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BIOCHEMISTRY

Nucleo-cytoplasmic environment modulates
spatiotemporal p53 phase separation
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role in gene regulation. Here, using cellular models and in vitro studies, we show the spatiotemporal formation
and material properties of p53 condensates that might dictate its function. In particular, p53 forms liquid-like
condensates in the nucleus of cells, which can bind to DNA and perform transcriptional activity. However, cancer-
associated mutations promote misfolding and partially rigidify the p53 condensates with impaired DNA binding
ability. Irrespective of wild-type and mutant forms, the partitioning of p53 into cytoplasm leads to the condensate
formation, which subsequently undergoes rapid solidification. In vitro studies show that abundant nuclear com-
ponents such as RNA and nonspecific DNA promote multicomponent phase separation of the p53 core domain
and maintain their liquid-like property, whereas specific DNA promotes its dissolution into tetrameric functional
p53. This work provides mechanistic insights into how the life cycle and DNA binding properties of p53 might be

regulated by phase separation.

INTRODUCTION

The cell is organized into subcellular compartments for specific bio-
logical reactions, which are essential for the cell's functions and
survival (1, 2). While several of these compartments are membrane
bound, multiple membraneless organelles exist, including nucleoli,
promyelocytic leukemia protein (PML) bodies, and centrioles (3-6).
Studies over the last decade have revealed that liquid-liquid phase
separation (LLPS) leading to biomolecular condensate formation is a
critical phenomenon involved in the formation, function, and regula-
tion of these membraneless organelles in the cell (5-13). Some well-
known examples of biomolecular condensates are nuclear speckles,
stress granules, and cell signaling clusters, which play essential roles in
cellular activities, including transcriptional regulation, cellular stress
response, and signal transduction (4, 14-19). Proteins containing in-
trinsically disordered regions (IDRs) or prion-like domains, in the
presence or absence of other biomolecules such as DNA/RNA, are
known to undergo phase separation and form biomolecular conden-
sates (12, 20-28). Apart from having physiological functions, LLPS is
also known to be associated with disease pathology spanning from
neurodegenerative diseases to cancer (5, 29-31).

Previously, it has been shown that many transcription factors un-
dergo LLPS, where a phase-separated condensate state is linked to
their transcriptional activities (4, 32, 33). p53 is a transcription factor
that regulates many biological processes, including cell cycle, DNA
repair, and apoptosis (34-36). Moreover, the transcriptional regulator
p53 plays an essential role in tumor suppression (37-41). This is fur-
ther supported by the fact that most cancers are often characterized by
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p53 mutations wherein p53 frequently accumulates in the nucleus as
well as in the cytoplasm (42-46). Recent studies suggested that p53
misfolding, aggregation, and amyloid formation, which are further
promoted by cancer-associated mutations, are shown to be associated
with p53 loss of native function and gain of oncogenic functions
(45, 47-52). Further, it was shown that p53 phase separation into
biomolecular and/or mesoscopic condensates could act as a poten-
tial precursor for p53 amyloid formation (53-55). Moreover, parti-
tioning of p53 into cellular condensates such as Cajal and PML bodies
may also regulate the posttranslational modifications and function of
p53 (56, 57).

p53 is a nuclear phosphoprotein, and its nuclear localization is es-
sential for growth-suppressing activity in the late G; stage (58, 59) of
the cell cycle. In normal cells, p53 levels are tightly regulated as a result
of a short half-life (15 to 30 min) (60), and it is undetectable by immu-
nocytochemistry (61). Upon stress signals such as DNA damage, p53
gets stabilized and its local concentration increases in the nucleus for
its tumor-suppressive functions (62). We hypothesized that p53, upon
its stabilization and/or high expression, may undergo LLPS and form
biomolecular condensates in the nucleus, which might act as the local
reservoir of the functional protein for immediate functions such as
DNA binding. The stimulated emission depletion (STED) microscopy
of two cancer cells (MDA-MB-231 and MCF7 cells) with known nu-
clear p53 stabilization and exogenous expression of p53 in HeLa and
Sa082 cells (p53 null) showed p53 condensate formation in the nucle-
us. Our cellular model suggests that initial p53 condensate formation
predominantly localizes in the nucleus in a liquid-like state; however,
with time, cytoplasmic p53 condensates appear, which transition into
a solid-like state. The spatiotemporal formation, modulation (under
cisplatin treatment), and material properties of the p53 condensates
may modulate p53 function and cell fate. The oncogenic mutants p53
R175H and p53 R248Q show an enhanced transition to a dynamically
arrested state both in the nucleus and in the cytoplasm, which inhibits
their binding to p53-specific DNA. Consistent with cellular data, the
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p53 core domain (DNA binding domain, p53C) also undergoes LLPS
in vitro and shows solidification with time, which is further promoted
by cancer-associated p53 mutations. On the basis of the observation
that nuclear p53 condensates maintain their liquid-like state over time,
whereas cytoplasmic condensates undergo transition to an arrested
state, we hypothesized that the nucleo-cytoplasmic microenvironment
(particularly DNA/RNA) might modulate the formation and material
properties of p53 condensates. Both RNA and nontarget DNA (NTR-
DNA) promote the p53C phase separation and maintain liquid-like
properties. In contrast, the target DNA (TR-DNA) promotes the solu-
ble state of p53, which might be a functional tetrameric form. Overall,
our study provides mechanistic insights into the physical state of the
P53 condensates in the cell, its correlation to p53 transcriptional func-
tion, and cell fate.

RESULTS

p53 forms liquid condensates in cancer cells

P53 is a 393-amino acid tumor suppressor protein and transcriptional
factor consisting of four major domains: transactivation domain (TAD),
proline-rich region (PRR), DNA binding domain (DBD), and tetra-
merization domain (TD) (63) (Fig. 1A). Bioinformatics analysis sug-
gests that p53 not only contains a low-complexity region (63 to 89
residues) but also has multiple disordered regions (residues 30 to 98,
283 to 328, and 343 to 393) (Fig. 1A). The droplet forming propensity of
p53 predicted by FuzDrop (64) revealed four major droplet-promoting
regions at the N terminus (residues 1 to 24 and 28 to 108) and C termi-
nus (amino acids 227 to 337 and 341 to 393) (Fig. 1A). The secondary
structure prediction by Alphafold (65) and recent experimental studies
(66) revealed that the N and C termini of the protein mainly comprises
a random coil structure, whereas the core DNA binding region con-
sists of o helix and p sheet conformations (Fig. 1B).

In healthy cells, the basal level of p53 remains low due to its rapid
turnover (67). In the presence of stress (such as hypoxia or DNA
damage), p53 undergoes posttranslational modifications (68, 69) and
is stabilized (70), which is eventually transported to the nucleus for
the functions. When epithelial cells MCF10A are treated with cispla-
tin [DNA damage agent (71)], we observed nuclear p53 stabilization
in contrast to untreated cells (Fig. 1C). This is also consistent with
p53 status in two cancer cells (MDA-MB-231 and MCF?7) (Fig. 1D),
where nuclear stabilization of functional p53 is known (47). To fur-
ther examine the nuclear p53 state, we performed super-resolution
imaging studies using STED microscopy (72, 73) of MDA-MB-231
and MCF?7 cells (Fig. 1E). The STED microscopy revealed the pres-
ence of dense nuclear p53 condensate-like state (Fig. 1E). This indi-
cates that p53 might naturally exist in the phase-separated state when
stabilized in cells. These phase-separated p53 in the nucleus are
unlikely to be amyloidogenic in nature as nuclear p53 in these cells
were previously shown to be OC (amyloid-specific antibody) nega-
tive (47). Further, to understand the mechanism of p53 phase separa-
tion, we exogenously expressed green fluorescent protein (GFP)-p53
wild-type (WT) in HeLa and p53-deficient SaSO2 cells. p53 is gener-
ally maintained at a low basal level with a rapid turnover (67) [unde-
tectable under immunofluorescence study (61, 74, 75)], but under
stress (such as DNA damage), the half-life of p53 increases by 10- to
12-fold (76, 77) and accumulates in large amounts when the protein
is needed to function for DNA repair and/or apoptosis. Therefore,
our exogenous expression model can recapitulate the scenario when
p53 accumulates in the nucleus under stress conditions.
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The exogenous expression of GFP-p53 in HeLa cells mainly
showed nuclear localization (at ~12 hours) (fig. S1B); however, at
later time points (~18 hours onwards), the cells showed cytoplasmic
condensates (Fig. 1F; fig. S1, A and B; and movie S1). At this stage, we
only observed distinct p53 condensate formation in the cytoplasm.
However, intense p53 signals with few p53 condensates were visible
in the nucleus. HeLa cells expressing only GFP did not show any ap-
pearance of condensates but rather showed a diffuse pan-cellular sig-
nal, confirming that liquid condensate formation is a property of p53
and not influenced by the GFP tag (fig. S1C).

Because cytoplasmic condensates were distinct, further character-
ization of these condensates showed that at the early time points
(18 hours), they were highly dynamic and spherical in nature (diam-
eter ~1 pm) and underwent fusion events to form larger conden-
sates (diameter ~3 pm) (Fig. 1G and movie S2), suggesting their
liquid-like behavior. This is further supported by their high fluores-
cence recovery after photobleaching (FRAP) (~80% recovery) with a
short 1/, (~12 s) (Fig. 1H and fig. S1D). At a later time point (36 hours),
p53 condensates in the cytoplasm not only lose their spherical shape
(fig. S1E) but also show a substantial decrease in FRAP recovery (~30%),
suggesting their transition toward a solid-like state. Condensates
formed by two cancer-associated hotspot p53 mutants (R175H and
R248Q) exhibited an arrested state (very low FRAP recovery) at the
early time point (18 hours) (Fig. 1H and fig. S1, D and F) compared to
WT p53. To examine the protein expression level, Western blot analysis
was done, which showed a gradual increase in expression of GFP-p53
(up to 36 hours) that was sustained until 48 hours (fig. S1, G and H).
The data indicate that p53 is retained in the nucleus upon exogenous
expression, but with time, p53 partitions into the cytoplasm, where
it undergoes liquid-to-solid state transition (fig. S1, A and B).

To nullify the effect of endogenous p53 and to establish functional
consequences due to p53 condensate formation, we examined p53
LLPS in p53 null SaOS2 cells (78, 79). Similar to HeLa cells, p53 was
mainly localized in the nucleus with the appearance of a few p53 con-
densates at an early time point (12 hours). With time, when protein
load increases (Fig. 1] and fig. S2B), the distinct cytoplasmic conden-
sates of p53 started to appear after 18 hours of transfection (Fig. 1I).
The SaOS2 cells expressing only GFP did not show any condensate
formation (fig. S2A), suggesting that GFP does not influence the p53
condensate formation similar to HeLa cells. The p53 condensates
formed at the nucleus and cytoplasm were liquid-like immediately
after their formation as confirmed by their fusion events (Fig. 1K and
movie S3) as well as high FRAP recovery (~80 to 100%) (Fig. 1L). At
the late time point (48 hours), the cytoplasmic condensates under-
went liquid-to-solid-like transition with no FRAP recovery (less than
10%) in contrast to nuclear condensates (~80% FRAP recovery) (Fig. 1L
and fig. S2, C and D). This suggests that once p53 is expelled from the
nucleus, the condensates undergo a liquid-to-solid state transition in
the cytoplasmic environment. This is further consistent with mor-
phological analysis, where the cytoplasmic condensates showed an
increase in size and a decrease in circularity with time (fig. S2E).

Spatiotemporal partitioning of p53 condensates in cells

To understand nucleo-cytoplasmic partitioning and condensate for-
mation of p53 with time, we performed live-cell imaging experi-
ments with SaOS2 cells. Initially, the p53 signal was mostly localized
in the nucleus, but with time, p53 appeared in the cytoplasm and
formed cytoplasmic condensates (Fig. 2A and movie S4). With time,
the increased cytoplasmic/nuclear (C/N) ratio of the GFP-p53 signal
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Fig. 1. p53 condensate formation in HeLa and Sa0S2 cells. (A) Domain organization of p53 showing TAD (1 to 61), PRR (64 to 93), DBD (102 to 292), and TD (325 to 393)
(top), low-complexity regions (blue) using SMART, disorder tendency (green) using IUPRED2A, residue-based droplet promoting probabilities (red), and droplet-promoting
regions (DPR) (red box) using FuzDrop (bottom). (B) Structure of full-length p53 protein as predicted by Alphafold from 229 structures in PDB (UniProt ID P04637). (C) Confo-
cal images of MCF10A cells showing p53 localization with (right) and without (left) cisplatin treatment. (D) The confocal microscopy showing the p53 (red) localization in
MCF7 and MDA-MB-231. (E) STED microscopy of MDA-MB-231 and MCF7 cells showing p53 condensate state in the nucleus. Pseudocolor (LUT, mpl-plasma) has been used
for representative purposes. (F) Hela cells overexpressing WT GFP-p53 at 18 and 36 hours show cytoplasmic condensates. h, hours. (G) Time-lapse microscopic images
showing fusion of WT GFP-p53 condensates in the cytoplasm of HeLa cells. (H) FRAP curves of cytoplasmic condensates in Hela cells at 18 and 36 hours showing fluores-
cence recovery with (right) their corresponding t/,. Note that the ty/, for condensates with low recovery was not estimated. (I) Time-dependent expression of WT GFP-p53
in Sa0S2 cells showing nuclear (red arrowheads) and cytoplasmic condensates (white arrowheads). (J) Western blot images showing the expression of GFP-p53 with time
in Sa0S2 cells. (K) Time-dependent confocal images of cytoplasmic and nuclear condensates of WT GFP-p53 showing the fusion event of two condensates. (L) FRAP curves
of nuclear (NC) and cytoplasmic condensate (CC) at 18 and 48 hours. All the experiments [(C) to (L)] were repeated two times with similar observations.

(from 18 to 48 hours) (Fig. 2D and fig. S2F), further supporting the

indicates the nucleo-cytoplasmic shuttling of p53 (Fig. 2B), possibly
idea that the cytoplasmic p53 condensates are formed after expulsion

through the nuclear pore complex. This is further confirmed as treat-

ment with Leptomycin B (LMB, inhibitor of nuclear export (80)) de-
creased the C/N ratio (Fig. 2C). Moreover, the expression of the
GFP-p53 construct without nuclear exclusion signal sequence (GFP-
p53 NES—) in SaOS2 cells showed only nuclear localization of p53
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of p53 from the nucleus. These cytoplasmic condensates did not ex-
hibit any colocalization with Nile red [specific for intracellular lipid
(81)], Lysotracker red (for lysosomes), and Mitotracker red (for mi-
tochondria), suggesting their membrane-less state (fig. S3, A to C).
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Fig. 2. Spatiotemporal formation of p53 condensates in p53-null Sa0S2 cells. (A) Time-lapse confocal microscopy images showing spatiotemporal formation of p53
condensates. (B) Cytoplasmic/nuclear (C/N) ratio of WT GFP-p53 fluorescence signal in SaOS2 cells with time (mean + SEM for n = 6 transfected cells). (C) Confocal microscopy
images showing the effect of Leptomycin B (LMB) treatment (left) and corresponding C/N ratio calculation (right) of Sa0S2 cells (mean + SEM for n = 9 transfected cells). (D) The
time-lapse confocal microscopy showing nuclear localization of the p53 with p53 NES— in SaOS2 cells. (E) STED microscopy of nuclear condensates of WT GFP-p53 at 18
and 48 hours. The line profile represents the intensity of GFP-p53 across the nucleus. (F) Lattice light-sheet imaging of nuclear condensates of SaOS2 transfected with WT
GFP-p53 at 18 and 48 hours. Scale bars, 10 pm. (G) p53 condensates of R175H and R248Q in Sa0S2 cells monitored over time using confocal microscopy. (H) FRAP recovery
profiles of WT, R175H, and R248Q cytoplasmic condensates at 18 and 48 hours. (I) Size (area) and number distribution of nuclear condensates of WT, R175H, and R248Q at 18
and 48 hours, calculated from STED microscopy. Scale bars, 5 pm. (J) FRAP recovery profile of WT, R175H, and R248Q nuclear condensates at 18 and 48 hours. (K) Immuno-
fluorescence study of WT GFP-p53 condensates with misfolded p53 specific antibody (Pab240). Scale bars, 10 pm. (L) Quantification of Pab240 colocalization with GFP-p53
nuclear and cytoplasmic condensates at 18 and 48 hours (mean with SEM, for N = 2). For (B), (C), and (L), the statistical significance was calculated using a two-tailed t test
[*##P < 0.001, **P < 0.002, *P < 0.033, and P > 0.012 (ns), with 95% confidence interval]. The experiments (A), (C) to (H), (J), and (K) were performed two independent times.
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Moreover, they are not associated with the aggresome formation in
the cytoplasm (fig. S3D).

To further characterize the p53 condensates in the nucleus and
cytoplasm, STED microscopy of GFP-p53 in SaOS2 cells was per-
formed. The data showed that the nucleus of the cells is rather crowd-
ed with p53 condensates, which sometimes clump together to form
local regions of high density (Fig. 2E). Further analysis also revealed
that the majority of the nuclear p53 (>70%) exists as condensates
(fig. S2G), where the morphology appeared to be that of intercon-
nected microphase-separated condensates (percolation clusters) as
reported previously (82-84). The STED microscopy of cytoplasmic
condensates suggests that both WT and mutant p53 exist in the form
of small condensates (fig. S4). Further, to investigate the dynamic and
reversible nature of these nuclear condensates, we treated the cells
withsorbitoland 1,6-hexanediol. Our data suggest that 1,6-hexanediol
and sorbitol treatment does not alter the major characteristics of
nuclear condensates. We observe subtle changes in the size and num-
ber of p53 condensates inside the nucleus with both treatments. For
example, in the presence of 1,6-hexanediol, there are a higher num-
ber of smaller p53 condensates, while sorbitol-treated cells showed
more clustering of nuclear condensates (fig. S5). In this context, al-
though hexanediol has been shown to dissolve the condensates (85),
many recent studies, however, suggest that the dissolution due to
hexanediol depends on the nature of intermolecular interactions. For
example, condensates formed mostly by hydrophobic interactions
will dissolve in the presence of hexanediol (85). Further, one needs to
consider the effect of 1,6-hexanediol/sorbitol on cells, and cells, in
turn, modulate the condensate behavior. To further support STED
microscopy analysis and the nature of the relatively small-sized con-
densates, we also performed lattice light-sheet microscopy of SaOS2
cells expressing WT GFP-p53 in live cells. The data showed largely
dynamic p53 nuclear condensates throughout the nucleus (Fig. 2F
and movie S5).

We further studied the effect of two hotspot p53 mutants associated
with cancer (R175H and R248Q) and characterized their condensates
in both cytoplasm and nucleus in SaOS2 cells. The data showed that
both mutants formed slightly larger cytoplasmic condensates (18 hours)
as compared to WT protein (~1 pm), but their decrease in circularity
with time was similar to WT protein (Fig. 2G and fig. S2, H and I).
FRAP analysis of the cytoplasmic condensates showed (in contrast to
WT p53 with ~80% recovery) only ~50% recovery for both the mu-
tants, even at an early time point (18 hours), which is further reduced
to almost no recovery at 48 hours (Fig. 2H and fig. S2J). The data sug-
gest a faster liquid-to-solid state transition of the mutant p53 conden-
sates than WT p53 in the cytoplasm. We did not find any major
morphological differences between the cytoplasmic condensates of
WT and mutants by STED microscopy (fig. S6). Further, the data re-
vealed that both mutants formed a dense population of condensates in
the nucleus at 18 hours, having an apparent higher density of accumu-
lation at certain local regions (fig. S6) compared to the WT protein. At
a later time point (48 hours), larger-sized (in terms of area parameter)
and a higher population of nuclear condensates were seen for both
mutants, as observed for WT protein (Fig. 2I). When FRAP analysis of
nuclear condensates was performed, both mutants showed substan-
tially reduced recovery (~40% for R175H and ~10% for R248Q), at
both time points (18 and 48 hours). This indicates a solid-like nature of
nuclear condensates of mutants even at an early time point (18 hours)
(Fig. 2J and fig. S2K). Note that p53 R175H condensates showed a rela-
tively higher FRAP recovery compared to R248Q.
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Thus, the data suggest that while p53 cytoplasmic condensates
transitioned from a liquid-to-solid state, which is further promoted
by both cancer-associated mutants, the nuclear WT p53 condensates,
however, remained in a liquid-like state in SaOS2 cells. The rigidifica-
tion of nuclear condensates of p53 mutants and cytoplasmic conden-
sates of both WT and mutants in SaOS2 cells could be due to stronger
assembly of p53 caused by misfolding and/or aggregation. The im-
munofluorescence study using the Pab240 antibody (specific to mis-
folded p53 (86)) showed that mutant p53 condensates in the nucleus
are composed of misfolded proteins compared to that of WT protein.
In addition, most of the p53 in cytoplasmic condensates (both WT
and mutants) were misfolded, where the mutants showed a higher
colocalization of p53 with Pab240 compared to WT (Fig. 2, Kand L,
and fig. S7A). However, the amyloid-specific OC antibody staining
showed no colocalization with GFP-p53 WT and mutants GFP-p53
R175H and GFP-p53 R248Q (fig. S7B). This suggests that p53 re-
mains in a misfolded conformation in the cytoplasm without attain-
ing amyloid conformation. Further, we also performed the All
staining, which is known as an amyloid oligomer-specific antibody
(87). Our data suggest the absence of A11 staining, and therefore, no
colocalization was observed in both nucleus and cytoplasm at the
24- and 48-hour time points (fig. S8). This suggests that in our cel-
lular conditions, no amyloid oligomers were formed. In this context,
our previous studies showed that p53 aggregates in cells do not have
an amyloid state in contrast to cancer tissues, suggesting that extra-
cellular matrix component [e.g., chondroitin sulfate A (CSA)] plays a
role in amyloid formation (47).

The functional consequence of p53 phase separation in cells
To investigate the consequences of p53 nuclear condensate formation
on DNA binding and transcriptional activity, we monitored the ex-
pression of p53 downstream gene p21 by Western blot analysis. The
data suggest a time-dependent increase in p21 expression up to 24 hours
and then plateaued (Fig. 3, A and B), indicating the presence of func-
tional p53 in the nucleus. This is further apparent as the Annexin-PI
assay followed by FACS (fluorescence-activated cell sorting) analysis
showed a gradual increase in the apoptotic population of cells with
time (Fig. 3C and fig. $9), indicating p53-mediated apoptosis. This
increase in p21 expression and apoptosis might be due to the higher
expression and condensate formation by p53 with time (Fig. 1). We
further examined p53 binding to its direct target, p21, by enzyme-
linked immunosorbent assay (ELISA) and chromatin immunopre-
cipitation (ChIP) assay at 18 hours of transfection for both WT and
mutants. While WT p53 showed higher p53-DNA binding, both
cancer-associated mutants (R175H and R248Q) showed much less
DNA binding activity (Fig. 3, D and E). This is consistent with the fact
that mutant p53 condensates are composed of misfolded p53, which
promotes condensate solidification even at 18 hours (Fig. 2, ] and K),
where p53 is most likely nonfunctional. To further examine the effect
of p53 condensates on DNA damage, SaOS2 cells were transfected
with WT GFP-p53 and treated with cisplatin. After 18 hours, STED
imaging indicated a higher number of p53 condensates in the nucleus
for cisplatin-treated cells than untreated cells (Fig. 3, F to H, and fig. S10,
A to C). Increased p53 condensate formation also correlated with in-
creased p53 stabilization (Fig. 3, 1and J) and p21 mRNA levels (Fig. 3K)
in cells upon treatment with cisplatin compared to untreated cells.
The data suggest that the p53 condensates might be functional in
terms of DNA binding activity, which might be further enhanced
when DNA damage occurs for tumor-suppressive functions.
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Fig. 3. Stabilization and activity of p53 condensates. (A and B) Western blot showing time-dependent expression of p21 (p53 target) and the corresponding fold
change of p21. (C) Time-dependent apoptotic cell death of SaOS2 cells using FACS analysis. (D) p53 DNA binding capacity of p271-specific DNA sequence by ELISA at
18 hours for WT and p53 mutants. (E) ChIP assay of p53 DNA binding to p27-response element at 18 hours. For ELISA and ChIP assays, one-way analysis of variance
(ANOVA) (P < 0.001, **P < 0.01, *P < 0.05). (F) SaOS2 cells transfected with WT GFP-p53 after treatment with cisplatin showing p53 condensates at 18 hours (left). Scale
bar, 10 pm. Super-resolution STED imaging showing the p53 clusters in the nucleus after treatment at 18 hours (right). (G) Size/number distribution of nuclear conden-
sates for cisplatin-treated and untreated cells. (H) Condensates count in uniform area of (5 pm by 5 pm, N = 2) in the nucleus of cisplatin-treated Sa0S2 cells. (1 and
J) Western blot of p53 expression with and without treatment of cisplatin (10 pM, 9 hours). (K) The p21 mRNA expression of Sa0S2 cells at 18 hours in the presence and
absence of cisplatin treatment {(H) and (K), two-tailed t test [***P < 0.001, **P < 0.002, *P < 0.033, and P > 0.012 (ns)]}, [(A) to (F) and (I) to (K)] N = 2. (L) Immunofluores-
cence of Sa0S2 cells showing no colocalization with WT p53 and MDM2. In a few cells, cytoplasmic condensates of large size partially colocalizes with MDM2. (M) SaOS2
cells transfected with WT GFP-p53 after treatment with Nutlin showing p53 cytoplasmic condensates at 18 hours (left). Scale bar, 10 pm. STED imaging showing the pres-
ence of p53 clusters in the nucleus after treatment at 18 hours (right). (N) Estimation of condensate count in the nucleus of Nutlin-treated (Nut) and untreated (WT) cells.
(0) FRAP recovery profiles of cytoplasmic condensates with Nutlin-treated cells.

Further, it is known that the expression, function, and regula-
tion of p53 and MDM2 are interdependent via a feedback mecha-
nism (88). MDM2 controls p53 activities, including the inhibition
of transactivation, nuclear export, and degradation by the pro-
teasome. To further examine the role of MDM?2 in p53 phase
separation, SaOS2 cells were transfected with p53-GFP WT and
immunostained for MDM2 antibody 24 hours after transfection.
We did not find any colocalization of p53 condensate and MDM2
in the nucleus, suggesting that the nuclear condensates are possibly
protected against MDM2-mediated degradation and are functional
in nature. Larger cytoplasmic p53 condensates were partially colo-
calized with MDM2, implying that these condensates could be sites
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of MDM2-mediated regulation and/or degradation of p53 (88, 89)
(Fig. 3L and fig. S10D).

Treatment with Nutlin 3a (inhibitor of MDM2) resulted in the
deposition of large condensates in the cell cytoplasm, indicating
either a higher release of p53 from the nucleus or stabilization of
p53 in the cytoplasm. Super-resolution imaging revealed dense
p53 clusters in the nucleus (Fig. 3M and fig. S10E). Further, STED
imaging indicated a higher number of p53 condensates in the nu-
cleus for Nutlin-treated cells as compared to untreated cells (Fig. 3N).
FRAP studies indicated a liquid-like nature of the early cytoplas-
mic condensates while it showed an arrested nature at a later time
point (Fig. 30).
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p53 DNA binding domain (p53 core, p53C) undergoes LLPS
and liquid-to-solid state transition in vitro

The p53 core domain (p53C) represents the DNA binding domain of
full-length p53, which is often used for in vitro studies due to the
unstable nature of full-length p53 protein (90-92). The previously
reported crystal structure of p53C (93) shows the organization of its
secondary structure into a-helical, f sheet, and random coil confor-
mations (Fig. 4A). Further, this domain also contains IDRs [predict-
ed by IUPRED 2A (94, 95)] and two droplet-promoting regions
[DPR, predicted by FuzDrop (64)], which are present at the N terminus
and C terminus of the p53C (Fig. 4B and fig. S11, A and B). We also
included two mutants, R175H and R248Q, to study the effect of
cancer-related hotspot mutations. For in vitro studies, WT p53C and
mutants were recombinantly expressed and purified (fig. S11, C and
D), and NHS-Rhodamine-labeled p53C (10:90 labeled:unlabeled
protein) was incubated in the presence of varying percentages of
PEG-8000 (polyethylene glycol, molecular weight 8000, as molecular
crowder) at pH 7.4 in 50 mM phosphate buffer. When examined un-
der microscopy, we observed that both WT and mutant (R175H and
R248Q) p53C readily phase separates to form condensates at as low
as 10 pM concentration in the presence of 10% PEG-8000 (Fig. 4C
and fig. S11E) with no significant difference in their phase regime
(Fig. 4D; fig. S11, F to H; and movie S6). The mutant R175H showed
a slightly higher propensity for phase separation than WT and
R248Q. The condensate formation was further examined by static
light scattering (LS) experiments (at 350 nm), which showed that all
proteins spontaneously phase separate within a few minutes in the
presence of 10% PEG-8000. Consistent with the microscopic phase
regime, R175H also showed higher scattering than WT and R248Q
in the presence of PEG, suggesting its higher propensity for LLPS
(Fig. 4E). The liquid-like property of phase-separated condensates by
these proteins was confirmed by the fusion (for WT condensates)
(Fig. 4F) and high FRAP recovery (~100%) with shorter t;/, (~<5s),
immediately after their formation (0 hours) (Fig. 4G and fig. S12A).
These condensates, however, showed reduced FRAP recovery with
time, suggesting compromised dynamicity of the molecules in-
side the condensates, which is further promoted by both cancer-
associated mutants (Fig. 4G). Further, the Fourier transform infrared
(FTIR) spectroscopy study of the dense and dilute fraction of WT
p53C (separated by centrifugation) LLPS (at 0 hours) showed no dif-
ference in their secondary structure after phase separation (Fig. 4H).
This indicates that condensate formation by p53 might preserve the
functionality of the protein.

Further, the time-dependent study of condensate formation/growth
showed no change in the size and number of condensates over time
(up to 12 hours) (Fig. 4, I and ], and fig. S12B). However, with an in-
crease in protein concentration, although the condensate size did not
alter, the number of condensates increased, as shown for WT p53C
(fig. S12, C and D). Further, the morphology of the condensates was
characterized using transmission electron microscopy (TEM), which
showed circular morphology at 0 hours, but with time, dark-round
shape condensates along with the appearance of amorphous aggre-
gates originating from condensates were observed (Fig. 4K). However,
the lack of thioflavin T (ThT) (96) and Congo red (CR) (97) dye (spe-
cific dye for amyloid aggregates) binding suggests that these aggregates
might not be amyloid in nature (Fig. 4L and fig. S12E). The data, there-
fore, suggest that p53C undergoes LLPS and liquid-to-solid state tran-
sition with time, which is further promoted by both the cancer-associated
p53 mutations. It is important to note that our cellular study and in
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vitro studies did not show any indication of amyloid formation through
LLPS, suggesting that p53 amyloid formation might require different
conditions, such as the presence of extracellular components like gly-
cosaminoglycans (GAGs) (47). To investigate the role of GAGs in
p53C LLPS and liquid-to-solid transition, we performed LLPS studies
of p53C in the presence of CSA. A rapid phase separation of p53C in
the presence of CSA, where more condensates have a larger size, were
observed in contrast to p53C (Fig. 4M and fig. S12, F and G). The
FRAP data suggest that in contrast to p53C alone condensate, the con-
densates formed in the presence of CSA showed reduced fluorescence
recovery immediately after their formation as well as rapid solidifica-
tion with time (Fig. 4N and fig. S12H). Further, thioflavin S (ThioS)
readily gets copartitioned with condensates formed in the presence of
CSA, which was not seen in WT condensates formed by p53C alone
(Fig. 4M and fig. S12F). The data indicate that p53C condensate forma-
tion in the presence of CSA might transform into an amyloid state with
time, which is further confirmed by the high ThT binding of the
condensates (Fig. 40). The amyloid formation through LLPS by p53C
was further confirmed by TEM study where the morphology of the
condensates in the presence of CSA shows condensates containing
amyloid-like fibrils at 12 hours (Fig. 4P).

DNA/RNA modulates the formation and fate of
multicomponent p53C phase separation
Cellular studies have shown that the microenvironment of the nucleus
and cytoplasm might dictate the formation, fate, and material proper-
ties of p53 condensates, as nuclear p53 condensates maintain liquid-
like properties and cytoplasmic condensates solidify with time (Figs. 1
and 2). Because p53 is a transcription factor that requires extensive
interactions with nucleic acids in the cellular milieu, we studied the
effect of nucleic acids on phase separation of p53C. To examine this,
p53C LLPS experiment was performed (with 10% PEG-8000) in the
presence and absence of RNA, TR-DNA (corresponding to the con-
sensus sequence of the p53 response element for the p21 gene), and
NTR-DNA (98) (table S2). Compared to condensates formed in the
absence of any nucleic acid (p53C alone in the presence of 10% PEG-
8000), the presence of both NTR-DNA and RNA increases the size and
number of the p53 condensates (Fig. 5, A and B). In contrast, in the
presence of TR-DNA, p53C did not show a significant number of con-
densates; rather, a few smaller condensates were observed (Fig. 5, A
and B). The dual fluorescence labeling study suggests that WT p53C
condensates in the presence of NTR-DNA resulted in multicomponent
phase separation (yellow condensate in the inset), while in the pres-
ence of TR-DNA, few residual DNA-protein conjugates were observed
(fig. S13, A and B), similar to the previous study (99). The facilitated
p53C LLPS in the presence of RNA and NTR-DNA was further evi-
dent from the phase regime of p53C, which showed a decrease in the
p53C concentration required for phase separation (Fig. 5, C and D,
and fig. S13, C and D). Consistent with this, the LS experiment also
showed enhanced LLPS kinetics of WT p53C in the presence of RNA
and NTR-DNA but reduced LLPS kinetics in the presence of TR-DNA
(Fig. 5E) compared to the p53C alone. The NTR-DNA and RNA not
only promote p53 phase separation but also help to maintain its
liquid-like state as FRAP analysis showed >80% recovery at both
0 and 12 hours (Fig. 5F and fig. S13E), in contrast to p53C alone
where liquid-to-solid state transition was observed (Fig. 4G).
Further, to directly probe the p53C condensates’ property in nu-
clear versus cytoplasmic microenvironment, we examined p53C con-
densate formation in nuclear extract (NE) and cytoplasmic extract
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Fig. 4. Liquid-liquid phase separation of p53C condensates in vitro and their transition from liquid to arrested state. (A) The PDB structure of p53C (PDB ID: 20CJ)
shows random coil and p sheet conformation. (B) WT p53C shows disorder tendency (green), residue-based droplet-promoting probabilities (red), and droplet-promoting
regions (DPR) (blue box). (C) Microscopy images showing the condensate formation of WT, R175H, and R248Q p53C (N = 3). (D) Phase regimes (schematic) of WT, R175H,
and R248Q. Opaque and open circles represent LLPS and no LLPS, respectively. (E) Static light scattering (LS at 350 nm) showing condensate formation by WT p53C,
R175H, and R248Q in the presence (filled circles) and absence (open circles) of 10% PEG-8000. (F) Time-lapse DIC images showing the fusion event of two WT p53 conden-
sates with time. Scale bars, 2 um. (G) FRAP experiment at different time intervals of WT p53C, R175H, and R248Q variants with t/, calculation (right). (H) FTIR spectroscopy
of dense and dilute phase of WT p53 after centrifugation. (I) Confocal microscopy images WT p53C condensates at different time intervals. (J) The size distribution of WT,
R175H, and R248Q condensates with time. (K) TEM micrographs WT p53C, R175H, and R248Q condensates at 0 and 12 hours. (L) The ThT binding p53C condensates at
12 hours. a-Synuclein fibrils were used as a positive control. N = 3 for (C), (D), and (1), and N = 2 for (E) to (H), (K), and (L). (M) ThioS staining of WT p53C condensates formed
in the presence and absence of CSA at indicated time points (n = 3 independent experiments). (N) The FRAP of WT p53C condensates in the presence of CSA. (O) The ThT
binding for p53C condensates in the presence of CSA. a-Synuclein fibrils were used as a positive control (N = 3). (P) TEM micrographs of condensates in the presence
of CSA.
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Fig. 5. DNA and RNA modulate p53C phase separation. (A) Confocal images of WT p53C condensates formed in the presence and absence of target DNA (TR-DNA),
nontarget DNA (NTR-DNA), and RNA. The inset for NTR-DNA and TR-DNA represents multicomponent condensate formation. (B) Size (Feret) distributions of p53C conden-
sates formed in the presence and absence of TR-DNA, NTR-DNA, and RNA. (C and D) Phase regime of WT p53C with varying concentrations of NTR-DNA and RNA. Opaque
and open circles represent LLPS and no LLPS, respectively. Pink shaded region showing p53 condensates in the absence of any nucleic acid. (E) Static light scattering (LS
at 350 nm) showing the effect of RNA, NTR-DNA, and TR-DNA for p53C condensate formation. (F) FRAP profile of p53C condensates in the presence of NTR-DNA and RNA
showing a complete recovery at the early (0 hours) and late (12 hours) time points, suggesting maintenance of the liquid-like state. (G) The confocal image of NHS-
Rhodamine-labeled p53C condensates formed in the cellular fraction of the nuclear extract (NE) and cytoplasmic extract (CE). Scale bar, 2 pm. (H) The size and circularity
distribution of p53C condensates formed in the presence of CE and NE showing larger size in CE with lesser circularity in comparison to condensate formed in the NE.
() FRAP of p53C condensates formed in NE and CE. The experiments (A), (C), (D), and (G) were repeated three independent times and (E), (F), and (I) were repeated two
independent times. (J) The confocal image of p53C mutant (R175H and R248Q) condensates formed in NE (left). FRAP profile of R175H and R248Q condensates formed in
NE (right). (K) Representative confocal images of preformed R248Q condensates after adding TR-DNA and NTR-DNA. (L) FRAP of preformed R248Q condensates after add-
ing TR-DNA and NTR-DNA, showing negligible fluorescence recovery.

(CE) of SaOS2 cells (100) (fig. S14, A and B). The data showed conden-
sate formation of p53C in both extracts, but with a lower concentration
regime at 0 hours (fig. S14C). The size of the p53C condensates in CE
was higher, with lower circularity than the condensates formed in NE
(Fig. 5, G and H). This indicates the solidification of the condensates
formed in CE. The FRAP recovery of p53C condensates in NE was higher
than the condensates formed in the CE (Fig. 5I and fig. S14D), sug-
gesting that nuclear condensates remain in a relatively more liquid-like
state. In contrast, the cytoplasmic microenvironment promotes the so-
lidification of p53 condensates, consistent with in cellulo data. Further,
when cancer-associated hotspot mutants (R175H and R248Q) were
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allowed to form condensates in NE, the FRAP study showed almost no
recovery immediately after their formation (Fig. 5]). This study directly
demonstrated that p53 mutations promote solidification even in the
nuclear microenvironment, suggesting that their lack of DNA binding
ability leads to loss of function. It is further evident that R248Q p53C
condensates do not get dissolved after the addition of TR-DNA, and also
for NTR-DNA, suggesting irreversible condensates with rapid solidifica-
tion for mutant in contrast to WT protein. This indicates that WT p53C
binding to DNA inhibits the formation of condensates, while the lack of
DNA binding of mutant p53C with TR-DNA leads to phase separation
and subsequent solidification (Fig. 5, Kand L).
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Effect of TR-DNA on preformed p53C

multicomponent condensates

On the basis of our data, we hypothesize that the abundance of non-
specific DNA and RNA in the nucleus might promote and stabilize the
p53 liquid condensate (demixed state). In contrast, cues such as expo-
sure to specific DNA might promote their dissolution (mixed state)
(Fig. 6A). This demixing/mixing might be part of the p53 life cycle and
function. When preformed WT p53C condensates were added on
NTR-DNA-coated coverslips, significantly more p53C condensates
were seen. In contrast, the disappearance of the p53C condensates was
seen with TR-DNA-coated coverslips (Fig. 6B and fig. S15A). This is
also consistent with the p53 partitioning analysis in a single p53 con-
densate, where a significant reduction of p53 intensity in the dense
phase was observed when TR-DNA was added to preformed p53C
condensate. In contrast, the dense phase signal increased with the ad-
dition of NTR-DNA (Fig. 6C and fig. S15, B and C). The demixing and
mixing due to NTR-DNA versus TR-DNA, respectively, were further
confirmed by LS experiments, where, after the formation of p53C con-
densates when RNA, TR-DNA, and NTR-DNA were added, the inten-
sity values reduced significantly in the presence of TR-DNA, but
slightly increased with the addition of NTR-DNA/RNA (Fig. 6D).

We further examined the effect of TR-DNA on multicomponent
p53 condensates formed in the presence of NTR-DNA (p53C-NTR-
DNA) and RNA (p53C-RNA), which is more relevant in the nuclear
microenvironment. Adding TR-DNA to preformed p53C-RNA con-
densates led to the dissolution of p53C-RNA condensates. However,
few residual condensates of smaller sizes were seen (Fig. 6, E and F),
possibly due to their attachment to the surface (99). Similarly, the
addition of TR-DNA to preformed p53C-NTR-DNA and p53C-
NTR-DNA+RNA multicomponent condensates resulted in the dis-
solution of most of the preformed p53 condensates as evident from
the reduced number and size of the condensates (Fig. 6, E, G, and H).
The residual p53C-NTR-DNA condensates present after the addition
of TR-DNA resulted in two distinct morphologies; one was spherical,
and the other one was hollow ring-like condensates (Fig. 6E).

To further characterize the spatial distribution of protein and
nucleic acids in the multicomponent system, we performed the fluo-
rescence study using Atto 647N-labeled TR-DNA, Atto 488-labeled
NTR-DNA, and NHS-Rhodamine-labeled p53C. For residual NTR-
p53C condensates (which are large enough to resolve spatially), we
observed that TR-DNA and p53C both partitioned at the periphery
of the condensate, while NTR-DNA is mainly localized at the center
of the condensate (Fig. 61 and fig. S15D). Similar results were also
obtained when TR-DNA was added to p53C-RNA and NTR-DNA-
RNA-p53C multicomponent condensates, resulting in a few residu-
al condensates, where TR-DNA remained at the periphery and p53C
localized at the center of the condensates (Fig. 6, ] and K, and fig.
S§15, D and E). These data suggest that TR DNA might interact with
the condensate periphery and drive their dissolution, which could
also result in the formation of hollow condensate (101).

Mixing/demixing modulates the temporal storage and DNA
binding for p53 functions

Previously, it was known that p53, upon activation, goes to the nucleus
and, once bound to the DNA, stabilizes as a tetrameric structure, which
is known to be transcriptionally active. Similar to full-length p53, it was
also shown that the p53 core domain/DNA binding domain, in the pres-
ence of p53-specific DNA, forms a tetrameric structure, as confirmed by
the crystal structure (102). Because our data show that in the presence of
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specific DNA, the p53 condensates get dissolved (mixed phase), we hy-
pothesized that upon stress signal when p53 concentration gets high
with an increased half-life in the nucleus, p53 phase separation might
serve as a temporal depot for the functional p53, which could still main-
tain its structural integrity (Fig. 4H) of monomeric p53 and bound by
weak interactions forming condensates. However, upon binding to the
specific DNA, it forms a functional tetrameric structure, which is known
to be the transcriptionally active state (Fig. 7A). This way, p53 in conden-
sates remains as a ready pool of the protein, and in demand, the protein
is released out of the condensates and binds to TR-DNA where it func-
tions as a transcription factor to regulate its downstream genes.

To examine the possibility that it forms tetrameric structure after the
dissolution of p53 condensates in the presence of TR-DNA, we per-
formed dynamic light scattering (DLS) and size exclusion chromatog-
raphy (SEC) with p53 monomer and p53 condensate in the presence of
TR-DNA. As expected, the p53C monomer exhibited a hydrodynamic
radius (Ry) 5 to 8 nm, whereas p53C condensates dissolved in the pres-
ence of TR-DNA showed an Ry of ~30 nm, suggesting multimeric
p53C. The p53C condensates were also used as a control, showing a
large scattering peak at ~>1000 nm (Fig. 7B). When we performed
SEC, we observed that p53C-TR-DNA eluted at a volume correspond-
ing to the molecular weight of tetrameric p53C (peak between 150 and
78 kDa). In contrast, the p53C alone was eluted at volumes correspond-
ing to monomeric p53 (Fig. 7C). This suggests that in the presence of
TR-DNA, it is likely that p53 forms a tetramer, which could be DNA
bound. The protein eluted at ~73 ml was found to contain DNA as sug-
gested by ultraviolet (UV) spectroscopy (high-intensity absorbance at
~260 nm) and DNA band in agarose gel electrophoresis (Fig. 7D).

Further, the binding strength of nucleic acids with p53 might
dictate whether p53 will remain in a tetrameric mixed or demixed
state in the presence of nucleic acid. Our binding study using spec-
tral shift assay (103) suggests strong binding of p53 with TR-DNA
over NTR-DNA (Fig. 7, E and F, and fig. S16A). Therefore, stronger
binding to TR-DNA dissolved the preformed condensate by form-
ing a tetrameric DNA bound structure by specific interaction be-
tween TR-DNA and p53C. In contrast, NTR DNA might provide a
template for p53 condensate formation through weak interactions.

We further hypothesized that in contrast to the monomeric/
mixed state, the condensed form of p53 might have the advantage of
gaining temporal stability and might work as a depot of p53 supply as
required. Apart from instability and low half-life, p53 is also known
to be degraded by the proteasomal system in the nucleus (67). We
examined the thermal stability assay using differential scanning calo-
rimetry (DSC) and CD spectroscopy to address whether p53C con-
densate formation has any stability advantage over soluble states.
Estimation of melting temperature by DSC and ©,,, by CD did not
show any difference between p53C LLPS and non-LLPS state (Fig. 7G
and fig. S16B). However, the p53C condensate state showed higher
proteinase K (PK) resistivity, as shown in Fig. 7 (H and I), than non-
LLPS p53. These data suggest that p53 condensate not only has an
advantage as a ready pool for immediate action (p53 DNA binding
for apoptosis, cell cycle arrest when needed) but also provides prote-
ase resistivity, countering their cellular instability.

DISCUSSION

LLPS of biomolecules (such as proteins and nucleic acids) has been
implicated in driving the formation of membraneless compartments in
cells, commonly designated as biomolecular condensates (5, 6, 9-12).
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Fig. 6. Effect of DNA/RNA on preformed p53C condensates. (A) Schematic showing the possible mode of operation of p53 in the nuclear microenvironment. (B) Left:
Representative images of preformed p53 condensates after the addition onto the uncoated and TR- and NTR-DNA-coated coverslips. Right: The calculated number of
condensates with various nucleic acid-coated surfaces and uncoated coverslips were taken as control (C). The statistical significance was determined by one-way ANOVA
using Newman-Keuls (SNK) post hoc analysis (***P < 0.001, **P < 0.01). (C) Split-violin plot represents the change in the partitioning of p53C after adding TR-DNA and
NTR-DNA. (D) Static light scattering (LS at 350 nm) showing the kinetics of p53C in the presence of 10% (w/v) PEG-8000 and the effect after the addition of TR-DNA, NTR-
DNA, and RNA. The data showing a decrease in light scattering value in the presence of TR-DNA, suggesting the dissolution of preformed p53C condensates. (E) The
confocal microscopy images showing the effect of TR-DNA on preformed p53C condensates formed in the presence of NTR-DNA (p53C-NTR DNA), RNA (P53C-RNA), and
RNA + NTR-DNA (p53-RNA-NTR-DNA) condensates. (F to H) Size distribution plot showing the reduction in the size/numbers of condensates after the addition of TR-DNA
to (F) p53C-RNA condensates, (G) p53C-NTR-DNA condensates, and (H) p53C-RNA-NTR-DNA condensates. (I to K) The confocal microscopy images show few residual
condensates observed after condensate dissolution due to the addition of TR-DNA. The left panel represents Rhod-p53 condensates formed in the presence of (I) Atto
488-labeled NTR DNA, (J) RNA, and (K) RNA and Atto 488-labeled NTR-DNA. The middle panel represents residual p53C condensates that remained after the addition of
Atto 647N-labeled TR-DNA. The right panel represents a line profile across the condensates to show the spatial distribution of protein and DNA. The experiments (B), (D),
(E), and (I) were repeated two independent times.

These liquid-like condensates quickly respond to immediate envi-
ronmental changes and thus perform various cellular functions
(17, 104-109). Recent data suggests that the cell nucleus is not
homogeneous but consists of a heterogeneous mixture of subnuclear
membraneless compartments capable of performing different bio-
logical processes (33, 110, 111). These membraneless organizations
include the Cajal body, nuclear speckles, nucleolj, etc. (5, 6, 16, 57). In
this context, many transcription factors are known to be heteroge-
neously localized in the nucleus, which are indeed in a biomolecular

Datta et al., Sci. Adv. 10, eads0427 (2024) 11 December 2024

condensate state (15, 112-115). Further, the nuclear condensates
consisting of transcription factors and coactivators are shown to
regulate the transcription process of key genes associated with cellular
identity and functionality (15, 33, 115-118).

P53 is a tumor suppressor protein and transcription factor, gener-
ally maintaining a low-level concentration in normal cells (69, 119).
However, upon stress signals such as DNA damage, p53 gets phos-
phorylated and translocated to the nucleus, where it is concen-
trated and binds to DNA. This event is responsible for many activities
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Fig. 7. Specific DNA modulates the p53C condensates for functionality. (A) The proposed model of p53 regulation through p53 phase separation. Crystal structure
showing the core domain bound with DNA consensus element of p53 in tetrameric form. (B) Dynamic light scattering profile of p53C monomer, p53C condensates alone,
and p53C condensates dissolved in the presence of the specific DNA. (C) SEC measurement of p53C monomer and p53C condensate in the presence of target DNA show-
ing a peak approximately at 100 kDa, confirming tetrameric state. y-Globulin (150 kDa), lactoferrin (78 kDa), and chymotrypsin (25 kDa) are used as markers in SEC. (D) The
SEC eluted the oligomeric fraction of p53C condensates in the presence of TR-DNA, showing the presence of DNA bound with protein using UV spectroscopy (left) and
agarose gel electrophoresis (right). (E) Spectral shift measurement of p53C in the presence of TR-DNA showing binding affinity of p53C with nucleic acids. (F) Bar graph
representing the binding affinity (Kq) of p53C with TR-DNA and NTR-DNA showing a significantly higher binding affinity for TR-DNA. Error bars represent mean + SEM for
N = 3 independent experiments. The statistical significance was estimated with an unpaired t test with 95% confidence interval (**P < 0.002). (G) The change in molar
ellipticity at 8,2, with an increase in temperature shows no major changes in temperature denaturing profiles between the LLPS and non-LLPS state of p53C. Representative
microscopic images of p53C in LLPS and non-LLPS states for the temperature-dependent CD experiment are shown. (H) Proteinase K (PK) digestion was followed by SDS-
PAGE and showed the higher PK resistivity of the p53 LLPS state. (I) SDS-PAGE quantification of PK digestion assay of LLPS and non-LLPS p53C showing faster PK digestion
with time of p53C in the non-LLPS state compared to the LLPS state. The experiments (B) to (H) were repeated two independent times.

regulating tumor suppressor functions such as DNA repair, cell cycle
arrest, or apoptosis (70, 120). Mutation of p53 not only results in the
loss of tumor-suppressive function but also results in their gain of
oncogenic function by inactivating WT p53 and other tumor sup-
pressors, known as the “dominant negative effect” (45). Recently, it
was suggested that p53 aggregation and amyloid formation may also
be linked with tumorigenic potential in cells (48, 121). Previous stud-
ies have also indicated that p53 aggregation might be associated with
p53 LLPS, where liquid-to-solid-like transition leads to amyloid fibril
formation (53-55), similar to many other neurodegenerative disor-
ders (5, 29, 31, 122). Further, p53 condensate formation is also shown
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to be modulated by posttranslational modifications (123). It was
shown that phase separation was linked with p53 oscillation, and
Ostwald ripening helps p53 condensates to repair double-stranded
DNA break. Oscillation occurs to maintain cellular integrity or cel-
lular functions, including transcription factor functions or apopto-
sis (124). p53 condensates, thus, can have widespread cellular
functions. However, the mechanism and role of various nuclear
constituents (such as RNA and DNA) on spatiotemporal regulation
of p53 phase separation in cells are unknown. Further, it is unclear
whether p53 condensates are functional and how their material prop-
erties might be linked with cancer pathogenesis. In this context,
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several studies have shown the formation of biomolecular con-
densates by cancer-associated proteins such as SPOP (125), BRD4
(116), and fusion oncoproteins (126, 127).

In our current work, we have investigated the condensate forma-
tion ability of p53 in mammalian cells, followed by a molecular-level
investigation using an in vitro approach. We showed that once p53
gets stabilized in the cancer cells or is overexpressed in cells, p53 is
heterogeneously concentrated in the nucleus (Fig. 1D), as shown for
other transcription factors (4, 15, 33, 115). After overexpression in
cells, initially, p53 was shown to be localized inside the nucleus as
liquid-like condensates, but with time, it partially translocated to the
cytoplasm and underwent LLPS, which eventually transitioned into a
solid-like state. In contrast, the nuclear p53 condensates remained
liquid-like (high FRAP recovery and condensate fusion) with time
(Figs. 1K and 2J). The nuclear to cytoplasmic partitioning and subse-
quent solidification are also shown for other transcription factors,
such as ARF (128). These data indicate that liquid-like p53 conden-
sates in the nucleus might be functional (transcriptionally active). In
contrast, cytoplasmic condensates, which become a solid-like state
over time, could be degraded for overall cellular fitness. p53 muta-
tions led to a solid-state transition of nuclear condensates and ac-
celerated the cytoplasm’s liquid-to-solid state transition, suggesting a
nonfunctional state of mutants. This is further supported by staining
for misfolded p53, where mutant p53 condensates showed a higher
degree of misfolding in the nucleus and cytoplasm than WT protein
(Fig. 2, K and L). Therefore, mutations promote p53 misfolding in the
condensate state, and their solid-state transition could be associated
with p53 loss of function, which is shown by the loss of DNA binding
(Fig. 3, D and E). In this context, it was shown previously that tran-
scription factors also undergo a liquid-to-solid state transition, where
this transition results in the loss of transcriptional activity (129).

It has been shown that transcription factors bind to various nuclear
components, including nuclear RNA and/or DNA, which promote
and modulate the condensate state and their transcriptional activity
(4, 25, 33, 99, 130-133). Further, nuclear RNAs are also known to
participate in multicomponent phase separation with various pro-
teins for membraneless organelle formation in the nucleus, such as
nucleoli and nuclear bodies, including Cajal bodies (16, 33, 134, 135).
To understand the role of different nucleic acids in the formation of
p53 condensate and its material properties, p53C LLPS was studied
in vitro. Our data showed that p53C readily undergoes LLPS upon
incubation (Fig. 4C), and with time, it transforms into a solid-like
state (Fig. 4G). The LLPS and subsequent solidification of p53C con-
densates are further fastened by cancer-associated hotspot muta-
tions. Both RNA and nonspecific DNA enhanced the p53C phase
separation and helped maintain its liquid-like nature (Fig. 5, A to F).
RNA and nonspecific DNA might template or promote the multiva-
lent protein-protein and protein-DNA/RNA interaction for p53C
phase separation (23). Further, it was shown previously that a low
RNA (ribosomal RNA from Escherichia coli and Bacillus subtilis)-to-
protein ratio (~1:50) promotes aggregation of p53C, while a higher
ratio (>1:8) inhibits this process. Our findings resonate with these
observations, as we noted that RNA facilitates the assembly of p53C
(136) and, therefore, LLPS. These data are consistent with our in cel-
lulo data of p53 condensates. The presence of specific DNA not only
inhibits the p53 demixing, but also dissolves the preformed p53 con-
densates (formed either by p53C alone or in the presence of DNA
and/or RNA) (Fig. 6). Previous studies also suggest that nucleic acids
modulate the formation of multicomponent LLPS and material
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property of the condensates (23, 113, 137). Our data thus suggest that
upon entry into the nucleus, p53 readily undergoes LLPS into a
microphase-separated condensate state (83, 138) in the presence of
nucleic acid, which might act as a ready pool of functional p53.
This process might help p53 stay in the vicinity of specific DNA
(upon exposure), which may get dissolved into a soluble state upon
binding to DNA and forming DNA-bound tetrameric structure
(transcriptionally active form) for performing the tumor suppressor/
transcriptional activity. This dissolution upon contact with specific
DNA could also be linked with the wetting phenomenon of p53 con-
densates on DNA (99) (Fig. 6A). This is consistent with the previous
study that the binding of p53C to its consensus DNA sequence en-
hances the conformational stability of p53, while nonspecific DNA
does not influence this stability (139).

Further, the exposure of p53 target genes might also direct the
movement of p53 condensates, where p53 becomes a mixed state
for attaining higher thermodynamic stability. In this direction, it
was shown that droplets containing urease move toward the gradi-
ent of urea, resulting in a mixed state (140). Further, once the p53
load increases in the nucleus, some nuclear p53 population is trans-
ported into the cytoplasm through the nuclear pore complex, where
it undergoes LLPS and subsequent liquid-to-solid transition with
time. The MDM2 colocalization with cytoplasmic p53 condensates
suggests that some of these cytoplasmic condensates might eventu-
ally be degraded by proteasomal degradation machinery or could
also attain an amyloid state upon exposure to GAGs and other
amyloid-promoting factors.

Further, the p53 phase separation not only enhances the protein’s
stability against its degradation but also increases the local concen-
tration of p53, which may increase the availability of the protein to
function as a transcription factor. The LLPS of p53 and its misregu-
lated transition to a solid-like state followed by misfolding might
result in the loss of tumor-suppressive and gain of oncogenic func-
tion, which may be linked to cancer.

MATERIALS AND METHODS

Chemicals and reagents

The chemicals and reagents used for experimental purposes were
mainly procured from Sigma-Aldrich (St. Louis, MO, USA) or Merck
(Darmstadt, Germany) unless mentioned otherwise. The water was
double distilled and deionized by a Milli-Q water purification system
(Millipore Corp., USA).

In silico analysis of p53 protein

Full-length p53 and the p53C sequence were used for in silico analy-
sis. The disordered regions of the primary structure of the protein
were identified using the Online tool IUPred2A (94, 95) and the
droplet-promoting region was predicted using Fuzpred (64). SMART
(141) (Simple Modular Architecture Research Tool) was used to
identify low-complexity regions (LCRs) along the protein sequence.
Output data were plotted using OriginPro 2021 (Origin Lab, USA)
software. The secondary structure of p53 and p53C was obtained
from Alphafold (65) and Protein Data Bank (93) (PDB ID: 60C]J).
The output PDB structures were represented using PyMOL (142).

Site-directed mutagenesis
Plasmids for expression of GFP-p53 W'T, GFP-p53 NES—, and p53C
WT [p53C WT (residues 94 to 312)] were obtained from Addgene
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(Addgene ID nos. 12091, 12092, and 24866, respectively). The mam-
malian and bacterial expression constructs for p53 mutants were
constructed via polymerase chain reaction (PCR)-mediated site-
directed mutagenesis. The plasmid containing GFP-p53 WT was
used as the template for two mammalian expression constructs of
p53 mutants GFP-p53 R175H and GFP-p53 R248Q. For bacterial ex-
pression constructs containing mutant p53C, namely, p53C R175H
and p53C R248Q, p53C WT (residues 94 to 312) was used as the
template. Primers were designed against the template by altering the
codon at the mutation site such that the mutation site lies at the
primer’s center (table S1). Pfu DNA Polymerase (SRL Ltd., India) was
used for PCR. After 20 thermal cycles, the PCR product was selected
via Dpnl (Invitrogen, USA) digestion. The digested PCR product
transformed XL10 (Gold) competent cells, and colonies containing
the construct were selected using relevant antibiotic resistance (ka-
namycin for GFP-p53 variants and ampicillin for p53C variants) in
the Luria-Agar medium. The colonies were thereby grown in Luria
broth (LB) media. Plasmids were isolated by a mini-prep kit (Favor-
gen Biotech Corp., Taiwan) and quantified using a NanoDrop UV
photometer (Implen, USA). The newly generated plasmids were
verified by sequencing analysis.

Cell lines and transfection studies

MDA-MB-231 (human breast epithelial adenocarcinoma) cells, MCF7
(human breast epithelial adenocarcinoma) cells, HeLa cells (human
cervical epithelial adenocarcinoma), MCF10A cells (human mammary
gland epithelial cells), and SaOS2 (human bone epithelial osteosar-
coma) cells were obtained from the National Centre for Cell Science
(NCCS, Pune, India). MCF10A, MDA-MB-231, and MCF7 cells were
seeded on coverslips, allowed to grow until 80% confluency, and fixed
for immunostaining. For transfection studies, cells were seeded on
35-mm confocal dishes and allowed to grow to 70% (HeLa) and 90%
(Sa0S2) confluency. Hereafter, the cells were transfected with 1 pg of
DNA using Lipofectamine and P3000 following the manufacturer’s
protocol (L3000-008, Invitrogen, USA). HeLa cells were cultured in
DMEM containing 10% fetal bovine serum (FBS, Gibco, USA), while
SaOS2 cells were cultured in McCoy’s 5A Medium (catalog no. M4892,
Sigma-Aldrich) with 15% FBS. The cells were maintained at 37°C with
5% CO,. For microscopic studies, cisplatin (catalog no. P4394, Sigma-
Aldrich) and LMB (catalog no. L2913, Sigma-Aldrich, USA; 20 ng/ml)
were added after 12 hours after transfection at concentrations of 10 pM
and 20 ng/ml, respectively.

Immunostaining of cells

MCF10A, MCF7, and MDA-MB-231 cells were first seeded on 12-mm
coverslips. At 80% confluency, cells were fixed with 4% paraformalde-
hyde (PFA) solution for 20 min at 37°C. Fixed cells were hereby per-
meabilized using 0.2% Triton X-100 in phosphate-buffered saline
(PBS) for 15 min, and nonspecific antigen sites were blocked with 2%
bovine serum albumin (BSA) for another 1 hour. Cells were then
stained with mouse monoclonal anti-human p53 (DO-1) (catalog no.
sc-126, Santa Cruz Biotechnology, USA) antibody (1:200) overnight
at 4°C. The coverslips were then washed with PBST (0.1% Tween 20 in
PBS). The coverslips were incubated with Alexa Fluor 555 (catalog no.
A32727, Invitrogen, USA)- or Alexa Fluor 488 (catalog no. A11001,
Invitrogen, USA)-conjugated goat anti-mouse secondary antibody
diluted in PBST (1:500) for 2 hours at 37°C for MDA-MB-231 and
MCF10A cells and (1:250) for 3 hours at 37°C for MCF7 cells. Cells
were washed with PBST and 4',6-diamidino-2-phenylindole (DAPI)
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(1 pg/ml) was added for 2 min for nuclear stain. Cells were then washed
with PBS and mounted on a glass slide with mounting medium con-
taining 1% (w/v) 1,4-diazabicyclo [2.2.2] octane and 90% (v/v) glycerol
in PBS. Images were acquired using a laser scanning confocal micro-
scope (Zeiss LSM 780, Carl Zeiss, Germany) with iPlan-apochromat
100x/1.4 NA (numerical aperture) objective.

For Sa082, cells were seeded on 12-mm coverslips and transfected
with GFP-p53 WT, R175H, and R248Q and fixed at early (18 hours)
and late (48 hours) time points with ice-cold 4% PFA in PBS for 5 min
at 37°C for immunostaining of misfolded p53 and amyloid fibril.
Using a similar protocol as mentioned before, cells were stained with
mouse monoclonal anti-human Pab240 antibody (1:500) (catalog no.
sc-99, Santa Cruz Biotechnology, USA) followed by Alexa Fluor 555-
conjugated anti-mouse secondary antibody (1:500) and OC antibody
(1:500) (catalog no. AB2286, Sigma-Aldrich) followed by Alexa Fluor
555-conjugated anti-rabbit secondary antibody (catalog no. A32732,
Invitrogen) (1:1000). Images were acquired using a Spinning Disk
confocal microscope (Zeiss Axio-Observer Z1 with Nipkow spinning
disc), using iPlan-apochromat 63x/1.4 NA objective. For A1l stain-
ing, SaOS2 cells were seeded as mentioned previously and transfected
with GFP-p53 WT and fixed at 24 and 48 hours. The staining was
done using anti-rabbit A1l antibody (1:500) (catalog no. AB9234,
Sigma-Aldrich) followed by Alexa Fluor 555 (catalog no. A32732,
Invitrogen)-conjugated anti-rabbit secondary antibody (1:1000). For
MDM2 staining, cells were stained with anti-human MDM2 antibody
(1:200) (catalog no. 86934, Cell Signaling Technology) followed by
Alexa Fluor 555 (catalog no. A32732, Invitrogen)-conjugated anti-
rabbit secondary antibody (1:500). Images were acquired using an
Olympus FV3000 laser scanning confocal microscope with 100X ob-
jective. Further, SaOS2 cells were transfected with GFP-p53 WT, as
described previously. After transfection for 18 and 48 hours, cells were
stained with MitoTracker Red (catalog no. M7513, Thermo Fisher
Scientific, USA) and LysoTracker Red DND-99 (catalog no. L7528,
Thermo Fisher Scientific) as per the manufacturer’s protocol. For the
Nile red staining, Nile red (10 pg/ml) was added to cells at 18 and
48 hours after transfection and incubated for 3 min. The cells were
washed using PBS after incubation and Opti-MEM (catalog no.
11058021, Gibco) was added before capturing the images. For the
ProteoStat binding assay, 0.5 pl of ProteoStat solution (5 pM) was di-
luted in 1 ml of assay buffer provided in the kit (Enzo Life Sciences,
USA). The solution was added to the fixed cells (at 18 and 48 hours
after transfection) and incubated for 30 min at room temperature as
per the manufacturer’s protocol. The cells were washed using PBS and
Opti-MEM was added before imaging. All the images were acquired
using a Zeiss laser scanning confocal microscope (LSM 780, Carl
Zeiss, Germany) with iPlan-apochromat 100x/1.4 oil objective. The
images were processed using FIJI software.

Time-lapse confocal microscopy imaging

Live cell imaging was done for time-dependent studies after trans-
fection of GFP-p53 with HeLa and SaOS2 cells. The time-dependent
cellular imaging was done at 12, 18, 24, 36, and 48 hours (512 X 512,
8 bit) and images were captured using a Spinning Disk confocal mi-
croscope (Zeiss Axio-Observer Z1 with Nipkow spinning disc) us-
ing 63x/1.4 NA (oil) or 100x/1.4 NA (oil) objectives. Opti-MEM
(catalog no. 11058021, Gibco) was used as media for all live cell im-
aging and incubation was maintained at 5% CO, and 37°C. For nu-
clear stain, Hoechst dye (catalog no. 33342, Enzo, USA) was used.
For in vitro characterization of p53C LLPS, NHS-Rhodamine-labeled
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p53C was used for imaging at 37°C. The excitation source of 488-nm
solid-state laser was used for GFP-p53 and Atto 488-conjugated DNA
and 561-nm solid-state laser was used for NHS-Rhodamine-labeled
p53C. Images and movies were processed using Zen Blue software
(Zen Lite 2012).

Western blotting

At various time points after transfection, HeLa and SaOS2 cells were
suspended in 1X Laemmli sample buffer (62.5 mM tris, pH 6.8, 2%
SDS, and 10% glycerol) for protein extraction. The suspension was
centrifuged at 20,817g at 20°C for 1 hour, and the supernatant was
collected for protein estimation using a BCA kit (Pierce BCA Protein
Assay Kit, catalog no. 23227, Thermo Fisher Scientific, USA). Further,
40 pg of protein was loaded for separation by SDS-PAGE electropho-
resis and blotted onto a 0.22-pm polyvinylidene difluoride (PVDF)
membrane (catalog no. BSP0161, Pall Life Sciences). After transfer,
the PVDF membrane was blocked with 5% BSA in TBST for 1 hour at
room temperature. The blot was probed with the respective primary
antibodies made in 2% BSA in TBST with 1:2000 dilution and incu-
bated overnight at 4°C. The PVDF membrane was washed with TBST
and the blot was incubated with the horseradish peroxidase (HRP)-
conjugated secondary antibody (1:2000 dilution prepared in 2% BSA
in TBST) and incubated at room temperature for 1 hour. The PVDF
membrane was then washed with TBST and signals were detected us-
ing a Clarity Western ECL detection kit (catalog no. 1705060, Bio-
Rad) according to the manufacturer’s instructions. The images were
captured using the Image Quant LAS 500 (GE Life Sciences, USA).
The captured images were quantified using the Bio-Rad Image lab
software. The antibodies used for Western blotting experiments are
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (catalog
no. sc-365062, Santa Cruz Biotechnology, USA), anti-p53 (catalog no.
MA5-16387, Invitrogen, USA), anti-p21 (catalog no. 2947, Cell Sig-
naling Technology, USA), and anti-histone H3 (D1H2) (catalog no.
4499, Cell Signaling Technology). The secondary antibodies used
were goat anti-mouse immunoglobulin G (IgG), H & L chain-specific
peroxidase conjugate (catalog no. 401253, Merck, USA) and goat anti-
rabbit IgG, H & L chain-specific peroxidase conjugate (catalog no.
401353, Merck, USA).

FRAP experiments

FRAP studies were done using a laser scanning confocal microscope
(Zeiss LSM 780 Axio-Observer Z1 microscope). HeLa cells and
Sa0S2 were seeded on 30-mm glass-bottom confocal dishes (Genetix,
India) and transfected with plasmids containing mammalian expres-
sion vectors with GFP-p53 WT, R175H, and R248Q, separately. At
various time points, the dish was mounted on the microscope with an
incubation temperature 37°C, 5% CO, and under optimal humidity
conditions during imaging. At each time point (18 and 48 hours),
photobleaching of nuclear and cytoplasmic condensates was done us-
inga 488-nm laser (100% laser power). Along with the region of inter-
est (ROI) for photobleaching, two more ROIs were selected within
and outside condensates, respectively, for bleaching correction. Time-
lapse images were taken with laser excitation at 488 nm and emission
was recorded at 534 nm. Recovery was monitored until there was no
signal strength change with time, indicating the limit of recovery of
the bleached region. For FRAP studies of nuclear condensates, due to
small size and high dynamicity, translational correction of the images
was done post-acquisition using the FIJI linear stack alignment tool
(143). For this, new ROIs were selected in the aligned stacked image,
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and the intensity of the whole stack for each ROI was recorded and
processed to calculate fluorescence recovery in a similar method as
stated before.

For FRAP studies, labeled p53C protein (10% v/v; NHS-Rhodamine
labeled to unlabeled protein) was used. Protein labeling was done as
per previously published protocols (47). At different time intervals,
photobleaching of the droplets was done using a 561-nm DPSS 561-10
laser (100% laser power). For every bleaching, 2 unbleached ROIs of
the same diameter inside and outside of the droplets were taken as
controls for bleaching correction. After bleaching, the recovery was
monitored until a plateau in the signal was reached. For the FRAP,
iPlan-apochromat 100x/1.40 (oil) objective with GaAsP detector was
used for cytoplasmic, nuclear, and in vitro p53C condensates. The in-
tensity profiles were recorded using Zen Pro (Zeiss, Germany) soft-
ware with 8-bit depth. A similar protocol was used for the FRAP study
of condensate formed in the presence of CSA. For both in cellulo and
in vitro FRAP studies, the data were normalized after bleach correc-
tion and fitted in Origin Pro 2021 (Origin Lab, USA) software using
exponential growth function for calculation of half-time (t,/,) as per
the protocol mentioned in Ray et al. (144)

STED imaging of p53 condensates

Super-resolution studies of p53 nuclear and cytoplasmic condensates
were done using STED microscopy (72, 73) (Leica Microsystems,
Germany). For cells, MDA-MB-231 and MCF7 cells were seeded, fixed
on coverslips, and immunostained as described in the previous sec-
tion. After staining, the cells were mounted on glass slides with Mowiol
mounting medium [10% (w/v) Mowiol 4-88, 25% (v/v) glycerol in
100 mM tris-HCl (pH 8.5)]. For GFP-p53 variants, SaOS2 cells were
seeded and transfected with GFP-p53 WT, R175H, and R148Q plas-
mids and fixed at early (18 hours) and late (48 hours) time points with
ice-cold 4% PFA in PBS for 5 min. For stressor treatment, 10 pM cis-
platin (catalog no. P4394, Sigma-Aldrich) was added at an early time
point (18 hours) and fixed after 3 hours. For 1,6-hexanediol and sorbi-
tol treatment, SaOS2 cells were seeded and transfected with GFP-p53
WT plasmid. After 24 hours, cells were treated with 10% 1,6-hexanediol
(catalog no. 240117, Sigma-Aldrich) or 0.5 M sorbitol (catalog no.
S$1876, Sigma- Aldrich) for 30 min followed by fixing using ice-cold 4%
PFA in PBS for 5 min. For all the cells, coverslips containing cells were
mounted on a glass slide with Mowiol mounting medium. Images were
captured with a STED microscope (Leica Microsystems, Germany),
and after acquisition, images were deconvoluted using the Classical
Maximum Likelihood Estimation (CMLE) algorithm (145) in Huygens
Professional Suite. Rendering of microscopic images for the visualiza-
tion of condensates was carried out using IMARIS 8.3.1 (Bitplane,
Switzerland). For quantification of the percentage of p53 condensate
occupancy with the total pool of p53 in the nucleus, the thresholding
tool (146, 147) of FIJI software was used. The whole area of the nucleus
was first selected before thresholding to limit the area of estimation.
The intensity thresholding tool of p53 was used to estimate the total
p53 in the nuclear region, and the local thresholding tool (148, 149)
was used to identify the portion of nuclear condensates that had higher
local intensity relative to its surroundings due to clustering. The per-
centage of nuclear occupancy was calculated as % = (area of the region
above local threshold/area of the region above threshold) x 100. Train-
able Weka Segmentation tool (150) of FIJI was used for estimating the
area of the nuclear condensates. Each image was trained using 50 regions
each for background (region 1) and 50 for condensates (region 2).
The segmentation classifier was then run and the resultant segmented
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image was obtained, defining the clusters and background. Threshold-
ing was done on this segmented image to obtain the area, and the Feret
diameter was calculated for each condensate. For the high irregularity
of the shape of the nuclear clusters, the area was taken as a measure of
the size of the condensates. Considering the lowest possible resolution
of images obtained by STED to be 50 nm, areas above 2500 nm” were
counted for estimation. The area distribution plots for each pair for
each variant (GFP-p53 WT, R175H, and R248Q) were pairwise nor-
malized before plotting to account for the different sizes of the nucleus.
The data were plotted using MATLAB (MathWorks) 2019a software.

Lattice light-sheet microscopy of p53 condensates
Lattice light-sheet microscopy (LLSM) was done to examine nuclear
condensates in live SaOS2 cells. For this, the cells were seeded on 5-mm
coverslips and allowed to grow to ~80% confluency. Hereafter,
cells were transfected with WT GFP-p53 plasmid and imaged at 18
and 48 hours after transfection using a 3i Lattice light-sheet micro-
scope (3i, Colorado, USA). Volumetric image stacks were generated
using a square lattice in dithered mode. A square lattice was made for
the 488-nm channel with 51 beams spaced at 0.99-pm intervals be-
tween the beams, and the pattern was cropped with a cropping factor
of 0.150. The deskewed step size was 0.163 pm after scanning the
sample stage in 0.3-pm steps. The excitation laser power was adjusted
between 0.14 and 0.43 mW at the image plane to obtain a good
signal-to-noise ratio. In the emission path, a custom-made 488-
640T/560 R dichroic beam splitter was used. A quad-notch filter
(Semrock FF01-446/523/600/677) was added to the transmitted path
to collect the emitted signal. The final fluorescence signal was imaged
on a Hamamatsu ORCA-Fusion Bt sCMOS camera. Each image
plane was captured with a 10-ms exposure time. The frame size of the
image in X, Y, and Z directions was between 20 and 50 pm, 20 pm,
and 140 to 200 planes (23 to 30 pm), respectively, to ensure the entire
nuclear region was imaged while avoiding any strong fluorescence
signal near the edges of the frame. Hence, a volumetric image stack
of 50 X 20 X 25 pm was captured within ~ 2.5 s (100 planes for 1.2 s).
After acquisition, the images were cropped from the raw datas-
ets. Because the images were captured at an angle of approximately
32° using LLSM, the images were deskewed and corrected for cover-
slip orientation in the Slidebook software. Photobleach correction
was applied when necessary. The images were further deconvoluted
using the Richardson Lucy Constraint Iterative (CI) algorithm with
10 iterations using the theoretical point spread function and a Gaussian
noise smoothening radius of 0.3. Final images were processed in FIJI
for representative purposes.

Apoptosis studies using flow cytometry

For studying the time-dependent (6, 12, 18, 24, 36, and 48 hours)
apoptotic cell death upon W'T p53 transfection cells, SaOS2 (7 x 10
cells per well) were seeded in six-well plates (Corning, USA). After
24 hours, cells were transfected with GFP-p53 WT plasmid in a
time-dependent manner, i.e., 48, 36, 24, 18, 12, and 6 hours before
the acquisition using flow cytometry. The cells were trypsinized and
collected by centrifugation at 664¢ for 4 min at 25°C. The cell pellets
were washed with ice-cold PBS and centrifuged at 664g. The cell pel-
lets were suspended in 100 pl of 1x binding buffer followed by dou-
bling staining with V450 annexin V and PI (catalog no. 560506, BD
Horizon) and incubated for 15 to 20 min at room temperature. The
samples were diluted to 400 pl with the 1X binding buffer and quan-
tified by flow cytometry (FACS Aria, BD Biosciences). The gating
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was performed using untransfected cells and ~10,000 GFP-p53 WT
positive cells were counted for each sample. The values are normal-
ized using untransfected control cells. The recorded data were plot-
ted using Flow]Jo v10 software (Tree Star Inc.).

ChIP-qPCR assay

ChIP-qPCR assay was performed to determine the functional status
of the p53 protein. For this, SaOS2 cells were transfected with WT p53
and mutant p53 (R175H and R248Q) as per the described protocol
(151). The cells were collected at 18 hours and chromatin was cross-
linked using 1% formaldehyde for 30 min and added directly to the
media. Further, the cross-linking was quenched using 125 mM glycine
for 5 min. To attain higher degree of resolution during detection, the
samples were sonicated to obtain DNA fragments that are ~200 to
1000 bp in size. Sonication was done at 30% amplitude for a total of
three cycles with 1 min on and 1 min off on ice. The samples were
centrifuged at 10,000g at 4°C for 10 min to remove insoluble material.
The cells were incubated overnight using 5 pg (25 pl) of p53 antibody
(DO-1) as described earlier (151). The chromatin-bound DNA was
eluted with 50 pl of elution buffer using the Magna ChIP G Tissue Kit
(Millipore, USA) as per the manufacturer’s instructions. A QIAquick
PCR purification kit (QIAGEN, Valencia, USA) was used for the pu-
rification of all DNA samples (IPs and inputs) in accordance with the
manufacturer’s protocol. Further, qPCR was performed with SYBR
Green reaction mixture (20 pl) using an Agilent JPCR machine. Both
ChIP and qPCR experiments were performed in duplicate. Calcula-
tions for enrichment/input values were made using Eq. 1

ACT =CT(ChIP) - [CT(Input) —LogE (Input dilution factor)] —act

(1)
where E represents the specific primer efficiency value and %
Enrichment/Input = E. The sequence of primers for the p53 response
element for p21 was as follows:
Forward primer: 5'-GTGGCTCTGATTGGCTTTCTG-3’
Reverse primer: 5'-CTGAAAACAGGCAGCCCAAG-3’

p53 DNA binding assay in cells

An ELISA for p53 was performed to determine the ability of p53 to
bind to the DNA element. For this, SaOS2 cells were transfected with
GFP-p53 WT, R175H, and R248Q. The cells were collected at 18 hours
after transfection. The cells were harvested and lysed using radioim-
munoprecipitation assay (RIPA) buffer supplemented with a Roche
protease inhibitor cocktail. The lysate was centrifuged at 4°C to re-
move the cell debris. The supernatant obtained was added onto the
96-well plate immobilized with double-stranded DNA sequence con-
taining p53 response element using the p53 Transcription Factor As-
say kit (catalog no. 600020, Cayman Chemical, Michigan) as per the
manufacturer’s protocol. p53 present in the cell lysate binds specifi-
cally to the p53 response element and is detected by adding a p53
antibody (DO-1). Anti-mouse secondary antibody conjugated to
HRP was added to provide a sensitive colorimetric readout at 450 nm.
Nutlin-3-stimulated MCF7 nuclear extract was used as a positive
control for the assay.

RNA isolation and qRT-PCR

Sa0S2 cells were seeded on 6-well plates and transfected with GFP-
p53 WT. For stressor treatment, 10 pM cisplatin was added at 9 hours
after transfection. The cells were trypsinized for both treated and un-
treated cases and pelleted down at 18 hours. The RNA isolation was

16 of 23



SCIENCE ADVANCES | RESEARCH ARTICLE

carried out using TRizol reagent (catalog no. 15596018, Ambion by
Life Technologies, USA) according to the manufacturer’s protocol.
Briefly, the harvested cell pellets were lysed in 1 ml of TRIzol reagent,
followed by the addition of 350 pl of chloroform. The tubes were vor-
texed vigorously and kept in ice for 5 min. The tubes containing lysed
samples were centrifuged at 12,000¢ for 15 min at 4°C. The upper
aqueous phase containing RNA was carefully transferred into new
tubes, and half a volume of isopropyl alcohol was used for the pre-
cipitation of RNA. The samples were mixed and incubated for 30 min
atroom temperature and centrifuged at 12,000g for 10 min at 4°C. The
white gel-like RNA pellet was collected and washed with 1 ml of eth-
anol (70%) and centrifuged at 7500g for 5 min at 4°C. The superna-
tant was discarded and the RNA pellet was allowed to air dry and
resuspended in nuclease-free water. The samples were digested with
DNase I to remove the DNA contamination from the isolated RNA
sample as per the manufacturer’s instruction (Turbo DNA-free kit,
catalog no. AM-1907, Thermo Fisher Scientific, USA). The concen-
tration of the purified RNA was measured using a nanodrop spectro-
photometer (Implen, USA). Hereafter, cDNA was synthesized from
total RNA using the RevertAid First Strand cDNA Synthesis Kit (cata-
log no. K1622, Molecular Biology, Thermo Fisher Scientific, USA) as
per the manufacturer’s instruction. Oligo (dT) primers were used for
the reverse transcriptase reaction. Real-time PCR (qRT-PCR) was fur-
ther carried out on a CFX96 Touch Real-Time PCR detection system
(Bio-Rad, USA) using the SYBR Green method. Maxima SYBR Green/
ROX qPCR Master Mix (2X) (catalog no. K0221, Thermo Fisher Scien-
tific, USA) was used according to the manufacturer’s protocol with the
predesigned primers for the required genes (table S3). Two independent
experiments in duplicates were performed for each reaction.

p53C protein expression and purification

Plasmid (pet15b vector carrying 6xHis-tagged 94 to 312 amino acid
gene sequence) for p53C (WT, R175H, and R248Q) was transformed
into BL21(DE3) competent cells using the standard protocol. Trans-
formed cells were selected based on ampicillin resistance. A single
colony was inoculated in 100 ml of LB and grown to an ODgg (optical
density at 600 nm) of 0.5 as a starter culture. Hereafter, 20 ml of start-
er culture was added to 1 liter of LB with antibiotic and allowed to
grow until an ODgp of 0.7 is reached. The protein expression of WT,
R175H, and R248Q was induced by 1, 0.25, and 1 mM isopropyl p-p-1-
thiogalactopyranoside, respectively, for 12 hours at 18°C. The cells
were then harvested and resuspended in lysis buffer (50 mM sodium
phosphate, 300 mM sodium chloride) and 1X protease inhibitor
cocktail (catalog no. 05056489001, Roche cOmplete, Mini, EDTA-
free, Roche Diagnostics, Germany) was added to prevent proteolysis.
The cell suspension was then sonicated using a probe sonicator (Son-
ics & Materials Inc., pulse of 2 s on, 2 s off; 40% amplitude per cycle,
for five cycles). The soluble fraction was collected and passed through
the column of the Qiagen Nickel NTA (catalog no. 1018244, Qiagen,
Germany). The column was washed with lysis buffer containing 50 mM
imidazole (4 column volumes) and protein fractions were eluted
against gradient concentration of imidazole from 100 to 500 mM. Each
gradient was run on SDS-PAGE to identify the fraction containing the
maximum yield of the protein. Hereafter, the protein was passed
through SEC (Hi Load 16/60, Superdex 200 TM 10/300, catalog no.
17-1069-01, Cytiva Life sciences) column preequilibrated with 2 col-
umn volumes of 50 mM sodium phosphate buffer (PB) (pH 7.4,
0.01% sodium azide) for further purification. The eluent protein was
then further used for labeling and experimental purposes.
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The protein concentration was measured using UV spectroscopy
following Beer-Lamberts law. The absorbance was recorded at 280 nm
and concentration was estimated considering the molar absorptivity
constant as 17,420 M~ cm ™.

For experimental studies involving labeled p53C, the protein was
labeled with NHS-Rhodamine (catalog no. 46406, Thermo Fisher
Scientific, USA), using the manufacturer’ instructions in 50 mM PB. A
fivefold molar excess of NHS-Rhodamine was added to p53C and incu-
bated at 4°C for 3 hours with constant stirring. Hereafter, the excess dye
in the labeled protein mixture was then dialyzed out using a 12.4-kDa
cutoff membrane (catalog no. D0655, Sigma-Aldrich, USA) in 50 mM
PB. The efficiency of labeling was verified by calculating the degree of
labeling before proceeding with the experiment as per the manufac-
turer’s protocol. The concentration of the labeled protein was deter-
mined using spectroscopic methods as per instructions.

In vitro p53C phase separation studies

SEC-purified WT, R175H, and R248Q p53C were studied for phase
separation at varied concentrations in the presence of various concen-
trations of molecular crowder PEG-8000 (0, 5, 10, 15, and 20%) in
50 mM PB, pH 7.4, to construct the phase regime. For microscopy-based
studies, 10% (v/v) NHS-Rhodamine-labeled protein was used. Differ-
ent concentrations of protein in the presence and absence of PEG-8000
were prepared in 50 mM PB (pH 7.4). Glass coverslips (no. 1) and glass
slides were thoroughly washed with 1% Hellmanex solution and dried,
and 10 pl of the reaction mixture was spotted on the coverslips. The
coverslips were mounted on the glass slides and were sealed properly
using transparent nail paint and incubated at 37°C in a hydrated cham-
ber for time-dependent studies. Hereafter, at regular time intervals, the
samples were visualized for condensate formation under the Zeiss Spin-
ning Disk confocal microscope using 63x/1.40 oil objective. For p53C
studies along with nonlabeled DNA, Atto labeled target (TR) and non-
target (NTR) DNA (Sigma-Aldrich, USA) was used. Labeled DNA
[10% (v/v)] was used in all the experiments. The imaging of LLPS of
p53C samples in the presence of unlabeled DNA and RNA was cap-
tured using Zeiss laser scanning confocal microscope under 63x/1.40 oil
or 100%/1.40 oil objective. Quantification of size and number of con-
densates was done using the Thresholding tool (148) of FIJT and plotted
using KaleidaGraph (v 4.03) and GraphPad Prism 8 software.

Light Scattering(LS) studies

LS studies were performed for 10 pM p53C in 50 mM PB (pH 7.4) in the
presence of PEG-8000 (10% w/v) as crowder at 37°C. The experiments
were performed in continuous mode, with a 1-min time interval using
JASCO FP8500 (USA) spectrofluorimeter, with an excitation and emis-
sion wavelength of 350 nm and 5 nm of slit width. One hundred twenty
microliters of p53C WT, R175H, and R248Q samples were loaded into a
quartz cuvette and scattering was recorded immediately. Each experi-
ment was performed twice. For studying the effect of DNA on the LLPS
of p53C, 10 pM TR-DNA, 10 pM NTR-DNA, and ~20 nM (30 pg/ml)
RNA were added to 10 pM p53C in 50 mM PB, pH 7.4, in the presence
of 10% (w/v) PEG-8000 and scattering profile was recorded. Similarly, to
study the effect of DNA and RNA on preformed p53C condensates, first,
scattering reactions were set up for WT p53C in the presence of 10%
(w/v) PEG-8000. Hereafter, immediately on attaining saturation in the
scattering profile, TR-DNA, NTR-DNA, and RNA were added to a final
concentration of 10 pM, 10 uM, and 30 pg/ml, respectively, and the scat-
tering profile was further recorded after addition in the same settings.
The data were plotted using Origin Pro 8 software (Origin Lab, USA).
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FTIR spectroscopy

FTIR spectroscopic studies were done to elucidate the secondary
structure of the WT p53C in the dilute and dense phase after phase
separation. Initially, 500 pl of 20 pM protein was taken and that was
allowed to phase separate in 50 mM PB in the presence of 10% PEG-
8000 for 1 hour. The formation of condensates was verified after ob-
servation under the microscope. Hereafter, the protein sample was
centrifuged at high speed (20,000g) for separation of the dilute phase
and dense phase (152). Five microliters of dilute phase (supernatant)
and dense phase (pellet) were spotted on separate thin KBr pellets and
were subjected to dry under an infrared (IR) lamp. Then, the spectrum
was obtained in the amide I stretching frequency in a range of 1800 to
1500 cm ™, with a resolution of 4 cm™, by using a Bruker VERTEX
80 spectrometer (Bruker, Leipzig, Germany) attached to a DTGS de-
tector. The recorded spectrum was baseline corrected and then decon-
voluted using the Fourier Self Deconvolution (FSD) method at the
frequency range of 1700 to 1600 cm™". The Lorentzian curve fitting
method was used to fit the spectrum using OPUS-65 software (Bruker,
Germany) according to the manufacturer’s instructions. Curve fitting
and the area under the curve were determined and the frequencies
were noted. Three independent experiments were performed for each
sample. The data were plotted using KaleidaGraph (v 4.03) software.

Transmission electron microscopy

WT R175H and R248Q p53C samples (10 pM) in 50 mM PB (pH 7.4,
in the presence of 10% PEG-8000) were set up for the formation of
condensates on coverslips mounted on glass slides. After the forma-
tion of condensates (confirmed via observation under the micro-
scope), the samples from the coverslip were transferred to a copper
formvar EM grid (Electron Microscopy Sciences, USA) and incubated
for 5 min. The grids were subjected to staining with uranyl formate
(1% w/v) for 5 min. The excess liquid on the grid was dried using filter
paper and the sample was set to air dry. Before imaging, the samples
were further dried using an IR lamp. TEM sample preparation and
image acquisition were done for condensates formed at 0 hours (im-
mediately after formation) and 12 hours. A similar protocol was used
for TEM imaging of condensate formed in the presence of CSA at
different time points. Image acquisition was done using a 200-kV
transmission electron microscope (JEOL JEM 2100F, Japan) with
10,000x magnification. The images were recorded digitally using the
Gatan microscopy suite (Gatan, USA).

ThT and CR binding assay
Two hundred microliters of 10 pM p53C was set to phase separate in
the presence and absence of equimolar concentration of CSA in 50 mM
PB (pH 7.4) in 10% PEG-8000. ThT (1 mM) was prepared in 20 mM
tris-HCI buffer, pH 8.0, containing 0.01% sodium azide. Then, 2 pl of
ThT was added to 200 pl of protein sample. Fluorescence was measured
with a cuvette (Hellma; volume, 500 pl; path length, 10 mm) using a
Spectrofluorometer (JASCO FB 8500, USA) with excitation wavelength
at 450 nm and emission wavelength was recorded from 460 to 500 nm.
A slit width of 5 nm was used for both emission and excitation. For both
time points, i.e., at 0 and 12 hours, the fluorescence obtained at 480 nm
was plotted as a function of incubation time. a-Synuclein fibril was
taken as positive control and freshly purified p53C was taken as
negative control.

For the CR binding assay, 100 pM CR was dissolved in 50 mM PB
containing 10% ethanol. p53C condensates were formed in the pres-
ence of 10% PEG-8000. CR solution (5 pl) was mixed with 95 pl of
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LLPS reaction mixture at 0 and 12 hours. For CR binding, absor-
bance was measured from 300 to 700 nm. Five microliters of CR
with 95 pl of 50 mM PB was taken as control. The data were plotted
using GraphPad Prism 8 software.

ThioS staining

For the ThioS staining assay, 0.0625% (w/v) ThioS was prepared in
50 mM sodium phosphate buffer (pH 7.4). p53C protein sample
(10 pM) in the presence of 10% (w/v) PEG-8000 and equimolar
concentration of CSA was prepared in 50 mM PB, pH 7.4. ThioS (2 pl)
was added to 20 pl of the LLPS reaction mixtures. The reaction mix-
ture was spotted on the slides and sandwiched using 12-mm glass
coverslips. The coverslips were sealed using nail paint available com-
mercially. The confocal microscopy imaging was done at different
time points (0, 6, and 12 hours) using an Olympus FV3000 laser
scanning confocal microscope (100x/1.4 NA oil immersion ob-
jective). The images were analyzed using Image] (NIH, Bethesda,
USA) software.

Effect of DNA on p53C condensate formation
Microscopy-based studies were conducted to understand the effect
of DNA on p53C condensate formation. For this, 10 pl of 100 pM
TR-DNA and NTR-DNA was separately spin coated at the center of
a rectangular cover glass and 12-mm glass coverslips, using photo-
resist spinner (PRS-6K, Ducom Ltd.) at 956g for 20 s. The cover glass
that was not coated with DNA was taken as a control. After drying
the sample for 10 min, the coverslip was mounted on a Zeiss laser
scanning confocal microscope [LSM 780 Zeiss Axio-Observer Z1
microscope (inverted)] using 100x/1.4 NA oil immersion objective.
In addition, 10 uM WT p53C was incubated with 10% PEG-8000 in
50 mM PB, pH 7.4, to form condensates, which was confirmed using
a microscope. Freshly preformed condensates (10 pl) were spotted
at the center of the coating on the rectangular coverslip mounted on
the microscope. The 12-mm coated coverslips with the same DNA
on the corresponding rectangular coverslip were mounted over the
sample to avoid evaporation. Preformed condensates were also spot-
ted on uncoated cover glass and covered with circular uncoated cov-
erslips, taken as control. For condensates spotted on each case
(TR-DNA-coated, NTR-DNA-coated, and uncoated surfaces), im-
ages were acquired using a laser scanning confocal microscope. For
each of these conditions, the total number of condensates was calcu-
lated using the thresholding tool of FIJI and plotted in GraphPad
Prism 8 software.

In another experimental study, we studied the effect of DNA on
the extent of partitioning of p53. Here, rubber gaskets (Silicone iso-
lators, catalog no. 666505, Grace Bio-Labs, USA) were mounted
over rectangular glass coverslips to create a chamber for holding the
LLPS solution. Sixty microliters of 20 pM protein and PEG-8000
(10% w/v) solution was added to two chambers of the gasket and the
solution was allowed to phase separate. Once condensates were
formed, as observed under the microscope, images were acquired
using a laser scanning confocal microscope and the coordinates of
the specific positions were marked. Hereafter, TR-DNA and NTR-
DNA were added separately to each of the chambers to an equimo-
lar concentration. Images were acquired for the same positions after
the addition of DNA, using the same laser settings for the same set
of positions. This enabled comparison at a single droplet stage to
elucidate the effect of DNA. The extent of partitioning was calculated
as the ratio of the intensity of the dense phase to the intensity of the
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liquid phase using FIJI software. Average fluorescence intensity from
ROI of identical size, inside and outside the condensate, was mea-
sured, and their ratio was calculated as a measure of the extent of
partitioning. The images were acquired in a laser scanning confocal
microscope using 100X oil objectives.

Dynamic light scattering

Dynamic light scattering (DLS) study was performed to determine
the particle size for p53C and p53C condensate in the presence of an
equimolar concentration of TR-DNA. To do that, 100 pl of 20 pM
p53C protein sample (without PEG-8000) in 50 mM PB, pH 7.4, was
incubated at 37°C. The formation of p53C condensate was confirmed
using a fluorescence microscope (DMi8 microscope, Leica Microsys-
tems, Germany). After condensate formation, 20 pM TR-DNA was
added to the 100 pl of condensate solution and incubated for 2 hours
at 37°C. p53C condensate dissolution was confirmed using a fluores-
cence microscope (DMi8 microscope, Leica Microsystems, Germany).
One hundred microliters of these dissolved condensate solutions
were then loaded into the ZEN0040 cuvette and DLS measurements
were recorded. The DLS laser (405 nm) was set to 100% power and
all size analysis measurements were performed at 25°C. The autocor-
relation functions from individual samples were used to obtain the
size (hydrodynamic radius) distribution profile. Freshly prepared 20 pM
p53C monomer and condensates were used as controls. All the DLS
measurements in this study were carried out using the MALVERN
polyanalytical Zetasizer Ultra instrument. The data were plotted us-
ing the Origin Pro 8 (Origin Lab, USA).

Size exclusion chromatography

To determine the tetrameric state of p53C condensate in the presence of
TR-DNA, size exclusion chromatography (SEC) was performed. Six
hundred microliters of 50 pM p53C protein sample (without PEG-
8000) in 50 mM PB, pH 7.4, was incubated at 37°C and condensate
formation was confirmed using a fluorescence microscope (DMi8 mi-
croscope, Leica Microsystems, Germany). After condensate formation,
the solution was mixed with 50 pM TR-DNA. The mixture was incu-
bated for 2 hours at 37°C. p53C condensate dissolution was confirmed
using a fluorescence microscope (DMi8 microscope, Leica Microsys-
tems, Germany). Five hundred microliters of this dissolved condensate
sample was injected into the SEC column. Freshly prepared 50 uM
p53C monomer was used as a control. y-Globulin (150 kDa), lactofer-
rin (78 kDa), and chymotrypsin (25 kDa) were used as markers. All the
elution profiles were plotted using the GraphPad Prism 8 software. The
SEC eluted oligomeric fraction of p53C condensates in the presence of
TR-DNA was collected and analyzed for the presence of DNA using
UV spectroscopy and agarose gel electrophoresis.

Determination of binding affinity of p53 with the TR-DNA,
NTR-DNA, and RNA

p53C was labeled using the RED-NHS second-generation protein la-
beling kit (catalog no. MO-L011, NanoTemper Technologies GmbH)
(103). Briefly, threefold molar excess dye was added to 10 pM p53C
and incubated for 30 min at room temperature. The excess unbound
dye was removed using the B-column of the labeling kit. The protein
concentration was measured using a Nanodrop spectrophotometer
(Implen, USA), and the final concentration was diluted to 1 pM in
50 mM PB (pH 7.4). Stock solution of 250 pM TR-DNA and 250 pM
NTR-DNA was prepared. For determination of binding affinity, serial
dilution of ligands (TR-DNA and NTR-DNA) was prepared to a final
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volume of 10 pl (15,625 to 0.95 nM for TR-DNA and 50,000 to 39 nM
for NTR-DNA in 50 mM PB, pH 7.4). Ten microliters of 200 nM la-
beled p53, which is the target of the ligand, was added to each of these
dilutions to a final protein concentration of 100 nM, mixed and incu-
bated for 10 min in the dark. The samples were loaded into capillaries
(Monolith Premium Capillaries, catalog no. MO-K025) and inserted
into the Monolith X device (NanoTemper, Germany). The spectral shift
measurements at 650 and 670 nm were recorded. The experiment was
performed three times. The data were normalized and fitted, and Ky
(binding affinity) was determined using the binding saturation Eq. (2)

¥ = By X x/ (K 4x) + NS X x + background (2)

where y is the normalized ratio of 670 nm/650 nm, x is ligand
concentration, maximum specific binding is denoted by Bmay, the
equilibrium dissociation constant is represented by Ky, the slope of
nonlinear regression is represented by NS, and background is mea-
sured binding with no added ligand. The data were plotted using the
GraphPad Prism 8 software.

PK digestion assay

p53C protein sample (50 pM, without PEG-8000, to avoid the effect
of PEG for PK digestion) in 50 mM PB, pH 7.4, was incubated for
12 hours at 37°C to form condensates without any crowder, as con-
firmed under a fluorescence microscope (DMi8 microscope, Leica
Microsystems, Germany). In addition, 10 pM p53C was incubated
at identical conditions, as no-LLPS control. Hereafter, just before the
digestion, 50 pM LLPS sample was quickly diluted to 10 pM in buf-
fer. Both samples (LLPS and no LLPS) (10 pM) were separately
mixed with PK (10 pg/ml; catalog no. 49936, SRL Pvt. Ltd. India)
from a stock of 200 pg/ml. The samples were hereby incubated at
37°C and the fixed volumes (50 pl) from the reaction mixture were
aliquoted at different time intervals (5, 10, 15, 30, 45, 60, 90, and
120 min). The protein samples (LLPS and no LLPS) just before the
addition of PK were taken as samples of 0 min digestion. The reac-
tions at different time points were immediately stopped upon the
addition of SDS-PAGE sample buffer followed by heating for 10 min
at 95°C. All the samples were analyzed using 15% Tricine SDS-PAGE
(Bio-Rad, USA) and visualized using Coomassie Brilliant Blue stain.

DSC analysis

p53C LLPS and no-LLPS samples (10 pM) were prepared the same
way as for PK digestion. DSC measurements were run on the Micro-
Cal PEAQ-DSC system (Malvern, Worcestershire, UK). The DSC
cells were washed with 14% (v/v) Decon 90 solution, followed by a
thorough wash with Milli-Q filtered water. First, water measurement
was done to verify the performance of the instrument and the clean-
liness of the DSC cell. Once repeatable baselines were achieved with
water, 50 mM PB, pH 7.4, scan was performed three times to estab-
lish the thermal history of the instrument. Then, three sample scans
were examined with the buffer wash in between the sample runs,
where freshly prepared samples were loaded for every cycle of heat-
ing. For the measurement, 250 pl of 10 pM samples was scanned in the
range of 20° to 95°C at a scan rate of 60°C/h with feedback set to “high”
for stability profiling of the protein. Data were analyzed using the
MicroCal PEAQ-DSC Analysis software (Malvern, Worcestershire,
UK). The DSC thermograms of protein samples were corrected for
the instrument baseline by subtraction of the corresponding buffer
scan. The baseline-subtracted data were fitted to a two-state fitting
model to obtain apparent Ty, values. The resulting baseline-corrected
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DSC traces of the p53 protein in the LLPS condition and non-LLPS
condition were analyzed for T, and the acquired spectra were plot-
ted in Origin Pro 8 (Origin Lab, USA). The experiment was repeated
twice with independent sample preparations.

Separation of nuclear and cytoplasmic fraction of

Sa0s2 cells

Nuclear and cytoplasmic fractions of SaOS2 cells were extracted us-
ing a protocol by Senichkin et al. (153, 154). Briefly, SaOS2 cells
were grown in 60-mm cell culture dishes up to 90% confluency.
Hereafter, the cells were washed with PBS, trypsinized, and harvest-
ed after centrifugation. The pellet-containing cells were washed with
PBS once and then resuspended in 200 pl of hypotonic solution [20 mM
tris-HCl (pH 7.4), 10 mM KCl, 2 mM MgCl,, 1 mM EGTA, 0.5 mM
dithiothreitol (DTT), and 0.5 mM phenylmethylsulfonyl fluoride
(PMSF)] and incubated for 5 min at 4°C. Membrane lysis was done
with 0.1% NP-40 for 3 min at 4°C. The solution was then centrifuged
at 1000g for 5 min at 4°C. The supernatant was collected as the cyto-
plasmic fraction. The pellet containing the nuclear fraction was
washed with isotonic buffer [20 mM tris-HCl (pH 7.4), 150 mM
KCl, 2 mM MgCl,, 1 mM EGTA, 0.5 mM DTT, and 0.5 mM PMSF]
containing 0.3% NP-40 in the isotonic buffer for 5 min at 4°C. The
solution was centrifuged and the pellet containing nuclei was dis-
solved in RIPA buffer [25 mM tris-HCI (pH 7.4), 150 mM NaCl,
0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, and cOmplete
Protease Inhibitor Cocktail (Roche Diagnostics)] and incubated for
20 min at 4°C. The solution was again centrifuged at 2000g for 3 min
at 4°C and the supernatant was collected as the nuclear fraction. The
separated cytoplasmic fraction was centrifuged at 15,000g to remove
the residual debris and the supernatant was collected. After extrac-
tion, both the NE and the CE were dialyzed using the 1-kDa cutoff
membrane (Spectra/Por Dialysis membrane, catalog no. 132638,
Spectrum Laboratories Inc., USA) in PBS for 2 hours. The efficient
separation of nuclear and cytoplasmic fractions of SaOS2 cells was
further verified by Western blotting of the two fractions, following
the previously mentioned protocol. An equal protein amount (30 pg),
estimated by the Bradford test, was loaded for SDS-PAGE. Anti-
GAPDH antibody (1:2000) was used as a cytoplasmic marker and
anti-Histone H3 antibody (1:1000, catalog no. 4499, Cell Signaling
Technology) was used as a nuclear marker. The images were cap-
tured using the Image Quant LAS 500 (GE Life Sciences, USA).
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