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Biomolecular condensates play a key role in organizing cellular reactions by
concentrating a specific set of biomolecules. However, whether condensate
formation is accompanied by an increase in the total mass concentration
within condensates or by the demixing of already highly crowded intracellular
components remains elusive. Here, using refractive index imaging, we quantify
the mass density of several condensates, including nucleoli, heterochromatin,
nuclear speckles, and stress granules. Surprisingly, the latter two condensates
exhibit low densities with a total mass concentration similar to the sur-
rounding cyto- or nucleoplasm. Low-density condensates display higher per-
meability to cellular protein probes. We find that RNA tunes the biomolecular
density of condensates. Moreover, intracellular structures such as mitochon-
dria heavily influence the way phase separation proceeds, impacting the
localization, morphology, and growth of condensates. These findings favor a
model where segregative phase separation driven by non-associative or
repulsive molecular interactions together with RNA-mediated selective asso-
ciation of specific components can give rise to low-density condensates in the

crowded cellular environment.

The cell uses compartmentalization to organize a suite of complex
biological processes. A specific set of biomolecules is enriched inside
subcellular compartments or organelles performing diverse cellular
functions for proper cell physiology. Some of these intracellular
assemblies are membrane-less and are open to the surrounding cyto-
or nucleoplasm'2. A liquid-like nature of the membraneless assemblies,
also called condensates, led to a hypothesis that liquid-liquid phase
separation drives their biogenesis®. Over the past several years,
numerous works have demonstrated that indeed phase separation
plays a key role in the formation of several intracellular condensates*”’.
Condensates display several biophysical characteristics consistent
with the liquid-like material state, such as round morphology,
coalescence-mediated growth and dynamic exchange of internal
components with the surrounding solution'®. In addition, their
assembly is often sensitive to particular stimuli or stresses. This

property helps condensates function in diverse cellular settings such
as transcription, protein quality control, cell signaling and synapse
formation". In the perspective of phase separation, the cell interior
can be viewed as a multiphase system where distinct condensates with
varying compositions coexist in the confined volume.

Molecular driving forces for sorting biomolecules during intra-
cellular phase separation have been extensively studied”®?°. Weak
multivalent molecular interactions mediated by either tandem repeats
of interacting domains or intrinsically disordered regions turn out to
be important for condensate assembly*?*%, These protein motifs
appear to form a network of attractive interactions providing transient
intermolecular connectivity within the condensed liquids®?. In pur-
ified protein systems, this molecular connectivity manifests as a high
concentration of self-associating proteins in the condensed droplets.
The dilute phase outside of protein droplets has a much lower protein
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concentration compared to inside droplets®?®, which can cause grav-

itational sedimentation of protein droplets to the bottom of test tubes.
The strength of attractive intermolecular interactions can be tuned by
changing conditions such as salt concentrations, pH and crowding
reagents, and indeed these parameters have been shown to modulate
the phase diagram of purified proteins?-”’. However, whether attractive
molecular interactions alone are enough to give rise to multiphase
intracellular condensates is elusive.

The cell interior is a highly crowded environment with an esti-
mated cytosolic protein concentration of 3 mM?. Thus, intracellular
phase separation is likely affected by the presence of diverse molecular
species mediating a broad range of intermolecular interactions
including repulsive ones. Notably, a theoretical study of multi-
component phase separation suggests that demixing of a few com-
ponents from others are favored over condensation as the range of
available intermolecular interactions becomes broader®. In this clas-
sification, condensation involves phases with similar compositions but
differing in total concentrations while demixing transition is char-
acterized by a change in composition rather than in total concentra-
tion across different phases. Typically, in-vitro phase separation of
purified proteins and RNAs, involving dense and dilute phases, is a
condensation process in this regard. However, in living cells, the
situation can be significantly different. The total protein concentration
in the cytoplasm is already close to that in typical in-vitro protein
droplets®™?*. It is thus possible that demixing transition can still pro-
vide enough intermolecular connectivity required for condensate
formation®. This mechanism would then give rise to low-density
condensates that have a total mass concentration similar to the sur-
rounding cellular space. Whether this type of phase separation indeed
plays a role in the cell remains to be determined.

Here, we examine total mass concentrations of several intracel-
lular condensates, including nucleoli, heterochromatin, nuclear
speckles and stress granules. We find that intracellular condensates
exhibit a broad range of biomolecular densities, from those with their
total mass concentration higher than the surrounding cyto- or
nucleoplasm to the low-density ones with their mass densities similar
to the outside of the condensate. The low-density condensates are
more permeable to cellular protein probes, indicating that the char-
acteristics of low-density is likely to have functional consequences. We
provide experimental evidence that RNA tunes the biomolecular
density of intracellular condensates. We also show that intracellular
structures heavily influence the way condensates form and distribute
within the cell. These findings suggest that the crowded intracellular
environment is an important factor shaping the structure and
dynamics of biomolecular phase separation in living cells.

Results

Nucleoli and heterochromatin are denser than the surrounding
nucleoplasm

To quantify a total concentration of biomolecules, total mass con-
centration, within condensates, we measure the three-dimensional
(3D) distribution of refractive index (RI), n, in living cells. Over several
decades, the RIs of a solution of biomolecules have been shown to
linearly proportional to the concentration of biomolecules®**. The
increments of Rl with respect to concentration (dn/dc) for most bio-
molecules including proteins and nucleic acids fall within a narrow
range® ™, enabling the estimation of total mass concentrations, or
mass densities, based on Rl measurements. Indeed, the Rl imaging has
been widely used to profile the local dry mass density distribution
within the cell’*** as well as to characterize the concentration of
purified proteins in phase-separated liquid droplets®. The RI incre-
ment in principle depends on specific sequence compositions®®, which
can give rise to different Rl increments for distinct proteins. However,
as inherently multi-component systems, intracellular condensates
typically harbor hundreds of different components. Using available

proteomes®*, we estimate that the RI increments of condensate

components are similarly distributed to the entire human proteome
(Fig. Sla), indicating that heterogeneity in the protein Rl increments
will be averaged out during the diffraction-limited RI imaging. To
measure the intracellular distribution of RIs, we employ optical dif-
fraction tomography (ODT)***, In the ODT, the 3D RI tomogram is
reconstructed from 2D optical field images acquired from multiple
illumination angles (see Methods)**. Unlike 2D phase imaging techni-
ques which measure the line integration of Rl values over an optical
path, the ODT offers a key advantage for probing intracellular con-
densates in that the separate characterization of condensate mor-
phology is unnecessary (Fig. S1b-e). A similar approach has been taken
in several studies to measure the RI of subcellular regions, including
nucleoli, mitochondria, nucleoplasm and cytoplasm® 7.

Using ODT, we sought to measure the Rl of biomolecular con-
densates in living cells. When we perform Rl imaging of live intact
U20S cells, it is immediately clear that in nucleus there are visible
structures resembling nucleoli (Fig. 1a). To confirm this, we fix the cell
and perform immunostaining using an antibody against NPM1, a major
protein component of nucleoli. We then locate the very same cell we
imaged inits live state and then perform combined fluorescence and RI
imaging (Fig. 1b and Fig. S2a). Comparing these images, we confirm
that indeed the majority of visible nuclear structures in the RI images
corresponds to nucleoli. Consistent with previous works***, these
data indicate that nucleoli have a higher total mass concentration
compared to the surrounding nucleoplasm.

A closer examination of the Rl images shows other identifiable
structures in the nucleus that are not stained with NPM1 (Fig. 1b and
Fig. S2a). The nuclear periphery also exhibits higher RI values than
nucleoplasm (Fig. 1a). Heterochromatin is a set of condensed chro-
matins mostly comprised of repetitive genes in the silenced state, and
thought to assemble via phase separation of DNA and DNA-binding
proteins such as HP18, Heterochromatin domains appear as small foci
distributed around nucleoplasm, but are often found near nucleoli and
nuclear laminar. We reason that the dense nuclear structures devoid of
NPML1 signals can be heterochromatin domains. To confirm this, we
perform live-cell RI imaging followed by immunofluorescence target-
ing the heterochromatin marker HP1a. Indeed, we find that the nuclear
structures of high biomolecular density yet devoid of NPM1 corre-
spond to heterochromatin (Fig. 1c and Fig. S2b). Since hetero-
chromatin domains in U20S cells tend to be too small for reliable
quantification of their Rl values, we image NIH3T3 cells that are known
to have particularly large heterochromatin called chromocenters
(Fig. S2¢). In NIH3T3 cells, as expected, large heterochromatin
domains with Rls higher than nucleoplasm are clearly visible, distinct
from nucleoli*’ (Fig. 1d and Fig. S2d, e). We repeat these procedures for
multiple cells and characterize the Rls of nucleoli, heterochromatin,
and nucleoplasm (Fig. 1e): the estimated total mass concentrations, or
mass densities, are 87.71+2.07 mg/ml for nucleoli in U20S,
53.31+1.62 mg/ml for nucleoplasm in U20S, 100.36 + 2.99 mg/ml for
nucleoli in NIH3T3, 86.84 + 3.1 mg/ml for heterochromatin in NIH3T3,
and 45.84 +2.2 mg/ml for nucleoplasm in NIH3T3 cells. We observe
that nucleoli tend to have higher RIs than heterochromatin. Taken
together, these data show that nucleoli and heterochromatin are dense
structures with total mass concentrations higher than the surrounding
nucleoplasm.

Nuclear speckles and stress granules are low-density
condensates

Nuclear speckles are large condensates found in the nucleus and
thought to be involved in transcription and RNA processing®. Given
their large size reaching up to a few micrometers, it should be
straightforward to find them in images if they are present. Interest-
ingly, however, we cannot identify any signature of nuclear speckles in

Rlimages we examined (Fig. 1b—d). This suggests that nuclear speckles
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Fig. 1| Quantitative refractive index imaging of intracellular condensates.

a (Top) Maximum intensity projection of the 3D Rl tomogram of an intact live U20S
cell. (Bottom) Cross-sectional view of the same cell along a white dashed line.
b-d (Top row) Rl images of intact live cells. (Bottom row) Combined RI and
immunofluorescence images of the same cell after fixation. The dashed boxes
indicate areas for zoomed-in images on the right. b Rl images of an intact live U20S
cell and the same cell after immunostaining with anti-NPML. ¢ Rl images of an intact
live U20S cell and the same cell after double-immunostaining with anti-NPM1 and
anti-HP1a. d Rl images of an intact live NIH3T3 cell and the same cell after double-
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immunostaining with anti-NPM1 and anti-HP1a. e Quantification of refractive indi-
ces of intracellular regions in intact live cells. Data: center line = mean; box lim-
its=[Q1, Q3]; whiskers = [Max, Min]; n=73 (U20S Nucleoli), 62 (U20S
Nucleoplasm), 79 (NIH3T3 Nucleoli), 98 (NIH3T3 Heterochromatin) and 42 (NIH3T3
Nucleoplasm). Distributions were statistically compared using the two-sided
unpaired t-test. p=1.83-10"% p=9.63-10"%; p=5.03-10% ***p < 0.0001. Refrac-
tive index images are adjusted to the range of refractive index 1.34-1.37 for (a) and
(d) and 1.337-1.37 for (b) and (c).

may have Rls similar to the surrounding nucleoplasm, and thus not
identifiable. To test this, we perform live-cell RI imaging and immu-
nofluorescence with SRSF2, a marker protein for nuclear speckles.
After identifying nuclear speckles in the immunofluorescence images,
we examine the corresponding regions in the live-cell RI data to check
the presence of any structures. Indeed, no structure is visible in the
regions (Fig. 2a and Fig. S3a). A caveat of this experiment is that
intracellular structures under scrutiny may move during fixation. To
rule out this possibility and validate our observation, we express EGFP-
tagged SRSF2 in the U20S cell. Combined fluorescence and Rl imaging
of live cells expressing EGFP-SRSF2 shows that nuclear speckles are
indeed invisible in the RI images, indicating that they have a density
similar to the surrounding nucleoplasm, but much lower than dense
condensates such as nucleoli and heterochromatin (Fig. 2b and
Fig. S3b; Supplementary Movie 1).

We wonder whether the presence of the low-density condensate is
specific to the nucleoplasm. Stress granules are large cytoplasmic
condensates that dynamically assemble under stressful conditions®.
We sought to probe the biomolecular density of stress granules. After
inducing stress granule formation by treating cells with 500 pM
sodium arsenite, we perform live-cell Rl imaging followed by immu-
nofluorescence with G3BP1, a marker for stress granule (Fig. 2c and
Fig. S4a). Surprisingly, no visible structure is found in the Rl images in
the cytoplasmic regions corresponding to G3BPI-positive stress
granules (Fig. 2c). We confirm our observation using fluorescent pro-
tein tagged G3BP1 (Fig. 2d and Fig. S4b; Supplementary Movie 2).

When examined for two different cell types, NIH3T3 and U20S cells,
stress granules are indistinguishable from the surrounding cytoplasm
in the RI images except for a small population (<18.5%) in U20S cells
(Fig. S5a, b). Stress granule formation is a highly dynamic process
involving a series of fusion events between condensates. While indi-
vidual fusions are clearly visible in the fluorescence channel, they are
completely absent in the corresponding RI images (Fig. 2e), further
confirming the low-density nature of stress granules. Together, our
data provide direct evidence showing that there exist low-density
intracellular condensates of which density are not so much different
from the surrounding cyto- and nucleoplasm.

Low-density condensates have highly porous and permeable
internal organization

The low-density nature of condensates suggests that they have highly
porous internal organization where biomolecules may easily access. To
test this idea, we use fluorescent proteins, mCherry and tandem dimer
of mCherry (mCh-mCh), as probes, and measure their accessibility to
four different types of condensates we examined. We hypothesize that
mCherry probes would exhibit size-dependent exclusion from con-
densates. We co-express mCherry probes and EGFP-tagged con-
densate markers, and then image cells using laser scanning confocal
microscopy (Fig. 3a and Fig. S6a). We observe that denser condensates
such as nucleoli and heterochromatin tend to exclude probe mole-
cules, consistent with previous works™. However, we find that low-
density condensates such as nuclear speckles and stress granules are

Nature Communications | (2023)14:2425



Article

https://doi.org/10.1038/s41467-023-38118-z

Live cell - Refractive Index Immunostaining

& 2 5 v

Nuclear Speckle

==F|uorescence (a.u.)
==Refractive index (n)

~F 11.37
o M-me
sl 41.35
o

K J1.34

Fluorescence Refractive index

Live cell - Refractive Index

Merge

0_. 277
Distance (um)

Immunostaining

Stress granule

Fig. 2 | Nuclear speckles and stress granules are low-density condensates.

a (Left) Rl images of an intact live U20S cell. (Right) Combined RI and immuno-
fluorescence images of the same cell after fixation. Anti-SRSF2 is used to target
nuclear speckles. b (Top) Combined RI and fluorescence images of a live U20S cell
expressing EGFP-SRSF2. (Bottom left) Zoomed-in images of a single nuclear
speckle. (Bottom right) Intensity profile plot for normalized fluorescence inten-
sities of EGFP-SRSF2 (green line) and Rls (gray line) along the white dashed line.
c (Left) Rl images of a live U20S cell treated with 500 pM sodium arsenite. (Right)
Combined RI and immunofluorescence images of the same cell after fixation. Anti-
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G3BP1 is used to target stress granules. d (Top) Combined RI and fluorescence
images of a live U20S cell expressing G3BP1-EGFP after the treatment of 500 uM
sodium arsenite. (Bottom left) Zoomed-in images of a single stress granule. (Bot-
tom right) Intensity profile plot for normalized fluorescence intensities of G3BP1-
EGFP (green line) and RIs (gray line) along the white dashed line. e (Left) Time-lapse
images of a fusion event between two stress granules. (Right) Intensity profile plots
for normalized fluorescence intensities of G3BP1-EGFP (green line) and RIs (gray
line) along white dashed lines. All refractive index images are adjusted to 1.337-1.37.

more accessible to the probes. Linear intensity profiles confirm that
fluorescent protein probes are more evenly distributed across the
boundary of low-density condensates, in particular, nuclear speckles.
Moreover, consistent with the idea of size-dependent exclusion, the
larger tandem mCherry probes are excluded more strongly, regardless
of condensate type. (Fig. 3b and Fig. S6a) For each type of condensates,
we also quantify partition coefficients of the probe into the condensate
(Fig. 3c and Fig. S6b), defined as the ratio of the probe concentration in
the condensate versus the surrounding protoplasm. To rule out the
possibility of underestimating partition coefficients from the small size
of condensates, we only measured coefficients for condensates larger
than 1 pum. We again find out that low-density condensates have par-
tition coefficients near unity but high-density ones have systematically
lower partitioning of the probes.

To further study the molecular dynamics of the probe within
condensates, we perform fluorescence loss in photobleaching (FLIP)
experiments. In FLIP, a subcellular region of the cell is photobleached
while monitoring fluorescence intensity changes in the region of
interest away from the bleached zone (Fig. 3d). The assay can be used
to characterize the dissociation or diffusive efflux of molecules away
from the structures of interest™. We prepare U20S cells expressing

G3BP1-mCh, EGFP and miRFP, and treat them with sodium arsenite
to induce stress granule assembly. We then locally illuminate
bleaching lasers on a small area at the corner of the cell while
monitoring fluorescence signals around one of stress granules
located near the opposite side of the cell (Fig. 3e). In our illumina-
tion conditions, we confirm that fluorescence signals in neighbor-
ing cells remain unaffected during the FLIP experiments, indicating
that fluorescence decreases in the region of interest are not due to
direct bleaching effects, but rather originated from diffusive efflux
(Fig. Séc, d). To examine the rate of efflux of fluorescent protein
probes as well as G3BP1 from stress granules, we generate kymo-
graphs across the stress granule (Fig. 3f). We find that fluorescence
levels of the protein probes in the stress granule decrease at a
similar rate to those in the surrounding cytoplasm, indicating that
they explore the internal space of stress granules with similar
mobility as they do in the cytoplasm. (Fig. 3g) In contrast, G3BP1
exhibits slower efflux from stress granules, which is attributable to
attractive intermolecular interactions between G3BP1 and other
stress granule components?. Thus, our data suggest that low-
density condensates have highly porous internal architectures
where cellular proteins can access.
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Article

https://doi.org/10.1038/s41467-023-38118-z

mCherry

5N
v
N

Nucleoli

(=)
o

N

Hetero-
chromatin

o

NIH3T3

N

Stress
granule

o

NaAsO, treated
U208

RN

("n"e) Aulsypw jo Ayisusjul 80U89S8IN0|

Fluorescence intensity of condensate marker (a.u.)

Nuclear

o
o

0
Distance (um)

*kk
*kkk

nil

mCh Tandem mCh Tandem

Kk

'mCh Tandem mCh Tandem

mCh mCh mCh mCh
Nucleoli Hetero- Stress Nuclear
chromatin granule speckle

Pre-bleaching Bleaching Cycle 1

b

EGFP Tandem mCherry

N
N

=
<
3]
=}
P4

o
o

(‘n"e) Auloypw wapue) Jo A}isusiul 9o0U80saIno|

-
v

Hetero-
chromatin

o

sum

N

Stress
granule

o

N

Fluorescence intensity of condensate marker (a.u.)

Nuclear
speckle

(=)
o

Distance (um)

Fluorescence Loss In Photobleaching (FLIP)

n Intensity monitoring

Multiple cycles (45 s interval)

- " '
1 Bleaching Recovery '
; :
| ]
q 1 m * !
: -
1 n
1 1
' -
Recovery f . Time .
0 min 50 min

«Q

G3BP1
-mCh

3

%‘_ —— EGFP (IN) —— miRFP (IN) —— G3BP1-mCh (IN)

% — EGFP (OUT) — miRFP (OUT) — G3BP1-mCh (OUT)

Eun

gol i

C

D

?

Soll 1 1 1 | e PO T T T i o '

2 0 10 20 30 40 50 0 10 20 30 40 50 50
Time (min)

RNA tunes the biomolecular density of condensates in cells

We then sought to identify a major determinant for the low-density
nature of condensates. Multiple lines of evidence suggest that RNA
likely plays an important role in driving the assembly of low-density
condensates such as stress granules and nuclear speckles. First, RNAs
are highly abundant in these condensates, as examined with poly-dT

FISH**%, Second, RNAs are important for the biogenesis of these
condensates; tethering RNA can seed nuclear speckle assembly*®, and
stress granules form when the excess of free mMRNA becomes available
due to ribosome run-off in the stress response™ or transfection of
mRNAs into cells”. Third, the amount of poly(A)-positive RNA in
individual nuclear speckles showed a strong correlation with speckle
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Fig. 3 | Low-density condensates have highly porous and permeable internal
organization. a, b Representative images of U20S cells stably expressing EGFP
tagged NPM1, G3BP1, and SRSF2 and NIH3T3 cell stably expressing EGFP-HP1a. All
cells are co-transduced with mCherry in (a) or tandem mCherry (mCh-mCh) in (b).
G3BPI-EGFP expressing cells are treated with 500 pM sodium arsenite. For each
condensate indicated with white dashed lines, intensity profile plots for normalized
fluorescence of EGFP-tagged proteins and mCherry probes were shown in solid and
dashed lines, respectively. ¢ Partitioning coefficients of mCh and tandem mCh
probes for each condensate type. Data: center line = mean; whiskers = [mean + std,
mean - std]; n=79, 86, 70, and 52 (mCh, respectively) 57, 57, 34, and 39 (tandem
mCherry, respectively). Distributions were statistically compared using the two-
sided unpaired t-test. p=1.19-10%, p=1.67-10% p=2.36-10"; p=156-10"%;
****p < 0.0001 and ***p < 0.001. d Schematic for the FLIP experiment. After

acquiring 5 images for normalization, 100 cycles, each comprised of one bleaching
event and 15 image acquisition, are followed. White dashed lines indicate the region
where intensity profiles are measured for each image. e Time-lapse images of an
NIH3T3 cell treated with 250 uM sodium arsenite during the FLIP experiment. The
cell is expressing G3BP1-mCh, EGFP and miRFP. For every cycle, a bleaching event
occurs at the white dashed circle for all three fluorescence channels. The white
dashed line indicates the stress granule across which fluorescence changes are
monitored over time. f Kymographs showing fluorescence changes in each channel,
generated along the white dashed line in (e). g Temporal changes of fluorescence
intensity of protein probes (left and middle) or G3BP1-mch (right) in and outside of
the stress granule in (f). n=3. The average lines were computed with a sliding
window of 5 frames (15s). Error bands denote standard deviations.

size’®, Finally, in-vitro studies with purified protein components of low-
density condensates demonstrated that droplets comprised of both
protein and RNA had much lower total mass density compared to
protein-only ones*. Thus, diverse RNA species present in nuclear
speckles and stress granules may help form the condensates of low-
density.

To probe the effect of RNA on condensate density, we deplete
cellular RNA by treating U20S cells with 5,6-dichloro-benzimidazole
riboside (DRB) or Actinomycin-D (ActD), which inhibits transcription
through disruption of CDK9-mediated pause release of RNA Pol Il and
DNA intercalation, respectively®®®' (Fig. 4a). For ActD-treated cells, we
find that oxidative stress conditions fail to induce stress granule
formation® (Fig. S7a), confirming the critical role of RNAs in stress
granule assembly. In contrast, nuclear speckles persist after ActD or
DRB treatment, consistent with previous results’*®* (Fig. S7b). Inter-
estingly, the speckles adopt more spherical morphologies after che-
mical treatment (Fig. S7b), implying a change in the internal
organization of nuclear speckles upon inhibition of RNA influx. To
quantify the degree of RNA depletion, we performed RNA fluorescence
in situ hybridization (FISH) targeting poly(A)-positive transcripts for
DMSO- and DRB/ActD-treated cells. In the control DMSO-treated
sample, we find that nuclear speckles are highly enriched in poly(A)
RNAs as expected®* (Fig. S7c). Upon DRB or ActD treatment, we
observe a strong heterogeneity in the amount of RNA in nuclear
speckles, with 23.2% and 26.5% of reduction on average, respectively
(Fig. S7d). We then ask whether the decrease in the nuclear RNA level
affects either probe accessibility or the biomolecular density of
nuclear speckles. Considering the intercellular variation in the level of
remained RNA, we collected poly-dT FISH data for cells where probe
partitioning or refractive indices were quantified. Strikingly, we find
that, in contrast to the untreated and DMSO-treated cases, nuclear
speckles with reduced poly(A)-positive transcripts are often identifi-
able in the Rl imaging (Fig. S7e, f), indicating that, upon RNA depletion
they become denser than the surrounding nucleoplasm. Consistent
with a decrease in internal space available to cellular proteins, we
observe that mCherry probes become excluded from nuclear speckles
in the DRB/ActD-treated cells (Fig. S7g).

Since RNA depletion through transcription inhibition leads to
strong cell-to-cell variability and often incomplete reduction in nuclear
poly(A) RNA, we sought to use an alternative approach for rapid
removal of cellular RNA. Recently, activating NLS-tagged RNase L with
poly(I:C), a viral dsSRNA mimic, has been shown to be an effective way
of depleting nuclear RNA®***, Upon treating NLS-RNase L expressing
cells with poly(I:C), we observed a near complete depletion (4.5%
remained) of nuclear poly(A) RNA (Fig. 4b). RNase L activation triggers
abrupt changes in nuclear speckle morphologies as well as SRSF2
partitioning (Fig. 4c, Fig S8a, and Fig. S9a, b). In response to poly(l:C)
treatment, the shape of nuclear speckles changes from irregular- to
spherical ones while frequent fusions between neighboring speckles
are observed (Fig. S8a and Fig. S9a, b). Concurrently, a subpopulation
of SRSF2 partitions into nucleoli which exhibit a drastic reduction in

size (Fig. 4c, Fig. S8a, b, and Fig. S9a, b). Nucleoli-localized SRSF2
protein gradually become displaced from the interior to form foci
attached to the surface of shrunken nucleoli (Fig. 4c, Fig. S8a, and
Fig. S9a, b). These SRSF2 foci tend to adopt rather irregular
morphologies compared to those corresponding to nuclear speckles
(Fig. S9a), enabling differentiation of each group of SRSF2 foci in the
poly(A)-RNA depleted cells (Fig. S9a-c). During RNase L induced
nuclear rearrangements, mCherry probes are expelled from both
nuclear speckles and nucleoli (Fig. 4c, d), indicating the reduced
accessibility and an increase in the internal packing in both con-
densates. Consistent with results from probe partitioning, Rl imaging
revealed an increase in the biomolecular density of nuclear speckles
when nuclear RNase L is activated (Fig. 4e-g and Fig. S10a, b). Taken
together, using two orthogonal approaches of probing condensate
density, RI imaging and probe partitioning, and three different meth-
ods of depleting RNA, we found that RNA plays an important role in
tuning the biomolecular density of condensates (Fig. 4f, g).

Intracellular structures influence the distribution, morphology
and growth of condensates

Unlike test tubes, living cells are highly crowded with diverse macro-
molecules and organelles. Utilizing the label-free visualization cap-
ability of RI imaging, we sought to probe how crowded intracellular
environment modulates the way phase separation proceeds in living
cells. For this purpose, we choose to examine stress granules since
their assembly can be dynamically induced by applying various stress
conditions and they localize to cytoplasm where diverse organelles
readily identifiable in Rl imaging are present. In U20S cells, we notice
that many cytoplasmic structures with RlIs higher than the surrounding
cytoplasm are nonuniformly distributed. Using organelle-specific
fluorescent probes, we identify that they are mostly mitochondria
(Fig. S11). We then use combined fluorescence and Rl imaging setup to
examine stress granule formation of G3BPI-EGFP expressing cells
over time.

When viewed in the fluorescence channel following sodium
arsenite treatment, stress granules appear and grow at seemingly
random locations (Fig. 5a). Remarkably, however, when we overlay RI
images on top of fluorescence images, we find that stress granules are
localized in areas with lower Rl values devoid of intracellular structures
(Fig. 5a). This indicates that intracellular structures such as mito-
chondria heavily influence the localization of condensates. Moreover,
a closer examination of the condensates reveals that stress granule
morphology changes dynamically over time (Fig. 5b). Again, when
compared to the corresponding Rl images, it is clear that the shape of
condensates is also strongly guided by surrounding intracellular
structures (Fig. 5b). To quantitatively probe this effect, we perform
image correlation analysis for images including those in Fig. 5b
(Fig. 5¢). The correlation analysis can provide information regarding
the size and spatial distribution of structures in images. The radial
autocorrelation function of the G3BPI-EGFP images shows a decay
over ~-700nm, consistent with the overall size of stress granules
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present in the images. In sharp contrast, the correlation between anticorrelation is observed, confirming the validity of our analy-
G3BP1-EGFP fluorescence and corresponding RI images shows nega- sis (Fig. 5d).

tive values for small radial displacements, indicating the presence of a Typically, stress granules exhibit a broad range of size distribu-
strong anticorrelation between stress granules and intracellular tion. We wonder whether intracellular structures can also modulate
structures with high RI values. When we repeat the same analysis for  the growth of condensates. The visual examination of the distribution
early time points when stress granules are not yet assembled, no of intracellular structures and stress granules already suggests that
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Fig. 4 | RNA tunes the biomolecular density of intracellular condensates.

a Schematics of RNA depletion experiments. After activating NLS-RNase L by
poly(l:C) treatment or treating cells with either DRB or ActD, a series of quantitative
characterizations were conducted. b (Left) Representative images of U20S cells
stably expressing EGFP-SRSF2 and NLS-RNase L-P2A-BFP after poly(I:C) treatment.
After live-cell images were collected, poly-dT RNA FISH images were acquired for
the same cells. (Right) Distribution of poly-dT intensities within individual nuclear
speckles. Only cells expressing both constructs were included. The normalized
counts were averaged with a sliding window of 0.2 (a.u.). n=146 (mock) and 119
(poly(I:C)) ¢ (Left) Time-lapse images of a live U20S cell stably expressing EGFP-
SRSF2, mCherry, and NLS-RNase L after poly(l:C) treatment. Time O is defined when
the nuclear speckle morphology begins to change. (Right) Normalized intensity
profiles for mCherry across either a nuclear speckle or a nucleolus labeled with
arrowheads in (c; Left). d Temporal changes of the partition coefficients of mCherry
for nuclear speckles or nucleoli in U20S cells after NLS-RNase L activation. Time is

defined as in (c). The bold lines denote average values. n =14 (nuclear speckles) and
6 (nucleoli). e Representative images of U20S cells expressing EGFP-SRSF2,
mCherry, and NLS-RNase L-P2A-BFP under mock treatment (Left) or poly(I:C)
treatment (Right). After imaging live-cells, poly-dT RNA FISH images were acquired
for the same cells. Normalized intensity profiles of EGFP-SRSF2 (green), RI (gray),
mCh (red), and poly-dT (pink) along white dashed lines are shown. RI images are
adjusted to the range of 1.34-1.37. f Averaged Rl and fluorescence images of nuclear
speckles for each RNA depletion condition. Individual images of nuclear speckles
(same datasets as in g; Left) were center-aligned using fluorescence signals before
averaging. ARl images were obtained by subtracting the minimum RI pixel value of
each averaged Rl image and adjusted to the range of 0-0.0025. g For individual
nuclear speckles, either refractive indices (Left) or partition coefficients of mCherry
(Right) were plotted against poly-dT intensities. Each experimental condition is
color-coded: gray (DMSO or Mock), orange (NLS-RNase L), green (ActD), and blue
(DRB). Data: center dot = mean; whiskers = [mean-std, mean+std].

there is likely an anticorrelation between condensate size and the
density of nearby intracellular structures (Fig. 5e). To further analyze
the origin of size variation, we quantify the growth of individual stress
granules over time. We find that there exists a large degree of het-
erogeneity in the growth rate of each stress granule (Fig. 5f). For
individual granules, we compute the average RI values of nearby
regions during the time course of stress granule assembly as a metric
for the local density of intracellular structures, and then plot it against
the size of each granule (Fig. 5g). Indeed, we find that stress granules
tend to be smaller in regions with a high density of intracellular
structures. A closer inspection of the subregions of cells suggests that
intracellular structures can act as a barrier preventing the motion of
condensates, which may decrease a chance for fusion-mediated
growths (Fig. 5h). Taken together, our data suggest that the crowded
intracellular environment can influence the spatial distribution, mor-
phology and growth of intracellular condensates.

Discussion

In this study, we characterize the total mass concentrations of several
condensates within living cells by measuring their refractive index
values. We find that intracellular condensates exhibit a broad range of
biomolecular densities. The high-density condensates such as nucleoli
and heterochromatin exhibit total mass concentrations higher than
the surrounding intracellular space. In sharp contrast, under the
identical RI imaging conditions, stress granules and nuclear speckles
are invisible, indicating that they are low-density structures with their
total mass concentrations similar to the surrounding environment.
The observed difference in condensate density implies that aqueous
solutions take up a higher volume fraction in the internal space of low-
density condensates than they do in high-density ones. Indeed, when
assayed with fluorescent protein probes, we find that low-density
condensates are more permeable, compared to high-density ones.
Moreover, consistent with highly porous internal structures, the pro-
tein probes in stress granules are exchanged rapidly with cytoplasm as
examined in FLIP experiments.

How does the cell define the density of each condensate? In sev-
eral studies, RNA is shown to be a key factor modulating the phase
behavior of many RNA binding proteins>*>*°. When we consider an
intimate relation between phase diagram and composition, it is likely
that RNA is also involved in determining the mass densities of con-
densates. Indeed, in this study, we find evidence suggesting that RNA
plays an important role in regulating the biomolecular density of
intracellular condensates. Depleting RNA from nuclear speckles leads
to an increase in the total mass concentration, as measured with RI
imaging, together with a concomitant exclusion of fluorescence pro-
tein probes from speckles. Our results are consistent with previous
works showing high enrichment of mRNA in nuclear speckles® and
stress granules®, and RNA-dependent phase separation of purified
condensate components®*®’,

Then, how does RNA lower the biomolecular density of con-
densates? In low-density condensates, RNA may act as long scaffolds
for recruiting several RNA-binding proteins and form mesh-like tran-
sient molecular networks where protein-protein, protein-RNA and
RNA-RNA interactions provide intermolecular connectivity®®. The
stretched polymeric nature of RNA can mitigate a requirement for
tight physical contacts between proteins that would otherwise
increase the density of condensates. Indeed, a mixture of purified
G3BP1 and RNA forms in-vitro liquid droplets with the condensed
phase G3BP1 concentration of only 1 mg/ml (-15uM)*, about a few
hundred times lower than protein-only condensates®*?. Previously
reported heterogeneous internal organization of stress granules and
nuclear speckles, exhibiting denser cores surrounded by shells'*%¢°7°,
is also consistent with mesh-like internal architecture. Notably, we
found that RNA depletion leads to stronger exclusion of protein
probes not just from low-density condensates such as nuclear speck-
les, but also from nucleoli (Fig. 4c, d). Thus, cellular RNA appears to
regulate the biomolecular density of condensates in general. Then,
unlike nuclear speckles, why does nucleolus, containing a site of rRNA
production, exhibit the compact internal organization with high den-
sity? In nucleoli, nascent rRNA transcripts undergo directional flux
towards the outside of the condensate while progressively assembling
with multiple ribosomal proteins to form pre-ribosomal particles™. The
presence of secondary structures and/or specific binding configura-
tions of rRNA with ribosomal proteins may influence the phase beha-
viors of nucleoli in a way to increase its density. Consistent with this
view, unlike mRNA, rRNA cannot promote in-vitro phase separation of
several RNA binding proteins, including G3BP1 unless it is unfolded* 2.
In addition, a recent work showed that partitioning of pre-rRNA into in-
vitro droplets of nucleolar component fibrillarin requires correctly
folded rRNA”. From a functional point of view, the densely-packed
internal environment of nucleoli can facilitate thermodynamic exclu-
sion of fully assembled pre-ribosome subunits from nucleoli’.

Segregative phase separation may act as another mechanism, not
mutually exclusive with the RNA-mediated phase separation described
above, for the formation of low-density condensates. Depending on
types of intermolecular interactions, phase separation of aqueous
polymer solutions can be largely categorized into two different classes:
associative- and segregative phase separation”>’%, Driven by attractive
intermolecular interactions, associative phase separation leads to the
formation of a polymer-rich phase and the other phase deprived of
polymers. Examples include phase separations of self-associating
proteins such as prion-like proteins and RNA binding proteins***”°, as
well as complex coacervation between oppositely charged macro-
molecules and phase separations of multivalent protein domains™*°,
In terms of density, these examples can be thought of as a condensa-
tion process, giving rise to a dense phase with high polymer density
surrounded by a dilute phase of low density. In contrast, segregative
phase separation involves non-associative or repulsive interactions
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Fig. 5 | Intracellular structures influence the distribution, morphology and
growth of condensates. a Time-lapse images of stress granule formation within
the G3BP1-EGFP expressing U20S cell after the treatment of 500 uM sodium
arsenite. b Zoomed-in images of the same cell in (a). ¢ Normalized 2D auto-
correlation of G3BP1-EGFP images and cross-correlation between G3BP1 and RI
images. Plotted are the average (filled circles) and standard deviation (errorbars) of
the correlation, at each binned radial shift (n =11). d For zero radial shift, normal-
ized cross-correlation values between G3BP1 and RI images are plotted in the
presence and absence of stress granules. n =55 (with stress granule) and 11 (no
stress granule). Error bar was defined as standard deviation. e Combined RI and
fluorescence images of a live G3BP1-EGFP expressing U20S cell one hour after
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treatment of 500 pM sodium arsenite. Blue and red boxes represent two ROIs in (h).
f Temporal changes of the size of individual stress granules. Granules with color
codes are those found in the corresponding ROIs in I. Data from 12 stress granules
were shown. g The size of individual stress granules at the last time point is plotted
against the mean RI values of areas surrounding each granule. Rls within 5 pixels,
385 nm, from each granule are used to compute the mean and the standard
deviation (errorbar) of the surroundings. Data from 12 stress granules were shown.
h Time-lapse images for stress granule growth in two different ROIs. (Top) the blue
box ROl in (e). (Bottom) the red box ROl in (e). All refractive index images are
adjusted to 1.337-1.37.

between polymers. A classic example includes the aqueous two-phase
system of PEG and dextran’>’¢, In segregative phase separation, neither
of phases predominantly take up high concentrations of polymers: two
polymers demix into distinct phases, each of which is comprised
mostly of one type of the polymers. Thus, segregative phase separa-
tion can lead to the formation of two phases with similar densities. To

demonstrate this situation, we prepare a mixture of TMR-labeled
dextran and PEG (Fig. 6a). Consistent with previous works™*, we
observe strong segregative liquid-liquid phase separation of the mix-
ture, with dye-labeled dextran highly enriched in one of the phases.
When imaged using our ODT setup, we find that a difference in the RI
between the dextran-rich phase and the PEG-rich phase is indeed
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Fig. 6 | Demixing transition of low-density condensates in living cells.

a Schematics of phase diagrams for associative- (left) and segregative phase
separation (right). In the simple ternary systems, different intermolecular interac-
tions can give rise to immiscible phases of distinct compositions, which can be
represented in terms of phase diagrams. The ternary mixtures with initial compo-
sitions labeled as black dots undergo phase separation along the tie line to form
two immiscible phases. b (Left) Representative fluorescence and ARI images of the
mixture of DNA and poly-I-lysine (PLL). The mixture contains 89.5 uM DNA phos-
phates (10% FAM labeled) and 0.068 w/v% PLL amines in 100 mM NaCl buffer.
(Right) Representative fluorescence and ARI images of PEG-dextran aqueous two-
phase system (ATPS). 5 wt% TMR-labeled dextran and 4 wt% PEG are used in the
ATPS system. The inset image is adjusted to the range of ARI 0-0.075 for com-
parison with the DNA-PLL image. ARI images are obtained by subtracting the

minimum RI pixel value of each raw Rl image. ¢ (Top) Combined RI and fluores-
cence images of stress granules in U20S cells expressing G3BP1-EGFP. (Bottom)
Combined ARI and fluorescence images of nuclear speckles in U20S cells expres-
sing EGFP-SRSF2. For comparison, the scale of Rls is adjusted to be identical to that
in (b, right). d Schematic illustration of the demixing transition model of low-
density condensates. RNA-mediated associative phase separation can lead to the
assembly of condensates with reduced biomolecular density, compared to protein-
only ones. An increase in the available internal space facilitated by RNA promotes
the access of cellular proteins into condensates. Within living cells, diverse mac-
romolecular complexes as well as organelles may segregatively work to further
enhance phase separation of condensate components. Together, the content of
living cells undergoes the demixing transition to form low-density condensates
where a minimal density difference is observed across condensate boundary.

minimal (Fig. 6b), similar to what we find between low-density con-
densates and their surroundings (Fig. 6¢). In sharp contrast, associative
phase separation of DNA and poly-I-lysine gives rise to two coexisting
phases, the densities of which yet differ greatly with one another
(Fig. 6b). We speculate that diverse macromolecule species and
organelles present at highly crowded level in the cell can contribute to
segregative phase separation. Indeed, we show that intracellular
structures such as mitochondria heavily influence the localization and
dynamic growth of stress granules (Fig. 5).

Our results illustrate that, rather than simply a site where various
biomolecules are locally concentrated, intracellular condensates dis-
play a spectrum of biomolecular densities, some even exhibiting
densities similar to the surrounding protoplasm. We postulate that in
living cells, the demixing transition involving the segregative
mechanism together with RNA-mediated selective associations col-
lectively gives rise to low-density condensates (Fig. 6d). Other
mechanisms such as criticality may further contribute to the behaviors
of intracellular phases®, which are exciting topics to be probed in
future studies. The density of condensates likely has a strong influence
on the way biomolecules behave in cellular milieu, and thus may play

animportant role for bringing about functional outcomes. Future work
will explore the functional consequences of regulating condensate
density in the crowded intracellular environment.

Methods

Cell culture

Lenti-X 293 T (Takara, 632180) cells and NIH3T3 (KCLB, 21658) cells
were cultured in 10% FBS (HyClone, SV30207.02) DMEM (Sigma-
Aldrich, D6429) supplemented with penicillin/streptomycin anti-
biotics (Gibco, 15140122) at 37 °C with 5% CO, in a humidified incu-
bator. U20S (KCLB, 30096) cells were grown in the presence of
GlutaMAX (Gibco, 35050061).

Plasmid construction

To generate fluorescent protein tagged condensate markers, cDNA
clones encoding human NPMI, human SRSF2, human SRSF1, human
G3BP1, human HPla, human FIB, and human Sec61B were obtained
from Korea Human Gene Bank (Medical Genomics Research Center,
Korea). From each cDNA, DNA fragments were amplified by PCR using
HiFi PCR premix (Takara, 639298). To generate NLS-RNase L-P2A-BFP,
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the gBlock gene fragment encoding NLS-RNase L was obtained from
Integrated DNA Technologies. Each fragment was assembled into the
pHR lentiviral backbone using In-Fusion Cloning Kit (Takara, 639649).
The resulting constructs were fully sequenced to confirm the absence
of unwanted substitutions.

Antibodies

Primary antibodies used in this study were mouse monoclonal anti-
SRSF2 (Abcam, ab11826, 1:200 dilution), mouse monoclonal anti-NPM1
(Santi Cruz, sc-56622, 1:100 dilution), mouse monoclonal anti-G3BP1
(Abcam, ab56574, 1:200 dilution), and rabbit monoclonal anti-HP1x
(Abcam, ab109028, 1:250 dilution). Secondary antibodies specific to
rabbit IgG conjugated with Alexa 488 (Invitrogen, A-11008, 1:500
dilution) and mouse IgG conjugated with Alexa 546 (Invitrogen, A-
11030, 1:500 dilution) were used.

Immunocytochemistry experiments

Cells were plated on Tomodish (Tomocube) with 30% confluency one
day before fixation. For immunocytochemistry, cells were fixed with
4% formaldehyde solution (Invitrogen, FB002) for 10 min and washed
once with 0.5% PBS-T (PBS supplemented with 0.5% Triton X-100,
Cayman chemical company, A35316). After incubation in 0.5% PBS-T
for 5min, dishes were rinsed with 0.1% PBS-T (0.1% Triton X-100 in
PBS). After 7 minutes of incubation in 0.1% PBS-T, the cells were
blocked with blocking solution (0.1% PBS-T and 10% fetal bovine
serum, HyClone, SV30207.02) for 30 min, followed by incubation with
primary antibodies diluted in blocking solution for 1 hour, washing 5
times every 7 minutes with 0.1% PBS-T, incubation with secondary
antibodies in blocking solution for 1 hour and washing 5 times every
7 min with 0.1% PBS-T.

RNA FISH

Cells were seeded on confocal dish (SPL, 100350) at 30-50% con-
fluency one day before fixation. For poly-dT RNA FISH, cells were fixed
with 4% formaldehyde solution (Invitrogen, FB002) for 10 min and
washed once with 0.5% PBS-T (PBS supplemented with 0.5% Triton X-
100, Cayman chemical company, A35316). After incubation in 0.5%
PBS-T for 5 min, dishes were rinsed with 0.1% PBS-T (0.1% Triton X-100
in PBS), and incubated in 0.1% PBS-T for 5 min. Then, the cells were
washed 2 times with PBS, followed by 5 min incubation in 1 ml Wash
buffer (10% SSC, Invitrogen, AM9763 and 10% formamide, Invitrogen,
15515026 in UPW). The samples were further washed with 1ml PBS
once, and incubated in 42 °C incubator for 4-16 h in the mixture of 1 ml
PBS and 35 pl hybridization buffer (50% dextran sulfate, Cayman che-
mical company, A44635, 10% formamide, 10% SSC, and 150 nM 30-mer
poly-dT FISH probe dissolved in ultra-pure water). One hour before
imaging, the samples were shaken on a tabletop shaker in the dark for
30 min, then the media was replaced with 1 ml Wash buffer and incu-
bated for 5min. After washing with 1ml PBS twice, imaging was
performed.

Cell transfection

For imaging, cells were transfected using Lipofectamine 3000 trans-
fection reagent (Invitrogen, L3000015) following the manufacturer’s
instructions. For lentivirus production, FuGene HD (Promega, E2311)
was used alternatively.

Cell line construction

For Lenti-X 293 T cells plated on a 6-well plate 1 day prior to trans-
fection, pHR vectors containing desired DNA constructs (1.5pg),
pCMVdR8.91 (1.33 pg), and pMD2.G (0.17 ug) were cotransfected using
FuGene HD (Promega, E2311) according to manufacturer’s instruc-
tions. Within 2-3 days after transfection, 2 mL of viral supernatants was
collected and filtered to remove cell debris using 0.45 um filter (Milli-
pore, SLHVRO33RS). For NIH3T3 and U20S cells at 30% confluency on

60 mm tissue culture dishes, cells were transduced by dropping each
of lentivirus-containing solutions to the cell medium with a designed
amount suitable for desirable expression levels.

Stress treatment

Oxidative stress to U20S and NIH3T3 cells was induced by treating
cells with 250-500 uM sodium arsenite (Sigma-Aldrich, S7400) in
regular cell culture conditions.

RNA depletion experiment

For transcription inhibition, 5,6-dichloro-benzimidazole riboside
(DRB; Sigma-Aldrich, D1916) and Actinomycin-D (ActD; Sigma-Aldrich,
A9415) were purchased from Merck. DRB and ActD were dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, D2650) to be a concentra-
tion of 10 mM or 500 pg/ml, respectively. One day before imaging, cells
were plated on confocal dish (SPL, 100350) or Tomodish (Tomocube)
at 30% confluency. Cells were treated with DRB or ActD at a final
concentration of 100 uM or 5pug/ml, respectively. Imaging of drug-
treated cells was performed up to 6 hours after DRB treatment or
12 hours after ActD treatment.

For NLS-RNase L activation, poly(I:C) HMW (InvivoGen: tlrl-pic)
was dissolved in the company-provided endotoxin-free physiological
water to obtain a solution of 1 mg/ml. One day before imaging, cells
stably expressing NLS-RNase L-P2A-BFP were plated on confocal dish
(SPL, 100350) or Tomodish (Tomocube) at 50% confluency. Cells were
transfected with 2.5 pg poly(I:C) using 9 ul of FuGene HD (Promega,
E2311) or mock transfected using FuGene alone. Imaging was per-
formed up to 5 hours after the transfection.

MitoTracker staining

For mitochondrial staining, MitoTracker Red FM (MT; Invitrogen,
M22425) was purchased from ThermoFisher. MT was dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, D2650) to a final con-
centration of 1mM and stored at -20 °C. One day before imaging,
cells were plated on Tomodish (Tomocube) at 30% confluency. On
the day of imaging, the growth media was exchanged with pre-
warmed staining solution containing MT probe at a final concentra-
tion 300-400 nM. After 30-minute incubation, the staining media
was replaced with fresh prewarmed media and imaging was per-
formed immediately.

Live cell imaging (Confocal microscopy)

Cells were plated on the TC treated confocal dish (SPL, 100350) and
grown in regular growth medium to reach ~60% confluency. Live cell
imaging was performed using a Nikon 60X oil immersion objective (NA
1.4; Nikon, MXA22168) on a Nikon Al laser scanning confocal micro-
scope equipped with a CO, microscope stage incubator under 5% CO,
and 37°C.

Fluorescence loss in photobleaching (FLIP)

NIH3T3 expressing G3BP1-mCh, EGFP, and miRFP was plated on the
TC treated confocal dish 1 day before imaging. Nikon Al confocal
microscope with Nikon 60X oil immersion objective (NA 1.4; Nikon,
MXA22168) was used to perform FLIP experiments. To induce stress
granule formation, cells were treated with sodium arsenite (Sigma-
Aldrich, S7400) at the final concentration of 250 pM. The location of
bleaching area as well as illumination conditions were chosen so that
bleaching lasers did not cause direct changes in fluorescence signals
for the stress granule being monitored for probe mobility. After
taking 5 initial images, total 100 cycles of bleaching and imaging
were performed. A single cycle is comprised of bleaching for 488 nm,
561 nm, and 640 nm channels, followed by acquisition of 15 images
every 3s. To create fluorescence recovery curves, fluorescence
intensities were normalized with the average intensities of initial 5
images.
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Optical diffraction tomography

A commercial ODT system (HT-2H, Tomocube Inc., Republic of
Korea) was used to measure the 3D RI tomograms of individual
cells and subcellular condensates. The optical setup is based on
Mach-Zehnder interferometry. A laser beam from a diode-
pumped solid-state laser (532 nm) was split into two beam ways:
a sample beam and a reference beam path. A digital micromirror
device, located at the conjugate plane of the sample, allows for
rapid control of incident angles of the illumination plane waves
by displaying the grating patterns at desired periods and
directions*’. The plane wave at the controlled angle illuminated a
sample via a high numerical aperture (NA) objective lens (NA =
1.2, water immersion, UPLSAPO 60XW, Olympus Inc.), and the
diffracted wave from the sample was collected via the high NA
objective lens (NA=1.2, water immersion, UPLSAPO 60XW,
Olympus Inc.). The sample and the reference beam combined
through a beam splitter and generate spatially modulated holo-
grams in a camera plane, which were recorded using a CMOS
camera. The total acquisition time for 50 holograms was
approximately 0.1s. From the 2D holograms acquired with var-
ious illumination angles, the optical field images, containing both
the amplitude and phase images, were retrieved using a field
retrieval algorithm®. Then, each optical field image was mapped
onto an Ewald surface in 3D Fourier space, using the principle of
ODT*. Due to the limited NAs of both the condenser and objec-
tive lenses, side scattering signals were not collected, resulting
into the deterioration of axial resolution, which is known as a
missing cone problem. To resolve the missing cone problem, an
iterative regularization algorithm with the non-negativity con-
straint was used®’. The detailed principle and algorithm on ODT
can be found elsewhere®. Unless specifically mentioned, pre-
sented RI images are individual slices from 3D RI tomograms and
all Rl quantifications were based on 3D RI distributions. The
theoretical lateral and axial resolution of the used ODT system
were 110 nm and 360 nm, respectively. The precision of the ODT
was characterized by measuring the Rls of identical 1.6 um silica
beads (Thermofisher, 8150; RI=1.46) 20 times and then repeating
this procedure for multiple beads to compute the averaged
standard error, yielding 4.8 x10~*. For live cell Rl and fluorescence
imaging, cells were plated on Tomodish (Tomocube) one day
before imaging at 20% confluency in regular growth media sup-
plemented with GlutaMax (Gibco, 35050061). Prior to imaging,
the media was replaced with 37°C pre-warmed fresh media to
wash out cell debris. The microscope was equipped with a
chamber maintaining 5% CO, and 37 °C.

PEG/Dextran phase separation experiments

Polyethylen glycol (PEG) and dextran were used to form an aqueous
two-phase system. Tetramethylrhodamine isothiocyanate-dextran
(Sigma-Aldrich, T1287; average Mw 155,000 Da) and PEG (BioUltra,
89510; Mw 7000-9000 Da) were purchased from Merck. PEG and
dextran were dissolved in ultrapure waters to be stocked as 10 wt%
solutions. For desired concentrations, an adequate amount of PEG and
dextran stock were mixed with ultrapure water. A difference of Rls
between PEG-rich phase and dextran-rich phase was measured using
HT-2H.

ssDNA/poly-I-lysine (PLL) phase separation experiments
ssDNA sequence: 5- CCTTCCCTCCACCCCACCCTCCCCTCCC - 3.
The DNA oligonucleotide (Mw 8237) was purchased from Bio-
nics, and the powder form of PLL-hydrobromide (Sigma-Aldrich,
P1274; Mw 70,000 - 150,000) from Merck. The molecular weights of
the materials were chosen to be as similar as possible to the pair of
PEG and dextran. Lyophilized DNA oligo and PLL were dissolved in
ultrapure water to make stocks for storage. In an effort to maximize

the volume fraction of the dense-droplet phase, samples were mixed
under the condition of [amines]:[phosphates]=1:1. The final sample is
a mixture of 89.5uM DNA oligo (10% labeled with FAM dye) and
0.068 w/v% PLL in a buffer of 100 mM NaCl and 20 mM Tris-HCI. A
difference of Rls between two different phases was measured using
HT-2H.

Estimation of refractive index increments for condensate
proteome

All protein sequence data as well as a list of entire human proteome
were obtained from UniprotKB/Swiss-Prot, and lists of protein com-
ponents for nucleoli®, heterochromatin®, nuclear speckles®* and
stress granules*® were obtained from previous studies. The detailed
procedure of predicting the distribution of refractive index increments
for each proteome based on the sequence of individual proteins is
described elsewhere®, All analysis was performed using custom-built
MATLAB scripts.

Data analysis

To quantify the refractive indices of nucleoli and heterochromatin, we
used two different types of cell images, the 3D RI tomograms of intact
live cells and immunofluorescence images of the same cells after
fixation. Immunofluorescence images were used to identify locations
of individual condensates. Due to time differences inherently present
in these two datasets, not all condensates were identifiable in live-cell
RI images. Since the ODT experiences a resolution limit from diffrac-
tion, only those condensates larger than around 0.44 ym in diameter
were included in our analysis of the RI measurements. In addition,
heterochromatin regions positioned near or inside of nucleoli were
excluded from RI quantifications. The total mass concentration was
estimated using measured refractive indices and the Rl increment for
protein and nucleic acids (dn/dc=0.19 mL/g)*®. In this study, the
terms, total mass concentration and mass density, are used inter-
changeably. To quantify the refractive indices of stress granules and
nuclear speckles, fluorescent protein-tagged marker proteins, such as
EGFP-SRSF2 for nuclear speckles and G3BP1-EGFP for stress granules,
were expressed in each cell type for identification of individual con-
densates. Only condensates larger than approximately 0.44um in
diameter were analyzed for Rl measurements to prevent any unwanted
underestimation associated with the resolution limit. In RNA depletion
conditions, some SRSF2 proteins tend to relocate to the nucleoli. As
detailed in Fig. S9, SRSF2-positive foci were classified into nucleolus-
and speckle-associated ones. Only those classified into speckle-
associated ones were included in our analysis of probe partitioning,
poly-dT intensity measurement, and RI measurements. For mock or
DMSO-treated samples, only size thresholding is applied. The line
intensity profiles as well as kymographs were generated using Image).
The image correlation analysis was performed using custom-built
MATLAB scripts.

Statistics and Reproducibility

The experimental data are represented as the mean + std in all box-
plots except for Fig. 1e, S7f, and S7f, where the center line is the
mean, box limits are Q1 and Q3, and whiskers are Max and Min. All
boxplots were generated using custom-built MATLAB scripts. Two-
sided unpaired t-test was used to calculate the statistical significance
of differences between two experimental groups and P-values less
than 0.05 were considered significant. All statistical analysis was
performed using custom-built MATLAB scripts. All microscopic,
biochemical, and biological assays were independently repeated at
least three times.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
All relevant data supporting the key findings of this study are available
within the article or from the corresponding author upon request.

Code availability
Custom MATLAB code used in this study is available upon request.
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