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Fig. 3. RNA secondary structure determines specificity and identity
of Whi3-CLN3 droplets. (A) Fluorescence microscopy images showing
the recruitment of scrambled (c/n3 scr), melted (CLN3 ml), and refolded
CLN3 (CLN3 refold) mRNA (pink) into preformed Whi3-BNII droplets
(green). (B) Fluorescence microscopy images showing the loss of recruit-
ment of CLN3 ml when mixed with oligonucleotides targeting comple-
mentary sequences of CLN3 to BNII. Scale bar, 10 pm. (C) Quantification
of (A) and (B). *P < 0.05; **P < 0.0L; ***P < 0.001 (t test). n 500 droplets
for N 3 biological replicates. (D) Base pairing probability from SHAPE-MaP
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of CLN3, cIn3 scr, and CLN3 refold show differences in the secondary
structure in CLN3. Arcs connect base pairs and are colored by prob-
ability. (E) Secondary structure models from SHAPE-MaP for the first
400 nucleotides of CLN3, CLN3 refold, and c/n3 scr. Whi3 binding sites
are in orange. (F) CLN3 structure mutant (c/n3 sm) mRNA is significantly
recruited to Whi3-BNII droplets in vitro and in vivo. **P < 0.01 (t test).
Green arrows denote sites of colocalization between BN/I mRNA (green) and
c/in3 sm mRNA (pink) by smFISH. Scale bar, 10 pm for in vitro, 2 pm for

in vivo. n 500 droplets for N 3 biological replicates.

4 0of 6

8T0Z ‘0€ AInr uo /610 Bewasuslds adualds//:dny woly papeojumoq



RESEARCH | REPORT

ASHAPE

Less reactive in the presence of Whi3

1.04 .m. More reactive in the absence of Whi3
15 i i i i i
100 200 300 400 500
B Nucleotide
C ) D
e donor
« acceptor RNA only + Whi3 (0.5 M)  + Whi3 (5 uM)
0|30 ) :
CLN3  BNI =92 . 2
glg! i, - 1
S %2 04 06 08 10 %2 04 06 08 1.0 %2 04 06 08 1.0
Eg3 3 3
~ -§ 2 2 2
IR 1 1
Biotin coversli D Eq Q O
p 6 02704 06 08 1.0 02 04 06 08 1.0 02 04 06 08 1.0
FRET
Pairing probability (%)
CLN3 + 0.5 uyM Whi3 CLN3 + 5 uyM Whi3
E CLN3 — donor — acceptor — FRET
= 02 T=25+021s 0.2 T=4.47+0.5s
=]
5 8 0.1 0.1
& o
=y 3% 24 o810 0065 15 2 =
g TE, time (sec) time (sec)
E E BNI1 + 0.5 M Whi3 BNI1 + 5 uM Whi3
| N
w = ' 041
c 04
E 05 £
9 2 02l \ t=1.04+004s 02} T=1.23+0.04s
05 | 0 |
00 10 20 30 40 50 0.05——5%% 00 e
time (sec) time (sec) time (sec)
F CLN3 Whi3 protein —__ P ,‘\ Perinuclear droplets
CLN3mRNA % Ol?fr.b,,mrx . W@@J‘»é& e Less dynamic
% . \’\/\/\/\/ Lz {3} M 9
RNA-RNA wihis i mj}f e ore viscous
interaction, @ binding ig":ml Low protein:RNA ratio
8
P L7 & M
Pa s e KA &
® iy o o0
BNI1 mRNA  Whi3 protein e 7
0% o’ ©
2
RNA-RNA i 2 Whi3 ‘
mteracnoq binding Polarity droplets
'SPA2 mRNA More dynamic
e Less viscous
High protein:RNA ratio

Fig. 4. Whi3 binding alters RNA behavior. (A) Differences in SHAPE
reactivities (ASHAPE) were calculated by subtracting CLN3 SHAPE re-
activities from CLN3 + Whi3 reactivities. Positive ASHAPE values indicate
protection from modification in the presence of Whi3, and negative
ASHAPE reports enhanced reactivity in the absence of Whi3 protein.

(B) Base-pairing probability compared between CLN3 and CLN3 with Whi3
shows rearrangements in CLN3 structure in the presence of Whi3. Arcs
connect base-pairing sites and are colored by probability. (C) Schematic
of smFRET experiment. (D) FRET histograms before (gray) and after
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(green) 0.5 or 5 uM Whi3 addition. Purple shaded regions denote high
and mid FRET states for CLN3 and BNII, respectively. (E) Averaged cy3
(green), cy5 (red) intensities, and representative FRET traces (blue)
obtained from smFRET experiments of CLN3 and BNII in the presence of
5 uM Whi3. Dwell-time analysis reveals slower FRET fluctuations for
CLN3 than BNII in the presence of Whi3. (F) Proposed model in which
RNA-RNA interactions derived from mRNA structure promote the selective
uptake of distinct RNAs and protein constituents into droplets leading to
distinct dynamics (orange zigzags) of different droplet complexes.
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and fig. S10A) and revealed that protein bind-
ing causes structural rearrangements (Fig. 4B).
We therefore hypothesize that Whi3 binding
may have important contributions to structural
rearrangements of target RNAs relevant to drop-
let identity.

To examine the consequence of Whi3 bind-
ing to RNA, we used smFRET (fluorescence res-
onance energy transfer) (Fig. 4C) to measure the
conformational dynamics of CLN3 and BNII
mRNAs with and without Whi3 (16). In the ab-
sence of protein, CLN3 RNA showed high FRET
values indicative of a compacted state, whereas
BNII RNA showed lower FRET values, indicat-
ing a less compact state (Fig. 4D, purple shaded
regions). Upon addition of Whi3, CLN3 FRET
values decreased, indicating that more extended
RNA conformations were induced, dependent
on the ability of Whi3 to bind mRNA (fig. S10, B
and C). In contrast, bound to Whi3, BNII RNA
showed a more substantial broadening of FRET
values (Fig. 4D), indicating that Whi3-BNII com-
plexes are more dynamic. Dwell-time analysis
revealed that Whi3-induced dynamics are three
times faster for BNII than CLN3 (Fig. 4E). Differ-
ent mRNASs thus react differentially in their intra-
molecular fluctuations to the presence of Whi3,
providing an additional mode of RNA droplet
regulation.

These FRET studies suggest that Whi3 bind-
ing alters the conformational dynamics of target
RNAs. We speculate that these differential dy-
namics help maintain droplet identities estab-
lished by RNA-RNA interactions. Once RNA-RNA
interactions are formed, Whi3 binding may re-
duce the ability of the RNA to resample many
alternate RNA structures to maintain the iden-
tity. Additionally, the slower fluctuations of CLN3
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bound to Whi3 may be one source of exclusion
from the more rapidly fluctuating BNII-Whi3 com-
plexes in those droplets. Such dynamics may drive
the droplet material properties reported previously
(3) and serve as barriers to homogenization.
We show that mRNA structure defines the
ability of an RNA to engage in homo- or hetero-
meric interactions and thus drives specificity in
the composition of liquid droplet compartments
(Fig. 4F). This mechanism is likely relevant for
the sorting of specific RNAs to other RNA gran-
ules, such as stress and P granules, and P bodies
(17, 18). Future work will address the timing and
location of how mRNA secondary structure in-
fluences selective uptake of cellular constituents
into droplets. Protein binding to different RNAs
can lead to varied dynamics of complexes, further
distinguishing the physical properties of different
droplets and promoting immiscibility of coexist-
ing droplets. Given the large number of distinct,
RNA-based condensates in the cell, these mech-
anisms are likely broadly relevant to explain how
droplets achieve and maintain individuality.
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RNA and membraneless organelles

Membraneless compartments can form in cells through liquidliquid phase separation (see the Perspective by
Polymenidou). But what prevents these cellular condensates from randomly fusing together? Using the RNA-binding
protein (RBP) Whi3, Langdon et al. demonstrated that the secondary structure of different RNA components determines
the distinct biophysical and biological properties of the two types of condensates that Whi3 forms. Several RBPs, such as
FUS and TDP43, contain prion-like domains and are linked to neurodegenerative diseases. These RBPs are usually
soluble in the nucleus but can form pathological aggregates in the cytoplasm. Maharana et al. showed that local RNA
concentrations determine distinct phase separation behaviors in different subcellular locations. The higher RNA
concentrations in the nucleus act as a buffer to prevent phase separation of RBPs; when mislocalized to the cytoplasm,
lower RNA concentrations trigger aggregation.

Science, this issue p. 922, p. 918; see also p. 859
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