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Abstract

Prion-like proteins have the capacity to adopt multiple stable conformations, at least one of which 

can recruit proteins from the native conformation into the alternative fold. Although classically 

associated with disease, prion-like assembly has recently been proposed to organize a range of 

normal biochemical processes in space and time. Organisms from bacteria to mammals use prion-

like mechanisms to (re)organize their proteome in response to intracellular and extracellular 

stimuli. Prion-like behavior is an economical means to control biochemistry and gene regulation at 

the systems level, and prions can act as protein-based genes to facilitate quasi-Lamarckian 

inheritance of induced traits. These mechanisms allow individual cells to express distinct heritable 

traits using the same complement of polypeptides. Understanding and controlling prion-like 

behavior is therefore a promising strategy to combat diverse pathologies and organize engineered 

biological systems.

Graphical abstract

Introduction

The organization of biochemical reactions in space and time is a hallmark of life from 

bacteria to metazoa. Organisms have evolved diverse strategies to achieve this objective, 
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ranging from membrane-bound and proteinaceous organelles to granules composed of both 

protein and nucleic acid. Subcellular structures have long been known [1,2], but one 

apparently ubiquitous mode of organization has only been recognized more recently: prion-

like assembly of proteins. Here, we will consider the phenomenon of “prion-like assembly” 

to broadly encompass the self-templating of protein conformations to mediate the formation 

of an assembly, aggregate, or oligomer [Fig. 1]. This templating may be stochastic or 

regulated, and may exhibit a range of stabilities.

Prions are a unique class of proteins that can adopt stable alternative conformations that are 

capable of recruiting other proteins to adopt the alternate conformational state, constituting a 

structurally transmissible entity [3–5]. Prions exhibit dominant inheritance through meiosis, 

are seldom lost, and form a cross-beta sheet amyloid structure in the prion state [6]. 

Conventionally, these states are denoted as [PRION+], with the brackets denoting 

extranuclear inheritance and the + denoting dominance through mating. Most prions rely 

heavily on the activity of molecular chaperones to propagate across generations. For some 

this manifests in a strong dependence on the disaggregase Hsp104 [7–9] for propagation, but 

others rely on Hsp70 or other chaperones [10]. Infectious protein conformations have most 

often been associated with neurodegenerative disease, but recent discoveries across the tree 

of life make it clear that prion-like behavior is also a common part of normal biochemical 

organization and function [11]. Defined broadly, prion-like protein assembly is a potentially 

versatile strategy for cells to integrate diverse cellular and external inputs and respond by 

reorganizing key biochemical processes.

Prion-like proteins as agents of disease

Prion-like behavior was first observed in the causative agent of scrapie, a neurodegenerative 

disease of sheep and goats [4,14]. Particles consisting only of the PrPSc protein were found 

to be sufficient for transmission of the disease. Infectious proteins have since been shown to 

be at the root of a class of transmissible encephalopathies [15]. The role of PrP in infectious 

human encephalopathies, including Creutzfeld-Jakob disease and Kuru, has been extensively 

reviewed elsewhere [16], and we will not discuss it in detail here. More recently, prion-like 

behavior has also been implicated in non-transmissible neurodegenerative illnesses. The 

amyloid-β protein in Alzheimer’s disease [17], the alpha-synuclecin protein in Parkinson’s 

disease [18], and the FUS protein in amylotrophic lateral sclerosis [19,20] all exhibit some 

degree of prion-like behavior. Moreover, iatrogenic transmission of not only Creutzfeld-

Jakob disease [21], but also possibly amyloid-β aggregates, has been reported [22]. Certain 

mutants of the key tumor suppressor p53 also has prion-like properties [23,24]. In each of 

these cases, the prion state is thought to be amyloid in nature, resulting from templating 

natively folded proteins onto a seed with a cross-β sheet conformation.

Prion-like assembly as part of normal function

Just as foundational studies of viruses helped reveal the role of nucleic acids in heredity, so 

too have studies of pathogenic prions revealed prion-like behavior as a mode of information 

transfer that is based on protein alone. Indeed, the classical notion of prions as agents of 

disease has been challenged in recent years by a raft of studies implicating prion-like 
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behavior in normal cellular function [Table 1]. The persistence of prion-like states, 

combined with the ability to induce their formation, presents a powerful mechanism for cells 

to store information for long periods in response to external stimuli, even if the individual 

proteins involved undergo more rapid turnover. This concept has been invoked most 

provocatively as an explanation for the persistence of long-term memory. Amyloidogenic 

behavior of the cytoplasmic polyadenylation element-binding (CPEB/Orb2) protein is 

critical for the formation of long-term memory in Aplysia [25], Drosophila [26], and in mice 

[27]. The observation that the rare Orb2A isoform seeds oligomerization implicates 

alternative splicing as a mechanism for the control of prion-like assembly; post-translational 

modifications may provide a further route for dynamic regulation of the phase-separation of 

CPEB4 in Xenopus and other vertebrates [28].

Prion-like organization is observed in other normal processes, including in the activation of 

antiviral responses mediated by the mitochondrial antiviral signaling (MAVS) protein [29]. 

The activated MAVS complex assembles in a prion-like fashion to form a filament on the 

surface of the mitochondrion [30]. This facilitates a robust switch from an inactive to an 

active state of the antiviral response. Another interesting case of prion-mediated subcellular 

organization is that of Tia1, an RNA-binding protein involved in the formation of stress 

granules [31] which in yeast forms a two-component prion phase in concert with the 

classical prion protein Sup35 to direct translation machinery to the tubulin cytoskeleton [32]. 

In this way, the prion-like state can control the subcellular localization of a biochemical 

process in fine detail in response to stress. Prion-like behavior was also recently observed in 

the bacterial transcriptional terminator Rho from Clostridium botulinum, the heritable 

aggregation of which leads to widespread transcriptional read-through [11].

These findings suggest that prion-like assembly may be an ancient and widespread mode of 

spatiotemporal organization, potentially predating the divergence of the bacterial and 

eukaryotic kingdoms. At a fundamental level, the self-templating conformational conversion 

inherent to prion-like ensembles creates a functional memory that can persist longer than 

any individual protein.

Proteins acting as genes

The heritability of the prion state makes possible the creation of heritable elements 

consisting only of protein, amounting to genes that are entirely divorced from nucleic acid. 

One of the earliest known prions of yeast, [PSI+], facilitates read-through of stop codons 

proteome-wide. It is thus a highly genetically compact means of precipitating large 

phenotypic changes [34,42], as is the bacterial Rho prion [11]. Recent studies have further 

shown that prion-like behavior is ubiquitous in S. cerevisiae [37,43], and that the prion state 

can frequently confer a fitness advantage [10].

The [GAR+] prion, which allows escape from glucose repression and converts yeast from 

metabolic specialists to generalists [39,44–46], the [MOT3+] prion, which modulates 

multicellularity [47], and the [MOD+] prion, which confers drug resistance [38], are all 

induced in conditions in which the [PRION+] state is adaptive. The fact that prion states can 

be robustly induced by environmental stimuli raises the intriguing possibility of a quasi-
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Lamarckian genetic element that is acquired in response to the conditions in which it confers 

a beneficial phenotype. The adaptive phenotype can subsequently be inherited by all mitotic 

and meiotic offspring due to the extranuclear localization of the prion oligomer. 

Furthermore, [GAR+] and [MOT3+] can be erased in unfavorable conditions (e.g. 
desiccation [48] and hypoxia [47], respectively). This type of reversible epigenetic behavior 

provides strong theoretical advantages relative to irreversible genetic mechanisms of 

adaptation (see below).

Bet-hedging using switchable protein genes

Even though they arise spontaneously at low rates, prion-like states can confer adaptive 

phenotypes that can rapidly sweep the population in times of abrupt environmental change 

[45,46]. Furthermore, prion-like switches revert at much higher rates than would typically be 

expected for nucleic acid mutations, allowing the prion-like state to be efficiently purged 

from the population when it is no longer advantageous. Theoretical calculations predict that 

such reversible mechanisms of phenotypic switching can be favored over irreversible 

mutational analogs, even if the fitness benefit conferred by the prion-like state upon 

environmental change is modest [49,50]. For example, within such models, experimentally 

observed rates of switching of [GAR+] suggest that the selective advantage of reversible 

metabolic generalism afforded by this prion is sufficient to favor its evolutionary retention 

compared to a nucleic acid-based mechanism [45]. The [GAR+] state, therefore, can be 

thought of as a means of hedging species’ bets against dramatic environmental shifts by 

maintaining a small subpopulation in a state that is primed to thrive in a new environment.

Prion-like assembly from the systems biology perspective

Beyond acting as protein-based genes, the [PRION+] state can be viewed as a node that 

integrates diverse cellular inputs, from the proteomic state to external metabolite 

concentrations, and elicits heritable changes in phenotype at the single-cell level that can be 

highly adaptive [Fig. 2]. This idea is supported by the observation that, among the many 

prion-like proteins now known in S. cerevisiae, there is a striking enrichment for RNA-

binding proteins and transcription factors [10,51]. These classes of proteins are uniquely 

suited to precipitate large phenotypic changes, as they can proximally affect the abundance 

of large numbers of other cellular components. Several other proteins identified as prion-like 

also belong to functional classes that might be expected to potentiate pleiotropic effects, 

such as chromatin remodelers [10,36] and DNA repair enzymes [52]. The rate of switching 

into the [PRION+] state can be modulated by a wide array of inputs, including missense 

mutations [53], alternative splicing isoforms [26], post-translational modifications [28], 

changes in protein abundance [54], and external conditions [38,44].

More broadly, prion-like assembly can be viewed as a class of phase-separation behavior. 

From the discovery of Cajal bodies [1] to more recent observations [55,56], phase-separated 

cytocondensates are implicated in a range of regulatory and metabolic processes [57,58]. 

These cytocondensates can be stable and self-reinforcing over many generations, as in the 

case of yeast prions, or subject to remodeling throughout the cell cycle, as in many 

subcellular phase-separated organelles. Organizing proteins in this manner can have a range 
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of functional consequences: sequestering the activity of the prion-like protein; protecting the 

prion-like protein from other cellular processes; increasing the local concentration of the 

prion-like protein to enhance binding interactions; and enhancing the performance of prion-

like enzymes and enzyme cascades. The precise kinetic effects of phase-separation on 

organized processes remain mysterious, and will be a fruitful area of future investigation as 

an increasing number of prion-like phase-separated ensembles are identified.

Avenues for control of prion-like assembly

The ubiquity of prion-like assembly both in pathology and normal function speaks to the 

need to understand and control prion-like behavior. The peptides responsible for prion-like 

behavior have been mapped in detail for amyloid prions of yeast [59–63], and prion-like 

amyloidogenic behavior can be conferred on otherwise non-prion-like proteins by the 

addition of a so-called prion domain known to be sufficient for the purpose [37,64]. Detailed 

investigations of the peptides and residues involved in prion-like and phase-separation 

behavior will continue to be valuable in understanding their sequence-structure-function 

relationships [65], as will emerging techniques for examining the conformations of prion-

like proteins in the native context of the cellular milieu [66].

These insights have raised the possibility of designing compounds to enhance or inhibit 

prion-like behavior. Recently, researchers have disrupted the binding of amyloid-β to PrPC, 

an interaction implicated in Alzheimer’s disease, with small molecule inhibitors [67] and 

used an engineered peptide to induce amyloid formation and cause loss of function of the 

VEGFR2 protein [68]. A biotinylated isoxazole compound can also precipitate the formation 

of amyloid-like fibrils [69,70], and an inhibitor of p53 aggregation has also been shown to 

disrupt the prion-like loss of tumor suppression discussed above [71]. Since amyloid-β, for 

instance, exists in a range of oligomeric states with differential toxicity [72], it is important 

to consider the oligomeric state targeted by a therapeutic, in addition to tissue tropism and 

other conventional considerations, when designing anti-amyloid therapies [73]. Considering 

the array of processes we now know to be dependent on prion-like behaviors, interventions 

to promote or prevent the formation of prion-like states hold promise in the treatment of 

many pathologies. The prion domain of Sup35 has even been employed in vitro to organize 

engineered processes [74,75].

Future directions

A wealth of structural, mechanistic, and evolutionary questions remain with respect to the 

function of prion-like assemblies. From a structural perspective, it is apparent that the 

conventional amyloid prions represent an important but not all-encompassing class of 

possible self-templating protein conformations. Of interest in this regard are prion-like states 

that mediate a gain-of-function phenotype due to oligomerization, rather than a loss of 

function due to sequestration in amyloid. Frequently, these non-amyloid prions are not 

enriched in Asn and Gln residues, in contrast to classical amyloid prion domains [10]. 

Structural determination for prion-like assemblies remains challenging, as they often adopt 

heterogeneous conformations, but cryoelectron microscopy and NMR approaches offer a 

promising route to access their conformational ensembles [66,76].
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Mechanistically, a loss of protein function due to amyloid sequestration is only one possible 

explanation in cases when a prion-like state leads to an emergent gain of function by the 

assembled aggregate, fiber, or other oligomer. Often, a combination of molecular biological 

and biochemical experiments, polymer physical analyses of prion-like phase-separated 

assemblies, and detailed kinetic models of organized protein complexes will be required to 

tease apart the mechanisms by which prion-like organization can enhance the function of 

proteins and protein ensembles.

The evolutionary history of prion-like assembly likewise remains enigmatic, as the 

intrinsically disordered proteins often responsible for prion-like behavior often exhibit poor 

sequence conservation over evolutionary time, despite frequently maintaining their 

disordered nature. New methods of sequence alignment and analysis will help to address this 

problem [77–80], which is key in understanding the diversity in and relationships between 

prion-like proteins. In any event, the discovery of prion-like behavior in organisms ranging 

from bacteria to mammals suggests that this mode of organization arose near the root of the 

tree of life [81].

In the same way that the discovery of pre-mRNA splicing revealed enormous hidden 

information content in genomic DNA [82], the discovery of prion-like alternate 

conformations revealed that many proteins have the potential to dramatically reshape 

cellular biochemistry by reorganizing the existing complement of proteins. In another 

parallel with splicing [83], prion-like behavior, while present in bacteria, seems to have 

reached its fullest elaboration in eukarya. The organization of biochemistry in space and 

time, the key attribute of living processes, must be increasingly sophisticated in organisms of 

increasing complexity, but we observe that the number of genes does not scale according to 

this intuition [84]. In this light, a form of organization that is self-templating presents an 

attractive organization strategy because of its compactness and reversibility: a biochemical 

system can be reshaped repeatedly on time scales both short (less than one cell cycle) and 

long (hundreds of generations) using a single set of genes and indeed of polypeptides. We 

fully expect that a broad spectrum of prion-like assemblies remain to be discovered, and that 

their functional consequences will be even broader than those currently known.
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Highlights

• Prion-like behavior can be defined as self-templating of a protein 

conformation to form an “infectious” aggregate or oligomer

• Prion-like behavior has been observed across multiple domains of life

• Prion-like behavior contributes to both normal and pathological processes in 

biology

• The prion-like state can act as a bistable node that integrates diverse inputs 

and actuates diverse outputs

• Controlling protein organization using prion-like behavior is a new paradigm 

in biochemical regulation at the single-cell level
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Figure 1. 
(A) Classical amyloid prion formation by nucleation of a prion-like seed followed by 

recruitment of monomers to the prion-like conformation to generate a cross-beta sheet 

amyloid oligomer [12]. The amyloid oligomer could be non-functional (top), as in the [PSI+] 

prion, or gain an emergent structural property (bottom), as in the HET-s prion [13] (B) 

Hypothetical mechanism of prion-like oligomerization leading to two distinct prion-like 

oligomers that maintain their molecular activity and are not amyloid in nature.
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Figure 2. 
The [PRION+] state is a node that integrates diverse cell-intrinsic inputs (on short and long 

time scales) and cell-extrinsic stimuli, and actuates diverse phenotypic outputs. The naïve 

state is shown as a blue gene product; the prion-like [PRION+] state is shown as an orange 

gene product. Shown are selected examples of inputs and outputs of the [PRION+] state; this 

diagram is not exhaustive.
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Table 1

Recent descriptions of prion-like behavior in biochemical processes involved in normal cellular function. See 

also [10,37] for systematic approaches to identify prion-like behavior proteome-wide in S. cerevisiae.

Biochemical process Gene product exhibiting prion-like 
behavior

Species/cell line Reference

Long-term memory formation CPEB3 M. musculus [26]

Orb2 D. melanogaster [25]

CPEB4 X. laevis [27]

Antiviral signaling MAVS HEK293T (H. sapiens) [28]

Stress granule formation TIA-1/Sup35 COS-7 (C. aethiops); S. cerevisiae [30,31]

Transcription termination Rho E. coli [32]

Heterokaryon incompatibility HET-s (HET-s/HET-S) P. anserina [33]

Translation termination SUP35 ([PSI+]) S. cerevisiae [34]

Pyrimidine biosynthesis URE2 ([URE3+]) S. cerevisiae [35]

Chromatin remodeling Swi1 ([SWI+]) S. cerevisiae [36]

Mating; carbon metabolism; stress response Mot3 ([MOT3+]) S. cerevisiae [37]

Sterol biosynthesis Mod5 ([MOD+]) S. cerevisiae [38]

Carbon metabolism Various ([GAR+]) S. cerevisiae [39]

Prion formation New1 ([PIN+]) S. cerevisiae [40]

Prion formation Rnq1 ([PIN+]) S. cerevisiae [41]
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