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Abstract: Cells need to organise and regulate their biochemical processes both in space and time
in order to adapt to their surrounding environment. Spatial organisation of cellular components is
facilitated by a complex network of membrane bound organelles. Both the membrane composition
and the intra-organellar content of these organelles can be specifically and temporally controlled
by imposing gates, much like bouncers controlling entry into night-clubs. In addition, a new level
of compartmentalisation has recently emerged as a fundamental principle of cellular organisation,
the formation of membrane-less organelles. Many of these structures are dynamic, rapidly condensing
or dissolving and are therefore ideally suited to be involved in emergency cellular adaptation to
stresses. Remarkably, the same proteins have also the propensity to adopt self-perpetuating assemblies
which properties fit the needs to encode cellular memory. Here, we review some of the principles of
phase separation and the function of membrane-less organelles focusing particularly on their roles
during stress response and cellular memory.
Keywords: stress; cellular memory; phase separation; prions

1. Introduction
Phase separation is the demixing of a homogeneous mixture in solution to two separated phases,
one of which can take the form of an assembled and detectable structure. These assembled structures
have been given various nomenclatures including biomolecular super-assemblies, condensates,
quinary structures or membraneless organelles, which suggests that a wide array of structures could
be included in this classification [1]. One such example of a phase-separated structure is P-granules
and is involved in specifying germ cells in Caenorhabditis elegans [2,3]. Since phase separation was
found to play an important role into the biology of C. elegans, a plethora of structures forming through
phase separation have been identified and examples of these include nucleolus for ribosome assembly,
paraspeckles and nuclear speckles which regulate gene expressions, P-bodies for RNA storage and
processing, Cajal bodies for regulation of small nuclear and small nucleolar RNA genes, stress granules
for storage of stress-halted proteins and RNA [4–11]. In addition to phase separation being fundamental
in cell physiology, its role and perturbation in diseases has emerged as a novel focus to understand the
mechanisms of some pathologies such as amyotrophic lateral sclerosis (ALS). Some of these assemblies
can be very dynamic; they condensate and dissolve very quickly. For example, the poly(A)-binding
protein (Pab1) of Saccharomyces cerevisiae, has been demonstrated to phase separate in vivo and in vitro
to form hydrogels in response to physiological heat stress [12]. In this context, phase separation of
Pab1 is suspected to function in regulating translation of heat stress-related mRNAs [13]. Like Pab1,
the yeast Sup35, a translation termination factor, is also capable of forming liquid/gel-like condensates
in vivo during energy depletion-induced pH stress which completely dissolves once conditions return
to normal [13]. The dynamic nature of these structures is very interesting for rapid response to quickly
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changing environments. Interestingly, some of these structures can in addition lock into a stable
prion state which is an appealing property for a protein complex to establish and maintain cellular
memory. Prions are self-templating, altered, heritable forms of normal cellular proteins which are
often associated with neurodegenerative diseases and more recently adaptation to environmental
changes [14,15]. Phase separating proteins and prions are both enriched in low complexity regions
biased for specific amino acids. The difference, however, is that prions form stable structures while
structures arising from phase separation are more dynamic [15].
In this review, we discuss some of the principles of protein phase separation and how cells use
phase separation to adapt to stress conditions. We also examine how phase separation can support
cellular memory in different organisms.
2. Phase Separation Drives the Formation of Membraneless Organelles
Phase separation may involve a single protein (simple coacervation) or it could require two or
more proteins or RNA forming a complex (complex coacervation) [16]. A feature often found in
the sequence of proteins that undergo phase separation is the presence of intrinsically disordered
regions (IDRs) [17]. They are characterised by low complexity regions enriched in repetitive amino
acid sequences or motifs [18]. These motifs are multivalent and allow the formation of a network of
crosslinking caused by specific motifs within the same protein (Figure 1) [19]. Multivalency refers
to specific intermolecular interactions resulting from the presence of multiple domains or motifs
within a protein [16]. Some studies have described proteins with multivalency as quinary structures,
which are protein structures that are shaped and selected by evolution rather than randomly formed,
misfolded aggregates [20–22]. Because such repeats in IDRs are enriched with amino acid side chains
possessing biased properties (uncharged, charged or aromatic), specific secondary structure driving
forces such as hydrogen bonding, dipole–dipole, pi–pi interactions and pi–cation interactions lead to a
variety of contacts within the same protein structure [23,24].
IDRs enriched in positively charged amino acids (arginine/glutamine) have the tendency to bind
negatively charged RNA and phase separate in the process [16]. For example, Fused in sarcoma (FUS),
an RNA-binding protein involved in a range of essential processes including transcription, splicing,
mRNA transport and translation, undergoes reversible phase separation in vitro between a dispersed,
liquid droplet or hydrogel state under low salt concentration. Mutations in FUS induce pathological
protein assemblies which are associated with diseases such as familial amyotrophic lateral sclerosis
(fALS) and frontotemporal lobar degeneration (FTLD). This shows why it is important to investigate
the structure and dynamics of IDR-containing proteins [24,25]. FUS contains an RGG domain enriched
in arginine/glycine which displays a high content of beta-strand structure [26]. The presence of RNA in
solution with the FUS protein accelerates its self-assembly, because the RNA-binding domain provides
a scaffold for self-assembly of the protein [27]. Together, IDRs, RGG domains of FUS and RNA form
essential components of stress granules and concomitantly, multivalency influences the capability of a
protein to phase separate [27].
Many proteins and in many organisms across kingdoms contain IDRs. For example, the budding
yeast S. cerevisiae proteome contains over 20% of proteins with IDRs, and in silico screening of IDR
proteins in 31 eukaryotic genomes showed that 52–67% have long (at least 40 consecutive residues)
IDRs [28–32]. However, some proteins are more prone to phase separate than others. Currently, it is
unclear what really determines the phase separation tendency of an IDR-containing protein solely
from their sequences. An answer may come from analysis of the steady-state phase separation of Whi3
in a multinucleate organism such as Ashbya gossypii. Whi3 is an mRNA binding protein involved in
regulating nuclear division and polarity by interacting with various mRNAs [33]. These interactions
affect the structural organisation of Whi3, which consequently allows it to regulate these processes [33].
Whi3 forms droplets in vitro and in vivo. In vivo, phase separation of Whi3 is largely promoted by two
mRNAs CLN3 and BNI1 and interestingly, the biophysical properties of the droplets are specific to the
bound mRNA [33]. Local concentrations of Whi3, CLN3 mRNA and BNI1 mRNA could therefore serve
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as a way to regulate various droplets associated with different cellular processes at distinct locations
within the same cytoplasm. This could be a mechanism by which constitutive phase separation and
a switch between two states is regulated. Phosphoregulation may be another reason that could be
responsible for specifying the function of various Whi3 condensates [34]. Thus, it is important to note
that the assembly of membraneless organelles is the collective effect of multivalency and other factors
such as RNA which can aid or expedite their assembly. This may underline that multivalency is an
essential criterion for phase transition and that IDRs are only the tip of the iceberg of protein sequences
promoting phase separation [35,36].
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Figure 1. Different levels of phase separation. Multivalent interactions between intrinsically
Figure 1. Different levels of phase separation. Multivalent interactions between intrinsically disordered
disordered regions (such as hydrogen bonding, pi–pi interactions, pi–cation interactions and dipole–
regions (such as hydrogen bonding, pi–pi interactions, pi–cation interactions and dipole–dipole
dipole interactions) are necessary for phase separation.
interactions) are necessary for phase separation.
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mRNA could therefore serve as a way to regulate various droplets associated with different cellular
processes at distinct locations within the same cytoplasm. This could be a mechanism by which
constitutive phase separation and a switch between two states is regulated. Phosphoregulation may
be another reason that could be responsible for specifying the function of various Whi3 condensates
[34]. Thus, it is important to note that the assembly of membraneless organelles is the collective effect
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Similar to LAF-1, TDP-43 contains an arginine/glycine rich domain. However, unlike LAF-1,
TDP-43 has the propensity to form solid deposits. The presence of stress granules has been shown
to enhance TDP-43 aggregate formation due to the sequestration of proteostasis factors such as
HDAC6. Indeed, HDAC6 inhibition correlated with an increase in TDP-43 size [40]. The enhancement
of TDP-43 aggregation by stress granule association has also previously been proposed to be a result
of increased ubiquitylation and reduced splicing activity [41]. Remarkably, the point mutations
found in ALS patients accelerate the formation of TDP-43 solid inclusions in vitro [39]. Interestingly,
different morphologies were also observed depending on the amino acid mutated, such as defined
filamentous or amorphous structures [39]. The fact that IDRs can induce different types of assemblies
could be explained by the conditions; it is possible that in physiological conditions, these proteins favour
one form over another depending on, for example, the presence of RNA or a protein concentration
threshold. Thus, each type of structure may have specific assembly requirements. It is not surprising
that similar IDRs lead to a range of structures, as this is characteristic of multivalency and weak
interactions in quinary structures, as well as the pleiotropy in some protein assemblies [19,22,42].
However, the biochemistry of such structures is likely to be far more complicated inside cells than
what is currently experimentally observed, and there may be many more factors influencing them.
3. Phase Separation as an Adaptation Mechanism in Cells
Specific environmental cues including temperature, pH, osmotic and nutrient changes trigger
phase separation of proteins and RNA. Here, we discuss a series of adaptation mechanisms that rely
on protein phase separation.
3.1. Polyadenylate Binding Protein (Pab1) Droplet Formation in Temperature Sensing
The temperature threshold at which most cellular processes are able to be carried out is
limited. Beyond these thresholds, physiology begins to deteriorate as a consequence of protein
denaturation and disruption of cell membrane integrity. Therefore, living organisms need to execute
an ensemble of adaptation mechanisms to try to survive to temperature stress. Stress granules
(SGs) are formed in response to unfavourable changes in environmental conditions including
temperature. While numerous stress-granule-associated proteins have been identified, Pab1 is unique
in its exceptional temperature-sensitivity. Indeed, Pab1 displays a thermal-responsive self-assembly
rate 160-fold higher than typical biological reactions [12]. Like many SG-associated proteins, Pab1 has
been hypothesized to upregulate mRNA translation by forming higher-order protein assemblies
(Figure 2) [12]. The structural requirements for Pab1 to phase separate as an adaptive response to heat
shock has been previously probed in vitro, where the significance of multivalency in the context of Pab1
demixing has been highlighted. It was found that while the P domain of Pab1 (the proline-rich IDR) can
modulate the extent of phase separation, it is not necessary for phase separation to occur. The deletion
of the proline-rich domain of Pab1 showed reduced phase separation [43]. However, the additional
knockouts of 3 of its RRMs (RNA-recognition motifs) exhibited the greatest increase in the temperature
boundary required for its phase separation [43]. This implicates that in the absence of each of its six
domains, Pab1 was still able to phase separate at different temperatures, but absence of the RRMs
showed the most impairment to de-mix. Therefore, the IDR of Pab1 is not required for phase separation
and the RRMs contain major molecular determinants for demixing. This suggests that Pab1 demixing
is more reliant on multivalent interactions of the RRM domain with the IDR serving as an additional
tuner, rather than the IDR being the key player.
While being an unparalleled temperature-sensing system, the P-domain of Pab1 is highly
evolutionarily conserved across fungal species [1,12]. Remarkably, the frequency of usage of aliphatic
residues within the domain is reflected by a fitness advantage. Amongst numerous fungal species,
proline-rich regions are almost identical, while alternating patterns between aliphatic residues such as
methionine, valine and isoleucine is observed [12]. Interestingly, a negative relationship was found
between the frequency of aliphatic amino acids and their hydrophobicity in the interchangeable
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sections of the P-domain across these species [12], while this trend was different albeit consistent
across the rest of the protein sequence, the yeast proteome and disordered regions. The composition
of these flexible regions of the P-domain has been naturally selected according to hydrophobicity;
Pab1 phase separation is adaptive and has been fine-tuned on an evolutionary time scale. From this,
we can conclude that Pab1 acts as a temperature sensor by using its RRMs, and to a lesser extent its
P-domain, to tailor mRNA translation levels according to temperature changes within and around the
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Therefore, like Sup35, Whi3 appears to be able to form or join very different condensates because it
was found in stress granules, super-assemblies and age-induced aggregates [87,88]. Whi3 is an
mRNA binding protein which regulates cell size and cell cycle progression during the G1 phase of
the cell cycle [89,90]. These super-assemblies asymmetrically partition into mother cells when the
cells divide after escaping pheromone arrest (Figure 3). Indeed, mother cells do not shmoo any longer
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needed to pinpoint the canonical phase separating features of SG-proteins, these studies on Pab1 and
Pub1 tell us that their IDRs act to regulate solubility of the protein which provides specificity of phase
separation morphology. Such morphologies are likely to be evolutionarily refined to detect different
thresholds of stress.
In more extreme cases of pH stress, a widespread phase transition can also occur in the cell as
a result of entry into dormancy [49]. This shifts the cell into a state of cell cycle arrest and reduced
metabolic activity involving the packing of proteins into higher order structures, caused by a transition
of the cytoplasm from a liquid to a glass-like state upon manipulation of cytosolic pH in yeast and
bacteria [49–51] (Figure 2). This is a more stringent mechanism of phase separation as it is triggered
in response to more extreme environmental stresses. This cytoplasmic freezing has been observed
in budding yeast upon reduction of cytosolic pH, which was achieved by depleting 95% of cellular
ATP, inducing dormancy. Unlike conventional techniques used such as fluorescence microscopy to
discern condensate formation, this study placed its focus on the mechanical stability and mobility of
macromolecules in the cell using micro-rheological techniques [49]. To measure the fluidity of the
cytoplasm, a bead-like foreign tagged particle was introduced into the cells and its movement within the
cell was tracked. It was found that lowering cytosolic pH alone in the presence of glucose (no starvation)
is sufficient to display a reduced particle mobility phenotype, thus reduced cytoplasmic fluidity [51].
This reinforces the idea that proteins and macromolecules respond to simple physicochemical cues both
on an individual and global scale. Interestingly, upon screening of the isoelectric points of the entire
yeast proteome, the majority were found to overlap with the pH value corresponding to conditions
of starvation [51]. Because the solubility of proteins decreases abruptly when their surrounding pH
converges with their isoelectric point [52,53], it is highly likely that such proteins phase-separate to
form higher-order assemblies in instances of energy depletion. As a result, the cell enters a state of
dormancy when this occurs in a widespread manner under precipitous conditions, which could explain
the overall change from fluid to solid-like state of the cytoplasm [51]. This is biologically relevant
in terms of phase separation, as cytoplasmic freezing appears to be a mechanism by which proteins,
as well as RNA, are reorganised into such a state that likely also modulates translational activity to
reduce metabolism.
Molecular crowding was found to also play a role in the cytoplasmic freezing of yeast cells in
conditions of glucose starvation, ultimately leading to a decrease of mechanical fluidity of cellular
components [49]. Bacterial cytoplasmic freezing has been recorded as a mechanism to organise cellular
components in a size-dependent manner to regulate metabolic activity [50]. This demonstrates that
glass-like states may be induced by a variety of stimuli and it begs the question of whether this event is
confined to unicellular organisms, or in other words, do multicellular organisms regulate metabolic
activity through cytoplasmic freezing? While it has been reported that cells of metazoans such as the
marine brine shrimp also enter dormancy in a pH-dependent manner [54], it is unclear whether they
do so with the same mechanism. However, it is likely that single cells utilize stimuli-induced changes
in global material properties of the cytoplasm more commonly than multicellular organisms to sense
and adapt to simple physicochemical changes in an individual manner. This is probably owing to
the fact that multicellular organisms have alternative routes of sensing stress, such as the sensing of
temperature stress in C. elegans through thermosensory neurons to regulate metabolic activity and
initiate an organismal response [55].
3.3. Osmotic Shock Foci (OSF) Formation in Osmotic Stress
A ubiquitous environmental challenge that cells experience in all organisms is a change in
extracellular ion/salt concentration, which often leads to hyperosmotic shock to cells [56]. Consequently,
this causes cell shrinkage and water to move out of the cell [57]. Similar to a change in pH, this process
also disrupts the electrostatic charge of the intracellular area, which can concomitantly influence the
multivalent interactions (such as protonation of side chains) within proteins and affect solubility,
inducing phase separation.
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To investigate proteins that phase separate in response to osmotic shock in yeast, the formation of
P-bodies and sequestering of chaperones has been recently characterised; these proposed liquid-liquid
phase separated droplets were termed as OSFs (osmotic shock foci) [57]. Highly dynamic and reversible
OSFs that were found to be the chaperones Ssa1, Hsp104 and Hsp42 formed in vivo upon induction of
hyperosmotic shock, which disappeared swiftly upon stress removal [56]. The speed and reversibility
of this appearance supports the notion that such chaperone OSFs are liquid droplets rather than stable
aggregates. Interestingly, along with the reversible P-body proteins Dcp2 and Edc3, the overexpression
of other proteins with amyloidogenic domains which have been reported to form stable aggregates
(Sup35, Mot3 and Pan1) (Figure 2) [56], were all able to assemble and disassemble swiftly following
shock and relaxation respectively. This exhibits a drastically different phenotype to amyloid structures
which are reportedly fairly stable given that they usually require solubilizing agents such as guanidine
hydrochloride and sodium sulfate to be reversed [58,59]. Moreover, this indicates that the formation of
these alternative, unstable liquid-like droplets appears to be favoured over stable amyloid aggregates
in specific hyperosmotic conditions.
The main driving factor of phase separation as a result of hyperosmotic stress could be explained
by molecular crowding [60]. In another recent study, the protein YAP (yes-associated protein) in
mammalian cells was also shown to form liquid droplets seconds after hyperosmotic shock (Figure 2),
and to localise to areas of the cell with high concentrations of accessible chromatin domains as a
result of cell shrinkage and molecular crowding [60]. YAP is a transcriptional factor that normally
binds to enhancers of specific target genes [61]. Phase separation of YAP relies on its IDR (the
transcription activation domain), as mutants lacking this domain failed to form droplets under
crowding conditions [60]. The fact that liquid droplet formation can be induced directly by crowding
implicates that such proteins act as sensors of mechanical stress produced by crowding, thus phase
separating and localising specifically to adjust and regulate gene expression. Phase separation could
function as a rapid mechanism to respond to mechanical stress, and YAP serves as a starting point to
expanding the library of mechanical-sensing phase separating proteins that we already know, such as
TAZ and spindroin-like proteins in spider silk [62–64].
3.4. Sup35 Gelation in Nutrient Deficiency
One of the most well-characterized prion-like proteins in yeast is Sup35, a translation termination
factor which, upon inactivation via a conformational switch to its prion form [PSI+], leads to STOP
codon read-through [13,52]. Recent studies have revealed the reversible, non-prion structure of Sup35,
as a result of energy depletion-induced gelation (Figure 2) [13]. Sup35 can also be considered as a
stress granule protein due to its ability to sequester with Pab1 after phase separation and to regulate
translation termination [52]. It is unclear whether this alternative form of Sup35 directly results in
its inactivation and translation read-through. A study on Sup35 has demonstrated that, unlike prion
formation, gelation only requires its GTPase catalytic domain which is responsible for translation
termination in vivo [13]. Although this is the case, the IDR of Sup35 (NM domain) was shown to be
important for governing the droplet properties of Sup35 gels [13]. The fact that the catalytic domain
alone was able to form droplets could further suggest that gelation of Sup35 can be achieved solely
with the multivalent interactions within this domain rather than requiring the IDR of the NM domain.
However, the NM domain is important for rescuing the catalytic domain from potential stress-induced
damage by enhancing droplet reversibility. It is important to note that Sup35 prions are also reversible,
although this often requires curing with chaperones, while gel structures appear to be reversed simply
through a conditional feedback process [13,65].
Sup35 is structurally versatile in that it can phase separate into gel-like structures, but it is also a
prion which can form amyloid-like structures. Sup35 is present across many fungal species, but [PSI+]
is predominantly found in S. cerevisiae [66,67]. Interestingly, phase separation of Sup35 is conserved
among distant yeast relatives, while this is not the case for prion formation [13]. In contrast to S.
cerevisiae, Sup35 is unable to propagate [PSI+] in Schizosaccharomyces pombe in a Hsp104-dependent
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manner, while both have been shown to be able to form stress-induced Sup35 condensates [13].
However, whether endogenous [PSI+] can be propagated in S. pombe has not yet been tested and
it is possible that prion formation is mediated by other chaperone machineries. This suggests that
the temporary phase transition as a stress response mechanism may evolutionarily precede prion
propagation and induction. The reason why S. cerevisiae possesses numerous prion-forming proteins
while only one was found in S. pombe so far [68], but forms other condensates, is still unclear. This is
especially interesting as S. cerevisiae and S. pombe both share a wide range of chaperone systems that
are responsible for prion propagation [68,69]. The difference in their prion-forming tendencies may be
related to asymmetric cell division of S. cerevisiae, or the possession of other cytoplasmic determinants
in budding yeast that are open to be discovered in the future.
Taking this data into consideration, we can hypothesize that Sup35 phase separation serves a
distinctly different role to prion formation due to its induction under specific stress conditions such as
nutrient deficiency. Upon recovery to healthy conditions, such condensates return to their soluble state
in the cell [13]. Contrarily, Sup35 prion formation has been proposed to occur as a means to maintain a
basal level of mRNA translation regulation and to pass on stable aggregates to future generations [52].
This is interesting because Sup35 gelation appears to be a frequently occurring, stress-sensing process
that will happen in all cells, while Sup35 prion formation is unlikely to happen. Conversion to
[PSI+] has been proposed to be a bet-hedging device in terms of translation fidelity, such that prion
formation is positively selected for stressful conditions in exchange for a reduced overall fitness [70,71].
Nonetheless, both mechanisms are orchestrated for cell survival in fluctuating environments.
3.5. Mitochondrial Antiviral Signalling Protein (MAVS) Fiber Formation in Antiviral Immune Responses
The implementation of phase separating proteins has also been reported in binary decision-making
and signal transduction in innate immune response. In humans, the mitochondrial antiviral signalling
protein (MAVS) is activated by the viral RNA-detecting protein RIG-1 [44] and polymerizes into
amyloid fibers [72] (Figure 2). MAVS contains a CARD (caspase activation recruitment) domain at its
N-terminus, which belongs to the death domain superfamily. The CARD domain underlies filament
formation [73–75] and shares features with prion fibers [73]. Formation of filaments is required for the
activation of the downstream effectors NF-kB and IRF3 in the RIG-1 immune response pathway [75,76].
Therefore, MAVS amyloid fibers and prion-like behaviour is a physiological mechanism.
Interestingly, the CARD domain found in MAVS is able to functionally replace the NM domain
of Sup35 in yeast [44] and remarkably, the NM domain can also function in place of the MAVS
CARD domain in an NM-MAVS construct in mammalian cells. NM-MAVS filament formation was
promoted by transfecting cells with NM fibers inducing downstream signalling, which was measured
by activation of interferon beta 1a [44]. This highlights the remarkable interchangeability of Sup35
NM and MAVS CARD domains, which seem to mostly require filament assembly and self-templating
activity. This, contrary to the different faces of Sup35 we have discussed before, may suggest that prion
behaviour can be selected for during evolution and is not simply a by-product of phase separation.
The relationship between multivalent interactions providing a biophysical basis for phase separation
and self-templating activities displayed by prions is a fascinating topic to be addressed in the future.
3.6. Std1 and Carbon Source Sensing
S. cerevisiae cells are craving glucose as a primary carbon source for the production of energy.
The presence of glucose in the culture medium represses the expression of genes involved in alternative
carbon source utilisation, a phenomenon termed glucose repression [77]. Cells must therefore fine tune
their ability to sense and respond to low glucose levels if they are to survive. Snf1, a heterotrimeric
protein kinase of the Snf1/AMP-activated protein kinase family, primarily ensures survival under
limiting glucose conditions by activating genes involved in utilisation of sucrose, galactose or ethanol.
Snf1 is also involved in cellular developmental processes such as meiosis, sporulation and ageing
as well as response to other stress conditions such as oxidative stress, heat stress and regulation of
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various metabolic enzymes. Activation of Snf1, under glucose limitation is mediated by Std1 [78–81].
Under glucose replete condition, Std1 undergoes phase separation and localises to cytoplasmic foci.
When glucose is limiting, foci formed by Std1 dissolve, releasing Std1 which can translocate to the
nucleus and activate Snf1. Through this mechanism, cells are able to respond appropriately to limiting
glucose levels and probably buffer noise in the concentration or readout of the concentration of
sugar [80]. Phase separation is therefore a very interesting mechanism for both sensing and adapting
to stresses, as demonstrated by the few examples we have presented here. Interestingly, Std1 when
over-expressed in S. cerevisiae promotes the formation of [GAR+] prion, generating an adaptive
phenotype where the cells are not reliant on glucose as primary energy source [82]. Again, just as in
the case of Sup35, this demonstrates how the same protein can promote the formation of structurally
and physically distinct structures depending on different environmental cues.
4. Phase Separation and Cellular Memory
In addition to adaptation, there have been examples of protein-based memory which may rely on
phase separation. Whi3, in S. cerevisiae, is involved in encoding memory of deceptive courtship and
cytoplasmic polyadenylation element-binding proteins (CPEB) are involved in long term potentiation
during courtship in Drosophila.
There are two mating types in haploid yeast cells, MATa and MATα, which release pheromone
as a and α-factor respectively. Mating factors are sensed via the cell surface receptors Ste2 (MATa)
and Ste3 (MATα) [83–85]. Cells exposed to α-factor respond by arresting in the G1 phase of the cell
cycle and developing cytoplasmic projections (called a shmoo) in order to grow towards the source
of pheromone, which is supposedly a mating partner. However, when there is no mating partner,
cells escape pheromone arrest and proceed to division [86]. This type of failed mating attempts
can arise when cells cannot reach their mating partner in time, which could happen for example if
several cells try to fuse with the same one [83]. After escape from pheromone arrest, cells maintain a
memory of these deceptive mating encounters in the form of Whi3 condensates into super-assemblies.
Therefore, like Sup35, Whi3 appears to be able to form or join very different condensates because it
was found in stress granules, super-assemblies and age-induced aggregates [87,88]. Whi3 is an mRNA
binding protein which regulates cell size and cell cycle progression during the G1 phase of the cell
cycle [89,90]. These super-assemblies asymmetrically partition into mother cells when the cells divide
after escaping pheromone arrest (Figure 3). Indeed, mother cells do not shmoo any longer in the
presence of pheromone, but daughter cells emanating from these refractory mothers do not inherit this
memory and shmoo as soon as they are born [83,87,91].
Whi3 from S. cerevisiae possesses low complexity regions rich in Q/N residues, which have been
shown to mediate super-assemblies formation and memory [83,90]. Since Whi3 super-assemblies
are asymmetrically inherited, we suspect that such asymmetric segregation could be a powerful
mechanism to establish cell fate and maintain asymmetries. One observation however is that
these self-templating proteins have the tendency to adopt detrimental conformations during ageing.
For example, some variants of Sup35 accumulate specifically at age-induced protein deposits [87].
Conformational flexibility offered by the PrD comes at a cost when cellular physiology changes during
ageing. For example, pH is not regulated or controlled as tightly as in young cells and this may have
as a consequence that conformationally flexible proteins are suddenly locked into a more stable and
solid state. Whi3 also forms foci during ageing that result in a pheromone insensitivity of old yeast
cells [92]. Interestingly, cells harbouring a mutant form of Whi3 (whi3-∆pQ) which do not adopt the
super-assembly conformation have been shown to live slightly longer than wild type cells [87,93].
It is not clear whether the asymmetric segregation of Whi3 super-assemblies in mother cells is a
mechanism to induce ageing and limit lifespan. Furthermore, it is not clear whether the variants of
Sup35 which accumulate at age-induced deposits have a function or not. These questions are still open
for investigation.
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prions normally induce loss of function phenotype [73]. It appears therefore that apart from being
significant in phase separation, conformational switches may actually uncover activity in certain
prion-like proteins.
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Changes in RNA concentration has been shown to affect phase separation of RNA-binding proteins and
subsequently the properties of biomolecular condensates [33]. While IDR-bearing proteins such as FUS
and TDP-43 have been shown to fuse into normal stress granules, mutants of these proteins contribute
to irreversible phase transitions of stress granules into pathological stress granules which are hallmarks
of age-related diseases such as Alzheimer’s disease [101,102]. The clearance of older stress granules as
well as pathological stress granules involves the autophagic machinery [103,104]. Defective autophagic
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machinery has been linked with increase in prion formation and neurodegenerative diseases such
as ALS [105–107]. It is however not clear how pathological stress granules evade cellular clearance
machineries. We have noted previously that Whi3 and Sup35 aggregate into a range of different
structures including age-induced deposits. It seems that IDRs have evolved to allow for structural
flexibility which enable proteins to phase separate into different assemblies where their exact function
may not yet be very clear.
In summary, we have highlighted how certain prion-like proteins, driven by multivalency,
undergo phase separation and adopt different physical states under various stress conditions, including
those implicated in memory establishment. We suspect that phase separation could be a mechanism
by which single cell organisms such as yeast and bacteria, as well as a number of multicellular higher
organisms, cope with stress conditions on a cellular scale. This process has also been refined by
natural selection across these organisms on the primary sequence level for each IDR-bearing protein in
specific stress scenarios, giving a spectrum of structures and components involved. While we have
described several well-studied stress-response systems, we predict that findings on phase separation
in memory acquisition and possibly ageing such as for Whi3 and CPEBs are only at the beginning of
their emergence.
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(BB/S001204/1) to H.P.O. and F.C., and QMUL to Y.L., H.P.O. and F.C.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.
5.
6.

7.

8.

9.

10.
11.
12.

Yoo, H.; Triandafillou, C.; Drummond, D.A. Cellular sensing by phase separation: Using the process, not just
the products. J. Biol. Chem. 2019, 294, 7151–7159. [CrossRef]
Elbaum-Garfinkle, S. Matter over mind: Liquid phase separation and neurodegeneration. J. Biol. Chem. 2019,
294, 7160–7168. [CrossRef]
Elbaum-Garfinkle, S.; Kim, Y.; Szczepaniak, K.; Chen, C.C.H.; Eckmann, C.R.; Myong, S.; Brangwynne, C.P.
The disordered P granule protein LAF-1 drives phase separation into droplets with tunable viscosity and
dynamics. Proc. Natl. Acad. Sci. USA 2015, 112, 7189–7194. [CrossRef]
Mitrea, D.M.; Kriwacki, R.W. Phase separation in biology; functional organization of a higher order.
Cell Commun. Signal. 2016, 14, 1–20. [CrossRef] [PubMed]
Uversky, V.N. Intrinsically disordered proteins in overcrowded milieu: Membrane-less organelles,
phase separation, and intrinsic disorder. Curr. Opin. Struct. Biol. 2017, 44, 18–30. [CrossRef] [PubMed]
Frottin, F.; Schueder, F.; Tiwary, S.; Gupta, R.; Körner, R.; Schlichthaerle, T.; Cox, J.; Jungmann, R.; Hartl, F.U.;
Hipp, M.S. The nucleolus functions as a phase-separated protein quality control compartment. Science 2019,
365, 342–347. [CrossRef] [PubMed]
Feric, M.; Vaidya, N.; Harmon, T.S.; Mitrea, D.M.; Zhu, L.; Richardson, T.M.; Kriwacki, R.W.; Pappu, R.V.;
Brangwynne, C.P. Coexisting Liquid Phases Underlie Nucleolar Subcompartments. Cell 2016, 165, 1686–1697.
[CrossRef]
Brangwynne, C.P.; Eckmann, C.R.; Courson, D.S.; Rybarska, A.; Hoege, C.; Gharakhani, J.;
Jülicher, F.; Hyman, A.A. Germline P Granules Are Liquid Droplets That Localize by Controlled
Dissolution/Condensation. Science 2009, 324, 1729–1732. [CrossRef]
Guillén-Boixet, J.; Kopach, A.; Holehouse, A.S.; Wittmann, S.; Jahnel, M.; Schlüßler, R.; Kim, K.;
Trussina, I.R.E.A.; Wang, J.; Mateju, D.; et al. RNA-Induced Conformational Switching and Clustering of
G3BP Drive Stress Granule Assembly by Condensation. Cell 2020, 181, 346.e17–361.e17. [CrossRef]
Fox, A.H.; Nakagawa, S.; Hirose, T.; Bond, C.S. Paraspeckles: Where Long Noncoding RNA Meets Phase
Separation. Trends Biochem. Sci. 2018, 43, 124–135. [CrossRef]
Luo, Y.; Na, Z.; Slavoff, S.A. P-Bodies: Composition, Properties, and Functions. Biochemistry 2018, 57,
2424–2431. [CrossRef] [PubMed]
Riback, J.A.; Katanski, C.D.; Kear-Scott, J.L.; Pilipenko, E.V.; Rojek, A.E.; Sosnick, T.R.; Drummond, D.A.
Stress-Triggered Phase Separation Is an Adaptive, Evolutionarily Tuned Response. Cell 2017, 168,
1028.e19–1040.e19. [CrossRef] [PubMed]

Cells 2020, 9, 1302

13.

14.
15.
16.
17.
18.
19.

20.
21.

22.
23.
24.

25.

26.
27.
28.
29.
30.
31.
32.
33.

34.

13 of 17

Franzmann, T.M.; Jahnel, M.; Pozniakovsky, A.; Mahamid, J.; Holehouse, A.S.; Nüske, E.; Richter, D.;
Baumeister, W.; Grill, S.W.; Pappu, R.V.; et al. Phase separation of a yeast prion protein promotes cellular
fitness. Science 2018, 359, eaao5654. [CrossRef] [PubMed]
Alberti, S.; Halfmann, R.; King, O.; Kapila, A.; Lindquist, S. A Systematic Survey Identifies Prions and
Illuminates Sequence Features of Prionogenic Proteins. Cell 2009, 137, 146–158. [CrossRef] [PubMed]
Chakravarty, A.K.; Jarosz, D.F. More than Just a Phase: Prions at the Crossroads of Epigenetic Inheritance
and Evolutionary Change. J. Mol. Biol. 2018, 430, 4607–4618. [CrossRef] [PubMed]
Alberti, S. Phase separation in biology. Curr. Biol. 2017, 27, 1097–1101. [CrossRef]
Oldfield, C.J.; Dunker, A.K. Intrinsically Disordered Proteins and Intrinsically Disordered Protein Regions.
Annu. Rev. Biochem. 2014, 83, 553–584. [CrossRef]
Wootton, J.C.; Federhen, S. Analysis of compositionally biased regions in sequence databases. Methods Enzymol.
1996, 266, 554–571. [CrossRef]
Boeynaems, S.; Alberti, S.; Fawzi, N.L.; Mittag, T.; Polymenidou, M.; Rousseau, F.; Schymkowitz, J.; Shorter, J.;
Wolozin, B.; Van Den Bosch, L.; et al. Protein Phase Separation: A New Phase in Cell Biology. Trends Cell Biol.
2018, 28, 420–435. [CrossRef]
Chien, P.; Gierasch, L.M. Challenges and dreams: Physics of weak interactions essential to life. Mol. Biol. Cell
2014, 25, 3474–3477. [CrossRef]
Wallace, E.W.J.; Kear-Scott, J.L.; Pilipenko, E.V.; Schwartz, M.H.; Laskowski, P.R.; Rojek, A.E.; Katanski, C.D.;
Riback, J.A.; Dion, M.F.; Franks, A.M.; et al. Reversible, Specific, Active Aggregates of Endogenous Proteins
Assemble upon Heat Stress. Cell 2015, 162, 1286–1298. [CrossRef] [PubMed]
Kroschwald, S.; Alberti, S. Gel or Die: Phase Separation as a Survival Strategy. Cell 2017, 168, 947–948.
[CrossRef] [PubMed]
Vernon, R.M.C.; Chong, P.A.; Tsang, B.; Kim, T.H.; Bah, A.; Farber, P.; Lin, H.; Forman-Kay, J.D. Pi-Pi contacts
are an overlooked protein feature relevant to phase separation. Elife 2018, 7, 1–48. [CrossRef] [PubMed]
Qamar, S.; Wang, G.Z.; Randle, S.J.; Ruggeri, F.S.; Varela, J.A.; Lin, J.Q.; Phillips, E.C.; Miyashita, A.;
Williams, D.; Ströhl, F.; et al. FUS Phase Separation Is Modulated by a Molecular Chaperone and Methylation
of Arginine Cation-π Interactions. Cell 2018, 173, 720–734. [CrossRef] [PubMed]
Murakami, T.; Qamar, S.; Lin, J.Q.; Schierle, G.S.K.; Rees, E.; Miyashita, A.; Costa, A.R.; Dodd, R.B.;
Chan, F.T.S.; Michel, C.H.; et al. ALS/FTD Mutation-Induced Phase Transition of FUS Liquid Droplets and
Reversible Hydrogels into Irreversible Hydrogels Impairs RNP Granule Function. Neuron 2015, 88, 678–690.
[CrossRef]
Schwartz, J.C.; Wang, X.; Podell, E.R.; Cech, T.R. RNA Seeds Higher-Order Assembly of FUS Protein. Cell Rep.
2013, 5, 918–925. [CrossRef]
Fan, A.C.; Leung, A.K.L. RNA granules and diseases: A case study of stress granules in ALS and FTLD.
Adv. Exp. Med. Biol. 2016, 907, 263–296. [CrossRef]
Coletta, A.; Pinney, J.W.; Solís, D.Y.W.; Marsh, J.; Pettifer, S.R.; Attwood, T.K. Low-complexity regions within
protein sequences have position-dependent roles. BMC Syst. Biol. 2010, 4, 43. [CrossRef]
Wootton, J.C. Sequences with “unusual” amino acid compositions. Curr. Opin. Struct. Biol. 1994, 4, 413–421.
[CrossRef]
Uversky, V.N. Intrinsically disordered proteins and their “Mysterious” (meta)physics. Front. Phys. 2019.
[CrossRef]
Oldfield, C.J.; Cheng, Y.; Cortese, M.S.; Brown, C.J.; Uversky, V.N.; Bunker, A.K. Comparing and combining
predictors of mostly disordered proteins. Biochemistry 2005, 44, 1989–2000. [CrossRef] [PubMed]
Dunker, A.K.; Obradovic, Z.; Romero, P.; Garner, E.C.; Brown, C.J. Intrinsic protein disorder in complete
genomes. Genome Inform. Ser. Workshop Genome Inform. 2000, 11, 161–171. [CrossRef] [PubMed]
Zhang, H.; Elbaum-Garfinkle, S.; Langdon, E.M.; Taylor, N.; Occhipinti, P.; Bridges, A.A.; Brangwynne, C.P.;
Gladfelter, A.S. RNA Controls PolyQ Protein Phase Transitions. Mol. Cell 2015, 60, 220–230. [CrossRef]
[PubMed]
Gerbich, T.M.; McLaughlin, G.A.; Cassidy, K.; Gerber, S.; Adalsteinsson, D.; Gladfelter, A.S. Phosphoregulation
provides specificity to biomolecular condensates in the cell cycle and cell polarity. J. Cell Biol. 2020,
219, e201910021. [CrossRef]

Cells 2020, 9, 1302

35.

36.
37.
38.
39.

40.
41.

42.
43.
44.
45.
46.
47.
48.

49.
50.
51.

52.
53.
54.
55.
56.
57.

14 of 17

Li, P.; Banjade, S.; Cheng, H.C.; Kim, S.; Chen, B.; Guo, L.; Llaguno, M.; Hollingsworth, J.V.; King, D.S.;
Banani, S.F.; et al. Phase transitions in the assembly of multivalent signalling proteins. Nature 2012, 483,
336–340. [CrossRef]
Banjade, S.; Rosen, M.K. Phase transitions of multivalent proteins can promote clustering of membrane
receptors. Elife 2014, 3, e04123. [CrossRef]
Wang, J.T.; Seydoux, G. P granules. Curr. Biol. 2014, 24, R637–R638. [CrossRef]
Marcello, M.R.; Singson, A. Germline determination: Don’t mind the P granules. Curr. Biol. 2011, 21,
R155–R157. [CrossRef]
Johnson, B.S.; Snead, D.; Lee, J.J.; McCaffery, J.M.; Shorter, J.; Gitler, A.D. TDP-43 is intrinsically
aggregation-prone, and amyotrophic lateral sclerosis-linked mutations accelerate aggregation and increase
toxicity. J. Biol. Chem. 2009, 284, 20329–20339. [CrossRef]
Chen, Y.; Cohen, T.J. Aggregation of the nucleic acid-binding protein TDP-43 occurs via distinct routes that
are coordinated with stress granule formation. J. Biol. Chem. 2019, 294, 3696–3706. [CrossRef]
Hans, F.; Glasebach, H.; Kahle, P.J. Multiple distinct pathways lead to hyperubiquitylated insoluble TDP-43
protein independent of its translocation into stress granules. J. Biol. Chem. 2020, 294, 3696–3706. [CrossRef]
[PubMed]
Edelstein, S.J. Patterns in the quinary structures of proteins. Plasticity and inequivalence of individual
molecules in helical arrays of sickle cell hemoglobin and tubulin. Biophys. J. 1980, 32, 347–360. [CrossRef]
Weitzel, G.; Pilatus, U.; Rensing, L. Similar dose response of heat shock protein synthesis and intracellular
pH change in yeast. Exp. Cell Res. 1985, 59, 252–256. [CrossRef]
Hou, F.; Sun, L.; Zheng, H.; Skaug, B.; Jiang, Q.X.; Chen, Z.J. MAVS forms functional prion-like aggregates to
activate and propagate antiviral innate immune response. Cell 2011, 146, 448–461. [CrossRef]
Buchan, J.R.; Muhlrad, D.; Parker, R. P bodies promote stress granule assembly in Saccharomyces cerevisiae.
J. Cell Biol. 2008, 183, 441–455. [CrossRef]
Matunis, M.J.; Matunis, E.L.; Dreyfuss, G. PUB1: A major yeast poly(A)+ RNA-binding protein. Mol. Cell. Biol.
1993, 13, 6114–6123. [CrossRef]
Orij, R.; Brul, S.; Smits, G.J. Intracellular pH is a tightly controlled signal in yeast. Biochim. Biophys. Acta 2011,
1810, 933–944. [CrossRef]
Kroschwald, S.; Munder, M.C.; Maharana, S.; Franzmann, T.M.; Richter, D.; Ruer, M.; Hyman, A.A.; Alberti, S.
Different Material States of Pub1 Condensates Define Distinct Modes of Stress Adaptation and Recovery.
Cell Rep. 2018, 23, 3327–3339. [CrossRef]
Lennon, J.T.; Jones, S.E. Microbial seed banks: The ecological and evolutionary implications of dormancy.
Nat. Rev. Microbiol. 2011, 9, 119–130. [CrossRef]
Parry, B.R.; Surovtsev, I.V.; Cabeen, M.T.; O’Hern, C.S.; Dufresne, E.R.; Jacobs-Wagner, C. The bacterial
cytoplasm has glass-like properties and is fluidized by metabolic activity. Cell 2014, 156, 183–194. [CrossRef]
Munder, M.C.; Midtvedt, D.; Franzmann, T.; Nüske, E.; Otto, O.; Herbig, M.; Ulbricht, E.; Müller, P.;
Taubenberger, A.; Maharana, S.; et al. A pH-driven transition of the cytoplasm from a fluid- to a solid-like
state promotes entry into dormancy. Elife 2016, 5, e09347. [CrossRef]
Lyke, D.R.; Dorweiler, J.E.; Manogaran, A.L. The three faces of Sup35. Yeast 2019, 36, 465–472. [CrossRef]
[PubMed]
Shaw, K.L.; Grimsley, G.R.; Yakovlev, G.I.; Makarov, A.A.; Pace, C.N. The effect of net charge on the solubility,
activity, and stability of ribonuclease Sa. Protein Sci. 2001, 10, 1206–1215. [CrossRef] [PubMed]
Busa, W.B.; Crowe, J.H. Intracellular pH Regulates Transitions Between Dormancy and Development of
Brine Shrimp (Artemia salina) Embryos. Science 1983, 221, 366–368. [CrossRef] [PubMed]
Prahlad, V.; Cornelius, T.; Morimoto, R.I. Regulation of the cellular heat shock response in Caenorhabditis
elegans by thermosensory neurons. Science 2008, 320, 811–814. [CrossRef] [PubMed]
Stears, R.L.; Gullans, S.R. Transcriptional response to hyperosmotic stress. In Cell and Molecular Response to
Stress; Storey, K.B., Storey, J.M., Eds.; Elsevier Science B.V.: Amsterdam, The Netherlands, 2000; pp. 129–139.
Alexandrov, A.I.; Grosfeld, E.V.; Dergalev, A.A.; Kushnirov, V.V.; Chuprov-Netochin, R.N.;
Tyurin-Kuzmin, P.A.; Kireev, I.I.; Ter-Avanesyan, M.D.; Leonov, S.V.; Agaphonov, M.O. Analysis of novel
hyperosmotic shock response suggests ‘beads in liquid’ cytosol structure. Biol. Open 2019, 8, bio044529.
[CrossRef] [PubMed]

Cells 2020, 9, 1302

58.
59.
60.

61.
62.
63.
64.

65.
66.

67.
68.

69.
70.
71.
72.

73.
74.
75.
76.
77.
78.
79.

80.

81.

15 of 17

Coalier, K.A.; Paranjape, G.S.; Karki, S.; Nichols, M.R. Stability of early-stage amyloid-β(1-42) aggregation
species. Biochim. Biophys. Acta 2013, 1834, 65–70. [CrossRef] [PubMed]
Ramirez-Alvarado, M.; Merkel, J.S.; Regan, L. A systematic exploration of the influence of the protein stability
on amyloid fibril formation in vitro. Proc. Natl. Acad. Sci. USA 2000, 97, 8979–8984. [CrossRef]
Cai, D.; Feliciano, D.; Dong, P.; Flores, E.; Gruebele, M.; Porat-Shliom, N.; Sukenik, S.; Liu, Z.;
Lippincott-Schwartz, J. Phase separation of YAP reorganizes genome topology for long-term YAP target
gene expression. Nat. Cell Biol. 2019, 21, 1578–1589. [CrossRef]
Li, Z.; Zhao, B.; Wang, P.; Chen, F.; Dong, Z.; Yang, H.; Guan, K.L.; Xu, Y. Structural insights into the YAP and
TEAD complex. Genes Dev. 2010, 24, 235–240. [CrossRef]
Lu, Y.; Wu, T.; Gutman, O.; Lu, H.; Zhou, Q.; Henis, Y.I.; Luo, K. Phase separation of TAZ compartmentalizes
the transcription machinery to promote gene expression. Nat. Cell Biol. 2020, 22, 453–464. [CrossRef]
Franklin, J.M.; Guan, K.-L. YAP/TAZ phase separation for transcription. Nat. Cell Biol. 2020, 22, 357–358.
[CrossRef] [PubMed]
Lemetti, L.; Hirvonen, S.P.; Fedorov, D.; Batys, P.; Sammalkorpi, M.; Tenhu, H.; Linder, M.B.; Aranko, A.S.
Molecular crowding facilitates assembly of spidroin-like proteins through phase separation. Eur. Polym. J.
2019, 112, 539–546. [CrossRef]
Park, Y.-N.; Morales, D.; Rubinson, E.H.; Masison, D.; Eisenberg, E.; Greene, L.E. Differences in the Curing of
[PSI+] Prion by Various Methods of Hsp104 Inactivation. PLoS ONE 2012, 7, e37692. [CrossRef] [PubMed]
Edskes, H.K.; Khamar, H.J.; Winchester, C.L.; Greenler, A.J.; Zhou, A.; McGlinchey, R.P.; Gorkovskiy, A.;
Wickner, R.B. Sporadic distribution of prion-forming ability of sup35p from yeasts and fungi. Genetics 2014,
198, 605–616. [CrossRef] [PubMed]
True, H.L.; Lindquist, S.L. A yeast prion provides a mechanism for genetic variation and phenotypic diversity.
Nature 2000, 407, 477–483. [CrossRef] [PubMed]
Sideri, T.; Yashiroda, Y.; Ellis, D.A.; Rodríguez-López, M.; Yoshida, M.; Tuite, M.F.; Bähler, J. The copper
transport-associated protein Ctr4 can form prion-like epigenetic determinants in Schizosaccharomyces
pombe. Microb. Cell 2017, 4, 16–28. [CrossRef]
Reidy, M.; Sharma, R.; Masison, D.C. Schizosaccharomyces pombe disaggregation machinery chaperones
support saccharomyces cerevisiae growth and prion propagation. Eukaryot. Cell 2013, 12, 739–745. [CrossRef]
Newby, G.A.; Lindquist, S. Blessings in disguise: Biological benefits of prion-like mechanisms. Trends Cell Biol.
2013, 23, 251–259. [CrossRef]
Halfmann, R.; Alberti, S.; Lindquist, S. Prions, protein homeostasis, and phenotypic diversity. Trends Cell Biol.
2010, 20, 124–133. [CrossRef]
Cai, X.; Chen, J.; Xu, H.; Liu, S.; Jiang, Q.X.; Halfmann, R.; Chen, Z.J. Prion-like polymerization underlies
signal transduction in antiviral immune defense and inflammasome activation. Cell 2014, 156, 1207–1222.
[CrossRef] [PubMed]
Cai, X.; Chen, Z.J. Prion-like polymerization as a signaling mechanism. Trends Immunol. 2014, 35, 622–630.
[CrossRef] [PubMed]
Sanders, D.W.; Kaufman, S.K.; Holmes, B.B.; Diamond, M.I. Prions and Protein Assemblies that Convey
Biological Information in Health and Disease. Neuron 2016, 89, 433–448. [CrossRef] [PubMed]
Wu, B.; Hur, S. How RIG-I like receptors activate MAVS. Curr. Opin. Virol. 2015, 12, 91–98. [CrossRef]
Wang, Z.; Ji, J.; Peng, D.; Ma, F.; Cheng, G.; Qin, F.X.-F. Complex Regulation Pattern of IRF3 Activation
Revealed by a Novel Dimerization Reporter System. J. Immunol. 2016, 24, R637–R638. [CrossRef]
Kayikci, Ö.; Nielsen, J. Glucose repression in Saccharomyces cerevisiae. FEMS Yeast Res. 2015, 15, fov068.
[CrossRef]
Kuchin, S.; Vyas, V.K.; Kanter, E.; Hong, S.P.; Carlson, M. Std1p (Msn3p) positively regulates the Snfl kinase
in Saccharomyces cerevisiae. Genetics 2003, 163, 507–514.
Ghillebert, R.; Swinnen, E.; Wen, J.; Vandesteene, L.; Ramon, M.; Norga, K.; Rolland, F.; Winderickx, J.
The AMPK/SNF1/SnRK1 fuel gauge and energy regulator: Structure, function and regulation. FEBS J. 2011,
278, 3978–3990. [CrossRef]
Simpson-Lavy, K.; Xu, T.; Johnston, M.; Kupiec, M. The Std1 Activator of the Snf1/AMPK Kinase Controls
Glucose Response in Yeast by a Regulated Protein Aggregation. Mol. Cell 2017, 68, 1120.e3–1133.e3.
[CrossRef]
Hedbacker, K.; Carlson, M. SNF1/AMPK pathways in yeast. Front. Biosci. 2008, 13, 2408–2420. [CrossRef]

Cells 2020, 9, 1302

82.
83.
84.

85.
86.
87.
88.

89.
90.
91.
92.
93.

94.

95.
96.
97.

98.
99.

100.
101.
102.

103.
104.

16 of 17

Brown, J.C.S.; Lindquist, S. A heritable switch in carbon source utilization driven by an unusual yeast prion.
Genes Dev. 2009, 23, 2320–2332. [CrossRef]
Caudron, F.; Barral, Y. A Super-Assembly of Whi3 encodes memory of deceptive encounters by single cells
during yeast courtship. Cell 2013, 155, 1244–1257. [CrossRef] [PubMed]
Hagen, D.C.; McCaffrey, G.; Sprague, G.F. Evidence the yeast STE3 gene encodes a receptor for the peptide
pheromone a factor: Gene sequence and implications for the structure of the presumed receptor. Proc. Natl.
Acad. Sci. USA 1986, 83, 1418–1422. [CrossRef] [PubMed]
Jenness, D.D.; Burkholder, A.C.; Hartwell, L.H. Binding of α-factor pheromone to yeast a cells: Chemical
and genetic evidence for an α-factor receptor. Cell 1983, 35, 521–529. [CrossRef]
Moore, S.A. Yeast cells recover from mating pheromone α factor-induced division arrest by desensitization
in the absence of α factor destruction. J. Biol. Chem. 1984, 259, 1004–1010.
Caudron, F. Protein aggregation triggers a declining libido in elder yeasts that still have a lust for life.
Microb. Cell 2017, 4, 200–202. [CrossRef] [PubMed]
Holmes, K.J.; Klass, D.M.; Guiney, E.L.; Cyert, M.S. Whi3, an S. cerevisiae RNA-binding protein, is a
component of stress granules that regulates levels of its target mRNAS. PLoS ONE 2013, 8, e84060. [CrossRef]
[PubMed]
Nash, R.; Tokiwa, G.; Anand, S.; Erickson, K.; Futcher, A.B. The WHI1+ gene of Saccharomyces cerevisiae
tethers cell division to cell size and is a cyclin homolog. EMBO J. 1988, 7, 4335–4346. [CrossRef]
Garí, E.; Volpe, T.; Wang, H.; Gallego, C.; Futcher, B.; Aldea, M. Whi3 binds the mRNA of the G1 cyclin CLN3
to modulate cell fate in budding yeast. Genes Dev. 2001, 15, 2803–2808. [CrossRef]
Caudron, F.; Barral, Y. Mnemons: Encoding memory by protein super-assembly. Microb. Cell 2014, 1, 100–102.
[CrossRef]
Schlissel, G.; Krzyzanowski, M.K.; Caudron, F.; Barral, Y.; Rine, J. Aggregation of the Whi3 protein, not loss
of heterochromatin, causes sterility in old yeast cells. Science 2017, 355, 1184–1187. [CrossRef] [PubMed]
Clay, L.; Caudron, F.; Denoth-Lippuner, A.; Boettcher, B.; Frei, S.B.; Snapp, E.L.; Barral, Y.
A sphingolipid-dependent diffusion barrier confines ER stress to the yeast mother cell. Elife 2014, 3,
e01883. [CrossRef]
Heinrich, S.U.; Lindquist, S. Protein-only mechanism induces self-perpetuating changes in the activity of
neuronal Aplysia cytoplasmic polyadenylation element binding protein (CPEB). Proc. Natl. Acad. Sci. USA
2011, 108, 2999–3004. [CrossRef]
Si, K.; Lindquist, S.; Kandel, E.R. A Neuronal Isoform of the Aplysia CPEB Has Prion-Like Properties. Cell
2003, 115, 879–891. [CrossRef]
Si, K.; Choi, Y.B.; White-Grindley, E.; Majumdar, A.; Kandel, E.R. Aplysia CPEB Can Form Prion-like
Multimers in Sensory Neurons that Contribute to Long-Term Facilitation. Cell 2010, 140, 421–435. [CrossRef]
Majumdar, A.; Cesario, W.C.; White-Grindley, E.; Jiang, H.; Ren, F.; Khan, M.R.; Li, L.; Choi, E.M.L.;
Kannan, K.; Guo, F.; et al. Critical role of amyloid-like oligomers of Drosophila Orb2 in the persistence of
memory. Cell 2012, 148, 515–529. [CrossRef]
Li, L.; Sanchez, C.P.; Slaughter, B.D.; Zhao, Y.; Khan, M.R.; Unruh, J.R.; Rubinstein, B.; Si, K. A Putative
Biochemical Engram of Long-Term Memory. Curr. Biol. 2016, 26, 3143–3156. [CrossRef] [PubMed]
Khan, M.R.; Li, L.; Pérez-Sánchez, C.; Saraf, A.; Florens, L.; Slaughter, B.D.; Unruh, J.R.; Si, K. Amyloidogenic
Oligomerization Transforms Drosophila Orb2 from a Translation Repressor to an Activator. Cell 2015, 163,
1468–1483. [CrossRef] [PubMed]
López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153,
1194–1217. [CrossRef] [PubMed]
Alberti, S.; Hyman, A.A. Are aberrant phase transitions a driver of cellular aging? BioEssays 2016, 38, 959–968.
[CrossRef] [PubMed]
Niaki, A.G.; Sarkar, J.; Cai, X.; Rhine, K.; Vidaurre, V.; Guy, B.; Hurst, M.; Lee, J.C.; Koh, H.R.; Guo, L.;
et al. Loss of Dynamic RNA Interaction and Aberrant Phase Separation Induced by Two Distinct Types of
ALS/FTD-Linked FUS Mutations. Mol. Cell 2020, 77, 82.e4–94.e4. [CrossRef] [PubMed]
Buchan, J.R.; Kolaitis, R.-M.; Taylor, J.P.; Parker, R. Eukaryotic Stress Granules Are Cleared by Autophagy
and Cdc48/VCP Function. Cell 2013, 153, 1461–1474. [CrossRef] [PubMed]
Marrone, L.; Poser, I.; Casci, I.; Japtok, J.; Reinhardt, P.; Janosch, A.; Andree, C.; Lee, H.O.; Moebius, C.;
Koerner, E.; et al. Isogenic FUS-eGFP iPSC Reporter Lines Enable Quantification of FUS Stress Granule

Cells 2020, 9, 1302

17 of 17

Pathology that Is Rescued by Drugs Inducing Autophagy. Stem Cell Rep. 2018, 10, 375–389. [CrossRef]
[PubMed]
105. Speldewinde, S.H.; Doronina, V.A.; Grant, C.M. Autophagy protects against de novo formation of the [PSI+]
prion in yeast. Mol. Biol. Cell 2015, 26, 4541–4551. [CrossRef] [PubMed]
106. Li, Y.R.; King, O.D.; Shorter, J.; Gitler, A.D. Stress granules as crucibles of ALS pathogenesis. J. Cell Biol. 2013,
201, 361–372. [CrossRef]
107. Barbosa, M.C.; Grosso, R.A.; Fader, C.M. Hallmarks of aging: An autophagic perspective. Front. Endocrinol.
(Lausanne) 2019, 9, 790. [CrossRef]
© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

