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Abstract

Stress granules are assemblies of untranslating mRNPs that form from mRNAs stalled in
translation initiation. Stress granules form through interactions between mRNA binding proteins
that link together populations of mRNPs. Interactions promoting stress granule formation include
conventional protein-protein interactions, as well as interactions involving intrinsically disordered
regions of proteins. Assembly and disassembly of stress granules are modulated by a variety of
post-translational modifications as well as a number of ATP dependent RNP or protein remodeling
complexes, illustrating that stress granules represent an active liquid wherein energy input
maintains their dynamic state. Stress granule formation modulates the stress response, viral
infection, and signaling pathways. Persistent or aberrant stress granule formation contributes to
neurodegenerative disease and some cancers.
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RNP Granules

A variety of non-membrane bound cellular compartments are termed RNP granules due to
their high concentrations of protein and RNA. These include nuclear granules such as Cajal
bodies, paraspeckles, and the nucleolus, as well as cytoplasmic granules such as stress
granules and processing bodies [1]. Other examples of RNP granules include neuronal
granules and germ cell granules, which function in synaptic remodeling and maternal
MRNA storage in early development [2,3]. RNP granules are generally dynamic and
dependent on RNA for their assembly. Therefore, the formation of dynamic RNP granules to
concentrate specific cellular components is a conserved strategy across multiple organisms
and in different cellular compartments.

Stress granules and P-bodies are two conserved cytoplasmic mRNP granules that form from
pools of untranslating mRNA [4-6]. Stress granules form from mRNAs stalled in translation
initiation and contain various translation initiation factors, a variety of RNA binding

Correspondence: roy.parker@colorado.edu (R. Parker).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Protter and Parker

Page 2

proteins, and many non-RNA binding proteins [7]. P-bodies contain mRNAs associated with
translational repressors, and the mRNA decay machinery. mRNAs within P-bodies can be
targeted for decapping and degradation but mRNAs can also be degraded outside of P-bodies
[8]. P-bodies and stress granules can dock and/or overlap in both yeast and mammalian cells
suggesting a dynamic mRNA cycle wherein mMRNPs can be remodeled within these
assemblies and exchange between stress granules and P-bodies ([9,10]; Figure 1). During
RNP granule disassembly mRNPs within P-bodies and stress granules can return to
translation or, in some cases, can be targeted for autophagy (Figure 1), which provides a
second system for stress granule clearance [11-13].

Stress granules are of interest for four reasons. First, stress granule formation and dynamics
can affect mMRNA localization, translation and degradation, as well as signaling pathways
and antiviral responses. Second, stress granules share many components with maternal
mRNP and neuronal granules suggesting they reveal a conserved mechanism of mRNP
compartmentalization (e.g [14]). Third, mutations that increase stress granule formation
and/or limit stress granule clearance are causative in some neurodegenerative diseases
[15,16]. Finally, as representative of non-membrane bound organelles, an understanding of
their assembly and function illustrates an exciting new area of cell biology.

What are stress granules?

Three observations suggest stress granules represent assemblies of mRNPs stalled in
translation initiation. First, stress granules form when translation initiation is inhibited either
by drugs or by stress responses [4]. Similarly, stress granule-like RNP granules exist in
neurons and embryos where there are significant pools of untranslating mRNPs [17].
Second, stress granules fail to form when mRNAs are trapped in polysomes, suggesting that
MRNAs associated with ribosomes are unable to enter stress granules [5]. Third, stress
granules are observed to contain translation initiation factors, and specific mMRNAs that are
stalled in steps of translation initiation such as TOP mRNAs [18].

Stress granules contain a diverse proteome. Based on proteomic analysis of stable
substructures within stress granules referred to as “cores”, ~50% of stress granule
components are a subset of RNA binding proteins [7]. Stress granule components that do not
bind RNA are presumably recruited to stress granules through protein-protein interactions.
Such non-RNA binding proteins include post-translation modification enzymes, metabolic
enzymes, and protein or RNA remodeling complexes, which can affect stress granule
assembly and disassembly. Stress granules also contain key components of signaling
pathways, [7,19] which highlight how the formation of stress granules can alter signaling.
An overlapping group of proteins form aggregates during extreme heat stress in yeast and
some of those aggregating proteins are shown to be components of stress granules [20,21].
Collectively, these experiments show that the composition of stress granules can vary under
different conditions revealing that they are both complex and variable assemblies [5].

Stress granules are not uniform structures and contain internal sub-structures as judged by
either electron dense regions in EM micrographs,[22] or as regions identified by super-
resolution fluorescence microscopy with higher concentrations of proteins and mRNAs [7].
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These structures are referred to as “cores”, and can be biochemically purified [7], suggesting
that stress granules have two distinct layers (Figure 1), a core structure that is surrounded by
a less concentrated, and potentially more dynamic shell. These two regions of stress granules
may have different components, functions and dynamics.

Beyond stress granules, a common substructure may be a general principle of all RNP
granules. First, the nucleolus contains dense fibrillarin cores as a substructure [23]. Second,
C. elegans P granules show spatial orientation when bound to the nuclear pore, forming a
consistent “tripartite sandwich” [24]. Third, lattice-light sheet microscopy on P-granules in
live C. elegans reveals substructures [25]. Finally, FISH on Drosophila germline granules
reveals foci of specific mMRNASs implying a sub-granular organizing principle [26].

Stress granules are dynamic structures. In mammalian cells, stress granules undergo fusion,
fission and flow in the cytosol [10]. Moreover, by FRAP, most components of stress granules
exchange rapidly with half-times for recovery of less than 30 seconds (reviewed in [5]).
Interestingly, these FRAP experiments have also revealed an “immobile pool” of protein that
does not exchange on a similar timescale suggesting that a subset of the molecules within
stress granule components exchange slowly. One intriguing possibility is that components in
the shell structure can exchange rapidly, while stress granule components in the core layer
may be less dynamic [7].

Interactions influencing stress granule assembly

Stress granules assemble when untranslating mRNPs interact through protein-protein
interactions between mRNA binding proteins (Figure 2a). Analyses of the proteomes of
yeast and mammalian stress granule cores identified a dense network of protein-protein
interactions between stress granule components that could contribute in redundant manners
to stress granule formation [7]. For example, in both mammals and yeast, Atx2/Pbp1, or
TIAL/Publ proteins promote, but are not absolutely required for, stress granule assembly
[9,27]. The redundancy of interactions suggests that stress granule formation under different
conditions can occur by different interactions. For example, the paralogs G3BP1 and G3BP2
play important roles in stress granule formation in mammalian cells in oxidative stress, both
by self-interaction,[28] and by interaction with the caprin RNA binding protein [29].
However, during osmotic stress G3BP1/2 and caprin are not required for stress granule
formation [30]. Similarly, in yeast Gtrl, Rpslb, and Hghl promote stress granule formation
during glucose starvation, but suppress stress granule formation during heat shock [31].
Therefore, granule assembly is highly redundant, and the mechanism of assembly can be
context specific. This suggests that granules can assemble differently in response to specific
cellular conditions, and that stress granules may have different functions for different
stresses.

Protein methylation, phosphorylation and glycosylation influence stress granule assembly,
presumably by altering specific protein-protein interactions. For instance, phosphorylation
of G3BP impairs its ability to multimerize, which impairs granule assembly [28]. Similarly,
granule disassembly during recovery is promoted by the phosphorylation of the granule
protein Grb7 [32], and the DYRK3 kinase [33]. Many stress granule proteins contain RGG
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motifs that are sites of arginine methylation [34]. This methylation can impact stress
granules through the recruitment of Tudor domains. For example, the Tudor domain of
TDRD3 is both sufficient and necessary for the recruitment of that protein to stress granules,
and point mutants that impair TDRD3 binding to methylated arginine impair its localization
to stress granules [35]. O-Glc-NAc glycosylation of proteins also enhances stress granule
formation [36]. Based on over-expression and inhibitor studies, acetylation and parylation
have also been suggested to play a role in stress granule assembly in mammalian cells
[37,38].

Stress Granule Assembly: Possible roles for Intrinsically disordered

domains

Given the dynamic behavior of RNP granules in cells, and the behavior of RNP granule
components in vitro, a current model is that many RNP granules are liquid-liquid phase
separations (LLPS) driven by dynamic and promiscuous interactions between IDRs [34,39-
42]. A LLPS occurs when a molecule, or mixture of molecules, forms a network of
multivalent weak interactions, which allows those molecules to concentrate into a separate
phase. When applied to stress granules, this model for assembly consists of three aspects
worthy of discussion.

One issue is whether stress granules represent a phase separation wherein multivalent
interactions between their components lead to the formation of a higher order structure. By
definition, any assembly larger than a dimer requires multivalent interactions for its
formation. Moreover, stress granules appear to form through the cross linking of
untranslated mRNAs that can provide a scaffold for multiple mMRNA binding proteins,
thereby allowing each mRNP multivalent interactions and stress granule formation. Thus,
stress granules can certainly be thought of as forming by phase separation, or as a
multivalent assembly. Because of this nature, stress granules will have two interesting
properties. First, because of the diversity of interactions promoting their formation, stress
granules will not be specifically defined, and the interactions between components can vary,
and even be rearranging. In addition, macromolecules below a certain size should enter,
diffuse within, and exit stress granules. This principle is illustrated wherein 40 kDa, but not
155 kDa, dextrans can diffuse into the related P-granules in nematodes [43]. It should be
noted that the liquid-like nature of an assembly is not due to its formation by phase
separation. Indeed, protein crystals are also formed by phase separation. The material
properties of the assembly are derived from the on-off rates of the interactions driving the
transition. Macromolecules interacting with slow off-rates will phase separate into a solid,
while interactions with fast off-rates will lead to liquid assemblies. With core structures
surrounded by more dilute shell, stress granules could be thought of as a combination of
liquid and solid phases.

A second issue is how prevalent the role is for intrinsically disordered regions of proteins in
stress granule formation, which is based on the following observations. First, many RNA
binding proteins found in RNP granules contain intrinsically disordered regions (IDRs), also
referred to as low complexity sequences (LCS), and containing the more narrowly defined
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prion-like domains (PrLD), which are identified by amino acid composition similar to fungal
prion proteins predicted to have high cross-beta zipper forming abilities [44-46]. Second,
the IDR/prion-like-domain of the human TIA-1 protein promotes stress granule formation
and can be substituted with the prion-like domain of the yeast Sup35 protein [27]. Although
other evidence that IDRs affecting stress granule formation is limited, IDRs do affect other
RNP granules. Specifically, assembly of P-granules in C. elegans requires an FG repeat
region on the PGL proteins,[47] the IDR of RBM14 is required for paraspeckle assembly,
[48] and P-body assembly in yeast is promoted by PrLDs on Lsm4 and several other P-body
components [44,45]. However, since components of stress granules show a dense network of
defined protein-protein interactions[7], a reasonable hypothesis is that stress granules form
by a number of different protein-protein interactions, some of which involve IDRs.

The final issue to consider is whether stress granules are held together by weak promiscuous
interactions of IDRs. In principle, IDRs could play four possible roles in stress granule
assembly (Figure 2b). First, IDRs could provide access to Short Linear Motifs (SLiMs),
short protein sequences that typically fit into binding sites on other well-folded domains.
Precedent for IDRs functioning as important sites of SLiMs comes from the analysis of P-
bodies, where many SLiMs in IDRs contribute to P-body assembly [49]. Second, IDRs can
contain regions that bind RNA [39,40] and therefore might provide additional interactions
between mRNPs in granules. Third, since IDRs can often form amyloid-like fibers in vitro,
including both hetero- and homotypic interactions, perhaps IDRs function to stabilize
granules by the formation of cross-strand beta zippers [45,46,39,50]. A fourth manner by
which IDRs might affect RNP granule assembly is through weak dynamic interactions
between IDRs, which then promote a liquid-liquid phase separation (LLPS). This model has
gathered support from the observation that many IDRs from RNP granule components
undergo LLPS in vitro, including the RNP granule components hnRNP A1,[39,40] Ddx4,
[34] LAF- 1,[42] FUS [51], and Whi3 [52]. Interestingly, LLPS triggered by IDRs in vitro
are initially dynamic and liquid-like, consistent with their formation through numerous weak
interactions, but over time the high concentration of IDRs within the LLPS can promote the
formation of stronger interactions, including amyloid-like structures [39,40,51,53,52].

One complication with considering stress granules as a simple LLPS is that they contain
stable core substructures, which implies more stable interactions are also present. [7]. Given
this, there are two models for how LLPS could contribute to stress granule formation (Figure
3A&B) in the context of stable substructure. In one model, stress granules form first by a
LLPS through weak dynamic interactions,[39,40,51] and the high concentration of
components in such a LLPS promotes the formation of the core structures, analogous to the
formation of amyloid fibers in LLPS in vitro [39,40,51].

Alternatively, since IDRs can be promiscuous in their interactions, we favor a model wherein
mMRNPs first condense into stable core structures through strong, specific interactions. Then
the high local concentration of IDRSs on stress granule components would trigger a LLPS,
which may explain the dynamic shell structure surrounding the cores [7].

Trends Cell Biol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Protter and Parker Page 6

Multiple phases of Stress granule assembly

One can identify multiple steps in stress granule assembly (Figure 3). In the most
parsimonious model, nucleation occurs wherein we hypothesize the formation of oligomeric
assemblies of untranslating mRNPs, whose assembly can be controlled by post-translational
modifications and/or RNP remodelers. For example, defects in the CCT chaperonin complex
give more stress granules in yeast, which is consistent with the CCT complex limiting
nucleation, either by remodeling interactions between mRNPs, or by limiting misfolded
proteins, which in some contexts can overlap and potentially seed stress granule formation
[7,20,21,41,54]. Second, the nucleated states then grow by the joining of additional mMRNPs
to form small stress granules of ~200 nm in both yeast and mammals [7]. Under some
conditions, the oligomeric seeds of stress granules may form by transitions in mRNP
composition that occur at P-bodies. This is suggested by the observation that stress granules
tending to form after and on P-bodies in yeast during glucose deprivation, and the
observation that some stress granules in mammalian cells appear to grow out of P-bodies [9].
In mammals, a third step occurs wherein, in a microtubule transport-dependent manner, [55-
57] smaller stress granules merge and form higher order assemblies with stable core
structures surrounded by a more dynamic and less concentrated “shell” structure.

Dynamics, disassembly and clearance of stress granules

Stress granules are dynamic structures and exhibit liquid-like behavior, rapid exchange rates
of components, disassembly into translating mRNPs, and clearance by autophagy. Several
lines of evidence now suggest a model where the dynamics of stress granules arises, at least
in part, by ATP dependent remodeling complexes. For example, acute pharmacological
impairment of ATP production eliminates stress granule movement, fusion and fission [7].
Moreover, ATP depletion increases the pools of G3BP that fails to recover after
photobleaching,[7] suggesting that at least some of the protein exchange is dependent on
ATP. Interesting, some G3BP protein does still recover, which could either be due to residual
ATP in the cell, or could suggest that some G3BP is recruited to stress granules by
interactions with intrinsically high off rates.

The ATP dependence of granule dynamics supports a general model of dynamic RNP
assemblies as “active liquids”, where the energy of ATP driven remodeling events keeps the
assembly in a dynamic state [23]. For example, nucleoli require ATP for their own liquidlike
behavior, and are 10 —fold less dynamic when ATP is depleted [23]. Similarly, germline
RNP processing bodies in C. elegans form solid, crystalline-like aggregates when the
helicase CGH-1 is non-functional (DDX6 in humans) [66].

In this view, stress granule proteins and mRNA can form stable interactions that are
disrupted by ATPases. During stress, when concentrations of granule components like non-
translating RNA are high, ATPases transiently disrupt such interactions and thereby
contribute to fast exchange rates. During recovery this disruption leads to disassembly.
Potentially, residual material is then subject to autophagy. The ATPases involved in stress
granule dynamics are likely to include complexes that directly affect interactions within
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stress granules such as protein chaperones and RNA helicases (Figure 4), as well as those
affecting cellular transport, such as microtubule dependent motors [55-57].

Several observations argue RNA/DNA helicases, which utilize the energy of ATP hydrolysis
to either unwind DNA/RNA or to displace proteins bound to nucleic acids, also play roles in
controlling stress granule assembly and disassembly (Figure 4). Stress granules contain a
variety of different helicases including many members of the common DEAD-box helicase
family[7]. Moreover, the DEAD box helicases Ded1 (mammalian orthologue: DDX3) is a
conserved component of stress granules and promotes stress granule assembly [58].
However, mutations in Ded1 that block its ATPase activity trap mRNAS in stress granules
and lead to the inhibition of translation, indicating an important role for ATP hydrolysis in
the release of MRNAs back into the cytosol. Similarly, the exchange rate of the RHAU
DEAD box from mammalian stress granules is slowed dramatically by cis acting mutations
in the ATPase active site [59].

The MCM and Rvb helicase complexes are conserved components of stress granules, and
affect the rate of clearance of stress granules from cells. The key observation is that loss of
function of either the MCM or Rvb complexes leads to an increased rate of stress granule
disassembly during stress recovery in both yeast and mammalian cells [7]. Since the MCM
complex is known to act as a DNA helicase and function in DNA replication [60] a role in
stress granules would be a novel function for this complex. The Rvb complex also primarily
acts on DNA but has been seen to affect sSnoRNA biogenesis and even function in translation
control of HIV transcripts, which may be related to how it affects stress granules [61]. Since
helicases would generally be expected to disassemble RNA-protein assemblies, it remains to
be determined how these helicases function to increase the stability of stress granules.

The AAA-ATPase VCP/Cdc48 appears to remodel stress granules in a manner that promotes
their targeting to autophagy, and may also affect their disassembly. The key observation is
that inhibition of VCP/Cdc48 function in yeast or mammals leads to the accumulation of
stress granules in the cytosol, as well as a reduction in stress granules that can be trapped in
intravacuolar vesicles [13]. VCP/Cdc48 is an ubiquitin segregase and uses the energy of ATP
hydrolysis to extract ubiquinated proteins from complexes [62]. Thus one hypothesis is that
VVCP/Cdc48 may potentially extract some ubiquinated protein from stress granules and that
process can, at a minimum, allow stress granules to be targeted for autophagy (Figure 4).

A number of protein chaperones affects stress granule assembly or disassembly. For
example, inhibition of Hsp70 function in yeast or mammals leads to either increased stress
granule formation and/or delayed disassembly of stress granules [54,63,64]. Moreover, both
Hsp70 and Hsp40 proteins can localize to stress granules in yeast and mammalian cells
[41,54,63,64]. Interestingly, in yeast different Hsp40 proteins, which often provide substrate
specificity to Hsp70s, affect stress granules in different manners. Ydj1 plays a role in
disassembling stress granules to promote new translation, while Sis1 functions to trigger
stress granules entering autophagy [64]. This implies that different remodeling complexes
can lead to different fates of stress granule components.
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Under extreme heat shock conditions, the yeast Hsp104 chaperone is also required for stress
granule disassembly and timely resumption of translation [41,54]. Interestingly, under
extreme heat shock in yeast and Drosophila cells, stress granules appear to overlap with
unfolded proteins, and this interaction is limited by Hsp104 [54]. One interpretation of this
observation is that under extreme heat shock IDRs within stress granules are prone to
misfolded and thereby interact with other misfolded proteins. Interactions between
misfolded proteins and stress granules could suggest that in some contexts mutations
causing misfolded proteins might enhance stress granule formation, and/or that stress
granule formation might stimulate proteins misfolding, which might contribute to some
pathologies [65].

Functions of Stress Granules

Stress granule formation is expected to affect biological reactions in two manners. First, due
to the high local concentration of components, equilibriums of interacting molecules will
shift towards associated states. For example, during viral infections stress granules recruit
numerous antiviral proteins including RIG-1, PKR, OAS, and RNaseL, stimulating their
activation, and thereby enhance induction of the innate immune response and viral resistance
[67-69]. Given this function, many viruses employ mechanisms to block stress granule
induction including proteolytic cleavage of G3BP [70]. Stress granule formation might also
promote the interaction of mMRNAS with translation factors, and thereby enhance the
formation of translation initiation complexes [9].

A second manner by which stress granules may affect biological reactions is by limiting the
interactions of sequestered components with the bulk cytosol. In this manner, stress granules
have been proposed to modulate signaling pathways by sequestering components of TOR,
RACK1, or TRAF2 signaling pathways [71-74]. Because stress granules also sequester
numerous proteins involved in RNA physiology and/or metabolism, the formation of stress
granules is likely to have broad effects on the physiology of cells. However, it should be
noted that how stress granule assembly fully affects either the regulation of mMRNA function,
and/or other aspects of cell physiology remains to be established.

Stress granules in disease

Mutations that affect stress granule formation, or persistence, contribute to the formation of
several degenerative diseases including ALS, FTLD, and some myopathies.[15,16]
Strikingly, in many cases the mutations are in RNA binding proteins (e.g. hnRNPAL1, FUS,
TDP-43, Atx2, TIA1) increase their self-assembly properties /in vitro, and in cells lead to the
formation of stress granule-like assemblies in the absence of stress. How related these
pathogenic assemblies are to stress granules remains to be seen [16,75]. Moreover,
mutations in VCP, an AAA-ATPase ubiquitin segregase, both inhibit the clearance of stress
granules [13] and trigger the same family of diseases as hyper-assembly mutations in RNA
binding proteins [76,77]. Consistent with autophagy being important in clearing stress
granules, mutations in other proteins that can affect autophagy (optineurin, ubiquilin-2,
DNAJb6, and p62) also lead to neuro- or muscular degenerative diseases [64,78,79].
Moreover, because patient biopsies from these diseases often contain aggregates including
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various stress granule components and RNA [15,16], an emerging model is that persistent
stress granules trigger a series of events that leads to cell death.

One appealing model is that the persistence of stress granules in these diseases increases the
probability of prion-like domains on stress granule components forming very stable beta-
amyloid structures, which might be largely irreversible in cells [15,16]. Consistent with that
possibility, several groups have recently shown that when stress granule components
undergo a LLPS in vitro, which generates a high local concentration, they show an increased
tendency to form amyloid-like fibers [39,40,51]. The accumulation of such hyper-stable
stress granule-like assemblies might then trigger cell death by altering regulation of RNA
biogenesis and function, misregulation of signaling pathways, and/or triggering defects in
axonal or nuclear-cytoplasmic transport of mRNPs [16,80-82].

Stress granules also seem to be involved in both tumor progression and treatment (reviewed
in [83]). For example, many chemotherapeutic agents promote stress granule formation
[84,85]. Moreover, mutations in DDX3 promoting the WNT subclass of pediatric
medulloblastoma inhibit the ATPase activity of DDX3, which would be expected to trap
MRNPs in stress granules based on analogous mutations in the yeast ortholog Ded1 [58].
Similarly, YB-1 overexpression upregulates G3BP levels in human sarcomas, correlates with
poor survival and in mouse models G3BP promotes metastasis [86]. Given the diversity of
mechanisms by which stress granules can affect cell signaling and survival under stress
conditions, one anticipates that stress granule formation will have multiple roles in both
tumor progression and the outcome of chemotherapeutic treatments.

Concluding Remarks

Stress granules are dynamic assemblies with yet to be fully appreciated roles in cell function
(see Outstanding Questions). The interactions that drive their assembly appear complex and
may include both traditional protein-protein interactions as well as yet to be defined roles for
IDRs. Stress granule dynamics, assembly, and disassembly are modulated by numerous
post-translational modifications, RNP and protein remodeling complexes, and movement of
components on microtubules giving a complex set of interactions that modulate these
structures. Finally, stress granules have a clear impact on a growing number of diseases and
understanding this connection may lead to therapeutic interventions targeting stress granule
assembly or disassembly.
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Outstanding Questions
What is the actual structure and organizing principles of stress granules?

What are the mechanisms by which ATP-dependent machines make RNP granules
dynamic?

What is the full effect of stress granule formation on both post-transcriptional control o
mRNAs, and on other aspects of cell physiology?

How does stress granule organization and dynamics impact their function? Is there an
important role for regions of substructure?

Why do disruptions in stress granule dynamics and homeostasis promote
neurodegenerative disease?
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Trends Box
Stress granules are conserved RNP granules formed from pools of untranslating mRNPs.

Stress granules are dynamic and show liquid-like behaviors but also contain stable
substructures.

Numerous interactions promote stress granule assembly including those involving
intrinsically disordered protein domains.

Stress granules assembly, disassembly and dynamics are affected by protein chaperons,
RNA helicases, and many post-translational modifications.

Mutations that alter stress granule formation contribute to some neurodegenerative
diseases and some cancers.
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Figure 1. Stress Granules are dynamic and have multiple fates
Stress granules form from untranslating mRNPs. They can interact with P-bodies, exchange

components with the cytoplasm, and undergo autophagy.
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A) A diverse set of intermolecular interactions are important for granule assembly. B)
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Various mechanisms by which intrinsically disordered regions could contribute to granule

assembly.
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Figure 3. Two models for discrete phases of stress granule assembly
Stress granules can by hypothesized to undergo three phases of assembly.

A) In the “Cores First” model, cores precede assembly of large stress granules. The first
phase of assembly is the nucleation of translationally repressed RNPs into oligomers. The
second phase of assembly is growth of these oligomers into larger assemblies by addition of
more translationally repressed RNPs. The third phase of assembly is fusion of these core
assemblies and recruitment of the dynamic shell to form the large, microscopically visible
granules typically observed in cells. Some of the stability of cores may be due to amyloid
interactions, as indicated by squiggly red lines.

B) In the “LLPS First” model, the formation of large stress granules precedes core assembly.
The first phase of this model is the nucleation of translationally repressed RNPs into initial
phase separated droplets, held together by weak dynamics interactions. The second phase is
growth of initial droplets by the addition of translationally repressed RNPs. The third phase
of assembly is core formation within phase separated granules due to the high local
concentration of proteins within the droplets. In this model, the formation of cores may be
driven in part by amyloid interactions, as indicated by squiggly red lines.
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Figure 4. Various ATPases impact granule assembly
Heat shock proteins, helicases, and VCP all impact stress granule assembly by remodeling

specific interactions utilizing the energy of ATP hydrolysis.
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