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Liquid-liquid phase separation (LLPS, also known as biomolecular condensation)
and the related biogenesis of various membraneless organelles (MLOs) and biomolecular
condensates (BMCs) are now considered fundamental molecular mechanisms governing
the spatiotemporal organization of the intracellular space [1-5]. Physically, LLPS represents
a special case of phase transition taking place in a homogeneous solution, i.e., a system
including a solvent (in this case, water) and homogenously distributed solutes (e.g., proteins
and nucleic acids). Under specific conditions, this homogeneous solution undergoes a
process of spontaneous separation into two (or more) distinct immiscible liquids reflected in
the emergence of dense and dilute phases that, respectively, contain more and less specific
solutes. Although as a result of this phase transition, the chemical nature of solvent is not
changed, and dense and dilute phases are still filled with water, the resulting separated
phases are characterized by noticeable changes in the solvent properties of water [6].
Therefore, in addition to the consideration of the peculiarities of the interaction between
different solutes undergoing LLPS, one should keep in mind that water plays a crucial role
in biological LLPS and in the biogenesis of various MLOs [6].

When LLPS of biopolymers takes place in a cell, it leads to the emergence of MLOs
or BMCs, which, being liquid droplets, represent specific compartments within a cell that
are not enclosed by a lipid membrane [7-10]. Therefore, the biogenesis of MLOs is linked
to the ability of biopolymers (e.g., intrinsically disordered proteins (IDPs) [11-13] and
nucleic acids [14,15]) to separate into phases under specific conditions. LLPS is known to
be controlled by various external factors and environmental cues, such as changes in the
temperature, pH, ionic strength of the solution, posttranslational modifications [16], small
molecules [17], and a number of other causes [18]. Furthermore, most LLPS processes are
reversible, and many MLOs exist transiently and show “now you see me, now you don’t”
behavior, rapidly emerging when conditions are changed and rapidly disintegrating as
soon as the original conditions are restored.

MLOs/BMCs are many (to date, about a hundred different MLOs are known [19])
and can be found in eukaryotes, archaea, bacteria, and, likely, viruses. They exist as liquid
droplets (or cellular bodies, puncta, etc.) in the cytoplasm, nucleoplasm, mitochondrial
matrix, and stroma of chloroplasts. Figure 1 displays the dramatic increase in the appreci-
ation of the importance of MLOs in recent literature. Despite being almost unknown to
researchers until quite recently, MLOs are rapidly becoming mainstream in modern cellular
research. In line with this ever-increasing interest in MLOs, this Special Issue includes
seven research articles and three reviews considering different aspects related to the LLPS,
MLOs, and BMCs. These articles are briefly outlined below.
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Figure 1. Increase in the number of publications dealing with the different aspects of membraneless

organelles. Plot represents the output of a PubMed search for “membraneless organelles” conducted
on 9 August 2023. The actual annual publication rate is shown by gray bars, whereas the hatched gray
bar shows extrapolated data based on the number of papers published in 2023 by the date of analysis.

In their research article, Mohtadin Hashemi, Siddhartha Banerjee, and Yuri L. Lyubchenko
investigated the effects of membrane and free cholesterol on the early stages of the aggre-
gation process of amyloid 3 (Ap) [20]. The authors showed that the aggregation of this
protein, which is related to the formation of neurotoxic species in Alzheimer’s disease, is
dramatically enhanced via direct A3-membrane interactions. Importantly, this interaction
promotes oligomer assembly on the lipid bilayer at physiologically low concentrations
of the A monomer. The process is strongly dependent on the membrane composition,
and the presence of cholesterol in the membranes significantly enhances the aggregation
kinetics. Furthermore, in agreement with previous studies where the presence of free
cholesterol in amyloid plaques was reported, the authors found that free cholesterol can
further accelerate the aggregation process and promote fast formation of aggregates of sig-
nificantly larger sizes (as evidenced by an in-solution time-lapse Atomic Force Microscopy
(AFM) analysis). Furthermore, free cholesterol accelerated the dissociation of A oligomers
from the surface and their accumulation in bulk solution [20].

Juliet E. Nilsson, Hakima Baroudi, Frank Gondelaud, Giulia Pesce, Christophe Bignon,
Denis Ptchelkine, Joseph Chamieh, Hervé Cottet, Andrey V. Kajava, and Sonia Longhi
also studied the formation of amyloid fibrils, but analyzed the aggregation behavior of
an interesting viral protein, the phosphoprotein (P protein) from the Nipah and Hendra
viruses (NiV and HeV), which is an essential polymerase cofactor [21]. A peculiar feature
of this system is that the gene encoding the P protein in both NiV and HeV also encodes the
V and W proteins. These P, V, and W proteins have unique C-terminal domains (CTD) but
share an intrinsically disordered N-terminal domain (NTD). A short PTN3 region found
within the shared NTD is capable of amyloid-like structure formation. The HeV PNT3
containing the amyloidogenic motif (EYYY) was used to analyze the relevance of each
of three contiguous tyrosine residues to the fibrillation process. This analysis revealed
that the ability to form fibrils is dramatically reduced by the removal of a single tyrosine
independently of its position. Furthermore, the authors showed that PNT3 fibrillation can
be regulated by the C-terminal half of this protein, showing an inhibitory effect on fibril
formation [21].
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Aleksandra E. Badaczewska-Dawid, Vladimir N. Uversky, and Davit A. Potoyan
reported the development of a convenient web platform, Bioinformatics Analysis of LLPS
Sequences (BIAPSS) [22]. The need for such a tool is based on the premises that despite
a broad acceptance of the importance of biological LLPS, MLOs, and BMCs, there is a
remarkable gap in the current knowledge which prevents a complete understanding of
the sequence “codes” of phase separation required for the design of new phase-separating
sequences of fundamental, medical, and technological importance. Therefore, the goals of
this tool were to enhance apprehension of the interplay between the primary sequences
of proteins and their capability to undergo spontaneous LLPS and thereby to uncover
the sequence-encoded signals of the LLPS potential and related biogenesis of numerous
functional MLOs and cellular bodies [22]. Researchers can use this web server in on-the-fly
analysis as BIAPSS provides a useful tool for the visualization and interpretation of the
physicochemical and structural features for the superset of curated LLPS proteins [22].

Yoon-Jeong Choi, Yujin Lee, Yuxi Lin, Yunseok Heo, Young-Ho Lee, and Kiwon Song
dedicated their research article to the investigation of a P-body-associated protein from
Saccharomyces cerevisiae, Nstl [23]. The authors emphasized that not all highly promiscuous
proteins found within MLOs are made equal, with only a few of them acting as key scaf-
folds. Being capable of inducing condensation of the components of P-bodies (PBs), the
multidomain scaffolding protein Nst1 serves as an important subject for targeted analysis
of the roles of different domains in biomolecular condensation processes. To this end, a
series of Nst1l domain deletion mutations were prepared and investigated [23]. This anal-
ysis revealed several important features. For example, deletion of the aggregation-prone
domain (APD) significantly inhibited self-condensation, whereas the Nstl mutant with the
deleted multivalent polyampholyte domain (PD) within the intrinsically disordered region
(Nstlapp) was able to form self-condensates but failed to interact and condensate Dcp2,
a decapping protein and PB component. Furthermore, the Nstlpp deletion mutant was
also unable to condensate other PB components, such as Xrn1, Dhh1, and Edc3, indicat-
ing that the PD of the IDR in Nstl functions as a hub domain interacting with other PB
components [23].

The research team of Tamami Miyagi, Rio Yamazaki, Koji Ueda, Satoshi Narumi, Yuhei
Hayamizu, Hiroshi Uji-i, Masahiko Kuroda, and Kohsuke Kanekura investigated how
the patterns of charged amino acids and the net charge within proteins undergoing LLPS
determine their targeting of the specific MLOs, such as nuclear speckles and the nucleo-
lus [24]. This was an important exercise aimed at understanding the basic mechanisms
underlying the distributions of the LLPS-prone proteins with charged low-complexity
domains (LCDs) to specific MLOs. The authors used proteins with Arg-enriched mixed-
charge domains (R-MCDs) primarily composed of R and Asp (D) and known to accumulate
in nuclear speckles via LLPS. They demonstrated that the distribution of R-MCD can be
shifted from nuclear speckles to the nucleolus by redistributing their R and D residues from
an alternately sequenced pattern to uneven blocky sequences [24]. Furthermore, it was
established that the blocky R-MCD peptide showed affinity to RNA, acidic poly-Glu, and
the acidic nucleolar protein nucleophosmin and was capable of efficient phase separation.
On the other hand, the R-MCD peptide with alternating amino acids did not undergo
LLPS. Furthermore, localization of the R-MCDs to the MLOs and their accumulation in
the nucleolus were promoted by the incorporation of the basic residues into the R-MCDs.
Based on these observations, it was concluded that the proximal positioning of D and
R linked to the mutual neutralization of their charges is required for the distribution of
proteins to nuclear speckles [24].

A series of two papers from the group headed by Ji-Long Liu is dedicated to the
analysis of cytoophidia, filamentous structures formed by the CTP synthase (CTPS) [25,26].
Cytoophidia, or “cellular snakes”, are evolutionary conserved MLOs found in the cells of
many species in all three domains of life and represent an interesting case of metabolic
regulation via enzyme filamentation and resulting compartmentalization [27,28]. In the
first paper of this miniseries, Yi-Fan Fang, Yi-Lan Li, Xiao-Ming Li, and Ji-Long Liu used
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fluorescence recovery after photobleaching (FRAP) to study the dynamic characteristics of
cytoophidium in human cell lines and also utilized stimulated emission depletion (STED)
microscopy to analyze the super-resolution structure of these cellular snakes [25]. This
analysis revealed that cytoophidia are dynamic and reticular, with the reticular structure of
CTPS cytoophidia potentially providing space for other components [25], such as inosine
monophosphate dehydrogenase (IMPDH), another enzyme capable of cytoophidia forma-
tion [29]. Curiously, in their structural analysis, the authors also observed CTPS granules
with tentacles [25].

In the second paper of the miniseries, Qiao-Qi Wang, Dong-Dong You, and Ji-Long
Liu used the female reproductive system of Drosophila as a model for studying the physio-
logical function of cytoophidia [26]. Utilization of a CTPSH355A mutant with a diminished
cytoophidium-forming ability revealed the ingression and increased heterogeneity of folli-
cle cells in the CTPSH355A egg chambers, indicating that cytoophidia may play a role in
upholding the integrity of the follicle epithelium [26].

This Special Issue concludes with three interesting reviews regarding important bi-
ological implementations of LLPS. Lin Zhang, Shubo Wang, Wenmeng Wang, Jinming
Shi, Daniel B. Stovall, Dangdang Li, and Guangchao Sui considered the associations be-
tween aberrant LLPS, misbehaving MLOs, and the development of various pathological
conditions [30]. The authors systemized the properties of different MLOs and BMCs and
summarized the multiple LLPS-regulated biological processes. They also emphasized that
although normally functioning LLPS controls the biogenesis and composition of dozens
of MLOs and BMCs in the cell, the onset and progression of various diseases, including
neurodegenerative disorders and cancers, may be associated with (or even driven by)
altered physiological conditions or genetic mutations, because of which phase-separated
condensates may undergo aberrant formation, maturation, or gelation [30].

Woei Shyuan Ng, Hendrik Sielaff, and Ziqing Winston Zhao focused their review
on phase-separation-mediated chromatin organization and dynamics [31]. The authors
show how cells can utilize specific physico-chemical properties of chromatin-based phase
condensates with various regulatory functions in a spatially and temporally controlled
manner. In addition to presenting some key recent findings on the mechanistic roles
of phase separation in regulating the organization and dynamics of chromatin-based
molecular processes and illuminating the complex phase-separation-mediated interplay
between chromatin and diverse chromatin-interacting molecular species, the authors also
focused on the quantitative characterizations of these condensates using advanced imaging-
based approaches. They emphasized that such phase-separation-mediated chromatin
organization defines an emerging multifaceted, multimodal, and multiscale landscape
responsible for the hierarchical regulation of the genome. The authors also discussed some
deficiencies in existing studies and emphasized the need for multiparametric approaches
for the in-depth characterization of chromatin-based phase separation in close-to-native
cellular contexts [31].

Finally, Olga I. Povarova, Iuliia A. Antifeeva, Alexander V. Fonin, Konstantin K.
Turoverov, and Irina M. Kuznetsova discussed the important roles of LLPS in the spatiotem-
poral regulation of the cytoskeleton assembly /disassembly, including the formation of actin
filaments [32]. The authors argued that the LLPS leading to the formation of coacervates of
actin-binding proteins can increase local concentration of G-actin and thereby initiate its
polymerization. Furthermore, coacervates can acts as biological reactors, wherein, in addi-
tion to this local increase in the G-actin concentration, integration of proteins controlling
actin polymerization, such as N-WASP, Arp2/3, and Cortactin, into such MLOs enhances
the activity of these actin-binding proteins, thereby providing additional means for the
efficient formation of actin filaments [32].
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Abstract: To date, it has been shown that the phenomenon of liquid-liquid phase separation (LLPS)
underlies many seemingly completely different cellular processes. This provided a new idea of the
spatiotemporal organization of the cell. The new paradigm makes it possible to provide answers to
many long-standing, but still unresolved questions facing the researcher. In particular, spatiotemporal
regulation of the assembly/disassembly of the cytoskeleton, including the formation of actin filaments,
becomes clearer. To date, it has been shown that coacervates of actin-binding proteins that arise
during the phase separation of the liquid-liquid type can integrate G-actin and thereby increase its
concentration to initiate polymerization. It has also been shown that the activity intensification of
actin-binding proteins that control actin polymerization, such as N-WASP and Arp2/3, can be caused
by their integration into liquid droplet coacervates formed by signaling proteins on the inner side of
the cell membrane.

Keywords: actin; actin polymerization; actin-binding proteins; liquid-liquid phase separation (LLPS);

coacervate; membrane; signaling proteins

1. Introduction

Actin exists in nature in a monomeric globular form (G-actin) and a polymeric fibrillar
form (F-actin). In the cytoplasm of cells, F-actin, which is the main part of the cytoskeleton,
has a functional role. The actin cytoskeleton is necessary for a variety of processes in cells,
including the establishment of cell polarity, the activation of cell migration, the launch
of cytokinesis, and the positioning of intracellular organelles. Despite extensive research
during the last 100 years, there is no complete understanding of the dynamic nature of the
cytoskeleton and its regulation in cells and tissues. Recent work has shown a significant
role of biomolecular condensates in the regulation of the formation, functioning, and
assembly/disassembly of the cytoskeleton [1-5].

The presence of coacervates in protoplasm was also observed a long time ago [6];
however, the significance and universality of this phenomenon of the most diverse intra-
cellular processes became clear only after the work of Brangwynne et al. [7]. The study of
LLPS, and its role in cell life, is one of the most rapidly developing areas of molecular and
cellular biology. It becomes obvious that the phase separation of biomacromolecules plays
a significant role in almost all intracellular processes.

It is believed that intracellular liquid-liquid phase separation leads to the formation of
coacervates (also called droplets, membraneless organelles, bodies, and granules), which
do not have a membrane separating them from the rest of the cellular space, and which
include proteins and nucleic acids. A key role in the formation of membraneless organelles
is played by proteins containing intrinsically disordered regions (IDRs), which are mainly
scaffold proteins of these structures [8,9].



Int. J. Mol. Sci. 2023, 24, 3281

The IDRs of proteins are important for the fluid-like behavior of coacervates. Studies
have shown that proteins rich in IDRs are more likely to separate into phases that retain
the dynamic properties of the IDPs forming them [10]. Post-translational modifications
(PTMs), such as phosphorylation and SUMOylation, also have a significant impact on LLPS,
allowing cells to dynamically regulate LLPS in response to various cellular signals [11-13].

A high degree of multivalence, also inherent in IDPs, is necessary for recruiting other
components into membraneless organelles and thus increasing their local concentration [14].
Liquid-liquid phase separation (LLPS) has been recognized as a general cellular mechanism
of control for the spatiotemporal dynamics of many important signaling pathways [14,15].

The most important, functionally significant features of membraneless organelles are
that only weak interactions are necessary for their formation, they are easily assembled and
disassembled after performing their function, the absence of a rigid membrane allows them
to freely exchange molecules with the environment, and weak impacts can significantly
change their properties. At the same time, mature, membraneless organelles can be complex
structures that include hundreds of protein molecules, including globular proteins and
RNA [16]. The components of condensates are subdivided into scaffold proteins responsible
for phase separation and client proteins, which are included in membraneless organelles to
fulfill their function. In coacervates, the concentration of client proteins, including actin,
can significantly exceed the concentration in the environment surrounding the organelle.

It is well known that a high concentration of actin is required in a solution to initiate
the polymerization of actin monomers. This is primarily due to the fact that the formation
of a polymerization nucleus requires the interaction of at least three actin monomers [17].
Coacervates working as biological reactors can contribute to an increase in the likelihood
of this event.

2. Model Coacervates as Reactors of Actin Polymerization Initiation

The possibility of actin polymerization through increasing its concentration in model
coacervates was shown for the first time in prior work [18], which aimed to demonstrate
the possibility of creating a bioreactor that provides a significant increase in the reaction
rate. It is known that charged homopolymers (polyelectrolytes) form liquid phases through
complex coacervation [19] and can include charged proteins [20-22] and small molecules.
To demonstrate the operation of a bioreactor based on poly-L-lysine (pLK) polycation and
poly-(L, D)-glutamic acid (pRE) polyanion, two proteins were used: monomeric G-actin
and bovine serum albumin (BSA) [18]. G-actin and BSA monomers are globular proteins;
they are similar in size (42 and 66 kDa, respectively) and carry a comparable negative
charge (isoelectric points of 5.23 and 5.60, respectively).

The proteins were visualized using fluorescently labeled protein-TMR-actin (green)
and Alexa-647-BSA (orange). It turned out that both proteins accumulated in the created
coacervates model; moreover, actin formed fibrils that were localized at the phase boundary,
and BSA filled the coacervates evenly (Figure 1). Using fluorescently labeled phalloidin
(Alexa Fluor 647-phalloidin)—a small, uncharged toxin known to bind specifically to
F-actin—fibrils, formed by actin, near the coacervate surface were shown to be F-actin
(Figure 1D). The extent to which the coacervate microenvironment influenced the rate of
actin polymerization was investigated by recording pyrene fluorophore fluorescence.

A study of the polymerization of 1.5 mM of actin in a solution showed the presence
of a characteristic lag phase, indicating a slow stage of filament nucleation [23] followed
by a phase of rapid growth and then saturation after reaching a steady state [24]. At an
actin concentration of 1.5 mM, the initial lag phase is usually 10 min, and the steady state
is reached after 120 min. The presence of pLK/pRE coacervates eliminates the lag phase,
and a steady state is established within 10 min. Thus, actin incorporation in pLK/pRE
coacervates significantly stimulated its polymerization.
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Figure 1. Actin polymerization in the coacervates formed by poly-L-lysine (pLK) and the polyanion
poly-(L,D)-glutamic acid (pRE) at the phase boundary. (A,B) Microphotographs, obtained using
confocal fluorescence microscopy (left and middle) and differential interference contrast (DIC) mi-
croscopy (right), show polypeptide coacervates containing TMR-actin (green) and Alexa 647-BSA
(orange). The focal plane is at the interface of the coacervates and the substrate (surface (A)) or near
the midplane of the droplet (B), indicated by the dashed yellow line. Scale bar, 5 mm. (C) Normalized
intensity line scans are provided along the dashed yellow lines, as indicated in (B). (D) False-colored
fluorescence images are provided in (A,B) from the surface (upper row) and midplane (bottom row).
The figure represents panels (A), (B), and (D) of Figure 1 and panels (C) and (D) of Figure 2 from the
article McCall et al., Biophysical Journal 114, 1636-1645, © 2018 [18].

The authors showed that the mechanism underlying the increased assembly rate is
an increase in the local concentration of actin in coacervates. The threshold monomer
concentration/critical concentration required for the polymerization of Mg-ATP-actin is
0.1 mM [25]. If actin is concentrated 30-fold in coacervate droplets, then the expected
assembly of actin within coacervates should be observed at total actin concentrations
of 0.003 mM. However, F-actin formation in coacervates was experimentally observed
at total actin concentrations of 0.05 mM. Interestingly, a peripheral shift of F-actin in
PLK/PpRE coacervates was observed at all actin concentrations studied—even at the lowest
concentration (0.01 mM), at which the filaments are almost indistinguishable.
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A little later, actin polymerization was examined in a model of the two-phase
poly(ethylene glycol) (PEG)/dextran system [26]. It was shown that globular actin was
distributed evenly between the phases, while F-actin was concentrated inside the droplets
and F-actin bundles were distributed along the periphery of the droplets, deforming them.
In addition, it was shown in this work that, in the two-phase PEG/dextran system, the
threshold concentration of KCl (which causes actin polymerization) decreased by about one
order of magnitude, and the threshold concentration of MgCl, (which causes the formation
of F-actin bundles) decreased by a third [26].

The authors of [18] consider three physical mechanisms of F-actin localization on
the periphery of coacervates that do not exclude each other: the bulging of filaments,
the depletion of macromolecules, and interfacial adsorption. However, it is noted that
the results available to date do not provide a definitive answer for what determines the
peripheral localization of F-actin; this could be an interesting problem for future research.

3. Initiation of Actin Polymerization from abLIM1 Coacervates

For the first time, the phase separation of the actin-binding protein, abLIM1, which
leads to the formation of coacervates (i.e., reactors for the polymerization of cortical actin)
was shown in work by Yang et al. [27]. The nonerythroid actin-binding protein, abLIM1,
is known to be critical for stable interactions between the plasma membrane and the
actin cortex under mechanical stress. This actin-binding protein has a C-terminal region
that is 40% identical to dematin, an erythroid protein [28,29], which consists of a large,
N-terminal, intrinsically disordered region (IDR) and a short actin-binding region. This
region is identical to the villin headpiece (VHP) domain [30-33]. It is known that abLIM1
is expressed as three isoforms; namely, the long (abLIM-L, which is very rare), medium
(abLIM-M, the widely expressed main isoform), and short (abLIM-S, a dematin-like isoform)
isoforms [29]. These isoforms differ in a number of N-terminal LIM domains that mainly
serve in protein—protein interactions [34]. The proteins abLIM1 and dematin are important
for the stable attachment of the cortex to the plasma membrane in non-erythroid cells [28]
and erythrocytes [31,35,36], respectively (Figure 2A).

Previously, it was shown that bacterially expressed His-tagged GFP-ALIM (3 uM)
induces the formation of dense networks of bound F-actin in vitro [28], such as dematin [30],
and asters ~10 pum in diameter. Usually, asters contain an amorphous core involving His-
GFP-ALIM, from which numerous actin filaments radiate, decorated with GFP-ALIM. It
was shown that the asters’ sizes depended upon ALIM concentration, and aster fibers
contained densely packed actin filaments (Figure 2C). This allowed the authors of the
work [27] to suggest that ALIM condensates could serve as the centers of the actin filament
asters’ organization in vitro. To prove this idea, it was necessary to rule out the presence of
F-actin prior to aster formation (Figure 2C).

To this end, G-actin in a storage buffer (containing 0.2 mM of CaCl2) was mixed with
GFP-ALIM (6 uM) followed by an actin polymerization buffer. Then, TRITC phalloidin
(tetramethylrhodamine B isothiocyanate) was used to visualize F-actin. It appeared that
GFP-ALIM-decorated actin bundles, especially GFP-ALIM punctate condensates, were
shown to gradually emerge after about 15 min and expand rapidly with time (Figure 2C).

The network (web) of actin fibrils turned out to be quite stable and remained preserved
for hours without signs of disassembly. The web had a thickness of 6 to 7 um and was
located above an array of His-GFP-ALIM condensates at the bottom of the substrate, while
numerous F-actin asters of various sizes floated in the solution along with sporadic bundles.
Thus, it was shown that ALIM was capable of the self-organization of asters and webs of
actin bundles in vitro [27] (Figure 2F).

10
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Figure 2. ALIM induces asters and webs of F-actin bundles in vitro. (A) Isoforms of human abLIM1.
(B) Effects of GFP-ALIM on F-actin organizations in vitro. Arrows indicate representative astral
structures. This presents the results of experiments in which the GFP-ALIM concentration was 0.1 uM.
(C) The scheme of the experiment and the results of live imaging. The final concentration of G-actin
was 6 uM. Phalloidin-TRITC (final concentration: 4 uM) was used to label F-actin. Representative
time-lapse images showing the formation of His-GFP-ALIM-induced actin webs. Z-stack images, at
1 um intervals, were captured for the GFP autofluorescence to cover a depth of 6 pm close to the
bottom of the substratum via spinning disk microscopy at ~3.6 s intervals. The time started immedi-
ately after the addition of G-actin. Arrows denote two asters integrated into the web. (D) Massive
actin polymerization from liquid droplets of GFP-ALIM. The experiments were performed without
phalloidin-TRITC to show that the aster formation was not due to the presence of phalloidin. (E) Pos-
itive size-length correlations between the GFP-ALIM droplets and astral F-actin bundles. The size
(volumes) of each droplet and the mean length of its astral bundles were measured from time-lapse
images. (F) Illustrations showing ALIM (green)-induced F-actin-based asters, bundles, webs, and
their relationships. The figure represents panels A of Figure 1; line 5 of panel B; panels E, F, and
H of Figure 2; and panels A and C of Figure 4 from Yang et al., PNAS 119 (29), 2122420119 [27].
Copyright © 2022 the Yang et al., published by PNAS. This article is distributed under Creative
Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

A comprehensive study of the properties of ALIM condensates in astral centers has
been made (Figure 2B), and it has been proven that they have the properties of coacervates.
To this end, in particular, the change in the turbidity of the solution with a change in
temperature was monitored [27]. Increasing the temperature of the GFP-ALIM samples
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from 0 °C to 25 °C over 5 min resulted in an increase in turbidity. Moreover, the turbidity
was reversible [27]. In addition, droplets were shown to increase in both size and density
depending on the concentration of GFP-ALIM and could be clearly observed at a concen-
tration of 1 uM. They could easily merge into larger ones, which also confirms their liquid
properties. Fluorescence recovery after photobleaching (FRAP) assays revealed a rapid
recovery of droplet fluorescence, indicating a dynamic exchange of ALIM molecules with
the environment. Finally, in the presence of polyethylene glycol (PEG), a crowding agent
known to promote the separation of protein phases [37,38], droplet formation was observed
even at 8 nM [27]. The ability to achieve the phase separation of various modifications
of His-GFP-DHU-VHP, including His-GFP-DHU and His-GFPHis-GFP-VHP, was consid-
ered. The results of these studies concluded that the IDR region homologous to dematin
mediated LLPS.

Finally, since aromatic amino acids (Fs and Ys) are known to be critical for the LLPS
of some IDRs [14,27,39], DHU mutants that had a serine (S) residue instead of aromatic
residues were investigated, and it was shown that that the resulting mutants, DHU25S
and ALIM?25S, did not form coacervates. Thus, it was proven that ALIM can, indeed, be
separated into liquid droplets due to its IDR. In order to prove that ALIM liquid droplets
can function as actin polymerization sites for the direct production of de novo radial actin
filaments, GFP-ALIM liquid droplets were examined through live imaging immediately
after the addition of G-actin. Numerous hair-like protrusions were shown to continuously
grow from droplets (Figure 2D,E), indicating the massive nucleation and elongation of
F-actin. To prove that the rays were formed by F-actin, the slides were stained with 4 uM
of phalloidin-TRITC. Although the presence of phalloidin can potentially stabilize actin
filaments, it does not affect the rate of actin polymerization [40] and, thus, does not interfere
with the process of aster formation. Indeed, phalloidin-TRITC rapidly congressed to the
outer surface of the droplets within 30 s after the G-actin addition, after which, GFP-
positive F-actin arrays gradually appeared around all of the droplets (Figure 2A,D). It is
noteworthy that some of the drops gradually became hollow during the growth of the aster,
which suggests that the elongation of the astral bundle absorbs the contents of the drops.
Accordingly, larger droplets produced longer bundles of astral actin (Figures 2D and 3A).

It was also shown that aster formation was not observed in the presence of Cytocha-
lasin D (CytoD) or LatrunculinA (LatA), drugs that inhibit actin polymerization and prevent
actin assembly in the plus-end [24] or sequestering G-actin [41].

To find out whether the formation of aster was simply the result of a directed ar-
rangement of abLIM1 molecules on a spherical surface and not their phase separation, a
control experiment was carried out with magnetic beads. To perform this experiment,
HEK293T cells were overexpressed with GFP-ALIM and concentrated with anti-GFP,
antibody-conjugated magnetic beads ~1.5 pm in diameter. Thus, the ALIM molecules
on the beads were oriented so that their actin-binding VHP domain was directed radially
from the center of the bead. Direct imaging showed that the fluorescence intensity of the
GFP beads was comparable to that of similarly sized liquid GFP-ALIM droplets (Figure 3B),
suggesting a similar density of GFP-ALIM molecules on the surface of the beads and the
droplets. However, in the presence of G-actin, the beads could not produce visible actin
filaments, while liquid droplets induced aster formation. Therefore, the formation of ALIM
coacervates is necessary for aster formation [27].

Thus, the authors of the work [27] proved that ALIM, consisting mainly of a disordered
fragment of DHU, can form coacervates, which are actin polymerization reactors, due to
LLPS. At the same time, it was shown that both DHU and VHP are necessary for actin
aster formation since no aster formation was observed in experiments with GFP-DHU
liquid droplets.
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Figure 3. Nucleation, elongation of polymerization, formation of asters, and F-actin filaments in the
presence of ALIM or abLIM-M liquid droplets. (A) Intense actin polymerization from GFP-ALIM
liquid droplets in real time. The initial moment of time was taken as the time when G-actin was
introduced into the actin polymerization buffer containing preliminarily formed GFP-ALIM liquid
drops. (B) F-actin does not polymerize from GFP-ALIM immobilized with an anti-GFP antibody
on magnetic beads (upper panel); however, in the presence of preformed His-GFP-ALIM droplets,
actin filaments grow rapidly (lower panel). (C) abLIM-M liquid droplets can also generate asters.
Although the LIM domain inhibits droplet formation, GFP-abLIM-M forms droplets in the presence
of 1% PEG. Drops of GFP-abLIM-M, as well as GFP-ALIM, induce aster formation after the addition
of G-actin. (D) G-actin polymerization requires the presence of GFP-ALIM or GFP-abLIM-M droplets.
Individually, neither GFP-DHU (IDR domain) nor GFP-VHP (actin-binding domain) affects the rate
of actin polymerization. (E) A model illustrating the role of abLIM1 in actin polymerization. At
least, its abLIM-S or abLIM-M isoform undergoes LLPS to form condensates that promote actin
concentration, initiate polymerization, and cross-link actin filaments to form asters and sporadic
bundles that further develop into the F-actin web. The figure represents panels B, E, and G of Figure
4 and panels C and F of Figure 5 of Yang et al., PNAS 119 (29), e2122420119, 2022, [27]. Copyright ©
2022 Yang et al., published by PNAS. This article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

Since actin-binding proteins are the entire abLIM family, it was necessary to find
out how the ordered LIM fragment affects LLPS and whether these proteins could form
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coacervates. The tendency to precipitate His-GFP-abLIM-L [28] made it difficult to perform
experiments with this form. However, His-GFP-abLIM-M, a widely expressed major
isoform (Figure 1A) [29], was soluble, so the study of whether its liquid droplets could
also generate aster was carried out with this isoform. It was found that GFP-abLIM-M did
not phase separate, even at 105 uM, consistent with the inhibitory role of the LIM region.
However, it was subjected to LLPS at 6 uM in the presence of 1% PEG (Figure 3C).

Live imaging showed that, after the addition of G-actin, liquid droplets mediated aster
formation in a similar manner (Figure 3C). Therefore, the separated abLIM-M and abLIM-S
phases were able to facilitate local actin polymerization and binding to form complex aster.

In [27], the rate of actin polymerization in the presence of abLIM1 was also estimated.
For this, the authors used the fluorescence of pyrene. An essential increase in the actin
polymerization rate was shown in the presence of abLIM1. It is known that the stage
limiting rate of actin polymerization is the formation of nuclei, i.e., the formation of initial
actin trimers [42,43]. To quantify how abLIM1 promotes actin nucleation, the G-actin
concentration was chosen to be 2 M, which excludes spontaneous actin nucleation [44,45].
This made it possible to evaluate the activity of nucleation mediated by nucleators [46,47].
It turned out that while pyrene fluorescence in GFP samples only slightly increased over
time; it steadily increased in 3 uM GFP-ALIM samples and stabilized after about 25 min
(Figure 3D). The steady-state pyrene intensity was more than five times higher than that of
the GFP samples (Figure 3D). However, separately, neither GFP-DHU nor GFP-VHP had
a clear effect on actin polymerization kinetics compared to GFP (Figure 3D), confirming
the need for both regions. As expected, the GFPALIM25S that did not undergo LLPS was
unable to stimulate actin polymerization (Figure 3D).

Thus, based on all in vitro studies, it can be concluded that LLPS-induced ALIM
condensates are capable of strongly stimulating actin nucleation. The resulting actin
filaments are then stitched together to form stable asters and sporadic beams that further
develop into stable networks (Figure 3E).

Condensates of abLIM1 likely move along actin filaments to regionally nucleate and
cross-link actin filaments together to self-organize elastic, interconnected networks of
F-actin cortical bundles so that cells properly resist mechanical stress. The tendency of F-
actin polymerizing arrays to consume liquid droplets and the positive correlation between
the length of actin astral bundles and the size of liquid droplets suggest fluid fluidity
of ALIM and abLIM-M along F-actin in vitro. In [27], it was concluded that the absence
of the F-actin association of the phase-defective ALIM25S and abLIM255-M mutants, the
appearance of liquid droplets of abLIM-M and ALIM during actin depolymerization in cells,
their resorption into repolymerizing actin cytoskeletons, and their constant propagation
along intracellular F-actin bundles confirmed that the intracellular molecules, abLIM-M
and abLIM-S, associated with F-actin were also form coacervates. Moreover, previous
studies demonstrate that dense, interconnected cortical actin networks in RPE1 and U20S
cells become sparse and rich in thick linear filaments when abLIM1 is depleted, leading
to membrane swelling during cell proliferation or migration [28]. In addition, because
abLIM1 is highly enriched in the Z-disc of sarcomeres [29,48], it may also assist in the
construction of actin networks in striated muscle cells through the nucleation and cross-
linking of actin filaments in the Z-disc. This is also consistent with the ALIM-induced
efficient polymerization of Ca?*-G-actin in the absence of Mg?".

4. LLPS of Signaling Proteins Leads to the Formation of Coacervates Concentrating
Actin-Binding Proteins, N-WASP, Arp2/3, and Cortactin

A recent review on the role of phase transitions in the formation of the cytoskeleton [3]
analyzed the role of phase transitions in actin polymerization and briefly mentioned several
studies showing that the phase separation of signaling proteins modulates the functioning
of proteins associated with actin polymerization.

It was shown in [1] that the phase transition of the neuronal Wiskott-Aldrich syndrome
protein (N-WASP)—which interacts with its biological partners, Nck and phosphorylated
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nephrin—leads to the formation of coacervates, which include complexes (actin-related
proteins), Arp2/3, which are actin nucleation factors. It has been shown that actin poly-
merization increases dramatically when coacervates of signaling proteins are formed and
decreases when the LLPS process or the interaction of Arp2/3 with N-WASP is disrupted.
In [49], a mechanism was proposed for the intensification of the Arp2/3 complex in coacer-
vates. It has been shown that the phase separation of Nephrin/Nck/N-WASP signaling
proteins on lipid bilayers leads to an increase in the residence time of N-WASP and the
Arp2/3 complex on the membrane and, therefore, intensifies actin assembly.

Another example of condensates that enhance actin polymerization is activated T-cell
receptors [2]. The authors biochemically recreated a 12-component signaling pathway on
model membranes, starting with T-cell receptor (TCR) activation and ending with actin
assembly. When TCR phosphorylation was triggered, signaling proteins spontaneously
separated into fluid-like clusters that facilitated signaling both in vitro and in human Jurkat
T cells. The reconstituted clusters were enriched in kinases, but excluded phosphatases and
enhanced the assembly of actin filaments by recruiting and organizing actin polymerization
regulators, N-WASP-Arp2/3. Thus, it was demonstrated that the LLPS of proteins can
create separate physical and biochemical compartments that facilitate signaling.

Another example of this phenomenon was considered in [50], where signaling in
synapses was considered. Obviously, the correct formation and rapidity of responses to
synaptic stimulation are fundamental for the functions of the mammalian brain; however,
the molecular basis that governs the formation and modulation of separated synaptic
ensembles has, so far, remained unclear. Using a biochemical reconstruction approach, the
authors showed that post-synaptic scaffold proteins at physiological concentrations can
form highly condensed, self-assembling postsynaptic density protein (PSD)-like assemblies
via liquid-liquid phase separation (LLPS). Such PSD scaffold condensates can cluster
glutamate receptors, incorporate synaptic enzymes, and promote the formation of actin
bundles; however, they do not allow gephyrin, which is the main scaffold protein for almost
all inhibitory synapses, to pass through.

When creating model coacervates, the authors used the main PSD scaffold proteins,
including PSD-95, GKAP, Shank, and Homer, which serve to connect ion channels/receptors
on the postsynaptic plasma membrane to the actin cytoskeleton in the PSD cytoplasm. It is
known that Shank directly interacts with regulatory proteins of the actin cytoskeleton, such
as cortactin [51] and subunits of the Arp2/3 complex [52].

Cortactin has an N-terminal acidic domain that binds to and stimulates the Arp2/3
complex, followed by tandem cortactin repeats (CR) that bind to F-actin, and a C-terminal
SH3 domain that binds to Shank3. It was shown that when cortactin, the Arp2/3 complex,
and G-actin were introduced into the 63 PSD system assembled on lipid bilayers, poly-
merized structures of F-actin began to appear in the condensed PSD assemblies 15 min
after the onset of the phase transition. Actin bundles colocalized with PSD condensates
gradually became thicker and longer. Phalloidin staining confirmed that the bundles were
actin filaments. Without the addition of the five PSD components but with the presence of
cortactin, the Arp2/3 complex, and G-actin, actin bundles were not observed. Finally, it has
been shown that PSD can also promote the formation of actin bundles on lipid bilayers in
the absence of Arp2/3. Thus, it has been shown that PSD condensates can promote F-actin
assembly by increasing the concentration of G-actin and cortactin.

5. Conclusions

To date, it is becoming more and more obvious that the LLPS of proteins is of a
universal nature and, apparently, mediates all known cellular processes [9]. The process of
the formation of F-actin, which is one of the main components of the cytoskeleton, is no
exception.

Figure 4 shows the coacervates that are known, to date, to arise from LLPS, which
plays a crucial role in actin polymerization. This model shows:
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— coacervates of LAT signaling proteins capable of integrating actin-binding proteins,
which, as noted in the literature, leads to the intensification of their work (see Section 3);

—  coacervates of the actin-binding protein, abLIM1, which integrates G-actin monomers
and thereby increases their local concentration, thus leading to the initiation of poly-
merization and the growth of F-actin fibrils in the form of asters (see Section 2);

—  VASP coacervates, which trigger the spontaneous, self-sustaining growth of actin
bundles and are analyzed in detail in the yet-unpublished work of Graham et al. [53].
Actin polymerizes inside the VASP droplets, and elongating filaments are distributed
along the periphery of the droplet, forming an actin-rich ring inside the droplet.
As actin polymerizes and the ring thickens, its rigidity increases and eventually
overcomes the surface tension of the drop, deforming the drop and transforming
it into a linear bundle. The resulting bundles contain long, parallel actin filaments
growing from their tips (Figure 4). The length of the final F-actin bundle can be many
times greater than the size of the initial droplet.

Coacervates of abLIM1

» Coacervates of VASP

Figure 4. The currently discovered, coacervate-dependent models of actin polymerization and
bundling. The figure was created based on the results of the works [2,27,53].

Actin filaments are known to be associated with the membrane. Within the framework
of new ideas of actin polymerization, it becomes clear that this is energetically favorable
since the threshold concentration of coacervate formation on the membrane is an order of
magnitude lower than in free space [54]. New ideas about actin polymerization reveal new
directions in the study of the cytoskeleton and formulate new challenges for researchers. It
remains to be seen whether some other actin-binding proteins can form coacervates during
phase separation and under which scenario they will work, similar to how the abLIM1
or VASP coacervates interact with formed filaments [3]. It is interesting to evaluate the
existence of proteins that can form coacervates similar to signaling proteins in response to
internal cell stimuli.

Together with earlier work on the mechanism of microtubule formation through
the concentration of tubulin in centrosomes [4], recent works on actin polymerization
highlight the universal role of LLPS in the formation of the cytoskeleton. Researchers are
now challenged to explore the dynamic cytoskeletal organization within the frame of this
new paradigm.
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Abstract: The Nipah and Hendra viruses (NiV and HeV) are biosafety level 4 human pathogens
classified within the Henipavirus genus of the Paramyxoviridae family. In both NiV and HeV, the gene
encoding the Phosphoprotein (P protein), an essential polymerase cofactor, also encodes the V and W
proteins. These three proteins, which share an intrinsically disordered N-terminal domain (NTD) and
have unique C-terminal domains (CTD), are all known to counteract the host innate immune response,
with V and W acting by either counteracting or inhibiting Interferon (IFN) signaling. Recently, the
ability of a short region within the shared NTD (i.e., PNT3) to form amyloid-like structures was
reported. Here, we evaluated the relevance of each of three contiguous tyrosine residues located in
a previously identified amyloidogenic motif (EYYY) within HeV PNTS3 to the fibrillation process.
Our results indicate that removal of a single tyrosine in this motif significantly decreases the ability
to form fibrils independently of position, mainly affecting the elongation phase. In addition, we
show that the C-terminal half of PNT3 has an inhibitory effect on fibril formation that may act as
a molecular shield and could thus be a key domain in the regulation of PNTS3 fibrillation. Finally,
the kinetics of fibril formation for the two PNT3 variants with the highest and the lowest fibrillation
propensity were studied by Taylor Dispersion Analysis (TDA). The results herein presented shed
light onto the molecular mechanisms involved in fibril formation.

Keywords: paramyxoviruses; Hendra virus; intrinsically disordered proteins; amyloid-like fibrils;
Taylor Dispersion Analysis (TDA); negative staining Transmission Electron Microscopy (ns-TEM);
Polyethylene glycol (PEG) precipitation assays; Congo Red; Small-Angle X-ray Scattering (SAXS)

1. Introduction

The Hendra virus (HeV), together with the closely related Nipah virus (NiV), is a
Biosafety Level 4 (BSL-4) pathogen belonging to the Henipavirus genus within the Paramyx-
oviridae family [1]. Henipaviruses are zoonotic viruses responsible in humans for severe
encephalitis [1]. They are enveloped viruses with a non-segmented, single-stranded RNA
genome of negative polarity [2]. Their genome is wrapped by the nucleoprotein (N) within
a helical nucleocapsid that is the template used by the viral polymerase for transcription
and replication. The polymerase consists of the L protein, which bears all the enzymatic
activities, and of the phosphoprotein (P). P serves as an indispensable polymerase co-factor
as not only it tethers the L protein onto the nucleocapsid, but also keeps L in a soluble and
competent form for transcription and replication [3-5].

20



Int. J. Mol. Sci. 2023, 24, 399

Henipavirus

Phosphoprotein (P}

The N and P proteins from Henipaviruses encompass long intrinsically disordered
regions (IDRs) [6-8], i.e., regions devoid of stable secondary and tertiary structure [9-12].
The Henipavirus P protein consists of a long N-terminal intrinsically disordered domain
(NTD) and a C-terminal region that possesses both structured and disordered regions

(Figure 1) [7,8,13-18].
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Figure 1. Schematic illustration of the HeV particle, of the organization of the P, V.and W proteins
and sequence of the HeV PNT3 region shared by the P, V, and W proteins. The left panel displays a
scheme of the HeV virion, with the genome encapsidated by the nucleoprotein (in green) and the P
(yellow) and the Large (wheat) proteins attached onto the nucleocapsid. The central panel displays
a scheme of the P, V and W protein organization, showing that they share a common N-terminal
domain (NTD) and have distinct C-terminal domains (CTD). PMD: P multimerization domain; XD:
X domain of P. Interaction sites with proteins associated with the host innate immune response are
shown. STAT: Signal Transducers and Activators of Transcription; PLK1: Polo-Like Kinase 1; MDAS:
Melanoma Differentiation-Associated protein 5; TLR3: Toll-like receptor 3. Pink bars correspond to
cysteine residues within NTD. The localization and the sequence of the PNT3 region within NTD is
shown in grey and its sequence is displayed in the blue, right panel. The EYYY motif is shown as a
green square and is framed within the PNT3 sequence.

As in many paramyxoviruses [19], the P gene from HeV and NiV also encodes the C, V
and W non-structural proteins. While the C protein is encoded from an alternative reading
frame within the P gene, the V and W proteins (~50 kDa) result from a mechanism of co-
transcriptional editing of the P messenger: the addition of either one or two non-templated
guanosines at the editing site of the P messenger yields the V and W proteins, respectively
(Figure 1). The editing site is located at the end of the NTD-encoding region (Figure 1). The
P, V and W proteins therefore share a common NTD but have distinct C-terminal domains
(CTDs) (Figure 1). While the CTD of V adopts a zinc-finger conformation [20], the CTD of
W is disordered [21].

The V and W proteins are key players in the evasion of the antiviral type I interferon
(IFN-I)-mediated response [22-24]. This property relies on their ability to bind to a number
of key cellular proteins involved in the antiviral response (Figure 1).

We previously reported the ability of the HeV V protein to undergo a liquid-to-gel
transition, with a region within the NTD (referred to as PNT3, aa 200-310) (Figure 1) being
identified as responsible for this behavior [25]. In those previous studies, we characterized
PNT3 using a combination of biophysical and structural approaches. Congo Red (CR)
binding assays, together with negative-staining transmission electron microscopy (ns-TEM)
studies, showed that PNT3 forms amyloid-like structures [25]. Noteworthy, Congo red
staining experiments provided hints that these amyloid-like fibrils form not only in vitro
but also in cellula after transfection or infection suggesting a probable functional role. In
light of the critical role of the Henipavirus V and W proteins in evading the host innate
immune response, we previously proposed that in infected cells PNT3-mediated fibrillar
aggregates could sequester key cellular proteins involved in the antiviral response. In
particular, sequestration of STAT and 14-3-3 proteins would lead to prevention of IFN
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signaling and abrogation of the NF-«kB-induced proinflammatory response [26]. Consistent
with the presence of PNT3 within their NTD, the Henipavirus W proteins were shown to be
able to form amyloid-like fibrils as well [21].

Within PNT3, a motif encompassing three contiguous tyrosines (EYYY) was predicted
as an amyloidogenic region [25]. The ArchCandy predictor [27,28] also predicted a fibril
architecture in which the three contiguous tyrosines of the motif are part of the first 3-
strand of a (3-strand-loop-f3-strand motif (see Figure 4C in [25]). ArchCandy identifies
amyloidogenic regions based on their ability to form (3-arcades. Indeed, the core structural
element of a majority of naturally occurring and disease-related amyloid fibrils is a 3-
arcade representing a parallel and in register stacks of (3-strand-loop-{3-strand motifs called
(-arches [27]. Substitution of the three contiguous tyrosine residues with three alanine
residues yielded a variant (referred to as PNT3%4) that was shown to possess a dramatically
reduced fibrillation ability, thus providing direct experimental evidence for the predicted
involvement of the EYYY motif in building up the core of the fibrils [25].

Here, with the aim of achieving a better understanding of the molecular determinants
of HeV PNTS3 fibrillation, we designed and characterized a set of additional PNT3 variants
that were conceived to either further investigate the EYYY amyloidogenic motif or probe
the contribution of the C-terminal half of the protein to the fibrillation process. Results, as
obtained by combining various biophysical and structural approaches, show that removal
of one out of the three tyrosines of the motif, irrespective of position, is sufficient to lead
to a significantly reduced fibrillation ability. In addition, our results revealed that the
C-terminal half of PNT3 acts as a natural dampener of the fibrillation process.

2. Results and Discussion
2.1. Influence of pH on the Formation of HeV PNT3 Amyloid-like Fibrils

We previously documented the ability of the PNT3 region of the HeV V protein to
form amyloid-like structures [25]. A number of studies reported an impact of pH on both
fibril structure and kinetics [29-31]. As a first step towards an in-depth characterization of
PNTS3 fibrils, and with the aim of selecting appropriate conditions to investigate the kinetics
of fibril formation, we sought at assessing the possible impact of pH on the fibrillation
process. To this end, we used a previously described method based on the titration of
polyethylene glycol (PEG), a crowding agent, to quantitatively assess the relative solubility
of proteins [32]. Hence, after optimization of this method (see Materials and Methods),
we performed PEG precipitation assays to evaluate the relative solubility of HeV PNT3 at
three different pH values, namely 6.5, 7.2 and 8.0 (Figure 2). From this assay, the PEG;
value, which corresponds to the PEG concentration at which 50% of the protein is still
soluble, can be obtained and allows comparing protein aggregation propensities under
different conditions [32]. Results display that HeV PNT3 at pH 6.5 shows less relative
solubility compared to pH 7.2, indicating a higher aggregation propensity at the lower pH
(Figure 2A). This behavior might be at least partly rationalized based on the isoelectric
point of the protein (pl = 4.6), as proteins are well known to display minimal solubility at
pH values close to their pI. The impact of pH on fibril formation, and the correlation with
the PEG; /, value, was confirmed by ns-TEM (Figure 2B). The obtained micrographs show
that at pH 6.5 fibrillar aggregates are present even at time 0, while at pH 7.2 equivalent
fibrillar aggregates are only observed after an incubation of 96 h at 37 °C (i.e., no fibrillar
aggregates can be detected at time 0, Figure 2B). This trend is further confirmed at pH 8, a
condition where PNT3 displays the lowest propensity to form fibrillar aggregates (Figure 2).
In line with expectations, at pH 4, a value closer to the pl of the protein, the sample was
found to exhibit a strongly reduced solubility (Supplementary Figure S1), and ns-TEM
studies showed mainly amorphous aggregates rather than fibrillar aggregates (Figure 2B).
Notably, in addition to the presence of fibrils, the micrographs obtained at all the pH values
also show the presence of amorphous aggregates. These results, beyond advocating for
a role of electrostatics in the aggregation process, prompted us to define pH 7.2 as the
standard pH value for further studies: the rationale for this choice was that we wanted to
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be able to monitor the appearance and growth of fibrils over time, while at pH 6.5 fibrils
were detected as early as at time zero.
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Figure 2. Fibrillation propensity of HeV PNT3 wild-type (wt) at different pHs. (A) PEG assay and
relative solubility of HeV PNT3 wt at pH 7.2 (green), 6.5 (violet) and 8.0 (light gray). The vertical lines
correspond to PEG, /, values (with their 95% confidence intervals) as obtained after a normalization
and fitting step to a sigmoid function. Note that the curve obtained at pH 6.5 exhibits poor fitting
thus preventing calculation of the confidence interval. Data points at pH 8.0 could obviously not be
fitted. (B) Ns-TEM of HeV PNT3 wt fibrils at four different pH values: 6.5 (at time 0, t: 0h), 7.2, 8.0 (at
time 0 and after 96 h of incubation at 37 °C, t: 96 h) and 4.0 (after 96 h of incubation at 37 °C, t: 96 h).
White arrows indicate fibrils.
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2.2. Rational Design and Generation of PNT3 Variants
2.2.1. Design of PNT3 Variants Targeting the EYYY Motif

Within the HeV PNT3 region, we previously identified an amyloidogenic motif en-
compassing three contiguous tyrosine residues (EYYY) [25]. The relevance of this motif
for fibril formation was experimentally confirmed through the generation of the PNT334
variant, in which the three tyrosine residues were replaced with three alanine residues,
which showed a reduced ability to form amyloid-like fibrils [25]. With the goal of further
investigating this amyloidogenic motif and of unveiling whether all the three tyrosine
residues were critical for fibril formation or whether only a subset of them was so, we
rationally designed three single-site PNT3 variants where each one of the three contiguous
tyrosine residues was replaced with one alanine (PNT341, PNT342 and PNT343, Figure 3A).
In this context, a construct encoding the corresponding PNT3 region from the NiV V protein
(NiV PNT3) was also generated taking advantage of the fact that the corresponding NiV
PNT3 motif encompasses only 2 contiguous tyrosine residues (EHYY) (Figure 3A and
Supplementary Figure S2).
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Figure 3. (A) Schematic diagram of HeV PNT3 variants designed and constructed in this work. The
EYYY motif of the HeV PNT3 is shows in green. (B) SDS-PAGE analysis of the purified proteins.

2.2.2. Design of HeV PNT3 Truncated Variants Devoid of the C-Terminal Region

As mentioned above, the EYYY motif plays a significant role in fibril formation.
However, the fact that the substitution of the triple tyrosine motif only reduces but does not
fully abrogate the ability of PNT3 to form amyloid-like fibrils [25] indicates that other motifs
and/or sequence attributes, that remained to be identified, contribute to the fibrillation
process. Hence, to deepen the characterization and to assess the possible contribution of
the PNT3 C-terminal region, we designed a C-terminally truncated HeV PNT3 variant
(PNT3 C-term truncated) that lacks the second half of the protein (Figure 3A). In addition,
we also designed a C-terminally truncated HeV PNT3 variant where the three contiguous
tyrosines of the EYYY motif were replaced with three alanines (PNT33” C-term truncated)
(Figure 3A).

2.2.3. Design of a HeV PNT3 Variant Bearing a Unique Cysteine

The N-terminal domain, shared by the HeV P, V, and W proteins, has 3 cysteines
distributed along the sequence (Figure 1). Recently, Pesce & Gondelaud et al. suggested
that disulfide bridges could be involved in preventing aggregation of the W protein [21].
Thus, in this context, we reasoned that a HeV PNT3 variant bearing a cysteine residue
could be useful to investigate the possible impact of disulfide bridge-mediated protein
dimerization on the fibrillation abilities of PNT3. We targeted for cysteine substitution
the unique alanine residue of PNT3 (Ala255) to yield PNT3 variant A255C (PNT3_Cys)
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(Figure 3A). The rationale for choosing an alanine, rather than a serine residue which would
have enabled a more isosteric substitution, was to introduce as much a conservative as
possible substitution, while preserving the content in OH groups, which might play a role
in the establishment of stabilizing inter-chain interactions in the core of the fibrils.

2.2.4. Expression and Purification of the PNT3 Variants

All the proteins were expressed in E. coli as hexahistidine tagged forms with no
solubility tag. The proteins were purified from the total fraction of the bacterial lysate
under denaturing conditions by Immobilized Metal Affinity Chromatography (IMAC)
and size exclusion chromatography (SEC). The purity of the final purified products was
assessed by SDS-PAGE (Figure 3B). The identity of all the variants was confirmed by mass
spectrometry (MS) analysis of peptides resulting from the tryptic digestion of each protein
(Supplementary Figure S3).

2.2.5. Conformational Characterization of the PNT3 Variants

First, we evaluated the hydrodynamic properties of all the variants through analytical
SEC. Table 1 shows the Stokes radius (Rg) value inferred for each protein, along with the
Compaction Index (CI) associated with each variant. By comparing the mean measured
Stokes radius (Rg©P%) with the theoretical Stokes radii expected for the various conforma-
tional states (i.e., Rs\F: natively folded protein; Rs"MS: premolten globule, PMG; RgY:
fully unfolded form; Rs'P’: IDP), all the proteins were found to have Rg values consistent
with a PMG state [33]. Their compaction indexes are relatively close to each other, with the
notable exception of the HeV PNT3_C-term_truncated variant that is much more compact.
Strikingly, the introduction of the triple alanine motif in the context of the truncated variant
leads to a more extended conformation, a phenomenon already observed, although with a
borderline significance, in the context of the full-length PNT3 protein (c¢f. HeV PNT3 wt
and HeV PNT3%* in Table 1). These results suggest that the second half of the protein is a
determinant of chain expansion, with this effect being counteracted by the presence of the
triple alanine motif.

Table 1. Stokes radii (Rg©P5, A) of the PNT3 variants as inferred from the elution volume of the major
SEC peak. Shown are also the expected values for the various conformational states, along with the
ratios between the Rs®B® and each Rg state, and compaction index (CI) values.

Proteins Mass RS OBS RS NF RS PMG RSU RS IDP RS OBS/RS NF RS OBS/RS PMG RS OBS /RSU RS OBS/RS IDP CI
HeV PNT3 wt 15198 27.0 + 0.3 194 27.9 33.9 30.0 1.39 0.97 0.80 0.90 0.47 £ 0.02
HeV PNT33A 14922 27.5 £ 0.4 19.3 27.7 33.5 30.0 1.42 0.99 0.82 0.92 0.42 + 0.03
HeV PNT3A! 15106 28.4 + 0.4 19.4 27.9 33.8 30.0 1.36 0.94 0.78 0.88 0.37 + 0.03
HeV PNT342 15106 28.1 £ 0.3 19.4 27.9 33.8 30.0 1.31 091 0.76 0.85 0.39 £ 0.02
HeV PNT343 15106 27.5+ 0.2 19.4 27.9 33.8 30.0 1.42 0.99 0.81 0.92 0.44 + 0.01

NiV PNT3 14928 27.3 + 0.7 19.3 27.7 335 30.5 1.41 0.99 0.82 0.90 0.44 £ 0.05

HeV PNT3
C-term_truncated 9020 19.0 £ 0.1 16.1 22.6 25.8 22.7 1.17 0.84 0.73 0.83 0.71 £ 0.01
3A

HeV PNT3 8743 201406 160 224 25.4 27 126 0.90 0.79 0.89 0.56 = 0.06
C-term_truncated

HeV PNT3_Cys 15230 28.0 £ 0.4 19.5 28.0 33.9 30.0 1.44 1.00 0.83 0.93 0.41 + 0.03

Rs©BS: experimentally observed Stokes radius (mean value and s.d. from three independent experiments); RgNF:

Rg expected for a natively folded (NF) form; Rg"™G: Rg expected for a pre-molten globule (PMG); RsY: Rg
expected for a fully unfolded form; Rs™P": Rg expected for an IDP based on the simple power law model; all radii
are given in A. Mass: molecular mass (Daltons) calculate d from the amino acid sequence of the recombinant
protein. Compaction index (CI) mean values and s.d., as obtained from three independent experiments.

In order to evaluate the secondary structure content of each variant, we performed
a Circular Dichroism (CD) analysis in the far ultraviolet (UV) region. All the variants
present a spectrum typical of a disordered protein lacking any stable organized secondary
structure, as judged from the large negative peak centered at 200 nm, and from the low
ellipticity in the 220-230 nm region and at 190 nm (see [34] and references therein cited)
(Supplementary Figure S4). These results indicate that the introduced substitutions and/or
the truncation impact only marginally, if at all, the secondary structure content of the
protein. They also indicate that NiV PNT3 has a secondary structure content very close to
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that of its HeV counterpart. The finding that the CD spectra of PNT3 variants bearing the
triple alanine motif are virtually superimposable onto those of variants bearing either the
naturally occurring triple tyrosine motif or just one Tyr to Ala substitution, rules out the
possibility that the expansion effect driven by the triple alanine motif, as observed in SEC
studies, may arise from the presence of a transiently populated a-helix encompassing the
motif. Therefore, the mechanism underlying the counteracting effect exerted by the triple
alanine motif on chain compaction remains to be elucidated.

To achieve a more quantitative description of the conformational properties of the
variants, we carried out Small-Angle X-ray Scattering (SAXS) studies coupled to SEC
(SEC-SAXS). We selected a set of representative variants (i.e., HeV PNT3%4, NiV PNT3,
HeV PNT3_C-term_truncated, and HeV PNT33A_C-term_truncated) along with HeV PNT3
wt. Although we already previously reported SEC-SAXS studies of HeV PNT3 wt [25],
this sample was herein again investigated under exactly the same conditions used for the
other variants, so as to enable meaningful comparisons. For all the five PNT3 proteins,
linearity of the Guinier region in the resulting scattering curves (Supplementary Figure
S5A) allowed meaningful estimations of the radius of gyration (Rg) (Table 2). The Rg values
obtained for HeV PNT3%4, NiV PNT3, and HeV PNT3 wt are very close to each other’s
clustering in a group with Ry around 37-39 A. As expected, the two truncated variants
have smaller, and close to each other’s, Rg values (Table 2).

Table 2. R; and Dygyx as obtained from SEC-SAXS studies and expected values for the various
conformational states.

Proteins 10) cm~1 Q&L Dmax (A) RGP (A) RgU (A)
HeV PNT3 wt 0.030 + 1.8 x 104 36.67 + 0.41 140 32.6 35.9
HeV PNT33A 0.022 £ 8.1 x 107 39.48 £ 0.33 144 32.6 35.9
NiV PNT3 0.030 £8.2 x 1072 37.37 + 0.21 147 33.1 36.5
HeV PNT3 C-term_truncated  0.018 + 4.1 x 107° 27.53 4+ 0.14 115 245 25.9
HeV PNT33A C-term_truncated  0.015 £ 5.6 x 10~° 27.34 +0.21 119 24.5 25.9

1(0): Intensity at zero angle as determined from Guinier approximation; Rg Guinier: Ry values as obtained from
Guinier approximation; Dpyax: maximal intramolecular distance from P(r). RgIDP: Ry expected for an IDP based
on the simple power-law model. RgU: theoretical Ry value expected for a chemically denatured (U) protein.

Notably, all obtained experimental R values are close to the theoretical RgU, corre-
sponding to chemically denatured (U) proteins, and hence reflecting a highly extended
conformation. Because of this, the Rg-based CI could not be computed, the numerator
(RgU - RgOBS) in Equation (10) being < 0 (see Section 3). These results are in contrast with
the previous SEC results, where the variants were found to adopt a PMG conformation. A
possible explanation for this might be related to the differences in the buffer used in the
two techniques. As expected, the five variants were all found to be disordered as judged
from the presence of a plateau in the normalized Kratky (Supplementary Figure S5B) and
Kratky-Debye plots (Supplementary Figure S5C). However, the two truncated variants,
and particularly the HeV PNT3 C-term truncated one, showed a slight deviation from the
pure random-coil regime as observed in the normalized Kratky plot. This deviation is
consistent with a slightly more compact conformation, in line with the Rg-based CI values
discussed above.

2.3. Relevance of the PNT3 EYYY Motif in Fibrillation Abilities
2.3.1. Aggregation Propensity of the EYYY Motif PNT3 Variants

With the aim of elucidating the contribution of each tyrosine in the EYYY motif to
the fibrillation process, we first assessed the aggregation propensity of the set of variants

bearing alanine substitutions within the EYYY amyloidogenic motif. To this end, we took
advantage of the same PEG solubility assay described above [32]. For each of the five EYYY
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variants (PNT3%4, PNT3A1 A2 A3 and NiV PNT3), we therefore carried out PEG solubility
assays which enabled ranking them based on their estimated PEG; ,, value.

The PNT33A variant shows a significant increase in the relative solubility compared to
PNT3 HeV wt (Figure 4A,B), a result in agreement with previous findings that pointed out
a much lower propensity to form amyloid-like fibrils for PNT3?4 [25]. The three variants
where only one Tyr was replaced, however, show no significant difference in the PEG; /»
values compared to HeV PNT3 wt (Figure 4B), suggesting that the removal of one tyrosine
does not affect the aggregation propensity of PNT3. By contrast, and interestingly, NiV
PNT3 (EHYY) displays an intermediate relative solubility between HeV PNT3 wt and HeV
PNT33A (Figure 4A). In light of the results obtained with the HeV PNT3 variants bearing
two tyrosines (i.e., PNT3A!, PNT342 and PNT343), the intermediate aggregation propensity
of NiV PNT3 more likely arise from differences in the amino acid context rather than from
the absence of just one tyrosine.
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Figure 4. PEG solubility assays for the set of PNT3 variants. (A) Soluble fraction of each variant at dif-
ferent PEG concentrations. HeV PNT3 wt (green), HeV PNT33A (red), HeV PNT3_C-term_truncated
(yellow), NiV PNT3 (blue). Vertical lines represent PEG; /; values including their 95% confidence
intervals obtained after a normalization and fitting step to a sigmoid function. (B) PEG; /, values
obtained for the wt, the triple alanine variant and the single alanine HeV PNT3 variants. (C) PEG; /,
values obtained for the C-terminally truncated variants. The asterisk indicates statistically significant
differences (One-way Anova test, p-value < 0.05).

2.3.2. Congo Red Binding Abilities of PNT3 EYYY Motif Variants

Congo Red is a widely used dye to document the presence of amyloids: binding of
this dye to cross [3-sheet structures in fact leads to hyperchromicity and a red shift in the
absorbance maximum of the CR spectrum. Hence, to further characterize PNT3 EYYY motif
variants, we took advantage of CR binding assays. We compared the binding abilities of
the PNT3*!, PNT342, PNT3%3 and NiV variants to those of both PNT3 wt and PNT334. We
spectrophotometrically measured the red shift (from 497 nm to 515 nm) in the absorbance
maximum of the CR spectrum of each sample following a four or seven days incubation
at 37 °C. Results shown in Figure 5 indicate that all the variants promote a shift in the CR
spectrum whose amplitude increases with incubation time, suggesting that all the variants
are able to progressively form amyloid-like fibrils or at least structures able to bind CR.
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Our previous findings that pointed out that the HeV PNT3?* variant has a reduced ability
to bind CR compared to HeV PNT3 wt [25] were confirmed here (Figure 5). Two of the
three single alanine variants (PNT34!, PNT3%3) show an intermediate behavior between
HeV PNT3 wt and HeV PNT3%4, but without significant differences with either the wt
or the PNT3?* variant, while HeV PNT34? displays an ability to bind CR significantly
higher than that of HeV PNT3%A and similar to that of HeV PNT3 wt (Figure 5). These
results therefore suggest that the central tyrosine in the motif could be less relevant to the
fibrillation process. Notably, the NiV PNT3 variant shows a significantly decreased ability
to bind CR compared to PNT3 wt, similar to that of the triple alanine variant. Thus, as
already observed for the aggregation propensity, the reduced CR binding ability of NiV
PNTS3 likely results from its amino acid context rather than from the fact that it lacks a
tyrosine in the motif.
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Figure 5. Congo Red binding assay of the set of PNT3 variants. The ability to bind CR is represented
by the fold increase in the ratio between the absorbance at 515 and at 497 nm, with respect to a sample
containing CR alone, of PNT3 samples at 20 uM after 4 and 7 days of incubation at 37 °C. The error
bar corresponds to the standard deviation, with n = 3. Different letters indicate statistically significant
differences (p < 0.05) (Two-way ANOVA test; ab means lack of statistically significant differences with
respect to a or b).

2.3.3. Propensity and Time-Dependance of Fibrillation of the PNT3 EYYY Motif Variants
Using Negative-Staining Transmission Electron Microscopy (ns-TEM)

To directly document fibril formation by the PNT3 EYYY variants as a function of
time and to obtain orthogonal experimental evidence corroborating the CR binding assay
results, we next carried out ns-TEM studies. These analyses were performed for each
of the variants at 0, 24 and 96 h of incubation at 37 °C (Figure 6). As shown Figure 6,
although HeV PNT3 wt in the selected conditions does not form fibrils at time 0, after 24 h
of incubation it forms short fibrils, which evolve to long fibrils after 96 h. In line with the
CR binding results, ns-TEM studies confirmed that all PNT3 EYYY variants, including
NiV PNTS3, are able to form amyloid-like fibrils but with a significantly decreased ability
compared to the wt. Specifically, after 24 h short fibrils can be observed in most variants,
except for HeV PNT33A. In an attempt at identifying possible significant differences among
the EYYY variants in spite of their overall similar behavior, we performed a comprehensive
analysis of the number and length of fibrils detected for each of them (Figure 7). This
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analysis revealed no significant differences in the length of the fibrils obtained after 96 h
of incubation among the 3 variants with a single alanine (PNT34!, PNT3A? and PNT343).
However, a slight, though significant, increase is observed in the PNT343 variant in the
number of fibrils found per picture compared to the other two single alanine variants
(Figure 7). This slightly higher number of short fibrils observed for the PNT3%3 variant
may indicate that the last tyrosine in the motif contributes less to the nucleation process
compared to the two other tyrosines. Remarkably, the same analysis showed that the
NiV PNT3 variant forms significantly longer fibrils compared to the PNT34!, PNT342
and PNT3%3 variants, therefore confirming that other sequence attributes, beyond the
amyloidogenic motif, contribute to the fibrillation process. In other words, fibril formation
would rely not only on stabilizing contacts mediated by the E(H/Y)YY motif but also on
additional stabilizing interactions established by other protein regions.

24h 9% h

Figure 6. Cont.
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Figure 6. Fibril formation as a function of time by ns-TEM. Ns-TEM analysis of PNT3 variants
(200 uM) at time zero and after 24 h or 96 h of incubation at 37 °C. Note that in all cases, samples
were diluted to 40 uM prior to being deposited on the grid. White arrows indicate fibrils. The
purple gradient represents the propensity to form fibrils. The green dashed box indicates HeV PNT3
wt results.
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Figure 7. Fibril length of EYYY variants. (A) For each variant, statistics on fibril length were obtained
from analysis of the contour length of 60 fibrils after 96 h of incubation at 37 °C. The upper table
shows the main statistical results. (B) Number of fibrils detected per picture for each variant. Upper
number indicates the mean value of each variant. The analysis was done using the Image]J software.
The asterisk indicates statistically significant differences (One-way Anova test, p-value < 0.05). Circles:
PNT3AL, squares: PNT342; triangles: PNT343, inverted triangles: NiV PNT3.

Altogether, CR binding assays and ns-TEM enabled the documenting of slight differ-
ences among the PNT34!, PNT3%? and PNT33 variants. Although other regions beyond
the amyloidogenic motif seemingly contribute to the fibrillation process, results strongly
suggest that the absence of a single tyrosine in the EYYY motif leads to a significant de-
crease in the ability to form fibrils irrespective of the position. In light of the finding that
the PNT3A1, PNT342 and PNT343 variants are able to form short fibrils, whose length
does not increase under the experimental conditions herein used, we can assume that the
three tyrosines mainly play a role in the elongation phase. The present results support the
involvement of tyrosines in the formation of amyloid-like fibrils, with 7t-7t stacking and
H-bonding interactions between tyrosines likely allowing to form cross-{3-like architectures,
as previously suggested [35].

2.4. Impact of the HeV PNT3 C-Terminal Region in Fibrillation Abilities
2.4.1. Aggregation Propensity of C-Terminally Truncated PNT3 Variants

Taking into account the results presented above that lend support to a scenario where
other motifs and/or sequence attributes beyond the amyloidogenic motif could be involved
in the fibrillation process, we decided to investigate the impact of the PNT3 C-terminal
region. We first studied the aggregation propensity of both PNT3 C-terminally truncated
variants. Figure 4A shows that the PNT3 C-term truncated variant has the lowest PEG; /,
value, indicating a strikingly decreased relative solubility compared to all the full-length
PNT3 variants. Notably, there are no significant differences in the PEG; /, values between
the PNT3 C-term truncated and its triple alanine mutant (PNT3?*” C-term truncated)
(Figure 4C). These results indicate that removal of the C-terminal region has a strong
impact on the aggregation propensity, with this effect being insensitive to the sequence
context of the EYYY motif.
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2.4.2. CR Binding Ability of C-Terminally Truncated PNT3 Variants

Motivated by the results obtained by the PEG solubility assays pointing to a much
higher aggregation propensity of both truncated variants, we next carried out CR binding
assays. As shown in Figure 5, the HeV PNT3 C-terminal truncated variant displays a
significantly increased ability to bind CR compared to full-length HeV PNT3 wt. In striking
contrast with PEG solubility assays that detected no differences in terms of aggregation
propensities between the two truncated variants, CR binding assays revealed significant
differences between the two variants. In particular, the PNT334 truncated variant has a
much-decreased ability to bind CR with respect to the truncated variant bearing a native
EYYY motif, hence displaying an intermediate behavior between the full- length and trun-
cated HeV PNT3 wt (Figure 5). Therefore, it can be concluded that the C-terminal region, far
from being inert, negatively affects the ability of the protein to form CR-binding structures.
Albeit the PNT3%A truncated variant binds more CR than the wt variant, the contribution of
the EYYY motif is evident when the two truncated variants are compared. These results,
however, suggest that the EYYY motif would have only a marginal role in driving the
formation of CR-binding structures in the context of C-terminally truncated form.

2.4.3. Propensity and Kinetics of Fibrillation of C-Terminally Truncated PNT3 Variants
Using ns-TEM Studies

In order to ascertain whether the increased binding to CR and decreased solubility of
the truncated variants is actually reflected in a higher fibrillation ability, we analyzed them
by ns-TEM studies. In line with expectations, Figure 6 clearly shows a significantly higher
abundance of fibrils, as well as an increased fibril length, in the PNT3 C-terminal truncated
variant at short incubation times, thus confirming its increased fibrillation potential. No-
tably, the PNT33” truncated variant displays a decreased fibrillation ability compared to its
wt counterpart, similar to the full-length HeV PNT3 wt (Figure 6). These findings suggest
that the removal of the C-terminal region results in an acceleration of the fibrillation rate,
reflecting an interaction between this region and the rest of the sequence that negatively
affects the kinetics of fibril formation. Remarkably, similar results were previously docu-
mented in the case of the aggregation of x-synuclein (x-syn), an extensively characterized
protein associated with neurodegeneration and whose transition from a soluble to a fibrillar
form is thought to contribute to pathogenesis [36]. Compelling experimental evidence indi-
cates that C-terminal truncation of a-syn promotes in vitro oligomer and fibril formation
(see [37] and references therein cited). The middle region of a-syn, referred to as “non-
amyloid component” (NAC) domain, forms the core of «-syn filaments. The C-terminal
region of «x-syn can adopt conformations in which the C-terminus contacts the hydrophobic
NAC domain thus shielding it from pathological templating interactions [37]. The negative
charge of the C-terminal region has been proposed to contribute to this self-chaperoning
activity via the establishment of electrostatic interactions [37].

In an attempt at rationalizing the observed self-inhibitory effect of the C-terminal
region of PNT3 on fibril formation, we analyzed the charge distribution within the PNT3
sequence using the CIDER server (http:/ /pappulab.wustl.edu/CIDER/, accessed on 24 Oc-
tober 2022) [38] (Supplementary Figure S6 and Table S1). Although full-length PNT3, and
its constituent N-terminal and C-terminal regions fall in very close positions in the phase
diagram plot, the C-terminal region has a higher fraction of negatively charged residues
compared to the N-terminal region (Supplementary Figure S6 and Table S1). In addition,
the full-length form of PNT3 and the truncated variant strongly differ in their net charge
at pH 7.0. Taking into account the strong impact of pH on PNT3 fibrillation, where a
decrease to pH 6.5 strongly promotes fibrillation and leads to a behavior similar to that of
the truncated PNT3 variant at pH 7.2, it is conceivable that the results obtained with the
truncated variant could be, at least partly, accounted for by electrostatics, as in the case of
a-syn. A plausible alternative scenario for the self-inhibitory effect of the C-terminal region
of PNT3 on fibril formation could be the following: the disordered region downstream
the fibril core may hamper fibril formation by slowing the disorder-to-order transition
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expected to take place in the core of the fibril, through either a purely entropic effect or
through a combination of enthalpy and entropy as already documented in the case of fuzzy
appendages adjacent to molecular recognition elements (for examples see [39,40]).

Altogether, these findings advocate for a key role of the C-terminal region in regulating
the fibrillation properties of PNT3. In particular, the C-terminal region may act either as a
molecular shield, as in the case of a-syn [37], or by slowing down the rate of folding of the
core of the fibrils, with this property, irrespective of the underlying mechanisms, being also
possibly relevant to biological function in vivo. Definite answers on the precise molecular
mechanisms and on the possible biological relevance await future studies.

2.5. Impact of a Cysteine in the HeV PNT3 Sequence on Fibrillation Abilities

With the aim of elucidating the possible impact of a disulfide bridge-mediated PNT3
dimerization on its fibrillation abilities, we first studied the ability of the HeV PNT3 variant
bearing a cysteine residue (PNT3_Cys) to bind CR. As shown in Figure 5, this variant
shows a significant increased ability to bind CR compared to HeV PNT3 wt. Subsequently,
the ability of this variant to form fibrils was assessed by ns-TEM in the same conditions
used for PNT3 wt. Figure 6 shows that the PNT3_Cys variant is able to form fibrils even at
time 0, indicating a higher fibrillation propensity compared to HeV PNT3 wt. Notably, the
PNT3_Cys was the unique variant displaying an enrichment in shortened fibrils (Figure 6).
These findings suggest that the presence of one cysteine in the sequence mainly impacts
the nucleation phase. We reasoned that the peculiar fibrillation behavior of this variant
could result from disulfide bridge-mediated protein dimerization. However, the addition
of DTT was found to have a negligible impact, as judged from the presence at time 0 of
very short fibrils and of long fibrils at 96 h (Supplementary Figure S7), resulting in an
intermediate behavior between PNT3 wt and PNT3_cys under non-reducing conditions.
Thus, the peculiar behavior of this variant cannot be ascribed to protein dimerization and
rather stems from other intrinsic properties that remain to be elucidated.

2.6. Characterization of the Aggregation Process by Taylor Dispersion Analysis

We next sought at shedding light onto the fibrillation kinetics using Taylor Dispersion
Analysis (TDA) [41]. TDA is a new technique in the field of protein aggregation that has the
notable advantages of being able to (i) capture intermediate species, (ii) quantify early and
late-stage aggregates, and (iii) provide both kinetic and equilibrium constants. In addition,
TDA is not dominated by aggregates (as opposite to scattering techniques), and is thus
ideally suited to study the molecular mechanisms of protein fibrillation. Recently, this
technique successfully allowed obtaining a complete quantitative picture of the aggregation
process of both AB(1-40) and A((1-42), including the size of the oligomers and protofibrils,
the kinetics of monomer consumption, and the quantification of different early- and late-
formed aggregated species [41-43].

In light of the fibrillation properties of all the PNT3 variants herein investigated,
as revealed by the ensemble of studies described above, we decided to focus on the
two variants with the most extreme phenotype, namely the variant with the highest
fibrillation propensity, i.e., HeV PNT3_C-term_truncated, and the least fibrillogenic variant,
i.e., PNT33A. Figure 8A,C show a three-dimensional overview of the obtained taylorgrams
during the aggregation process of the two selected variants. In the case of the truncated
variant, two major species were detected over time: the monomer (hydrodynamic radius,
Rh, of ~3 nm) (Figure 8B) and large aggregates with an Rk > 400 nm (see spikes at the
beginning of the run in Figure 8A). Figure 8B shows that the Rh value of the soluble fraction
increases with time, reaching about double its initial value at the end of the incubation,
when this species is present in low proportions. Figure 8B also shows that the monomeric
population slowly decreases with time. The decrease of the peak area (Y) of the monomeric
population could be fitted using a first order exponential decay:

Y=A1 xXexp(—t/t1)+ Yy 1
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where Yy =6.13 £ 0.20; A; =7.63 & 0.34 and #; = 12.06 £ 1.32 h. This resulted in a good
quality fit as judged from the R? value of 0.9394. From the fit, the kinetics of aggregation
could be deduced, with a characteristic aggregation time of about t; = 12 h. From Figure 8B,
the evolution in the spikes area gives an estimation of the quantity of large aggregated
species entering the capillary. The proportion of these aggregated species increases with
time until about 48 h, before decreasing because their size becomes too large to enter the
capillary or because of precipitation in the sample vial. The presence of spikes at very short
times of incubation suggests a fast aggregation process of the truncated form, while the
absence of significant intermediate species suggests that the monomers add to the already
present aggregates and elongate them.
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Figure 8. Kinetics of fibril formation by Taylor Dispersion Analysis (TDA). Three-dimensional
overview of the obtained taylorgrams during the aggregation process of HeV PNT3-Cterm_truncated
(A) and HeV PNT3%4 (C) at different incubation times. The rainbow color code indicates the progress
of the incubation time from dark violet to red. Analyses were performed using a protein concentration
of 200 uM in 50 mM phosphate buffer, pH 7.2 at 37 °C. Peak area and hydrodynamic radius (Rh)
evolution of the monomeric species and of the spikes area during the aggregation process of HeV
PNT3-Cterm_truncated (B) and HeV PNT3%4 (D).
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By contrast, and in agreement with its dramatically reduced fibrillogenic abilities as
unveiled by the other approaches herein used, the PNT3?* variant does not show any
changes during the incubation time, with both Rh and peak area remaining constant in this
period (Figure 8C,D).

In conclusion, the data support a much higher fibrillation ability of the truncated
variant, as corroborated by the presence of spikes in the elution profiles and by the fast
consumption of the monomeric species as compared to PNT334, where no evolution in
size nor in area was observed. The aggregation process of the truncated variant follows
a first order kinetics, without significant formation of intermediate species between the
monomeric and the fibrillar species. In PNT3% the fibrillation process could not be detected,
indicating that the fibrils observed by ns-TEM represent a very poorly populated species
within the system.

3. Materials and Methods
3.1. Generation of the Constructs

The pDEST1701/PNT3 and pDEST1701/PNT3%A expression plasmids, driving the
expression of a hexahistidine tagged form of the protein of interest, have already been
described [25]. For the construction of expression plasmids encoding the PNT3 variants
bearing single alanine substitutions (PNT34!, PNT3%2, PNT3%%), the pDEST1701/PNT3
construct was used as template in two separate PCR amplifications using either primers
attB1 and specific R_alaN-PNT3 (PCR1), or primers F_alaN-PNT3 and attB2 (PCR2), where
N varies from 1 to 3 (see Supplementary Table S2). Primers were purchased from Eurofins
Genomics Germany GmbH (Ebersberg, Germany). After Dpnl treatment (New England
Biolabs, Ipswich, MA, USA), 1 uL of PCR1 and 1 puL of PCR2 were used as overlapping
megaprimers along with primers attBl and attB2 in a third PCR. After purification, the
third PCR product was inserted into the pDEST170I bacterial expression vector using the
Gateway® technology (Invitrogen, Carlsbad, CA, USA). This vector allows expression of
the recombinant protein under the control of the T7 promoter. The resulting protein is
preceded by a stretch of 22 vector-encoded residues (MSYYHHHHHHLESTSLYKKAGEF)
encompassing a hexahistidine tag. The DNA fragment encoding NiV PNT3 (i.e., residues
200-314 of the NiV P/V /W protein) was PCR-amplified using the pDEST1701/NiV W
construct as template [21] and primers NiV PNT3-AttB1 and NiV PNT3-AttB2. After Dpnl
treatment (New England Biolabs, Ipswich, MA, USA), the resulting amplicon was cloned
into pDEST170I as described above (Invitrogen, Carlsbad, CA, USA).

The expression construct encoding the truncated HeV PNT3 variant (PNT3_C-term_
truncated) was generated by PCR using pDEST1701/PNT3 [25] as template and attB1
and Trunc_PNT3_B2 as primers. After Dpnl treatment (New England Biolabs, Ipswich,
MA, USA), the resulting amplicon was cloned in pDEST170I. The same procedure was
used to obtain the HeV PNT3 truncated variant bearing the triple alanine substitution
(PNT3?*_C-term_truncated) except that the pDEST1701/PNT334 construct [25] was used
as template.

The construct encoding the HeV PNT3 variant bearing a cysteine (PNT3_Cys) was
obtained using the pDEST1701/PNT3 construct [25] as template in two separate PCR
amplifications using either primers attB1 and specific PNT3_C255_R (PCR1), or primers
PNT3_C255_F and attB2 (PCR2). After Dpnl treatment, 1 uL of PCR1 and 1 puL of PCR2
were used as overlapping megaprimers along with primers attB1 and attB2 in a third PCR.
After purification, the third PCR product was inserted into pDEST17 (Invitrogen, Carlsbad,
CA, USA). The list and sequence of primers used to generate the above-described constructs
is provided in Supplementary Table S2. Primers were purchased from Eurofins Genomics.
All the constructs were verified by DNA sequencing (Eurofins Genomics Germany GmbH,
Ebersberg, Germany) and found to conform to expectations.
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3.2. Proteins Expression and Purification

The E. coli strain T7pRos was used for the expression of all the recombinant proteins
upon transformation of bacterial cells with each of the bacterial expression plasmids
described above. Cultures were grown over-night to saturation in LB medium containing
100 pg mL~! ampicillin and 34 pg mL~! chloramphenicol. An aliquot of the overnight
culture was diluted 1/20 into 1 L of TB medium and grown at 37 °C with shaking at
200 rpm. When the optical density at 600 nm (ODggg) reached 0.5-0.8, isopropyl 3-D-
thiogalactopyanoside (IPTG) was added to a final concentration of 0.5 mM, and the cells
were grown at 35 °C overnight. The induced cells were harvested, washed and collected by
centrifugation (5000 x g, 15 min). The resulting pellets were resuspended in buffer A (50 mM
Tris/HCl pH 7.5, 1 M NaCl, 20 mM imidazole) containing 6 M guanidium hydrochloride
(GDN). The suspension was sonicated to disrupt the cells (using a 750 W sonicator and 3
cycles of 30 s each at 45% power output) and then centrifuged at 14,000 x g for 30 min at
20 °C. The supernatant was first purified by IMAC by mixing it with 5 mL Nickel resin
(GE Healthcare, Uppsala, Sweden) pre-equilibrated in buffer A. The affinity resin was
washed with 20 column volumes (CV) of buffer A. Proteins were eluted with ~3 CV of
buffer A supplemented with 250 mM imidazole. The fractions eluted were pooled and
concentrated in the presence of 6 M GDN up to 1 mM using Centricon concentrators, and
the proteins were then frozen at —20 °C. All PNT3 variants were subsequently subjected to
SEC (HiLoad 16/600 Superdex 75 pg column, Cytiva, Marlborough, MA, USA), where the
SEC column was equilibrated with buffer B (sodium phosphate 50 mM pH 7.2, 100 mM
NaCl, 5 mM EDTA). The fractions from SEC, were pooled, supplemented with 6M GDN
and concentrated (up to ~750 uM) and stored at —20 °C. In the case of the PNT3 cysteine
variant, the GDN-containing sample was also supplemented with 10 mM DTT. Prior to
each subsequent analysis, the samples were loaded onto a Sephadex G-25 medium column
(Cytiva, Marlborough, MA, USA) to exchange the buffer. The proteins were eluted from
G-25 columns using sodium phosphate 50 mM buffer at a pH of 7.2 unless differently
specified. IMAC and SEC were performed at room temperature (RT).

Protein concentrations were estimated using the theoretical absorption coefficients at
280 nm as obtained using the program ProtParam from the EXPASY server (http://web.
expasy.org/protparam/, accessed on 20 January 2021).

The purity of the final purified products was assessed by SDS-PAGE (Figure 3B). The
identity of all the purified PNT3 variants generated in this work was confirmed by mass
spectrometry analysis of tryptic fragments obtained after digestion of the purified protein
bands excised from SDS-polyacrylamide gels (Supplementary Figure S3). The excised
bands were analyzed by the mass spectrometry facility of Marseille Proteomics in the same
way as previously done for the PNT3 wt variant [25]. Briefly, gel pieces were washed and
destained using 100 mM NH4HCQO3/acetonitrile (50/50). Destained gel pieces were shrunk
with acetonitrile and were re-swollen in the presence of 100 mM ammonium bicarbonate
in 50% acetonitrile and dried at room temperature. Protein bands were then rehydrated
and cysteines were reduced using 10 mM DTT in 100 mM ammonium bicarbonate pH 8.0
for 45 min at 56 °C before alkylation in the presence of 55 mM iodoacetamide in 100 mM
ammonium bicarbonate pH 8.0 for 30 min at room temperature in the dark, then washed
twice with 25 mM ammonium bicarbonate pH 8.0 and digested with high-sequencing-
grade trypsin (Promega, Madison, WI, USA). Mass spectrometry analysis were carried out
by LC-MSMS using a Q Exactive Plus Hybrid Quadrupole-Orbitrap online with a nanoLC
Ultimate 3000 chromatography system (Thermo Fisher Scientific™, San Jose, CA, USA).
For each biological sample, 5 microliters corresponding to 25% of digested sample were
injected in duplicate on the system. After pre-concentration and washing of the sample on
an Acclaim PepMap 100 column (C18, 2 cm x 100 um i.d. 100 A pore size, 5 um particle
size), peptides were separated on a LC EASY-Spray column (C18, 50 cm x 75 pmi.d., 100 A,
2 um, 100A particle size) at a flow rate of 300 nL/min with a two steps linear gradient
(2-22% acetonitrile /H20; 0.1% formic acid for 100 min and 22-32% acetonitrile/H20; 0.1%
formic acid for 20 min). For peptides ionization in the EASYSpray source, spray voltage
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was set at 1.9 kV and the capillary temperature at 250 °C. All samples were measured in
a data-dependent acquisition mode. Each run was preceded by a blank MS run in order
to monitor system background. The peptide masses were measured in a survey full scan
(scan range 375-1500 m/z, with 70 K FWHM resolution at m/z = 400, target AGC value
of 3.00 x 10° and maximum injection time of 100 ms). Following the high-resolution full
scan in the Orbitrap, the 10 most intense data-dependent precursor ions were successively
fragmented in HCD cell and measured in Orbitrap (normalized collision energy of 25%,
activation time of 10 ms, target AGC value of 1.00 x 103, intensity threshold 1.00 x 10*
maximum injection time 100 ms, isolation window 2 m/z, 17.5 K FWHM resolution, scan
range 200 to 2000 m/z). Dynamic exclusion was implemented with a repeat count of 1 and
exclusion duration of 20 s.

Raw files generated from mass spectrometry analysis were processed with Proteome
Discoverer 1.4 .1.14 (Thermo Fisher Scientific, San Jose, CA, USA) to search against a
home-made database containing 20,150 human sequences, 4306 E.coli sequences imple-
mented with the expected sequences (swissprot — human — reviewed — 170315 _ 20150
_UP_coli_171120_4306_ Patrick220922 _ ID _ Bandes.fast).

Database search with SequestHT were done using the following settings: a maximum
of two trypsin miss cleavage allowed, methionine oxidation and N terminal protein acety-
lation as variable modifications, and cysteine carbamidomethylation as fixed modification.
A peptide mass tolerance of 6 ppm and a fragment mass tolerance of 0.8 Da were allowed
for search analysis. Only peptides with high Sequest scores were selected for protein
identification. False discovery rate was set to 1% for protein identification.

3.3. PEG Precipitation Assay (Relative Solubility)

The relative solubility of each variant was evaluated at different PEG concentrations
using an adaptation of the protocol recently described by Oeller et al. [32]. Briefly, PEG
solutions from 0 to 30% were prepared from 50% PEGgggo (Steinheim, Germany) stock
solution. Then, an aliquot of corresponding protein from a stock (at 260 pM) was mixed
with each PEG solutions to obtain a final concentration of 66 uM protein in a 100 uL
final reaction volume. The assay was performed in 96-well plates sealed with aluminum
plate sealers to prevent possible evaporation (Thermo Fisher Scientific, USA). Plates were
incubated at 4 °C for 24 h and centrifugated at maximum velocity (4600x g) for 2 h.
Immediately after, 2 uL of the supernatant were pipetted to quantify the soluble protein
concentration using a ND-1000 Nanodrop Spectrophotometer and theoretical absorption
coefficients at 280 nm as obtained using the program ProtParam from the EXPASY server
(http:/ /web.expasy.org/protparam/, accessed on 20 January 2021). Each condition was
made in triplicate. The soluble fractions obtained were normalized and fitted to a sigmoid
function to obtain the PEG, /, value that reports on relative solubility (PRISM software).
The error on the PEG; and the quality of the fit were estimated by a 95% confidence interval

2
analysis (PRISM software version 9.2, CA, USA).

3.4. Far-UV Circular Dichroism

CD spectra were measured using a Jasco 810 dichrograph (Jasco France, Lisses, France),
flushed with N; and equipped with a Peltier thermoregulation system. Proteins were
loaded into a 1 mm quartz cuvette at 0.06 mg/mL (in 10 mM phosphate buffer at pH
7.2) and spectra were recorded at 37 °C. The scanning speed was 20 nm min~!, with
data pitch of 0.2 nm. Each spectrum is the average of ten acquisitions. The spectrum
of buffer was subtracted from the protein spectrum. Spectra were smoothed using the
“means-movement” smoothing procedure implemented in the Spectra Manager package.
As already previously documented, a decrease in the signal spectrum was observed with
increasing incubation time and ascribed to fibril formation [25]. Because the different
variants have different fibrillation propensities, differences in spectra intensity might reflect
differences in the fraction of fibrillar species (which are not detected by CD) rather than
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bona fide spectral differences. We therefore normalized spectra using the maximum negative
value of intensity as a normalization factor.
Mean molar ellipticity values per residue (MRE) were calculated as

[0]1=3300 x m x AA/(l X ¢ X n) (2)

where [ is the path length in cm, 7 is the number of residues, m is the molecular mass in
Daltons and c is the concentration of the protein in mg mL 1.

3.5. Estimation of the Hydrodynamic Radius by SEC

The hydrodynamic radii (Stokes radii, Rg) of the proteins were estimated by analytical
SEC using a HiLoad 16/600 Superdex 75 pg column (Cytiva, Marlborough, MA, USA).
Buffer B was used as elution buffer. Typically, 250 uL of purified protein at 11 mg mL ™!
were injected.

The Stokes radii of proteins eluted from the SEC column were deduced from a calibra-
tion curve obtained using globular proteins of known Rg (Conalbumin: 36.4 A, Carbonic
Anhydrase: 23 A, RNAse A: 16.4 A Aprotinin: 13.5 A)

The Rg (in A) of a natively folded (RsNF), fully unfolded state in urea (RsY) and
natively unfolded premolten globule (PMG) (RgPMG) protein with a molecular mass (MM)
(in Daltons) were calculated according to [44]:

log (RsNF) = 0.357 x (log MM) — 0.204 ©)
log (Rs)=0.521 x (log MM) — 0.649 )
log (Rs"™C) = 0.403 x (log MM) — 0.239 (5)

The Rg (in A) of an IDP with N residues was also calculated according to [45] using
the simple power-law model:
RgPP= RNV (6)

where Rp = 2.49 and v = 0.509. The compaction index (CI) is expressed according to [46]:
CI = (RsY — Rs“%)/(Rs" — Rs™F) (7)

This parameter, which allows comparison between proteins of different lengths, in
principle varies between 0 and 1, with 0 indicating minimal compaction and 1 maximal
compaction. In the case of the cysteine variant, as the SEC analysis was performed without
DTT, a peak corresponding to a dimeric species was observed. However, since the latter
was not well resolved, its corresponding Rg was not calculated.

3.6. Small-Angle X-ray Scattering (SAXS)

In order to ensure maximal monodispersity of the sample, SAXS studies were coupled
to SEC. SEC-SAXS data were collected at SOLEIL (Gif-sur-Yvette, France), as described in
Table 3. In both cases, the calibration was performed with water. Sample from each PNT3
variant at 5 mg mL~! in buffer B containing 6M GDN was injected onto an AdvanceBio
SEC 2.7 um (Agilent) SEC column. Elution was carried out in buffer C (50 mM sodium
phosphate buffer at pH 7.2). Data reduction and frames subtraction were done with the
beamline software FOXTROT (available upon request from the SOLEIL staff). Gaussian
decomposition was performed using the UltraScan solution modeler (US-SOMO) HPLC-
SAXS module (https://somo.aucsolutions.com/, accessed on 6 September 2022) [47] or
Chromixs (manual frames selection) [48] and the final deconvoluted scattering curves
were submitted to the SHANUM program [49] to remove noisy, non-informative data at
high angles.
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Table 3. SEC-SAXS data acquisition parameters.

SOLEIL Synchrotron

Instrument (Gif-sur-Yvette, France)
Beamline Swing
X-rays wavelength (A) 1.033
Energy (keV) 12
Detector type Dectris EIGER 4M
Sample-to-detector distance (m) 2.0
g-range 0.003 — 0.549 A1
Temperature (°C) 20
Samples
Concentration (mg mL~1) 5
Sample volume (uL) 50
Gel filtration column AdvanceBio SEC 2.7 um (Agilent)
Flow rate (mL min 1) 0.3
Buffer 50 mM sodium phosphate pH 7.2 (buffer C)

The data were analyzed using the ATSAS program package [49]. The radius of
gyration (R,) and I(0) were estimated at low angles (4.Ry < 1.3) according to the Guinier
approximation [50,51]:

Lull(@)] = Lullo] = (7°Rg*)/3 (®)

The pairwise distance distribution functions P(r), from which the Dy;y and the Rq
were estimated, were calculated with the program GNOM [52] and manually adjusted until
a good CorMap p-value (x > 0.01) was obtained [52].

The theoretical R, value (in A) expected for various conformational states was calcu-
lated using Flory’s equation:

Rg = RoNY )

where N is the number of amino acid residues, Ry a constant and v a scaling factor. For
IDPs, Rg is 2.54 £ 0.01 and v is 0.522 £ 0.01 [53], for chemically denatured (U) proteins Rg
is 1.927 + 0.27 and v is 0.598 £ 0.028 [53], and for natively folded (NF) proteins Ry = 1/(3/5)
x 4.75 and v = 0.29 [54].

As in the case of the Rg, the CI allows comparing the degree of compaction of a given
IDP, through comparison of the observed R, to the reference values expected for a fully
unfolded and a folded conformation of identical mass. The CI referred to the Ry can be
calculated as follows [46]:

CI = (RgY — RgOB%) /(RY — RGNF) (10)

where RO is the experimental value for a given protein, and R;! and R N are the
reference values calculated for a fully unfolded (U) and natively folded (NF) form, as
described above. Akin to the Rs-based CI, this index increases with increasing compaction.

The overall conformation and the flexibility of the proteins was assessed with the
dimensionless Kratky plot ((ng)2 I(9) /1o vs gR¢) and the Krakty-Debye plot (*1(q) vs 7).

SEC-SAXS data have been deposited in the Small Angle Scattering Biological Data
Bank (SASBDB) [55] under codes SASDQB7, SASDQC7, SASDQD7, SASDQE7 and SAS-
DQF7 for the set of data of PNT3 wt, PNT3%#, NiV PNT3, PNT3_C-terminal truncated and
PNT33A_C-terminal truncated, respectively.

3.7. Congo Red Binding Assays

Quantitative measurement of Congo Red (Sigma Aldrich, Saint Louis, MO, USA) bind-
ing (CR shift assay) was carried out by using protein samples containing each PNT3 variant
at 20 pM (in Buffer C) and 5 uM of CR in a final volume of 100 pL. The samples were then
incubated at 37 °C for 4 or 7 days. The adsorption spectrum of the CR-containing samples
was recorded using a PHERAstar FSX Microplate Reader (BMG LABTECH, Champigny-
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sur-Marne, France) in the 350-600 nm wavelength range. A solution of 5 uM CR in Buffer
C without the protein was used as a control to normalize the analysis. Experiments were
carried out in triplicate. Statistical analysis was performed using a Two-way ANOVA test
implemented in the PRISM software.

3.8. Negative-Staining Transmission Electron Microscopy (ns-TEM)

All the variants, at a concentration of 200 uM, were prepared and analyzed at different
times to monitor their evolution (0, 24, 96 h). Incubation was carried out at 37 °C in Buffer
C. Prior to each measurement, the samples were diluted to reach a final concentration
of 40 uM. EM grids (carbon coated copper grids, 300 mesh, Agar Scientific, UK) were
exposed to plasma glow discharge for 20 s using GloQube (Quorum, UK) (Current 15 mA)
in order to increase protein adhesion. Drops of 3.5 uL of the diluted protein solutions were
deposited onto glow-discharged grids. After 1 min incubation with the sample, the grids
were washed three times with 50 pL of buffer C, once in 35 pL 1% (w/v) Uranyl acetate
solution (Laurylab, Brindas, France) and then stained for 1 min in the latter solution. Excess
of uranyl was blotted and grids were left to dry for 1 h at RT. Images were collected on
Tecnai 120 Spirit TEM microscope (FEI company, ThermoFisher, Illkirch-Graffenstaden
France) operated at 120 kV using a Veleta 2K x 2K CCD camera (Olympus).

3.9. Kinetic Protein Aggregation Study by Taylor Dispersion Analysis (TDA)

TDA was performed as already described [41] using an Agilent 7100 (Waldbronn,
Germany) capillary electrophoresis system with bare fused silica capillaries (Polymicro
Technologies, USA) having 60 cm x 50 um i.d. dimensions and a detection window at
51.5 cm. New capillaries were conditioned with the following flushes: 1 M NaOH for
30 min and ultrapure water for 30 min. Between each analysis, the capillaries were rinsed
with Buffer C (2 min). Samples were injected hydrodynamically on the inlet end of the
capillary (30 mbar, 6 s, injected volume is about 6.1 nL corresponding to less than 1% of the
capillary volume to the detection point). Experiments were performed using a mobilization
pressure of 100 mbar. The temperature of the capillary cartridge was set at 37 °C. The
vial carrousel was thermostated using an external circulating water bath from Instrumat
(Moirans, France). The solutes were monitored by UV absorbance at 198 nm. The mobile
phase was Buffer C. (viscosity at 37 °C is 7.54 x 10~* Pa.s.). Samples obtained after the
desalting column were diluted to reach 700 puL at 200 uM solution and were immediately
transferred to a vial and incubated at 37 °C in the capillary electrophoresis instrument’s
carrousel. The aggregation was conducted by injecting the sample every 1 h. The total
number of TDA runs for each sample was about 120. The taylorgrams were recorded with
Agilent Chemstation software and then exported to Microsoft Excel for subsequent data
processing. Data were fitted to a first order exponential decay according to Equation (1).
This resulted in a good quality fit as judged from the Reduced Chi-Sqr: 0.43723; R-Square
(COD) = 0.93943, and Adj. R-Square = 0.93576. When necessary, the elution peaks were
fitted with the sum of n Gaussian functions (in this work: n < 3) as already described [41,42].

4. Conclusions

This study constitutes a comprehensive analysis of the molecular basis of the fib-
rillation process of a small region (PNT3) within the N-terminal intrinsically disordered
domain shared by the HeV P/V /W proteins. Biochemical and biophysical characterization
of a set of HeV PNT3 variants bearing alanine substitutions in the amyloidogenic EYYY
motif, along with the characterization of the corresponding PNT3 region from the cognate
NiV, revealed that each of the three tyrosines in the motif are required for the elongation
step of the fibrillation process. Remarkably, the present study also unveiled a role for the
C-terminal domain of PNT3 in self-inhibition of fibrillation, possibly reminiscent of the
a-synuclein fibrillation model, and of potential biological significance. Noteworthy, in
light of the observation that amyloid-like fibrils form not only in vitro but also the cellular
context, it is tempting to hypothesize that the amyloidogenicity of V/W proteins, which
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both encompass the PNT3 region, could be correlated with the pathogenic (and even en-
cephalitogenic) properties of Henipaviruses. Therefore, the PNT3 variants that we have
herein generated constitute valuable tools to further explore the functional impact of V/W
fibrillation in transfected and infected cells. The present results therefore set the stage for
further investigations aimed at illuminating the mechanisms underlying the disease as a
preliminary step towards the rational design of antivirals.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms24010399/s1.

Author Contributions: S.L. conceived, designed and supervised the study and acquired funding;
C.B. generated all the bacterial expression constructs; H.B. purified all the proteins used in the work.
F.G. recorded and analyzed the SAXS data, ].C. and H.C. performed the TDA analysis; D.P., G.P. and
J.EN. performed the TEM analyses; J.EN. carried out all the other experiments. J.EN., EG., G.P,
A.VK. and S.L. analyzed and interpreted the data; ].E.N. generated the first draft of the manuscript.
All the authors wrote and revised the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was carried out with the financial support of the Agence Nationale de la
Recherche (ANR), specific project Heniphase (ANR-21-CE11- 0012-01). It was also partly supported
by the French Infrastructure for Integrated Structural Biology (FRISBI) (ANR-10-INSB- 0005) and by
the CNRS. EG. is supported by a post-doctoral fellowship from the FRM (Fondation pour la Recherche
Médicale). G.P. is supported by a joint doctoral fellowship from the AID (Agence Innovation
Défense) and Aix-Marseille University. J.EN. is supported by a postdoctoral fellowship from the
Infectiopdle Sud.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data present in the current study are available from the corre-
sponding author on reasonable request.

Acknowledgments: We thank Aurélien Thureau (SOLEIL) and Anton Popov (ESRF) for their help
in recording SEC-SAXS data. We thank both the ESRF and the SOLEIL synchrotrons for beamtime
allocation. We are also grateful to Gerlind Sulzenbacher (AFMB lab) for efficiently managing the
AFMB BAG. We thank all the AFMB technical and support staff (Denis Patrat, Patricia Clamecy,
Béatrice Rolland, Paul Zamboni, Chantal Falaschi and Fabienne Amalfitano). We heartily thank
Patrick Fourquet for mass spectrometry analyses done using the mass spectrometry facility of
Marseille Proteomics (marseille-proteomique.univ-amu.fr), supported by IBISA (Infrastructures
Biologie Santé et Agronomie), Plateforme Technologique Aix-Marseille, the Cancéropole PACA,
Région Sud-Alpes-Cote d’Azur, the Institut Paoli-Calmettes, the Centre de Recherche en Cancérologie
de Marseille (CRCM), Fonds Européen de Développement Régional and Plan Cancer.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

1. Eaton, B.T.; Mackenzie, ].S.; Wang, L.F. Henipaviruses. In Fields Virology, 5th ed.; Fields, B.N., Knipe, D.M., Howley, PM., Eds.;
Lippincott-Raven: Philadelphia, PA, USA, 2007; pp. 1587-1600.
2. Eaton, B.T.; Broder, C.C.; Middleton, D.; Wang, L.F. Hendra and Nipah viruses: Different and dangerous. Nat. Rev. Microbiol.

2006, 4, 23-35. [CrossRef]

3. Bloyet, L.M.; Welsch, J.; Enchery, E; Mathieu, C.; de Breyne, S.; Horvat, B.; Grigorov, B.; Gerlier, D. HSP90 Chaperoning in
Addition to Phosphoprotein Required for Folding but Not for Supporting Enzymatic Activities of Measles and Nipah Virus L
Polymerases. ]. Virol. 2016, 90, 6642—-6656. [CrossRef]

4. Abdella, R;; Aggarwal, M.; Okura, T.; Lamb, R.A.; He, Y. Structure of a paramyxovirus polymerase complex reveals a unique
methyltransferase-CTD conformation. Proc. Natl. Acad. Sci. USA 2020, 117, 4931-4941. [CrossRef]

5. Bloyet, L.M.; Schramm, A.; Lazert, C.; Raynal, B.; Hologne, M.; Walker, O.; Longhi, S.; Gerlier, D. Regulation of measles virus
gene expression by P protein coiled-coil properties. Sci. Adv. 2019, 5, eaaw3702. [CrossRef]

41



Int. J. Mol. Sci. 2023, 24, 399

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Karlin, D.; Ferron, F.; Canard, B.; Longhi, S. Structural disorder and modular organization in Paramyxovirinae N and P. J. Gen.
Virol. 2003, 84, 3239-3252. [CrossRef]

Habchi, J.; Mamelli, L.; Darbon, H.; Longhi, S. Structural Disorder within Henipavirus Nucleoprotein and Phosphoprotein: From
Predictions to Experimental Assessment. PLoS ONE 2010, 5, e11684. [CrossRef]

Schiavina, M.; Salladini, E.; Murrali, M.G,; Tria, G.; Felli, I.C.; Pierattelli, R.; Longhi, S. Ensemble description of the intrinsically
disordered N-terminal domain of the Nipah virus P/V protein from combined NMR and SAXS. Sci. Rep. 2020, 10, 19574.
[CrossRef]

Wright, P.E.; Dyson, H.J. Intrinsically unstructured proteins: Re-assessing the protein structure-function paradigm. J. Mol. Biol.
1999, 293, 321-331. [CrossRef]

Uversky, V.N,; Gillespie, J.R.; Fink, A.L. Why are "natively unfolded" proteins unstructured under physiologic conditions? Proteins
2000, 41, 415-427. [CrossRef]

Tompa, P. Intrinsically disordered proteins: A 10-year recap. Trends Biochem. Sci. 2012, 37, 509-516. [CrossRef]

Habchi, ].; Tompa, P.; Longhi, S.; Uversky, V.N. Introducing Protein Intrinsic Disorder. Chem. Rev. 2014, 114, 6561-6588. [CrossRef]
Jensen, M.R.; Yabukarski, F.; Communie, G.; Condamine, E.; Mas, C.; Volchkova, V.; Tarbouriech, N.; Bourhis, ].M.; Volchkov, V.;
Blackledge, M.; et al. Structural Description of the Nipah Virus Phosphoprotein and Its Interaction with STAT1. Biophys. ]. 2020,
118, 2470-2488. [CrossRef]

Bruhn-Johannsen, J.F,; Barnett, K.; Bibby, J.; Thomas, J.; Keegan, R.; Rigden, D.; Bornholdt, Z.A.; Saphire, E.O. Crystal structure of
the Nipah virus phosphoprotein tetramerization domain. J. Virol. 2014, 88, 758-762. [CrossRef]

Blocquel, D.; Beltrandi, M.; Erales, J.; Barbier, P.; Longhi, S. Biochemical and structural studies of the oligomerization domain of
the Nipah virus phosphoprotein: Evidence for an elongated coiled-coil homotrimer. Virology 2013, 446, 162-172. [CrossRef]
Beltrandi, M.; Blocquel, D.; Erales, J.; Barbier, P.; Cavalli, A.; Longhi, S. Insights into the coiled-coil organization of the Hendra
virus phosphoprotein from combined biochemical and SAXS studies. Virology 2015, 477, 42-55. [CrossRef]

Habchi, J.; Blangy, S.; Mamelli, L.; Ringkjobing Jensen, M.; Blackledge, M.; Darbon, H.; Oglesbee, M.; Shu, Y.; Longhi, S.
Characterization of the interactions between the nucleoprotein and the phosphoprotein of Henipaviruses. ]. Biol. Chem. 2011, 286,
13583-13602. [CrossRef]

Communie, G.; Habchi, J.; Yabukarski, F.; Blocquel, D.; Schneider, R.; Tarbouriech, N.; Papageorgiou, N.; Ruigrok, R.W.; Jamin, M.;
Ringkjebing-Jensen, M.; et al. Atomic resolution description of the interaction between the nucleoprotein and phosphoprotein of
Hendra virus. PLoS Pathog. 2013, 9, €1003631. [CrossRef]

Douglas, J.; Drummond, A.J.; Kingston, R.L. Evolutionary history of cotranscriptional editing in the paramyxoviral phosphopro-
tein gene. Virus Evol. 2021, 7, veab028. [CrossRef]

Salladini, E.; Delauzun, V.; Longhi, S. The Henipavirus V protein is a prevalently unfolded protein with a zinc-finger domain
involved in binding to DDB1. Mol. Biosyst. 2017, 13, 2254-2267. [CrossRef]

Pesce, G.; Gondelaud, F,; Ptchelkine, D.; Nilsson, J.E,; Bignon, C.; Cartalas, ].; Fourquet, P; Longhi, S. Experimental Evidence of
Intrinsic Disorder and Amyloid Formation by the Henipavirus W Proteins. Int. J. Mol. Sci. 2022, 23, 923. [CrossRef]

Fontana, ].M.; Bankamp, B.; Rota, P.A. Inhibition of interferon induction and signaling by paramyxoviruses. Immunol. Rev. 2008,
225, 46-67. [CrossRef]

Audsley, M.D.; Moseley, G.W. Paramyxovirus evasion of innate immunity: Diverse strategies for common targets. World |. Virol.
2013, 2, 57-70. [CrossRef]

Tsimbalyuk, S.; Cross, E.M.; Hoad, M.; Donnelly, C.M.; Roby, J.A.; Forwood, J.K. The Intrinsically Disordered W Protein Is
Multifunctional during Henipavirus Infection, Disrupting Host Signalling Pathways and Nuclear Import. Cells 2020, 9, 1913.
[CrossRef]

Salladini, E.; Gondelaud, E,; Nilsson, J.; Pesce, G.; Bignon, C.; Murrali, M.G.; Horvat, B.; Fabre, R.; Pierattelli, R.; Kajava, A.V.; et al.
Identification of a region in the common amino-terminal domain of Hendra virus P, V and W proteins responsible for phase
transition and amyloid formation. Biomolecules 2021, 11, 1324. [CrossRef]

Gondelaud, F,; Pesce, G.; Nilsson, J.F,; Bignon, C.; Ptchelkine, D.; Gerlier, D.; Mathieu, C.; Longhi, S. Functional benefit of
structural disorder for the replication of measles, Nipah and Hendra viruses. Essays Biochem. 2022, in press. [CrossRef]

Kajava, A.V,; Baxa, U.; Steven, A.C. Beta arcades: Recurring motifs in naturally occurring and disease-related amyloid fibrils.
FASEB ]. 2010, 24, 1311-1319. [CrossRef]

Ahmed, A.B.; Znassi, N.; Chateau, M.T.; Kajava, A.V. A structure-based approach to predict predisposition to amyloidosis.
Alzheimers Dement. 2015, 11, 681-690. [CrossRef]

Swaminathan, R.; Ravi, VK.; Kumar, S.; Kumar, M.V,; Chandra, N. Lysozyme: A model protein for amyloid research. Adv. Protein
Chem. Struct. Biol. 2011, 84, 63-111. [CrossRef]

Tseng, W.H.; Chen, S.H.; Hiramatsu, H. pH-controlled stacking direction of the 3-strands in peptide fibrils. Sci. Rep. 2020,
10, 22199. [CrossRef]

Pfefferkorn, C.M.; McGlinchey, R.P,; Lee, ].C. Effects of pH on aggregation kinetics of the repeat domain of a functional amyloid,
Pmell7. Proc. Natl. Acad. Sci. USA 2010, 107, 21447-21452. [CrossRef]

Oeller, M.; Sormanni, P.; Vendruscolo, M. An open-source automated PEG precipitation assay to measure the relative solubility of
proteins with low material requirement. Sci. Rep. 2021, 11, 21932. [CrossRef]

Uversky, V.N. Natively unfolded proteins: A point where biology waits for physics. Protein Sci. 2002, 11, 739-756. [CrossRef]

42



Int. J. Mol. Sci. 2023, 24, 399

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

Schramm, A.; Bignon, C.; Brocca, S.; Grandori, R.; Santambrogio, C.; Longhi, S. An arsenal of methods for the experimental
characterization of intrinsically disordered proteins - How to choose and combine them? Arch. Biochem. Biophys. 2019, 676, 108055.
[CrossRef]

Anand, B.G.; Prajapati, K.P; Shekhawat, D.S.; Kar, K. Tyrosine-Generated Nanostructures Initiate Amyloid Cross-Seeding in
Proteins Leading to a Lethal Aggregation Trap. Biochemistry 2018, 57, 5202-5209. [CrossRef]

Hoyer, W.; Cherny, D.; Subramaniam, V.; Jovin, T.M. Impact of the acidic C-terminal region comprising amino acids 109-140 on
alpha-synuclein aggregation in vitro. Biochemistry 2004, 43, 16233-16242. [CrossRef]

Sorrentino, Z.A.; Giasson, B.I. The emerging role of a-synuclein truncation in aggregation and disease. J. Biol. Chem. 2020, 295,
10224-10244. [CrossRef]

Holehouse, A.S.; Das, RK.; Ahad, ].N.; Richardson, M.O.; Pappu, R.V. CIDER: Resources to Analyze Sequence-Ensemble
Relationships of Intrinsically Disordered Proteins. Biophys. . 2017, 112, 16-21. [CrossRef]

Gruet, A.; Dosnon, M.; Blocquel, D.; Brunel, J.; Gerlier, D.; Das, R K.; Bonetti, D.; Gianni, S.; Fuxreiter, M.; Longhi, S.; et al. Fuzzy
regions in an intrinsically disordered protein impair protein-protein interactions. FEBS J. 2016, 283, 576-594. [CrossRef]

Troilo, F,; Bonetti, D.; Bignon, C.; Longhi, S.; Gianni, S. Understanding Intramolecular Crosstalk in an Intrinsically Disordered
Protein. ACS Chem. Biol. 2019, 14, 337-341. [CrossRef]

Deleanu, M.; Hernandez, J.F.; Cipelletti, L.; Biron, J.P.; Rossi, E.; Taverna, M.; Cottet, H.; Chamieh, J. Unraveling the Speciation of
B-Amyloid Peptides during the Aggregation Process by Taylor Dispersion Analysis. Anal. Chem. 2021, 93, 6523-6533. [CrossRef]
Deleanu, M.; Deschaume, O.; Cipelletti, L.; Hernandez, J.E; Bartic, C.; Cottet, H.; Chamieh, J. Taylor Dispersion Analysis and
Atomic Force Microscopy Provide a Quantitative Insight into the Aggregation Kinetics of A3 (1-40)/ A (1-42) Amyloid Peptide
Mixtures. ACS Chem. Neurosci. 2022, 13, 786-795. [CrossRef] [PubMed]

Deleanu, M.; Hernandez, J.E; Cottet, H.; Chamieh, J. Taylor dispersion analysis discloses the impairment of Af peptide
aggregation by the presence of a fluorescent tag. Electrophoresis 2022, in press.

Uversky, V.N. What does it mean to be natively unfolded? Eur. ]. Biochem. 2002, 269, 2-12. [CrossRef] [PubMed]

Marsh, J.A.; Forman-Kay, ].D. Sequence determinants of compaction in intrinsically disordered proteins. Biophys. J. 2010, 98,
2383-2390. [CrossRef]

Brocca, S.; Testa, L.; Sobott, F.; Samalikova, M.; Natalello, A.; Papaleo, E.; Lotti, M.; De Gioia, L.; Doglia, S.M.; Alberghina, L.;
et al. Compaction properties of an intrinsically disordered protein: Sicl and its kinase-inhibitor domain. Biophys. J. 2011, 100,
2243-2252. [CrossRef]

Brookes, E.; Rocco, M. Recent advances in the UltraScan SOlution MOdeller (US-SOMO) hydrodynamic and small-angle scattering
data analysis and simulation suite. Eur. Biophys. ]. 2018, 47, 855-864. [CrossRef]

Panjkovich, A.; Svergun, D.I. CHROMIXS: Automatic and interactive analysis of chromatography-coupled small-angle X-ray
scattering data. Bioinformatics 2018, 34, 1944-1946. [CrossRef]

Manalastas-Cantos, K.; Konarev, P.V.; Hajizadeh, N.R.; Kikhney, A.G.; Petoukhov, M.V.; Molodenskiy, D.S.; Panjkovich, A.;
Mertens, H.D.T.; Gruzinov, A.; Borges, C.; et al. ATSAS 3.0: Expanded functionality and new tools for small-angle scattering data
analysis. J. Appl. Cryst. 2021, 54, 343-355. [CrossRef]

Guinier, A. La diffraction des rayons X aux tres petits angles; application a I'etude de phenomenes ultramicroscopiques. Ann.
Phys. 1939, 12, 161-237. [CrossRef]

Guinier, A.; Fournet, F. Small Angle Scattering of X-rays; Wiley Interscience: New York, NY, USA, 1955. [CrossRef]

Svergun, D. Determination of the regularization parameters in indirect-trasform methods using perceptual criteria. J. Appl. Cryst.
1992, 25, 495-503. [CrossRef]

Bernado, P.; Blackledge, M. A self-consistent description of the conformational behavior of chemically denatured proteins from
NMR and small angle scattering. Biophys. J. 2009, 97, 2839-2845. [CrossRef] [PubMed]

Wilkins, D.K.; Grimshaw, S.B.; Receveur, V.; Dobson, C.M.; Jones, ].A.; Smith, L.J. Hydrodynamic radii of native and denatured
proteins measured by pulse field gradient NMR techniques. Biochemistry 1999, 38, 16424-16431. [CrossRef] [PubMed]

Valentini, E.; Kikhney, A.G.; Previtali, G.; Jeffries, C.M.; Svergun, D.I. SASBDB, a repository for biological small-angle scattering
data. Nucleic Acids Res. 2015, 43, D357-D363. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

43



S International Journal of
Molecular Sciences

Article

Cytoophidia Maintain the Integrity of Drosophila
Follicle Epithelium

Qiao-Qi Wang !, Dong-Dong You !

Citation: Wang, Q.-Q.; You, D.-D.;
Liu, J.-L. Cytoophidia Maintain the
Integrity of Drosophila Follicle
Epithelium. Int. ]. Mol. Sci. 2022, 23,
15282. https://doi.org/10.3390/
ijms232315282

Academic Editors: Vladimir
N. Uversky and Hans-Arno Miiller

Received: 15 October 2022
Accepted: 25 November 2022
Published: 4 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ji-Long Liu 12*

School of Life Science and Technology, Shanghai Technology University, Shanghai 201210, China
Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford OX1 3PT, UK
*  Correspondence: liujl3@shanghaitech.edu.cn or jilong liu@dpag.ox.ac.uk

2

Abstract: CTP synthase (CTPS) forms a filamentous structure termed the cytoophidium in all three
domains of life. The female reproductive system of Drosophila is an excellent model for studying the
physiological function of cytoophidia. Here, we use CTPSH3%%4, a point mutation that destroys the
cytoophidium-forming ability of CTPS, to explore the in vivo function of cytoophidia. In CTPSH3%54
egg chambers, we observe the ingression and increased heterogeneity of follicle cells. In addition,
we find that the cytoophidium-forming ability of CTPS, rather than the protein level, is the cause of
the defects observed in CTPS3%4 mutants. To sum up, our data indicate that cytoophidia play an

important role in maintaining the integrity of follicle epithelium.

Keywords: CTP synthase; cytoophidium; Drosophila; epithelium; follicle cell; ingression

1. Introduction

CTP synthase (CTPS) is a glutamate aminotransferase that catalyzes the transfer of
amide nitrogen from glutamine to the C-4 position of UTP. CTP, the product of CTPS, is an
important nucleotide and is a component of the synthesis of RNA, DNA, and sialoglyco-
protein. It also acts as an energy coupler for some metabolic reactions, such as the synthesis
of glycerophospholipids and glycosylated proteins [1,2].

In 2010, CTPS was found to form filamentous structures termed cytoophidia in
Drosophila [3]. Subsequently, CTPS has been found to form filamentous structures in
bacteria [4] and S. cerevisiae [5]. In the following years, the existence of cytoophidia was
confirmed in human cells [6], S. pombe [7], Arabidopsis thaliana [8], and archaea [9], which
indicates that cytoophidia are highly conserved in evolution.

Compartmentation is the basis for the function of organelles [10]. The classical cellular
compartmentation in eukaryotic cells is achieved through membrane-bound organelles,
such as the endoplasmic reticulum, mitochondrion, and Golgi apparatus [11]. Compart-
mentation establishes a physical boundary for the biological processes within cells, enabling
cells to carry out different metabolic activities at the same time, generate specific microen-
vironments, regulate biological processes in time and space, and determine the specific
location where biological processes should occur. The formation of cytoophidia realizes
the regionalization of CTPS, and its location in cells may therefore have corresponding
physiological significance.

Cells in the Drosophila ovary exhibit vigorous anabolic activity because they need
nutrients for development. Cytoophidia are observed from region 2 of the germarium to
stage 10A of oogenesis. Based on the widespread presence of cytoophidia in germline cells
and follicle epithelial cells of Drosophila ovaries [12], and the characteristics of cytoophidium
observed in germline cells and follicle epithelial cells at most stages of oogenesis, Drosophila
ovarian follicle cells have become a classic model for studying cytoophidia.

Epidermal tissues form the boundaries of organs, where they perform a range of func-
tions, including secretion, absorption, and protection. These tissues are usually composed

44



Int. ]. Mol. Sci. 2022, 23, 15282

of discrete cells, forming a single-cell thick sheet. Follicle epithelium is a simple epithelium.
In the process of division, the cells of simple epithelium have a specific orientation of the
spindle, so that both daughter cells are located in the epithelial plane. This is considered
to be very important for maintaining the integrity of follicle epithelium and preventing
hyperplasia [13-16].

An egg chamber consists of hundreds of follicle cells, and each follicle cell has multiple
membrane domains including apical, basal, and lateral. The end adjacent to germline cells
is defined as the apical side, and the end far away from germline cells is defined as the basal
side [17]. Before mitosis, follicle cells will move toward the apical direction, which may
be caused by the extrusion of neighbor cells. This movement results in the displacement
of some cells from the tissue layer. Usually, the displaced cells need to be reintegrated to
support tissue growth and maintain tissue architecture [18-20].

In a previous study, we find that cytoophidia are specifically distributed on the baso-
lateral side of follicle cells, and this specific distribution is related to the polarity regulator
of the cell membrane [21]. Therefore, we need to understand the function of cytoophidium
which is specifically distributed in follicle cells.

In this study, we describe the effects of cytoophidium disassembly on follicle epithe-
lium integrity. We are also concerned about whether these effects are directly related to the
assembly of CTPS into cytoophidia, rather than to the level of CTPS protein. Our results
indicate that cytoophidia play an important role in maintaining the integrity of follicle
epithelium. In addition, we eliminate the influence of tissue-tissue interaction and find that
cytoophidia can directly affect the integrity of follicle epithelium.

2. Results
2.1. CTPS Forms Cytoophidia in Drosophila Follicle Cells

Cells in Drosophila ovaries exhibit vigorous anabolic activity because they need nu-
trients for development. During Drosophila oogenesis, the follicle epithelium is a sheet
of monolayer cells that encase germline cells. CTPS, as the synthase of CTP, plays an
important role in the regulation of tissue growth and development. Cytoophidia exist in
several different types of cells in the Drosophila ovary from region 2 of the germarium to
stage 10A of oogenesis, including epithelial follicle cells (Figure 1A-C) and germline cells
(Figure 1D-F).

2.2. Follicle Cells Undergo Ingression in CTPSH3%4 Egg Chambers

The amino acid histidine at the 355th position, or His355, lies at the tetramer-tetramer
interface of CTPS [22]. If the H355 site is mutated, the cytoophidium cannot be formed.
Previous studies showed that the H355 site is essential for its polymerization, but not enzy-
matic function [23,24]. Our laboratory has solved the structure of Drosophila melanogaster
CTPS (dmCTPS) and found that the H355 site lies at the tetramer—tetramer interface and
does not affect the catalytic site [25]. Therefore, we constructed an H355A point-mutated
knock-in Drosophila strain to investigate whether the disassembly of cytoophidia would
affect follicle cells. Former studies found that the H355A served as a dominant negative
point mutation [26] (Figure S1).

In order to find out whether the abnormality is caused by the inability of CTPS to
aggregate due to H355A point mutation or the addition of mCherry tag, our laboratory
constructed another Drosophila strain with mCherry added to the C-terminus of CTPS
based on w!!8. To determine whether the feature of cytoophidium localization was in fact
introduced by protein fusion between CTPS and mCherry tag, we performed immunoflu-
orescence microscopy and directly detected the CTPS protein of the w!!!8 fly and found
no difference [27]. It is proven by the observation that the knock-in mCherry tag does
not affect the polymerization of CTPS protein. The morphology of the CTPS-mCherryX!
Drosophila(CTPS-mCh) ovaries is consistent with that of the w!'!8, which implies that the
CTPS-mCherryX! Drosophila can also be used as control in our experiment (Figure 2A-F).

45



Int. ]. Mol. Sci. 2022, 23, 15282

Besides, our laboratory has used the CTPS-mCherryX! Drosophila as control in previous
studies [28,29].

Figure 1. Follicle cells maintain monolayer during Drosophila oogenesis. (A—-C) Surface view
of a wild-type ovariole containing different stages of egg chambers. The ovariole is subjected to
immunofluorescence analysis with antibodies against CTPS (green) and Hts (red, labelling cell
membranes). DNA is labelled by Hoechst 33342 (blue). (A) Cytoophidia are distributed almost at
different stages of each follicle cell. (B) The boundaies of follicle epithelia are displayed by a single
projection of Hts staining. (C) CTPS staining shows the distribution of cytoophidia on the surface of
egg chambers. (D-F) Side view of the same ovariole in (A-C). (D) Monolayer follicle cells envelop
germline cells. (E) A single projection of Hts staining shows the monolayer structure of follicle
epithelia. (F) CTPS staining shows the distribution of cytoophidia in follicle cells and germline cells.
Scale bars, 50 pm.

When constructing the point-mutated Drosophila strain, we added a mCherry tag at
the C-terminal of CTPS. Through confocal microscopy, we observed diffuse mCherry signal
in Drosophila follicle cells, which confirmed that the CTPS could not form the cytoophidium
after mutation at the H355 site (Figure 3A,F). In the egg chamber of wild-type flies, follicle
cells are monolayer epidermal cells. We observed their morphological characteristics by
immunofluorescence staining. The cell membrane was labeled with an antibody against
Armadillo. We found that in the egg chamber of CTPSH3%54/H3%4 1, Cherry knock-in ho-
mozygous fly (hereinafter referred to as CTPS™3%4 strain), some follicle cells originally
arranged in a monolayer migrated inward (ie. ingression), thus disrupting the monolayer
arrangement. The ingression of follicle cells occurs not only in the early stages of oogenesis,
such as stage 5 (Figure 3A-E), but also in the middle stages of oogenesis, such as stage 8
(Figure 3F-]).
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Figure 2. CTPS-mCh ovaries have same morphology as wild-type ovaries. (A—C) Surface view of a
stage 8 CTPS-mCh egg chamber. The CTPS signal (green) shown is obtained using mCherry-tagged
CTPS. Hts (red) staining marks cell membranes and Hoechst (blue) for DNA. (A) mCherry moiety
doesn’t affect CTPS assembly. (B) Merged panel of Hts and CTPS to display the cytoophidia location.
(C) Single panel of the nucleus. (D) Lateral view of a stage 8 CTPS-mCh egg chamber. (E) Merged
panel of Hts and CTPS to show the monolayer structure of follicle epithelia as well as cytoophidia
distribution. (F) Single panel of nucleus to stress the single-layer follicle epithelia.

20 pm CTPSH3s5A

Figure 3. Follicle cell ingression in CTPSH3%54 mutant in early and middle stages of oogenesis.
(A) Cross section of a CTPSH3%4 stage 6 egg chamber. The egg chamber is labeled with CTPS (green),
Armadillo (red) for apical complex in follicle cells and Hoechst 33342 (blue) for DNA. The white
rectangle emphasizes the ingression of a follicle cell. (B—E) Close-up images of the ingressive follicle
cell, indicated by the yellow arrow. No cytoophidium is formed due to the H355A mutation in
CTPS. (F) Cross section of a CTPSH3%%4 ego chamber at stage 9. The white rectangle emphasizes
the ingression of a follicle cell. (G-J) Close-up images of the ingressive follicle cell, indicated by the
yellow arrow. Scale bars, 20 um.
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Our study mainly focused on stage 8 egg chambers. We demonstrated the ingres-
sion of follicle cells in stage 8 egg chambers through three-dimensional reconstruction
(Figure 4A—C). Combined with the morphological changes of follicle cells observed on the
surface of the egg chambers, we speculated that the integrity of follicle epithelia would be
disturbed when CTPS could not assemble into cytoophidia. Through statistical analysis,
we found that approximately 20% of egg chambers at stage 8 have follicle cells ingression
by counting 20 stage 8 egg chambers of each genotype (Figure 4D). Our results indicate that
the widely and specifically distributed cytoophidia play a role in maintaining the integrity
of follicle epithelia.

100 120 140

Ingression Frequency

Figure 4. Three dimensional view of follicle cell ingression. (A) Cross section of a three-
dimensional CTPS"3%4 egg chamber. A three-dimensional view of DNA stacked in layers. The
interval between each layer is 0.5 pm, and a total of 12 layers are superimposed. The color from red
to blue indicates the depth of DNA. (B) Side view of an ingressive nucleus. (C) On the xz plane, with
the yellow dotted line marking the ingressive cell. (D) Quantification of the ingression frequency,
20 stage 8 egg chambers were counted per genotype.

2.3. Ingressive Follicle Cells Display Abnormal DCAD2 Pattern

In a previous study, we found that cytoophidia are specifically located on the lateral
and basal sides of follicle cells [21]. The polarity regulators of follicle cells and adherens
junctions have certain effects on the maintenance of cytoophidia. To explore whether the cell
membrane components of ingressive follicle cells would be affected when cytoophidium
fails to form, we labeled the basolateral regulator Dlg of follicle cells, adherens junctions
DE-Cadherin DCAD2, and cell membrane protein Hts. After immunostaining, in the follicle
epithelium labeled with Hts and Dlg, there was no significant difference between the cell
membrane of ingressive follicle cells and that of normal follicle cells (Figure 5A-H).

Under the condition of DCAD2 labeling, we found that DCAD2 showed an abnormal
pattern in the ingressive follicle cells compared with normally arranged follicle cells. In
normal follicle cells, the end near the germline cells is defined as the apical side and the
end near the muscle layer is defined as the basal side. From the cross-sectional view of
the lateral side of the stage 8 egg chamber, the DCAD2 pattern should be adjacent to the
germline cells. However, in the ingressive follicle cell, DCAD2 could be seen flipping in the
direction rather than at the apical side (Figure 6).
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Figure 5. Ingression of follicle cells labeled with different membrane proteins. (A) Lateral view
of a stage 8 egg chamber. Hts (red) labels the hulitaishao protein mainly presents at the lateral
of follicle cell membranes. mCherry-tagged CTPS is shown green, and Hoechst (blue) for DNA.
(B) A stage 8 egg chamber of CTPS3%4 Drosophila. mCherry-tagged CTPSH3%%4 is diffused. (C) The
Hts pattern of an ingressive follicle cell. (D) Yellow arrow pointed out the ingressive cell nuclear.
(E) Lateral view of a stage 10A egg chamber. Dlg (red) labels the discs large protein, which presents
in the lateral and basal side of follicle cell. CTPS-mCherry cytoophidia can be observed, and Hoechst
(blue) for DNA. (F) Lateral view of the CTPSH3554 egg chamber at stage 10A. (G) The ingressive cell
nuclear is stressed by the yellow arrow. (H) The Dlg pattern of the follicle cell ingression.

20um | CTPS ~ CTPS-mCH

Figure 6. DCAD?2 distribution is disturbed in CTPS™3%%4 follicle epithelia. (A) Cross section of
Drosophila egg chamber expressing CTPS labelled by mCherry. The part of the follicle cell adjacent
to the nurse cell is called apical, and the DE-Cadherin labeled by DCAD2 (red) is located at the apical
of follicle cells. (B) DCAD2 together with CTPS as control to show the normal distribution of DCAD2.
(C) Lateral view of a CTPSH3%4_iCh egg chamber with abnormal follicle cell. (D) Yellow arrow
pointed to the follicle cell ingression. (E) Ingressive folllicle cell pointed to by yellow arrows show
abnormal distribution of DCAD2.
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2.4. CTPSH3554 Follicle Cells Increase the Heterogeneity

The follicle epithelium of Drosophila consists of a monolayer of follicle cells, which
surround the oocyte and 15 nurse cells. Follicle cells gradually differentiate into various
subpopulations, which will undergo morphological changes. After stage 6, the follicle cells
cease mitosis and are arranged in a hexagonal pattern, which means that under normal
circumstances, each follicle cell contacts six adjacent cells, most of which are hexagonal
and well arranged on the surface of egg chambers. However, in CTPSH3%4 mutant, the
assembly of cytoophidia was disrupted and the number of non-hexagonal cells increased.
We segmented the cell by the membrane staining of Hts protein, counting the different
shapes cell by cell. In CTPSH3%4 mutant, we observed many pentagonal follicle cells, and
the heptagonal cells increased by about 10% (Figure 7A-D).
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Figure 7. Morphological comparision of follicles between wild-type and CTPSH3554, (A-F) Sur-
face view of stage 8 egg chambers. Membrane was labeled by Armadillo (red), and CTPS is shown in
green. (A,C) w!8 egg chamber. Scale bars, 50 um. (B,D) CTPSH3%%4 egg chamber. Scale bars, 20 pm.
(E) Zoom-in view of (C). (F) Zoom-in view of (D). Redlines in E and F outline a central follicle cell
with neighboring follicle cells in numbers. Note that the number of neighboring cells reflects the
number of sides of the central polygonal follicle cells. (G) Quantitative analysis of the morphological
difference between the wild-type control and CTPS!3%4 follicle cells (6 egg chambers were quantified
per genotype, biological repeats = 3).
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The quantification further confirmed that compared with w!!’$, there was difference
in the number of heptagonal follicle cells in stage 8 egg chambers of the CTPSH3%4 mutant.
Moreover, the number of hexagonal follicle cells in CTPSH3%°4 egg chambers decreased
by about 15% at stage 8, while the number of polygonal cells increased by about 10%
(Figure 7E-G). Considering that the more sides the polygon, the closer it is to the round
circle, we speculate that when cytoophidia cannot be formed, the cell membrane will
be affected, and the tight arrangement of epithelial follicle cells will not be maintained.
Morphology changes indicate that cytoophidia located at the basolateral side may play a
role in maintaining the integrity of follicle epithelium.

2.5. Follicle Epithelia Reduce Compactness in CTPSH3%%4 Mutant

In the wild-type flies, follicle epithelial cells at stages 4-9 of oogenesis are tightly
packed, and most of the hexagonal follicle cells enclose germ cells. In the case that CTPS
could not be assembled into cytoophidia, we observed that closely arranged epithelial
follicle cells became relatively loose, and follicle cells of similar size in the wild-type became

relatively very large or very small, which was not conducive to compact arrangement
(Figure 8A-L).
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Figure 8. Quantitative morphological analysis of follicle cells. (A) Surface view of a stage 8 wild-
type egg chamber. CTPS-mCherry (green), Hts (red) and DNA (blue, labeled with Hoechst 33342).
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(B) Morphology of cell membrane. The yellow rectangle highlights an area of the follicle epithelium.
(C) Enlarged part of the framed region in B. Larger follicular cells are circled in red, and smaller
follicular cells are circled in blue. (D) CTPS-mCherry (green) and Hts (red) of the same egg chamber
shown in A. (E) The area of each cell was measured after dividing each cell along the cell membrane.
(F) corresponds to (D). (G) Surface view of a CTPpSH3554 stage 8 egg chamber. CTPSH355A—mCherry
knock-in (green), Hts (red, labels cell membrane), and DNA (blue, labeled with Hoechst 33342).
(H) Morphology of the cell membrane. A yellow rectangle highlights an area of the follicle epithelium.
(I) Enlarged part of the framed region in (H). Larger follicle cells are circled in red, and smaller follicle
cells are circled in blue. (J) CTPSH355A-mCherry (green) and Hts (red) of the same egg chamber
shown in (E). Surface view of the cell membrane with CTPS. (K) The area of each cell was measured
after dividing each cell along the cell membrane. (L) corresponds to (K). Scale bars, 20 um. (M) The
ratio of the average area of the three largest cells to the average area of the three smallest cells in an
egg chamber. N = 6, ***, p < 0.0001. Mann-Whitney U test. (5 stage 7-8 egg chambers/genotypes,
3 biological replicates) (N) Average follicle cell surface. N = 3.

In order to further clarify the observed phenomenon, we segmented the follicle cell
surface based on the cell membrane and calculated the basal area of each follicle cell on an
egg chamber through software. The average area ratio of the group with the largest area of
three adjacent follicle cells and the group with the smallest area of three adjacent follicle
cells was used as an indicator of follicle cell heterogeneity. The higher the ratio, the higher
the heterogeneity of surface follicle cell. The quantitative analysis showed that the average
area of follicle cells at stage 8 CTPS"3°54 was smaller than that of the wild-type, but the
heterogeneity was much higher than that of the wild-type (Figure 8M,N).

2.6. Follicle Cell Ingression Occurs in Egg Chamber Overexpessing CTPSH3%54

In previous studies, our laboratory found that the formation of cytoophidia can
prolong the half-life of CTPS protein in mammalian cells. Therefore, we want to know
whether H355A point mutation affects CTPS protein level in Drosophila ovaries. Western
blot results confirmed that the level of CTPS protein in Drosophila ovaries after CTPSH3%54
mutation was lower than that in the wild-type (Figure 9H,I). Thus, we want to investigate
whether the phenotypes observed in the CTPSH3%54 strain are caused by the decrease of
CTPS protein level.

To eliminate the influence of protein level, we used the Actin-Gal4 driver to over-
express CTPSH3%4 in Drosophila ovaries. We constructed Actin-Gal4-driven Drosophila
strains overexpressing CTPSH3%%4 (Actin > UAS CTPSH3%A-mCherry-OE) or wild-type CTPS
(Actin > UAS CTPS-mCherry-OE). Western blot confirmed that there was no significant
difference in CTPS level between the Actin > UAS CTPS-mCherry-OE heterozygous strain
and the Actin > UAS CTPSH3%54-mCherry-OE homozygous strain (Figure 9], K).

We found that the distribution of cytoophidia in the basolateral side of follicle cells
could be clearly observed in Actin > UAS CTPS-mCherry-OE heterozygous egg chambers
(Figure 9A,B). Almost every follicle cell had one or two cytoophidia, and follicle cells
were arranged in a single layer. In Actin > UAS CTPSH3%A-mCherry-OF homozygous
flies, the diffused distribution of CTPSH3%A could be observed, and the ingressive follicle
cells appeared as well (Figure 9C-G). These results indicate that loss of the cytoophidium-
forming ability of CTPS, rather than its protein level, is the primary cause of follicle cell
ingression in the CTPS"3%4 mutant.
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Figure 9. Follicle cell ingression occurs in egg chamber overexpressing CTPS™3%4, (A B) Side
view of stage 8 egg chamber overexpressing CTPS. (C) Cross section of stage 8 egg chamber overex-
pressing CTPSH3%54 The ingression is framed by a rectangle. (D-G) Zoom-in images of the ingression
follicle cells in (C). Scale bars, 20. (H) Western blot is detected with antibodies against mCherry
and tubulin on the ovarian lysates of CTPS-mCh and CTPSH3%54 1,Ch mutants. Scale bars, 20 pm.
(I) Quantitative analysis of the CTPS protein level of samples represented in (H), the mean and
standard deviation. (J) Western blot of the ovarian lysates of Actin > UAS CTPS-OE and Actin > UAS
CTPSH3%A_OF mutants, detected with antibodies against mCherry and tubulin. (K) Quantitative
analysis of the CTPS protein level of samples represented in (J), the mean and standard deviation.
*, p < 0.05; Mann-Whitney U test.

2.7. Overexpession of CTPSH3%54 Increases the Heterogeneity of Follicle Cells

Similarly, we wanted to examine whether the heterogeneity of follicle cells was affected
by the level of CTPS protein. According to our study, there was a long and curly cytoophid-
ium in each follicle cell on the surface of Actin > UAS CTPS-mCherry-OE heterozygous
egg chamber. Compared with the wild-type egg chambers, where cytoophidia are mostly
rod-shaped and distributed along the cell membrane, the elongated cytoophidia were still
distributed along the cell membrane after the overexpression of CTPS (Figure 10A-C).
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Figure 10. The integrity of follicle epithelium is compromised when overexpressing CTPS"3%4,

(A—C) Surface view of a stage 8 egg chamber with follicle cells overexpressing CTPS. Large cy-
toophidia are detectable in almost all follicle cells. (D-F) Surface view of a stage 8 egg chamber
with follicle cells overexpressing CTPS3%4, Note that the heterogenous sizes of follicle cells and
increased gaps between neighbouring follicle cells. CTPS-mCherry (green), Hts (red) and DNA (blue,
labelled with Hoechst 33342). Scale bars, 20 pm.

The diffused distribution of CTPS was confirmed on the surface of the egg chamber
of Actin > UAS CTPSH3554-mCherry-OE homozygous fly. The changes of morphology and
cell size showed that the heterogeneity of follicle cells was enhanced because there was no
cytoophidium on the cell membrane. It seemed that these follicle cells could not even be
arranged tightly (Figure 10D-F).

2.8. Follicle Cell-Specific Overexpression of CTPSH3%54 Impairs the Integrity of Follicle Epithelium

After excluding the influence of CTPS protein level, we wanted to further eliminate the
effect of the inter-tissue interaction caused by the ubiquitous expression of Actin-Gal4. To
this end, we constructed a strain overexpressing CTPSH3%4 using the same UAS CTPSH3%54-
mCherry-OE and UAS CTPS-mCherry-OE strains together with Tj-Gal4 specifically expressed
in follicle cells. As a control, wild-type CTPS was overexpressed specifically in follicle cells
using the Tj-Gal4 driver. Our results confirmed that the integrity of follicle epithelium was
impaired when CTPSH3%°4 was overexpressed specifically in follicle cells (Figure 11A-N).

2.9. Space between Muscle Sheath and Egg Chamber Increases in CTPSH3%54

IF is a member of the integrin complex and widely exists in the muscle layer that
encloses the ovarioles. We found that in the wild-type ovary, the muscle sheath tightly
wrapped the ovarioles and drove their movement (Figure 12A,B), which was conducive
to common life activities such as oogenesis. In CTPSH3%4 ovaries, the space between
the muscle sheath and the egg chamber was significantly increased, and the egg cham-
ber almost collapsed from the muscle sheath (Figure 12C-E), which might affect normal
physiological activities.

54



Int. ]. Mol. Sci. 2022, 23, 15282

Ti>UAS CTPS-OF

Tj>UAS CTPS"3554-OF

Tj>UAS CTPSHISSA_OF 20 pm

Hl Tj~UAS CTPS-OE

B Tj>UAS CTPS™ A0

.

Cell Surface Ratio (Max/Min)
- M

-

T
Stage 7-8
Egg chamber stages

Figure 11. Follicle cell ingression occurs with follicle cell-specific overexpresson of CTPS3554,
(A,B) Side view of a stage 8 egg chamber overexpressing CTPS in follicle epithelium. (C) Cross section

of stage 8 egg chamber after overexpression of CTPSH3%54

in follicle epithelium. The ingression
is framed by a rectangle. (D-G) Zoom-in of the ingressive follicle cell in (C). (H-J) Surface view
of a stage 8 egg chamber with follicle cell-specific overexpression of CTPS. Large cytoophidia are
detectable in almost all follicle cells. Note that most cytoophidia are distributed on or near the cortex
of follicle cells. (K-M) Surface view of a stage 8 egg chamber with follicle cell-specific overexpression
of CTPSH3%54  No cytoophidium is detectable. CTPS-mCherry (green), Hts (red) and DNA (blue,
labelled with Hoechst 33342). Scale bars, 20 um. (N) Quantitative analysis of the ratio of three largest
cells versus three smallest cells (5 images/genotypes, 3 biological replicates). Mann-Whitney U test,
** p=0.002.
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Figure 12. Compared with wild-type control, the space increases between muscle sheath and
egg chambers in CTPS"3%54, (A,B) A stage 8 egg chamber of the CTPSH3%4 mutant. Integrin is
labeled with knock-in GFP (green). CTPSH3%54 s labeled with knock-in mCherry (red). Yellow
arrows point to gap between egg chamber and the muscle sheath. (C,D) A stage 8 wild-type egg
chamber. Integrin is labeled by knock-in GFP. CTPS is labeled by knock-in mCherry. Scale bars, 20 um.
(E) The ratio of GFP intensity of the integrin to DNA from (A-D). The value is normalized to the
control (5 images/genotypes, 3 biological replicates). Mann-Whitney U test. ***, p = 0.0005.

3. Discussion

To explore the physiological function of cytoophidia in Drosophila follicle cells, we
analyze the changes in follicle cells in CTPS mutant when cytoophidia cannot be formed.
Our results indicate that the integrity of follicle epithelium is compromised when CTPS
lose its cytoophidium-forming capability.

In this study, we generate transgenic flies with a point mutation in CTPS. Mutations do
not affect enzymatic activity but lead to the disassembly of cytoophidia. In the mutant flies,
the integrity of follicle epithelia is impaired with two related phenotypes: (1) ingression of
follicle cells and (2) heterogeneous follicle cells.

We have previously discovered that cytoophidia are specifically distributed on the
basolateral side of follicle cells [21]. Moreover, when the polarity of follicle cells is disrupted,
cytoophidia will become unstable, especially due to the disruption of apical regulators. In
this study, the apical polarity of follicle cells is indeed affected by the absence of cytoophidia.
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Our data indicate that the cytoophidium, as a kind of membraneless organelle, maintains
its specific subcellular localization in biological processes.

In these experiments, we also notice that cytoophidia play a role in maintaining the
integrity of follicle epithelium. We speculate that cytoophidia located at the basolateral side
of follicle cells may play a role in supporting follicle cells. In the absence of cytoophidia, the
mechanical tension of the follicle cell membrane will be reduced, making it more difficult
to maintain the cell morphology. Therefore, follicle cells are more likely to be drawn into
polygons and expanded by surrounding cells or squeezed and reduced by surrounding cells.
Similarly, due to the weakening of membrane mechanical tension, the follicle cells migrating
inward after mitosis cannot be reintegrated into the follicular monolayer, resulting in the
ingression. Our laboratory also found that in the male reproductive system of Drosophila,
when CTPS cannot form cytoophidia, the main cells on the surface of the accessory gland
may be difficult to maintain their cell shape, and two horizontally arranged nuclei appear
to be vertically arranged. This further support our hypothesis [30].

When cytoophidia are disassembled, the observed separation of egg chamber and
muscle sheath may also be due to the disappearance of the supporting force of cytoophidia.
When cytoophidia cannot be formed, the internal supporting force of each follicle cell is
weakened, leading to the collapse of the entire egg chamber. Considering that the follicle
epithelium will develop into the eggshell of a fertilized egg in the later stages [31], it
is possible that its shell hardness and the hatchability of the fertilized egg will also be
affected accordingly.

However, we could not simply rescue the phenotypes found in the CTPSH3%54-Ch
mutant by expressing CTPS-mCherry protein. Our previous studies in mammals [26]
and Drosophila [27] confirmed that the CTPSH3%%4 point mutation is dominant-negative,
which is to say that as long as the CTPSH35%4 protein exists, the CTPS protein would not be
able to assemble into cytoophidium [26,27]. Because the H355A point mutation of CTPS
would disrupt the assembly of the cytoophidia dominant negatively, we have analyzed
the CTPSH354/TM6B 1y, Cl ego chambers and found that CTPSH3%5A/TMOB a1g6 have defects
in follicle epithelial integrity mentioned above (Supplementary Figure S1). These results
further validate our hypothesis that the cytoophidium structure plays a certain role in
maintaining epithelial integrity, and the dominant negative CTPS point mutation confirmed
that it is crucial for the assembly of cytoophidium.

Since the first discovery of cytoophidia in our laboratory in 2010, great progress has
been made in the research on the existence of cytoophidia in different species and different
types of cells. However, knowledge concerning the function of this new type of organelle
widely existing in organisms is still in the initial stage. Therefore, our work has potential
reference value for understanding the role of cytoophidia in Drosophila follicle cells. Our
results indicate that forming cytoophidia is crucial to epithelial integrity.

4. Materials and Methods
4.1. Fly Stocks

All stocks were maintained at 25 °C on standard cornmeal. Both w***° and C-terminal
mChe-4V5 tagged CTPS knock-in flies out of w!!!® produced in our laboratory were used
as wild-type controls unless stated otherwise. The stocks used were: (1) CTPSH3354 nmutated
with mChe-4V5 tagged CTPS Knock-in fly, (2) Actin-Gal4/Cyo (A gift from Guanjun Gao’s lab,
ubiquitous expression under strong promoter, a chromosome II insertion balanced over
Curly of Oster [32]), (3) Tj-Gal4 (A gift from Kun Dou’s lab [33,34]), (4) Sp/Cyo; Sb/Tm6B
(Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences, Drosophila
Resources and Technology Platform), (5) UAS CTPS-mCherry-OE, and UAS CTPSH3%A-
mCherry-OE [27].
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4.2. Fly Genetics

Transgenic flies expressing full-length CTPS (isoform C, LD25005) under the UAS
promoter (UAS-CTPS) were generated in our lab (Back cross 5 generations before use) [35].
To generate the Tj > UAS CTPS-OE, we crossed the homozygous UAS CTPS-OE Drosophila
and Tj-Gal4 Drosophila with the double balancer Drosophila for one generation, and the
target generation was inbred for two generations to get the homozygous Tj-Gal4; UAS
CTPS-mCherry-OE Drosophila. Same as the Tj-Gal4; UAS CTPSH3%%A-mCherry-OF; Actin-Gal4;
UAS CTPS-mCherry-OF and Actin-Gal4; UAS CTPSH3%4-mCherry-OE strains.

4.3. Generation of Transgenic Flies

For polymerase chain reaction (PCR), PUASTattb plasmids were used as the template,
and phanta Maxa Super-Fidelity DNA Polymerase (Vazyme, #P505) as the polymerase.
Sequences for primers were as below:

H355A-F: GAGCAAGTACGCCAAGGAGTGGCAGAAGCTATGCGATAGCCAT;

H355A-R: TGCCACTCCTTGGCGTACTTGCTCGGCTCAGAATGCAAAGTTT

After obtaining the required plasmids, the CTPSH3%54 Drosophila strain was constructed
by microinjection.

4.4. Immunohistochemistry

Ovaries from flies were dissected in Grace’s Insect Medium (Gibco) and then fixed in
4% formaldehyde (Sigma) diluted in PBS for 10 min before immunofluorescence staining.
The samples were then washed twice using PST (0.5% horse serum + 0.3% Triton x 100 in
PBS). For membrane staining, samples were incubated with primary antibodies at room
temperature overnight, and then washed using PST. Secondary antibodies were used to
incubate the samples at room temperature for another night.

Primary antibodies used in this study were rabbit anti-CTPS (1:1000; y-88, sc-134457,
Santa Cruz BioTech Ltd., Santa Cruz, CA, USA), mouse anti-Discs Large (1:500, Develop-
mental Studies Hybridoma Bank, Iowa City, IA, USA), mouse anti-D-E Cadherin (1:500,
Developmental Studies Hybridoma Bank), mouse anti-HTS (1:1000, Developmental Studies
Hybridoma Bank, Cat. No. AB_528070), mouse anti-Armadillo (1:500, Developmental
Studies Hybridoma Bank). Secondary antibodies used in this study were anti-mouse, rabbit,
or goat antibodies that were labeled with Alexa Fluor® 488 (Molecular Probes), or with Cy5
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Hoechst 33342 was used to
label DNA.

4.5. Microscopy and Image Analysis

All images were obtained under laser-scanning confocal microscopy (Zeiss 880). Image
processing was performed using Zeiss Zen. Image] was used to analyze the area and
number of follicle cells.

We used the Image] SCF to segment the follicle cells by the membrane, then use Image]
cell counter to calculate different shapes of cells to get the number of polygonal cells. We
used Image]J to measure the area of each cell. For each statistical quantification, we collected
the surface images using Zeiss 880 with the interval as 0.5 um for z-stack, 5 stage 8 egg
chambers were quantified per genotype, biological repeats = 3. Mann-Whitney U test was
conducted for comparison.

4.6. Western Blotting

Female adult ovaries of Drosophila were collected with gathered into lysis buffer RIPA
(Meilunbio, Dalian, China) with protease inhibitor cocktail (Bimake, Shanghai, China) for
Western blotting, and then ground with 1 mm Zirconia beads in Sonicator (Shanghai Jing
Xin, Shanghai, China). The sample would then lysis on ice for up to 30 min. Samples were
centrifuged for 10 min at 10,000 g at 4 °C. The 6 protein loading buffer was pipetted
into the supernatants and boiled at 99 °C for 15 min to obtain protein. Then, the protein
sample was run through 10% SDS-PAGE gels and transferred to PVDF membranes. At
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room temperature, membrane was incubated with 5% w/v nonfat dry milk dissolved by
1x TBST for 1 h of blocking. Then, the membrane was incubated with primary antibodies
in 5% w/v nonfat milk at 4 °C and gently shaken overnight.

The following primary antibodies were used in this study: anti-mCherry Tag Mon-
oclonal antibodies (Cat. No. A02080, Abbkine, Beijing China), mouse anti-a-Tubulin
antibodies (Cat. No. T6199, Sigma). The membranes were washed three times for 5 min
per time with shaking, then incubated with secondary antibodies (anti-mouse IgG, HRP-
linked antibody, Cell Signaling, Danvers, MA, USA) diluted in 5% w/v nonfat milk at
room temperature for 1 h. An Amersham Imager 600 (General Electric, Boston, MA, USA)
and Pierce ECL Reagent Kit (Cat. No. 32106, Thermo Fisher, Waltham, MA, USA) were
adopted for the chemiluminescence immunoassay. Protein levels were quantified on Image]
(National Institutes of Health, Bethesda, MD, USA) and normalized to tubulin. At least
three biological replicates were quantified.

4.7. Data Analysis

Images collected by confocal microscopy were processed using Adobe Illustrator
and Image]J. Cell segmentation based on the cell membrane was achieved using CellPose
and SCF methods. Quantitative analysis was processed by Excel and GraphPad. The
Mann-Whitney U test was conducted to get the p-value.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232315282 /51, Figure S1. CTPSH355A/TMEB mystants have no
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Abstract: CTP synthase (CTPS) can form filamentous structures termed cytoophidia in cells in all
three domains of life. In order to study the mesoscale structure of cytoophidia, we perform fluores-
cence recovery after photobleaching (FRAP) and stimulated emission depletion (STED) microscopy in
human cells. By using an EGFP dimeric tag as a tool to explore the physical properties of cytoophidia,
we find that cytoophidia are dynamic and reticular. The reticular structure of CTPS cytoophidia
may provide space for other components, such as IMPDH. In addition, we observe CTPS granules
with tentacles.

Keywords: CTP synthase; cytoophidium; fluorescence recovery after photobleaching (FRAP);
stimulated emission depletion (STED)

1. Introduction

In addition to organelles with membranes, proteins with important functions in the
cell can also be compartmented into membraneless organelles. CTP synthase (CTPS),
a metabolic enzyme for de novo synthesis of CTP, was found to form filament-like com-
partments in cells called cytoophidia [1]. Describing their shape vividly, the word “cy-
toophidia” means “cellular snakes” in Greek. Cytoophidia were found in many species in all
three domains of life, which means cytoophidia are conserved in evolution [1-19].

A glutamine analog, 6-diazo-5-oxo-L-norleucine (DON), promotes cytoophidia for-
mation in Drosophila and human cells [5]. DON binds CTPS with covalent bonds [20].
Glutamine deprivation promotes cytoophidium formation in mammalian cells [21]. IM-
PDH can form cytoophidia [22] and both CTPS and IMPDH are related to glutamine
and NHj3; metabolism. It was reported that there is an interaction between CTPS and
IMPDH [23]. The function of cytoophidia may be closely related to glutamine and
NH; metabolism.

In metabolic regulation, the activity of CTPS is inhibited via filament formation [24,25].
The half-life of CTPS is prolonged when forming cytoophidia [26]. Given the high-level
metabolism in cancer cells, cytoophidium formation is highly related to oncogenes. Myc is
required for cytoophidia assembly, and cytoophidia formation is regulated by Myc expres-
sion levels [27]. Ack kinase regulates cytoophidium morphology and CTPS activity [28].
Cytoophidium assembly was found to be regulated by the mTOR-56K1 pathway [29].
Cytoophidia were also found in human hepatocellular carcinoma [10].

CTPS can be assembled into thin filaments in vitro, and the structures of CTPS fil-
aments at near-atomic resolution have been solved by cryo-EM [20,25,30]. However,
nanometer-scale CTPS filaments are different from the micron-scale cytoophidia observed
via confocal microscopy. How CTPS filaments assemble into big micron-scale cytoophidia is
still unclear. The physical properties of cytoophidia at the mesoscale remain to be explored.

To study cytoophidium properties in human cell lines, we performed fluorescence
recovery after photobleaching (FRAP) microscopy to study the dynamic characteristics and
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stimulated emission depletion (STED) microscopy to study the super-resolution structure.
By measuring the intensity and recovery speed of bleached ROIs, we were able to quantify
the relative dynamic characteristics of cytoophidia under different treatments. STED allows
fluorescence imaging to achieve a resolution of 50 to 70 nm [31,32].

2. Results
2.1. Assembly of CTPS Filaments into Cytoophidia

The cytoophidium is a compartment of metabolic enzymes, such as filamentous CTPS,
which can be observed via confocal microscopy [1-3]. In vitro experiments showed that
CTPS can also form filaments built from tetramer units [20,25,30]. In human cells, CTPS
can be assembled into cytoophidia under DON treatment or glutamine deprivation. In this
study, we did not distinguish hCTPS1 and hCTPS2. We found that after DON treatment,
hCTPS1 can form granules in 293T cells with hCTPS1 over-expression (Figure 1A,B). When
we observed living cells, CTPS granules existed in a small population of cells. CTPS
granules can exist in the same cells as cytoophidia (Figure 1A,B).

How CTPS filaments are arranged in cytoophidia remains unclear. To conceive
the arrangement model from CTPS filaments to cytoophidia, we constructed hCTPS1-
overexpression vectors with different fluorescence proteins and different mutations
(Supplemental Table S1). In order to show and evaluate the effect of exogenous pro-
tein overexpression in the experiment, we compared the protein levels of overexpressed
hCTPS1 and endogenous hCTPS1/2 (Figure 1D) and tested the transfection efficiencies
(Figure 1E,F). In transfection-positive cells, exogenous hCTPS1 expression was approxi-
mately twice as high as that of endogenous hCTPS1/2 (Figure 1G).

EGFP is a weak dimer while EGFPA2°K js a monomer [33]. Overexpression of hCTPS1-
EGFP forms cytoophidium-like condensates in 293T cells (Figure 1H). The force of forming
dimer between EGFP pulls hCTPS1 together, and hCTPS is assembled into filaments. The
hCTPS filaments may be compressed together by a simple force of EGFP dimerization
(Figure 1C). The hCTPS1-EGFP group was a control for cytoophidium induction. CTPS1
with the H355A mutation disassembles cytoophidia. We found that overexpressed
hCTPS1H3%54-EGFP could not form cytoophidia in 293T cells (Figure 1H).

2.2. Dynamic Equilibria of Cytoophidia
To test the dynamic characteristics of cytoophidia, we performed FRAP on

four groups of hCTPS1 cytoophidia (Figure 2A,B). The intensity of the FRAP ROI was

. . . I(non—bleach ROI)p,, ., —I(background
normalized as Normalized Intensity = ( I(mn7bleach)f{’(")[b)’;“jhj(%Mk(gmuid)n Jo

[I(bleach ROI), — I(background),] [34]. The bleached ROIs on cytoophidia induced by
20 pg/mL for 8 h (low concentration and short time) before imaging recovered very quickly
(Figure 2C). However, ROIs in cells with hCTPS1 overexpression treated with DON in
100 ug/mL (higher concentration) recovered fluorescence slowly and ended at a lower
intensity (Figure 2D; Supplemental Figure S1A).

By extending the DON treatment time to 25 h, ROIs were able to recover as quickly
as possible and in a relatively short time (Figure 2E; Supplemental Figure S1B). The flu-
orescence intensity restored by bleaching the ROIs of cytoophidium-like condensates of
hCTPS-EGFP cells was very low (Figure 2F; Supplemental Figure S1C). There was a sig-
nificant difference in dynamics between hCTPS1-EGFP cytoophidium-like condensates
and DON-induced hCTPS cytoophidia at low concentrations and over short time periods
(Figure 2G).

This shows that DON-induced cytoophidia have very different dynamic characteristics
from hCTPS-EGFP cytoophidium-like condensates. DON-induced cytoophidia seem not to
be assembled by simple forces, like the hCTPS-EGFP cytoophidium-like condensates.

The bleached ROIs gradually recovered throughout, rather than from any particular
side. Neither of the two ROIs moved to either side, nor were they far away or close to
each other (Figure 2C). Our results showed that bleached hCTPS1 molecules in cytoophidia
could exchange with free hCTPS1 molecules in the cytosol (Figure 2H).
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Figure 1. Assembly of CTPS filaments into cytoophidia. (A) hCTPS1 forms granules in the same
cell that coexist with hCTPS1 cytoophidia. The arrowhead points to a granule. (B) The trajectory
of hCTPS1 granules is a random walk. For the DON treatment, 20 ug/mL DON in PBS solution
was added to fresh DMEM medium 8 to 25 h before live-cell imaging. (C) hCTPS1-EGFP forms
cytoophidium-like condensates by simple force between EGFP. The arrangement from hCTPS1
filaments to hCTPS cytoophidia is the problem that needed to be solved. (D) The quantities of
transfected over-expressed hCTPS in 293T cells were measured. (E,F) The transfection efficiencies
were quantified. (G) Estimated ratio of exogenous hCTPS1 to endogenous hCTPS. (H) hCTPS-
EGFPA206K cytoophidia can be induced by DON treatment. hCTPS1-EGFP can form cytoophidium-
like condensates, which are wider and larger than hCTPS cytoophidia. hCTPSIH355A-EGFP cannot
form cytoophidium-like condensates. For the DON treatment, 20 pug/mL DON (PBS solution) was
added to fresh DMEM medium 8 h before fixation. Scale bars, 10 um (A,B) and 20 um (H).
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Figure 2. Dynamic equilibria of cytoophidia. (A) ROIs were used for bleaching, measurement and
normalization of data. (B) Normalized intensity curves of FRAP results in different groups were
merged. (C) Live-cell images of FRAP in hCTPS1-mCherry cytoophidia induced by 20 pg/mL
DON for 8 h. (D) Comparison of FRAP curves for hCTPS1-mCherry between 20 pug/mL DON
for 8 h and 100 pg/mL DON for 8 h. (E) Comparison of FRAP curves for hCTPS1-mCherry with
20 pg/mL DON for 8 h (pink curves) and 20 pug/mL DON for 25 h (black curves). (F) Comparison of
FRAP curves for hCTPS1-mCherry cytoophidia (pink curves) induced by DON and hCTPS1-EGFP
cytoophidium-like condensates (green curves). (G) Analysis of the level and speed of fluorescence
recovery. *, p-value < 0.05; **, p-value < 0.01; ns, no significant difference. (H) The model of
the structure of compact or condensed hCTPS cytoophidia does not fit the results of the FRAP
images. A new model of structures is needed to explain the recovery from bleached fluorescence
in the cytoophidia. The intensity of the FRAP ROI was normalized as Normalized Intensity =

I(no’;(;?;ic;eig;{”5}5’:’@”1@alc(kl;ijkfnr;;l:d)o x [I(bleach ROI),, — I(background),]. Scale bars, 10 um (C).
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2.3. The Reticular Structure of the hCTPS1 Cytoophidium and Its Localization with hIMPDH?2

In order to build a model to fit the dynamic-equilibrium characteristics of cytoophidia,
we obtained super-resolution structures of hCTPS cytoophidia using stimulated emission
depletion microscopy (STED). The images under conventional confocal microscopy could
not show the structure inside cytoophidia, while the STED images revealed the super-
resolution structure with a resolution of 50 to 70 nm (Figures 3A and S3A,B), which implied
a possible mechanism of highly dynamic cytoophidia under FRAP. We estimated the
resolution by measuring the distance between two distinguishable nearby particles and it
was 50 to 70 nm (Figure S3A,B).

STED revealed a heterogeneous structure for hCTPS cytoophidia. Some parts were
relatively more condensed, while other parts were looser. More importantly, it seemed
that there were many tiny filaments inside, which in different orientations formed reticular
structures (Figure 3A; Supplemental Figure S2A).

However, the super-resolution results were homogeneous inside hCTPS1-EGFP
cytoophidium-like condensates (Figure 3A). The structures of the hCTPS cytoophidia
and those of the hCTPS1-EGFP cytoophidia were totally different. No condensed and
loose parts or reticular structures knitted with tiny filaments could be observed in the
cytoophidium-like condensates.

When performing super-resolution imaging, there might be some interfering factors
against reliability of the super-resolution imaging results, such as the efficiencies of anti-
bodies, optical properties of the fluorescent labeling, the steric hindrance of fluorescence
proteins, and the influence of sample preparation. To eliminate the effects of antibodies
and Cy5, we used 293T cells with hCTPS1-miRFP670nano for the live-cell imaging. We
performed immunofluorescence staining on DON-treated 293T cells to eliminate the ef-
fects of potential steric hindrance of fluorescence protein tags and overexpression. Both
results showed reticular structures (Figure 3A). To avoid the difference in optical properties
between Cy5 and EGFP, we also performed immunofluorescence staining with Cy5 on
hCTPS1-EGFP-overexpressed 293T cells, and the signal obtained was from Cy5 (Figure 3A).

In addition, we performed immunofluorescence staining on SW480 cells cultured in
glutamine-free medium, which showed a reticular structure (Figure 3A). Glutamine is
an NHj3 donor in metabolic reactions. This means that the reticular structure of hCTPS
is not only a phenomenon induced by DON but also a common structure of metabolic
enzymes when cells are under metabolic stress. Without changing the super-resolution
structural results, deconvolution of the STED images could improve their resolution and
signal-to-noise ratios (Figure 3A; Supplemental Figure S2A).

These tiny filaments appeared as subunits of hCTPS cytoophidia (Figure 3A,B). In vitro
experiments showed that CTPS can be assembled into filaments [20,25,30]. Based on the
in vitro and in vivo results, we envisioned a model to illustrate the reticular structure of
hCTPS cytoophidia (Figure 3B). Inside cytoophidia, subunit filaments are weaved into
a reticulation. The model can make FRAP results clearer. The dynamic equilibrium of
assembly and disassembly occurs in the tiny filaments of hCTPS, rather than the assembly
and disassembly of the whole cytoophidium. FRAP procedures performed on untreated
and dispersive hCTPS] signals resulted in fast recovery, which meant that we were unable
to capture the images after bleaching, which were similar to the images before bleaching
(Supplemental Figure S2B). Due to the limitation of STED resolution, it is unclear whether
the subunit filament is one CTPS filament, a bundle of CTPS filaments or some other form
of CTPS.

After obtaining the super-resolution reticular structures, we wanted to determine
the reason for and function of this reticular structure. There might be some unknown
molecules in the space between hCTPS filaments (Figure 3B). It was reported that IMPDH2
interacted with CTPS1 cytoophidia under DON treatment [23]. The cytoophidia of hCTPS1
and hCTPS2 were located together in 293T cells (Supplemental Figure S2C). IMPDH
and CTPS are both part of the glutamine and NHj3 metabolic pathways (Supplemental
Figure S2D). We overexpressed hCTPS1-EGEFPA206K 3 monomer version of EGFP, and

65



Int. J. Mol. Sci. 2022, 23, 11698

labeled IMPDH2 with Cy5 by immunofluorescence staining. Under DON treatment,
IMPDH2 and hCTPS1 were localized spatially adjacent to each other (Figure 3C). IMPDH2
and hCTPS1 were not exclusive but were positioned mutually in each Z stack (Figure 3D).
Therefore, IMPDH2 could be one of the molecules located between hCTPS]1 filaments.
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Figure 3. The reticular structure of the hCTPS1 cytoophidium and its localization with hIMPDH2.
(A) Confocal STED with deconvolution and zoomed-in images of cytoophidia from the following
groups: (1) hCTPS1/2 cytoophidia (Cy5 antibody-stained) induced by DON in fixed 293T cells,
(2) hCTPS1-miRFP670nano cytoophidia induced by DON in live 293T cells, (3) hCTPS1/2
(Cy5-stained) cytoophidia induced by glutamine deprivation in fixed SW480 cells and (4) hCTPS1/2
(Cyb5-stained)- cytoophidium-like condensates in live 293T (hCTPS1-EGFP-overexpression) cells. For
the SW480 culture, DMEM without glutamine replaced DMEM 8 h before fixation. For the DON
treatment, DON (PBS solution) was added to fresh DMEM medium 8 to 25 h before live-cell imaging
or 8 h before being fixed. Scale bars, 3 pm. (B) The model of the arrangement of hCTPS filaments
into cytoophidia. (C) In 293T cells, hCTPS1-EGFPA206K was localized adjacently with DON-induced
IMPDH?2 (Cy5-stained). (D) In each slice along the Z stacks, hCTPS1-EGFPA206K and IMPDH2
(Cy5-stained) were localized to each other. Scale bars, 10 pm.
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2.4. CTPS Granules with Tentacles

We performed live-cell imaging via confocal microscopy in 293T cells overexpressing
hCTPS1-mCherry and found that hCTPS1 could not only form cytoophidia but also formed
DON-induced granules (Figure 1A). The movement of most granules was a random walk,
like that of ordinary granules in cells (Figure 1B). Fortunately, when we observed live cells
treated with DON, we found a filiform structure connecting hCTPS1 granules (Figure 4A).
We name these filiform structures connecting granules “tentacles”, and the main part of
the granules is called the “granule body”. The tentacle slowly extended out of the granule
body and retracted as quickly as a rubber band after reaching its longest length (Figure 4B).
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Figure 4. CTPS granules with tentacles. (A) Tentacles connect hCTPS1 granules. Tentacles extend
and retract. Arrowheads indicate the tentacle. (B) Tentacles extend slowly and retract rapidly
after reaching the maximum length. (C) hCTPS1 granules move from one side to the other along
the tentacles. Yellow arrowheads indicate the tentacles; white arrowheads indicate the granules.
(D) hCTPS1 granular tentacles have three different behaviors and characteristics, bridging, retraction
after extension and the trajectory of hCTPS1 granule movement. For the DON treatment, DON
(PBS solution) was added to fresh DMEM medium 8 to 25 h before live-cell imaging. Scale bars,
10 um (A,C).
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We wanted to know the function of the granular tentacles. We found that tentacles
were different from small granule bodies. When the tentacle stretched out, the granule
body moved from one side of the tentacle to the other side along the tentacle, and then
the tentacle retracted into the granule body in the new location (Figure 4C). Granules
with tentacles move with clear direction along the tentacles rather than in a random walk.
The movement of tentacled granules was different from that of non-tentacled granules.
Granular tentacles are tiny structures that bridge granules, move granules and retract after
extension (Figure 4D).

3. Discussion

Taking advantage of multiple fluorescence tags, we study the physical characteristics
of hCTPS1-containing compartments via fluorescence microscopy. We perform FRAP and
STED analyses to reveal the dynamic and reticular structure of cytoophidia. In addition,
we observe that hCTPS1 forms granules with tentacles.

3.1. Cytoophidia Are Not Condensates

Protein compartments, similar to droplets, can be assembled by physical forces in
cells [35]. Since the discovery of CTPS-forming cytoophidia, the exact phases of cytoophidia
and the arrangements of CTPS in cytoophidia are still unclear. Cytoophidia are presumed
to be static bundles of filaments [4](Liu, 2011) or in a liquid phase, just like LLPS. However,
when we performed live-cell imaging on CTPS cytoophidia, we found that CTPS can not
only form long filamentous structures, that is, cytoophidia, but also form granules in the
same cell (Figure 1A). This means that, as compartments of CTPS, cytoophidia may not be
static, concentrated and rigid structures. For another hypothesis, the puzzling question is
why this compartment is not a spherical droplet if it is in the liquid phase, such as LLPS.

According to previous studies, the residue 355H of CTPS (CTPS-355H) is the key site
for the formation of this filamentous structure. CTPS-355H lying at the tetramer—tetramer
interface plays a critical role in CTPS polymerization. In in vitro experiments, the CTPS
tetramer assembly mechanism of cytoophidia is more like that of actin filaments than
droplets in cells assembled by physical force [36].

To study the role of CTPS-355H, we used both dimeric EGFP and monomeric EGFPA206K
tags [32]. We generated hCTPS113%°4 mutations. hCTPS1-EGFPA2%K can form cytoophidia
with DON treatment. Without DON treatment, hCTPS1-EGFPA2%K cannot form cy-
toophidia, suggesting that EGFP42%K does not promote CTPS assembly. mCherry and
miRFP670nano are also monomeric tags, just like EGFPA20K. However, hCTPS1-EGFP can
form filament-shaped condensates without DON treatment (Figure S2E). Since EGFP has
a force to form dimer-like “sticky” features, and hCTPS1-EGFP molecules stick to each other
in filament-shaped condensates, we refer to these filament-shaped hCTPS1-EGFP structures
as “cytoophidium-like condensates” (to be distinguished from the term “cytoophidia”)
(Figure 1C).

Are cytoophidia just condensates? If they are, the key cytoophidium-forming site
CTPS-355H may provide a directional force of assembly, which should be important
for filamentous condensate formation. For hCTPS1H3%A_EGFP, the force of assembly is
provided by dimeric EGFP, since CTPS-355H has been mutated to CTPSH3%°A_ If either
CTPS-355H or EGFP can provide force for condensate formation, we would expect that both
hCTPS1H35%A-EGFP and hCTPS1-EGFPA2%K can form condensates. Our results show that
hCTPS1H35°A-EGFP cannot form cytoophidium-like condensates, suggesting that CTPS-
H355 is an essential site of connection rather than just there to provide a directional force
(Figure 1H).

Therefore, our data argue against the idea that cytoophidia are condensates.
Two factors appear to be required for assembling CTPS into cytoophidia. First, CTPS
molecules are brought together by some forces of assembly. Second, CTPS tetramers need
to be connected via CTPS-355H.
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3.2. Cytoophidia Are Dynamic

In order to solve the problem of the physical phase of cytoophidia, we carried out
FRAP assays to measure the dynamic features. We used hCTPS1H3%5A-mCherry as the
control for complete diffusion, which recovered its intensity quickly after bleaching, so
that we could not capture the difference before and after bleaching or measure its dynamic
value. We used hCTPS1-EGFP cytoophidium-like condensates as static controls. The
intensity recovered in cytoophidia was achieved significantly faster than in h\CTPS1-EGFP
cytoophidium-like condensates (Figure 2F,G). This means that the cytoophidium is not
a condensate but a highly dynamic structure.

A low concentration of DON can induce cytoophidia, mimicking the stress of se-
vere glutamine deprivation. We also measured the effects of time and concentration of
DON treatment to determine whether the dynamic results were valid only in particular
circumstances. Compared with these curves, the treatment time of DON had little effect on
the kinetics (Figure 2E,G), while the concentration of DON had a significant effect on the
kinetics of cytoophidia (Figure 2D,G). Due to the covalent bond between DON and CTPS,
excessive DON may destroy the conformation of CTPS, thus damaging cells.

3.3. Cytoophidia Are Reticular

The cytoophidium is on a micrometric scale. A previous assumption was that the
cytoophidium might be a bundle of CTPS filaments, similar to actin filaments. When
a bleached ROI gradually recovered its intensity, no treadmill phenomenon was observed,
which means that the assembly mechanism of cytoophidia is different from that of actin
filaments. Moreover, recovery did not come from either side of the bleached ROIL The
intensity of the entire ROI recovered steadily at the same speed.

If the cytoophidium is a bundle of CTPS filaments, how can the bleached ROI recover
its intensity without a treadmill phenomenon (Figure 2H)? To solve this problem, we
need to resolve the fine structure of cytoophidia. We performed super-resolution STED
imaging which revealed the reticular structure of cytoophidia. In order to minimize
artificial influences on the imaging results, we used miRFP670nano as a fluorescence
tag to conduct STED imaging directly on live-cell samples, which gave a clear reticular
structure (Figure 3A). We called it a reticular structure because small subunit filaments
were interconnected, crossed and woven into the reticulation (Figure 3B).

At present, it is unclear whether the subunit filament is a CTPS filament, a bundle of
CTPS filaments or some other form of CTPS. To maximize the resolution of the STED imag-
ing (Figure 3B), all fluorescent tags were infrared-emitting. miRFP670nano is much smaller
than other infrared fluorescent proteins, and it can minimize the impact of tag-space ob-
struction. We performed immunofluorescence staining to confirm the results and avoid the
effects of spatial obstruction and overexpression. Cytoophidia with immunofluorescence
dye Cy5 on hCTPS also showed the reticular structure.

We also performed immunofluorescence staining on SW480 cells. Cytoophidia in
SW480 cells can be induced by glutamine deprivation and present reticular structures,
which means reticular cytoophidia are common in different cell types and under glutamine
metabolic stress conditions but cannot be treated artificially. Even DON is used on cells to
mimic the stress of glutamine metabolic stress.

We used hCTPS1-EGFP as the structurally static control to represent the condensate
assembled by physical forces. hCTPS1-EGFP cytoophidium-like condensates do not show
the reticular characteristics. The cytoophidium-like condensates appear homogeneous,
and their internal parts look the same. There are neither subunit filaments nor can space
be observed inside the cytoophidium-like condensates. In summary, the structure of the
cytoophidium is reticular, and the arrangements of CTPS assembled on cytoophidia are
different from those of condensates or actin filaments.

The cytoophidium reticulation provides a structural basis for the localization of other
enzymes, such as IMPDH (Figure 3C,D). Both CTPS and IMPDH are associated with
glutamine and NH3 metabolism. In reticular cytoophidia, there may be dynamic interaction
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between CTPS, IMPDH and their substrates and the microenvironment. The reticular
structure can also provide elasticity for the bending or twisting of cytoophidia (Figure S1B).
It was reported that cytoophidia are related to the regulation of IMPDH activity [37].

The reticular structure provides a structural basis for the FRAP results. No treadmill
phenomenon has been observed. How can CTPS molecules in a free state replace those
composed of the bleached ROIs? Based on the assumption of the reticular structure, the
treadmill may occur in the subunit filaments rather than the whole cytoophidium. The
assembly and disassembly of CTPS on subunit filaments may have a dynamic equilibrium,
thus changing the CTPS molecules after bleaching. This may be a potential explanation for
the dynamic equilibrium of large-scale FRAP.

Due to the limitations of STED and confocal devices, we could not achieve super-
resolution, high-speed live-cell imaging and low phototoxicity for the cells. In order
to verify the speculations, more advanced microscope technology is required. Dynamic
equilibria of assembly and disassembly in subunit filaments may contribute to the metabolic
regulation of reactions in the microenvironment.

In Caulobacter crescentus, a small amount of CTPS forms a bundle, while a large
amount of CTPS forms a splayed structure [2]. A large amount of hCTPS transforms
the morphologies of CTPS bundles into complex structures. Cytoophidia in Drosophila
female germ cells also exhibit reticular characteristics [1]. Cytoophidia are regulated by the
level of molecular crowding in a cell [38]. The formation and maintenance of the reticular
cytoophidia may be related to molecular crowding.

3.4. CTPS Can Form Granules with Tentacles

While using live-cell imaging to capture CTPS-containing structures, we found inter-
esting CTPS granules with tentacles. CTPS granules move in a random-walk mode, but the
granules with tentacles move in a clear direction. We assume that these two entities are
different forms of compartments with similar shapes. We use the term “tentacle” because
the structure slowly stretches out of a granule and quickly retracts, just like the tentacle of
an octopus or snail (Figure 4B). The tentacle may be extended to find something that can be
connected. The tentacles, like bridges, connect different granules (Figure 4A).

If the granules are very small, the tentacles play a role in directional movement
(Figure 4C). The granules extend the tentacles to the maximal length, and the granules
move quickly from one side to the other along the tentacles, just like a slingshot. The only
function of tentacles we know of is related to the directional movement of granules. We
still do not know the function of tentacles as bridges. Moreover, it is unclear whether the
granules with tentacles have membranes, their movements being similar to the movements
of mitochondria and vesicles from the Golgi.

Interestingly, CTPS granules, tentacled granules and cytoophidia appeared under
the same conditions, i.e., treatment with DON. They can even exist in the same cell, with
potential for interactions and transformations. The tentacles are also capable of directional
movements, just like cytoophidia. However, due to their tiny size, the tentacles may not
share the same reticular structure as cytoophidia.

The structure of the tentacle may be similar to the subunit CTPS filament to obtain
directional characteristics, or it may be in a liquid state in the membrane vesicle. The inten-
sities of granules with tentacles are far lower than those of cytoophidia, and the tentacles
exist in fewer cells than cytoophidia do. Due to their low intensities and small volumes, it
is difficult to analyze the properties and fine structures of the tentacles. Compared with
cytoophidia reacting to metabolism, it is not clear whether granules with tentacles are
related to glutamine metabolism or the role of DON.

4. Materials and Methods
4.1. Cell Culture

The 293T and SW480 cells were cultured in DMEM (SH30022.01, Hyclone; Cytiva;
100 Results Way, Marlborough, MA USA 01752) supplemented with 10% FBS (04-001;
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Biological Industries; Kibbutz Beit-Haemek, 25115, Israel) in a humidified atmosphere con-
taining 5% CO; at 37 °C. All the commercial cell lines used in this article were purchased
from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shang-
hai, China). They were originally purchased from ATCC. DON was dissolved in PBS and
was added to the culture medium as described in individual experiments. DMEM without
glutamine (C11960500BT, Gibco; Thermo Fisher Scientific; 168 Third Avenue, Waltham,
MA, USA 02451) replaced DMEM 8 h before imaging.

4.2. Constructs and Transfection

The pLV-hCTPS1-EGFP over-expression vector was kindly provided by Dr. Zhe Sun
from ShanghaiTech University. mCherry, miRFP670nano replaced EGFP and EGFPA206K
was mutated back into EGFP using PCR and a Gibson Assembly System (NEB). Cell
transfection was performed with PEI reagent (24765-1, Polysciences; Polysciences, Inc.;
400 Valley Road, Warrington, PA 18976, USA), according to the instructions provided
by the manufacturer. The sequences of oligonucleotides used in this study are listed in
Supplemental Table S2.

4.3. Immunoblotting

Cells were harvested in lysis buffer (containing 20 mM Tris, 150 mM NaCl and
1% Triton X-100; P0013]J, Beyotime; Beyotime Biotechnology; Building 30, Songjiang Sci-
ence and Technology Entrepreneurship Center, 1500 Lane, Xinfei Road, Songjiang District,
Shanghai, China 201611). Undissolved cell fractions were separated by centrifugation at
12,000 rpm for 10 min at 4 °C, and the supernatants were boiled in SDS-PAGE loading
buffer for 10 min. Proteins in total cell lysates were separated by SDS-PAGE and transferred
to PVDF membranes. Membranes were blocked in 5% nonfat milk and incubated with
the appropriate primary antibodies. Protein bands were visualized using horseradish per-
oxidase (HRP)-conjugated secondary antibodies with ECL reagent (34577, Thermo Fisher
Scientific; 168 Third Avenue Waltham, MA, USA 02451).

4.4. Immunofluorescence

Cells were fixed with 4% paraformaldehyde added into media for 25 min. Then, the
fixed cells were washed in 1xPBS 3 times. Samples were incubated with appropriate primary
antibodies (rabbit anti-IMPDH2, Proteintech 12948-1-AP; rabbit anti-CTPS, Proteintech
15914-1-AP; Proteintech Group, Inc.; 5500 Pearl Street, Suite 400 Rosemont, IL 60018, USA)
overnight at 4 °C and washed in PBS 3 times. Samples were incubated with Cy5-conjugated
secondary antibodies (donkey anti-rabbit Cy5-conjugated antibody, Jackson 711-175-152;
Jackson ImmunoResearch Inc.; 872 West Baltimore Pike, West Grove, PA 19390, USA) at
room temperature for 1 h (in the dark) and washed with PBS 3 times after incubation. The
mountant used for STED imaging (Figures 3A,C,D and S2A) was Prolong™ Diamond
Antifade (Invitrogen, P36965; Thermo Fisher Scientific; 168 Third Avenue, Waltham, MA,
USA 02451). The mountant used for confocal imaging (Figure 1H) was HardSet Mounting
Medium with DAPI (VECTASHIELD, H-1500; Vector Laboratories, Inc.; 6737 Mowry Ave,
Newark, CA 94560, USA)

4.5. Microscopy

Images (Figures 1A,B, 2C, 4A,C, S1A,B,C and S2B) were acquired under 100X ob-
jectives with a confocal microscope (Nikon CSU-W1 SoRa). Confocal images and super-
resolution images (Figures 3A,C,D and S2A) were acquired under 100 x objectives with an
STED confocal microscope (Leica TCS SP8 STED 3X). Images (Figure S2C) were acquired
under 63 x objective with a Lattice SIM microscope (Zeiss Elyra 7) in wide-field mode.
Confocal images (Figure 1H) were acquired under 63 x objective with a confocal microscope
(Zeiss LSM 980 Airyscan2).
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4.6. Live Imaging

The 293T cells transfected with hCTPS1-mCherry and hCTPS1-miRFP670nano con-
structs were cultured on glass-bottom culture dishes (C8-1.5H-N, Cellvis; Vitro Scientific;
Mountain View, CA 94039, USA) with medium and maintained at 37 °C when the live
imaging was performed.

4.7. Image Analysis

Fluorescence images was analyzed with the software IMAGE] (NIH, Bethesda, MD,
USA). The ROIs of bleached regions for intensity measurement shown in Figure 2 were
selected and measured manually with IMAGE]. The FRAP curve unpaired ¢-test was
analyzed with Graph Prism 8.4.0 (GraphPad Software, LLC; San Diego, CA, USA). The
deconvolution of STED images shown in Figure 3 was analyzed by the lighting algorithm
of the Leica LAS X. The 3D model shown in Figure 3 was analyzed with the Leica LAS
X. The lengths of the tentacles shown in Figure 4 were measured manually with IMAGE].
Quantity data were collected with Microsoft Excel.

4.8. Fluorescence-Activated Cell Sorting (FACS) Analysis

The flow cell analyzer used was an LSRFortessa X20 (BD). Flow cell data were analyzed
with FlowJo 10.4 (Flow]Jo, LLC; Ashland, OR, USA) software. Data were collected with
Microsoft Excel 16.61 (Microsoft Corporation; Redmond, WA, USA).

5. Conclusions

To sum up, the main purpose of this study is to understand the structure and arrange-
ment of CTPS in CTPS filaments with near-atomic-resolution and micron-scale cytoophidia
observed under confocal microscopy. We use dimeric EGFP tags as controls to provide
aggregation viscosity and identified the connecting role of the CTPS-355H site. FRAP
analysis shows that the cytoophidium is highly dynamic, while STED analysis reveals the
reticular structure of cytoophidia.

According to the comparison with CTPS-EGFP cytoophidium-like condensates, the
dynamic and reticular characteristics of cytoophidia are different from those of condensates
(Figure 3B). Moreover, we find that the compartments of CTPS not only exist in the snake-
shaped cytoophidia but also in the granules. CTPS granules move in different ways
depending on whether they have tentacles. To understand the functions of CTPS granules
with tentacles, further studies are required.
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Abstract: As an effective and versatile strategy to compartmentalize cellular components without the
need for lipid membranes, phase separation has been found to underpin a wide range of intranuclear
processes, particularly those involving chromatin. Many of the unique physico-chemical properties
of chromatin-based phase condensates are harnessed by the cell to accomplish complex regulatory
functions in a spatially and temporally controlled manner. Here, we survey key recent findings on
the mechanistic roles of phase separation in regulating the organization and dynamics of chromatin-
based molecular processes across length scales, packing states and intranuclear functions, with a
particular emphasis on quantitative characterizations of these condensates enabled by advanced
imaging-based approaches. By illuminating the complex interplay between chromatin and various
chromatin-interacting molecular species mediated by phase separation, this review sheds light on
an emerging multi-scale, multi-modal and multi-faceted landscape that hierarchically regulates the
genome within the highly crowded and dynamic nuclear space. Moreover, deficiencies in existing
studies also highlight the need for mechanism-specific criteria and multi-parametric approaches for
the characterization of chromatin-based phase separation using complementary techniques and call
for greater efforts to correlate the quantitative features of these condensates with their functional
consequences in close-to-native cellular contexts.

Keywords: phase separation; chromatin organization; nuclear condensate; intrinsically disordered
region; transcription; DNA damage repair; super-enhancer; quantitative imaging

1. Introduction

The cell nucleus is known to be a highly crowded environment in which a myriad of
biochemical reactions take place simultaneously. Hence, compartmentalization of intranu-
clear components and processes is an essential and effective strategy to achieve precise
spatio-temporal coordination of such complex dynamics. The nucleolus and Cajal bodies,
which were discovered over a century ago [1-3], are among the most conspicuous and struc-
turally stable membraneless compartments observed within the nucleus. The constituents
of these compartments were later found to be highly dynamic rather than static protein
aggregates [4-6], although the underlying physical nature of these compartments was not
clearly understood. Since evidence of a liquid-like state was demonstrated for P granules
in germ cells of Caenorhabditis elegans [7], a growing number of membraneless nuclear bod-
ies/structures, including paraspeckles [8,9], nuclear speckles [10], promyelocytic leukemia
(PML) bodies [11] and DNA damage repair foci [12], have been revisited through the lens
of phase separation, which has greatly expanded and re-shaped our understanding of the
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importance of intranuclear compartmentalization. As a unifying conceptual framework ac-
counting for the formation and unique physico-chemical properties of such membraneless
compartments, phase separation has emerged as a general mechanism that underpins a
wide range of intracellular processes both inside and outside of the nucleus and involves
a variety of biomolecular species [13-17]. In particular, adding on to the many types of
phase separation phenomena discovered earlier that involve RNAs and RNA-binding
proteins [9,18-26] or are implicated in processes related to RNA metabolism [27-29], more
recent studies have uncovered the involvement of phase separation in regulating DNA-
or chromatin-based molecular transactions. Here, we survey key recent findings on this
growing body of phase separation-mediated phenomena specifically related to chromatin-
based intranuclear processes, as revealed primarily through various quantitative imaging
methods, and illustrate the critical functional roles of phase separation in regulating the
organization and dynamics of these processes. More importantly, by illuminating the
complex interplay between chromatin and various chromatin-interacting molecular players
mediated by phase separation, this review sheds important light on an emerging multi-
scale, multi-modal and multi-faceted landscape that hierarchically organizes the eukaryotic
genome within the highly crowded and dynamic nuclear space.

2. Intranuclear Phase Separation: Physico-Chemical Properties and Molecular Driving
Forces

Just as oil tends to “demix” with water, chemically and structurally distinct biomolecules
that exist as a homogenously mixed solution within the cell can similarly separate themselves
into distinct and stably co-existing phases, each enriched with a distinct composition and/or
concentration of biomolecules, resulting in liquid-like droplets known as biomolecular conden-
sates (or simply condensates) [14]. The existence of the liquid-liquid phase separation (LLPS)
of proteins was first observed and correlated to the physics of phase transition using lysozyme
as the model system [30], which subsequently paved the way for understanding LLPS as the
physico-chemical underpinning of certain pathological states (e.g., cataracts) [31,32]. However,
despite the demonstration of its disease implications, it was only until recently that LLPS
re-emerged as a new framework for conceptualizing membraneless intracellular organelles,
hence encouraging biologists to revisit many of its previously under-explored properties.

The formation of biomolecular condensates can be best understood from the per-
spective of the thermodynamics and kinetics underlying polymer demixing in solution,
a concept firmly rooted in soft matter physics. Put simply, biomolecules can be driven to
phase separate by the balance between two counteracting thermodynamic properties: en-
tropy (which favors the well-mixed state) and enthalpy (in the form of attractive interactions
between them). Beyond a particular concentration threshold, at which point interactions
between the biomolecules exceed their interactions with the solvent (i.e., the cytoplasm
or nucleoplasm of a cell) as a consequence of molecular enrichment, the biomolecules
become less and less soluble and thus separate into phases with different concentrations
but the same chemical potential to minimize the overall free energy of the system. At
the same time, perturbations such as alterations in biomolecular structure or affinity and
environmental changes that shift the equilibrium of the system can lead to changes in the
material and/or physico-chemical properties of the condensates. Such behaviors have
key functional consequences in various biological contexts, where condensates enriched
with certain biomolecular species can assemble at specific intracellular locations to perform
specialized tasks and readily disassemble in a regulated manner.

While biomolecular condensates are diverse in their molecular make-ups, intracellular
locations and functions, they often share a similar set of physico-chemical properties in
terms of morphology, dynamics and assembly/disassembly behaviors. To begin with,
phase condensates often exhibit the characteristics of liquid-like droplets (e.g., spherical
in shape, tendency to coalesce and low surface tension) and can exist stably while being
able to dynamically alter their compositions in response to environmental conditions via
molecular exchange with the surrounding cellular milieu [33,34]. Secondly, molecular
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enrichment within such condensates is often driven by preferential interactions between
proteins, RNAs and DNA (Figure 1A), particularly multivalent interactions that can be
achieved via repetitive modules [14,35]. These modules harbor multiple elements for intra-
or inter-molecular interactions, in line with the classic polymer physics descriptions of
multivalent molecules in a mixture. Associated with multivalency is a molecular feature
known as an intrinsically disordered region (IDR), a type of protein domain with low
structural complexity that is often enriched with specific amino acid residues, repetitive
motifs or patches of alternating charges. IDRs are commonly implicated in LLPS, in
which the formation and selective partitioning of condensates is attributed to transient and
weak interactions between IDR-containing biomolecules, including 7 stacking, m—cation
interaction, Van der Waals forces, hydrogen bonding and electrostatic and hydrophobic
interactions [36]. Modular proteins can also act as scaffolds when recruiting clients that
harbor IDRs, which in turn form a multi-modal interaction network to enhance the avidity
of weak interactions in the condensed phase [37,38]. In addition to IDRs, oligomerization
domains have also recently been shown to enhance the LLPS of protein domains and can
potentially serve as an alternative molecular signature associated with LLPS [39].

(A) Major types of chromatin-based interactions driving phase separation

o

))(( —\f\'

(\_~ DNA PTM ’L( PTM-binding protein 1§ DNA-binding protein
_\_. Nucleosome (™~_/ RNA u. Nucleosome-binding protein ))(( Histone—histone interaction

(B) Liquid-liquid phase separation (C) Polymer-polymer phase separation
(LLPS) (PPPS)

H

Condensate
droplet

Figure 1. Schematic representation of chromatin-based phase separation. (A) Major types of
chromatin—-protein and chromatin-RNA interactions that can drive chromatin-based phase separation,
including direct binding of proteins or RNAs to DNA /nucleosomes or to post-translational modifica-
tions (PTMs), as well as inter-nucleosome or -histone tail interactions. (B) Liquid-liquid phase separa-
tion as promoted by weak and multivalent interactions between chromatin and chromatin-associated
factors (orange). (C) Polymer—polymer phase separation takes place through the oligomerization of
multiple bridging proteins (pink) that draw different regions of the chromatin scaffold together via
nonspecific interactions.

In the context of chromatin (Figure 1B), LLPS can drive the formation of chromatin-
associated liquid-like droplets via electrostatic attractions between charged residues, dipoles
or aromatic groups. In addition to multivalency, site-specific phase condensation can also
be promoted and tuned using DNA, RNA and free nucleotides [19,40-42]. In particular,
repetitive DNA sequences and the epigenetic states of chromatin can modulate the nucle-
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ation and dynamics of intranuclear condensates, contributing to chromatin compaction and
other chromatin-based processes. For instance, CpG islands (i.e., CG-rich DNA sequence
elements) can recruit the Polycomb repressive complex 2 (PRC2) for the maintenance of
the stability of repressed genome at these sites [43], which has been subsequently found
to be involved in phase separation (see below for details). LLPS of repetitive telomeric
DNA sequences is also implicated in the induction of alternative lengthening of telomeres
(ALT) [44], as well as in promoting ALT-dependent telomere maintenance [45].

Alternatively, polymer—polymer phase separation (PPPS), also known as bridging-
induced phase separation, can take place through the oligomerization of multiple modular
or bridging proteins that link different regions of the chromatin scaffold together via non-
specific interactions (Figure 1C). The molecular compositions inside and outside of the
condensate formed by PPPS are the same and do not impact the size of the condensate
formed, as opposed to LLPS in which changes in the concentration of multivalent binders
can affect the size of the condensate. In addition, LLPS droplets have been predicted to be
able to persist after the removal of chromatin scaffolds, whereas PPPS condensates rely
on chromatin scaffolds for their formation [46]. PPPS was first conceived theoretically
using polymer physics models and demonstrated via simulations. For example, in the
“strings and binders switch” model, diffusible binding factors establish interactions be-
tween binding sites on nonrandom chromatin conformations, leading to stable chromatin
architectures [47,48]. On the other hand, PPPS can also be driven by entropic bridging-
induced attractions through local DNA distortions induced by bridging proteins that bridge
distant DNA regions together; the associated entropic penalties can be minimized by clus-
tering these distorted elements, which results in a local increase in DNA concentration
to attract more bridging molecules into the condensate [49-51]. Recently, PPPS has been
shown to underlie the formation of DNA—cohesin clusters in vivo [52], pointing to the
potential applicability of this previously under-explored mechanism of phase separation in
various DNA-protein complexes.

Since the theoretical framework [13,53-55] and the various computational models [56]
for understanding chromatin-based phase separation have been expertly reviewed else-
where, we focus here instead on their quantitative characterizations via imaging-based
approaches, as well as their functional implications in organizing and regulating intranu-
clear structures and processes. Even though the physical processes that underlie LLPS and
PPPS can be separated well in theory and simulations, distinguishing between them is
often hampered in practice by experimental limitations, and most of the studies reviewed
here do not make a specific distinction between these two mechanisms.

3. Quantitative Imaging Techniques for Probing Chromatin-Based Phase Condensates

Over the years, a variety of technical approaches have been employed to characterize
chromatin-based phase separation from different fronts, including in vitro biochemical
reconstitution, optical imaging (both in cellulo and in vivo) and genomic methodologies
(e.g., Hi-C, ChIP-seq and ATAC-seq), as well as theoretical/computational modeling.
Among these, optical imaging-based approaches (in both fixed and live samples) arguably
provide the most direct and comprehensive capabilities for the in situ quantification of
these phase condensates across a wide range of spatial and temporal scales, as has been
demonstrated for other intranuclear processes [57]. Despite their respective capabilities,
advantages and limitations (Table 1), most of these techniques rely on the use of fluorescent
proteins or dyes (via, e.g., SNAP, CLIP and Halo-tags [58-60]) for the labeling and visu-
alization of condensate components inside the cell. In addition to the more conventional
imaging configurations (such as wide-field and confocal), many of these techniques also
employ total internal reflection fluorescence (TIRF) or light-sheet illuminations in order
to leverage their superior optical sectioning capabilities and therefore achieve enhanced
sensitivity.

In the time domain, a powerful technique for quantifying the dynamics of chromatin-
based phase condensates is fluorescence correlation spectroscopy (FCS), which monitors the
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fluctuations in fluorescence intensity produced by molecules as they diffuse across a small
confocal observation volume, followed by autocorrelation analysis of these time traces and
model fitting to extract quantitative parameters (Figure 2A) [61,62]. Combining FCS with
photoactivatable fluorescent proteins (paFCS) enables us to fine-tune the level of fluorescent
molecules detected, hence making it suitable for probing high-background intracellular
environments, such as the nucleus [63]. Other related fluctuation-based techniques include
polarization-sensitive FCS [64], number and brightness (N&B) analysis [65,66] and imaging
FCS and raster image correlation spectroscopy (RICS) [67,68], each of which is suitable for
quantifying a particular aspect of condensate dynamics. A complementary technique to FCS
is single-particle tracking (SPT), which leverages the ability to detect the fluorescence signal
of individual biomolecules to precisely localize their positions and track their dynamics
over time (Figure 2B) [69]. The sensitivity of SPT, especially when measuring inside the
highly crowded cell nucleus, can be enhanced through integration with various light-sheet-
based illumination schemes [70-73], which selectively excite only a thin section of the
nucleus to cut down the out-of-focus background that could easily overwhelm the signal
of a single biomolecule. Finally, photobleaching-based techniques, such as fluorescence
recovery after photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP),
probe intranuclear dynamics by photobleaching the fluorescent molecules in a specific
region of the nucleus and then monitoring either the recovery of fluorescence as bleached
molecules in the region get replenished after a single photobleaching (FRAP) (Figure 2C) or
the propagation of fluorescence loss through the nucleus after repeated photobleaching
(FLIP) [74,75].

In the spatial realm, super-resolution microscopy (SRM) has been widely used to char-
acterize the spatial features of chromatin-based phase condensates at resolutions an order of
magnitude below those afforded by conventional imaging techniques (such as confocal mi-
croscopy). Among the various approaches for breaking the diffraction limit, single-molecule
localization-based methods, such as photoactivated localization microscopy (PALM) and
stochastic optical reconstruction microscopy (STORM), leverage the labeling of a cellular
structure with photoswitchable or photoactivable fluorophores, a sparse subset of which
can be randomly activated, individually resolved and localized with nanometer precision.
Iterating the process multiple times with a different subset of fluorophores activated each
time allows a super-resolution image to be reconstructed from the collective localizations of
all fluorophore molecules in the target structure (Figure 2D) [76-78]. Alternatively, methods
based on spatially patterned illumination, such as structured illumination microscopy (SIM)
and stimulated emission depletion (STED) microscopy, make use of sub-diffraction-limit
spatial features introduced into the excitation light either to generate Moiré patterns from
cellular structures that can be used to reconstruct a super-resolution image (SIM) [79] or
to suppress fluorescence emission from fluorophores located off the center of the excita-
tion region and effectively shrink the point spread function (STED) [80]. Similar to SPT,
these super-resolution techniques can also be combined with various implementations of
light-sheet illumination [73,81-83], especially when resolving highly dense intranuclear
structures, such as those involving chromatin. In addition, DNA or RNA fluorescence
in situ hybridization (FISH) enables us to spatially correlate chromatin-based phase con-
densates with their genomic locations or transcriptional outputs, although no dynamic
information can be obtained due to the need for cell fixation.
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Figure 2. Principles of major types of quantitative imaging techniques commonly used for character-
izing chromatin-based phase condensates. (A) FCS quantifies intranuclear dynamics by monitoring
the fluorescence intensity fluctuations as biomolecules move in and out of a small observation vol-
ume; a typical intensity trace (inset) and the autocorrelation function curve calculated from it are
shown. (B) SPT detects individual fluorescent biomolecules inside the nucleus and tracks their move-
ments over time; a few typical single-particle trajectories (colored red, green and blue) are depicted.
(C) Photobleaching-based techniques, such as FRAP and FLIP, where a small region of the cell nucleus
is selectively photobleached; a typical FRAP curve is shown. (D) The SRM technique PALM/STORM
labels an intranuclear structure with photoswitchable fluorophores, activates a random subset of
the fluorophores each time and localizes their individual positions with ultra-high spatial precision;
iterating the process multiple times then reconstructs a super-resolution image of the structure.

While these imaging techniques are by no means specific to probing only intranuclear
phase condensates (as opposed to condensates at other intracellular locations), they are
nevertheless among the most widely adopted methods in previous studies of chromatin-
based phase separation and are often used in combination with each other or in conjunction
with other complementary approaches (such as in vitro biochemistry measurements of the
concentration range associated with phase separation for a particular condensate). The
extensive application of these quantitative methods has not only shed light on previously
hidden physico-chemical parameters of a variety of chromatin-based phase condensates
(as summarized in Table 2), but also in many cases led to illuminating insights into the
mechanistic and functional implications of these phenomena, as will be discussed in detail
in the following section.
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4. Multi-Scale Chromatin Organization and Dynamics Mediated by Phase Separation

The eukaryotic genome is organized hierarchically in the nucleus across multiple
length scales both in physical and sequence spaces [112,113]. At the finest scale (up to
several kbs), DNA is first compacted into nucleosomes consisting of 147 bps of DNA
wrapping around a histone octamer core. Nucleosomes are packed into 10 nm fibers
and then organized into chromatin loop structures and topologically associating domains
(TADs), which span several kbs to several Mbs [114,115]. Finally, chromatin domains
assemble into A/B compartments (approximately corresponding to euchromatin and
heterochromatin, respectively), which make up chromosomes that each occupy a distinct
territory within the nuclear space, several pm in size and spanning hundreds to thousands
of Mbs. Overall, phase separation has been implicated in the organization and dynamics of
chromatin at each of these scales, which is consistent with its intrinsic propensity for phase
separation as evidenced by the fact that nucleosome arrays are capable of condensing into
liquid droplets in vitro under physiological conditions [41].

4.1. Large-Scale Chromatin Organization

In order to be packed into a certain nuclear domain or territory, chromatin needs to be
organized into higher-order architectures, and the principles governing the process have
been well-illustrated through theoretical modeling and computational simulations [116,117].
Starting from simple models that assume the chromatin fiber to be a self-avoiding polymer
bead chain to account for the scaling properties of chromatin folding through binder-
mediated interactions [47,118], the various models that have been developed to date
are now capable of recapitulating the dynamic behaviors and properties of chromatin
folding and its resulting architectural features, in good agreement with data from FISH
and chromosome conformation capture experiments across different species [119-121].
Importantly, there is increasing in silico evidence supporting the role of phase separation
in orchestrating genome compartmentalization by taking into account different types of
biochemical interactions within a chromosome, where chromatin of the same epigenetic
type tends to colocalize and adopt certain architectural conformations as a consequence
of energetic stabilization [120-123]. These studies, coupled with the various experimental
findings detailed below, are merging towards a unifying conception of phase separation
as a key driving force of 3D genome organization, which has also been shown to be
evolutionarily conserved across the three kingdoms of life [124].

Among the different packing states of chromatin, phase separation of the densely
packed and largely transcriptionally inactive heterochromatin can be driven by heterochro-
matin protein 1 (HP1) and chromobox homolog 2 (CBX2), which recognize histone marks
H3K9me3 and H3K27me3, respectively (Figure 3A,B) [40,84,85,90]. In particular, heterochro-
matin can be further categorized into constitutive and facultative heterochromatin, with the
former being more densely packed and containing few genes but relatively large amounts
of tandem repeats, while the latter contains genes that are often found in a transcriptionally
repressed state in the absence of specific developmental cues [125,126]. The discovery of
the role of HP1 in driving LLPS of constitutive heterochromatin (marked by H3K9me3) in
Drosophila melanogaster and mammalian cells has expanded the conventional assembly
mechanism for heterochromatin domains beyond chromatin compaction [84], although con-
trary evidence exists that suggests that heterochromatin foci can also form independently of
HP1-driven LLPS [64]. Further supporting its role in the phase separation-driven formation
of heterochromatin, HP1 binding has been found to increase the accessibility and dynamics
of embedded histone residues within the nucleosome for more multivalent interaction
sites [127], thereby promoting the bridging of multiple nucleosomes together through HP1
oligomerization and enhancing inter-nucleosome interactions. Heterochromatin conden-
sate formation can also be further enhanced by linker histone H1 and post-translational
modifications of HP1. H1, whose condensates colocalize with HP1« in vivo [40], has been
shown to compartmentalize nucleosomes and reduce their dynamics within the conden-
sate [41], while the phosphorylated N-terminal domain (NTD) of human HP1x possesses
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an enhanced propensity for driving LLPS through formation of higher-order oligomers
that are more effective in bridging nucleosomes together [85]. In addition, the number
of available chromodomains (CDs) that interact with H3K9me3-marked nucleosomes has
also been found to serve as another driver for phase separation-mediated heterochromatin
formation, in which synergetic interactions between HP1o/ 3 and other heterochromatin-
related proteins (e.g., TRIM28 and SUV39H1) in a complex lead to enhanced multivalent
CD-H3K9me3 interactions that can drive heterochromatin condensation [86]. While these
findings were mainly demonstrated in vitro with relatively short nucleosome arrays, the
inter- and intra-molecular multivalent interactions between chromatin and its associated
proteins, as well as the coalescence of heterochromatin condensates, could potentially
drive the propagation of heterochromatin domains observed in live cells [128], beyond
the conventional mechanism of protein—protein binding/oligomerization. Moreover, the
intrinsic selectivity afforded by the combinations of macromolecular interactions through
phase separation serves as a higher-level regulatory mechanism across different types of
heterochromatin condensates. For instance, methyl-CpG-binding protein (MeCP2) conden-
sates selectively incorporate HP1 and compete with H1 to form mutually exclusive and
distinct heterochromatin foci [87,88]. DNA methylation (especially at CpG sites) is also a
common feature of constitutive heterochromatin besides H3K9me3 marks and is known
to negatively regulate transcription [129]. In this context (Figure 3A), the transcriptionally
repressive effect could be attributed to phase separation of MeCP2, which binds strongly to
highly methylated heterochromatic chromocenters and forms condensates via LLPS that
are capable of excluding transcriptional machineries [87,88]. In addition, phase separation
also kicks in when it comes to the overall maintenance of heterochromatin stability. No-
tably, condensates of the well-known DNA damage response (DDR) factor 53BP1 play an
unexpected role in protecting heterochromatin from DNA damage in a HP1x-dependent
manner [89].

Similarly, phase separation has also been implicated in the formation of facultative het-
erochromatin (marked by H3K27me3). The Polycomb repressive complex 1 (PRC1), which
recognizes H3K27me3 marks, can mediate phase separation via its CBX2 and PHC subunits
(Figure 3B), with the phosphorylation of CBX2’s IDR domain and oligomerization of PHC’s
sterile alpha motif (SAM) being critical for driving the condensation process [90,91,130]. In-
triguingly, CBX2 does not depend on H3K27me3 for phase separation, but rather nucleates
on chromatin directly to assemble CBX2-PRC1 condensates to speed up the target search
process of CBX2, thereby increasing its genomic occupancy to recruit more clients [131]. In
fact, the chromatin compaction functionality of PRC1 is facilitated by CBX2, while other
CBX proteins in PRC1 act as bridging factors that recognize and recruit H3K27me3-marked
chromatin into CBX-PRC1 condensates [90,132]. In addition, PRC1 condensates nucleated
at H3K27me3 have also been shown to drive ubiquitination of histone H2 for de novo
recruitment of PRC2 [133], leading to the propagation of H3K27me3 marks that in turn
recruit more PRC1 into the condensates and establish Polycomb domains in facultative
heterochromatin via a positive feedback loop [90]. These distinct phase separation-based
cofactor recruitment mechanisms and “scaffold—client” interactions function both indepen-
dently and in synergy to establish dynamic and multifunctional heterochromatin domains.
The collective effect of this complex interaction network might explain the observations
from previous studies that heterochromatin droplets in vitro and in vivo often exhibit in-
complete FRAP recovery and long recovery half-time [84,86,88,91], as well as incomplete
dispersion upon 1,6-hexanediol treatment [84,89,90], properties that suggest that they are
not purely liquid-like structures as predicted by the LLPS model.
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Figure 3. Intranuclear organization of chromatin via phase separation into large- and intermediate-
scale condensates. (A) HP1x dimer binding to H3K9me3 on heterochromatin initiates condensate
formation; further interactions with SUV39H1 and TRIM28 lead to higher-order oligomers that
enhance LLPS to establish highly compact constitutive heterochromatin. Moreover, MeCP2 can also
phase separate with HP1«, while the exclusion of H3K27ac and Pol II from the condensates further
segregates the heterochromatin phase from the surrounding transcriptionally active regions. (B) Upon
deposition of H3K27me3 marks on chromatin by PRC2, CBX2 binds to H3K27me3 and undergoes
LLPS to establish facultative heterochromatin. The assembly of other PRC1 subunits further enhances
the initial condensed phase into larger condensates. (C) CTCF-mediated chromatin looping provides
an architectural framework for the local enrichment of various transcriptional machineries (e.g., Pol
II, MED1 and BRD4) and drives the formation of transcriptional condensates via LLPS. Depletion of
CTCEF dissolves these condensates.
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In contrast to heterochromatin, the role of phase separation in driving the formation of
euchromatin as an intranuclear compartment has been studied less extensively. However,
it is known that heterochromatin and active transcriptional condensates (which are mostly
found in euchromatic regions) often form distinct phases from each other. Moreover, inter-
actions between heterochromatin, but not between euchromatin, have been found to drive
the compartmentalization of whole cell nucleus [134]. In line with the fact that acetylation
generally enhances chromatin, allowing it to adopt an “open” euchromatic configuration
for higher genomic accessibility [135], H3K27-acetylated chromatin only phase separates
in the presence of multi-bromodomain proteins, such as BRD4, and is immiscible with
H3K27me3 droplets [41]. In addition, given that many transcriptional regulators and RNA-
binding proteins harbor high levels of IDRs and have a high propensity to phase separate
in euchromatic regions [14], phase separation in euchromatin generally occurs at smaller
length scales and is largely associated with transcription-related condensates, as discussed
in the following sections.

4.2. Intermediate-Scale Chromatin Organization

Going further down the length scale, the organization of chromatin into smaller self-
interacting TADs has been conventionally understood from a CTCF- and cohesin-mediated
DNA loop extrusion mechanism [136,137]. However, TADs have been recently suggested
to be far more dynamic than previously thought, as CTCF and cohesin form transient
protein complexes with varying chromatin-binding dynamics to facilitate the formation
and dissolution of chromatin loops throughout the cell cycle [138]. Notably, CTCF has been
shown to be able to self-associate in an RNA-mediated manner via its RNA-binding region
for chromatin loop formation [139], which also mediates CTCF clustering to speed up its
nuclear target search by forming ~200 nm-sized “transiently trapping zones” [140]. Similar
genomic reorganization is also observed in cells entering senescence, where such clusters are
grouped into large senescence-induced CTCF clusters for chromatin loop reshuffling [141].
While the exact physico-chemical mechanism underlying CTCF clustering in these cases
warrants further investigation, a recent study has shown that rather than undergoing
phase separation itself, CTCF clusters can drive the local spatial confinement of chromatin
and serve as a structural framework or nucleation site to facilitate the assembly of LLPS-
mediated transcriptional condensates (Figure 3C) [92]. Furthermore, members of the SMC
protein family, such as cohesion, can also induce the phase separation of DNA-cohesin
clusters (~1 pum in size) in yeast cells through bridging of long DNA segments at least
3 kb in length [52]. This is the first experimental demonstration of PPPS in a biological
system in vivo and suggests a potentially new mechanism for chromatin loop stabilization
at transient CTCF-bound sites.

4.3. Small-Scale Chromatin Organization

At the local level, phase condensates can nucleate at regions with either low or high
chromatin density and selectively compartmentalize their interacting partners in close prox-
imity to regulate chromatin-based processes, particularly transcription. Super-enhancers
(SEs), which consist of a large number of enhancer elements drawn from distinct genomic re-
gions into close proximity, are one of the earliest observed examples of such transcriptional
condensates (Figure 4A). Many of the enhancer-associated factors including transcrip-
tion factors (TFs), coactivators and chromatin regulators that correlate with SEs, such
as BRD4, OCT4, FUS and MED]1 (a subunit of the Mediator complex), are IDR-rich and
capable of driving phase separation at SEs to activate gene transcription [97,98,106,108].
Specificity of gene expression can be achieved through selective interactions between the
various TF condensates. Hence, phase separation of transcription-related proteins not
only impacts chromatin organization by drawing enhancer elements together within the
condensates [108] but can also lead to synchronous transcriptional bursting of multiple
genes controlled by a shared enhancer [142]. Importantly, in order to differentially regulate
transcriptional outputs in a precise manner, each phase separation-mediated system has its

89



Int. J. Mol. Sci. 2022, 23, 8039

own optimal stoichiometric window for the most productive gene expression, depending
on the type, level and strength of IDR-IDR interactions; perturbing such a balance could
lead to aberrant or repressed transcription of target genes [102,103,143]. As such, phase
separation observed at SEs or target gene loci at endogenous protein levels likely occurs
at a more local scale, with condensates in the order of ~100 s nm in size (see Table 2), and
couples specific TF interactions to local chromatin organization. On the one hand, the
mechanical stiffness of local chromatin networks has been shown to affect the growth of
transcriptional condensates, and serve as selective chromatin filters that lead to genomic
rearrangements [144]. On the other hand, specific TE-DNA interactions can also initiate
and stabilize condensates by organizing chromatin interactions at SE loci, as exemplified by
the FET (FUS/EWS/TAF15) family protein EWS, which can form transactivation hubs that
target GGAA microsatellites for aberrant oncogene activation and expression associated
with Ewing’s sarcoma [104,145]. Furthermore, the key reprogramming factor KLF4, which
recognizes specific promoter sequences, is able to mediate phase separation by bridging
multiple DNA duplexes together, which in turn recruits other TFs and stabilizes long-range
contacts of pluripotency-related genomic elements [106].

In addition to TFs, various components of the transcriptional machineries can also
undergo phase separation to modulate the compartmentalization of chromatin and its
interaction partners in the nuclear space. Firstly, RNA polymerase II (Pol II) and MED1
can both form small and transient (~100 nm in size and ~12 s in lifetime), as well as large
and stable (>300 nm in size and >100 s in lifetime), clusters. The chromatin-associated
stable clusters exhibit properties of phase condensates in which Pol II and MED1 colo-
calize at SEs that activate gene transcription [99], in line with earlier observations of the
dynamic assembly of Pol II into heterogeneous populations of clusters that can correlate
with transcription [83,146,147]. Moreover, the C-terminal domain (CTD) of Pol II can
form condensates in both unphosphorylated and phosphorylated states that correspond
to transcription initiation and elongation, respectively [42,111,148], and the phosphory-
lation status of Pol II CTD alters its selective partitioning into condensates for different
transcriptional activities. Nascent Pol Il CTD promotes the formation of TAF15 condensates
by lowering the energetic barrier for its nucleation, which in turn recruits more Pol II into
these transcription initiation hubs. In contrast, elongating Pol II CTD phosphorylated at
Ser5 and Ser2 positions is excluded from TAF15 condensates but accumulates in concen-
trically adjacent regions [103]. These findings are in line with the earlier observation that
phosphorylation dissolves Pol II CTD condensates, and the phosphorylated Pol II CTD is
evicted from MED1 condensates [149]. Unphosphorylated Pol Il CTD is also incorporated
into MED1 condensates at SEs, while phosphorylation of Pol II CTD by CDK7/9 can drive
its transition from the transcription initiation hubs to transcription elongation/splicing
hubs [111]. Moreover, phosphorylated Pol II CTD is also recruited into cyclin T1 (a key
component of nuclear speckles) condensates for enhanced phosphorylation of Pol Il CTD
and efficient transcription elongation [109,110] (Figure 4B). Taken together, these findings
paint a general picture in which LLPS-mediated TF condensates draw a large number of en-
hancer elements together to stabilize the condensed phase, while mediating the formation
of transcription initiation hubs by recruiting unphosphorylated Pol Il CTD in the presence
of short RNA transcripts produced from initial transcription. Upon phosphorylation, Pol II
transitions to transcription elongation/splicing hubs located either concentrically to the
initiation hubs or in nuclear speckles proximal to actively transcribed genes. Finally, the
high number of long RNA transcripts produced during elongation helps dissolve these
transcriptional condensates [42,103,111,150].
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Figure 4. Phase separation-mediated small-scale chromatin-based condensates. (A) SE condensates
serve as transcription initiation hubs that recruit TFs and coactivators (e.g., OCT4, c-MYC, KLF4 and
MED1), which in turn recruit downstream transcriptional machineries. In particular, Pol IT has a
strong tendency to phase separate, but is excluded from these hubs upon phosphorylation of its CTD
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by CDK7/9. (B) Transcription elongation/splicing hubs formed by phosphorylated Pol II CTD,
BRD4, transcription elongation factors (e.g., cyclin T1) and splicing factors, which are also found
in nuclear speckles consisting of a core formed by long RNA transcripts and a shell decorated by
chromatin and associated transcriptional elongation machineries. (C) Mechanical stress triggers
LLPS of TAZ to initiate the transcription of TAZ-specific genes, while osmotic stress can induce
the redistribution of YAP into the nucleus and reorganize chromatin to form YAP condensates for
downstream gene transcription. TAZ/YAP condensates behave similarly to the SEs shown in (A)
and can incorporate the transcriptional machineries for effective gene activation and transcription.
(D) FET family proteins nucleate to drive LLPS of PAR-induced DNA repair hubs (left) during early
DDR. FUS is required for the recruitment of DDR factors (such as 53BP1) to DNA damage sites and
reorganizes phosphorylated histone variant YH2AX nano-foci into higher-order clusters, which can
be dissociated by PAR glycohydrolase (PARG). In RNA-modulated 53BP1 repair hubs (right), DSB
recognition by MRN initiates DDR response by recruiting ATM protein to phosphorylate H2AX.
In addition, dilncRNA synthesized by Pol II at DSB sites can be further processed into small DNA
damage response RNAs (DDRNAs), which support the nucleation of DDR foci by promoting LLPS
of DDR factors into 53BP1-phase separated repair hubs. The relationship between FUS-dependent
repair hubs and 53BP1 repair hubs is, however, not fully understood.

An important functional role served by phase separation-mediated transcription of
specific genes is rapid adaptation to extracellular stimuli for cell survival. Indeed, the
transcriptional condensates observed in vivo are often short-lived, reflecting the highly
dynamic nature of the cell’s responses to various environmental signals. For instance, the
transcriptional coactivator YAP forms condensates after redistributing into the nucleus
upon hyperosmotic stress and reorganizes the genome into clusters of accessible chromatin
regions. Such YAP condensates in turn enrich TFs, such as TEAD], for downstream tran-
scription of YAP target genes that regulate cell proliferation and survival (Figure 4C) [100].
Intranuclear condensates of the closely associated transcriptional coactivator TAZ, which
differs from YAP in its ability to phase separate, can also compartmentalize transcriptional
machineries, such as TEAD4, BRD4, MED1 and CDK9, to promote TAZ-specific gene
expression implicated in growth, development and tumorigenesis, as well as harness the
molecular selectivity afforded by LLPS to shield itself against upstream regulators [101].
Moreover, as the nucleo-cytoplasmic shuttling of YAP and TAZ is regulated mechanically,
they can act as intranuclear mechano-effectors in conjunction with MLL4, which also pro-
motes transcriptional condensate formation. Interestingly, in Kabuki syndrome, the loss of
function of MLL4 disrupts the counter-balancing of Polycomb group (PcG) compartments
needed for the proper maintenance of nuclear architecture, leading to increased mechanical
stress, reduced nuclear YAP/TAZ levels and, hence, reduced condensate formation [105].
In the case of cellular heat stress, the intracellular heat-shock transcription factor 1 (HSF1)
initiates a rapid response involving genome-wide transcriptional reprogramming (such as
increased expression of genes encoding heat-shock proteins and chaperones) by forming
phase condensates, which can be dissolved by the chaperone protein HSP70 when the
cell recovers [107]. When the cell is under proteotoxic stress, HSF1 can also accumulate
in nuclear stress bodies via phase separation, which can also be dissolved by HSP70 to
increase transcriptional activities and ensure cell survival; those persistent bodies formed
during prolonged stress, however, prime the cell for apoptosis [151]. Collectively, these
diverse examples demonstrate that phase separation can organize genomic elements in
a high-precision manner to serve as transcriptional hubs that activate specific genes in
response to diverse biochemical /biophysical cues.

Lastly, apart from transcriptional condensates, DNA damage response (DDR), which
is critical for maintaining genomic integrity and stability, can also be regulated by phase
separation via DNA repair foci where large amounts of double-strand break (DSB) repair
proteins interact at DNA damage sites [95,152,153]. A molecular marker of early DDR is the
phosphorylation of histone variant YH2AX mediated by the ATM protein for downstream
recruitment of early DDR factors (such as the sensor complex MRN and the DDR adaptor

92



Int. J. Mol. Sci. 2022, 23, 8039

protein MDC1) to facilitate DNA repair [154]. In line with the earlier observation that
DSBs in heterochromatic regions are actively relocated to outside the compartment for
homologous repair [155], it has recently been found that RAD52 condensates coupled with
various nuclear filaments can drive nucleoplasmic flow generation and DNA repair center
formation. These RAD52 droplets can undergo fusion, move to the nuclear periphery
and dissolve upon completion of repair, all of which are characteristics of LLPS [93].
Another example is the poly-(ADP-ribose) (PAR)-induced DNA repair hub, where PAR
polymerase 1 (PARP1) binds to DSB sites to initiate the deposition of PAR, to which FET
family proteins nucleate and drive LLPS of the repair hubs during early DDR (Figure 4D).
In particular, FUS is involved in PAR-induced DNA repair hubs by undergoing phase
separation to recruit key downstream DDR factors, such as 53BP1, KU80, NBS1 and SFPQ,
and organize nano-foci of the phosphorylated histone variant yYH2AX into higher-order
clusters [12,94]. FET family protein condensates formed during early DDR at PAR-seeded
repair hubs exclude 53BP1 but remain accessible for MDC1, which is responsible for
phosphorylation signal propagation [12]. Given the fact that FUS is required for the
relocation of 53BP1 to DNA damage sites and the accumulation of downstream DDR
effectors [94], the post-modification state of DDR factors provides an additional layer of
control for modulating DNA repair hubs, where the dissolution of PAR-seeded hubs by
phosphorylation allows for the recruitment and accumulation of 53BP1 and other genome
“caretakers” via ubiquitination [12]. LLPS of 53BP1 promoted by the synthesis of damage-
induced long non-coding RNAs (dilncRNAs) can also drive DDR signaling upon DSB via
the recruitment of Pol II pre-initiation complex (PIC), MED1 and CDK9 into the 53BP1
condensates [95]. Thus, LLPS enables the cell to achieve precise spatio-temporal control
over a series of DDR events. Furthermore, LLPS of 53BP1 at DSBs can organize damaged
chromatin and repair factors into larger repair hubs and shield the damaged sites from
extensive nucleolytic processing. The formation of these repair hubs also promotes global
p53 activation by incorporating p53 into the condensates, pointing to 53BP1’s role in
coordinating DNA lesions with global p53-dependent gene activation and cell fate decision
in response to DNA damage [96].

5. Perspectives and Outlook

Since its initial demonstrations in biological systems more than a decade ago [7,23],
phase separation has been found to play pervasive roles in organizing and regulating
diverse chromatin-based molecular processes across a wide range of length scales (from
the nucleosome level to higher-order chromatin domains), packing states (both heterochro-
matin and euchromatin) and intranuclear functions (such as transcription, splicing, DNA
damage repair, chromatin loop stabilization and telomere maintenance). The unique
physico-chemical properties of these phase condensates are harnessed by the cell to accom-
plish a wide range of chromatin-based regulatory functions in a spatially and temporally
controlled manner. In addition to demonstrating the critical importance of intranuclear
compartmentalization, these findings also add a new dimension to our existing under-
standing of the mechanistic modes and features that govern the hierarchical organization
of the eukaryotic genome, such as polymer—polymer interactions, local chromatin motions
and intranuclear architectural elements [112]. These insights are made possible through
the interplay between conceptual advancements in the physics and chemistry of phase
separation, comparative investigations across biological systems and the application of
quantitative imaging techniques for the characterization of these phenomena with enhanced
spatio-temporal resolutions and sensitivity.

Despite that, the quantitative parameters reported in the majority of the previous
studies were primarily limited to the size, density, lifetime /recovery half-time, diffusion
coefficient and in vitro concentration range/phase diagram associated with these phase
condensates (Table 2). While these are certainly critical parameters that characterize a par-
ticular type of condensate, many other equally important and revealing physico-chemical
properties, such as morphological features (e.g., aspect ratio), surface tension, viscosity,
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fusion kinetics and critical concentration for phase separation to occur in vivo were often
not measured or specifically reported. This deficiency hence calls for more comprehen-
sive and vigorous in vivo quantifications of chromatin-based phase condensates in future
studies. In fact, measurements of some of these parameters have already been undertaken
in a few of the recent studies; e.g., the aspect ratio [18,45,97], surface tension [95] and
viscosity [18,95] of the condensate droplet, as well as the in vivo critical concentration
for LLPS [103]. In addition, two recent studies have demonstrated the use of differential
diffusion properties between the condensate and its surrounding cellular environment, as
well as across the condensate boundary, as a quantitative criterion for validating phase
separation in vivo [102,156]. Moreover, in addition to the fluorescence-based imaging
methods conventionally used in most phase separation studies (Table 1), other comple-
mentary imaging modalities, such as atomic force microscopy (AFM), electron microscopy
(EM) and optical tweezers (OTs), can potentially be used in conjunction with fluorescence
imaging to probe specific aspects of chromatin-based condensates that otherwise cannot
be easily accessed or measured accurately. To that end, EM has been used to quantify the
size of FET protein aggregates induced by PAR chains or the degree of nucleosome array
compaction by MeCP2 and its mutants with superior spatial resolution [12,88], OTs have
been employed to quantitatively probe the dynamics of FUS droplets fusion in vitro [18]
and AFM has enabled the direct visualization of DNA—cohesin holocomplex clusters with
unprecedented morphological details [52]. These complementary approaches, combined
with the potential usage of novel fluorescent probes (such as the recently developed flu-
orophores AggFluor capable of quantifying a wide range of local viscosity changes with
uniform sensitivity [157]), can constitute a systematic, multi-parametric characterization to
substantially enhance our confidence when validating phase separation as the mechanism
at work in a specific biological system. In addition to imaging only the protein compo-
nents, novel strategies for imaging and tracking RN As (such as those based on fluorescent
RNAs [158]) or DNA loci (such as those based on CRISPR/Cas labeling [159]) in living
cells can also be simultaneously employed to reveal the in situ interactions between the
different types of molecular players involved in various intranuclear condensates.

Moreover, despite the seeming “omnipresence” and “omnipotence” of phase sepa-
ration, it is also important to exercise caution in not over-interpreting findings that could
otherwise be attributed to alternative mechanisms. In particular, merely exhibiting phe-
nomenological characteristics of phase condensates may not automatically mean that phase
separation is indeed at work until definitive evidence is obtained. For example, it has
been shown that herpes simplex virus replication compartments, while possessing many
macroscopic properties of liquid-like condensates, are in fact mediated by a transient DNA-
binding mechanism distinct from LLPS [156]. Another recent study has found that the
formation of condensate-like TF droplets does not enhance transcription activation for
a variety of tested synthetic TFs, hence demonstrating that phase separation is not the
default multivalent interaction-based mechanism which the cell uses to regulate biological
functions, such as transcription [160].

Another key deficiency in many of the previous studies of phase separation has
been the inadequate effort in linking quantitative characterizations with the functional
consequences of phase separation. For example, there has been evidence showing that
enzymatic reaction rates can be significantly increased within condensates as compared
to the surrounding milieu [161]. This example, albeit demonstrated using an in vitro
model system, highlights that phase separation-mediated sequestration of biomolecules can
enhance substrate-specific reactivity beyond that predicted by the law of mass action, which
could in turn lead to far-reaching functional consequences. However, given the complexity
of the biochemical pathways and interactions involved, correlating phase separation to
its in vivo functional outcomes is challenging and often not performed in a sufficiently
quantitative manner. A representative effort in this direction is the recent demonstration
that the transcriptional activation of an endogenous oncogene requires a narrow optimal
working window of IDR-IDR interactions; artificially inducing phase separation by tuning
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these interactions beyond the optimum will in fact lead to repressed transcription [102].
The importance of this finding is further underscored in light of the fact that many of the
previous phase separation studies were performed at concentrations or expression levels far
above the endogenous or physiologically relevant ranges (Table 2). Such potential caveats
caution against the temptation to over-attribute the significance of phase separation and
call for rigorous quantitative interrogations with close-to-native cellular environments and
abundance levels when ascribing phase separation as the underlying mechanism, as has
already been eloquently argued by others [162].

Finally, the complexity of chromatin-based condensates involving a variety of distinct
biomolecular species, as opposed to purely protein-based condensates, also raises concerns
as to whether LLPS is still a sufficiently accurate mechanistic model for describing these
systems, or if certain modifications are needed to account for the size and structural features
of chromatin, as well as the distinct types of interactions involved. For example, the finding
that Pol II clusters adopt a variety of shapes in zebrafish is consistent with a model in
which regulatory chromatin provides surfaces for liquid condensation at concentrations
too low for LLPS to occur and points to an alternative surface condensation mechanism
distinct from canonical LLPS [163]. In other cases where chromatin bridging is necessary
to initiate condensate formation, PPPS is perhaps more suitable as an alternative mecha-
nism [46], although definitive experimental evidence for PPPS in actual biological systems
remains very limited to date. Moreover, the fact that some of these condensates formed
via alternative mechanisms can also exhibit liquid-like macroscopic properties [52] poses
a challenge to our current notion of the defining characteristics associated with LLPS. As
such, there is a strong need for a comprehensive set of quantitative, universally applicable,
yet mechanism-specific criteria that can be applied to ascertain the exact physico-chemical
process at work in a specific intranuclear system.

Needless to say, the list of chromatin-based condensates surveyed here is certainly
not exhaustive, and new discoveries are constantly emerging. Growing evidence also
demonstrates that dysregulation of phase separation-mediated mechanisms could lead
to various ailments, such as neurodegenerative diseases and cancers [164-166]. As such,
another future challenge for the field is to go beyond cultured cell systems and probe
phase-separation mediated chromatin organization and dynamics in more physiologically
relevant contexts, such as developing embryos, live organoids or disease models [167],
in order to solidly place phase separation as a versatile regulatory paradigm underlying
diverse intranuclear processes in vivo.
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Abstract: Membrane-less organelles (MLOs) are formed by biomolecular liquid-liquid phase separa-
tion (LLPS). Proteins with charged low-complexity domains (LCDs) are prone to phase separation
and localize to MLOs, but the mechanism underlying the distributions of such proteins to specific
MLOs remains poorly understood. Recently, proteins with Arg-enriched mixed-charge domains
(R-MCDs), primarily composed of R and Asp (D), were found to accumulate in nuclear speckles
via LLPS. However, the process by which R-MCDs selectively incorporate into nuclear speckles
is unknown. Here, we demonstrate that the patterning of charged amino acids and net charge
determines the targeting of specific MLOs, including nuclear speckles and the nucleolus, by proteins.
The redistribution of R and D residues from an alternately sequenced pattern to uneven blocky
sequences caused a shift in R-MCD distribution from nuclear speckles to the nucleolus. In addition,
the incorporation of basic residues in the R-MCDs promoted their localization to the MLOs and
their apparent accumulation in the nucleolus. The R-MCD peptide with alternating amino acids
did not undergo LLPS, whereas the blocky R-MCD peptide underwent LLPS with affinity to RNA,
acidic poly-Glu, and the acidic nucleolar protein nucleophosmin, suggesting that the clustering of R
residues helps avoid their neutralization by D residues and eventually induces R-MCD migration
to the nucleolus. Therefore, the distribution of proteins to nuclear speckles requires the proximal
positioning of D and R for the mutual neutralization of their charges.

Keywords: liquid-liquid phase separation; membrane-less organelle; nuclear speckle; nucleolus

1. Introduction

Eukaryotic cells carry out a wide variety of biochemical reactions simultaneously.
Some of these reactions lead to toxic byproducts and are mutually incompatible. Hence,
these biochemical reactions occur in parallel in isolated compartments in typical lipid-
membrane-bound organelles. In contrast, cells form dynamic ribonucleoprotein compart-
ments to respond rapidly to various external and internal stimuli [1,2]. These ribonucle-
oprotein bodies, formed through the liquid-liquid phase separation (LLPS) of proteins
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and RNA, are known as membrane-less organelles (MLOs) [3]. MLOs such as nuclear
speckles, stress granules, and the nucleolus are formed according to the requirements of
the cell and are eliminated when unused. These structures can change their size, fluidity,
and protein composition according to requirements, to mediate a dynamic cellular response.
The most important factor in distinguishing between membrane-bound organelles and
MLOs is the ability of material to move freely across the boundaries of the organelle. This is
attributed to the presence or absence of a lipid membrane. In addition, due to this feature,
disease-associated proteins such as amyotrophic lateral sclerosis (ALS)-causing CIORF72
dipeptides are often incorporated into MLOs and influence their dynamics [4]. MLOs have
constituent proteins with low-complexity domains (LCDs) and/or intrinsically disordered
regions (IDRs). The repetitive motifs of LCDs promote multivalent interaction, and the
flexibility of IDRs makes them strong driving factors of phase separation [5,6]. Multivalent
interactions occurring through LCD-IDRs promote the polymerization of macromolecules,
leading to phase separation and MLO formation. However, the process of distribution of
MLO-targeting proteins to specific MLOs remains elusive.

The localization of molecules to the nucleolus is the most widely studied process in
MLO targeting. The consensus regarding the nucleolus localization signals (NoLS) is a
sequence with a cluster of basic amino acids such as arginine (R) and lysine (K) [7,8]. Find-
ings from the comparison of various NoLS and proteomic studies on the nucleolus suggest
that NoLS do not contain any specific sequences that act as a recognition motif for binding
to specific receptor molecules [9,10]; instead, they undergo high-affinity interactions with
nucleolar molecules such as proteins and nucleic acids, thus facilitating nucleolar localiza-
tion. However, the precise mechanism remains unknown. The targeting of nuclear speckles
by proteins has also been investigated. A nuclear speckle is an MLO with an essential role
in mRNA splicing, the splicing factor storage, and modification [11]. SON protein and
serine/arginine repetitive matrix protein 2 (SRRM2), both natively unfolded proteins with
large LCDs, have been identified as the scaffolding molecules for nuclear speckles [12].
Recently, the R-enriched mixed-charge domain (R-MCD) was shown to determine whether
proteins will localize to nuclear speckles [13]. Interestingly, the combination of aspartate (D)
and R in proteins triggers their incorporation into nuclear speckles, whereas the presence
of glutamate (E) and K exerts a limited effect on protein localization. However, the role of
the R-MCD structure—function relationship in protein distribution to nuclear speckles is yet
to be fully characterized.

In this study, we first tested a series of artificial R-MCD variants with different period-
icities or different proportions to determine how the charge position and net charge affect
the distribution of proteins to the MLOs. When the positive and negative charges were
separated, the localization of R-MCDs shifted from nuclear speckles to the nucleolus, even
though the net charge remained neutral. Furthermore, we showed that the incorporation
of R-MCD into MLOs was enhanced when their net charge was positive. We performed
interactome analysis by proximity-dependent biotin labeling and showed that proteins
from the nucleolar granular components (GCs) were enriched in the interactome of R-MCD
with blocky positive/negative charges. Lastly, the R-MCD peptide with opposite charges
segregated was found to be susceptible to phase separation and associated with RNA,
poly-E peptide, and nucleophosmin (NPM1), a nucleolar protein. These results indicate
that the net charge of the LCD and the position of the charged amino acids in the LCD
determine the degree of phase separation and the localization of proteins to specific MLOs.

2. Results
2.1. Charge Patterning in the R-MCDs Influences Their Distribution to MLOs

To investigate how the position of oppositely charged residues in the R-MCDs af-
fects their subcellular localization, we synthesized (DR)sg variants with different charge
distributions as models for R-MCD (Figure 1A). All (DR)sg variants carried the same
number of R (1 =50) and D (n = 50) residues, and the charge patterning was the only
difference, as indicated by the charge patterning parameter « (Figures 1A and S1) [14].
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As previously reported, when overexpressed in HeLa cells, green fluorescent protein (GFP)-
(DR)sg colocalized with serine/arginine-rich splicing factor 1 (SRSF1), a nuclear speckle
marker (Figure 1B) [15]. When we changed the charge patterning without changing the
net charge, (DgRg)s tended to accumulate in the nucleolus, and (D1¢R14)3 localized almost
exclusively to the nucleolus, as shown by a good Pearson correlation coefficient (PCC)
with a nucleolar marker, NPM1-DsRed [16] (Figure 1B-F). Reportedly, the localization of
proteins to the nucleolus requires the presence of basic amino acids such as R and K at high
levels [7-9]. However, in the case of (DR)s5g variants, even though both (DR)s5q and (D1¢R16)3
had the same number of D and R residues and equal net charges, (D14R14)3 migrated to
the nucleolus, whereas (DR)sg accumulated in nuclear speckles. This suggests that uneven
intramolecular charge distribution may be a key determinant of protein localization to
MLOs. To elucidate the roles of the acidic and basic blocks of (D1¢R14)3 in the nucleolar
localization, we tested the localization of contiguous acidic and basic amino acids. When
we overexpressed Rjg, Ryg, Kyg, or Ky, contiguous basic amino acid chains of different
lengths showed nucleolar localization (Figure 2A,B). However, Dyg, Dyg, Eqg, or Eyy ex-
pressed in HeLa cells showed no specific localization to MLOs (Figure 2C,D), suggesting
that the localization of (D1¢R16)3 to the nucleolus is owing to the presence of contiguous
basic amino acids. These results indicate that the primary sequence of oppositely charged
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Figure 1. The periodicity of the (DR)sq repeat determines the MLOs targeted by the R-MCD.
(A) Schematic structures of (DR)5q variants with different repeat periodicities. D;Ry was fused to the
C-terminus of (D4Ry4)12, (DgRg)s, and (D1gR14)3 to equalize the number of D and R residues. Kappa
(k: charge patterning parameter) was calculated by CIDER [6]. (B) Subcellular localization of
GFP-fused R-MCD variants in HeLa cells. Nuclear speckles were visualized by co-expressed
serine/arginine-rich splicing factor 1 (SRSF1)-mCherry, and the nucleolus was visualized by
co-expressed nucleophosmin (NPM1)-DsRed. Scale bar = 10 pm. The inset images are high-
magnification images of squared areas. (C) Ratio of GFP signals in the nucleolus/nucleoplasm,
with n = 8~10 cells/condition. (D) The degree of colocalization between GFP-(DR)s5y variants and
NPM1 quantified by the Pearson correlation coefficient (PCC). (E) The ratio of GFP signals in nuclear
speckles/nucleoplasm. The ratio for (D1¢R1¢)3 was not determined because only a few cells showed
speckle incorporation. N = 8~10 cells/condition. (F) The degree of colocalization between GFP-(DR)sq
variants and SRSF1, quantified by the PCC. The error bars show =+ SD. The asterisks indicate significant
differences obtained via one-way analysis of variance (ANOVA) with Dunnett’s test; ** p < 0.01.
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Figure 2. The presence of consecutive basic amino acids is responsible for the nucleolar distribution
of proteins. (A-D) The subcellular localization of ten or twenty consecutive basic amino acids (R for
(A) and K for (B)) or acidic amino acids (D for (C) and E for (D)) fused to the C-terminus of GFP
expressed in HeLa cells. Scale bar = 10 pm.

2.2. Charge Patterning Affects the Interactome of R-MCDs

As indicated by the incorporation of (DR)s5 into the nuclear speckle and the localiza-
tion of (D16Ry6)3 to the nucleolus, charge patterning affects the protein—protein interaction
of R-MCDs. Since R and D are highly charged residues, conventional immunoprecipita-
tion/proteomics analysis, which requires cell lysis, may lead to artificial interactions during
the lysis/immunoprecipitation process. To investigate the protein—protein interactions
while maintaining spatial information, we performed TurbolD-mediated proximity biotin
labeling of the proteomes in close proximity to each R-MCD (Figure 3A) [17,18]. The visu-
alization of biotinylated proteins using AlexaFluor488-conjugated streptavidin revealed
that TurboID-(DR)s5g exclusively biotinylated proteins in nuclear speckles, and TurbolD-
(D16R16)3 biotinylated the proteins in the nucleolus, as expected (Figure 3B). Biotinylated
proteomes were analyzed using quantitative liquid chromatography—mass spectrometry
(LC-MS) [19]. Signals from nucleolar markers and speckle markers showed that the segre-
gation of oppositely charged residues in the R-MCD increased the cohesion of the nucleolar
GC, where rRNA and proteins assemble in the ribosomal subunit, and reduced the co-
hesion to speckle markers (Figure 3C). Some nuclear and cytoplasmic MLOs have been
shown to require RNA to maintain their integrity [20]. RNA has a negative charge and
can interact with basic amino acids via electrostatic interactions, and RNA depletion by
intranuclear expression of RNAse induces morphological changes in MLOs [20]. Further-
more, the inhibition of RNA transcription by actinomycin D (ActD) is known to cause the
enlargement of nuclear speckles and dwarfing of the nucleolus [21-23]. A decrease in the
levels of negatively charged RNAs alters the subcellular localization of proteins with a high
basic amino acid content [24]. We investigated how the ActD-mediated inhibition of RNA
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synthesis affects the localization of R-MCD. The distribution of (DR)sp, which localizes to
nuclear speckles, showed no significant change in colocalization with SRSF1 after ActD
treatment (Figure S2A-C). However, the distribution of (D1¢R1¢)3, which localizes to the
nucleolus, was significantly affected upon ActD treatment and showed a granular pattern
in the nucleoplasm (Figure S2D-F), suggesting that electrostatic interaction of (D15R14)3
with RNA may be one of the drivers of its distribution to the nucleolus.
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Figure 3. Proximity labeling analysis revealed that charge patterning affects the interactome of
R-MCDs. (A) Schematic illustration of TurboID (TbID)-mediated proximity biotin labeling. (DR)sq
or (D1gR16)3 was used as the bait in the experiment. SA: streptavidin. (B) Protein biotinylation
by TurbolD-(DR)s5g or TurboID-(D14R4)3, followed by visualization with AlexaFluor488-labeled
streptavidin (SA-AF488). Scale bar = 10 um. (C) Fold change in the signals of markers for the
granular component (GC), fibrillar center (FC), or dense fibrillar component (DFC) of the nucleolus,
nuclear speckles (Spec.), tubulin species, and heat-shock proteins (HSPs). Proximity labeling analysis
followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed twice
for independently prepared sample sets.

2.3. A Net Positive Charge in R-MCDs Enhances Their Incorporation into MLOs

Next, we examined how the net charge of an R-MCD affects its subcellular localization.
To this end, we synthesized R-MCD variants containing the same number of R residues
(n = 50) with different net charges (Figure 4A). The net charge per residue (NCPR) of these
R-MCD variants ranged from —0.333 to 0.493. An increase in the NCPR through R up to
+0.2 was shown to enhance the incorporation of (DR)59 mutants into nuclear speckles [13].
GFP-(D;R1)50 (NPCR = —0.333) showed a diffused distribution pattern and low cohesion
with nuclear speckles (Figure 4B). When the proportion of R-MCD changed and the number
of acidic amino acids was reduced to impart a net positive charge, the condensation of
R-MCDs increased not only in nuclear speckles but also in the nucleolus (Figure 4B-G). This
effect was more evident when the net charge increased, which suggests that an increase
in the net positive charge of R-MCDs enhances their condensation in MLOs (Figure 4C,E).
Note that when the net charge of R-MCDs was negative, their nuclear localization ceased
and they diffused into the nucleus and cytoplasm (Figure 4G).
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Figure 4. Imparting a net positive charge to the R-MCD enhances its ability to target MLOs.
(A) Schematic structures of (DR)5p proportional variants with different net charges per residue
(NCPR) [6]. (B) Subcellular localization of GFP-fused (DR)s5p proportional variants in HeLa cells.
Nuclear speckles were visualized by co-expressed SRSF1-mCherry, and the nucleolus was visual-
ized by co-expressed NPM1-DsRed. Scale bar = 10 um. The inset images are high-magnification
images of squared areas. (C) The ratio of GFP signals in nuclear speckles/nucleoplasm, with
n =10~12 cells/condition. (D) The degree of colocalization between GFP-(DR)5 proportional vari-
ants and SRSF1 quantified by PCC. (E) The ratio of GFP signals in the nucleolus/nucleoplasm, with
n =10~12 cells/condition. (F) The degree of colocalization between GFP-(DR)s5( proportional vari-
ants and NPM1 quantified by PCC. (G) The ratio of GFP signals in the cytosol/nucleoplasm, with
n = 10~12 cells/condition. The error bars show =+ SD. The asterisks indicate significant differences
derived using one-way ANOVA with Dunnett’s test; ** p < 0.01.

2.4. Charge Patterning in Natural R-MCDs Determines Protein Distribution to Specific MLOs

Next, we tested the effect of charge patterning on the R-MCDs of natural nuclear
speckle-associated proteins. Wild-type (wt) full lengths of small nuclear ribonucleoprotein
U1 subunit 70 (SNRNP70-FL) and wt-SNRNP70-MCD were localized to nuclear speckles
(Figure 5A-C). When oppositely charged amino acids were segregated without changing
the net charge, the site of localization shifted from the nuclear speckles to the nucleolus.
Similarly, the site of localization of the full-length protein and MCD of negative elongation
factor complex member E (NELFE) also changed from the nuclear speckles to the nucleolus
when the distribution of charged amino acids was changed (Figure 5D-F). These results
show that the charge patterning effects observed in the artificial R-MCD are similar to those
in natural proteins and are a means of controlling the localization of proteins to MLOs
in cells.
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Figure 5. Charge patterning in a natural R-MCD determines the distribution of proteins to specific
MLOs. (A) The schemes (top) show the structures of wild-type (wt) full-length SNRNP70 or full-
length SNRNP70 with the R-MCD of blocky charges (block). The pink lines indicate acidic amino
acids (D and E), and the blue lines indicate basic amino acids (R and K). The black line represents
the R-MCD analyzed in this study. The lower panels show the localization of GFP-wt-SNRNP70 or
GFP-block-SNRNP70. (B) The structure and subcellular localization of the wt-R-MCD of SNRNP70
or the block-R-MCD of SNRNP70. (C) The amino acid sequence of the wt or block of SNRNP70-MCD.
(D) The structure and subcellular localization of wt full-length NELFE (wt) or full-length NELFE with
the block-R-MCD (block). (E) The structure and subcellular localization of the wt-R-MCD of NELFE
or the block-R-MCD of NELFE. (F) The amino acid sequence of the wt or block of NELFE-MCD. Scale
bar =10 um.

2.5. Charge Patterning Determines the Phase-Separating Properties of R-MCD Peptides

The molecular mechanism by which charge segregation in the MCD causes a shift in lo-
calization from nuclear speckles to the nucleolus remains unknown. We synthesized (DR)1»
mutants with different charge patterns and tested their biochemical characteristics with
respect to phase separation (Figure 6A). Among the mutants, D1,R;» underwent simple
coacervation and formed droplets (Figure 6B). (DR);; and (D4R4)3 did not undergo phase
separation, even when their concentrations were increased (Figure 6C). When a fluores-
cently labeled polyE peptide or RNA (rA15) was added to the droplets formed by D2R5,
these acidic molecules were incorporated into the droplets (Figure 6D). Furthermore, when
we added the (DR);; mutants to recombinant NPM1 protein, a nucleolar protein with
acidic motifs, D15R1» underwent phase separation, but other peptides did not (Figure 6E).
Thus, the positioning of opposite charges in an alternating pattern in the R-MCDs causes
mutual charge neutralization and leads to the loss of affinity of R-MCDs for neighboring
molecules. The marginal unevenness in local charge is important for the localization of
proteins to nuclear speckles (Figure 6F). However, the segregation of oppositely charged
residues reduces the likelihood of neutralization of positive and negative charges, and as
a result, positively charged amino acids may bind to RNAs in a loop-like structure and
localize to the nucleolus. To prove that the electrostatic force is retained more strongly in
(D16R16)3 compared with (DR)sp, we challenged the HeLa cells expressing GFP-(DR)s( or
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GFP-(D4R16)3 with a digitonin solution containing different concentrations of NaCl. After
cell permeabilization, (D1¢R1¢)3 localized to the nucleolus even in the presence of 200 mM
NaCl, but (DR)sq lost its localization to nuclear speckles in the presence of 100 mM NaCl,
suggesting that (D14R14)3 binds to the surrounding molecules via stronger electrostatic
forces than (DR)sg (Figure S3A,B).
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Figure 6. Charge patterning determines the phase-separation properties of R-MCD peptides. (A) The
structure of (DR)1, variants with different periodicities. (B) D15R15, but not (DR);,, underwent simple
coacervation. Scale bar: 10 um. (C) The turbidity of (DR), variants with different periodicities at
different concentrations determined using the ODggg, with 1 = 3. The error bars show =+ SD. (D) The
D15Ry droplets mixed with 10 nM TAMRA-labeled rA15 RNA or 10 ng/uL of HyLite555-labeled
polyE peptide. (E) Recombinant mScarlet-I-NPM1 protein mixed with each (DR);, variant peptide
(10 uM). (F) Scheme of intramolecular neutralization by oppositely charged amino acids in the vicinity
of (DR)n and DnRn.

3. Discussion

MLOs form and disappear dynamically in the nucleus and cytoplasm and play es-
sential roles in cellular homeostasis. The appropriate distribution of each MLO-specific
component to the designated MLOs is essential for the maintenance of their functions,
but the mechanism underlying their distribution is unknown. In this study, we showed
that the charge pattern in R-MCD determines the phase separation of proteins to MLOs
and that segregation of residues with opposite charges influences the interactome of R-
MCD, promoting phase separation and shifting their distribution from nuclear speckles to
the nucleolus.

The (DR)s5g variants with different periodicities used in this study were fused with
enhanced GFP and had an isoelectric point of 5.6. Although EGFP and EGFP-(DR)sg, with
different periodicities, have similar isoelectric points (pI = 5.6), the EGFP-(DR)s5( variants
are localized to nuclear speckles or the nucleolus. Thus, even though the net charge of the
R-MCD is zero, the abundance of basic amino acids acts as a nuclear-localizing signal and
induces nuclear protein distribution.

Nuclear speckles are the nuclear MLOs with an important role in mRNA splicing,
storage, maturation, and splicing-factor modification [25]. The mechanism of nuclear
speckle formation remains unknown. Recently, SRRM2 and SON were identified as speckle
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scaffold proteins [12]. While SRRM2 and SON were shown to be essential for nuclear
speckle formation, the process by which SRRM2 and SON form nuclear speckles has not
been determined. Many splicing factors that localize to nuclear speckles harbor D/R or
S/R repeats [26-28]. The D/R and S/R repeats are reportedly essential for the localization
of factors to nuclear speckles [13]. Poly(PR) and poly(GR) dipeptides produced from the
mutant CI9ORF72 gene, which is associated with ALS [29,30], are structurally similar to
(DR)s5g in that they contain alternating R residues; however, their net charge is positive and
their targeted MLO is the nucleolus [31], suggesting that the neutralization of the charge on
R by neighboring acidic amino acids is important for the localization of factors to nuclear
speckles. This is consistent with the fact that when phosphorylated, serine residues in the
S/R repeat sequence act as acidic amino acids, to neutralize R-MCDs and induce their
localization to nuclear speckles [13].

Peptides with an alternating sequence of acidic and basic amino acids are known as
zwitterionic peptides. Zwitterionic peptides are easily hydrated and interact poorly with
proteins and charged molecules [32,33]. Because many strongly charged molecules such as
RNA are present in the nucleus, natural R-MCDs use their D/R-alternating zwitterionic
structure to reduce their susceptibility to the strong attractive force of RNA and localize
to nuclear speckles. Conversely, once the oppositely charged residues are segregated and
the local charge unevenness is established, the zwitterionic peptide loses its properties and
accumulates in the nucleolus by changing its molecular binding mode. Although both the
nucleolus and nuclear speckle contain RNA, the nucleolus contains much more abundant
RNA than the nuclear speckles, as shown by strong signals when intracellular RNA is
stained [34], and the abundant RNA-derived electrostatic forces might attract the blocky
charged sequences, which (DR)s5( can escape. On the other hand, the mechanism of how
(DR)s specifically condenses to nuclear speckles remains unclear. The zwitterionic struc-
ture may be advantageous for specific interaction with SON, SRRM2, or other components
of nuclear speckles. The intra-organellar environmental differences such as hydrophobicity
and density of aromatic compounds might also have an influence. Supporting the idea that
the (D1R1¢)3 has stronger electrostatic interactions than (DR)s5g, (D16R16)3 remained in the
nucleolus when cells were permeabilized with digitonin and treated with salts that shield
electrostatic forces, whereas (DR)sq lost its localization to the nuclear speckle (Figure S3).
Nevertheless, the possibility that blocked charged residues localize to the nucleolus by
interactions with specific nucleolar molecules cannot be ruled out. It also remains unclear
why a net positive charge in (DR)s5y variants enhances their incorporation into nuclear
speckles as well as the nucleolus. The NCPR of (D1R3)s50 is 0.493 (Figure S1), which is
similar to that of the ALS-causing CIORF72-encoded R-rich dipeptides, poly(GR) and
poly(PR) (NPCR = 0.5 for both), which exclusively localize to the nucleolus [31]. Therefore,
we believe that the positioning of the anionic D residue next to the cationic R residue is
necessary for protein localization to the speckle; however, further studies are warranted.

Only few studies have reported the role of the charge pattern of R-MCD in the protein
localization to MLOs. Greig et al. reported that modest unevenness of charge distribution
in the R-MCD enhances cohesion for both the nucleolus and nuclear speckles, and also
a shift in the net charge of R-MCD to positive increases the size of the nuclear speckle
and triggers retention of mRNA in the nucleus [13]. Therefore, the charge distribution of
the R-MCD plays an important role not only in the subcellular localization but also in the
protein function.

Research on the mechanism of localization to each MLO has only commenced recently.
MLOs are involved in various intracellular functions, and their disruption has been im-
plicated in various diseases such as neurodegenerative diseases and malignant tumors.
However, only a few drugs target MLOs. Klein et al. recently showed that small molecules
such as cisplatin are incorporated into the droplets of super-enhancers; however, their
controlled delivery to specific MLOs is yet to be achieved [35]. The targeting of specific
MLOs by charge patterning, as shown here, may help develop novel drug delivery systems
(DDS) in the future.
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In conclusion, we found that charge patterning is important for the targeted distribu-
tion of proteins in specific MLOs and that it regulates the protein interactome as well as
the manner of phase separation in MCDs. We believe that these data are of significance
from both biological and medical perspectives and will help develop DDS that can target
specific MLOs.

4. Materials and Methods
4.1. Recombinant Plasmids Construction

All MCD constructs and cDNAs for SNRNP70 (full length and MCD), NELFE (full
length and MCD), and TurbolD were synthesized and subcloned into pcDNA3.1-N-eGFP
vector or pcDNA3.1 vector (for TurbolD) by GenScript (Piscataway, NJ, USA). NPM1-
DsRed was a gift from Mary Dasso (Addgene plasmid # 34,553; http:/ /n2t.net/addgene:
34553 (accessed on 6 July 2022); RRID:Addgene_34553). For bacterial expression, human
NPMI1 tagged with mScarlet-I cDNA was synthesized and subcloned into pET28a vector
by GenScript. Human SRSF1 cDNA was PCR-amplified from a HeLa-cell cDNA pool
with a sense primer (GGATCCATGTCGGGAGGTGGTGTG) and an antisense primer
(GAATTCTTATGTACGAGAGCGAGATCTG) using PrimeSTAR Max DNA polymerase
(Takara Bio, Tokyo, Japan) and subcloned into pmCherry-C1 vector (Clontech, Mountain
View, CA, USA).

4.2. Transfection of HeLa Cells and Image Acquisition by Confocal Microscopy

HeLa cells (RIKEN BRC, Tsukuba, Japan) plated on a chambered glass slide (Mat-
sunami, Osaka, Japan) were transfected with each GFP-MCD construct in the presence or
absence of an MLO marker using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,
MA, USA), in accordance with the manufacturer’s instructions. Twenty-four hours after
transfection, the cells were fixed with formalin-PBS, and coverslips were mounted using
ProLong Gold-DAPI antifade reagent (Thermo Fisher Scientific). For ActD treatment, the
transfected HeLa cells were treated with 100 nM of ActD (Sigma-Aldrich, St. Louis, MO,
USA) for the indicated period. For the digitonin permeabilization assay, the transfected
HelLa cells were treated with a buffer containing 10 mM HEPES (pH 7.4), 0.1% digitonin
(Nacalai, Kyoto, Japan), 300 mM sucrose, and 100 mM or 200 mM NaCl for 10 min before
fixation. The cells were imaged with FV10i confocal microscopy (Olympus, Tokyo, Japan).
Image analyses were performed using the Image]J Fiji software (http://rsbweb.nih.gov /ij,
accessed on 6 July 2022).

4.3. Peptide Synthesis and Purification of Recombinant mScarlet]-NPM1

All (DR); variant peptides were synthesized by GenScript. Trifluoroacetic acid was
substituted with acetic acid. For the expression of the recombinant mScarlet-I-NPM1
protein, Escherichia coli BL21 cells were transformed with pET28a-mScarlet-I-NPM1, and ex-
pression of NPM1 was induced by incubation of the cells in ImM IPTG for 16 h at 25 °C.
The recombinant protein was purified using a HisTalon gravity column (Clontech) and
dialyzed with Tris-buffered saline.

4.4. Phase Separation of Peptides

The (DR)1, or DR, peptide (1 mM) was dissolved in water and diluted in a phase
separation buffer (composed of 10 mM HEPES (PH7.4) and 100 mM NaCl) at 100 uM. The
droplets were observed by FV10i confocal microscopy, and the ODgy value was measured
using a NanoDrop One (Thermo Fisher). The droplets were mixed with 10 nM TAMRA-
labeled rA15 RNA (Fasmac, Kanagawa, Japan) or 10 ng/uL of HyLite555-labeled polyE
peptide [34]. For phase separation with mScarlet-I-NPM1, 1 uM mScarlet-I-NPM1 was
mixed with each (DR)1, variant peptide (10 uM) in the phase separation buffer.
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4.5. Proximity Labeling and Quantitative LC-MS

TurbolD-mediated proximity labeling was performed as previously described [17].
Briefly, HeLa cells plated on a 15 cm dish were transfected with TurboID-(DR)s5g or TurbolD-
(D16R16)3. Twenty-four hours after transfection, the cells were incubated with 50 pM biotin
for 2 h. After the cells were washed four times with ice-cold PBS, they were lysed using
RIPA buffer containing cOmplete protease inhibitor cocktail (Roche). Excess biotin was
removed by ultrafiltration using an Amicon Ultra filter. For purifying biotinylated proteins,
cell lysates were incubated with Dynabeads MyOne streptavidin beads (Thermo Fisher
Scientific) in PBS for 2 h. The beads were sequentially washed with RIPA buffer, 1 M
KCl, 0.1 M Nay;COs3, 2 M urea in 10 mM Tris-HCI (pH 7.5), and RIPA buffer. The proteins
were eluted by boiling with 2x Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) and
subjected to quantitative LC-MS [19]. Briefly, the extracted samples were reduced with
10 mM TCEP at 100 °C for 10 min, alkylated with 50 mM iodoacetamide at room tempera-
ture for 45 min, and separated using SDS-PAGE. Protein bands, visualized via Coomassie
brilliant blue staining, were excised, destained, and cut finely before in-gel digestion with
Trypsin/Lys-C Mix (Promega) at 37°C for 12 h. The digested peptides were analyzed with
an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific) in combination
with an UltiMate 3000 RSLC nano-flow HPLC system (Thermo Fisher Scientific) in the
HCD MS/MS mode. Peptides were identified and quantified using Proteome Discoverer
2.4 software (Thermo Fisher Scientific), where the MS/MS spectra were searched against
the Homo sapiens protein database in SwissProt (https:/ /www.uniprot.org/, accessed on
6 July 2022), with a false discovery rate of 1% as an identification cutoff.

4.6. Colocalization Analysis

The colocalization analysis of GFP-(DR)sy variants with NPM1 or SRSF1 was per-
formed with Fiji Image] software using the EzColocalization plugin [36], and the PCC for
each combination was calculated.

4.7. Bioinformatic Analysis of Biochemical Properties of Peptides and Proteins

The biochemical properties of peptides and proteins used in this study were analyzed
using the CIDER web server (http:/ /pappulab.wustl.edu/CIDER/analysis/, accessed on
6 July 2022) [6]. The following components were analyzed and are shown in Figure S1: FCR,
fraction of charged residues; NCPR, net charge per residue; Kappa (x), charge patterning
parameter; and hydropathy, the Kyte—Doolittle hydropathy score for the sequence on a
scale of 0-9.

4.8. Statistic Analysis

Data are represented as means =+ standard deviations. Statistical analysis of the data
was performed using SPSS software 28 (IBM).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23147658 /s1.
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Abstract: The condensation of nuclear promyelocytic leukemia bodies, cytoplasmic P-granules,
P-bodies (PBs), and stress granules is reversible and dynamic via liquid-liquid phase separation.
Although each condensate comprises hundreds of proteins with promiscuous interactions, a few
key scaffold proteins are required. Essential scaffold domain sequence elements, such as poly-Q,
low-complexity regions, oligomerizing domains, and RNA-binding domains, have been evaluated to
understand their roles in biomolecular condensation processes. However, the underlying mechanisms
remain unclear. We analyzed Nst1, a PB-associated protein that can intrinsically induce PB component
condensations when overexpressed. Various Nstl domain deletion mutants with unique sequence
distributions, including intrinsically disordered regions (IDRs) and aggregation-prone regions, were
constructed based on structural predictions. The overexpression of Nstl deletion mutants lacking
the aggregation-prone domain (APD) significantly inhibited self-condensation, implicating APD as
an oligomerizing domain promoting self-condensation. Remarkably, cells overexpressing the Nst1
deletion mutant of the polyampholyte domain (PD) in the IDR region (Nstlpp) rarely accumulate
endogenous enhanced green fluorescent protein (EGFP)-tagged Dcp2. However, Nstlpp formed
self-condensates, suggesting that Nstl requires PD to interact with Dcp2, regardless of its self-
condensation. In Nstlapp-overexpressing cells treated with cycloheximide (CHX), Dcp2, Xrnl,
Dhhl, and Edc3 had significantly diminished condensation compared to those in CHX-treated Nst1-
overexpressing cells. These observations suggest that the PD of the IDR in Nst1 functions as a hub
domain interacting with other PB components.

Keywords: P-body; liquid-liquid phase separation; Nst1; polyampholyte domain; aggregation-prone
domain; Saccharomyces cerevisiae

1. Introduction

The phenomenon of biomolecular phase separation has expanded our understanding
of biomolecular condensation in cells [1]. Biomolecular condensates include many non-
membranous cellular structures, such as Cajal bodies, nuclear speckles, histone-locus bod-
ies, promyelocytic leukemia (PML) nuclear bodies (NB) in the nucleus [2-5], P-bodies (PBs),
stress granules (SGs), and germ granules in the cytoplasm [1,2,4,6-9]. These membrane-less
cellular structures are not random biomolecule mixtures. Some components are shared
in different condensates, but each membraneless organelle contains a specific group of
proteins and RNA/DNA, differentiating it from others. Not all of the condensate compo-
nents are critical for inducing condensation, but a few components, so-called scaffolds, play
crucial roles [10].
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Ribonucleoprotein (RNP) granules are among the most representative biomolecular
condensates and are an efficient model for studying biomolecular condensation in cells.
RNA, the general component of these condensates, is essential for these condensation
processes [11]. RNase treatment disperses isolated messenger RNPs (mRNPs) in vitro [11].
Additionally, decreased free ribosomal mRNA influx alleviates mRNP granule condensa-
tion in cells [12]. These phenomena strongly support the notion that RNA is a critical factor
for molecular condensation.

mRNP granules also contain hundreds of proteins [10,13-17]. Scaffold proteins that
function as nodes for protein—protein interaction networks are typically sufficient to form
condensates [10]. Scaffold proteins have the intrinsic potential to induce condensation,
while client elements are concentrated within the structure often by direct interactions
with scaffolds but are not required for condensate formation [18]. The scaffold proteins
show a few distinctive characteristics that distinguish them from client proteins. First,
numerous scaffold proteins exhibit self-oligomerizing properties. The RING finger-B box-
coiled coil (RBCC) motif [19-21] contains an N-terminal RING, Bl-box, B2-box, and a
C-terminal coiled-coil (CC) domain and is considered essential for PML oligomerization to
form PML NBs [22-24]. In the case of Ras-GTPase-activating protein (SH3 domain)-binding
protein (G3BP), the dimerization domain nuclear transport factor 2 (NTF2) is insufficient
but necessary for SG formation [25].

Scaffold proteins also have multivalent regions that participate in weak interactions
with numerous binding partners [26,27]. Intrinsically disordered regions (IDRs) with few
three-dimensional (3D) structures and little specificity [28-33] are reportedly necessary for
liquid-liquid phase separation (LLPS) dynamics and multivalency. IDRs of the heteroge-
neous RNP family, including hbRNPA1 in SGs [31], hbRNPA2B1 [33], RNA helicase Ddx4
in nuage [28], and Laf-1 in P-granules [34,35], are sufficient to mediate phase separation.
Low-complexity domains (LCDs) [33,36] such as the poly-Q/N prion-like domain (PrD)
and the arginine-glycine-rich (RGG) motif [4,34,37] are also known as critical modifiers for
generating LLPS. The polyampholyte or polyelectrolyte region of the IDR may function
as a sticker to promote LLPS [34]. Although previous research has established the link
between IDR and multivalency, it has not elucidated the syntax of molecular condensation.

PBs of the budding yeast Saccharomyces cerevisiae provide an excellent system for
studying the elements and mechanisms to form cellular condensates. The predominant
components of yeast PBs are mRNA decapping protein Dcpl and Dcp2, which constitute
the decapping enzyme, enhancer of mRNA decapping protein 3 (Edc3), Patl, Dhhl, and
the Lsm1-7 complex, all of which are mRNA-binding proteins that stimulate mRNA decap-
ping [37-39]. Predominantly, multivalent Edc3 interactions appear to drive PB formation.
Edc3 serves as a scaffold for PB assembly, primarily under glucose deprivation when PB
formation is robust. In a previous study, we identified Nst1 as a novel PB component. Nst1
accumulates in PBs more densely in stationary phase cells and under glucose deprivation.
Ectopically overexpressed Nstl is self-condensed and induces the condensation of other PB
components, such as Dcp2, indicating that Nst1 has the intrinsic potential to self-condensate
and accumulate other PB components [40].

Here, we dissected Nstl by overexpressing various Nstl domain deletion mutants to
understand the functions of distinctive Nstl sequence elements in its self-condensation and
recruitment of other PB components and improve our knowledge of molecular condensa-
tion in cells.

2. Results
2.1. The Nst1 C-Terminal Domain (CTD) Contains Polyampholyte and Aggregation-Prone Regions

We previously reported that Nst1, similarly to Edc3, induced Dcp2 accumulation via
self-condensation and physical interactions with other PB components [40]. These observa-
tions strongly suggest that Nst1 contains an oligomerizing domain similar to Edc3, with the
intrinsic potential to drive self-condensation. Nstl is a 141 kDa protein consisting of 1240
amino acids with a unique sequence distribution (Supplemental Figure S1A). To determine
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the properties of Nstl in self-generating condensates and the induced condensation of
other PB components, we analyzed the Nst1 sequence using multifaceted sequence predic-
tion tools: protein structure prediction using GalaxyWEB (http://galaxy.seoklab.org/, ac-
cessed on 12 October 2018) (Supplemental Figure S1A-C), IDR prediction with IUPRED2A,
PONDR, and DISOPRED3, and aggregation-prone region prediction with AGGRESCAN,
Tango, and PASTA 2.0 (Figure 1A,B).
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Figure 1. Nstl contains a polyampholyte domain (PD) and a predicted aggregation-prone region.
(A) Predicting the Nstl intrinsically disordered regions (IDRs). IUPRED2A (red) [41], PONDR
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(blue) [42], and DISOPRED3 (green) [43] algorithms were used for the prediction. Disorder scores
were calculated and presented. Scores exceeding the 0.5 threshold indicate the amino acid residues in
the Nstl disordered regions. The disordered regions with scores >0.5 in all three algorithms used are
identified as IDRs and highlighted in red-lined boxes. A length threshold for the disordered regions
is also set to >30 residues [44]. The PD in predicted disordered regions is marked with thick red-lined
boxes. PD corresponding residues are labeled in Supplemental Figure S1. (B) Predicting the Nst1
aggregation-prone regions. The regions with high aggregation propensities were calculated using
AGGRESCAN (purple) [45], Tango (orange) [46], and PASTA 2.0 (blue) [47] algorithms. Amino acid
residues with scores greater than the threshold value in all three algorithms were aggregation-prone
and marked with a red box in the Nst1 sequence. Corresponding residues are labeled in Supplemental
Figure S1. (C) A diagram of Nstl with domain architectures predicted by (A,B), and GalaxyWEB.
Each color in the schematic corresponds to a particular domain in the sequence. (D) Das-Pappu
diagrams of the full-length Nst1 and its domain deletion mutants. The full-length Nst1 and its various
domain deletion mutants are numbered in the box: 1. Nst1 (residues 1-1240), 2. Nstlntp (N-terminal
domain (NTD) Nst1 residues 1-429), 3. Nstlcrp (C-terminal domain (CTD) Nst1 residues 430-1240),
4. Nstlppp (residues 1-630 and 753-1240), 5. Nstlpapp (residues 1-1015), 6. Nstlappaapp (residues
1-630 and 753-1015), 7. Nstlpp (residues 631-752), and 8. Nstlapp (residues 1016-1240). The x-
and y-axes represent the fraction of positively and negatively charged residues, respectively. The
four zones (R1-R4) of the diagram are colored in bright green (R1), emerald (R2), forest (R3), and
red/blue (R4), respectively. The physicochemical properties of each colored zone are explained in
the inset. The numbers for the full-length Nst1 and its domain deletion mutants are assigned to a
corresponding region from R1-R4 with a circle.

The 980-amino acid sequence (from amino acid 131 to 1110), excluding 130 amino
acids of each Nstl N- and C-terminus, was analyzed because of the 1000 amino acid
limit of GalaxyWEB (Supplemental Figure S1B). N-terminus (residues 1-429) (data not
shown) and C-terminus (residues 430-1240) (Supplemental Figure S1C) structures were
also predicted independently. Nstl was expected to be low-ordered and to not form a
globular 3D structure (Supplemental Figure S1B). Based on the prediction of the secondary
structure by GalaxyWEB, Nst1 could be divided mainly into two domains: the N-terminal
domain (NTD) (1-406) and CTD (430-1240), with a short 23-amino acid unstructured region
(UR) between them (Figure 1C).

The 225 amino acids (residues 1016-1240) in the Nst1 C-terminus contain particularly
high scores in aggregation propensity prediction (Figure 1B). Considering the aggregation
propensity and protein secondary structure predictions, we designated this region as an
aggregation-prone domain (APD) (Figure 1C and Figure S1C).

We found that amino acids 1-32 in the NTD and 491-980 in the CTD scored highly
in all three IDR predictions (Figure 1A). The polyampholyte sequence, including charged
amino acid clusters D, E, R, and K with sparse hydrophobic amino acid L, was embedded
in the predicted IDR (Figure 1A and Figure S1A). Considering that the polyampholytic
sequence was predicted as coiled-coil (CC) helices in the secondary structure prediction
by GalaxyWEB, we designated this predicted region as the polyampholyte domain (PD)
(Supplemental Figure S1B).

Polyampholyte sequences are commonly present in many IDRs [48]. Charged amino
acids, such as D, E, K, and R, function as inter- and intra-molecular stickers to generate
LLPS [34,49]. The molecular conformation of proteins can be deduced based on the fraction
of the charged amino acids in the Das-Pappu diagram [50]. Fundamentally, the fraction
of charged residues (FCR) and the net charge per residue (NCPR) determine the four
regions, R1, R2, R3, and R4, in the Das-Pappu diagram. The proteins showing an FCR
value smaller than 0.35 were assigned to R1 or R2. The protein sequences presented in
R1 and R2 were expected to have a globular conformation of weak polyampholytes and
an alternative globular conformation of a context-dependent polyampholyte, respectively.
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Proteins with an FCR value greater than 0.35 were classified as R3 or R4. These protein
sequences were strong polyampholytes or polyelectrolytes that were expected to be coiled.
We projected the sequence of Nstl and each Nst1 deletion mutant of the predicted domain
onto the Das-Pappu diagram (Figure 1D). Full-length Nst1 (1) was projected in R2, where
the fraction of negatively or positively charged residues was between 0.25 and 0.35. The
zone of the context-dependent polyampholyte indicates that Nst1 may not have a stable
globular protein structure, and its composition may be altered in a context-dependent
manner. Additionally, the Nst1 N-terminal (Nstlntp) (2) and Nstl C-terminal (Nstlctp)
(3) projections were close to the full-length Nst1 in the same R2 region of the diagram.
This indicated that the ratio of the charged Nstlntp and Nstlcrp residues was similar
to that of full-length Nstl. However, as expected due to its IDR predictions, Nst1app (4),
the mutant lacking the polyampholyte region, was projected on the border of R2 and R1,
in which the fraction of negatively or positively charged residues was below 0.25. This
Nstlapp prediction indicated that deleting the Nst1 polyampholyte region could severely
alter the full-length Nst1 FCR. In contrast, Nstlaapp (5) was projected onto the R3 zone,
demonstrating that deleting the aggregation-prone domain (APD) increased the Nst1 FCR.
The Nstlappaarp projection (6) showed the offset effect of PD and APD deletions. Collec-
tively, these predictions suggest that the unique sequence distribution of Nst1, especially
the PD and APD, may enhance Nstl self-condensation and the condensation of other
PB components.

2.2. The Nst1 CTD Is Sufficient for Nst1 Self~-Condensation

To identify the specific regions of Nstl responsible for the self-condensation and
condensation of other PB components, we designed various Nstl domain deletion mutants
with different domain combinations based on the predictions (Figure 1). Each green
fluorescent protein (GFP)-tagged Nstl domain deletion mutant was overexpressed under
the galactose inducible (GAL) promoter of pMW?20 in the wild-type cells, and its expression
was confirmed by Western blot analysis (Supplemental Figure S2A). As reported in a
previous study [40], overexpressed GFP-tagged Nstl formed bright puncta (Figure 2A).
The Nstl mutant, Nstlntp, was completely dispersed throughout the cytoplasm when
overexpressed (Figure 2A). In contrast, Nstlcrp formed clear puncta upon overexpression
(Figure 2A). These observations demonstrate that the Nst1 CTD was sulfficient to form
self-condensates upon overexpression (Figure 2A).

The puncta formed by Nst1 overexpression were closely correlated with the physical
LLPS properties obtained via 1,6-hexanediol treatment [27]. 1,6-hexanediol is reported
to eradicate the nuclear pore permeability barrier by interfering with hydrophobic in-
teractions in the pores and is generally used to interfere with the integrity of reversible
condensates with liquid-like properties [51,52]. In budding yeast cells, treatment with
5-10% 1,6-hexanediol for 30 min can impede PB integrity but cannot disperse irreversible
amyloids [27]. When cells were treated with 1,6-hexanediol, we observed that condensates
of overexpressed GFP-tagged Nstlcrp dispersed as those of full-length Nst1, exhibiting
the liquid-like property of both condensates (Figure 2A).
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Figure 2. The Nstl CTD is sufficient for Nst1 self-condensation. (A) Fluorescence microscopy of
the cells overexpressing full-length enhanced green fluorescent protein (EGFP)-tagged Nst1 and the
NTD (Nstlntp, 1429) and CTD (Nstlcrp, 430-1240) of Nstl. Overexpression of each EGFP-tagged
Nstl deletion mutant was induced in wildtype cells, then observed before and after 1,6-hexanediol
treatment. Scale bar: 5 pm. Schematic diagrams of the designed Nstl domain deletion mutants
are shown on the left. (B) The van Steensel’s crosscorrelation coefficients (CCFs) between each
overexpressed Nstl deletion mutant used in (A). The endogenous mRNA decapping protein 2 (Dcp2)-
mKate2 signals were analyzed and presented. Overexpression of each EGFP-tagged Nstl domain
deletion mutant was induced in wild-type cells whose chromosomal DCP2 was tagged with mKate2.
Each Nstl domain deletion mutant (n = total observed cell number): Pga;-GFP-NST1 (n = 257),
Pgar-GFP-NST1InTtp (n = 158), and Pgar-GFP-NST1crp (n = 161). All images were analyzed by
FIJT (https:/ /imagej.net/Fiji, accessed on 9 August 2020). (C,D) Each Nstl deletion mutant was
overexpressed in the wild-type cells with EGFP-tagged DCP2 (YSK3485). (C) Fluorescence microscopy
of cells expressing endogenous EGFP-Dcp?2 that overexpress the NTD (1-429), CTD (430-1240),
and full-length of Nstl. Scale bar: 10 um. (D) Quantification of the endogenous EGFP-Dcp2
puncta analysis of (C). The pixels of the top 0.1% EGFP-Dcp2 signal intensities were segmented
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for puncta analysis. The maximal intensity of each segmented punctum was plotted. ‘+” in the boxplot
indicates the mean value of maximal intensities of foci. Each Nst1 domain deletion mutant (n = total
observed cell number): Pg4; vector—only control (n = 218), Pgar-NST1 (n = 307), Pgar-NSTInTD
(n =333), and Pgar-NST1crp (n = 300). All measurements and analyses were performed by FIJI
(https:/ /imagej.net/Fiji, accessed on 31 March 2022). Statistical significance was determined by a
Mann-Whitney test **** p < 0.0001).

Previously, we demonstrated that the accumulated GFP-tagged Nstl condensates
co-localized with endogenous Dcp2-mKate2 [40]. To quantitatively investigate the cor-
relation between Nstl self-condensation and its association with PBs, we analyzed the
co-localization of each overexpressed Nstl domain deletion mutant and endogenous Dcp2
(a PB marker) using van Steensel’s cross-correlation function (CCF) (Figure 2B). Here, van
Steensel’s CCF determines the degree of co-localization between two different signals (red
and green) by crossing the Pearson coefficients of each image signal [53]. Endogenous
Dcp2-mKate2 was captured for analysis in wild-type cells whose chromosomal DCP2 was
tagged with mKate2 after each GFP-tagged Nst1 mutant was overexpressed. Van Steensel’s
CCF of overexpressed GFP-tagged Nstlnrtp did not show a bell-shaped curve with Dcp2-
mKate2, indicating that the red and green signals did not overlap (Figure 2B). However,
van Steensel’s CCF of overexpressed GFP-tagged Nstl and Nstlcrp for Dep2-mKate2
showed a bell-shaped curve, although GFP-tagged Nstlctp and Dcp2-mKate2 showed
a weaker correlation than the wild-type Nstl for Dcp2-mKate2 (Figure 2B). GFP-tagged
Nstlcrp and Dep2-mKate2 correlated more closely than GFP-tagged Nstlytp and Dcp2-
mKate2 (Figure 2B). These data suggest that Nst1 self-condensation is correlated with the
accumulation of the Dcp2 PB marker.

To demonstrate the Nstl domain responsible for EGFP-Dcp2 condensation, we mon-
itored endogenous EGFP-Dcp2 in cells overexpressing Nstl, NstlnTtp, and Nstlcp. As
expected, Nstlntp overexpression did not increase EGFP-Dcp2 condensation, whereas
overexpression of full-length Nst1 induced EGFP-Dcp2 condensation (Figure 2C). EGFP-
Dcp2 condensation induced by Nstlctp overexpression was enhanced compared to the
vector control and overexpressed NstlnTp (Figure 2C). However, EGFP-Dcp2 condensation
in cells overexpressing Nstlcrp was reduced compared with that in cells overexpress-
ing full-length Nst1 (Figure 2C). To quantify the degree of EGFP-Dcp2 puncta generated,
we segmented pixels of the top 0.05% intensity for puncta analysis, and the maximum
intensities of the segmented puncta scaled from 0-255 were analyzed using a boxplot.
The measuring method is described in detail in the Materials and Methods section and
our previous study [40]. Consistent with Figure 2C, full-length Nst1 and Nstlctp overex-
pression increased the maximum intensities of EGFP-Dcp2 condensates, while NstlnTp
overexpression did not (Figure 2D). Instead, the EGFP-Dcp2 condensates were decreased
in Nstlyrp-overexpressing cells compared to the vector control cells (Figure 2C,D). The
endogenous EGFP-Dcp?2 expression level in each mutant overexpressing cell was moni-
tored by Western blotting to confirm that the overexpression of each mutant did not affect
EGFP-Dcp2 expression levels (Supplemental Figure S2B).

These data suggest that an intrinsic sequence factor responsible for Nst1 self-condensation
is present in the Nst1 CTD. In addition, the condensation of PB components in the Nst1-
overexpressed cells was produced based on Nstl self-condensation through LLPS.

2.3. The APD in the Nst1 CTD Is Insufficient but Crucial for Inducing Nst1 Self-Condensation

Next, we investigated whether the predicted APD in the C-terminus induced Nst1 con-
densation. We constructed GFP-tagged Nstlaapp and Nstlcrpaapp mutants and compared
their overexpression phenotypes with those of GFP-tagged wild-type Nstl and Nstlctp in
BY4741 wild-type cells. Overexpression of GFP-tagged Nstl and Nstlcrp generated self-
condensation (Figure 3A). However, when Nstlaapp was overexpressed, major GFP signals
were dispersed throughout the cytoplasm. We observed the same dispersed phenotype in
cells overexpressing GFP-tagged Nstlctpaapp, where the APD was deleted in Nstlcrp,
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although Nstlcrp displayed discrete puncta (Figure 3A). These observations suggest that
the APD plays a critical role in Nst1 condensation. To further test the sufficiency of the
APD inducing condensation, only the APD was overexpressed. This did not result in the
assembly of any condensates (Figure 3A). These observations demonstrate that the Nst1
APD is crucial but insufficient for Nst1 condensation to form condensates. Consistently,
the CCF of overexpressed GFP-tagged Nstlaapp and Nstlctpaapp versus endogenous
Dcp2-mKate2 did not show a bell-shaped curve (Figure 3B).
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Figure 3. The aggregation-prone domain (APD) in the Nstlctp is insufficient but crucial for inducing

Nistl self-condensation. (A) Fluorescence microscopy of cells overexpressing EGFP-tagged full-length
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Nstl, Nstlaapp (residues 1-1015), Nstlcrp (C-terminal Nstl residues 430-1240), Nstlcrpaarp
(residues 431-1015), and Nstlapp (residues 1016-1240). Schematic diagrams of the designed Nstl
domain deletion mutants are shown on the left. Overexpression of each EGFP-tagged Nstl domain
deletion mutant was induced in wild-type cells, then observed. Scale bar: 5 um. (B) The van
Steensel’s CCFs between each overexpressed Nstl domain deletion mutant used in (A) and the
endogenous Dcp2-mKate2 signals were analyzed and presented. Overexpression of each EGFP-
tagged Nstl domain deletion mutant was induced in wild-type cells whose chromosomal DCP2
was tagged with mKate2. Each Nstl domain deletion mutant (n = total observed cell number):
Pcar-GFP-NST1 (n = 257), Pgar-GFP-NSTIaapp (n = 387), Pgar-GFP-NST1crp (n = 161), Pgar-
GFP-NST1crpaapp (n=191), and Pgar-GFP-NST14pp (n = 167). All images were analyzed by FIJI
(https:/ /imagej.net/Fiji, accessed on 9 August 2020). (C,D) Each Nstl domain deletion mutant was
overexpressed in the wild-type cells with EGFP-tagged DCP2 (YSK3485). (C) Fluorescence microscopy
of endogenous EGFP-Dcp2-tagged cells overexpressing full-length Nst1, Nst1papp, Nstlcrp, Nstl
cTDAAPD, and Nstlapp. Scale bar: 10 um. (D) Quantification of the endogenous EGFP-Dcp2 puncta
of (B). The pixels of the top 0.1% EGFP-Dcp2 signal intensities were segmented for puncta analysis.
The maximal intensity of each segmented punctum was plotted. ‘+” in the boxplot indicates the
mean value of maximal intensities of foci. Each Nstl domain deletion mutant (n = total observed cell
number): P41 vector-only control (n = 218), Pga1-NST1 (n = 307), Pga-NST1aapp (n = 337), Pgar-
NSTICTD (I‘I = 300), PGAL'NSTICTDAAPD (1’1 = 260), and PGAL'NSTIAPD (n = 261) All measurements
and analyses were performed by FIJI (https://imagej.net/Fiji, accessed on 31 March 2022). Statistical
significance was determined by a Mann-Whitney test (**** p < 0.0001).

In monitoring EGFP-Dcp2 in cells overexpressing these domain deletion mutants,
Nstlaapp overexpression did not show EGFP-Dcp2 condensate accumulation, while overex-
pression of the full-length Nstl induced EGFP-Dcp2 condensation (Figure 3C), as expected
from van Steensel’s CCF. In the quantitative analysis of the EGFP-Dcp2 condensates, the
overexpression of full-length Nst1 and Nstlctp increased the maximal intensities of EGFP-
Dcp2 condensates compared to the vector control, while the overexpression of Nstlaapp
and Nstlctpaarp canceled out the effect (Figure 3D). The maximal intensities of the EGFP-
Dcp2 condensates were reduced in both Nstlaapp- and Nstlctpaapp-overexpressing cells
compared to those of the vector control cells (Figure 3D). Endogenous EGFP-Dcp2 did
not appear as puncta in cells overexpressing Nstlaapp, suggesting that the APD of Nstl
alone was unable to induce self-aggregation. Endogenous EGFP-Dcp2 expression levels in
cells overexpressing each mutant were monitored by Western blotting to confirm that the
overexpression of each mutant did not affect EGFP-Dcp2 expression levels (Supplemental
Figure S2C). These data demonstrate that the Nst1 APD is the critical region for inducing
Nst1 self-condensation but functions in a context-dependent manner.

2.4. The Nst1 PD Is Not a Critical Component in Self-Condensation but Is Responsible for
Inducing Dcp2 Condensation

The polyampholyte region of proteins is a representative IDR and is anticipated to
be closely related to biomolecular condensation [48,49]. We attempted to demonstrate the
function of the PD in Nstl self-condensation because an obvious polyampholyte region
is present in the Nst1 CTD. Considering previous reports on the function of the polyam-
pholyte region in LLPS [48,49], we expected that PD deletion in various Nstl domain
mutants would negatively affect self-condensate generation. We compared the punctum
formation of the GFP-tagged PD deletion mutants with that of the GFP-tagged full-length
Nstl and Nstlcrp upon overexpression. Unexpectedly, GFP-tagged Nstlapp generated
condensates similar to wild-type Nst1 when overexpressed, demonstrating that PD does
not control Nstl self-condensation (Figure 4A). Nstlctpapp overexpression also formed
puncta (Figure 4A). However, the size and intensity of puncta in cells overexpressing GFP-
tagged Nstlcrpapp were reduced, compared with those in cells overexpressing GFP-tagged
Nstlcrp (Figure 4A), suggesting that the PD in Nstl may only partially contribute to Nst1l
self-condensation. Both condensates induced by GFP-tagged Nstlpp and Nstlcrpapp
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overexpression were dispersed in the cytoplasm in 1,6-hexanediol-treated cells, indicating

their liquid-like properties (Figure 4A).
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Figure 4. The polyampholyte region is not critical for Nst1 self-condensation but is responsible for

inducing Dcp2 condensation. (A) Fluorescence microscopy of cells overexpressing EGFP-tagged
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full-length Nstl, Nstlppp (residues 1-630 and 753-1240), Nstlctp (C-terminal Nstl residues
430-1240), Nstlcrpapp (residues 431-630 and 753-1240), and Nstlappaapp (residues 1-630 and
753-1015). Overexpression of each EGFP-tagged Nstl domain deletion mutant was induced in
wild-type cells, then observed before and after 1,6-hexanediol treatment. Scale bar: 5 um. (B) The
van Steensel’s CCFs between each overexpressed Nstl domain deletion mutant used in (A) and
the endogenous Dcp2-mKate2 signals were analyzed and presented. Overexpression of each EGFP-
tagged Nstl domain deletion mutant was induced in wild-type cells whose chromosomal DCP2
was tagged with mKate2. Each Nstl domain deletion mutant (n = total observed cell number):
Pgar-GFP-NST1 (n = 257), Pgar-GFP-NST1app (0 = 277), Pgar-GFP-NST1crp (n = 161), Pgar-GFP-
NST1crpapp (n=199), and Pgar-GFP-NST1pappapp (n = 198). All images were analyzed by FIJI
(https:/ /imagej.net/Fiji, accessed on 9 August 2020). (C,D) Each Nstl domain deletion mutant was
overexpressed in the wild-type cells with EGFP-tagged DCP2 (YSK3485). Schematic diagrams of
the designed Nstl domain deletion mutants are shown on the left. (C) Fluorescence microscopy
of endogenous EGFP-Dcp2-tagged cells overexpressing full-length Nst1, Nst1pp (residues 1-630
and 753-1240), Nstlcrp (C-terminal Nstl residues 430-1240), Nstlcrpapp (residues 431-630 and
753-1240), and Nstlappaapp (residues 1-630 and 753-1015). Scale bar: 10 um. (D) Quantifica-
tion of the endogenous EGFP-Dcp2 puncta of (C). The pixels of the top 0.1% EGFP-Dcp2 sig-
nal intensities were segmented for puncta analysis. The maximal intensity of each segmented
punctum was plotted. ‘+” in the boxplot indicates the mean value of maximal intensities of foci.
Each Nstl domain deletion mutant (n = total observed cell number): Pg4; vector-only control
(1’1 = 218), pGAL-NSTI (n = 307), PGAL'NSTIAPD (n = 284), PGAL'NSTICTD (n = 300), pGAL'NSTlCTDAPD
(n =200), and Pgar-NST1appaapp (n = 260). All measurements and analyses were performed by FIJI
(https:/ /imagej.net/Fiji, accessed on 31 March 2022). Statistical significance was determined by a
Mann-Whitney test (**** p < 0.0001).

We anticipated that overexpressed Nstlpp would induce EGFP-Dcp2 condensates
and colocalize with the Nstl overexpression because Nst1 PD deletion did not interrupt
Nst1 self-condensation upon overexpression. However, in van Steensel’s CCF diagram, the
localization of endogenous Dcp2-mKate2 tended to be less correlated with overexpressed
GFP-tagged Nstlapp localization than with overexpressed GFP-tagged full-length Nst1
and Nstlcrp (Figure 4B).

To examine the functional potential of PD deletion in EGFP-Dcp2 condensation, we
investigated EGFP-Dcp2 condensation in cells overexpressing Nst1app. Endogenous EGFP-
Dcp2 was monitored in cells overexpressing each Nst1 domain deletion mutant (Figure 4A).
Unexpectedly, the intensity of EGFP-Dcp2 puncta hardly increased in cells overexpressing
Nstlapp (Figure 4C,D), although we observed that GFP-tagged Nstlpp overexpression
generated bright puncta via self-condensation (Figure 4A). Endogenous EGFP-Dcp2 expres-
sion levels in Nst1 mutant-overexpressing cells monitored by Western blotting indicated
that Nstlpp mutant overexpression did not affect EGFP-Dcp2 expression levels (Supple-
mental Figure S2D). The intensity of EGFP-Dcp2 puncta in cells overexpressing Nst1app
was similar to that in cells overexpressing Nstlapp, which did not generate any concen-
trated EGFP-Dcp? signals (Figures 3C and 4C). These observations suggest that the PD
is less correlated with self-condensation and may play a specific role in recruiting other
PB components. Deleting the PD in Nstlcrp also canceled out Nstlctp overexpression-
induced EGFP-Dcp2 accumulation, supporting the role of PD in EGFP-Dcp2 condensation
(Figure 4C,D).

The effect of the APD on Nstl self-condensation was confirmed by Nstlappaarp
overexpression. We observed that GFP-tagged Nstlppaapp was mainly dispersed in the
cytoplasm as GFP-tagged Nstlspp, while overexpressed GFP-tagged Nstlapp was ob-
served as clear puncta (Figure 4A). Van Steensel’s CCF between GFP-tagged Nstlppaarp
and Dcp2-mKate2 also reflected that the double deletion of the PD and APD reduced
the intrinsic self-condensation potential of overexpressed Nstl to be co-localized with
the PB marker (Figure 4B). These data confirm that the APD is responsible for Nstl self-
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condensation. As expected, endogenous EGFP-Dcp2 condensates did not accumulate in
cells overexpressing Nstlppaapp (Figure 4C,D).

2.5. Dcp2 Condensation Induced by Nst1 PD Overexpression Is Independent of Free
Ribosomal Influx

Observations of endogenous EGFP-Dcp? in cells overexpressing various Nstl mutants
revealed that the APD and PD are largely responsible for self-condensation and inducing
Dcp2 condensation, respectively. Since RNA functions as a scaffold for protein conden-
sation via LLPS [12], we examined whether the PD in Dcp2 condensation is mediated by
polysome RNA influx. We investigated EGFP-Dcp2 puncta induced by overexpression of
each Nstl domain deletion mutant after cycloheximide (CHX) treatment. PB formation
induced by stress relies on an increase in non-translating mRNA concentration [12]. CHX
completely disassembled the endogenous PBs formed during glucose deficiency, which
inhibited translation elongation and resulted in a reduction in non-translating RNA [11,12].
Thus, protein-induced PB accumulation can be verified because CHX eliminated RNA-
derived PBs.

Nstl, Nstlapp, Nstlcrp, and Nstlerpapp were overexpressed in cells with EGFP-
tagged chromosomal DCP2, and EGFP-Dcp2 was observed after treating cells with 100
png/mL CHX for 10 min [12]. Consistent with our previous report, Nst1 overexpression
maintained EGFP-Dcp2 condensates in the presence of CHX, whereas the EGFP-Dcp2
puncta completely disappeared in the vector control (Figure 5A). We also observed that
Nstlcrp overexpression maintained EGFP-Dcp2 condensates in the presence of CHX
(Figure 5A). The maximal intensity of EGFP-Dcp2 puncta generated by each domain
deletion mutant was measured and plotted on the y-axis in the puncta quantification
analysis shown in Figure 5A (Figure 5B). Similar to the results shown in Figure 4, the
maximal intensity of EGFP-Dcp2 puncta accumulated by Nstlapp overexpression was
significantly decreased compared to that of full-length Nst1 overexpression and was similar
to the vector-only control (Figure 5B). The maximal intensity of the EGFP-Dcp2 puncta
accumulated by Nstlcrpapp declined, similar to Nstlapp (Figure 5B). The ratio of cells
with generated EGFP-Dcp2 puncta in the PD deletion mutants (Nst1app and Nstlctpapp)
was dramatically decreased compared to that in Nstl and Nstlcrp (Figure 5C). These
observations strongly support the implication that the PD is responsible for inducing the
condensation of other PB components.

127



Int. J. Mol. Sci. 2022, 23, 7380

A Peat Pear-Nst1 Pca-NST1arp Pca-NST1cto PGal-NST1ctp arp
+CHX +CHX +CHX +CHX +CHX
lw]
Q
o
»
[0)]
!
o
7~~~ y /
; - 4 N ‘® & "i 4
@ o - &
@

B
Pgar Pga“NST1 PoaNST1pp PoaNST1ory P "NST1orp ppp
250
5’! —— ——
"5 S 200 .
29 "
4 'E 150} .
S
_
5% I.IIJ 100 =
i | B : %=
= Q
0O 50+ p=
0 T T T T T T T T T T
+ CHX + CHX + CHX + CHX + CHX
3.5 hours galacatose induction
C

0.4

0.3=

0.2

0.1

Ratio of the Dcp2-EGFP
puncta generated cells

0.0 T

A
e NN &
RF o N
v,»

+CHX

Figure 5. The Nstl polyampholyte region interacts with a PB component Dcp2 independent of the
free ribosomal RNA influx. (A-C) In the wild-type strain whose chromosomal DCP2 was tagged with
EGFP, endogenous EGFP-Dcp2 was observed after the overexpression of full-length Nst1, Nst1,pp
(residues 1-630 and 753-1240), Nstlcrp (C-terminal Nstl residues 430-1240), and Nstlcrpapp
(residues 431-630 and 753-1240). In the cells overexpressing each Nst1 domain deletion mutant,
endogenous Dcp2 was observed before and after the 10 min 100 ug/mL cycloheximdie (CHX)
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treatment. (A) Fluorescence microscopy of EGFP-Dcp2 in the cells overexpressing each mutant before
and after the 10 min 100 ug/mL CHX treatment. Scale bar: 10 um. (B) Quantification of EGFP-Dcp2
puncta shown in (A). The pixels of the top 0.1% signal intensities were segmented and analyzed. The
maximal value of each punctum was plotted. ‘+” in the boxplot indicates the mean value of maximal
intensities of foci. All measurements and analyses were performed by FIJI (https://imagej.net/Fiji,
accessed on 31 March 2022) (C) The ratio of cells producing EGFP-Dcp2 puncta to the total cells by the
overexpression of each Nstl mutant (Nstl domain deletion mutant (n = total observed cell number):
PGAL (VeCtOI‘ Only, n= 260), PGAL—NST1 (n = 312), PGAL'NSTIAPD (I‘l = 247), PGAL_NSTICTD (1’1 = 302),
and PGAL'NSTICTDAPD (I’l = 241)) in (A)

2.6. The Nst1 PD Serves as a Binding Hub, Mediating the Condensation of other PB Components

Edc3 is a PB scaffold protein in S. cerevisiae [11,54]. The Aedc3lsm4AC mutant could
not induce EGFP-Dcp2 condensates independent of RNA influx, indicating that Edc3 is
a critical component in PB generation. In our previous study, EGFP-Dcp2 condensation
driven by Nst1 overexpression was suppressed in Aedc3 Ism4AC mutant cells, suggesting a
functional relationship between Nst1 and Edc3 in condensate formation. The EGFP-tagged
EDC3 strain was transformed with the same Nst1 deletion mutant clones tested in Figure 5
to determine whether the Nst1 PD is also responsible for EGFP-Edc3 condensation. We then
treated these cells with 100 pg/mL CHX after galactose induction to examine whether Nst1
PD-mediated Edc3 condensation is independent of polysome RNA influx. Microscopic
observations revealed that the puncta of EGFP-Dcp2 and EGFP-Edc3, induced by Nstl
overexpression, behaved analogously. In the presence of CHX, EGFP-Edc3 condensation
was highly decreased in cells overexpressing Nstlpp and Nstlcrpapp compared to that
in cells overexpressing Nstl and Nstlcrp (Figure 6A). Nstlapp overexpression did not
induce EGFP-Edc3 puncta (Figure 6A), although GFP-tagged Nstl,pp overexpression
resulted in its bright puncta (Figure 4B). The pattern of EGFP-Edc3 puncta generated by the
overexpression of diverse Nstl deletion mutants was similar to the pattern of EGFP-Dcp2,
both in the maximal intensity and the ratio of puncta-generating cells (Figure 6B). The
ratio of cells with generated EGFP-Edc3 puncta in the PD deletion mutants (Nstlapp and
Nstlctpapp) was dramatically decreased compared to that in Nst1 and Nstlcrp (Figure 6C).
Endogenous EGFP-Edc3 expression levels of each Nstl domain deletion mutant monitored
by Western blot analysis showed that altering EGFP-Edc3 expression levels did not induce
EGFP-Edc3 puncta reduction in cells overexpressing PD deletion mutants (Supplementary
Figure S2F). These analyses strongly suggested that the PD is responsible for recruiting
Edc3 as well as Dcp2.

The EGFP-tagged DHH1 and XRNT1 strains were transformed with Nstl and Nstlapp
and treated with 100 pg/mL CHX for 10 min after galactose induction to verify whether
the PD recruits other PB components. Overexpression of PD deletion mutants (Nstlapp
and Nstlcrpapp) generated fewer Dhhl and Xrnl puncta than wild-type CHX-treated Nst1
overexpressing cells (Figure 6D,E). Overall, overexpression of the PD deletion mutants
(Nstlapp and Nstlcrpapp) reduced the condensation of known PB components, suggesting
that the Nst1 PD interacts with PB components independent of polysome RNA influx.
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Figure 6. The Nst1 polyampholyte region functions as a binding hub for P-body (PB) components
independent of the free ribosomal RNA influx. (A-C) In the wild-type strains whose chromosomal
EDC3 was tagged with EGFP, the full-length Nst1, Nst1APD (residues 1-630 and 753-1240), Nst1CTD
(C-terminal Nstl residues 430-1240), and Nstl1CTDAPD (residues 431-630 and 753-1240) were
overexpressed. Endogenous enhancer of mRNA decapping 3 (Edc3) was observed before and after
cells were treated with 100 pg/mL CHX for 10 min. (A) Fluorescence microscopy of EGFP-Edc3 in
the cells overexpressing each mutant before and after the 10 min 100 pug/mL CHX treatment. Scale
bar: 10 um. (B) Quantification of the EGFP-Edc3 puncta shown in (A) with CHX. The pixels of the top
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0.1% signal intensities were segmented as the EGFP-Edc3 puncta. The EGFP-Edc3 puncta generated
were quantified, and the maximal value of each punctum was plotted. ‘+” in the boxplot indicates
the mean value of maximal intensities of foci. All measurements and analyses were performed by
FIJT (https:/ /imagej.net/Fiji, accessed on 31 March 2022) Statistical significance was determined
by a Mann-Whitney test (**** p < 0.0001). (C) The ratio of cells producing EGFP-Edc3 puncta to
the total cells overexpressing each Nstl mutant (Nstl domain deletion mutant in the presence of
CHX (n = total observed cell number): PGAL (vector only, n = 233), PGAL-NST1 (n = 320), PGAL-
NST1APD (n = 200), PGAL-NST1CTD (n = 244), and PGAL-NST1CTDAPD (n = 275). (D,E) In the
wild-type strains with EGFP-tagged chromosomal DHH1 and XRN1, the overexpression of full-length
Nstl and Nst1APD cells was induced, and then cells were treated with 100 pg/mL CHX for 10 min.
Fluorescence microscopy of (D) EGFP-Dhh1 and (E) EGFP-Xrn1 in CHX-treated cells overexpressing
full-length Nst1 and Nst1APD. Scale bar: 10 um. All images were measured and analyzed by FIJI
(https:/ /imagej.net/Fiji, accessed on 31 March 2022).

3. Discussion

Understanding the syntax of biomolecular condensation is key to understanding the
molecular dynamics of cells. RNA is a powerful scaffold, and the RNA-binding moiety
of scaffold proteins is expected to be crucial in biomolecular condensation. However,
the protein scaffolds responsible for condensation need to be investigated further. The
sequence properties of various scaffold proteins in condensates, such as the low complexity
domains (LCDs) of poly-Q or RGG and the polyampholytic region of charged amino acids
(lysine or arginine), may be critical for biomolecular condensation [50,55]. Further, scaffold
proteins that specifically function in a particular condensation generally have oligomerizing
properties and IDRs. A study on the PB component, Lsm4, in budding yeast found that
GAL-induced Lsm4 overexpression drives self-condensation [27]. Lsm4 is a representative
PB component, with a prion-like domain (PrD, poly-Q motif) in its C-terminal region.
Although CHX dissipated the stress-responsive endogenous Lsm4-GFP puncta, it did not
disperse the bright clear puncta generated by the GAL-induced GFP-Lsm4, implying that
the physical properties of the puncta induced by overexpressed Lsm4 were not identical to
the stress-derived endogenous PBs. However, these observations indicate that Lsm4 has
strong self-oligomerizing potential despite the unidentical physical properties of the puncta
upon overexpression with native PBs. Similarly, overexpressed GFP-Edc3 appeared as
bright clear puncta not dissipated by CHX, supporting previous reports that Edc3 harbors
the Yjef-N domain, which induces Edc3 self-oligomerization [56].

We previously found that Nstl significantly accumulated puncta in the stationary
phase. We also reported that GFP-tagged Nstl overexpression using a GAL-inducible pro-
moter yielded condensates of round puncta (Figure 2A) and drove the accumulation of other
PB components. These data strongly suggest that Nst1 has the potential to self-condensate
and recruit other PB components to condense. CHX did not dissipate the overexpressed
GFP-Nstl-generated bright clear puncta, suggesting that Nst1 has a sequence element that
induces self-oligomerization similar to Lsm4 and Edc3, although Nstl does not have a
recognizable PrD. Nstl is a large protein consisting of 1240 amino acids, including diverse
sequence elements, a presumptive IDR, and aggregation-prone regions, as predicted by sev-
eral programs (Figure 1). In this study, we attempted to elucidate the functional sequence
elements of Nstl for its self-condensation and accumulation of other PB component/s by
examining GFP-tagged Nstl domain deletion mutants upon overexpression.

3.1. The Nst1 C-Terminus Is Necessary and Sufficient for Self-Condensation, While the
N-Terminus Has an Auxiliary Role in Recruiting other PB Components

Overexpression of GFP-tagged NstlnTp (residues 1-429) did not generate any self-
condensation, whereas CTD (residues 430-1240) overexpression was sufficient for self-
condensation, indicating that the oligomerizing domain is present in the Nst1 C-terminus.
Nstl condensation induced EGFP-Dcp2 condensation. The Nstl domain, serving as a
platform to interact with Dcp2, is essential for EGFP-Dcp2 condensation. In the analysis
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of Dcp2 condensates in cells overexpressing different Nstl domain deletion mutants,
CTD overexpression induced less Dcp2 accumulation than full-length Nst1l. GFP-tagged
Nstlcrp formed bright clear puncta with a similar intensity to the GFP-tagged full-length
Nstl upon overexpression. Consistently, cells overexpressing the NTD did not seem to
produce any EGFP-Dcp2 puncta compared to the cells overexpressing full-length Nstl
(Figure 2C,D), but instead showed reduced EGFP-Dcp2 puncta in comparison with the
vector-only control. These observations can be explained by the recent LLPS mechanism
suggested by the Brangwynne group, in which node capping could reduce interactor
condensation [25]. By functioning as a Dcp2 node capper, the Nst1 NTD may directly
or indirectly interact with Dcp2 to cover the Dcp2 node, resulting in Dcp2 condensation
inhibition. These data imply that the overexpressed Nst1 NTD does not function in Nst1
self-condensation, but it may support Dcp2 recruitment to PB-associated condensates in
full-length Nstl-overexpressing cells.

3.2. The Aggregation-Prone Region May Be Associated with Inducing Nst1 Condensates with
Liquid-like Properties

We attempted to identify a specific region in the CTD that is responsible for self-
condensation. According to Nstl sequence-based predictions, the most aggregation-prone
region consisted of hydrophobic amino acid residues in the APD. Although the precise
link between aggregation propensity and LLPS remains unclear, the degree of aggrega-
tion propensity is likely correlated with many types of condensation, such as LLPS [57].
Among the several Nst1 domain deletion mutants constructed, the APD deletion mutant
(Nstlpapp) was the most powerful suppressor of Nstl condensation driven by overex-
pression. Overexpressed GFP-tagged APD mutants, such as Nstlaapp, Nstlctpaapp, and
Nstlappaarp, had significantly decreased puncta and were dispersed in the cytoplasm
(Figure 3A), suggesting that the APD in the C-terminus is critical for Nst1 self-condensation.
Conversely, APD-overexpressing cells did not show any EGFP-Dcp2 condensates, although
condensation of EGFP-Dcp2 in cells overexpressing Nstlaapp was alleviated compared to
cells overexpressing full-length Nst1 (Figure 3C,D). These data suggest that APD is neces-
sary but insufficient for Nstl or Nstlctp self-condensation. The insufficiency of the APD
for self-condensation could explain the importance of context and promiscuous interactions
in protein condensation by LLPS [26,27,34,53]. These observations imply that although we
could obtain clues on the sequence elements involved in Nstl self-condensation by deleting
each element, removing a domain may damage the unique sequence pattern of full-length
Nstl for condensation.

3.3. The Polyampholyte Region May Be Involved in Molecular Condensation as a Platform for
Multivalent Protein—Protein Interactions Independent of RNA Influx

Polyampholytes containing a significant proportion (>35%) of positively and nega-
tively charged residues are present in 75% of intrinsically disordered proteins [48,55]. In
the analyses of EGFP-Dcp2 puncta formed in cells overexpressing Nstl domain deletion
mutants, the Nst1 PD was responsible for recruiting other PB components. The cells overex-
pressing the PD deletion mutants showed significantly decreased Dcp2 puncta compared
to the full length and CTD of Nstl. However, the overexpressed GFP-tagged PD deletion
mutants strongly induced self-condensation, similar to overexpressed GFP-tagged Nst1
and Nstlcrp (Figure 4A). The decreased EGFP-Dcp2 phenotype in the overexpressed PD
deletion mutants was more clearly observed after treatment with CHX (Figure 5A,B).

Other PB markers, such as Edc3, Dhh1, and Xrn1, showed similar accumulation pat-
terns to Dcp2 in CHX-treated cells overexpressing PD deletion mutants. These observations
clarified that PD does not affect Nstl oligomerization but significantly contributes to the
recruitment of other PB components, namely Dcp2, Dhh1, Xrn1, and Edc3.

To assess the physical interaction of Nstl and Nstlppp with PB components upon
biomolecular condensation, we first checked the physical interactions of Nst1 with other
essential PB constituents via a co-immunoprecipitation (Co-IP) assay of the 6hemagglutinin
(HA)-tagged Nstl with 9Myc-tagged Dcp2/Edc3/Dhh1/Ccr4 in the log phase cells, but
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could not observe any interaction (data not shown). We also tried to identify whether the
interaction between the overexpressed full-length Nst1, Nst1app, Nstlcrp Nstlerparp
and Dcp?2 is biochemically detected. Co-IP of the overexpressed Nstl and Nstl domain
deletion mutants with 9Myc-tagged Dcp2 was performed. Unfortunately, we could not
detect any direct physical interaction between them (Supplemental Figure S3A,B), although
microscopic examinations provided evidence of Dcp2, Edc3, Dhhl, and Xrnl condensation
and co-localization with Nstl when Nstl was overexpressed (Figures 5 and 6). These
results imply that the interactions between Nstl and known PB components were not
strong enough to be detected biochemically but were sufficient to induce promiscuous
interactions. Considering that polyampholyte regions are among the most frequently
occurring IDRs in nature, our findings provide insights into the roles of polyampholyte
multivalency in interacting with other PB constituents. Further studies are needed to
understand the molecular mechanism by which the Nst1 polyampholyte recruits other PB
components to form condensates.

This study on Nstl domain deletion mutants further improves our understanding
of the sequence elements with high aggregation propensity and the polyampholyte re-
gion in unstructured proteins involved in the self-condensation and condensation of PB
components with liquid-like properties.

4. Materials and Methods
4.1. Yeast strains, Plasmids, and Cultures

Table 1 lists the S. cerevisiae strains and genotypes used in this study. The strains were
constructed on the BY4741 or w303a wild-type background by integrating templates from
the polymerase chain reaction (PCR) toolbox at the 3’ end of each reading frame in each
endogenous locus through PCR-based homologous recombination [58]. We used PCR of
the integrated locus and Western blotting to verify all the constructed strains.

Table 1. The yeast strains used in this study.

Strain Name Genotype Source
YSK3485 DCP2-EGFP:HIS3MX6 BY4741 MATa his3A1 leu2 A0 met15A0 ura3A0 This study
YSK3482 XRN1-EGFP::HIS3MX6 BY4741 MATa his3A1 leu2 AO met15A0 ura3A0 This study
YSK3484 DHH1-EGFP:HIS3MX6 BY4741 MATa his3A1 leu2 AO met15A0 ura3A0 This study
YSK3534 EDC3-EGFP::HIS3MX6 BY4741 MATa his3A1 leu2 AO met15A0 ura3A0 This study
YSK3578 DCP2-mKate2-sphis5 BY4741 MATa his3A1 leu2 AO met15A0 ura3A0 This study
YSK3483 BY4741 MATa his3A1 leu2 AO met15A0 ura3A0 wild-type This study
YSK3592 DCP2-9MYC::HIS3MX6 BY4741 MATa his3A1 leu2 AO met15A0 ura3A0 This study

All plasmids used in this study were constructed in pMW20(U)-Pg a1 -GFP or pMW20(U)-
Pcar, as Table 2 describes. Nstl domain deletion mutant clones were generated using the
PCR-mediated deletion method [59] and confirmed by sequencing.

Yeast strains were cultured in YPAD or synthetic complete (SC) media containing
2% glucose. Glucose deprivation was induced in the SC medium without glucose. Yeast
cells were cultured at 25 °C to an optical density of 600 nm (ODggg) < 0.5 for logarithmic
phase growth. Cells in the logarithmic phase were primarily cultured in SC-U + 2% glucose
media to an ODggg of 0.5 and harvested to induce overexpression under the GAL. The
cells were washed three times with Sc-U + 2% raffinose + 0.1% glucose medium, diluted
to half of its concentration, and cultured for an additional 3 h in Sc-U + 2% raffinose
+ 0.1% glucose. Then, 20% galactose stock was added to the culture to adjust the final
galactose concentration to 2%, and the cells were further incubated for 3 h for induction
before collection.
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Table 2. The plasmids used in this study.

Plasmids
pMW20-P¢; -GFP-NST
pPMW20-Pg a1 -GFP-NSTA430-1240
pPMW20-Pg 41 -GFP-NST1A1-429
pPMW20-Pg a1 -GFP-NST1A1-429 A631-752
pMW?20-Pgar-GFP-NST1A1-429 A1016-1240
pMW20-Pg a1 -GFP-NST1A1-1015
pMW20-Pga1 -GFP-NST1A631-752
pPMW?20-Pgar-GFP-NST1A631-752 A1016-1240

pMW20-Pg a1 -GFP-NST1A1016-1240

pMW20-Pga1 -GFP-NST1A1-1015

pMW20-P;-NST
pMW20-Pg a1 -NSTA430-1240
pMW20-Pg a1 -NST1A1-429
pPMW20-Pgap-NST1A1-429 A631-752
pMW20-P a1 -NST1A1-429 A1016-1240
pPMW20-Pga1-NST1A631-752
pPMW?20-Pcar-NST1A631-752 A1016-1240
pMW20-P¢ a1 -NST1A1016-1240

pMW20-Pga1-NST1A1-429 A631-752

4.2. 1,6-Hexanediol and CHX Treatments and Western Blots

Yeast GAL promoter induction was performed as described above. For CHX treatment,
GAL-induced cells were incubated with 100 ug/mL CHX for 10 min. For 1,6-hexanediol
treatment, the GAL-induced cells were washed three times with a medium containing 10%
1,6-hexanediol and incubated for 30 min. Western blotting was performed as described by
Choi and Song [40] with anti-EGFP antibody (600-101-215 Rockland, Limerick, PA, USA)
and anti-Tub1l (T5168, Sigma, St. Louis, MO, USA) positive controls. HRP-conjugated
anti-goat (705-035-003, Jackson Immune Research, PA, USA) and anti-mouse (sc-2005, Santa
Cruz Biotechnology, Dallas, TX, USA) antibodies were used as secondary antibodies to
detect EGFP and anti-Tubl, respectively.

4.3. Nst1 Structure and Domain Predictions Based on the Sequence

Structural prediction of Nstl was performed using GalaxyWEB [60]. The IUPRED2A,
PONDR, and DISOPRED3 [42,43,61,62] algorithms, which predict IDRs, were used to
analyze the disorder properties in the Nst1 sequence. AGGRESCAN, Tango, and PASTA
2.0 were used to predict aggregation-prone regions in the Nstl sequence [45,46,63-65].
Domain deletion mutants of Nstl were projected in the Das—Pappu phase diagram at
http:/ /pappulab.wustl.edu/CIDER/analysis/, (accessed on 6 April 2022).

4.4. Wide-Field Fluorescence Microscopy of Yeast Cells and Image Analysis

Fluorescence-labeled proteins were visualized using an Axioplan2 microscope (Carl
Zeiss, Jena, Germany) with a 100x Plan-Neofluar oil immersion objective. Images were
acquired using an Axiocam CCD camera and Axio Vision software (Carl Zeiss). The same
culture conditions, exposure times, and fluorescence intensities were applied to all the
strains observed in this study to compare the degree of puncta intensity. Images were
analyzed as described below.
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For colocalization analysis to deduce van Steensel’s CCF, fluorescent images obtained
through green or red channels were analyzed with the plugin JACoP v4.0 analysis tool
using FIJI (Image J). CCFs were calculated and presented as a bell-shaped plot.

All images obtained were measured and analyzed with the same optics, filters, and
zoom settings throughout the study using FIJI (Image]) to quantify PB condensation.

The pixel intensity of each GFP signal in the cells was scaled from 1 to 255 to investigate
the intensity of puncta per cell. Pixels of the top 0.05% signal intensities of each strain were
segmented to perform particle analysis and determine the individual punctum strength to
deduce the maximum intensity value of each punctum. The highest pixel value of each
punctum was presented. The total number of cells, the number of cells with puncta, and
the ratio of cells with puncta were calculated to analyze the puncta generated.

4.5. Statistical Analysis

Detailed statistics, including the mean values and standard deviations, are indicated in
each figure legend. Statistical analyses were performed using GraphPad Prism 6 (GraphPad
Software, Inc., La Jolla, CA, USA). A t-test was used to assess statistically significant
differences. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) indicate statistical
significance compared with the control. p > 0.05 indicates statistical non-significance (n.s.).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23137380/s1.
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Abstract: The liquid-liquid phase separation (LLPS) of biomolecules is a phenomenon which is
nowadays recognized as the driving force for the biogenesis of numerous functional membraneless
organelles and cellular bodies. The interplay between the protein primary sequence and phase
separation remains poorly understood, despite intensive research. To uncover the sequence-encoded
signals of protein capable of undergoing LLPS, we developed a novel web platform named BIAPSS
(Bioinformatics Analysis of LLPS Sequences). This web server provides on-the-fly analysis, visualiza-
tion, and interpretation of the physicochemical and structural features for the superset of curated
LLPS proteins.

Keywords: liquid-liquid phase separation; membraneless organelles; intrinsically disordered
proteins; proteins with low complexity

1. Introduction

The spatiotemporal organization of biomolecules and biomolecular interactions is
essential for the efficient regulation of cellular biochemistry. The underlying biophysical
mechanism for membraneless compartmentalization is liquid-liquid phase separation
(LLPS). In the past few years, the LLPS of biomolecules has become a unifying physical
mechanism for understanding the principles of intracellular compartmentalization, the
formation of membraneless organelles (MLOs), and gene regulation [1-14]. In the LLPS
process, the relatively well-mixed solution of biomolecules separates into liquid droplets.
The ability of proteins to phase separate appears to be encoded primarily in the peculiarities
of their primary sequences, which often contain low-complexity regions and intrinsically
disordered regions (IDRs) that are enriched in charged and multivalent interaction cen-
ters [6-8,10,11,13-19]. While some general sequence trends have emerged, the quantitative
aspects of how amino acid sequences encode and decode phase separation still remain
largely unknown [20-22]. This is because many different combinations of relevant inter-
actions seem to be contributing to phase separation, without any one being universally
necessary [23]. As a consequence (with a few exceptions [24-30]), mostly case-by-case
studies of different sequences are performed, with the broader context of many findings,
including their statistical significance, remaining unknown.

Following the statistical trends in PubMed, biological LLPS has been gaining widespread
attention in the last two decades. The rapidly growing amount of data from both in vitro
and in vivo experiments have systematically narrowed the range of the LLPS-promoting
conditions [31]. From these studies, we know that the regulatory mechanisms of phase
separation appear strongly context-dependent [31]. The key factors include: the physic-
ochemical state of the protein (e.g., posttranslational modifications), the environmental
conditions (e.g., temperature, pH), and the concentration of binding partners (e.g., proteins,
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nucleic acids, carbohydrates, lipids). Many among the recent hypotheses suggest the preva-
lence of: (i) electrostatics and 7-stacking; or (ii) specific sequence decoration in charge or
hydrophobicity; and (iii) the role of short sequential (e.g., GARs (glycine-arginine-rich) [32])
or structural (e.g., LARKS (low-complexity amyloid-like reversible kinked segments) [33])
motifs [15]. However, deciphering the interplay between sequence composition and phase
separation turns out to be challenging.

In recent years, several databases have emerged that collect LLPS-related protein se-
quence data and metadata, with prominent examples being PhaSepDB [25], PhaSePro [26],
LLPSDB [27,28], and DrLLPS [29]. These databases collect and annotate partially over-
lapping sets of phase-separating protein sequences, including data on the experimental
conditions and significant annotations. In particular, PhaSePro, LLPSDB, and a subset
of PhaSepDB contain manually curated proteins, which are recognized for driving the
formation of subcellular compartments.

The accumulation of high-quality datasets is certainly a necessary condition for making
progress towards uncovering the driving forces of protein phase separation. However, one
needs a biophysically motivated computational infrastructure to be able to harness the
data from carefully and manually curated sets of phase-separating proteins for revealing
the molecular features that determine protein phase separation. We argue that providing
the concise but informative patterns of various features, all together horizontally stacked
along the protein sequence, could improve the identification of the significant yet nontrivial
correlations that contribute to the multivalent interactions. On the basis of these premises,
we have developed a novel web platform named BIAPSS: Bioinformatics Analysis of Liquid—
Liquid Phase-Separating Protein Sequences (available at https:/ /biapss.chem.iastate.edu/
and last accessed on 31 May 2022). BIAPSS combines a high-throughput interactive deep
sequence analysis with a comprehensive pre-parsed bioinformatics database containing
a wide array of physicochemical and evolutionary features that are relevant for low-
complexity, disordered, and ordered proteins. This platform provides scientists working in
the field of biomolecular condensates with a versatile tool for the rapid and on-the-fly deep
statistical analysis of LLPS-driver protein sequences.

2. Results and Discussion
2.1. Introduction of BIAPSS

Figure 1 represents the features included in the comprehensive BIAPSS analyzer.
These features combine sequence composition and biophysical properties. The composi-
tion component is represented by: (i) the amino acid content, including frequencies and
patterning (i.e., distribution and enriched regions); and (ii) the sequence complexity, which
comprises the detection of low-complexity regions, repeats, short motifs, and the on-the-fly
calculation of Shannon entropy. The biophysical component covers the physicochemical
and structural properties. Specifically, we provide a set of residue-resolution patterns:
polarity, hydrophobicity, aromaticity, charge induced interactions and hydrogen bonding.
These properties, correlated with the experimentally confirmed LLPS regions, facilitate the
identification of the nature and driving forces of interactions. The structural properties
aid in filtering out the interactions involved primarily in stabilizing the structure or in
identifying regions prone to disorder-to-order transitions.

Previously, such structural switchers were recognized in low-complexity and inter-
nally disordered sequences that function via phase separation [34]. Thus, the collected
molecular properties incorporate robust sequence-based predictions for the secondary
structure, solvent accessibility, intrinsic disorder, and intramolecular contacts. Finally, the
evolutionary context derived from the joint outcome of the HMMER-based analysis [35]
and Pfam database search [36] highlights the location of functional domains, including
those specialized in nucleic acid recognition. The other highly conserved short motifs or
individual positions detected through the analysis of multiple sequence alignments may
confirm that evolution deliberately preserves phase separation.
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Figure 1. The comprehensive BIAPSS analyzer incorporates the compositional, evolutionary, physic-

position in the sequence

ochemical, and structural properties of LLPS proteins. All characteristics can be easily compared and
correlated on the horizontally stacked multirow graphs. The interactive exploration helps to filter out
sequence signals relevant for phase separation.

The comprehensive approach adopted in BIAPSS (Bioinformatics Analysis of LLPS
Sequences) consists of integrating multiple third-party tools and high-performance comput-
ing, followed by in-house biostatistical analysis and the extraction of meaningful results (see
the Materials and Methods section). The protocol was successfully applied for 501 proteins
with experimental evidence of phase separation. Moreover, to the best of our knowl-
edge, the resulting platform represents the broadest database with physicochemically
characterized LLPS proteins (see Figure 2). In particular, the pool of entries completely
covers the contents of several primary databases of curated LLPS deposits (PhaSePro,
PhaSepDB.v1, LLPSDB), which collect annotations and experimental conditions. High
interest in the phase-separation phenomenon has already spurred the growth of experi-
mental data repositories. However, the deficiency of the computational infrastructure that
targets the integrated biophysical and statistical analysis of phase-separating systems still
hampers progress in the field. Therefore, in addition to the open access to the raw yet
standardized and well-documented results of our extensive work, we have developed a
web-based BIAPSS platform for interactive customized exploration and easy interpretation.

As a user-friendly web server, BIAPSS (https:/ /biapss.chem.iastate.edu/, last accessed
on 31 May 2022) is billing itself as a central resource for the systematic and standardized
statistical analysis of the biophysical characteristics of the known LLPS sequences.

The web service provides users with:

(i) A database of the superset of experimentally evidenced LLPS-driver protein sequences.

(ii) A repository of precomputed bioinformatics and statistics data.

(iii) Two sets of web applications supporting the interactive analysis and visualization of
the physicochemical and biomolecular characteristics of LLPS proteins.
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Figure 2. The BIAPSS repository collects the largest dataset of known LLPS proteins that have been
identified from carefully curated primary LLPS databases. The computational framework starts from
protein sequences downloaded from the UniProt database. The approach builds on three complemen-
tary components: (a) integration of metadata, annotation, and cross-links from the external databases;
(b) comprehensive sequence-based bioinformatic analysis of evolutionary and biomolecular proper-
ties using state-of-the-art third-party software; and (c) meticulous physicochemical and compositional
analysis and robust data integration using the in-house algorithms. The BIAPSS interactive web
applications enable exploration through the distilled essence of the crafted characteristics.

The applications integrate the results from our comprehensive computational ap-
proach. The SingleSEQ module includes a residue-resolution biophysical analyzer for
interrogating individual protein sequences. The complementary analyses are organized
in nine web applications that toggle between a generalized summary view and details
specific to a given characteristic. The latter allows users to correlate regions prone to phase
separation with an array of physicochemical attributes, structural properties, detected
domains, and various sequential or structural motifs. Many characteristics provided by
applications in the SingleSEQ pipeline are qualitative and show a profile or pattern of the
feature along the amino acid sequence. Examples include distributions of physicochemical
characteristics, such as polarity, hydrophobicity, charge, residues forming hydrogen bonds,
and pi-stacking. In these cases, the assignment is binary, and the numerical value is the
percentage of residues in the sequence that meet the criterion. The second group of char-
acteristics includes structural features predicted based on the amino acid sequences with
top-ranked tools. Here, examples include the secondary structure, the solvent accessibility,
the tendency to disorder, and low-complexity regions. The visual representation is devel-
oped to assign each position along the amino acid sequence a discrete consensus value
(e.g., helical or extended, or coil for the secondary structure). The numerical value is the
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percentage of residues that meet the given criterion (e.g., % of helical). Figure 1 is a concept
image, while, in the interactive graphs, there is a label of what the given value refers to.
Furthermore, for those interested in in-depth analyses, the individual applications offer an
on-the-fly exploration of the results from the original tools, which typically provide the
fractional probabilities for each variant of a feature (e.g., p(helical), p(extended), p(coil)) for
each position along the protein sequence.

BIAPSS also includes the MultiSEQ module. One of its aims is to obtain insight
into the overall characteristics of the sufficient nonredundant set of LLPS-driver protein
sequences. The comparison to the benchmarks of various protein groups enables a statistical
inference of specific phase-separating affinities. Finally, BLAPSS incorporates an extensive
cross-reference section that links all entries to primary LLPS databases and other external
resources, thereby serving as a central navigation hub for the phase-separation community.
All the data used by BIAPSS are freely available for download as well-formatted files with
detailed descriptions, facilitating rapid implementation in user-defined computational
protocols. The long-term plan for BIAPSS is for it to serve as a unifying hub for the
experimental and computational community. Thus, it provides a comprehensive set of
analytic tools, biophysically featured data, and standardized protocols that facilitate the
identification of the sequence signals that drive the LLPS, which altogether can support
applications for designing new sequences of biomedical interest.

2.2. Case Study and Tutorial: Fused in Sarcoma (FUS)

To illustrate the practical utility of BIAPSS, we carefully interpreted the results for
fused in sarcoma (FUS) (UniProt ID: P35637), which is a widely used model system to
study biological phase separation [37]. We provide below the details of the BIAPSS-based
analysis, combined with a handy tutorial on the BIAPSS functionalities.

Fused in sarcoma (FUS) is one of the early discovered biological systems that under-
goes self-organization by liquid-liquid phase separation (LLPS) [37]. Since then, the protein
has been the subject of extensive experimental and computational research to understand
the molecular mechanisms and interactions that drive this phenomenon. FUS can be found
in the SingleSEQ module of the BIAPSS service by the UniProt identifier (P35637), the gene
(FUS), or by using the “RNA-binding” search key (Last accessed on May 30 2022). The
summary page contains a high-quality image of the experimentally confirmed cellular
location (left panel in Figure 3). Due to its multifunctionality in RNA processing, FUS
is mostly observed in the nucleus [38]. In physiological conditions, the low levels of the
protein are distributed in the cytoplasm [39], where FUS transports and manages RNA
through the dynamic liquid-like subcellular compartments, such as ribonucleoprotein or
stress granules [40]. However, the cytoplasmic concentration of FUS significantly increases
when noxious mutations lead to aggregation [41].

This progressively aberrant process is manifested by neurodegenerative diseases in
humans [41]. Although plenty of accumulated evidence points to the influence of distinct
factors on the cellular behavior of FUS, its primary sequence still holds many cues. To
frame the physicochemical properties of full-length FUS, we used the analytical approach
offered by the SingleSEQ module of BIAPSS.

The average metrics, available in the Summary of the SingleSEQ module, indicate
that the 526-residue-long sequence of FUS contains over 80% disorder and only 8% order.
The solvent-accessibility predictions show the same aspect ratio between exposure and
burial. The contents of aromatic, hydrophobic, polar, and charged residues are 10%, 42%,
40%, and 17%, respectively, with a slight excess of positive charge. Such a rough overview
described by a set of averages gives some general insight into the protein properties,
but it conceals some local distributions that are important for the identification of the
preferential interactions.
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Figure 3. The left panel shows the cellular location of FUS (image source: BIAPSS). The protein is
predominantly located in the nucleus. The physiological low levels of FUS found in the cytoplasm
typically self-organize to membraneless compartments, such as stress granule or ribonucleoprotein
granule. The aberrant disease-related aggregates are mostly localized in the cytoplasm. The methy-
lation (purple stars) of C-terminal arginines (green tail) in the wild-type FUS strongly promotes
phase separation and gelation. The phosphorylation (magenta stars) of serine and threonine in the
N-terminus (blue tail) dissolve liquid-liquid droplets. The tyrosine-to-phenylalanine mutants (yellow
stars) in the N-terminus and hypomethylation of arginines in the C-terminus increase aggregation.
The right panel shows classification of intrinsically disordered ensemble regions (CIDER) [42] for the
FUS sequence split into functional segments.

Therefore, we conduct a detailed analysis of the composition and complexity of
the FUS sequence, and we present the resulting patterns in Figure 4. Compared to any
reference set of proteins (use Composition and Complexity app), this one is extremely
enriched in glycine, which makes up nearly 1/3 of the full sequence. Another 20% of the
amino acid content consists primarily of serine and glutamine. Although the dominant
content of these three amino acids suggests the generally low complexity of the sequence,
their distribution along the sequence is strongly heterogeneous. Indeed, the calculated
low information content of the sequence is mainly localized around protein terminals
and clearly corresponds to three fragments with high glycine concentrations (LCR2:
residues 164-267; LCR3: residues 370-420; LCR4: residues 454-507). These regions
also exclusively accumulate total arginines, which, together with glycine, form a series
of RGG repeating motifs that are known to bind RNA specifically [32]. Both serine
and glutamine are mostly localized at the N-terminus, being more clearly clustered
within LCR1 (1-163). LCR1 additionally gathers 24 /35 available tyrosines, and, thus,
it has visibly distinct enrichment (SQYG) that is known to occur in prion-like domains
(PLD) [43]. By using the Domains, Motifs, Repeats application, we also found that the
remaining compositionally more complex regions of the C-terminus (I1287-L365 and
R422-D453) match the PF00076 and PF00641 Pfam domains (i.e., the RNA recognition
motif (RRM) and RNA-binding zinc finger (ZnF), respectively). The robust predictions
(for details, see Methods) unanimously show that RRM is a well-folded FUS domain,
while the other fragments remain disordered.
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Figure 4. Sequence composition and complexity of FUS. The upper panel (a) shows the amino acid
(AA) content of the query sequence compared to the Eukaryota dataset (black indicates higher and
red the lower content than the reference). The bottom panel shows, the following information for
a specific query sequence: (b) the patterning of enriched amino acids (S (magenta), Q (orange),
Y (yellow), R (purple), G (cyan)); (c) low-complexity measures (a color scale corresponding to
each amino acid) provided as regions of particular AA enrichments (LCR row), and the sequence
information content (H(S) row, Shannon entropy); (d) consensus of predicted disorder regions (gray)
and secondary-structure assignment (helix in green, strand in magenta, coil in light blue); (e) detected
Pfam domains; and (f) evolutionary conservation derived from the multiple sequence alignment
against UniRef50 (blue shades). The amino acid patterning section contains points corresponding to
the locations of the most relevant serine phosphorylation sites (residues 30, 42, 54, 61, 84, 87) [37],
arginine methylations (residues 216, 259, 407, 472, 473, 476) [44], and tyrosine mutations (residues
113, 122, 130, 136, 143, 149, 161) [44].

The seed MSAs prepared for FUS within the Sequence Conservation application further
confirm that both domains are evolutionarily conserved members of Pfam families: RRM_1
and zf-RanBP, respectively (see bottom rows in Figure 4). The visual inspection of the
amino acid content and the distribution of FUS allows us to identify and isolate specific
regions in the protein (Figure 5). Furthermore, we have performed a physicochemical
featurization of these segments, using the Chemical Properties Patterns app, which reveals
the preferred interactions when coupled with biomolecular conditionals that are known
from experiments. The recent experimental reports show that the isolated prion-like domain
(PLD) (residues 1-214, or even residues 1-163) can undergo self-organization, forming
liquid droplets when kept at high protein levels or high salt concentrations [44,45]. This N-
terminal fragment is enriched in amino acids, whose side chains are multivalent, as shown
in Figure 5. Thus, the dense pattern of polarity comes from the enrichment in S, Q, Y, where
Y, Q, and G also provide m-electron centers for m-m-stacking. Most of them are also able to
be both donors and acceptors of side-chain protons for hydrogen bonding (HB). In line with
this, the intermolecular-interaction profiles derived from simulations of the 120-163 region
indicate the most frequent contacts between QQ > QY > YY > SY and other pairs of enriched
amino acids [46]. All of these observations suggest that the homotypic phase separation
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of wild-type PLD monomers is driven by balanced contributions from hydrogen bonding
and 7-stacking. Indeed, several mutagenesis studies show that Y— A substitution disrupts
phase separation by the removal of both components of the interaction, while Y —F mutants
are significantly more aggregation-prone, due to the strengthening of the binding via tighter
hydrophobic F-mi-stacking at the cost of losing HB contributions of polar tyrosine [44,46]. It
is also worth noting that the PLD region is completely deficient of positive charge, with a
minor net charge per residue of —0.01 (M1-5165: —0.012; and M1-G212: —0.024), which
places it within the weak polyelectrolyte region on the CIDER diagram (right panel in
Figure 3) [42]. However, an excess of serine and threonine in this region provides an
ability to introduce a strongly negative charge through multiple phosphorylations. After
phosphorylation, the dominant force becomes electrostatic repulsion, which is known
to disrupt both phase separation and aggregation [37]. The central region of the PLD
(residues 39-95) was proposed as the core of aberrant fibrils, which, in solid-state form,
structured cross-B-sheets [37]. The same structural properties have not been unambiguously
confirmed in the condensed phase of liquid-liquid mixing. Undoubtedly, however, our
algorithms detected, along this region, structural motifs known as low-complexity amyloid-
like reversible folded segments (LARKS) [33]. In our analysis, the most effective predictors
of structural properties showed, for these motifs, some tendency towards an extended
secondary structure and a slightly increased probability of burial (bottom panel in Figure 5;
use Secondary Structure, Solvent Accessibility and Structural Disorder applications of the
BIAPSS SingleSEQ module). Interestingly, the prediction in eight-letter notation detected a
turn or bend within each of the structural motifs, which explains their flexible nature. These
findings, together with the ambiguous experimental results, may suggest some variations
in the structural state in the PLD core, and specifically the disorder-to-order transition
driven by biomolecular conditionals.

The remaining part of the FUS sequence, referred to as the C-terminus, contains two
well-known domains (RRM and ZnF) and three glycine-arginine-rich regions (GARs),
which are detected using the Domains, Motifs, Repeats application. All components are
significant players in binding RNA. Zinc finger supports only the recognition of the specific
GGU motif, while the RRM domain and RGG repeats are universal towards a variety of
RNAs [47]. Both folded domains of FUS are much less polar than the PLD, as seen from
the BIAPSS-based physicochemical features in Figure 5. They also have a lower content
of side chains that are able to engage in n-stacking or hydrogen bonding. However, the
charged residues are pretty abundant in the composition of RRM and ZnF, which explains
the functional role of electrostatic interactions towards the binding of nucleic acids or
stabilizing folds via salt bridges [48,49].

All three GARs are the least polar regions of the protein (see Figure 5; use Chemical
Properties Patterns app of BIAPSS SingleSEQ module). The dense patterning of hydrophobic-
ity arises from glycine excess. The rich m-electron-containing systems, other than aromatic
side chains, originate mainly from the abundance of the arginine’s guanidino group. Argi-
nine is also a source of excess positive charge at the C-terminus. The experimental studies
consistently confirm that the isolated C-terminus does not undergo phase separation [44].
However, liquid-liquid droplets rapidly occur when mixed with N-terminal monomers [44].
Moreover, the LLPS of full-length wild-type FUS is more robust than the heterotypic mixing
of the N- and C-terminals and the homotypic self-assembling of N-terminal monomers [44].
This suggests the higher priority of cation-7t (R-Y) stacking over 7-7 (Y-Y) stacking, while
both are reinforced by hydrogen bonds. Another experimental study showed that R—K
mutants, who no longer have the ability of 7t-t-stacking but retain charge, can still undergo
phase separation. In turn, R—A substitutions prevent phase separation because they lose
the mt-system, cation, and ability of side-chain hydrogen bonding. Interestingly, the recent
report indicates that stacking interactions, including cation-7t (e.g., RY, KF) and especially
m-7t (e.g., YY and RY, and even RQ), are most robust over a wide range of salt concen-
trations [45]. The hydrophobic contribution from 7-electron-containing systems becomes
the main force that strengthens the contact in high salt. In these conditions, the screening
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of usually dominant electrostatic contributions is significant. Surprisingly, changing the
partitioning of the different forces makes the interaction of the two positively charged
arginines attractive under these conditions [45]. The set of diverse chemical groups in
arginine is a unique feature among the other amino acid side chains. With its high reactivity,
the need for precise regulation comes, and so arginine can be tuned to a preferred state by
posttranslational methylation.
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Figure 5. Physicochemical and structural properties of FUS. The various characteristics are shown
along the protein-sequence split on the N-terminus (blue) and C-terminus (green). The full-length
N-terminus corresponds to a highly polar prion-like domain (PLD in gray). The PLD contains a core
region (residues 39-95 in orange), in which multiple LARKS motifs were detected (orange bars in the
MOTIFS row) and evidenced to form fibrils in a solid state. The C-terminus contains two well-folded
domains detected by Pfam search (RRM in yellow, ZnF in gray), and three glycine-arginine-rich
(GAR in cyan) regions. All components of the C-terminus are known to have a functional role in
RNA binding. The following rows show the physicochemical patterning along the full-length FUS
sequence, including charge (positive (magenta), negative (blue)), polarity, donor (blue)/acceptor
(magenta)/both (purple) of side-chain proton for hydrogen bonding, m-electron-containing systems
(blue), with separation of aromatic ones (dark blue), hydrophobicity (blue), predicted solvent accessi-
bility (SA) in 3-letter notation (exposed (red), buried (green), medium (blue)). The zoom of the PLD
core is shown at the bottom panel, where the SS and SA rows contain the predicted probabilities
of secondary structure (helix (green), strand (red), coil (blue)) and solvent accessibility. The green
arrows indicate the side chains buried in the fibril core, while the black frames highlight segments
that form strands of a cross-3 motif [37].

Thus, under physiological conditions, FUS is highly methylated [44]. This limits self-
assembly via interactions with tyrosine and promotes a functional role of intermolecular
interactions with other proteins and nucleic acids. Therefore, phase separation and the
gelation of FUS can increase by the hypomethylation of arginines within RGG-rich regions
or the insertion of additional ones into the C-terminus [44]. All of these findings come
together to demonstrate the significant role of the arginine side chain in phase separation.
Tyrosine and glutamine are similarly relevant.
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2.3. FUS, LLPS Regulated in the Context-Dependent Tuning of Preferred Forces

Note that the original results generated for FUS (identifier: P35637) using the BIAPSS
web platform are shown in Supplementary Materials. The findings described in the
previous section are briefly summarized below. FUS is a predominantly disordered protein
(80%), composed of two functional regions: the prion-like domain (residues 1-212) and the
RNA-binding C-terminal fragment (residues 213-526). Surprisingly, although the sequence
is more than 65% composed of only five amino acids (G >> S >Q > R~Y), their distribution is
highly variable. In particular, low sequence complexity occurs mainly in three structurally
flexible glycine-arginine-rich regions. They provide hydrophobicity, m-electron-containing
centers, and a positive charge of the C-terminus. In contrast, the enrichment of the N-
terminus in serine, glutamine, and tyrosine makes it strongly polar but negatively charged
(due to a few aspartic acids), with numerous aromatic centers and side chains capable of
hydrogen bonding. These very different physicochemical properties of the protein terminals
are sensitive to environmental changes and allow for the context-dependent regulation
of the protein’s cellular behavior. In particular, arginine can be tuned to a preferred state
by posttranslational methylation [44], while serine/threonine phosphorylation introduces
a highly negative charge [37]. Both modifications prevent the formation of aberrant self-
assembly. In the first case, the methyl groups hinder cation-7t stacking between arginine
and tyrosine, limiting the phase separation driven by contacts between the N- and C-
terminals. In the second case, phosphorylation introduces strong electrostatic repulsion
between the N-termini. It inhibits homotypic phase separation, driven by the 7-stacking of
aromatic tyrosines. However, both mechanisms have no effect under high salinity due to
the significant screening of electrostatics. In such conditions, even interactions of arginines
become attractive due to hydrophobic contributions and 7-7r stacking [45]. Therefore,
these observations demonstrate that the peculiar physicochemical properties of amino acid
residues play a significant role in phase separation. The multifunctional chemical groups
of amino acids make them reactive and multivalent. These features aid in the context-
dependent tuning between preferred modes of interactions. They can work synergistically
or alternatively, and their regulation depends on the environmental conditions, the state of
posttranslational modifications, and the presence of binding partners.

3. Materials and Methods
3.1. Sequence Complexity and Physicochemical Decoration
3.1.1. Sequence Complexity

Low-complexity regions (LCRs) in proteins are compositionally biased fragments
of sequences that often have low amino acid diversity and repeats of short motifs of
the sequential or structural kinds. Many reports point to their functional or regulatory
roles, frequently also associated with subcellular phase separation [19]. The LCRs of LLPS
proteins have been detected by using several state-of-the-art tools, such as SIMPLE [50],
CAST [51], fLPS [52], and SEG [53]. The original hits were parsed by in-house algorithms
to merge overlapping regions enriched in different amino acids, and only the integrated
and unified results have been kept.

Shannon Entropy describes the information content held in data and it is a frequently
used measure of protein-sequence complexity. We implemented a module for the on-the-fly
calculation of it within BIAPSS services. The typical window length for compositional
effects is between 5 and 20. The results can be displayed in:

e  Residue-resolution mode (residue option; smoother output):

1 N
Si=n LS
]:

where the Shannon entropy (S(;) at sequence position 7 is a sum of entropies at all
windows containing this position, normalized by the window length (N);
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e  Window-resolution mode (block option):

AA=20

SNy =~ ) faaloga(faa)

aa=1

where the Shannon entropy (S n)) at the j-th sequence window of the length (N) is
summed over the fractions (f;;) of 20 biogenic amino acids. The value is assigned
to the center position within the window. The §; n) ranges from 0 (where only one
residue is present within the sequence window) to log,(N) (all positions are different).
Therefore, the lower the Shannon entropy, the less complex the sequence is.

3.1.2. Physicochemical Decoration

To examine the physicochemical properties of LLPS-driving proteins, we identified,
along each sequence, the patterns of polarity (Ser, Thr, Tyr, Gln, Asn, Cys, Met), hydropho-
bicity (Gly, Ala, Val, Ile, Leu, Pro, Phe), and detected m-stacking centers (Arg, Asn, Asp, Gln,
Glu, Gly (note that, due to the lack of the side chain, glycine can stack via m-electrons from
a peptide bond and hydrogen bonding via backbone carbonyl or amide), including those
within aromatic rings (Phe, Tyr, Trp, His). We also provided the charge-distribution split
between positively (His, Lys, Arg) and negatively (Glu, Asp) charged residues. For each
feature, both the arrangement along the sequence and the fraction of residues are provided.

3.1.3. Electrostatics

It is well established that the electrostatic interactions often affect the solubility and
stabilize the binding interface in the liquid-liquid demixing of biomolecules. The recently
proposed charge-decoration parameters emerged as a measure of charge distribution along
the protein sequence. In addition to the overall charge content, these descriptors are
seen as important factors that shape the protein conformations, especially within low-
complexity regions [54]. Following these discoveries, we calculated and compared the
charge-decoration parameters; namely:

e  SCD (sequence charge decoration) is implemented following the formulation by Sawle
and Ghosh [55];

e  OCS (overall charge symmetry) is implemented following the formulation by Das and
Pappu [56];

e  FCR (fraction of charged residues) is defined as a sum of the fractions of positive and
negative charges.

3.2. HMMER-Based Sequence Conservation and Functional-Domain Detection

The multiple sequence alignment (MSA) and consensus profile were prepared using an
efficient HMMER method (phmmer + hmmalign and hmmbuild, respectively), which employs
a probabilistic hidden Markov model (HMM) [35], and are significantly more accurate
compared to BLAST-based searches. Because some of the LLPS sequences are highly
unique (detection of the remote homologs is needed), and because the MSA is reliable if
at least several dozen homologous sequences are available, we used sequences selected
from various UniProt subsets. Specifically, SwissProt, UniRef50, and UniRef90 differ in the
size and increasing sequence identity of entries [57-59]. To identify sequence regions with
significant evolutionary conservation, we derived three additional MSA-based parameters:
strength, diversity, and character. The MSA strength of the sequence conservation informs
on how much the specific position is held by evolution. This measure normalizes results
from the hmmlogo tool to a discrete range from 0 (poorly conserved) to 5 (highly conserved).
The hmmlogo computes letter heights along the sequence, depending on the information
content of the position. The MSA diversity defines the number of different amino acids
detected at a given position in the MSA, and is provided in discrete scale from 0 (highly
conserved) to 5 (poorly conserved) (0—one, 1—two, 2—three, 3—four, 4—five or six, 5-7
and more amino acids at the aligned position). The MSA character describes the chemical
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nature of the most common amino acids at a given position in the multiple sequence
alignment. We distinguished the following attributes: polar, charge, aromatic, another
n-system, hydrophobic, and other (G or P).

Some LLPS proteins are composed of one or more well-known domains. The identi-
fication of these functional regions alongside regions of low complexity or disorder can
provide additional insights into the regulatory role of phase separation. Therefore, we
have performed a Pfam search for all LLPS proteins, reporting the detected domains and
incorporating the original Pfam seed-MSAs for corresponding regions of LLPS sequence
(instead of full-length ones) to derive more reliable evolutionary conservation descriptors.

3.3. Short Sequential and Structural Motifs Specific for LLPS Sequences

Short linear motifs (SLiMs) are short fragments along the sequence, often situated in
the intrinsically disordered regions, generally showing high structural flexibility and evolu-
tionary conservation. We systematically detected various short sequential and structural
motifs. The implemented algorithms used the list of grouped motifs’ instances, defined
by regular expressions, as the keys to search protein sequences prone to phase separation.
Among motifs known from the literature as relevant for phase behavior, our analysis
includes short structural stretches of protein sequence, such as LARKS [33] and steric zip-
pers [60]; glycine-arginine-rich regions (GARs) [32]; and new sequential repetitive n-mers.

3.4. Structural Properties Derived from Sequence-Based Predictions

Bearing in mind the predictive nature of sequence-based methods and, hence, their
limited accuracy, comparing several of them and choosing the final consensus has proven
to be successful in many approaches. In our study, we comprised predictions from at least
three to six widely used tools for each biomolecular characteristic. While almost every
method is available as a web server, due to the size and complexity of our analyses, we
employed standalone versions. The raw data derived from these standalone tools during
the high-performance computing was initially parsed, filtered, and simplified to a uniform
CSV format, and deposited in our online repository at https:/ /biapss.chem.iastate.edu/
download.html, accessed on 1 April 2022.

3.4.1. Secondary Structure

Protein secondary structure is a regular three-dimensional organization of local frag-
ments along a polypeptide chain. The two most common secondary structural elements
are alpha helices and beta sheets. Most of the predictors provide the secondary-structure
assignment in 3-letter notation (ss3): H—helix, E—strand, C—coil, while the advanced ones
(RaptorX and PORTER-5) also deliver more detailed 8-letter notation (ss8): H—«x-helix;
G—310-helix; I—m-helix; E—fp-strand; B—f-bridge; T—HB-turn; S—bend; C-loop. In
our benchmark study, we employed five well-established secondary-structure predictors:
PSIPRED [61], RaptorX-SS8 [62], PORTER-5 [63], SPIDER-3-Single [64], and FELLS [65].

3.4.2. Solvent Accessibility

Solvent accessibility gives some insight into protein structural flexibility, indicating
the exposed patches on the protein surface available for interactions with the solvent
molecules. Some surface sites have high evolutionary conservation, which is suggestive of
functional or structural importance. Since not many structures of phase-separating IDPs
are known, the robust prediction of solvent accessibility can help to identify flexible regions
prone to conformational changes upon binding. The assignment of solvent accessibility
is usually provided in the 3-letter code: B—buried, E—exposed, M—medium. In our
benchmark study, we employed three well-established solvent-accessibility predictors:
RaptorX-Property [66], PaleAle 5.0 [67], SPOT-1D [68].
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3.4.3. Structural Disorder

The sequence-based predictions indicate regions of increased structural flexibility,
usually estimating the disorder probability at a given position in the sequence. Detecting
highly flexible regions may support the identification of short sequence stretches of multi-
valent interactions that can be relevant to phase separation. In our benchmark study, we
employed seven well-established predictors of structural disorder: RaptorX-Property [66],
[UPred2A [69], SPOT-Disorder [70], DISOPRED (v2 and v3) [71], and PONDR® (FIT, VLXT,
VSL2) [72]. Most of these methods return the probability of disorder for each position in
the sequence. Usually, the residue is considered as ordered when the score is below 0.5.
The protein-binding regions in disordered fragments were estimated using the ANCHOR
method [73].

3.4.4. Contact Map

Contact-map application provides a more reduced representation of a protein structure
using a binary two-dimensional matrix of distances between all possible amino acid-residue
pairs. The commonly used definition assumes the threshold 6-10 A as the distance between
the pair of two Cx or C3 atoms being in contact. The contact number of protein residues
limits the number of possible protein conformations and helps encode a three-dimensional
structure. In our benchmark study, we employed three state-of-the-art predictors of in-
tramolecular contacts: RaptorX-Contact [74], ResPRE [75], SPOT-Contact [68,76].

3.5. Data Availability

The UniProt IDs of LLPS sequences were collected as a joint superset of deposits
from primary LLPS databases (i.e., PhaSePro (https://phasepro.elte.hu/, accessed on
1 April 2022), PhaSepDB.v1 (http://db.phasep.pro/, accessed on 1 April 2022), LLPSDB
(http:/ /bio-comp.org.cn/llpsdb/, accessed on 1 April 2022)). Then, protein sequences
were taken from the UniProt database, available at https://www.uniprot.org/, accessed on
1 April 2022. The cellular location of the protein was derived via web scraping of primary
LLPS databases, UniProt and COMPARTMENTS (https:/ /compartments.jensenlab.org/,
accessed on 1 April 2022). The following resources were reviewed for the corresponding
entries of experimental or predicted three-dimensional structures: PDBe (https:/ /pdbe-
kb.org/, accessed on 1 April 2022), Swiss-Model Repository (https:/ /swissmodel.expasy.
org/repository/, accessed on 1 April 2022), ModBase (http://salilab.org/modbase-cgi/,
accessed on 1 April 2022), and AlphaFold DB (https:/ /alphafold.ebi.ac.uk/, accessed on
1 April 2022).

The results of our comprehensive analysis, performed on 501 proteins, are available at
https:/ /biapss.chem.iastate.edu/download.html, accessed on 1 April 2022. For each file,
the details of its content and methods used are comprehensively described. These files are
used directly as the input for the web applications of the SingleSEQ and MultiSEQ modules
in the BIAPSS platform. The results of the analysis can be explored interactively online,
saved as high-quality PNG images, and used directly as figures in the publication.

3.6. Code Availability
3.6.1. Phase-Separation Predictors:

1. PSPredictor, web server version available at http:/ /www.pkumdl.cn:8000/PSPredictor,
accessed on 1 April 2022.

3.6.2. Low-Complexity-Region (LCR) Predictors (Sequence-Based):

1. SEG, standalone (1999), available at https://ftp.ncbi.nih.gov/pub/seg/seg/, ac-
cessed on 1 April 2022;

2. fLPS, standalone Sep 2017, available at https://github.com/pmharrison/flps,
accessed on 1 April 2022;

3. SIMPLE, standalone V6-6.1, available at https:/ / github.com /john-hancock /SIMPLE-
V6, accessed on 1 April 2022;
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4. CAST2, web server version available at http:/ /structure.biol.ucy.ac.cy/CAST2
/index.html, accessed on 1 April 2022.

3.6.3. Multiple Sequence Alignment/Build a Profile/Conservation Logo:

1. HMMER (phmmer, hmmalign, hmmbuild, hmmlogo), standalone 3.3, available at
http:/ /hmmer.org/download.html, accessed on 1 April 2022;

2. Pfam, the database search was used to detect functional domains, available at
http:/ /pfam.xfam.org/, accessed on 1 April 2022.

3.6.4. Secondary-Structure Prediction (Sequence-Based):

1. PSIPRED, standalone 4.02, available at https://github.com/psipred/psipred, ac-
cessed on 1 April 2022;

2. RAPTOR-X, standalone Version ID: Rev: 37223, available upon request at http:
/ /raptorx.uchicago.edu/download/, accessed on 1 April 2022;

3. PORTER, standalone v5, available at https://github.com/mircare/Porter5/, ac-
cessed on 1 April 2022;

4. SPIDER, standalone v3, available upon request at https:/ /sparks-lab.org/downloads/,
accessed on 1 April 2022;

5. FESS, standalone 2.0 (November 2016), available upon request at http:/ /old.protein.
bio.unipd.it/download/, accessed on 1 April 2022.

3.6.5. Solvent-Accessibility Prediction (Sequence-Based):

1. RAPTOR-X property, standalone v1.01 (October 2018), available upon request at
http:/ /raptorx.uchicago.edu/StructurePropertyPred/predict/, accessed on 1 April 2022;

2. PaleAle, standalone 5.0 (December 2019), available at https:/ /github.com/mircare/
Brewery, accessed on 1 April 2022;

3. SPOT-1D, standalone (July 2019), available upon request at https:/ /servers.sparks-
lab.org/downloads/, accessed on 1 April 2022.

3.6.6. Structural-Disorder Prediction (Sequence-Based):

1. RAPTOR-X property, standalone v1.01 (October 2018), available upon request at
http:/ /raptorx.uchicago.edu/StructurePropertyPred /predict/, accessed on 1 April 2022;

2. UPred2A, standalone (November 2019), available upon request at https://iupred2a.
elte.hu/download_new, accessed on 1 April 2022;

3. DISOPRED, standalone v2 and v3.1, available at https:/ /github.com/psipred/
disopred, accessed on 1 April 2022;

4. SPOT-Disorder2, standalone (February 2019), available upon request at https:
/ /sparks-lab.org/downloads/, accessed on 1 April 2022;

5. VSL2, standalone (November 2019), downloaded from http://www.dabi.temple.
edu/disprot/download/VSL2.tar.gz (not available now), accessed on 1 April 2022;

6. PONDR-FIT, web server available at http://original.disprot.org/pondr-fit.php,
accessed on 1 April 2022;

7. PONDR-VLXT, web server available at http://www.pondr.com/, accessed on
1 April 2022.

3.6.7. Contact-Map Prediction (Sequence-Based):

1. RAPTOR-X Contact, web server available at http:/ /raptorx.uchicago.edu/ContactMap/,
accessed on 1 April 2022;

2. ResPRE, standalone (November 2019), available at https://zhanglab.ccmb.med.
umich.edu/ResPRE/download /ResPRE.zip, accessed on 1 April 2022;

3. SPOT-Contact, standalone v3 (June 2007), available upon request at https:/ /sparks-
lab.org/downloads/, accessed on 1 April 2022.

The raw data collected from the third-party software were parsed utilizing custom
python/bash algorithms to provide the unified format and derive the consensus properties.
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The output files are available at https:/ /biapss.chem.iastate.edu/download.html, accessed
on 1 April 2022.

4. Conclusions

In conclusion, many proteins undergo liquid-liquid phase separation (LLPS), which
drives the biogenesis of various membraneless organelles. The interplay between the
protein sequence and the LLPS potential is poorly understood. The BIAPSS web platform,
which provides the means for the analysis, visualization, and interpretation of data for
LLPS proteins, is designed to uncover the sequence-encoded signals of LLPS proteins. This
BIAPSS platform stands out as an efficient and user-friendly visualization framework that
facilitates the integration and comparison of the physicochemical and structural features
of the vast majority of known phase-separating proteins. With the rapid growth of ex-
perimental data on a single-case basis, we expect the increased need for computational
infrastructure that consolidates some generalized insights. Hence, we have also developed
a feature-rich module for analyzing multiple protein sequences. The interactive interface,
with content-rich labels and tooltips, makes data exploration and interpretation easy. Both
the web applications and raw datasets are broadly accessible on multiple operating systems
and popular browsers. The presented case study of FUS shows that the BIAPSS-inferred
biophysical regularities accurately identify regions prone to phase separation and facilitate
the design of precise sequence modifications for various applications.

While the current version of BIAPSS enables the convenient and insightful analysis of
large nonredundant and high-quality LLPS protein supersets, there are several directions
through which our platform could expand to discover unknown LLPS proteins. These
include analyzing the physicochemical and structural properties for customized protein
sequences and introducing several LLPS indicators trained with machine learning to reveal
coupled effects. The new functionality will find applications for flexible sequence redesign
to introduce or modulate phase separation. Among many beneficial uses, it could tailor
the properties of modern biomaterials or open up new directions in the development of
medical therapies.
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Abstract: In live cells, proteins and nucleic acids can associate together through multivalent in-
teractions, and form relatively isolated phases that undertake designated biological functions and
activities. In the past decade, liquid-liquid phase separation (LLPS) has gradually been recognized
as a general mechanism for the intracellular organization of biomolecules. LLPS regulates the as-
sembly and composition of dozens of membraneless organelles and condensates in cells. Due to
the altered physiological conditions or genetic mutations, phase-separated condensates may un-
dergo aberrant formation, maturation or gelation that contributes to the onset and progression of
various diseases, including neurodegenerative disorders and cancers. In this review, we summarize
the properties of different membraneless organelles and condensates, and discuss multiple phase
separation-regulated biological processes. Based on the dysregulation and mutations of several key
regulatory proteins and signaling pathways, we also exemplify how aberrantly regulated LLPS may
contribute to human diseases.

Keywords: liquid-liquid phase separation (LLPS); membraneless organelles; phase-separated con-
densates; human diseases

1. Introduction

To organize complex biochemical reactions in a cellular environment, cells create
compartments, or organelles. A compartment needs a boundary to separate it from the
surroundings, and the components within it are mostly able to freely diffuse, so that
biological processes can take place inside [1]. Many compartments, such as the endoplasmic
reticulum and Golgi apparatus, are organelles surrounded by lipid bilayer membranes.
However, many other cellular compartments are not restricted by any membrane, such
as nucleoli, Cajal bodies, PML nuclear bodies, stress granules and germ granules [2—-6].
In a cell, these compartments harbor a variety of biomolecules with specific functions
in a spatiotemporally controlled manner to ensure undisturbed biological processes and
fulfill designated cellular functions [7]. In the past decade, accumulating studies suggest
a physical process, known as phase separation, that can drive the assembly of these
membraneless compartments. The concept that liquid—liquid phase separation (LLPS)
may be generally involved in many cellular processes has been gradually uncovered and
increasingly appreciated.

Phase separation is a common phenomenon in physics and chemistry: two liquids do
not compatibly dissolve in a homogeneous liquid phase, resulting in a distinct phase—phase
separation state. In other words, a uniformly mixed and supersaturated solution without
further dispersion will spontaneously separate into a dense phase and a dilute phase that
can stably coexist. The droplets or condensates produced by LLPS are different from
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ordinary droplets. For example, droplets composed of proteins and RNAs are not com-
pletely uniform, such as nucleoli with three layers regulating different stages of ribosomal
biogenesis, but show the characteristics of liquid flow [8]. LLPS is quickly accepted as a
key and general mechanism underlying the creation of biomolecular condensates that can
promote the formation of membraneless organelles to regulate various cellular functions
and activities [9]. However, phase separation is highly sensitive to altered physical and
chemical conditions. For example, many protein condensates are regulated by environmen-
tal factors that determine the strength and valency of intermolecular interactions, including
temperature, pH, salt concentration, component concentration and composition [10]. A
molecule may need to reach a threshold concentration to initiate LLPS, and even a small
difference in temperature and protein, nucleic acid or salt concentration can lead to distinct
outcomes [11]. Moreover, the presence of crowding molecules, such as polyethylene glycol
(PEG), dextran and ficoll, can greatly enhance the process of LLPS [12]. In compositional
studies of different membraneless organelles, proteins and nucleic acids may utilize mul-
tivalent interactions to form phase-separated condensates with designated physical and
chemical properties different from the originally uniform cellular environment. Many
key regulatory proteins have been reported to undergo phase separation, of which the
dysregulation has been etiologically associated with the onset and progression of many
diseases, such as amyotrophic lateral sclerosis (ALS), Alzheimer’s disease, Huntington’s
disease and different cancers [13,14]. In the current review, we summarize recent studies
of phase-separation-mediated compartmentation, and discuss how aberrantly regulated
LLPS causes human diseases, especially neurodegenerative disorders and cancers.

2. Biomolecular Condensates

Biomolecular condensates are commonly present in live cells, and they troubled
scientists for many decades as they attempted to elucidate their formation and functions.
Phase separation provides a mechanism for the formation of these condensates that separate
or isolate different molecules with related activities in defined compartments. It has also
been proposed that the ability to undergo LLPS may be a universal property of proteins
and nucleic acids under specific circumstances [15-17].

2.1. The Molecular Features of Biomolecular Aggregates

Many studies indicate that phase separation requires the establishment of an interac-
tive network through multivalent protein molecules that are composed of multiple modu-
lar interactive domains and/or contain disordered regions [18]. The interactions include
charge—charge, cation—, m—m stacking and hydrogen bonds, involving both side chains
and backbones of the proteins. For example, Nephrin, Nck and Neural Wiskott-Aldrich
syndrome protein (N-WASP) can be assembled into a highly ordered and multivalent
protein complex through the interactions between phosphorylated tyrosines of Nephrin
and SH2 domains of Nck, and between SH3 domains of Nck and proline-rich motifs of
N-WASP [19-21].

The phase separation phenomenon has unique physical characteristics, including
fluidity, fusion and fluorescence recovery after photobleaching when fused with a fluores-
cent protein. Meanwhile, the formation of droplets is generally both concentration- and
valence-dependent. Intrinsically disordered regions (IDRs) are featured characteristics
of many proteins with LLPS capability, and are often both necessary and sufficient for
the formation of phase-separated condensates. IDRs usually have low complexity and
contain homo-polymeric repeats of specific amino acids, such as glycine, serine, proline and
glutamine, with strong self-sustaining aggregation potentials [22,23]. Recently, we reported
that histidine clusters could decide the phase separation of several proteins, including YY1,
HOXA1, FOXG1B, ZIC3 and HNF6 [24]. Several algorithms have been developed to help
researchers predict IDRs in a protein [25,26]. However, not all highly scored sequences
based on the prediction software could necessarily form phase-separated condensates [27].
Meanwhile, IDR mutations are causally related to various human diseases, such as cardio-
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vascular disorders, cancers and neurodegenerative diseases [27,28]. Vacic et al. investigated
about 100,000 annotated missense disease mutations and discovered that 21.7% of them
were located in the IDRs [29]. Among these mutations, 20% led to disorder-to-order transi-
tions, such as increased «-helical propensity, significantly higher than those of annotated
polymorphisms and neutral evolutionary substitutions [29].

A classic example is the correlation between fused in sarcoma (FUS) mutations and
neurodegenerative diseases, including ALS, essential tremor and rare forms of frontotem-
poral lobar degeneration [30]. FUS protein contains a prion-like domain that is intrinsically
disordered and can form liquid compartments in both the nucleus and cytoplasm [31]. Mul-
tiple FUS mutants exhibit significantly reduced mobility and eventually cause prion-like
propagation of proteinaceous aggregates in neurons and glial support cells, characteristic
of ALS [32]. Another example is the MutL Homolog 1 (MLH1) protein that is essential in
DNA mismatch repair. The residue V384 located in the disordered segment of MLH1 is the
most common site of mutations. The mutant MLH1 (V384D) is associated with increased
susceptibility to colorectal cancer and is prevalent in HER2-positive luminal B breast can-
cer [33,34]. Phase separation is also involved in the antiviral immune response against
the novel severe acute respiratory syndrome (SARS) coronavirus 2. The nucleocapsid
protein of SARS2 may undergo LLPS with RNA and subsequently reduced Lys63-linked
polyubiquitination and aggregation of mitochondrial antiviral-signaling protein (MAVS),
which suppresses the innate antiviral immune response [35].

2.2. Materials Properties of Phase-Separated Condensates

LLPS contributes to the assembly of different membraneless organelles with different
functional commitments in cells [36]. Whether a macromolecule can undergo phase separa-
tion depends on its concentration and property, as well as environmental conditions, such
as pH, temperature, salt type and concentration. Meanwhile, phase-separated condensates
formed under a particular physiological circumstance are accessible to various, but also
selective, molecules in cells. The condensation process through the LLPS mechanism is
generally reversible with a mobile liquid-like dense phase, and constant exchanges be-
tween the dense and light phases. However, the phase-separated condensates are subject
to further transitions, such as gelation to form hydrogel that is virtually irreversible un-
der physiological conditions. Whether LLPS condensates remain in a liquid and mobile
state or become gelatinous and even solidified are physiologically or pathologically rele-
vant [1,22,37,38]. We have illustrated previously reported membraneless organelles with
their subcellular localization and functions in Figure 1. Meanwhile, we also summarized
their sizes, components, functions and related diseases in Table 1. Here, we discuss the
formation, compositions and other properties of several membraneless organelles and key
regulatory protein-mediated condensates in the context of human diseases.

Table 1. Membraneless organelles and condensates assembled through the LLPS mechanism.

Localization =~ Name Alias Size (nm) Components Functions Diseases References
mRNA degradation, viral infection.
GW-body, RNA K63, TRAF6, Tob1, post—tr.ansc'rlptlor\al neurodegenerative
: TUT4, NoBody, gene silencing, response :
P-body processing body, 100-300 LSM1, GW182, DDX3,  to stress, storage of diseases, [39,40]
decapping body DDX6, XRN1, etc. translationally autoimmune
diseases.
repressed mRNAs
amyotrophic lateral
translational regulation, sclerosis,
Cviopl RBPs, non-RBPs, response to stresses, frontotemporal
ytoplasm TDRD3, TDP43, antiviral defense, lobar degeneration,
Stress granule - 1000-2000 G3BP1, elF3, elF4G, response to stresses, cancer, viral [541]
PABPCI, etc. store mRNA and infection,
proteins inflammatory
diseases
post-transcriptional
P-granule, regulation,
! MEG-3, PGL, L7 Germ cell
Germ granule chromatoid body, 2504000 RNA, etc. regulation of Germ cell development [42]

polar granule

development and
function, cell division
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Table 1. Cont.

Localization = Name Alias Size (nm) Components Functions Diseases References
. . Postsynaptic PSD-95, GKAP, responsible for signal neuropsychiatric
Synaptic density densi{/y P 500 Shank, Homer, etc. proIZessing & diseaszsy [43]
RNA transport Neuronal RNA 500-1000 Sam68, RNG105, mRNA storage and neurodegenerative [44]
granule granule SMN, etc. transport diseases
Balbiani’s vesicle, . .
4 RNA, mitochondria, .
Balbiani Body 1]'_3he }I.Olk body of 50-250,000 Golgi, endoplasmic st(_)re RNA, p roteinsand [45]
albiani, yolk . mitochondria
reticulum, etc.
nucleus
response to the nutrient
stress of amino acid
Sec body — 1000 gOPH components, starvation, protect ERES ~ — [46]
ecl6, etc.
components from
degradation
Uridine-rich storage and assembly of spinal muscular
U-body SnRNP body 500 SnRNP, SMN, etc. snRI\;c’PS y afmphy [47]
" protein-specific . d
PSG — 500 D ot degradation, agmg and. - [48]
ree ubiquitin, etc. age-related disease
store proteasome
Signaling puncta ~ Dvl puncta 500-1000 Dvl-2, etc. signal transduction — [49]
gll‘:fllflzhc G-body 1000-5000 g:(}:/.colytlc enzymes, glycolysis and storage — [50]
STAT3 STAT3 prolongation of
cytoplasmic sequestering — STAT3 signaling and/or cross hepatoma [51,52]
body endosomes talk
TIS11B, membrane 3'UTR-dependent
TIS granule — 1000-5000 protein-encoding nurturing of nascent — [53]
mRNAs proteins
neurological
disorders and the
Nuclear Nuclear pore nucleoporins, NDC1, i?lfglet(a)z;toplasmic ?r%fl;%igi\e:g;\\élml
— 40-100 GP210, POM121 . . . [54]
membrane complex et transport, chromatin immunity, the
: organization development and
progression of
cancers
Werner syndrome,
Bloom syndrome,
Treacher Collins
syndrome,
Nucleolus — 1000-10,000 EI{III\CIIAEﬂISN A etc. ribosome biogenesis Sgﬁlg(:;aizssm [55]
syndrome,
Rothmund-
Thomson
syndrome
processing of the
NPAT, FLASH, SLBP, histone
HLB — 1000 p220NPAT NELF, pre-mRNAs, breast cancer [56]
symplekin, etc. histone gene
transcription
DNA damage o 500 YH2AX, ATM, 53BP1, response to DNA neurodegenerative 157]
foci RAD5I, etc. damage diseases
transcription regulation,
; apoptosis signaling,
FL oncogenic UBCY, RNF4, SP100,  epigenetic gene e evtic
PML body ’ 250-500 P53, DAXX, SUMO, silencing, yelocy! [58]
nuclear dot, PML, RNF168, etc sequester partner Leukemia, liver
Nucleus Kremer body, 4 e que p fibrosis
proteins,
SUMOylation sites
response to stress,
Nuclear stress Peroxisome 300-3000 HSF1, HAP, SAM68, control of gene metabolic 159]
body granule (PG) etc. expression and RNA syndrome
splicing activities
RNA, snRNPs, ro-mRNA and amyotrophic lateral
Cajal body accessory body 100-2000 scaRNAs, Coilin, P RNA . sclerosis, spinal [56]
SMN, etc. pre-r processing muscular atrophy
L. malignant
PcG body . 200-1500 PRC1, PRC2, EZH2, transcrl'ptlonal lym ghomas, [60]
etc. repression . X
epithelial tumors
response to DNA
CNB — 1000-3000 CBP, SUMO-1, etc. damage, — [36]
protein SUMOylation
breast cancer,
CTN-RNA, PSP1, regulate gene ?:rpcéil:z)crilalu\lfiial
Paraspeckle — 500-1000 p54nrb, NEAT1, expression, . . . [61]
. infection,
NONQO, etc. RNA processing .
neurodegenerative
diseases
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Table 1. Cont.

gene expression regulation,
RNA processing

Signaling puncta:
signal transduction

PcG body:

transcriptional repression

Nuclear gem:
mRNA processing

Balbiani Body:
storage of RNA, proteins
and mitochondria

Histone locus body:
processing of the histone pre-mRNAs,
histone gene transcription

Stress granule:

translational regulation, antiviral defense,
response to stresses, store some mRNA
and proteins

OPT domain body:
transcriptional regulation,
response to the replication stress

TIS granule: gyﬁng::g?ﬁ;oc“
3’UTR-dependent P
damage

nurturing of nascent
proteins

o @9
®]

P body:
post-transcriptional
modification,
response to stress

Germ granule:

post-transcriptional regulation,
regulation of germ cell
development and function,
cell division

mRNA storage and transport

PML body:

transcription regulation, apoptosis
signaling, epigenetic gene silencing,
sequester partner proteins

SUMO-1 nuclear body:
response to DNA damage, protein SUMOylation

Nucleolus:
ribosome biogenesis

STAT3 nuclear body:
activation of gene expression

Cajal body:
pre-mRNA and pre-rRNA processing

Amyloid body:
storage of proteins

U body:
storage and assembly of snRNPs

Perinucleolar compartment
transcriptional regulation,
polymerase III RNA metabolism

Nuclear pore complex:
nuclear import and export,
tumor, immune

Localization = Name Alias Size (nm) Components Functions Diseases References
CUGBP, KSRP, -
transcriptional
PNC o 250-4000 polymerase III, reeulation breast cancer, [62]
Nucleolin, PTB, SRP g Lo ovarian cancer
RNA metabolism
RNA, etc.
Gemini of Cajal spinal muscular
Nuclear gem body, Gemini 100-2000 SMN, etc. mRNA processing al:ro h [63]
of coiled body phy
transcriptional
OPT domain 53P1-OPT d . 1 1 NascenAt le\LA’ regulation, 4
body - omain 000-1500 transcription factors, response to the — [64]
etc. replication stress
STATS, CREB binding activation of target
STAT3 — — protein (CBP), enes & hepatoma [51]
nuclear body acetylated histone H4 8
Nucleolus Amyloid body A-body 500-2000 Amyloid beta store proteins neurodegenerative [65]
peptides, etc. diseases
PSG: Proteasome storage granule; HLB: Histone locus body; PML: Promyelocytic Leukemia; PcG: Polycomb
group; CNB: SUMO-1 nuclear body; PNC: Perinucleolar compartment; OPT: OCT1/PTF/transcription.
STAT3 cytoplasmic body: = PSG: Sec body: )
prolongation of signaling protein-specific degradation, = TeSponse Fo the nut'rlent stress of
and/or cross talk storage of proteasome amino acid starvation
Paraspeckle: RNA transport granule:

m proteasome

& mitochondria

® misfolded protein

~~untranslated mRNA

.- misfolded protein

Figure 1. Schematic diagram of membraneless organelles and their functions in a eukaryotic cell.

2.2.1. Stress Granules

Both stress granules and processing bodies (P bodies) are composed of RNA and
protein molecules that drive the phase separation of these membraneless organelles. Stress
granule formation is exclusively induced by stress signals imposed on the cells, while P
bodies can be constitutively visible in many cell types, but their size and number may
increase in response to stress [40]. Stress granules contain translation-initiation molecules,
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and P bodies harbor factors regulating mRNA degradation, but they share many common
proteins related to RNA metabolism. Mechanistically, in response to certain stresses,
translation initiation can be stalled and ribosomes will disassociate from mRNA, which is
the so-called ribosome run-off phenomenon. The released mRNA binds to RNA-binding
proteins (RBPs) that promote stress granule formation. The mechanism of constitutive
presence of P bodies remains unclear, but the stress-induced retardation of translation
preinitiation directly contributes to their increased size and number [40].

Dysregulation of stress granules and P bodies is causally related to different diseases.
Stress granules are considered an adaptive response of cells to acute stress, and their
formation, composition and life span are associated with cancers, heart diseases, neu-
rodegenerative disorders, inflammatory diseases and viral infections [66]. The oncogenic
process consists of hypoxia, ER stress and osmotic alterations that all constitute the signals
to induce stress granule formation. Meanwhile, chemotherapeutic challenges can also
induce the assembly of stress granules, which contributes to the development of chemore-
sistance and metastasis of cancer cells [66]. Thus, drugs, such as 15d-PGJ2 targeting the
eukaryotic initiation factor 4A-I (e[F4A1) in the stress granules, can inhibit proliferation
and induce apoptosis of leukemic and colorectal cancer cells [67]. Several neurodegenera-
tive diseases are caused by dysregulated stress granules that generally exhibit increased
formation or reduced dissociation of stress granules compared to in the cognate normal
cells. In particular, genetic mutations of certain RNA-binding proteins may impair stress
granule assembly and composition leading to neurodegenerative diseases. For example,
an FMRP mutant with defective stress granule assembly represents an etiologic cause of
the Fragile X syndrome with mild-to-moderate intellectual disability [68]. Mutations in
other stress granule-associated RN A-binding proteins are also discovered in Alzheimer’s
disease patients [69]. In addition, the neurons of Alzheimer’s disease patients exhibited
pathological aggregates by the nucleation of the proteins in stress granules, such as TIA1/R
and G3BP1 [69]. During viral infection, many viruses can use a special viral protease to
cleave essential stress granule proteins, which can circumvent the cellular defense against
viral infection [70,71].

2.2.2. P Bodies

As another type of cytoplasmic ribonucleoprotein granules, P bodies are relatively
understudied for their relevance to human diseases, although current evidence strongly
suggests their involvement in neurodegenerative disorders, viral infection and autoim-
mune diseases. Mutations of DDX6 disrupt P body assembly, which is causally linked to
intellectual developmental disorders with impaired language and dysmorphic facies [72].
In response to infection by RNA viruses, the number and stability of P bodies may change,
and their components may be recruited to viral replication centers, although the underlying
mechanisms remain unclear [73]. In addition, autoantibodies against P body components
have been reported to contribute to autoimmune diseases [74,75].

2.2.3. Nucleolus

The nucleolus is an important membraneless organelle consisting of ribonucleopro-
teins and RNAs is assembled in multilayers through the LLPS mechanism [55]. In the past
century, the roles of the nucleolus in hosting RNA polymerase I-mediated transcription,
ribosomal RNA (rRNA) modification and processing, and rRNA complex assembly have
been gradually recognized. A nucleolus of a mammalian cell may contain several func-
tional modules, each of which constitutes three subcompartments or layers. From the inner
to periphery, the three layers include the fibrillar center, the dense fibrillar component
and the granular component, responsible for different steps of ribosomal biogenesis [55].
The nucleolus is separated from other compartments of the nucleus; however, due to the
membraneless status, the nucleolus harbors various contents that dynamically exchange
with the remaining nuclear components. Therefore, nucleoli are important organelles for
transient sequestration of crucial factors involved in various biological functions, including
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the responses to genotoxic and oxidative stress, heat shock, starvation, oncogenic insults
and viral infection [55,76]. These stresses may affect the shape, size and number of nucleoli,
and the diseased states can markedly alter nucleolar morphology. Interestingly, despite the
relatively isolated compartment and spatially distinct layers of each nucleolus, spontaneous
coalescence may occur when two nucleoli have intimate contact, resembling droplet fusion
during LLPS. Meanwhile, many nucleolar proteins contain IDRs, which are especially
enriched by positively charged arginine and lysine residues [77,78].

Dysregulation of the nucleolus may aberrantly change nucleolar morphology, size
and number per nucleus, and is tightly linked to various diseases. Excessive production of
ribosomes by nucleoli may drive oncogenic transformation. On the other hand, defective
activity of ribosome biogenesis may cause a shortage of properly formed ribosomes, and
even cause aberrant nucleolar hardening, leading to reduced rRNA and ribonucleoprotein
processing. These kinds of ribosomopathies may eventually cause different diseases, such as
muscle atrophy and X-linked subtype of dyskeratosis congenita [79,80]. A hexanucleotide
repeat GGGGCC (or G4C2) is present in an intron of the C9ORF72 in chromosome 9, and
its expansion can reach up to thousands of copies in ALS patients. Mechanistically, the
expanded G4C2 sequence can generate arginine-containing toxic dipeptide repeats that
promiscuously interact with the IDRs of RNA-binding proteins to form protein aggregates,
and thus impair the dynamics of membraneless organelles, such us nucleoli, leading to
the diseases [81]. In addition, the material state of the nucleolus is relevant to aging or
longevity. Studies using C. elegans as a model revealed that both reduced rRNA production
and knockdown of fibrillarin were associated with smaller nucleolar size and extended life
span of the worm [82].

2.2.4. Examples of Regulatory Proteins with LLPS Potential

Besides the reported membraneless organelles, many intrinsically disordered proteins,
especially those with nucleic acid binding affinity, can form isolated compartments through
the LLPS mechanism, and their dysregulation may undergo liquid-to-solid transitions,
leading to various diseases [19,83].

The prion-like domains (PrLDs) have relatively low complexity, and are enriched in
glycine and uncharged polar amino acids [84]. The PrLDs have been identified in about
240 human proteins, especially many RNA-binding proteins, such as FUS, EWSR1, TDF-43
and TAF15 that are etiologically related to several neurodegenerative diseases, including
frontotemporal dementia and ALS.

The RNA-binding protein FUS has 526 amino acids and belongs to the FET (FUS,
EWSR1 and TAF15) family. FUS was originally discovered to fuse with the CHOP gene, and
the fusion oncoprotein promotes the development of round cell liposarcoma and myeloid
leukemia [85]. In addition to an RNA-binding motif, FUS contains a highly conserved C-
terminal nuclear localization signal (NLS) that may harbor various mutations discovered in
patients [86]. The EWSR1 protein has a transcriptional activation domain at the N-terminus,
and regulates gene expression, cell signaling, RNA processing and RNA transport. The
chromosomal translocation between the EWSR1 and FLI genes can produce an oncogenic
fusion gene that accounts for about 90% of Ewing sarcomas [87].

Since the N-terminus of FUS contains the IDR, the FUS-CHOP fusion created more
intensified nuclear puncta than FUS and CHOP alone, with incorporation of BRD4, a bona
fide marker of super-enhancers. Similarly, LLPS is considered as a driving force for the
EWSRI1-FLI fusion gene to regulate transcription and initiate cell transformation [88].

2.3. Regulation of Condensate Assembly

The assembly and biophysical properties of LLPS condensates are precisely regulated
by chaperone proteins, enzymes for post-translational modifications (PTMs) and other
cellular factors [89].
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2.3.1. Effects of PTMs on Protein Phase Separation

Different PTMs, such as phosphorylation, acetylation, arginine methylation and
SUMOylation that regulate protein—protein or protein—nucleic acid interaction strengths,
are well-recognized key regulatory factors of phase separation. Furthermore, PTMs are
engaged in the assembly and disassembly of condensates, as well as the regulation of their
material properties. As a rapid and reversible process, phosphorylation is one of the most
well-characterized PTMs modulating biomolecular phase transitions [90,91]. For example,
in Alzheimer’s disease, phosphorylation of Tau, a microtubule-associated protein, alters
the charge distribution to promote its electrostatic interactions, leading to the formation of
Tau aggregates [92]. Additionally, phosphorylation hinders tubulin assembly within Tau
condensates. Previous studies indicated that neuronal loss and memory impairment were
causally related to the presence of highly phosphorylated soluble Tau protein [93].

Phosphorylation of x-synuclein (x-syn) at Tyr39 (pY39) is enriched in patients with
Parkinson’s disease, and plays an important role in regulating the liquid-solid phase
transition of a-syn [94]. pY39 can accelerate x-syn aggregation and inhibit its degrada-
tion through autophagy and proteasome pathways in cortical neurons. In general, x-syn
phosphorylation may alter its fibril structure and exacerbate pathogenesis of Parkinson’s
disease [94,95]. As discussed above, FUS is a protein tightly related to neuronal degen-
eration diseases. FUS phosphorylation at its IDR could disrupt its phase separation and
cytoplasmic aggregation, which reduces FUS-associated cytotoxicity [96], suggesting that
FUS is a potential therapeutic target in the treatment of neurodegenerative diseases. In
addition, the interactions between tyrosines in the IDR and arginines in the C-terminal
regions of the FUS protein are crucial to its phase separation. The methylation of these
arginines disrupts these interactions, leading to reduced FUS phase separation; however,
hypomethylation of these arginines strongly promotes FUS phase separation and gelation,
leading to the formation of immobile hydrogels stabilized by intermolecular 3-sheets.
The loss of FUS mobility causes impairment of neuron terminals and leads to the disease
manifestation of frontotemporal lobar degeneration [97].

Polycomb repressive complexes (PRCs) are important regulators for gene repression
during embryonic development and oncogenic progression [98]. In C. elegans, a polycomb
protein SOP-2 functions as the counterpart of the human PRC1 complex to regulate HOX
gene expression [99]. Qu et al. reported that SOP-2 contained an IDR and could form
phase-separated droplets. Importantly, sumoylation at K453 and K594 SOP-2 could allow it
to produce droplets with increased sizes and abundancy, and slightly improved internal mo-
bility compared to the droplets formed by the unmodified protein [100]. Sumo-conjugation
is likely essential for both phase separation and transcriptional regulation of SOP-2, because
its sumoylation is required for both its localization into nuclear bodies and physiological
repression of the HOX genes [101].

Phase separation-mediated formation of membraneless organelles is cell-cycle-dependent.
Most membraneless organelles are dissolved when the nuclear envelope breaks down during
mitosis, but are reformed as mitosis is completed. The kinase activity of DYRK3 plays an
important role in dissolving several types of membraneless organelles during mitosis [102].
In fact, DYRK3 has been demonstrated to cause the dissolution of stress granules upon stress
relief [103], and this activity is dependent on DYRK3’s association with HSP90. In the absence
of the heat-shock protein, the inactive DYRKS either stays in stress granules or undergoes
degradation [104].

2.3.2. Effects of Chaperones on Protein Phase Separation

Molecular chaperones play a key role in the assembly of phase-separated condensates.
The historically recognized functions of chaperones are their abilities to promote correct
protein folding and subsequently prevent protein aggregation into nonfunctional structures.
A number of recent studies have revealed the activity of molecular chaperones, including
several heat shock proteins, to regulate phase separation [105].
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Chaperones regulate protein—protein interplay and assist in protein folding through
directly interacting with them in an energy-consuming manner [97,106]. Molecular chaper-
ones, including many heat shock proteins, are extensively involved in the maintenance of
intracellular protein homeostasis. Previous studies indicate the presence of different heat
shock proteins in a variety of membraneless organelles, such as HSP40, HSP70, HSP90, etc.
Gu et al. reported that classes I and II of the HSP40 proteins could undergo phase separation
due to their contents of flexible regions enriched with glycine and tyrosine [107]. DNAJBI,
a member of the class I HSP40 proteins, could form condensates in nuclear bodies. In
response to stress, DNAJB1 can translocate into stress granules. Interestingly, when cophase-
separated with FUS, DNAJB1 can prevent FUS from forming amyloid fibrils in vitro and
reduce aberrant FUS aggregation in cells [107]. As discussed above, hypomethylation of
arginines in the C-terminus of FUS facilitates its phase separation and gelation. However,
transportin 1 can serve as a chaperone protein of FUS to reduce its granule formation
without affecting its methylation status, and eventually rescue attenuated protein synthesis
caused by FUS aggregation in axon terminals [97].

As a canonical small chaperone, HSP27 localizes in stress granules. Due to the in-
teraction with the IDR of FUS, HSP27 can reduce its LLPS. In addition, stress can induce
HSP27 phosphorylation that subsequently promotes its co-phase separation with FUS. The
presence of HSP27 can prevent FUS from forming amyloid fibrillar aggregates, and thus
preserve its liquid phase [106]. Consistently, when mice of an Alzheimer’s disease model
were crossed with human HSP27 transgenic mice, overexpressed HSP27 could rescue
multiple neurodegenerative defects of the disease, including impaired spatial learning,
increased neuronal excitability, reduced long-term potentiation, and widespread amyloid
deposition in the brains [108].

As a histone chaperone, CAF-1 has LLPS properties and can form nuclear bodies
through recruiting histone modifiers and other chaperones, which contributes to the es-
tablishment and maintenance of HIV-1 latency. Therefore, disruption of phase-separated
nuclear bodies of CAF-1 can potentially reactivate latent HIV-1 to eradicate the viral reser-
voir caused by its latency [109].

2.4. Functions of Phase-Separation Condensates

LLPS have been reported to be involved in various biological processes and regulations.
We summarize the LLPS-associated functions into the following four categories.

2.4.1. Regulation of Biological Reactions

In cells, the coordinated processes of biochemical reactions benefit from both membrane-
restricted and membraneless organelles. The membraneless particles or condensates formed
by LLPS are rich in selective proteins and nucleic acids, increasing their local concentrations
and subsequently accelerating biochemical reactions [38].

Strulson et al. mimicked the intracellular compartmentalization by partitioning RNA
in an aqueous two-phase system established by PEG and dextran. The RNA molecules
could show up to 3000-fold enrichment in the dextran-rich phase, and compartmentaliza-
tion could enhance the rate of ribozyme cleavage by 70-fold [110]. The histone locus body
(HLB) is an evolutionarily conserved nuclear body with enriched protein and RNA factors
required for histone gene transcription and pre-mRNA processing [111]. In this liquid-like
compartment, many factors, such as FLASH and U7 snRNP, essential and constitutive
components in HLB, exhibit greatly increased concentrations over the levels in the exterior
cellular environment [112].

MicroRNAs (miRNAs) can promote mRNA degradation and/or block translation
through targeting the 3'-UTRs. In this regulation, the formation of a miRNA-induced
silencing complex (miRISC) consisting of multiple proteins is crucial to the miRNA-
mediated gene repression. AGO2 and TNRC6B are the core components of the miRISC. The
glycine/tryptophan (GW)-rich domain of TNRC6B is an intrinsically disordered region that
promotes phase separation through multivalent interactions with three tryptophan-binding
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pockets in the PIWI domain of AGO2 [113]. The phase-separation process can enrich
both AGO2 and TNRC6B in the condensates, and sequester RNAs to be degraded, which
accelerates AGO2-mediated deadenylation of target RN As.

In addition to the compartmentalizing phenomena discussed above, many other LLPS-
mediated membraneless organelles, such as Cajal bodies, nucleoli and PML bodies, can
concentrate proteins and nucleic acids involved in different designated biological processes
in a confined space, which can enhance both reaction rates and efficiency [114].

The LLPS may also provide a platform that allows nascent proteins to quickly associate
with their functional partners, which may determine their activities and destinies. Ma et al.
reported the membraneless TIS granules formed by an RNA-binding protein TIS11B, which
could partially cover of the cytoplasmic side of the rough endoplasmic reticulum (ER) [53].
The integration of these TIS granules and the ER can generate subcellular compartments,
termed as TIS granule-ER, or TIGER, that constructs a biophysically and biochemically
distinct environment from the cytoplasm. The TIS granules can promote the association
between the SET protein and membrane proteins to be translated, such as CD47 and PD-L1,
through a mechanism that the 3'-UTRs of the mRNAs of the membrane proteins facilitate
the interaction between SET and CD47 or PD-L1. As a result of the SET-binding, the cell
surface expression of the CD47 or PD-L1 can be significantly enhanced, which determines
the cell identity. This discovery revealed an exciting notion that protein functions can be
regulated by the lengths of the 3’-UTRs. In other words, proteins with the same amino
acid sequence but encoded by mRNA isoforms with alternative 3'-UTR lengths may have
different functions or subcellular localizations [115]. Therefore, 3'-UTRs may act as a
medium or scaffold to nurture nascent proteins, and qualitatively change their properties
and fates. Noteworthily, it has been reported that over 50% of protein-coding genes can
generate mRNA isoforms with alternative 3’-UTRs [116]. Whether the nurturing niche
provided by the TIS granules or TIGER compartments can be generalized to the regulation
of the functions, localizations or fates of other proteins, in addition to CD47 and PD-L1, is a
very intriguing question and deserves future exploration.

2.4.2. Regulation of Gene Expression

RNA polymerase II (Pol II) is responsible for the transcription of mRNAs and many
noncoding RNAs, such as IncRNA and microRNAs. RNA Pol II has a highly conserved
C-terminal domain (CTD) that contains 52 repeats of the YSPTSPS heptapeptide essential
to polymerase activity [117]. The hyperphosphorylation of the CTD mediated by CDK9 can
stimulate target gene transcription. As the kinase component of the positive transcription
elongation factor b (P-TEFb), CDKO9 can release the paused Pol II at a promoter periphery
and facilitate its entry to the gene body, to achieve transcriptional elongation. CDK9 also
regulates transcription termination through phosphorylating a Pol II-associated protein,
SPT5, and promoting its interaction with the poly(A) site [118,119].

Lu et al. reported that a phase-separation mechanism is also critical for CTD hyper-
phosphorylation that activates RNA Pol II [117]. Despite the inclusion of a low-complexity
region, the isolated CTD of RNA Pol II does not undergo phase separation by itself. How-
ever, the CTD can be trapped by the phase-separated condensates formed by the IDR of
cyclin T1 that interacts with CDK?. Through this interaction, cyclin T1 compartmental-
izes CKD7 and the CTD in restricted condensates to facilitate the hyperphosphorylation
reaction of RNA Pol II. Additionally, the CTD can also bind to the low-complexity do-
mains of transactivating proteins FUS, TAF15 and hnRNPA2 to form nuclear granules that
promote transcription [120,121].

In the past few years, a rapid surge of studies has demonstrated that many transcrip-
tion factors and coactivators are able to undergo phase separation that can help them create
dynamic hubs, clusters or condensates to regulate target gene expression (Figure 2). Some
of these condensates can be assembled into super-enhancers with many tandemly adjacent
enhancers, each of which is typically 50 to 1500 base pairs in length [122]. The transcription
factors, such as OCT4 and GCN4, harbor IDRs in their transactivation domains that can
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undergo phase separation to form clustered enhancers or super-enhancers and activate
gene expression [122]. Meanwhile, many coactivators, such as BRD4, MED1 and p300,
act as key components of the enhancer complexes that drive the expression of the master
genes to determine cell identity or promote oncogenesis [11]. As we recently reported, the
transcription factor YY1 has an IDR featured with an 11-histidine cluster. Deletion of the
histidine cluster or replacing it with 11 alanines abolishes YY1’s ability to form nuclear
puncta and even deprive its dominant nuclear localization. Through the phase-separation
mechanism, YY1 compartmentalizes many coactivators, including p300, BRD4, MED1
and CDK9, to assemble clustered enhancers that activate FOXM1 gene expression and
contribute to mammary tumor formation in a mouse model [24].

@ RNAPolIl

@~ transcription factor

B~ coactivator

7~ intrinsically disordered region
B enhancer

1 promoter

[ gene transcription

Figure 2. Regulation of gene expression by the phase-separation mechanism.

Another example is the coactivator YAP that can cause chromatin reorganization to
activate its target genes. In this regulation, YAP forms phase-separated condensates to
compartmentalize the transcription factor TEAD1 and other coactivators, such as TAZ.
The YAP condensates in the nucleus consist of super-enhancers with an accessible chro-
matin structure [123].

Signal transducer and activator of transcription 3 (STAT3) is a transcription factor
regulating the expression of a variety of genes involved in different biological processes.
As a key regulator in the anti-cancer immune response, STAT3 can be activated by various
cytokines. Aberrant activation of STAT3 has been observed in many cancers, which serves
as a bona fide target in cancer therapies [124]. Early studies indicated that tyrosine phos-
phorylation of STAT3 stimulated by interleukin 6 could cause its translocation into nucleus
where STAT3 was activated, bound to the enhancer elements of target genes, and formed
nuclear bodies. Thus, it was proposed that the STAT3 nuclear bodies could either be directly
involved in activated gene transcription or serve as reservoirs of activated STAT3 [125].
Recent studies revealed that the biomolecular condensates formed by activated STAT3
exhibited LLPS properties, suggesting that the phase-separation mechanism contributes to
STAT3-mediated gene activation [51,126].

2.4.3. Regulation of Viral Infection

Many studies have demonstrated the regulatory roles of LLPS in both the viral life cycle
and virus-host interactions [17,127]. Viral proteins with IDRs can promote the formation
of membraneless compartments used for the replication of viruses. These compartments
are enriched with specific proteins and nucleic acids, and serve as “viral factories” for the
replication, assembly and trafficking of viruses. The LLPS condensates are selective for the
inclusion or exclusion of components to allow optimal viral production, and may also avoid
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the defense of the host immune system. For example, cells infected by negative-strand
RNA viruses, such as rabies virus (RABV), rotavirus, vesicular stomatitis virus (VSV), Ebola
virus, measles virus, influenza A virus and respiratory syncytial virus (RSV), may form
cytoplasmic LLPS condensates that allow all the ribonucleoparticle (RNP) components and
viral RNAs to be synthesized inside and assembled into viral particles [128-134]. A report
by Fouquet et al. revealed that the phosphoprotein P, essential for viral transcription and
replication of RABYV, could shuttle between the cytosol and the Negri bodies formed by the
virus, leading to the recruitment of focal adhesion kinase (FAK) and HSP70, two cellular
proteins with proviral activities [135].

Viral protein-mediated LLPS can interfere with the functions of host cells through
two mechanisms, either regulating the expression of cellular genes or modulating the activ-
ities of cellular proteins. The oncogenic effects of Epstein—Barr virus (EBV) can be used as
an example of the first mechanism. EBV is a human virus with potent activities to induce
malignant transformation of infected cells through the activation of both viral oncogenes
and cellular proto-oncogenes [136,137]. EBNA2 and EBNALP are two EBV-encoded tran-
scription factors that form nuclear puncta using their IDRs, leading to the formation of
super-enhancers on the promoters of the oncogenes MYC and RUNX3 to promote their
transcription and subsequent oncogenesis [138]. In contrast, the functional interplays
between viral and cellular proteins in the context of LLPS have been relatively understud-
ied [17,127]. The formation of fibrillar aggregates by viral proteins may exert various effects
on host cells, including inhibition of key cellular processes, such as such as necroptosis,
and sequestration cellular transcription factors to block host cell RNA synthesis [17,139].

LLPS-related mechanisms not only mediate the impairments of infected cells caused
by viruses, but also contribute to the defense system of host cells against viral infection.
Human myxovirus-resistance protein A (MxA) is a cytoplasmic dynamin-family large
GTPase with a molecular weight of about 70 kDa, and can be induced by 50- to 100-
fold when cells are treated by type I and III interferons [140]. MxA associates with the
endoplasmic reticulum and Golgi apparatus, and exhibits antiviral activity against several
RNA and DNA viruses. A study by Davis et al. demonstrated that MxA formed metastable
membraneless cytoplasmic spherical or irregular bodies, filaments, or reticula with variable
sizes. Importantly, in VSV-infected cells, the nucleocapsid protein of the virus could
blend with the MxA condensates in cells showing a concomitant antiviral phenotype [141].
Similarly, Mx1, the murine ortholog of human MxA, could also form nuclear condensates
when being transfected into human cells. Interestingly, 20-30% of transfected cells also
formed cytoplasmic giantin-based filaments, and these cells, but not the ones with only
nuclear bodies, showed antiviral activity against VSV [142]. The mechanism underlying
the antiviral effects of the cytoplasmic filaments formed by Mx1 remains unclear.

2.4.4. Sequestration and Storage of Molecules

Cellular condensates work as compartments to selectively sequester biomolecules
and stock them, which serves as an approach of resource conservation. For example, each
proteasome consists of a catalytic core particle (CP) and a regulatory particle (RP). With
yeast as a model, the proteasome holo-enzyme constituted by the CP and RP mostly stays in
the nucleus in proliferative cells; however, in the quiescent state, they are transported into
the cytoplasm and sequestered as protein condensates called proteasome storage granules
(PSGs) [143]. The functions of PSGs include protecting yeast cells against stress and
maintaining their fitness during aging [144]. When the cells exit quiescence, the PSGs will
be disassembled and the proteasome will reenter the nucleus [145]. Furthermore, P bodies
and stress granules are also able to sequester highly expressed mRNAs. Whether the stored
mRNAs undergo translation or decay by individual cells in future can generate different
phenotypes and improve their ability to withstand stress [146]. Meanwhile, P bodies and
stress granules can also serve as protein quality control compartments that help cells to
sequester misfolded proteins from the other cellular milieu [147].
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Cellular condensates can also confiscate proteins to temporally curb their functions.
For example, the death domain-associated protein (DAXX) is a chaperone of the histone
H3.3 variant, and recruits HDACs to repress basal transcription [148]. Due to the interaction
with PML, DAXX can be sequestered into the PML bodies to block its activity in repressing
transcription, and sumoylation of PML is prerequisite for this process [148,149].

The nucleolus is a reputed storage apparatus in the nucleus and can sequester many
regulatory proteins in response to different signals [150]. Many proteins involved in
cell cycle progression, apoptosis and oncogenesis can be sequestered in nucleoli through
different mechanisms. As a ubiquitination E3 ligase, MDM2 can be confined in nucleoli
through its interaction with p14ARF or ATP molecules, which leads to p53 activation [151,
152]. Another E3 ligase, VHL, can also be sequestered in the nucleolus in response to
reduced extracellular pH. This can prevent the ubiquitination and degradation of its
substrate HIF in the presence of oxygen, and allow it to activate its target genes [153]. Other
important regulatory proteins with reported nucleolar sequestration include MYC, hTERT
and CDC14 [154-156].

3. The Phase Separation of Proteins in Diseases

Accumulating evidence suggests that aberrant assembly of condensates is associated
with cancers [157]. Below, we employ several examples to discuss how dysregulated
phase separation of key regulatory proteins may contribute to neurodegenerative diseases
and cancers.

3.1. LLPS and Neurodegenerative Diseases
3.1.1. FUS

As a multifunctional DNA- and RNA-binding protein, FUS has been reportedly
involved in transcription regulation, RNA splicing, RNA transport and DNA damage
repair [158]. The FUS protein has an N terminal PrLD that is intrinsically disordered and
critical to its phase-separated condensation [120,159]. The RNA-recognition motif (RRM)
of FUS can bind to RNA molecules that promote FUS phase separation. Two domains
are involved in FUS nuclear localization. First, the three RGG (arginine-glycine-glycine)
repeats, designated as the RGG3 domain, can transport FUS from cytoplasm to nucleus.
Second, the C-terminal proline tyrosine (PY) domain is a PY-NLS that can also promote
FUS’s nuclear transportation, but it needs the assistance of the nuclear import receptor
transportin, also known as karyopherin 32, to cross the nuclear pore complex [160,161].
Most FUS mutants showed impaired binding to the receptor transportin, leading to their
increased cytoplasmic retention. The defective nuclear import of the FUS mutants causes
their cytoplasmic aggregation in neuronal and sometimes glial cells, linked to disease
pathogenesis, such as ALS [162].

ALS patient-derived mutations of G156E and R244C, located in or adjacent to the
prion-like domain of the FUS protein, could convert its droplets to fibrous structures, which
eventually form amyloid-like fibrillar aggregates and subsequently contribute to the protein
misfolding diseases [31,163]. While the fusion of two adjacent wild-type FUS droplets
could occur in seconds, the event would take many hours for the FUS(G156E) mutant [31].
Interestingly, the fibrillar aggregates of FUS(G156E) could act as seeds to efficiently induce
the aggregation of wt FUS [163]. Both wt FUS and the G156E mutant could produce similar
condensates in cells; however, in a rat model, FUS(G156E) mutant could create intranuclear
inclusions in hippocampal neurons with cytotoxicity, likely due to the defects in regulating
translation and RNA splicing [163].

It has been reported that the methylation of the arginine in front of the PY-NLS reduced
FUS binding to the receptor transportin, and thus caused its cytoplasmic accumulation [164].
Interestingly, the arginine methylation of FUS also decreases its phase separation and stress
granule association. Therefore, the NLS mutations of FUS in ALS patients not only weaken
transportin-mediated nuclear import, but also abolish its arginine methylation, which
promotes phase separation and stress granule formation of FUS [165]. Besides methylation,
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the PrLD of FUS can be phosphorylated by DNA-PK. The phosphorylated FUS protein
exhibits reduced FUS phase separation and subsequently decreased aggregation tendency,
which can ameliorate FUS-associated cytotoxicity [96].

3.1.2. Tau

In 1975, Weingarten et al. isolated Tau as a protein essential for microtubule assem-
bly [166], and the subsequent studies indicated this microtubule-associated protein as a
regulator of axonal outgrowth and transport in neurons. Tau aggregation leads to the
formation of intracellular fibrillary deposits that have been recognized as a hallmark of var-
ious neurodegenerative diseases, including Alzheimer’s disease, frontotemporal dementia
and Parkinson disease, with a common name of tauopathies [167,168]. The intrinsically
disordered property and phase-separation potential of Tau can be attributed to its high
content of proline and glycine, and many polar and charged amino acids. The LLPS propen-
sity of Tau is primarily controlled by the proline-rich domain in its middle region, which
also contains many phosphorylation sites. Tau is a protein that harbors different posttrans-
lational modifications, including phosphorylation, acetylation, glycosylation, glycation
and ubiquitination [169]. Some of these modifications have been demonstrated to impact
the LLPS of Tau through altering its net charge, conformation and interactions with other
molecules. Hyperphosphorylation of Tau can promote the maturation of its condensates
into insoluble amyloid-like fibrils contributing to the diseases [170]. Lysine residues are
crucial for the LLPS of Tau, and thus their acetylation mediated by p300 and CBP can
reduce its interaction with RNA and reverse its condensation [171]. Despite the repressive
effects of acetylation on LLPS-mediated aggregation, acetylated Tau is associated with
neurotoxicity because it shows dampened interaction with tubulin and impaired ability to
promote the growth of microtubule filaments [172].

3.1.3. TDP-43

TDP-43 was initially identified as a protein binding to a regulatory element in the
long terminal repeat of HIV-1 and blockint the assembly of its transcription complex [173].
Other studies also revealed TDP-43 as an essential DNA /RNA-binding protein regulating
RNA splicing [174]. Among ALS patients, 90-95% are sporadic, with mutations in the
genes C9ORF72, SOD1, FUS, etc. Strikingly, about 97% of these ALS patients and 45% of
FTLD patients exhibited TDP-43 aggregation, implicating its pathogenic role in causing the
motor neuron diseases [175]. TDP-43 is one of the PrLD-containing proteins that are prone
to aggregation. Either pre-mRNA alternative splicing or aberrant proteolytic cleavage of
the full-length TDP-43 can generate the PrLD fragment, suggesting its high potential in
forming aggregates [176,177].

Posttranslational modifications play a regulatory role in TDP-43 condensation. De-
spite the predominantly nuclear presence, TDP-43 phosphorylation is associated with its
cytoplasmic translocation, which can drive early pathology of the diseases [178]. Hyper-
phosphorylated TDP-43 tends to aggregate and generate inclusion bodies in the brains
and spinal cords of the patients. Actually, phosphorylation of 5409 and 5410 has been
considered a signature for ALS pathological analysis [179]. TDP-43 acetylation reduces
its RNA-binding affinity and promotes accumulation of insoluble, hyper-phosphorylated
TDP-43, which resembles the pathological inclusions observed in ALS and FTLD [180]. Ad-
ditionally, ubiquitination of TDP-43 by its E3 ligase Parkin does not show clear degradation-
orientated effects, but instead causes its cytoplasmic accumulation to form insoluble ag-
gregates [181]. In addition, TDP-43 aggregation is associated with its C-terminal domain
consisting of a prion-like glutamine /asparagine-rich domain and glycine-rich region that
drives LLPS [175,182].
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3.2. LLPS and Cancers
3.2.1. SHP2

Src homology region 2 domain-containing phosphatase-2 (SHP2) is a non-receptor
protein tyrosine phosphatase (PTP), encoded by the PTPN11 gene. SHP2 contains two SH2
domains, a central PTP catalytic domain and a C-terminal tail. The two SH2 domains, C-SH2
and N-SH2, serve as phospho-tyrosine-binding regions to interact with the substrates [183].
As a ubiquitously expressed protein, SHP2 regulates many signaling pathways involved
in mitogenic activation, metabolic control, and transcription regulation [184]. Germline
mutations of SHP2 accounts for 50% of Noonan syndrome and 90% of LEOPARD syndrome
(i.e., Noonan syndrome with multiple lentigines) [185,186] cases. Somatic SHP2 mutations
are significantly associated with different human malignancies [187].

The intramolecular interaction between the N-SH2 and PTP domains serves as a
“molecular switch” to block the phosphatase activity of SHP2. This switch can be turned on
by the N-SH2 domain binding to specific phospho-tyrosine sequences of upstream growth
factor receptors and/or scaffold proteins, leading to SHP2 activation. Mutations of SHP2
may either abolish the autoinhibitory switch or impair its PTP activity, which cause either
Noonan syndrome or LEOPARD syndrome, respectively [188].

E76 is the most frequently mutated site of SHP2 in human cancers and the mutations
disrupt the inhibition of PTP domain by the N-SH2, while R498 mutations in SHP2’s
PTP domain are also commonly observed and associated with LEOPARD syndrome [189].
Interestingly, a recent study demonstrated that two disease-associated mutant proteins,
SHP2(E76K) and SHP2(R498L), showed significantly increased tendency of droplet for-
mation compared to the wild-type SHP2. Consistently, the two mutants also formed
nuclear puncta in cells, but wild-type SHP2 did not [190]. However, unlike most previously
reported proteins with LLPS capability, the SHP2 protein does not contain any IDR or
repetitive multivalent modular domain. Interestingly, the catalytic PTP domain is also
responsible for the phase separation of the SHP2 mutants. The mutations of N-SH2 enhance
the PTP activity and subsequently promote ERK1/2 activation [190].

3.2.2. YAP and TAZ

As downstream effectors of the Hippo signaling pathway, YAP (Yes-associated protein)
and TAZ regulate many biological processes including cell proliferation, apoptosis and
differentiation [191]. As transcription coactivators, unphosphorylated YAP/TAZ complexes
can be translocated to the nucleus, and bind to the TEAD transcription factors that regulate
the expression of several genes involved in cell proliferation and survival, such as MYC and
BIRC5 [192]. In recent years, both YAP and TAZ have been demonstrated to undergo LLPS
that plays an essential role in activating the expression of their target genes, subsequently
promoting oncogenesis. The phase-separated condensates can help YAP and TAZ to
compartmentalize transcription machinery, including BRD4, MED1, CDK9 and TEAD [193].
Noticeably, in the Hippo signaling pathway, LATS1/2 phosphorylate YAP at 5172 and TAZ
at S89 to increase their cytoplasmic retention, which can both inhibit the LLPS of YAP and
TAZ and reduce their activity as coactivators [10,123,194]. It has been demonstrated that
the Hippo pathway can be frequently inactivated through nonmutational mechanisms
during oncogenesis [195], which may explain the consistent hyperactivation of the YAP
and TAZ in various cancers [194].

4. Conclusions and Future Perspectives

In a cell, many different types of membraneless organelles or condensates existand
provide relatively defined but still dynamic compartments for various biological reactions
or material sequestration to occur in an undisturbed fashion. Biomolecules, biochemical re-
actions and various biological regulations are not present or happen in a chaotic or random
manner in the complex cellular milieu. The concept of phase separation that regulates the
formation of these compartments is likely a general mechanism to restrict biomolecules into
particular compartments for designated biological activities. The questions concerning how
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large biomolecules, especially proteins and RNAs, are self-organized and undergo LLPS,
and how their phase-separation capability can be linked and contribute to their specific
activities, have intrigued many researchers and attracted increasing interest. Through
the research endeavors over the past two decades, we have gained extensive knowledge
regarding the molecular features, assembly requirements and material properties of these
membraneless organelles or condensates. We have also obtained many insights in phase-
separation-regulated biological processes, including biological reactions, resource storage
or sequestration, and gene expression. Importantly, dysregulated LLPS of different proteins
due to mutations or aberrant posttranslational modifications are causal causes of various
human diseases, such as many neurodegenerative disorders and cancer. Despite the knowl-
edge obtained from the reported studies related to LLPS in normal and diseased cellular
conditions, many questions remain to be answered and fertile areas need to be explored.
First, although IDRs are likely prerequisite elements for protein phase separation, there
are still reported exceptions. Thus, how amino acid sequence and/or composition can
precisely determine the LLPS properties of a protein needs to be further defined. Second,
the sequences, secondary structures or other properties of nucleic acids involved in phase
separation are still largely unexplored. Third, with neurodegenerative diseases as an ex-
ample, the reasons accounting for the occurrence of phase-separated insoluble aggregates
only observed in specific cell types deserve special investigation. Finally, we have only
just begun to explore therapeutic applications that take advantage of the phase-separation
mechanism for disease treatment.
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Abstract: The effects of membranes on the early-stage aggregation of amyloid 3 (A) have come
to light as potential mechanisms by which neurotoxic species are formed in Alzheimer’s disease.
We have shown that direct Af-membrane interactions dramatically enhance the Ap aggregation,
allowing for oligomer assembly at physiologically low concentrations of the monomer. Membrane
composition is also a crucial factor in this process. Our results showed that apart from phospholipids
composition, cholesterol in membranes significantly enhances the aggregation kinetics. It has been
reported that free cholesterol is present in plaques. Here we report that free cholesterol, along with its
presence inside the membrane, further accelerate the aggregation process by producing aggregates
more rapidly and of significantly larger sizes. These aggregates, which are formed on the lipid bilayer,
are able to dissociate from the surface and accumulate in the bulk solution; the presence of free
cholesterol accelerates this dissociation as well. All-atom molecular dynamics simulations show
that cholesterol binds A3 monomers and significantly changes the conformational sampling of A
monomer; more than doubling the fraction of low-energy conformations compared to those in the
absence of cholesterol, which can contribute to the aggregation process. The results indicate that
Ap-lipid interaction is an important factor in the disease prone amyloid assembly process.

Keywords: Alzheimer’s disease; amyloid aggregation; lipid bilayer; cholesterol; time-lapse AFM
imaging; molecular dynamics

1. Introduction

The self-assembly of amyloid 3 (Af) is a process that results in the production of
neurotoxic oligomer and fibrillar aggregates in Alzheimer’s disease [1,2]. Understanding
the mechanism by which these aggregates are formed has been the major focus of research
in Alzheimer’s disease and other fatal neurodegenerative diseases [3,4]. However, in the
majority of in vitro studies, the Ap concentrations used are several orders of magnitude
higher than the physiologically relevant concentrations [5,6]; no aggregation is observed at
the physiological low nanomolar concentration of Ap. This suggests that the aggregation
of Ap in vivo utilizes pathways different from those probed by in vitro experiments.

Recently, an alternative aggregation mechanism has been discovered, allowing for the
aggregation to occur at the physiologically relevant concentrations of Af3 [7,8]. This is the
on-surface aggregation pathway, in which interactions with a surface act as a catalyst for
the aggregation process. The model for the on-surface aggregation process suggests that
the self-assembly of A oligomers is initiated by the interaction of amyloid proteins with
the cellular membrane. The membrane catalyzes amyloid aggregation by stabilizing an
aggregation-prone conformation.
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Cell membranes consist of a large variety of lipids, suggesting that numerous factors
may contribute to the on-membrane aggregation of amyloids. Indeed, recent publications
revealed the role of such lipids as cholesterol (Chol), sphingomyelins, and gangliosides on
the formation of Af fibrils on membrane surfaces [9-11]. A very recent publication [12]
demonstrated that Chol in the lipid bilayer significantly enhances the aggregation of
A[(1-42) at nanomolar monomer concentration. Importantly, computer modeling showed
that AB(1-42) has an elevated affinity to Chol-containing membranes, adopting a set
of aggregation-prone conformations. These studies led to an aggregation model with
membranes playing a critical role in triggering the aggregation process and hence, the
disease state. Within this model, the membrane composition is a factor controlling the
aggregation process, so a change in membrane composition can shift the ratio between
monomeric and aggregated states of Af3. This hypothesis is further strengthened by the data
regarding the contribution of Chol, sphingomyelins, and gangliosides to the neurotoxicity
of AP aggregates [13-15], which also highlights these lipids as prime candidates for possible
disease defining parameters.

While phospholipids are the major constituent of the cellular lipid bilayer, Chol is the
second most abundant lipid and provides stability to the cellular membrane. Importantly,
recent findings show higher level of plasma Chol in Alzheimer’s disease patients compared
to healthy controls [16]. Furthermore, Chol has been identified to be present in plaques in a
1:1 ratio with A [17,18]. Other studies revealed that feeding a Chol-enriched diet to rats
resulted in the enhancement of APP, A3, and p-tau in the cortex region, which was associ-
ated with cognitive problems [19]. In a different study, it was observed that a Chol-rich diet
increased the brain Chol level and resulted in motor function impairment [20]. Furthermore,
neuronal Chol content has been linked with age, with higher Chol concentration being
found in mature neurons compared to younger [21]. Together these results clearly connect
Chol with disease development; however, the molecular mechanism of how Chol affects
disease development remains unknown.

Aggregates extracted from patient brains have revealed the existence of oligomer-
lipid ensembles, pointing to possible direct interaction of free lipids with A{3 [22,23].
Additionally, recent studies [24] have reported assemblies of A{3(1-42) monomers with
Chol. These reports lead us to posit that free lipids affect the aggregation of amyloid
proteins. Here we tested the hypothesis on the role of free Chol in the aggregation of Aj3, at
the physiologically relevant nanomolar concentration. Time-lapse Atomic Force Microscopy
(AFM) was applied to monitor the in-situ formation of A{3(1-42) aggregates on supported
lipid bilayers in the presence of free Chol. These studies revealed that A[3(1-42) aggregates
are formed more rapidly on the lipid bilayer in presence of free Chol. Furthermore, the
aggregation kinetics of Af in the presence of free Chol is greatest on bilayers containing
Chol. Moreover, in the presence of free Chol, aggregates accumulate more rapidly in the
bulk above the membrane bilayer. Altogether, these studies revealed a critical role of free
Chol on the disease-prone aggregation of A[3(1-42), suggesting that Chol can be a trigger of
the aggregation process.

2. Results
2.1. Rapid Appearance of Aggregates in Presence of Free Cholesterol

The role of free Chol in the aggregation of A{3(1-42) was investigated on a supported
lipid bilayer surface. Briefly, a mixed lipid bilayer (PC-PS), containing 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (PC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(PS), was prepared as described earlier [12]. Then, 10 nM A[3(1-42) monomer solution with
and without 100 nM Chol was deposited on the bilayer and time-lapse AFM imaging was
performed to visualize the on-surface aggregation process.

181



Int. J. Mol. Sci. 2022, 23, 2803

L

Figure 1a shows the lipid bilayer surface before the addition of Af solution. The
surface is smooth and homogeneous, with no aggregate-like features or trapped vesicles,
which is critical for monitoring the on-membrane aggregation events [25-27]. Aggregates
were detected 1 h after the addition of the A solution and continued growing in numbers
in the subsequent time-points of 3 h and 5 h (Figure 1b,c). To quantify the aggregation
process, the volume of the aggregates, at each timepoint, was measured (Figure 1d). The
plot shows that the mean aggregate volume increases as a function of incubation time on
the PC-PS lipid bilayer.
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Figure 1. Aggregation of 10 nM Ap(1-42), in the presence of 100 nM Chol, on PC-PS lipid bilayer.
(a) AFM image of the bilayer surface before addition of A[3(1-42)-Chol solution. (b,c) AFM images of
the same area of the lipid bilayer 3 h and 5 h after addition of A{3(1-42)-Chol solution. (d) Evolution
of AB(1-42) aggregate volume with time. (e¢) Comparison of Ap(1-42) aggregate volumes after 5 h
incubation in the presence of PC-PS bilayer and PC-PS bilayer with Chol in solution. The volume of
aggregates is significantly larger (p < 0.0001, ¢-test) in presence of free Chol.

As a control, we performed aggregation experiments by incubating 10 nM A3(1-42)
on the PC-PS bilayer without Chol in solution. Comparison of the volume of aggregates
formed after 5 h incubation, with and without Chol present in the solution, is shown in
Figure le. It is evident that aggregates are significantly larger when free Chol is present in
the solution during aggregation, compared to only the A{3(1-42) in solution.

2.2. Acceleration of AB(1-42) Aggregation by Cholesterol inside Membrane

To understand if the bilayer composition is important during aggregation with free
Chol in solution, we assembled a mixed bilayer with Chol, PC-PS-Chol bilayer, and followed
the aggregation of Af in the presence of free Chol on this bilayer. Representative time-lapse
AFM imaging data are shown in Figure 2 and Figure S1. Initially, the bilayer surface is
smooth, Figure Sla. Aggregates appear within 30 min of A-Chol solution addition; a few
are highlighted with white arrows in Figure S1b. After 2 h of incubation, the lipid bilayer
surface shows a significant number of large aggregates (Figure 2a). Quantitative volume
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measurements for the two time-points show the change in aggregate size (Figure Slc,d).
The aggregate size increased approximately 4 times, from ~65 nm? to ~272 nm?, between
30 min and 2 h.

PC-PS-Chol SLB with free chol PC-PS-Chol SLB without free chol
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Figure 2. Aggregation of 10 nM A{3(1-42) on PC-PS-Chol bilayer. (a) AFM image of the PC-PS-Chol
lipid bilayer after 2 h incubation with 10 nM A342 and 100 nM Chol in the solution. (b) AFM
image of similar aggregation experiment as (a), except the absence of 100 nM Chol in the solution.
(c) Comparison of the on-bilayer aggregate volumes in the two aggregation experiments. Data is the
mean value of aggregate volumes, obtained through Gaussian fits. Presence of free Chol significantly
increases (p = 0.001, f-test) oligomer volume. (d) Comparison of the number of aggregates formed
on the lipid bilayers in the presence and absence of Chol in solution; presence of free Chol leads to
significantly more oligomers (p = 0.003, t-test). For (c) and (d) the error bars represent the standard
error of the mean.
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We then performed aggregation experiments with only A((1-42) in solution in the
presence of a PC-PS-Chol bilayer, Figure 2b. Visually it is evident that greater number
of aggregates are present when free Chol is in the solution. Quantitative analysis of
the two experiments shows that the volume as well as the total number of aggregates
are significantly greater when A[(1-42) aggregates in presence of free Chol in solution,
Figure 2c,d.

To validate the observations and to test whether Chol itself can form aggregate-like
features on the bilayer surface, we performed time-lapse experiments on the PC-PS-Chol
bilayer in presence of Chol only. Figure S2a shows a large area of the bilayer surface
prior to addition of Chol solution. Figure S2b, shows a zoom of the same area after 2 h
incubation with Chol solution. Figure S2b,c shows another area on the bilayer surface after
2 h incubation with Chol solution; there are no aggregates or aggregate-like features on the
surface of the bilayer. These observations clearly demonstrate that the aggregates, which
were observed on the bilayer surface, were indeed self-assembled Af(1-42) oligomers
and that Chol inside the membrane works in synergy with free Chol, catalyzing the self-
assembly of amyloid oligomers.

2.3. Dynamics of AB(1-42) Aggregation in Presence of Free Cholesterol

After 2 h aggregation of A3-Chol solution on the PC-PS-Chol bilayer, the surface
is practically covered with aggregates, Figure 2a. However, at 3 h significantly fewer
aggregates are observed, Figure S3a. While the number of aggregates become fewer with
increased aggregation time, their volumes increase, Figure S3b—d. Volume measurements
of the aggregates after 1 h incubation show, Figure S3b, that the aggregate volumes are
centered around 74 nm3. As the aggregates become larger at 3 h, the distribution changes,
and a peak around 293 nm?® becomes prominent. Larger aggregates also appear, Figure
S3c. At the 4 h incubation point the aggregates are significantly larger, with a peak around
397 nm?, Figure S3d.

Previous studies [12] have shown that aggregates are capable of dissociating from the
bilayer surface. Aggregates in the presence of free Chol show similar behavior, and the
findings suggest that the presence of Chol in the solution accelerates the dissociation of
aggregates. This phenomenon was tested by characterizing the accumulation of aggregates
in the bulk solution above the bilayer using AFM. In these experiments, 10 nM A 3(1-42)
with 100 nM Chol solution was incubated on top of PC-PS-Chol bilayer surface. At certain
time intervals an aliquot was taken from the bulk solution above the bilayer, deposited onto
APS-functionalized mica, and characterized using AFM imaging. The data is assembled in
Figure 3. Aggregates, accumulated in the bulk solution above the bilayer, were detected
after 3 h, Figure 3a, and become more prominent after 6 h, Figure 3b. At the same time,
control experiments conducted with A3(1-42) and Chol without the bilayer present show a
negligible number of aggregates, Figure 3c. Volumes of the aggregates were also analyzed
and show that the average size of the aggregates increases over time, Figure 3d. These
results show that the aggregates, which dissociate from the surface, do accumulate in
the bulk solution, increasing the level of soluble aggregates. The data also show that,
compared with the control experiments, in which 10 nM A[3(1-42) and 100 nM Chol were
incubated without the bilayer, the presence of the bilayer leads to statistically significant
more accumulation of aggregates in the bulk solution.
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Figure 3. Ap(1-42) aggregate desorption from PC-PS-Chol lipid bilayer in presence of free Chol.
(a,b) AFM images of aggregates from aliquots taken from the solution above the PC-PS-Chol bilayer
while 10 nM Af3(1-42) and 100 nM Chol was incubating. Samples were taken 3 h and 6 h after
addition of A{3(1-42)-Chol solution. (c¢) Comparison of aggregates after 3 h and 6 h incubation of
A[(1-42)-Chol in the absence and presence of PC-PS-Chol bilayer. Presence of free Chol significantly
increases number of desorbed oligomers, furthermore the increase from 3 h to 6 h time point is also
significant (p = 0.009, t-test). (d) Comparison of aggregate volumes formed in presence of free Chol,
depicted in (c).

2.4. Computer Simulation of Interactions of AB(1-42) with Free Cholesterol

We used all-atom molecular dynamics simulations to elucidate the interaction of free
Chol with AB(1-42) monomers. Briefly, monomeric A3(1-42) was placed in an explicit
water box, and NaCl ions were used to neutralize the system charge and keep the ionic
strength at a physiologically relevant concentration, 150 mM. A3(1-42) was placed at 4 nm
from a single Chol molecule. Dynamics of A{3(1-42) without Chol was simulated as a
control. Five replicas of each simulation system were run for 10 ps, yielding a cumulative
simulation time of 50 us for each system.

The Ap(1-42) monomer shows a rough free energy landscape (FEL), calculated using
dihedral principle component analysis of the concatenated dataset, when in the presence of
a single free Chol molecule, Figure 4a. The FEL contains well-separated energy minima
in three distinct areas, two small areas to the upper and lower left, and a single, large,
rough area to the right. The 10 lowest energy minima are highlighted in Figure 4a, and the
representative structure for each cluster of said minima are also presented, showing the
Chol molecule. These 10 clusters represent ~45.6% of the conformations sampled during
the simulation. The number of protein residues in contact with Chol plotted versus the
simulation time are given for each individual simulation run in Figure S4a—e. It is evident
that the Chol molecule does not simultaneously interact with many residues of Af(1-42)
at any given time. In fact, the majority of interactions occur through contacts with single
residues. Quantitative analysis of these data show that specific regions of A{3(1-42) are
more likely to interact with the Chol molecule, Figure 4b. The contact probability for each
residue, based on the combined 50 ps dataset, shows that residues 10 through 14 are most
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likely to interact with Chol, followed by residues 1-8 of the N-terminal region. Residues in
the central hydrophobic region (CHC, residues 17-21) are also likely interaction partners,
albeit with lower probability than the aforementioned regions.

A(342-CHL, Avg. contacts
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o
o

Contact freq.
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0 5 10 15 20 25 30 35 40
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Figure 4. MD simulation of Ap(1-42) interacting with Chol. (a) Free energy landscape based on
dihedral principal component analysis of cumulative 50 us simulation of Af3(1-42) interacting with
Chol. The 10 lowest energy minima are highlighted and the representative conformation of the
A[B(1-42) is shown. Percentages indicate the fraction of conformations relative to total number
sampled during the simulations. Blue sphere denotes the N-terminal. (b) Average contact probability
between residues of AB42 and the Chol molecule.

Ap(1-42) monomer, in the absence of Chol, shows a dramatically different FEL,
Figure 5, in which the deepest energy minimum is isolated and dominates by number
of conformations (~11.7%) while the rest of the minima are scattered around a very rough
area. Furthermore, the 10 lowest energy clusters only represent ~19.9% of the conformations
sampled during the simulations. Comparing the evolution of secondary structure for the
different simulations, Figures S5 and S6, shows that in both systems the A{3(1-42) monomer
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1.4%

0.7%

is dominated by turn/bend conformations, with gradual increases in 3-strand structure for
each system. However, interactions with Chol seems to hinder the formation of long-lived
[-strands, as in 3/5 of simulations (3-strand appear and disappear more rapidly than in the
control simulations without Chol, Figure S5 compared to Figure S6.

11.7%
1

2.2% o 0.1%
0

Figure 5. MD simulation of A{3(1-42) monomer. Free energy landscape based on dihedral principal
component analysis of cumulative 50 us simulation of Af(1-42) monomer. The 10 lowest energy
minima are highlighted and the representative conformation of the A[3(1-42) is shown; colors indicate
degree of fluctuation in structure, with red being highly conserved regions and blue being highly
dynamic regions. Percentages indicate the fraction of conformations relative to total number sampled
during the simulations. Blue sphere denotes the N-terminal.

3. Discussion

In our previous study, we have shown that the presence of Chol in the lipid bilayer fa-
cilitates aggregation of AB(1-42) leading to rapid formation of aggregates [12]. The number
of aggregates formed in presence of Chol-containing bilayers was 6 times greater compared
to the aggregates on bilayers devoid of Chol. These results revealed the critical role of
Chol in the aggregation process. Here, we have shown that free Chol, in addition to Chol
inside the lipid bilayer (PC-PS-Chol), has an accelerating effect on A{3(1-42) aggregation.
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Results unambiguously show that free Chol can further accelerate A{3(1-42) aggregation, as
the size and number of aggregates formed in presence of free Chol are greater compared
to the experiments where it is absent (Figures 1 and 2). This enhanced effect of free Chol
indicates the possibility of direct interaction between Chol and A[3(1-42). Several studies
have shown this type of direct binding, among them [28]. NMR studies have revealed
Chol-binding regions of C99, which is the source of A peptide generation due to the action
of 'y-secretase. The region encompassing residues 18—40 of A{3(1-42) is observed to interact
with Chol [29]. Furthermore, insertion studies of various length of peptide fragments such
as Af3(17-40), A3(22-35), AB(25-35) have shown that fragments containing residues 25-35
successfully penetrated the Chol containing monolayer [30].

The findings on direct binding of free Chol to A3 monomers are in line with our
all-atom simulations (Figures 4 and 5). Moreover, the energy landscapes qualitatively
support the observation of increased dynamics in the A molecule in the presence of
Chol (Figure 4). The presence of Chol dramatically increases the sampling of the free
energy landscape, but more importantly also increases the number of sampled low-energy
conformations. The 10 lowest energy minima sampled by the A3(1-42) monomer, in
presence of Chol, make up almost 46% of total conformations sampled during the 50 us
cumulative simulations. At the same time, in the absence of Chol, the 10 lowest minima
make up almost 20% of the sampled conformations. This acceleration of conformational
search may be the key for how Chol affects the aggregation. Indeed, comparing interactions
with membranes with and without Chol showed that the Af3(1-42) monomer experiences a
similar increased sampling when Chol is present in the membrane [12]. Additionally, the
affinity of the monomer to the membrane is also changed by Chol [12,31]. Furthermore, the
simulations show that dimer formation on membranes with Chol inside occur almost 2X
faster than on a similar membrane without Chol [12]. The effect of Chol on the free energy
and conformational sampling has also been reported for A} dimers and trimers [32]. In
addition to significant changes to the FEL, the authors also report that presence of Chol
induces greater (-structure content in the dimers and trimers of the A{3(1-42); they also
report that dimer to trimer change in (3-structure is also significant when Chol is present,
going from 26% to 41% [32]. The discrepancy in fraction of 3-structure secondary structure
between monomer and oligomers can be explained by data obtained by Ono et al., in which
different pure oligomers of defined sizes were compared [33]. They reported that oligomer
size has a significant effect on the structure and that there is a significant alteration of the
AP structure going from monomer to dimer.

Our results, demonstrating the accelerating effect of free Chol on A3(1-42) aggregation,
directly suggest that interference or blocking of Chol-Af interaction may suppress spon-
taneous self-assembly of the protein and thereby reduce the early-stage toxic oligomers.
Studies following this line of thought have shown promising results. Bexarotene, which
binds to the Chol-binding domain of A3, poses a competition for Chol towards A3 [34,35].
Treatment with nanomolar concentration of bexarotene prevented Af oligomer induced
Ca?* flux. These data indicate that the prevention of direct interaction of Chol with A can
significantly reduce the toxicity caused by the oligomers [34].

One of the important findings in the present study is the increased aggregate dynamics
caused by the presence of free Chol (Figure 3 and Figure S3). The data shows that, although
aggregates are rapidly formed on the surface, they are not firmly attached to the bilayer
and can easily leave the surface spontaneously. This hypothesis is supported by a gradual
accumulation of aggregates in the bulk solution above the membrane surface (Figure 3).
These data clearly show that the bilayer surface, along with the presence of free Chol, can
act as a highly efficient platform for producing oligomers, which then can either participate
in further aggregation or act as toxic agents. Most notable, this efficient oligomer producing
process occurs at physiologically low nanomolar concentrations of A3(1-42).

Another aspect of the oligomers formed in the presence of free Chol is their greater
size compared to those formed in the absence of free Chol. Yasumoto et al. reported
that low- (LMW) and high-molecular weight (HMW) oligomers use different pathways to
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damage neurons, with HMW being more neurotoxic and causing more direct damage to
the membranes [36]. In particular, HMW oligomers caused significantly more membrane
depolarization and impaired long-term potentiation. In the context of the current study,
large oligomers, produced due to interactions with free Chol, that dissociated from the
membrane surface may show similar mechanism of action as the HMW oligomers tested in
the aforementioned study.

Overall, the present study shows that the presence of free Chol, along with in-
membrane Chol, significantly accelerates the A(3(1-42) aggregation. This process occurs
at physiologically relevant conditions, including the low nanomolar protein concentra-
tion. These findings suggests that specific lipid-Af3 interactions are critical factors for the
spontaneous formation of neurotoxic oligomers. These findings further extend our model
on the critical role of membrane composition in the assembly of disease-prone amyloid
aggregates [12]. Our new data suggest that free Chol facilitate the aggregation process of
Ap monomers. Importantly, there is a strong synergy between the in-membrane and free
Chol in this membrane mediated catalysis of A aggregation at physiologically relevant
conditions. Note a recent publication [37], which found accumulation of free Chol in the
brain for a neurovisceral Niemann-Pick type C (NPC) disease. These findings suggest that
the effects of free Chol and other lipids may also be extended to other diseases. Further neu-
rotoxic studies of nanoaggregates assembled on the membranes, in parallel with structural
characterization of such aggregates, will pave the way for the development of novel diag-
nostic and therapeutic strategies for AD and can be extended to other neurodegenerative
diseases associated with the formation of protein deposits.

4. Materials and Methods
4.1. Materials

Lipids were purchased from Avanti Polar Lipids, Inc. (Alabama, US). A{3(1-42) was
bought from AnaSpec (Fremont, CA, USA). Chloroform was procured from Sigma Aldrich
Inc (St. Louis, MO, USA). The buffer solution that was used in this study is 20 mM HEPES,
150 mM NaCl, 10 mM CaCl,, pH 7.4. All other chemicals, unless otherwise specified, were
procured from Sigma at analytical chemistry grade or better.

4.2. Preparation of Supported Lipid Bilayer

PC-PS-Chol lipid bilayer was prepared on mica substrate as mentioned in the previous
publication [12]. Briefly, POPC, POPS, and Chol vesicles were prepared by sonicating the
mixture for 45 min until the mixture became clear and then deposited onto freshly cleaved
mica surface attached to a glass slide. The slide was then incubated at 60 °C for 1 h. After
the incubation, the sample was allowed to reach room temperature and then gently rinsed
with a buffer containing 20 mM HEPES, 150 mM NaCl, pH 7.4. The bilayer was then
imaged immediately by AFM in liquid.

4.3. Preparation of AB42 Protein Solution

The method for preparing the A42 stock solution was kept similar to our previ-
ous publication [12]. Briefly, lyophilized Af(1-42) was dissolved in 100 uL of 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) at room temperature with sonication. The HFIP was then
evacuated completely in a vacufuge. Anhydrous DMSO was then added to prepare the
stock solution, which was then kept at —20 °C. The stock solution was diluted in the buffer
solution to prepare working solutions at the necessary concentrations. Working solutions
were used immediately and leftover was discarded.

4.4. Time-Lapse AFM Imaging

Time-lapse data were obtained using an MFP-3D instrument (Asylum Research, Santa
Barbara, CA, USA). AFM imaging, in buffer medium, was carried out in tapping mode
using the cantilever “E” of MSNL probes (Bruker, Santa Barbara, CA, USA). The typical
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resonance frequency of the cantilever in buffer was 7-9 kHz with typical spring constants
of ~0.1 N/m. Scan speed was typically between 1 to 2 Hz.

At the start of each time-lapse experiment the lipid bilayer was imaged to ensure a
homogenous and smooth surface, devoid of any unruptured vesicles. A solution was then
added, and time-lapse imaging commenced in the same area of the bilayer. The cantilever
was parked after recording each frame to ensure that no damage to the lipid bilayer surface
occurred due to scanning.

4.5. AFM Data Analysis

The presented AFM images have undergone minimal processing. Flattening was ap-
plied to the images (fitted with 1st order polynomial) with FemtoScan software (Advanced
Technologies Center, Moscow, Russia). Grain analysis tool in the software was applied
to measure the volume of the oligomers. The volume data were plotted as histograms
using Origin Pro software (OriginLab, Northampton, MA, USA) and fitted with Gaussian
distribution. The mean value of the oligomer volume for each time point was determined
using the peak value of the distribution and the error bars represent the standard deviation,
unless otherwise mentioned.

4.6. Molecular Dynamics Simulations

To investigate the interaction of Af3(1-42) monomer with Chol, we placed an A{3(1-42)
monomer (conformation taken from [38]) at 4 nm center-of-mass (CoM) from a single
Chol molecule, solvated the system in TIP3P water, neutralized with NaCl counter ions,
and maintained a final NaCl concentration of 150 mM. Protein was described using the
Amber ff99SB-ILDN force field [39], while Chol was described using the lipid17 force
field (an extension and refinement of lipid14 [40]). A control system with only A((1-42)
monomer was also created in a similar manner. The systems were then energy minimized,
heated to 300 K, and run for 500 ps as NVT ensemble. Production simulations were run
as an NPT ensemble for 10 ps; simulations for each system were repeated five times for a
total of 50 ps for each system. Simulations were performed using a 2 fs integration time
step. The simulations employed periodic boundary conditions with an isotropic pressure
coupling at 1 bar, a constant temperature of 300 K, non-bonded interactions truncated at 10
A, and electrostatic interactions treated using particle-mesh Ewald [41]. Simulations were
performed using the Amber18 package [42].

4.7. Analysis of MD Trajectories

AmberTools20 suite of programs [43], Carma [44], and VMD [45] were used to analyze
the obtained simulation trajectories. Graphs and mathematical analyses were obtained
using MATLAB (MathWorks, Natick, MA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23052803/s1.
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