNA-mediated condensate
functions

We next sought to explore whether novel properties could
be engineered into RNA condensates, as guided by in sil-
ico structural predictions. The Gdn riboswitch was used as
themodel system. In this RNA, the SL domain of themono-
mer was the only structural element predicted to retain cis-
interactions during multimerization (Fig. 3B). We thus
investigated whether this domain can be swapped with
other functional RNA modules (Fig. 5A). A hybrid RNA
termed “GdnBroc” was designed, wherein we embedded
the fluorescence-activating broccoli aptamer at SL domain
(Fig. 5A, middle) (Filonov et al. 2014). This design allows

native RNA folding to be readily determined owing to the
fluorescenceof theDFHBI ligand in thepresenceof its broc-
coli aptamer. On the basis of NUPACK, the resulting RNA
was predicted to multimerize and to adopt the same frame-
work of RNA–RNA interactions as the wild-type Gdn ribo-
switch (compare Fig. 5A, right to Fig. 3B, right).
To test whether the engrafted aptamer remains func-

tional, we performed cotranscriptional fluorescence mea-
surements for GdnBroc. The fluorescence from DFHBI
increased with time of transcription (Fig. 5B, dark green),
suggesting that theGdnBroc RNA contains a natively fold-
ed broccoli aptamer unit. Fluorescence was enhanced by
KCl, aspredicted for thisG-quadruplex containingaptamer
(Shelke et al. 2018), and missing in WT controls without
broccoli (Fig. 5B). To understand whether GdnBroc could
form condensates and remain functional while in droplets,
we labeled the GdnBroc RNA on the 3′-end with CF 647
dye, which we then used to form RNA condensates. The
3′-end labeling with CF647 dye enabled simultaneous
tracking of the total RNA (Ex. 633 nm, Em. 650 nm) (Fig.
5C, top row) and the functional broccoli (Ex. 488, Em 510)
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FIGURE 5. Structure-guided engineering toward condensates with novel functions. (A, left) Structure of the guanidine riboswitch monomer and
(middle) with broccoli aptamer insert (green). (Right) Predicted multimerization architecture for the broccoli insert-containing guanidine ribo-
switch shown out to a hexamer. Each copy of the transcript is a separate color. (B) Fluorescence intensity at 520 ± 15 nm of in vitro transcription
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labeled RNA) (top row) or from the broccoli aptamer (bottom row). All experiments contained 10mMKCl to promote Broccoli fluorescence except
panels 4 and 8.
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(Fig. 5C, bottom row). As with theGdn
riboswitch (Fig. 5C, panel 2), GdnBroc
formed condensates (Fig. 5C, panel
3). Strikingly, when DFHBI was added
to the GdnBroc condensates, fluores-
cencewas observed in the green chan-
nel (Fig. 5C, panel 7), indicating that
the broccoli aptamer remains func-
tional and is natively folded within the
condensates. Importantly, when the
Gdn riboswitch without engineered
broccoli but with DFHBI was tested,
no fluorescence was observed in the
green channel (Fig. 5C, panel 6) even
though RNA was present (panel 2),
suggesting that fluorescence from
broccoli is not due to non-specific in-
teractions between the DFHBI dye
and RNA in the condensates.
Additionally, the broccoli fluorescence
was sensitive to K+ (Fig. 5C, panels 4
and8), strongly supporting that theob-
served fluorescence is indeed from the
engrafted broccoli aptamer. Overall,
these data indicate that structure-guid-
ed engineering of RNA domains can be used to introduce
novel functions within condensates, while also showing
that some portions of an RNA can remain natively folded
even when other parts dimerize within condensates.

Specificity of RNA interactions in condensates

Intracellular condensates such as stress granules and
P-granules have been shown to contain a wide variety of
RNAs (Khong et al. 2017; Lee et al. 2020).We sought to un-
derstand whether different RNAs interact non-specifically
when renatured together, as non-specific RNA–RNA inter-
actions can lead to misfolding of native RNA structures. As
GdnBroc RNA contains a functional domain, it can report
on native RNA folding via fluorescence within the conden-
sates. Occurrence of non-native RNA–RNA interactions,
which can lead to misfolding of RNA structures, can thus
be observed as a decrease in broccoli fluorescence in
the condensates.

We first formed droplets by mixing 3′-CF647-labeled-
GdnBroc (shown in Fig. 6A row 1, Supplemental Fig. S8A)
with increasing concentration of unlabeled GdnBroc (Fig.
6A row 2, Supplemental Fig. S8B). In these experiments,
the droplets grew brighter for broccoli fluorescence (λem=
510nm), dimmer forCF647 fluorescence (λem=650nm)ow-
ing to dilution, and also larger as expected due to increased
concentration of condensate forming RNA (Fig. 6B green,
Supplemental Fig. S8B).We thenperformeda similar exper-
iment but instead of adding unlabeled-GdnBroc, we added
a WT Gdn riboswitch, which has the same scaffold as the

GdnBroc but lacks the functional broccoli unit (Fig. 6A,
row 3, Supplemental Fig. S8C). Addition of Gdn resulted
in condensates with a slight decrease in broccoli and
CF647 fluorescence compared to no added Gdn owing to
dilution, as expected. The droplets remained fluorescent
up to threefold excess Gdn WT RNA and the ratio of F500
and F650 did not change appreciably with excess Gdn
(Fig. 6Bblue, Supplemental Fig. S8C). SinceGdnBroc isbuilt
on the scaffold ofGdn, thesedata are consistentwith correct
folding of the broccoli aptamer even in the presence of WT
Gdn, which is also predicted by heterodimer foldings in sil-
ico (Supplemental Fig. S9A, green is natively folded).

Finally, we added a different RNA altogether, unlabeled
Gua DM RNA. This mixture showed fluorescence from the
CF647 3′-end-labeled-GdnBroc RNA; but very little fluo-
rescence from the broccoli units (Fig. 6B orange,
Supplemental Fig. S8D). These data suggest that when dif-
ferent RNAs are present in the condensate, non-specific
RNA–RNA interactions can occur leading to colocalization
and misfolding of the RNAs. The unfolded broccoli in the
presence of non-native “scaffold” is also consistent with
in silico heterodimer predictions (Supplemental Fig. S9B,
green is misfolded).

Condensates partially protect RNA from nuclease
degradation

Condensates have been hypothesized to play important
roles as bioreactors and containers for biomolecules such

BA

FIGURE 6. Presence of noncognate RNAs lead to misfolded RNAs in condensates.
(A) Expected results. Monitoring nonspecific RNA–RNA interactions through broccoli fluores-
cence. Row 1: Condensates formed with 3′-CF 647-Gdn Broc RNA are expected to fluoresce
both in the 500–550 nm range (green) and the 650–700 nm (magenta). Row 2: Addition of un-
labeled GdnBroc RNA (“same RNA”) is expected to dilute the fluorescence from the 3′-CF
647-labeledGdn Broc RNA while increasing the broccoli fluorescence. Row 3: Addition of un-
labeled WT guanidine riboswitch (“native scaffold”) is expected to dilute the fluorescence
from both the 3′-CF 647-labeled Gdn Broc RNA and the broccoli element. Row 4: Addition
of unlabeled double mutant Gua riboswitch (“non-native scaffold”) is expected to dilute the
fluorescence from the 3′-CF 647-labeledGdnBroc RNA but also disrupt broccoli fluorescence.
(B) Actual results. Relative fluorescence of broccoli to CF-647 with condensates containing dif-
ferent RNAs. Range of relative fluorescence values of Gdnbroc without any additional RNAs is
marked in gray rectangle. Symbols are color coded with added RNAs in rows 2–4 of panel A.
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as RNAs and proteins, especially in origins of life scenarios
(Jia et al. 2014; Drobot et al. 2018; Poudyal et al. 2018).
One important characteristic of such compartments might
be protection of the encapsulated contents from degrada-
tion. To test whether RNA-based condensates could have
such properties, we probed the sensitivity of RNA in con-
densates toward a ribonuclease. We incubated 3′-CF488
labeled Gdn WT RNA in condensates or in solution with
G-specific RNase T1. In the absence of the nuclease, the
amount of RNA remained constant over 15min for both so-
lutions and condensates, as expected (Fig. 7A top).
However, in the presence of T1 nuclease, the RNA degrad-
edmore rapidly in the absence of droplets as compared to
condensates, suggesting that condensates partially pro-
tect RNA from degradation (Fig. 7A bottom and Fig. 7B).
To test this hypothesis further, we formed condensates

from Gdn Broc RNA and challenged them with RNase T1.
We used real-time fluorescence measurements from the
broccoli aptamer to provide a direct quantitative assess-
ment of intact RNA. Even after 30 min, 50% of the RNA re-
mained as fully functional broccoli aptamer when present
as condensates compared to <10% in the absence of con-
densates (Fig. 7C). The observed rate constant for signal

decay from the broccoli aptamer was almost fourfold faster
in the absence of condensates (0.11 vs. 0.03 min−1). These
data demonstrate that having RNAs encapsulated as con-
densates can protect the RNA from protein nucleases.
While the exact mechanism of protection remains unclear,
it could involve sequestration of unpaired Gs upon multi-
merization, making them inaccessible for the RNase T1.

DISCUSSION

Overall, our study provides a mechanistic framework for
formation of RNA droplets through base-pairing-mediated
RNA multimerization. Intermolecular RNA–RNA interac-
tions have been hypothesized to play important roles in
both the assembly and dynamics of intracellular RNP con-
densates. Here we have demonstrated the critical contri-
butions of specific RNA sequence and structural
properties in assembly of RNA-based condensates, as dis-
tinct from themore general contributions of environmental
factors such as crowding and ionic strength. Our data show
that specific RNA structures can promote condensation of
RNAs even without the need for polyamines and crowding
agents, which have been shown to facilitate assembly of

condensates of biological and syn-
thetic RNA molecules (Jain and Vale
2017; Van Treeck et al. 2018; Zhang
et al. 2019).

We showed that without anymacro-
molecular crowding, RNA multimeri-
zation is enhanced by RNA–RNA
interactions through base-pairing
and divalent cations. Others have re-
ported that high concentrations of
Mg2+ and Ca2+ ions can drive forma-
tion of homopolymeric RNA coacer-
vates such as polyU (Onuchic et al.
2019). However, in such RNAs, which
haveminimal hydrogenbonding, con-
densation is driven primarily by non-
specific RNA interactions (Thrierr
et al. 1971; Young and Kallenbach
1978). In contrast, our study used
highly structured biological RNAs to
address contributions from RNA se-
quence and structure toward forma-
tion of RNA condensates. As RNA
multimers could lead to formation of
large networks of RNA condensates,
we used in silico predictions to esti-
mate whether certain RNAs are prone
to forming multimers. These predic-
tions suggested that for RNAs that
form condensates, the overall struc-
tureof the RNAmay remain largely un-
changed; however, many monomeric

BA

C

FIGURE 7. RNA condensates protect RNA from RNase T1-mediated degradation. (A, top)
Denaturing polyacrylamide gel image showing full-length Gdn RNA (3′-CF488-labeled) over
time in solution or as condensates without (top row) and with (bottom row) 0.3 U RNase T1.
Time points are 0, 2.5, 5, 10, and 15 min. (B) Quantification of data in panel A. Error bars rep-
resent standard error n=5. (C ) Fluorescence of the broccoli aptamer as a function of time after
addition of RNase T1 nuclease to Gdn Broc RNA. The RNA was either present in solution (or-
ange) or as condensates (green). Error bars represent standard error (n=4). Fluorescence val-
ues were normalized to intensities at 0 min. Fitting the data to first order exponential decay
(Equation 1, see Materials and Methods) provide observed rate constants of 0.03 and 0.11
min−1 for condensate and no condensate samples, respectively.
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cis helices were predicted to be traded for trans helices,
thereby allowing formation of the extended networks of
RNAmolecules that can generate condensates.We showed
specifically that palindromic sequences in the loop regions
are critical in determining the propensity of a single RNA
to formhigher ordermultimers ultimatelymaturing into con-
densates; moreover, complementary nonpalindromic loop
sequences can also interact in trans to yield similar behavior,
as illustrated in Figure 3 M1+M2. This is likely because no
base pairs have to be broken for loops to interact. These ob-
servations are in-line with biological instances where palin-
dromic sequences nucleate critical RNA–RNA interactions
such as in the case of HIV, where the genome dimerization
is initiated by the palindromic dimerization initiation se-
quence (DIS) (Lu et al. 2011). Furthermore, large unpaired
loops in artificial RNA aptamers derived from SELEX have
also been shown to play critical role in the formation of hy-
drogels (Huang et al. 2017).

One feature of RNA-based condensates is the potential
to control their internal network of RNA–RNA interactions.
Complex coacervates and other RNP condensates formed
by charge-charge interactions typically interact non-specif-
ically. As such, controlling encapsulation of RNAs with
unique identity, structure, and function can be challenging
(Boeynaems et al. 2019; Poudyal et al. 2019b). In contrast,
we demonstrated that mutations that selectively stabilize
the dimeric states of RNAs while not affecting the mono-
meric states can promote formation of functional RNA con-
densates. Based on this idea, we demonstrated that
structure-guided engineering allows complete turn on or
turn off of RNA condensation. Furthermore, we provided
evidence that specific RNA structures that do not engage
in trans RNA–RNA interactions can be grafted with func-
tional RNA domains to generate RNA condensates with
novel properties.

Although beyond the scope of this study, engineering of
condensates with functional RNAs presents opportunities
to recruit and enrich specific proteins or other small metab-
olites via RNA aptamers into the condensates, providing a
compartment for biomolecular reactions. Native folding of
aptamers might be retained in complexmixtures by the or-
der in which the RNAs condense and by the very nature of
the partners. Indeed, we and others have shown that non-
specific enrichment of enzymes and substrates by complex
coacervates can lead to activation of enzymes (Poudyal
et al. 2019a). RNA-based condensates may also be useful
in synthetic biological applications as bioreactors which
can activate chemical reactions. RNA condensates could
potentially be used in a similar fashion to increase local
concentration of specific oligonucleotides by base-pairing
interactions. Such increase of local concentration may be
utilized to activate specific chemical reactions (Gartner
et al. 2004).

We found that condensates protected RNAs from a ribo-
nuclease. This observation indicates that intracellular con-

densates may also act as “containers” for RNAs and
proteins until they are utilized in their specific processes
(Riback et al. 2017). Such a mechanism would prevent
RNAs from being degraded by cellular nucleases when
not being actively translated or performing native func-
tions (e.g., lncRNAs). mRNA-based nanoparticles, which
are also highly packed, have been shown to have in-
creased resistance toward serum nucleases, consistent
with our observations of RNA condensates resisting T1
RNase (Kim et al. 2015). However, because biomolecular
partitioning within condensates is affected by the compo-
sition of proteins and RNAs that form the given conden-
sate, other condensate systems may have opposite
effects, wherein recruitment of proteins could promote
RNA degradation.

Our results also have implications in origins of life
scenarios, where RNA is hypothesized to have played
both informational and catalytic roles in the RNA World.
First, condensates may have had similar protecting effects
against other nucleases in the primordial world.
Additionally, as the mechanism of RNA condensate as-
sembly involves base-pairing of the unpaired nucleotides
in loop regions, this protects the RNA from hydrolysis, as
2′OH in base-paired nucleotides sample the “in-line” con-
formation less frequently compared to an unpaired nucle-
otide (Regulski and Breaker 2008). Although we used
thermal denaturation to drive assembly of RNAs, cellular
helicases and other intracellular condensates (Nott et al.
2016) may unfold RNA helices allowing for trans
RNA–RNA interactions; alternatively, cotranscriptional
folding can lead to access of base pairs, which can drive
formation of RNA multimers and RNA condensates.
Overall, our study suggests that propensity of an RNA to
undergo LLPS is “coded” in both its sequence and struc-
ture, and as such provides a foundation for using model
RNA-based condensates such as those described herein
to study biological condensation.

MATERIALS AND METHODS

Reagents

All chemicals were purchased from Sigma unless otherwise not-
ed. DNA templates to make riboswitch RNA transcripts were pur-
chased from IDT. Sequences of riboswitches and primers used for
PCR amplification are provided in the Supplemental Information.
Ribonuclease T1 was purchased from Thermo Fisher Scientific,
and DFHBI dye was purchased from Tocris Biosciences.

DNA template generation and RNA transcription

Ten nanograms of DNA template (top strand) was PCR amplified
using the forward and the reverse primer. All DNA templates gave
single-band RNA transcripts on an 8% denaturating polyacryl-
amide gel. RNA bands were excised following UV-shadowing,
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and ethanol precipitated as described (Poudyal et al. 2021). RNAs
were stored in RNase-free water until use in 10 to 20 µL aliquots at
−20°C (∼100 µM).

3′′′′′-end labeling of RNA

RNAs were fluorescently labeled on the 3′ end using sodium peri-
odate-mediated oxidation followed by reductive amination using
a hydrazide-functionalized dye (Poudyal et al. 2021). In brief,
1 nanomole of RNA was resuspended in a solution containing
10 mM sodium periodate (freshly prepared) and 100 mM sodium
acetate (pH 5.2). Samples were incubated at room temperature
for 1.5 h. They were then precipitated by adding 300 µL of 300
mM sodium acetate, followed by 800 µL of 100% EtOH. Samples
were then kept in dry ice for 2 h, followed by centrifugation at 4°C
at 14,000g for 30 min. Supernatant was decanted and pellet was
dried. To initiate the coupling reaction, the pellets were resus-
pended in 2 µL of 10 mM hydrazide dye (CF488 or CF647, Sigma)
derivative fluorophore (dissolved in anhydrousDMSO), 2 µL of 0.5
M sodium acetate (pH 5.2), and 16 µL of water (in the given order)
and left in the dark at 4°C for overnight. The RNAs were ethanol
precipitated as described above to remove excess unincorporat-
ed dye, followed by filtration using a 10,000 Da (Amicon) molec-
ular weight cut-off centrifugal filter unit. Labeling efficiencies
were calculated by ratios of RNA concentrations obtained by us-
ing absorbance values at 260 and 490 nm (for CF488, Ex. Coeff =
70,000 M−1cm−1) or 650 nm (for CF650, Ex. Coeff = 240,000
M−1cm−1). Labeled RNAs were added to the sample at the indi-
cated final concentrations during condensation experiments.

Structure prediction

All RNA structure predictions were performed in NUPACK (http://
www.nupack.org/) using free-energy parameters from Mathews
et al. (1999). For RNA multimerization predictions, maximum
complex size was typically capped at 6, and RNA concentration
was set at 10 µM. All structural predictions were carried out at
37°C and 1 M NaCl.

RNA condensation experiments

Indicated concentration of RNA (2.5–10 µM) was resuspended in
10 mM HEPES (pH 7.0) and 15 mMNaCl. Magnesium concentra-
tion was varied as indicated. As an example of our shorthand no-
tation, H10M10N15 buffer contains 10 mMHEPES (pH 7.0), 10 mM
MgCl2, and15mMNaCl. Experiments shown in Figure 1 also con-
tained polyethylene glycol as specified. Samples (20 µL) were first
heated at 90°C for 3 min after which time they were moved to
65°C and incubated for 1 min. Samples were finally moved
to 37°C and incubated for 1 min. Following the incubation at
37°C, samples were mixed using a pipette, and 10 µL was added
on a glass coverslip and viewed on Leica TCS SP5 laser scanning
confocal inverted microscope (LSCM) with a ×63 objective lens.
This procedure is a variation from a previously reported protocol
(Jain and Vale 2017). The 488 (broccoli or CF488 dye) and 633 nm
lasers (CF647 dye) were used for excitation, and emission spectra
were collected from 500–510 nm (broccoli or CF488 dye) and
650–700 nm (CF647 dye). Images were acquired using Leica

LAS AF software. For experiments containing the broccoli
aptamer, the buffer contained 10 mM KCl to promote formation
of the G-quadruplex in the aptamer unless otherwise noted
(Fernandez-Millan et al. 2017).

In-line probing (ILP) analysis of Gua DM RNA

ILP was performed in triplicate according to standard protocols
for ILP (Regulski and Breaker 2008; Poudyal et al. 2021) with
some key modifications to address the propensity of the RNA to
form extensive trans interactions. Briefly, the RNA was 5′-end la-
beled using [γ32-P] ATP according to previously published meth-
ods. Then, 70,000 cpm (<3 nM) radiolabeled RNA was diluted
into 8 µL of water or 5 µM unlabeled RNA in water for the conden-
sate-minus and condensate-plus condition, respectively. The
RNA samples were heated to 90°C in the block of a PCR thermo-
cycler. After 1 min, 2 µL of 5×ILP buffer was added for a final buff-
er concentration of 10 mM Tris, 30 mM MgCl2 15 mM NaCl,
0.001% sodium dodecyl sulfate, pH 8.0. Heat denaturation at
80°C instead of 90°C was chosen to minimize the RNA degrada-
tion at 30 Mg2+ concentration. Tubes were visibly turbid after the
denaturation step, confirming formation of RNA condensates.
Reactions were incubated for 18 h at 37°C and stopped with 30
µL (3×) of formamide loading dye, composed of 50 mM EDTA
(pH 8.0) in 90% aqueous formamide, with trace xylene cyanol
and bromophenol blue. (High concentration of formamide and
excess EDTA are required to prevent smearing.) The NR samples
were identical to condensate minus samples but stopped with
formamide loading dye immediately after the renaturation step.
Ladders were prepared under denaturing conditions as previous-
ly described (Poudyal et al. 2021) followed by fractionation on a
10% denaturing gel. For data analysis, the raw gel image was
quantified with SAFA (Das et al. 2005) to produce ILP reactivities
for each nucleotide. The ILP reactivities for each nucleotide
were averaged over triplicate experiments and mapped to sec-
ondary structures using R2easyR (http://doi.org/10.5281/
zenodo.4683742) and R2R (Weinberg and Breaker 2011).

Fluorescence recovery after photobleaching (FRAP)

The Gdn RNA condensates were prepared as described for previ-
ous experiments. An approximately 1 µM diameter was chosen as
the region of interest (ROI) for photobleaching. Laser power was
set at 100% with 458, 476, 488, 514, 543, and 633 nm lasers all on
at the same time for bleaching (Aumiller et al. 2016). Images were
then collected every 10 sec using the 633 nm laser for excitation
and 650–700 nm emission window. Since no significant recovery
of fluorescence was observed, FRAP data were not further
analyzed.

T1 nuclease experiments

The guanidine riboswitch at 2.5 µM (CF 488-labeled) was resus-
pended in 10 mM HEPES (pH 7.0), 15 mM NaCl, and 50 mM
MgCl2. For no condensate samples, the indicated amount of
RNase T1 was added and samples were incubated from 2.5 to
15 min at room temperature. Reactions were stopped by adding
two volumes of stopping solution (50% formamide, 50 mM EDTA
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and 0.1% SDS) and heating at 90°C for 30 sec. For condensate
samples, RNAs were renatured by heating at 90°C for 3 min after
which time they were moved to 65°C and incubated for 1 min.
Samples were finally moved to 37°C and incubated for 1min prior
to addition of RNase T1 2.5 to 15 min. Stopped reactions were
separated on a 10% denaturing polyacrylamide gel (8M urea).
The gel was visualized in the gel documentation instrument
(BioRad) using UV-transillumination. For experiments with
GdnBroc RNA, we collected fluorescence intensity from
Broccoli RNA over time (520 ± 15 nm on Applied Biosystems
StepOne Plus qRT-PCR instrument). Experiments were set up as
described for guanidine riboswitch RNA, with the following differ-
ences. For experiments with GdnBroc RNA, the buffer was sup-
plemented with 10 mM KCl and 10 µM DFHBI, which was
added after the renaturation. Using a multichannel pipette,
RNAs (±condensates) were added to a 96-well plate containing
the RNase T1. Fluorescence measurements where then taken im-
mediately following the mixing on Applied Biosystems qPCR in-
strument. Pseudofirst order rate constants were obtained by
fitting the florescence versus time data to the following equation.

f (t) = e−k·t , (1)

where f (t) is the fluorescence intensity at indicated time t, and k is
the observed rate constant. The equation provides acceptable fits
for the purpose of comparing relative rates of RNA degradation.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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