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Cells under stress must adjust their physiology, metabolism, and architecture to adapt to the
new conditions. Most importantly, they must down-regulate general gene expression, but at
the same time induce synthesis of stress-protective factors, such as molecular chaperones.
Here, we investigate how the process of phase separation is used by cells to ensure adaptation
to stress. We summarize recent findings and propose that the solubility of important transla-
tion factors is specifically affected by changes in physical–chemical parameters such tem-
perature or pH and modulated by intrinsically disordered prion-like domains. These stress-
triggered changes in protein solubility induce phase separation into condensates that regulate
the activity of the translation factors and promote cellular fitness. Prion-like domains play
important roles in this process as environmentally regulated stress sensors and modifier
sequences that determine protein solubility and phase behavior. We propose that protein
phase separation is an evolutionary conserved feature of proteins that cells harness to regulate
adaptive stress responses and ensure survival in extreme environmental conditions.

Organisms exposed to stressful conditions,
such as temperature variations, changes

in nutrient availability, injuries or infections,
must sense these changes and mount stress-spe-
cific defense mechanisms. But how do organ-
isms adapt to changes in their environment
and protect their molecular constituents from
damage?

One cellular component that is very sensi-
tive to changing physical–chemical conditions
are proteins. Proteins constitute more than one-
half of the dry mass of a cell and they exert
numerous functions in metabolism, signaling,
and cell architecture. Proteins are synthesized
by the ribosome as linear polymers from acti-
vated amino acids. While being synthesized, the

nascent polypeptide emerges from the ribosom-
al exit tunnel and begins its complex folding
process, often with the assistance of molecular
chaperones (also see Deuerling et al. 2018). The
folding pathway of a given polypeptide is deter-
mined by numerous precise noncovalent inter-
actions between specific sets of amino acids in its
primary sequence (Daggett and Fersht 2003;
Balchin et al. 2016). As a result, every polypep-
tide sequence adopts a unique structure and a
unique shape. Once folding is completed, the
folded polypeptide has acquired its biologically
active form. Maintenance of the so-called native
state is essential for protein functionality and
loss of the native state usually results in a loss
of activity.
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Under conditions of stress, many proteins
are no longer able to attain their native structure,
a process known as protein misfolding. When
proteins unfold, they gain conformational flexi-
bility and expose hydrophobic surfaces and
unstructured regions, which render them insol-
uble and prone to undergo intermolecular inter-
actions. Consequently, they may aggregate and
form insoluble precipitates (also seeHartl 2018).
Unlike protein assembly or oligomerization,
which are specific associations of polypeptide
chains, aggregation describes the nonspecific as-
sociation of misfolded polypeptides.

Because protein aggregation is a collective
physical process, it can be described as a phase
transition. A phase transition is a conversion of
one state of matter into another. In the case of
protein aggregation, it is the transition from a
soluble to an assembled state with solid-like
properties. This solid-like state may be a crystal,
as in the case of amyloid fibrils, or a gel or glass,
as in the case of amorphous aggregates. The
most important difference between these solid-
like states is the degree of molecular order. Am-
yloid fibrils are highly ordered because their
polypeptide chains are arranged into intermo-
lecular β-sheets that are oriented perpendicular
to a fibril axis; amorphous aggregates are more
structurally disordered, and their formation
may ormay not involve intermolecular β-sheets.

Protein aggregation is a form of protein
damage and it is generally considered to be det-
rimental. Indeed, protein aggregation often co-
incides with loss of protein activity and protein
aggregates are frequently associated with age-re-
lated diseases. One example of such a disease is
amyotrophic lateral sclerosis (ALS). In ALS, spe-
cific proteins misfold and aggregate with in-
creasing age in specific cells and tissues; in the
case of ALS, aggregates accumulate in motor
neurons (Taylor et al. 2016; Alberti et al. 2017).
Such pathological or aberrant phase transitions
are often irreversible.

Given the limited stability of proteins and
the complexity of protein folding within cells,
it seems surprising that cells are usually free of
aggregates. Extensive research over the past de-
cades has uncovered a comprehensive protein
homeostasis network of molecular chaperones

and protein degradation machines that surveys
the folding state of the proteome (also see Hegde
and Zavodszky 2018). Thesemachines maintain
the folding state by assisting in de novo protein
folding, as well as by inhibiting nonproductive
interactions among proteins and their subse-
quent aggregation (Balchin et al. 2016). Some
of these machines can even revert the detrimen-
tal effects of protein aggregation (Sanchez and
Lindquist 1990; Glover and Lindquist 1998;Mo-
tohashi et al. 1999; Shorter 2011; Rampelt et al.
2012; also see Shorter and Southworth 2018).
Because molecular chaperones increase the
folding efficiency and play essential roles in
proteome homeostasis, synthesis of molecular
chaperones is one of themost important cellular
defense mechanisms against protein misfolding
and aggregation.

But are all assemblies of high-molecular
weight aggregates? Increasing evidence suggests
that many assemblies within cells are not pro-
tein aggregates in the classical sense but are rath-
er disordered multimeric states that serve phys-
iological functions. This has been most clearly
shown for intracellular compartments that lack
surrounding membranes, such as the centro-
somes (Woodruff et al. 2017) or the nucleolus
(Feric et al. 2016). Such membrane-less com-
partments form by the process of liquid–liquid
phase separation, in which an initially homoge-
neous solution of proteins demixes into a pro-
tein-rich phase that stably coexists with a dilute
protein phase (Banani et al. 2017; Shin and
Brangwynne 2017). The dense and the dilute
phase continuously exchange molecules while
maintaining the steep concentration gradient
across the phase boundary. The dense phase of-
ten matures into a more solid-like state with the
material properties of gels or glasses (Patel et al.
2015; Alberti and Hyman 2016; Alberti 2017).
Assemblies that form by phase separation inside
of cells were termed biomolecular condensates
(Banani et al. 2017; Shin and Brangwynne 2017)
and, unlike protein aggregates, appear to be
tightly linked to the regulation and organization
of biological processes.

Protein phase transitions, and phase separa-
tion in particular, are exquisitely sensitive to
changing physical–chemical conditions. Thus,
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in principle, they could be used to detect and
respond to changes in the environment. In this
review, we discuss emerging evidence suggesting
that regulated protein phase separation and con-
densate formation is a widely used and un-
derappreciated cellular mechanism to adapt to
fluctuating and stressful environments. We pay
special attention to prion-like low-sequence
complexity regions (LCRs) that are frequently
found in phase-separating proteins. These do-
mains act as protein-specificmodifier sequences
with chaperone-like functions that cooperate
with other domains in the same protein to reg-
ulate reversible condensate formation in re-
sponse to stress. Regulation of the protein phase
behavior by LCRs may be as important for cell
survival as the well-characterized process of reg-
ulating protein misfolding by stress-induced
molecular chaperones.

PROTEIN-INTRINSIC FACTORS THAT
REGULATE PROTEIN SOLUBILITY AND
PHASE BEHAVIOR

The solubility of proteins is an important re-
quirement for their function. It is thus surprising
that many proteins are barely soluble in the in-
tracellular environment even under physiologi-
cal conditions (Ciryam et al. 2013, 2017; also see
Sormanni andVendruscolo 2018). Proteinswith
low solubility in the cytosol have been termed
supersaturated proteins. Many supersaturated
proteins have been linked to protein aggregation
diseases, suggesting that their protein structures
are metastable and prone to misfolding and ag-
gregation. In agreement with this, studies have
shown that a large fraction of cellular proteins is
on the verge of misfolding (Foit et al. 2009; Niwa
et al. 2012). This phenomenon is also referred to
as marginal protein stability. This means that
only little energy is required to unfold a large
portion of the proteome (Fig. 1). In agreement
with this, even mild physiological fluctuations,
such as progression through the cell cycle, have
strong effects on the thermal stability of the pro-
teome (Becher et al. 2018).Moreover,many pro-
teins aggregate when, for example, yeast cells are
exposed to physiological stress conditions, such
as glucose depletion or mild heat stress (Naraya-

naswamy et al. 2009; Olzscha et al. 2011; Picotti
et al. 2013; O’Connell et al. 2014; Wallace et al.
2015). Likewise, the abundant presence of mis-
folded polypeptides with weak folding muta-
tions disrupts the balance of the protein-folding
quality control and can establish aberrant phys-
ical and genetic interactions that interfere with
the folding of marginally stable proteins (Gida-
levitz et al. 2006, 2009). Remarkably, directed
evolution experiments have shown that more
stable proteins can readily be engineered from
marginally stable proteins (Foit et al. 2009; Sach-
senhauser and Bardwell 2018). This shows that
most cellular proteins have not been optimized
for maximum but optimum stability and sug-
gests that the stability of the proteome is subject
to functional constraints. But what could be
these constraints that render a large fraction of
proteins marginally stable?

One hypothesis suggests that marginal
stability is the result of neutral evolution and
thus a constraint of the evolutionarily accessible
protein sequence-space that is independent of
functional selection (Williams et al. 2007). An-
other hypothesis suggests that marginal stability
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Figure 1. Schematic showing the solubility as a func-
tion of temperature and self-interaction strength for a
ligand-binding protein with a deep level of supersatu-
ration. The cellular concentration of many proteins is
tuned tobeclose to thesaturationconcentration. Small
impacts, such as a change in physical–chemical con-
ditions, lead to stronger interactions among the pro-
teins and therefore induce a phase transition.
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is a product of protein-specific functional con-
straints because protein structure and function
are intimately related. For example, steroid re-
ceptors (SRs) must be in an “open” conforma-
tion to be able to bind activating ligands in the
cytoplasm (Echeverria and Picard 2010; Levin
and Hammes 2016; also see Biebl and Buchner
2018). On ligand binding, SRs undergo confor-
mational changes into an active form and then
translocate into the nucleus. However, the abil-
ity to bind a ligand and undergo conformational
changes also renders SRs prone to misfold and
aggregate (Kirschke et al. 2014; Lorenz et al.
2014). Thus, the marginal stability of SRs ap-
pears to be a trade-off between functionality
and stability.

Another example is the RNA-binding pro-
tein fused in sarcoma (FUS). FUS is a protein
with a deep level of supersaturation (Ciryam
et al. 2017) and its solubility depends on the
interaction with RNA (Monahan et al. 2017;
Maharana et al. 2018). Changes in the level of
FUS supersaturation through changes in local
RNA concentration are harnessed by cells to
promote the formation of physiological mem-
brane-less organelles by condensation (Alt-
meyer et al. 2015; Patel et al. 2015; Monahan
et al. 2017; Maharana et al. 2018).

Ligand-binding proteins, such as SRs or
FUS, are often less stable in the absence of their
ligands (Luque et al. 2002). This also means that
under conditions of limited ligand availability,
these proteins become conformationally more
heterogeneous and have an increased tendency
to misfold and aggregate. As discussed in the
next section, such conditions could be induced
by sudden changes in the environment, in which
the intracellular concentration of metabolites
changes drastically.

EXTRINSIC FACTORS REGULATING
PROTEIN SOLUBILITY AND PHASE
BEHAVIOR

The physical–chemical conditions inside cells
shape and put constraints on protein evolution.
For a given cytoplasmic protein, these are largely
determined by the physical and chemical prop-
erties of the cytosol.

The cytosol contains many macromolecules
of different sizes and shapes.A considerable frac-
tion of these macromolecules are proteins and
nucleic acids. These molecules expose large sur-
faces that are covered with positive and negative
charges. Consequently, many binding events in
the cytosol—functional and nonfunctional—are
mediated by electrostatic interactions. Studies
have shown that the presence of highly charged
macromolecules such as RNAs can have impor-
tant effects on protein structure and function.
For example, RNA can promote the folding of
proteins (Choi et al. 2008; Docter et al. 2016;
Horowitz and Bardwell 2016). The large volume
fraction of proteins and nucleic acids also turns
the cytosol into a highly crowded environment
(Ellis 2001; Soranno et al. 2014; Delarue et
al. 2018). This has additional functional con-
sequences, because macromolecular crowding
indirectly affects protein folding and protein–
protein interactions.

The cytosol also contains a high concentra-
tion of small molecules and ions. This is impor-
tant, because protein solubility is strongly de-
pendent on the ionic strength and the pH of
the cytosol. To maintain protein solubility, cells
invest large amounts of energy keeping the salt
concentration and the pH in a narrow range. In
yeast, for example, the pH is regulated through
ATP-driven pumps that continuously remove
protons from the cytosol to the outside (Orij
et al. 2011).

Cells also regulate their water content. A de-
crease in water content reduces the hydration
shell that surrounds proteins and concomitant-
ly favors interactions among macromolecules.
This can cause widespread assembly of proteins
into higher-order structures. Important differ-
ences between organisms exist. For example,
plants, fungi, and roundworms are frequently
exposed to water-limiting conditions and have
evolved mechanisms to cope with severe water
loss (Erkut et al. 2011, 2013, 2016; Tapia and
Koshland 2014; Boothby et al. 2017). Often,
they produce small osmolytes, such as trehalose
or glycerol, which can increase protein stabili-
ty. Moreover, many organisms have one or
more vacuoles that serve as an osmoregulatory
organelle.
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The physical parameter with the strongest
effect on protein solubility is temperature.
Many organisms including bacteria, fungi, or
plants cannot regulate temperature and there-
fore must withstand large temperature-induced
fluctuations in protein solubility. As we will
discuss below, these organisms have evolved
mechanisms to limit the detrimental effects of
temperature changes by regulating protein sol-
ubility. More generally, this suggests that the
solubility and stability of a given proteome is
adapted to the specific habitat of an organism.

DEALING WITH CHANGING PHYSICAL—
CHEMICAL CONDITIONS INSIDE CELLS

Many enzymes show high catalytic activity at
neutral cytosolic pH, at which cell growth is op-
timal. Keeping the pH neutral requires constant
expenditure of energy to remove protons from
the cytosol (Dechant et al. 2010; Orij et al. 2011).
However, stress conditions, such as a depletion
of nutrients can cause a rapid drop in cellular
energy levels and a concomitant cytosolic acidi-
fication for example in yeast. This has direct ef-
fects on the activity of enzymes, but it also dras-
tically reduces protein solubility. Indeed, protein
solubility is usually lowest when the solution pH
is close to a protein’s isoelectric point and many
cytosolic proteins have an isoelectric point in the
mildly acidic range. As a result, these proteins
assemble into higher-order structures as soon
as the cytosol acidifies (Munder et al. 2016).

There are two ways in which an organism
can deal with such a situation: (1) It can keep the
internal physical–chemical conditions constant
at all costs. This appears to be the strategy used
by many motile organisms with a nervous sys-
tem. To maintain homeostasis, these organisms
use a large amount of energy and avoid stressful
conditions. (2) The organism can mitigate the
effects of stressful environments by directly reg-
ulating protein solubility and phase behavior.
This seems to be the method of choice for
many plants, fungi, or bacteria. These organ-
isms have in common that they are often sessile
and cannot escape from stressful conditions.

Which proteins become insoluble under
stressful conditions? A few proteome-wide stud-

ies have investigated the proteins that change
their solubility on stress. In energy-depleted
yeast cells, many metabolic enzymes and pro-
teins involved in translation regulation assemble
into higher-order structures (Narayanaswamy
et al. 2009; O’Connell et al. 2014). In heat-
shocked human and bacterial cells, the most un-
stable proteins are those that bind cofactors and
nucleic acids (Leuenberger et al. 2017). In yeast,
the proteins that are most sensitive to heat are
RNA-binding proteins (Wallace et al. 2015). It is
unclear why these specific proteins are so sensi-
tive to changing conditions. One possibility is
that these proteins are vulnerable because they
have metastable folds and have been optimized
for conditions occurring in unstressed, growing
cells. Another intriguing possibility is that these
exceptional protein properties have been har-
nessed and shaped by evolution to turn these
proteins into environmental stress sensors that
mount adaptive responses. Indeed, accumulat-
ing evidence suggests a functional link between
the stress response and condition-responsive in-
trinsically disordered LCRs that may intimately
be involved in regulating protein solubility and
phase behavior.

REGULATION OF PHASE SEPARATION
BY INTRINSICALLY DISORDERED LCRs

Intrinsically disordered proteins (IDPs) or re-
gions (IDRs) are frequently found in eukaryotic
proteomes. IDPs/IDRs do not fold into a single
native structure that corresponds to the lowest
energy state. Rather, they sample an ensemble of
conformational states with similar intrinsic en-
ergies that is defined by their specific protein
sequence. Most IDPs/IDRs are readily identified
because of their low-sequence complexity. This
means that their primary sequences consist only
of a subset of all possible amino acids. Frequent-
ly, they also contain repetitive motifs. Accord-
ingly, these regions are called LCRs.

What are the functions of IDRs? One abun-
dant class of IDRs serves as linker sequences that
connect folded domains (Oldfield and Dunker
2014). Another class of IDRs are display sites.
These regions contain amino acids that can
be modified by posttranslational modifications,
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such as phosphorylation. In recent years, evi-
dence for a class of IDRs that regulates protein
phase behavior has been emerging. One exam-
ple comes from investigations of the helicase
Ddx4, which is a constituent of membrane-less
germ granules. The IDR/LCR of Ddx4 self-in-
teracts to promote phase separation into pro-
tein-rich liquid-like droplets (Nott et al. 2015).
The diverse functions of IDRs are not mutually
exclusive, and IDRs that promote phase separa-
tion may also function as display sites and/or
linker sequences.

Phase separation requires the formation of
many reversible interactions between phase-
separating proteins. The number and strength
of these interactions sets the concentration
threshold of phase separation (called the satura-
tion concentration), as well as thematerial prop-
erties of the assembled condensates. Proteins
that are able to phase separate often have multi-
ple motifs or domains that are able to undergo
weak and transient interactions (Li et al. 2012;
Brangwynne et al. 2015; Ruff et al. 2018). For
example, the LCR of Ddx4 is characterized by
blocks of alternating charges and a high number
of glycine-arginine and phenylalanine-glycine
motifs (Nott et al. 2015). These sequence fea-
tures promote many weak binding events medi-
ated through charge–charge, pi–pi, or cation–pi
interactions. Such multivalent interactions are
the main driver of protein phase separation
in cells.

Phase separation not only requires many
weak and transient interactions, but the polymer
chain length and its flexibility are also impor-
tant. LCRs are intrinsically disordered and
explore more conformations than folded pro-
teins, a feature that has been shown to promote
phase separation. At low-protein concentra-
tions, LCRs can undergo intrachain interactions.
Above the saturation concentration, interchain
interactions become increasingly dominant
leading to phase separation of the LCR-contain-
ing protein. For example, the LCR of LAF-1,
a helicase similar to Ddx4, undergoes large
conformational fluctuations that promote
self-interaction and phase separation at protein
concentrations as low as 1.5 µM (Wei et al. 2017).
More generally, the specific sequence of an LCR

determines its conformational ensemble and
thus its geometry. LCRs with a high net charge
usually adopt extended chain geometries,
whereas LCRs enriched for polar and depleted
of charged residues often adopt collapsed en-
semble geometries (Holehouse and Pappu
2018). Regulation of the ensemble geometries
through posttranslational modifications, pro-
tonation, or changes in the ionic strength of a
solution therefore provide a directmeans of con-
dition-specific control of protein function by
phase separation (Ruff et al. 2018). Such behav-
ior is in stark contrast to the phase behavior of
globular proteins.Globular proteins can also un-
dergo condition-specific phase separation, but
this usually requires protein concentrations or-
ders ofmagnitude higher than for LCR-contain-
ing proteins.

In summary, intrinsically disordered LCRs
are being recognized as key elements involved in
the formation of cellular structures by phase
separation. One family of LCRs that we have
not yet discussed is prion-like LCRs. This class
of LCRs has received particular attention in re-
cent years; prion-like LCRs are frequently found
in proteins that have a high tendency to form
protein aggregates and the aggregation of these
proteins is associated with human diseases. Im-
portantly, our understanding of the functional
role of prion-like LCRs has been subject to var-
ious modifications over the years owing to con-
ceptual advances. For this reason, we will first
give a historical account of the discoveries that
have led to the current view of prion-like LCRs.

PRION-LIKE LCRs: THEIR DISCOVERY IN
ASSOCIATION WITH YEAST PRIONS

As the name suggests, prion-like LCRs have first
been described in association with self-propa-
gating forms of proteins, called prions. Prion
proteins in budding yeast, such as the translation
termination factor Sup35, can switch between a
normal and a heritable prion state that is trans-
mitted from generation to generation (Tuite and
Serio 2010; Newby and Lindquist 2013; Harvey
et al. 2018). These prion states were proposed to
generate heritable phenotypic variation with
adaptive value in fluctuating environments
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(True and Lindquist 2000; True et al. 2004).
However, this hypothesis has been contested
and others have proposed that yeast prions are
diseases (Nakayashiki et al. 2005; Wickner et al.
2011).

The structural basis for the heritability of
prions is the conversion of the prion protein
into an amyloid-like state. Importantly, the in-
formation for prion formation is contained in
specific LCRs within prion proteins (Edskes
et al. 1999; Li and Lindquist 2000; Santoso
et al. 2000; Osherovich and Weissman 2001).
When these regions are removed, prion proteins
lose the ability to function as prions; conversely,
when transferred onto other proteins, those pro-
teins gain the ability to function as prions. These
observations led to the hypothesis that prion
proteins contain a specific domain that holds
all the information for prion behavior: the prion
domain (PrD).

PrDs have an unusual amino acid composi-
tion of mostly polar amino acids, such as gluta-
mine, asparagine, serine, glycine, proline, and
tyrosine. Subsequent biophysical studies showed
that this amino acid composition determines the
self-interacting intrinsically disordered nature
of PrDs and promotes nucleation into a rare
self-templating prion form (Mukhopadhyay
et al. 2007). In agreement with this, experiments
have shown that overexpression of either
prion proteins or PrDs alone can induce a prion
state (Alberti et al. 2009; Chakrabortee et al.
2016).

Thesepowerful experiments revealed the fol-
lowing hallmarks of prions: (1) The information
for prion behavior is contained in disordered
LCRs with specific amino acid composition,
(2) self-interaction at high protein concentrations
promotes conformational conversion into a pri-
on state, and (3) the specificity of prion-mediat-
ed aggregation is conferred by self-templating
amyloid structures. These discoveries have
prompted a search for proteins with similar
sequences. Proteome-wide screens revealed doz-
ens of prion-like proteins in yeast (Alberti et al.
2009; Chakrabortee et al. 2016) and humans
(King et al. 2012). Many of these prion-like pro-
teins are RNA-binding proteins. Remarkably, a
large number of the identified human prion can-

didates are also associated with age-related pro-
tein misfolding diseases (Cushman et al. 2010;
King et al. 2012). For example, mutations in the
RNA-binding protein TDP-43 cause ALS and
frontotemporal dementia (FTD). Inpatients car-
rying these mutations, TDP-43 adopts a charac-
teristic amyloid-like state in neurons (Taylor
et al. 2016). Many of these mutations map to
prion-like LCRs and increase the propensity of
the protein to aggregate. This corroborates that
many of these domains may not have evolved to
promote prion formation but rather exert other
functions.

PRION-LIKE LCRs REGULATE THE
FORMATION OF MEMBRANE-LESS
COMPARTMENTS

One important step forward in understanding
the functional role of prion-like LCRs was the
discovery that many prion-like proteins localize
to ribonucleoprotein particle (RNP) granules, in
particular to stress-inducible granules or stress
granules (SGs). SGs consist of many proteins
and RNAs and they formwhen cells are exposed
to heat, oxidative stress, or nutrient depletion.
The role of prion-like LCRs in the formation
of SGs was first investigated in genetic studies
(Gilks et al. 2004; Decker et al. 2007). When
LCRs were genetically removed from various
prion-like proteins, SG formation was impaired.
Conversely, the LCRs aggregated in the absence
of stress when overexpressed, suggesting that
prion-like aggregation of proteins underlies the
formation of SGs.

Support for this idea came from in vitro ex-
periments with prion-like RNA-binding pro-
teins such as FUS (Han et al. 2012; Kato et al.
2012; Kato andMcKnight 2018). The prion-like
LCR of FUS was shown to form hydrogels at
high-protein concentrations. Electron micros-
copy of the hydrogels revealed the presence of
amyloid-like fibers. The fibers were suggested to
form scaffold-like structures that stabilize mem-
brane-less compartments in cells. This collective
set of experiments led to the proposal that SGs
and other membrane-less compartments have
properties of hydrogels that form by protein
polymerization into amyloid-like structures.
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The hypothesis of β-sheet-driven polymeri-
zation of LCRs was very appealing because it
provided a solution to one of the key problems
in the field: How do cells ensure the specificity of
compartment formation in the complex intra-
cellular environment? However, the dynamic
nature of membrane-less compartments sug-
gested that theremust be otherways of assembly.
For example, fluorescence recovery after photo-
bleaching (FRAP) experiments of RNA-binding
proteins such as FUS showed that the exchange
rates of these proteins within SGs are on the
order of seconds (Molliex et al. 2015; Patel
et al. 2015). Such dynamic behavior is difficult
to reconcile with the idea that these SGs are
hydrogels permeated by a network of amyloid-
like fibrils.

LCRs AS REGULATORS OF PROTEIN
PHASE BEHAVIOR

The fluid-like nature of RNP granules in living
cells suggests another assembly mechanism,
namely, that they may form by liquid–liquid
phase separation. This idea is increasingly sup-
ported by evidence from in vitro experiments.
Prion-like proteins, such as FUS and hnRNPA1
phase separate in vitro into liquid droplets (Mol-
liex et al. 2015; Patel et al. 2015). Importantly,
phase separation of these proteins occurs al-
ready at physiological concentrations. Recent
studies revealed that the LCR of FUS and FUS-
like proteins, synergizes with other regions in
the protein to drive phase separation (Qamar
et al. 2018; Wang et al. 2018). Phase separation
is driven by a molecular grammar that involves
segregated cohesive motifs known as stickers
(Wang et al. 2018). In FUS, these are the tyrosine
residues in the prion-like LCR and arginine res-
idues in the mostly disordered RNA-binding
domain (RBD). Productive interactions among
tyrosine and arginine residues are regulated by
complementary electrostatic interactions, which
are provided by negatively charged amino acids
in the prion-like LCR. These negatively charged
residues also reduce self-interaction among pri-
on-like LCRs and promote productive interac-
tions among the LCRs and RBDs. Accordingly,
homotypic LCR–LCR interactions are disfa-

vored at low physiological protein concentra-
tions and instead interactions among prion-
like LCRs and other parts of the protein are
the preferred type of interaction. These findings
suggest that LCRs are protein-specific modula-
tors of intra- and intermolecular interactions.

But why do proteins such as FUS need LCRs
to regulate their phase behavior? Currently we
can only speculate about the reasons. The car-
boxyl terminus of FUS contains an arginine-
rich RNA-binding region. The interaction of
FUS and RNA regulates the formation of FUS-
containing membrane-less organelles in cells
(Maharana et al. 2018). One possibility is that
the amino-terminal LCR of FUS competes with
RNA for binding to the arginine-rich RBD. In
this scenario, the LCRs would interact with the
RNA-free carboxyl terminus of FUS. On RNA
binding, the LCR is displaced from the carboxyl
terminus and becomes free to undergo interac-
tions with itself or other proteins. Indeed, there
is increasing evidence that phase separation of
FUS is regulated by RNA. For example, low con-
centrations of RNA promote phase separation,
whereas high concentrations prevent phase sep-
aration (Banerjee et al. 2017; Maharana et al.
2018). This suggests that the phase behavior of
FUS is dependent on the local RNA concentra-
tion and that LCRs have been added to the pro-
tein to regulate RNA-dependent phase behavior.

As explained above, FUS can also form gels
and fibrils. Is there a function associated with
these material states? One possibility is that
compartments adopt a more solid-like state
with time and that gels and fibrils have im-
portant unknown functions in cells. Another
explanation is provided by studies showing that
gelation and fiber formation is promoted by dis-
ease-associated mutations (Molliex et al. 2015;
Patel et al. 2015). Thus, gels and fibrils could
also be pathological states that cells must prevent.
This view has been summarized in the continu-
um model: LCRs can adopt a range of material
states from liquids to gels to fibers (Alberti and
Hyman 2016). These different states can have
physiological or pathological roles depending
on the type of protein and the condition.

In summary, the following picture emerges:
Prion-like LCRs act as modifier sequences that
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regulate the phase behavior of proteins. In FUS,
this involves heterotypic interactions between
the amino-terminal LCR and the carboxy-
terminal RBD. These interactions seem neces-
sary for adapting the phase behavior of the
protein to the local concentration of ligands,
such as RNA.

LCRs AND THE REGULATION OF PROTEIN
PHASE BEHAVIOR IN STRESSED CELLS

How general is this responsiveness of prion-like
proteins to changing conditions such as local
RNA concentrations? Does this sensitivity to
changing conditions also apply to prion pro-
teins in yeast? As described above, yeast cells
experience massive fluctuations in physical–
chemical conditions, such as changes in pH or
temperature that strongly affect the solubility of
proteins. How do yeast cells cope with such sud-
den changes in the solubility of the proteome?

During stress, many yeast proteins form
amorphous aggregates attributable to unfolding
and subsequent aggregation, but others copreci-
pitate with RNA. The latter assemblies have
been termed SGs and they are analogous to
stress-inducible assemblies in mammalian cells.
Initially, both types of assemblies, amorphous
aggregates and SGs, were regarded as distinct
entities, yet more recent studies showed that at
least in yeast cells, heat-induced SGs and protein
aggregates are found within one and the same
assembly (Cherkasov et al. 2013; Kroschwald
et al. 2015). The role of SG proteins and their
assembly with RNA remains enigmatic, but the
current view is that SGs bind and stabilize mes-
senger RNAs (mRNAs) that have been released
by the ribosome and protect them against deg-
radation (Anderson and Kedersha 2008; Bu-
chan et al. 2008).

One yeast protein whose role in mRNAme-
tabolism and SG formation has been investigat-
ed in depth is the poly(A)-binding protein Pab1.
Pab1 binds the poly(A) tail ofmanymRNAs and
is involved in mRNA biogenesis, stability, and
translation (Otero et al. 1999). Pab1 is also a
prion-like, LCR-containing RNA-binding pro-
tein (Alberti et al. 2009). Recently, Pab1 was
shown to phase separate and form gel conden-

sates in response to physiological heat shock and
pH stress (Riback et al. 2017). Phase separation
of Pab1 is dependent on its proline-rich prion-
like LCR. Importantly, this LCR is not required
for phase separation. Instead it modulates the
stress-induced demixing process that is other-
wise driven by the folded RNA recognition mo-
tif (RRM) domains. Mutations that affect the
temperature sensitivity of Pab1 also altered the
cellular fitness during growth at high tempera-
ture and during energy depletion. Importantly,
cellular stress tolerance correlates with the abil-
ity of Pab1 to phase separate at the physiological
stress temperature. This indicates that the sensi-
tivity of Pab1 to form condensates helps yeast
cells adapt to stress-associated pH and temper-
ature changes. Why Pab1 phase separation is
beneficial during stress is still unclear. One pos-
sibility is that Pab1 represses translation of
stress-protective mRNAs during growth and
that these mRNAs are released from Pab1 for
translation when it forms condensates.

Another SG protein that is highly sensitive
to stress is the poly(U)-binding protein Pub1.
Like Pab1, Pub1 is a prion-like protein (Alberti
et al. 2009). Physiological stresses, such as
changes in temperature and/or pH affect the
solubility of Pub1 and lead to the formation of
Pub1 condensates (Kroschwald et al. 2018). Im-
portantly, different stresses, as well as stress in-
tensities induce condensates with different
properties. Pub1 condensates induced by acidic
pH behaved as reversible gels that readily dis-
solve when the pH is neutralized; heat-induced
condensates instead are more solid-like and
their dissolution requires chaperone-catalyzed
protein disaggregation. As for Pab1, condensate
formation of Pub1 is driven by folded RRM
domains and modulated by its prion-like pro-
line-rich LCR. Removal of this LCR destabilizes
Pub1 and prevents dissolution of Pub1 assem-
blies in the stress recovery phase. This suggests
that the solubility of Pub1 is maintained at a
critical level to allow autonomous stress-sensing
of Pub1 via phase separation. Whether conden-
sate formation is coupled to a release of stress-
protective mRNA for translation of stress genes,
such as molecular chaperones, remains to be
determined.
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Together, these findings suggest that prion-
like proteins may act as stress sensor proteins
that directly respond to changes in environmen-
tal conditions through protein phase separation.
Most, if not all, prion-like LCRs are linked to
folded domains (Alberti et al. 2009), suggesting
that prion-like proteins carry evolutionarily
tuned LCRs that modulate the phase boundary
of the protein’s folded domains. We speculate
that coevolution of prion-like LCRs and the
folded domains set the sensitivity of these pro-
teins to stress and the threshold at which these
proteins enter a condensed state. At the same
time, these LCRs modify the material properties
of the condensates such that the proteins con-
tained in the condensed phase can be retrieved
when the stress subsides. Modulation of the
phase behavior of folded domains by IDRs
may be a more general principle with important
biological significance (Franzmann and Alberti
2018; Mittal et al. 2018). The stimulus-depen-
dent formation of condensates from proteins
with folded domains could also act as a signal
for a protein-folding problem that could be har-
nessed by cells to orchestrate the stress response.

This view is very different from the historical
view of prion-like LCRs as autonomous drivers
of protein aggregation and suggests that regula-

tion of protein phase behavior may be the an-
cestral function of prion-like LCRs. This idea
was tested by analyzing the phase behavior of
the canonical prion protein Sup35 (Franzmann
et al. 2018). On stress, Sup35 forms protective
gels via pH-regulated liquid phase separation
followed by gelation. Importantly, removal of
the PrD destabilizes the protein and leads to
the formation of irreversible aggregates from
which the functional protein can no longer be
retrieved. In agreement with this, phase separa-
tion promoted yeast cell survival by rescuing the
essential Sup35 translation factor from stress-
induced damage. Thus, prion-like andPrDs rep-
resent conserved environmental stress sensors
that facilitate rapid adaptation in unstable envi-
ronments by modifying protein phase behavior.

Based on these findings, we speculate that
most prion-like LCRs are protein-specific mod-
ifiers of protein phase behavior (Fig. 2). This
includes Pab1, Pub1, Sup35, and potentially
many human RNA-binding proteins such as
FUS. These proteins have complicated domain
arrangements and folds that render them prone
to misfolding and aggregation in response to
stress. LCRs with chaperone-like functions ex-
tend the soluble phase space of these proteins,
reducing the likelihood of them undergoing

Aggregate

Condensate

S
ol

ub
ili

ty

Aggregate

With IDR

Soluble Soluble

Without IDR

Physical–chemical parameter
(e.g., temperature, pH, ligand, or ion concentration)

Figure 2. Schematic solubility profile of a protein with (left) and without (right) an intrinsically disordered region
(IDR). Compared with the situation without IDR, a protein shows greater solubility when the IDR is present.
Importantly, the solubility increases with the ability of the protein to explore a greater phase space, including the
reversible transition to form a condensate. By this the effective aggregation concentration is increased and
the protein persists in a recoverable state at a broader range of physical–chemical conditions. In the absence
of the IDR, the range of physical–chemical conditions that a protein can explore is much smaller and conse-
quently the overall saturation concentration is small.
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aberrant interactions and modulating conden-
sate formation.

Does this mean that prion states are aberrant
states of these proteins? Indeed, prion induction
in yeast often requires overexpression. In agree-
ment with this, in vitro experiments have shown
that the soluble and amyloid/prion states are
separated by a large kinetic energy barrier. For
example, aggregation of the PrD of Sup35 re-
quires high protein concentrations and exces-
sive shaking (Glover et al. 1997; Serio et al.
2000). In fact, this appears to hold true for
most identified yeast prion proteins, including
the 25 that were originally identified using a
prion detection algorithm (Alberti et al. 2009).
Increasing evidence now indicates that prion
proteins can also form condensates under more
physiological conditions. This suggests that the
prion algorithm not only identifies proteins that
have a high propensity to adopt amyloid-like
states but also proteins that form biomolecular
condensates via phase separation.

LCRs AND MOLECULAR CHAPERONES:
TWOWAYS OF DEALING WITH PROTEIN
FOLDING

In a living cell, nonproductive protein folding is
in many, if not most, cases prevented by the
action of a highly conserved set of proteins
termed molecular chaperones. In this section,
we discuss the importance of chaperones and
how they could interact and/or synergize with
intrinsically disordered LCRs.

Protein folding is a highly cooperative pro-
cess in which a protein can populate multiple
intermediate states on the pathway to its native
fold. This is often depicted as an energy land-
scape in which the native state has the lowest
energy. Folding intermediates are local energy
minima on the way to the native state that are
transiently populated. Proteins can be kinetical-
ly trapped in these intermediate states. Hence,
the overall folding rate is often determined by
the number and energy state of these interme-
diates in a protein’s folding pathway. In addition
to on-pathway states, there are off-pathway
states. This is because the folding polypeptide
exposes hydrophobic surfaces, which are typi-

cally buried in the native state. To prevent pro-
tein misfolding, folding should be fast and ab-
errant intermolecular interactions with other
proteins should be avoided. Moreover, any con-
dition that destabilizes the native state or shifts
the balance away from on-pathway to off-path-
way folding should be prevented at all costs.

To ensure efficient folding in the complex
environment of the cell, chaperones receive the
nascent protein chain emerging from the ribo-
somal exit tunnel and guide it along a productive
folding pathway to the native state. However, the
final native state rarely corresponds to a single
rigid conformation; it is often characterized by
various dynamic protein structures that con-
stantly interconvert. Because of these dynamics
and the rather large conformational changes, a
given protein must be under constant surveil-
lance by an integrated network of chaperones
and protein degradation machineries to main-
tain protein homeostasis, even after a protein
has adopted its native state.

Molecular chaperones adopt different func-
tional roles in the cell and, accordingly, there are
different classes (Kim et al. 2013). However, all
chaperones have in common that they bind to
misfolded proteins and by doing so inhibit ab-
errant interactions and the formation of off-
pathway conformations. In contrast to protein
degradation pathways, chaperones act to recover
and refold proteins that cannot attain or have
lost their native state. Chaperones can alsomod-
ify the material properties of assemblies. Small
heat shock proteins (sHsps), for example, bind
to and sequester misfolded proteins to form
sHsps–client complexes from which misfolded
client proteins are more easily recoverable (Lee
andVierling 2000;Mogk et al. 2003a,b; Cashikar
et al. 2005; Haslbeck et al. 2005).

Which of these chaperone functions can also
be executed by LCRs and which are unique to
LCRs? There are many commonalities, but also
some differences. Themost obvious difference is
that LCRs act in cis and not in trans. This means
that LCRs coevolve with the rest of a given pro-
tein and thus are more protein-specific in their
mode of action. In contrast, chaperones must
maintain their ability to interact with a broad
range of client proteins. Analogous to the role
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of chaperones in protein folding, it is conceiv-
able that LCRs shape the energy landscape of
proteins and alter intermediate folding states
during de novo folding, but also when the native
state is lost secondarily. Moreover, when the na-
tive state is lost, LCRs could inhibit intramolec-
ular and intermolecular interactions to increase
the overall solubility of the nonnative state and,
analogous to the mode of action of sHsps, LCRs
could weaken the interactions among poly-
peptides to form soft material assemblies from
which proteins are more easily recoverable.

One important observation is that many
chaperones contain LCRs themselves. One ex-
ample is the yeast small heat shock protein
Hsp42. The LCR of Hsp42 is prion-like, binds
misfolded proteins, and modifies the properties
of forming assemblies that sequester these mis-
folded proteins (Haslbeck et al. 2004a; Ungelenk
et al. 2016; Grousl et al. 2018). Likewise, the
disordered regions of many other small heat
shock proteins, including Hsp26, were shown
to be essential for the interaction withmisfolded
clients (Stromer et al. 2003, 2004; Haslbeck et al.
2004b; Basha et al. 2006; Haslbeck and Vierling
2015; also see Janowska et al. 2018). Interesting-
ly, the activation of the chaperone function of
Hsp26 (Franzmann et al. 2008), as well as the
activation of the redox-regulated chaperone
Hsp33 from Escherichia coli (Reichmann et al.
2012), coincide with a substantial increase in
structural disorder within the chaperones.

Why do some proteins rely on chaperones
and others on LCRs? We propose that proteins
with complex folds/folding pathways use LCRs
to ensure productive folding and recoverability
after stress-induced condensation. These pro-
teins may have specific folding demands that
cannot be met by general chaperones. In the
future, it will be important to mechanistically
understand these protein-specific folding prob-
lems and how they are modulated by LCRs.

CONCLUDING REMARKS

Wehavemade a lot of progress in understanding
how organisms adapt to stress. Stress conditions
generate specific protein-folding problems and
the cellular response to these problems must be

well calibrated to ensure organism survival.
Here, we have laid out the evidence for a new
stress-coping mechanism. This mechanism is
based on intrinsically disordered LCRs that
detect changes in the environment, alter the
folding pathways of proteins, and orchestrate
stress-specific cellular responses. We predict
that environmentally responsive LCRs have a
similar functional significance in proteostasis
as the well-characterized process of chaperone-
mediated folding. Many questions remain to be
addressed in the future. Most urgently, the mo-
lecular details of how LCRs function are largely
unknown. How do LCRs modify protein phase
behavior and the physical properties of conden-
sates? How do LCR-containing proteins sense
changes in the environment? Do chaperones
and LCRs synergize to regulate the formation
of stress-induced condensates? Could LCRs
also act as chaperone-binding regions? Do or-
ganisms that live in highly fluctuating environ-
ments have more LCRs? These questions and
many others urgently await answers to improve
our understanding of a newly emerging mecha-
nism with fundamental importance in biology.
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