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Abstract: Prions are proteins that can stably fold into alternative structures that frequently alter their
activities. They can self-template their alternate structures and are inherited across cell divisions and
generations. While they have been studied for more than four decades, their enigmatic nature has
limited their discovery. In the last decade, we have learned just how widespread they are in nature,
the many beneficial phenotypes that they confer, while also learning more about their structures
and modes of inheritance. Here, we provide a brief review of the biochemical principles of prion
proteins, including their sequences, characteristics and structures, and what is known about how
they self-template, citing examples from multiple organisms. Prion-based inheritance is the most
understudied segment of epigenetics. Here, we lay a biochemical foundation and share a framework
for how to define these molecules, as new examples are unearthed throughout nature.
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1. Introduction

Prion proteins are a type of “protein-based inheritance” in which a conformational
change in protein structure alters protein function and becomes self-templating without
any requisite changes to DNA sequence. Prions are therefore an epigenetic phenomenon,
albeit one not as well-studied as chromatin modifications, DNA chemical modifications,
and certain classes of non-coding RNAs. Phenotypes that were later understood to be
prion-based were studied as early as the 1960s [1], although it was not until the work of
Stanley Prusiner and others that a more rigorous definition of their protein-only based
nature was established. Prusiner’s work helped cement a protein expressed in the brain of
mammals, known as PrP, as the defining example of a prion [2]. When this protein converts
into a prionogenic conformation, however, it invariably leads to death, in the form of a
variety of spongiform encephalopathies, including Creutzfeldt-Jakob Disease, Mad Cow
Disease, Scrapie, and Chronic Wasting Disease. These diseases are highly infectious, and
they can also occur spontaneously in very rare cases.

Today, our understanding of prion proteins is significantly more expansive—in rare
cases they can cause disease, but there are even more examples of how they can be beneficial
to organisms, permitting adaptation to environmental change [3], altered metabolism [4],
increased cellular growth [5], and resistance to chemical stressors [6]. Prions also funda-
mentally alter our view of inheritance, as their ability to phenotypically alter an organism
is based on heritable differences in protein structure and not any change to DNA sequence.

In this minireview, we focus our attention on the biochemical principles in prion-based
inheritance. We outline sequence features of prions, their structures, and their aggrega-
tion/assembly properties. We hope this provides a useful introduction to non-experts,
while supplying a framework for profiling features of newly discovered examples that we
anticipate will further expand our understanding of this fascinating class of transgenera-
tional molecules of inheritance.
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2. Structural Motifs and Amino Acid Sequence Features Observed in Prion Proteins

A major shortcoming to understanding the general biochemical features of prion
proteins is that only a handful of examples have been studied in detail. Nevertheless, some
key features, sometimes predictive, are associated with prions and informative of the types
of properties one could look for as new examples are discovered.

Prions can be grouped into two major classes based on the structural motifs that
they can adopt: amyloid-forming prions and non-amyloid-forming prions [7]. Amyloid-
forming prions are proteins that contain regions that can form highly ordered, β-sheet-rich
protein aggregates [8–11]. Many proteins in nature can in fact form amyloids, many of
them also with functional roles, although this feature does not make all of them prions
that are capable of self-templating their protein conformation to other protein copies,
which are in turn inherited across cell division or generations. Well-studied examples of
amyloid-forming proteins in nature include Curli proteins in bacteria that are involved in
biofilm formation [12]. Understanding amyloid structure or its mechanism of assembly into
aggregates is underscored by the fact that dozens of human diseases are also associated
with amyloid-forming proteins [13], including Aβ in Alzheimer’s disease [14], and α-
synuclein in Parkinson’s disease [15]. It has been suggested that some of these amyloid-
forming proteins may be bonafide prions, since they undergo a conformational change and
self-assemble into structured protein aggregates that can spread across brain tissue, for
example. These aggregates can even form proteinaceous seeds to propagate and contribute
to the progression of disease [16]. It remains unclear, however, whether these mammalian
amyloids meet other definitions of prions in the classical sense, such as being infectious
to other organisms, as is the case with PrP in mammals, or for fungal prions. Indeed, this
remains a fascinating proposition, while in our view, further investigation is needed to
lend support to this prion hypothesis of neurodegenerative diseases, particularly with
respect to their natural infectiousness from one organism or generation to another. From a
molecular or evolutionary standpoint, the differences in how these proteins self-template
their structures onto other copies, the reasons, and the outcomes, may indeed begin to blur
with further study, perhaps encouraging reconsideration of what it means to be a “prion”.

The first prion protein identified, PrPSc (Sc = “scrapie”), forms amyloids and causes
fatal brain spongiform encephalopathies in mammals [17]. After the discovery of PrPSc,
all prions discovered during approximately the next two decades were also found to form
amyloid aggregates, in fungi, bacteria, and even viruses [18–20]. While the formation of
amyloid structures universally reduced the activity of their encoded proteins, through
sequestration of the protein into structured fibrils, the formation of these aggregates was
not itself fatal to their host organisms, in contrast to the mammalian prion, PrPSc. Moreover,
altering the activity of these proteins often produced altered growth phenotypes that
could be physiologically beneficial under a range of conditions [6,21,22]. More recently,
through a different discovery pipeline, prion proteins lacking evidence of forming amyloids
have been found in budding yeast [7]. When cells contain these proteins in their prion
conformation, activity is often maintained, and sometimes is even increased [23,24]. The
physical structures formed by these non-amyloid-forming prions are not well-understood,
since only low-resolution methods have been used thus far. It also cannot be ruled out
completely that these “non-amyloid” prions never form amyloid structures, even if only
transiently. (A more extensive comparison of amyloid and non-amyloid prions is provided
below.) A list of all known prions is provided in Table 1, separated by those that are
amyloid-forming and those not known to form amyloids.
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Table 1. A summary of all known amyloid-forming prions and non-amyloid-forming prions. All
are from budding yeast (Saccharomyces cerevisiae), except: 1 = mammals, 2 = Podospora anserina,
3 = Clostridium botulinum. Brackets denote the non-Mendelian inheritance of this element in genetic
crosses, and capital letters denote its dominance.

Amyloid-Forming Prions Non-Amyloid-Forming Prions

PrPSc [2] 1

[URE3] [25,26]
[PSI+] [1,26]

[RNQ+]/[PIN+] [27,28]
[MOT3+] [3]
[MOD+] [6]

[Het-s] [29] 2

[SWI+] [30]
[OCT+] [31]

[ISP+] [32,33]
[NSI+] [34]

Cb-Rho [20] 3

[GAR+] [4]
[SMAUG+] [23]

[ESI+] [24]
[BIG+] [5]
Others [7]

One common but not ubiquitous feature present in several prion protein sequences—
including [URE3], [PSI+], [RNQ+]/[PIN+], [MOT3+], [SWI+], [OCT+] and Cb-Rho—is the
enrichment of glutamine (Q) and/or asparagine (N). These Q/N-rich regions are most
strongly associated with amyloid-forming prions in budding yeast, such that they have
been predictive for identifying other potential prion candidates [3]. Alberti et al. performed
a hybrid computational–experimental prion screen, in which Q/N-rich regions served as
one principle selection criteria, and identified 24 proteins with prion-like qualities out of
an initial candidate list of 200 genes computationally screened from the proteome. Five of
these were already known to be prions from prior work, validating the approach while
producing an additional 19 new prion candidates. While informative about the prevalence
of these types of prion sequences across the proteome, one caveat of this approach was
that the first discovered and perhaps most well-characterized prion protein, PrP, does
not contain Q/N-rich regions, and therefore would not have emerged from such a screen.
Other prions since identified—such as [ISP+], [MOD+], [GAR+], [ESI+], [BIG+] (Table 1),
and others [7]—would also not have been “hits” in this screen, because their proteins also
do not contain Q/N-rich regions.

Given their recent discovery, less is known about the sequence characteristics of non-
amyloid-forming prions. Chakrabortee and colleagues reported in 2016 an experimental
prion-discovery screen, in which there was no computational pre-filter for Q/N-rich se-
quences or other features typical of previously discovered fungal prions [7]. Instead, cells
were screened for the capacity of nearly every protein in the proteome to individually elicit
a long-lasting, epigenetic growth phenotype in response to transient overproduction of the
protein. Among the dozens of “hits” emerging from this screen, the most consistent feature
among the protein sequences were regions with high predicted disorder. Regions predicted
to be structurally disordered, also known as “intrinsically disordered regions” (IDRs), do
not resemble sequences found in structured portions of proteins. They are often depleted
in hydrophobic amino acids that mediate co-operative folding. Additionally, they typically
contain a higher proportion of polar or charged amino acids [35]. Notably these regions
were frequently poorly conserved at the level of linear amino acid sequence, even while
the IDR itself was maintained over vast evolutionary timescales.

For some prion proteins, specific regions, sometimes referred to as “prion domains”
(PrDs), have been characterized. These regions can be both necessary and sufficient to
impart a protein with prionogenic behavior, including when added exogenously to other
proteins, even with GFP [3,36]. This modular nature—the regions are often separable
from segments of the protein that carry out canonical activities—suggests the importance
of structurally independent PrDs, and their role in prion conformational switching. Not
all prions, however, contain such separable regions. For example, for the budding yeast
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protein Rnq1, which forms [RNQ+]/[PIN+], the regions involved in prion formation are not
concentrated in one continuous segment of amino acid sequence, but instead are spread
across multiple, distant segments in the protein [37]. Many PrDs are also predicted to
be IDRs, and sometimes these two terms are used interchangeably. It is not conclusively
known whether a high degree of structural disorder is a prerequisite for a PrD to be able
to undergo conformational changes that endow it with prion behavior. It is also unlikely
that all proteins that contain relatively large IDRs are prions. Disordered regions have been
shown to play many other important roles, such as in the regulation of cell signaling [38,39],
where these functions would not necessarily require them to be prions.

3. High-Resolution Structures of Prions or Prion-like Proteins

Few high-resolution structures of prions or prion-like proteins currently exist. Only
three, all amyloid-forming, are known; one of these is a protein from fruit flies that has
prion-like features [40] (Table 2). Their structural features vary significantly, and thus
further investigations are needed before generalizable features of prion protein structure
may be elucidated (Figure 1). The diversity of structural features may portend a larger
number of potential prion proteins in proteomes. Investigating proteins with similar
structural features to these is likely to be informative about the features that distinguish
prions from non-prion proteins.

The first high-resolution structure of an infectious prion particle was the PrD of [Het-s],
determined using solid state-NMR. [Het-s] is responsible for heterokaryon incompatibil-
ity in the filamentous fungus Podospora anserina. Its amyloid fibrils form a left-handed
β-solenoid with a compact triangular hydrophobic core (residues 218–289) [41,42]. An
unusual structural feature is the presence of pseudo-repeats of the β helix along the fibril
axis, allowing a structure in which one molecule forms two turns of the solenoid. This early
example of a functional amyloid was the first look into the structural features that govern
prion amyloids.
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Figure 1. High-resolution structures of prion/prion-like amyloids. (A) [Het-s], reprinted from [42]
with permission from AAAS. (B) PrPSc, reprinted from [43] with permission from Elsevier. (C) Orb2,
reprinted from [40] with permission from AAAS. As amyloids, these proteins show a similar packing
of monomers along a fibril axis, however their core patterns vary considerably.
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Table 2. A summary of the features of the high-resolution prion/prion-like protein structures [40,42,43].

Prion/Protein [Het-s] PrPSc Orb2B

Gene name het-s PRNP orb2

Core residues (aa) 218–289 (72) 95–227 (133) 176–206 (31)

Structure/Symmetry Left-handed solenoid Parallel in-register
β-sheets Threefold triangular symmetry

Method to interpret structure ss-NMR Cryo-EM Cryo-EM

Core Hydrophobic Hydrophobic Hydrophilic

Stabilizing features 23 hydrogen bonds, three salt
bridges, two asparagine ladders

GPI anchor, “Greek Key”
motif, β-arches

Interdigitated cross-β structure,
protonation of histidine

Post-translational
modifications Unknown N-linked glycosylation Unknown

The culprit of all known mammalian prion diseases, such as Creutzfeldt-Jakob Disease
(CJD) in humans and Mad Cow Disease in bovines, PrP is perhaps the best characterized
prion protein. A 3.1 Å structure of an infectious, hamster brain-derived PrP core protein
was recently solved by Kraus and colleagues using cryo-electron microscopy, marking an
important advancement in the study of how prion structure relates to its function [43].
PrP forms amyloid fibrils comprised of monomers with parallel, in-register, intermolecular
β-sheets and connecting chains. This new structure differs from previous predictions from
lower-resolution structures that PrP would contain β-solenoids or independent protofila-
ments, like other prion proteins [44–48]. In a point of particular interest, this high-resolution
structure revealed more about the positioning of asparagine (N)-linked glycosylation and
the C-terminal GPI anchor, indicating that they lie toward the lateral edges of the fibrils. The
GPI anchor, which will be explored in more detail in the next section, localizes PrP to the
membrane and glycosylation stabilizes the stacking of monomers to form amyloid fibrils, al-
lowing for precise self-templating of monomers and faithful propagation of the prionogenic
form of PrP. This high-resolution structure represents a huge leap in understanding of how
the structure of the protein monomer may promote its self-templating function.

A high-resolution structure was also recently solved of the putative prion protein
Orb2, a conserved RNA-binding protein, also known as CPEB in other animals, that plays
a role in long-term potentiation/memory formation in Drosophila melanogaster [40,49]. The
2.6 Å cryo-EM structure shows that Orb2 forms 75 nm long, threefold-symmetric amyloid
filaments. Of the two isoforms of Orb2 in the fly brain, Orb2A is less abundant, but seeds
aggregation of the more abundant Orb2B. The protofilament core of Orb2B, which extends
from residues 176 to 206, forms a hairpin fold made up of two β-strands with a wide turn
between them. The conformational change induced by this structure converts the protein’s
activity from a translational repressor into a translational activator. It was hypothesized that
the hydrophilic, glutamine/histidine-rich fold could influence amyloid stability when the
histidine residues are protonated, suggesting a mechanism for regulation. This structure
provides a fascinating example of how an amyloid can serve as a stable, yet dynamic
substrate of memory.

4. Conformational Switching, Self-Templating, and Factors Involved in Prion Propagation

Perhaps the most important step in prion formation is the conformational switching
of a protein from its non-prion, or “naive” state, into a prionogenic, self-templating state.
The human PrP protein has long been known to be able to switch from its native alpha
conformation, characteristic of PrPC (c = “cellular”), into a more compact, highly soluble,
β-rich monomer, a precursor to larger multi-protein, insoluble fibrillar forms [50].

In the [PSI+] yeast prion, composed of the aggregates of the Sup35 translation termina-
tion factor, the intrinsically disordered and Q/N-rich “NM” domain at the N-terminus of
the protein is necessary and sufficient for nucleation of prion “seeds”, or small multi-protein
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aggregates or assemblies that are capable of mediating transgenerational inheritance and
growing into larger amyloid fibers. Assembly of these aggregates proceeds by monomer
addition [51–53]. Within the NM-domain, also known as the PrD of Sup35, relatively short,
specific sequences are required to nucleate the conversion of Sup35 from a soluble monomer
into aggregates [54]. One recent study demonstrated how the size of the nucleation seed itself
is also responsible for persistence of amyloid aggregation, highlighting how this biochemical
feature influences transgenerational stability of the prion-based phenotypes [55].

While prions are commonly thought to self-template conformational changes in other
copies of the same protein, there is also evidence for one prion protein seeding the formation
of a second prion protein. In fact, formation of the [PSI+] prion in vivo requires pre-existing
[RNQ+]/[PIN+], and there are particular sequences in both Sup35 and Rnq1 proteins that
facilitate this cross-seeding [56]. [RNQ+]/[PIN+] can even promote amyloid formation of exoge-
nously expressed proteins, such as those involved in some human neurological diseases [57].

There are also cases where cellular structures, such as membranes, are also key for
promoting self-association of monomers that could increase the likelihood of conforma-
tional changes or self-templating behavior. PrP protein is anchored to the membrane via
a GPI anchor in its C-terminus. Its conformational switching involves the peeling of the
C-terminal β1-helix 1-β2 loop away from the helices 2 and 3, and the unspiraling of each
of the helices to form the extended strands of the middle and disulfide β arches that are
central to the structure of the prionogenic form, PrPSc [43]. PrP is not the only prion protein
known to reside in membranes. [GAR+] is a prionogenic form of the highly abundant
yeast plasma membrane protein Pma1, however it is not known to what extent its cellular
localization influences its propensity for prion conversion or self-assembly [4].

Another important feature of prion propagation and inheritance, as established from
many studies in budding yeast, is the requirement for protein chaperones. Amyloid-
forming prions depend on the heat shock protein and disaggregase, Hsp104 [3,6,58], while
non-amyloid-forming prions depend on Hsp70 and Hsp90 [4,7]. Thus, while prions are
believed to undergo autonomous conformational switching and self-templating, their
transgenerational inheritance depends on these important co-factors. For Hsp104 clients,
the need arises for the amyloid aggregates to be divided sufficiently to facilitate passage
during cell division [59–61]. For Hsp70 clients—i.e., non-amyloid-forming prions—the
specific physical interactions that the protein chaperones have with prion proteins that
enable their propagation are not known.

There is extensive evidence that amyloid-forming prion proteins can assume more
than one conformational state in their self-templating form, known as the “strain” phe-
nomenon. For example, the [PSI+] prion can undergo stable propagation of different strains,
reflected in both the cellular phenotypes as well as their physical structures [22,37,62–64].
Similarly, the [URE3] prion has also been shown to contain different strains [62,65,66], as
has [RNQ+]/[PIN+] [62]. The concept of prion strains is not well explored for the non-
amyloid-forming prions (Table 1). This remains an important question for future studies,
especially when coupled with structural studies of these more recently discovered prions.

Prion conformations are also reversible. While measurements of the frequencies of
loss of the prion state are not widely known, some measurements suggest that they are
relatively infrequent [67].

5. Contrasting Amyloid-Forming vs. Non-Amyloid Prions, and Methods to Identify Them

While high-resolution detail of prion protein structures from biophysical studies may
be limited, there is evidence that they can form a variety of macromolecular structures
in vivo. When taking into consideration proteins with prion-like domains, we can observe
structures that vary from rigid amyloid fibrils, to gel-like condensates, to liquid–liquid
assemblies [23,43,68,69]. As described above, prions can be generally categorized into
amyloid-forming and non-amyloid-forming. Below, we discuss what is known about how
these two classes of prions aggregate in vitro and in vivo and how they differ.
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More is known about amyloid-forming prions, as they were amongst the first prions
discovered [3,6,21,58,70]. Amyloid-forming prions can produce highly ordered β-sheets
that lead to structured and thermodynamically stable fibrils [9,40,43]. As naïve monomeric
protein is sequestered into filaments, this generally leads to loss of or inactivation of
protein function. The amyloid structures formed are also resistant to certain physical
and chemical perturbations, including temperature and detergents [71,72]. Indeed, an
established property to test the formation of amyloids is testing a protein’s resistance to
SDS detergent [6,23,71].

Less is known about non-amyloid-forming prions. They are sensitive to denaturants
such as SDS, a property which can be used to distinguish them from amyloid-forming
prions [3,7,23]. Genetic evidence also supports this distinct class of prions as not forming
an amyloid intermediate that is essential for propagation of the prion structure. Curing of
amyloid-forming prions can be accomplished through transient inhibition of the protein
disaggregase chaperone, Hsp104. In contrast, the non-amyloid-forming prions can be cured
by transient Hsp70 inhibition, but not Hsp104 inhibition [4,5,7]. IDRs are another feature of
non-amyloid-forming prions that have been identified as drivers of prion phenotypes [7]
(as noted earlier, these may also be found in amyloid-forming prions). For example, the IDR
region in the [SMAUG+] prion drives its self-assembly properties, allowing gel-like conden-
sates to form [23]. It is possible that the more dynamic structure of non-amyloid assemblies
allows manipulation of phenotypic states without elimination of protein activity [5,7,23,24],
permitting a regulatory paradigm of prion induction and loss in response to environmental
cues. More characterization is needed before such conclusions can be established.

Biochemical techniques have been key to characterizing prion protein assemblies.
Dyes that specifically bind to amyloids have been used to analyze the kinetic and structural
properties of amyloid-forming prions. Compounds such as Thioflavin T (ThT) [73] and
Congo Red (CR) [74] produce fluorescence when bound to amyloid β-sheets, making them
an excellent method to detect the presence of amyloids. Another method to detect amyloid-
forming prions is semi-denaturing detergent agarose gel electrophoresis (SDD-AGE) [75,76].
This technique exploits the fact that amyloid-forming prions are resistant to 2% SDS at room
temperature, permitting visualization of the distribution of large biopolymer assemblies
and monomeric protein. Additionally, it allows detection of amyloid fibers from cell lysate
rather than from purified protein and has been used to characterize [PSI+], [RNQ+]/[PIN+],
and [MOT3+] [77], among others.

Microscopy is another approach for characterizing prion aggregation, both in vivo
and from purified protein [3,7]. GFP-fusion proteins allow visualization of prion aggrega-
tion in vivo, a useful tool for observing protein localization, aggregation formation, and
induction of the prion state [78]. This has been used in characterizing [PSI+], [MOT3+],
[BIG+], [SMAUG+] and more [3,5,23,79]. Fluorescent-reporter systems have also been de-
veloped for studying the kinetics of prion assembly formation, such as DAmFRET [80]
and yTRAP [81], using [PSI+] to demonstrate their effectiveness. Several prions have been
characterized using centrifugation, such as [PSI+] [79]. Combined with native separation
techniques using sucrose gradients, the distribution of protein assemblies can be observed
and quantified [82]. Altogether, these techniques have proven useful over the years to
investigate the biochemical properties of prions.

6. Conclusions and Challenges

An inherent difficulty in the field of prion research is that, despite this phenomenon
being described in the literature as early as the 1960s [1] and studied in fine detail in
the case of PrP, insight into the basic biochemical properties has been somewhat shallow.
Limitations in prion discovery have yielded too few examples from which to extract general
principles. As prions cannot be unambiguously identified from DNA or protein sequences,
from co-immunoprecipitations, from proteomics, from standard genetic screens, or from
microscopy and other standard cell biological methods, new examples can be challenging
to determine. We do not know of a discrete property of prions that could be used to identify
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them easily. Indeed, most descriptions of new examples involve a battery of tests that help
exclude other possibilities that are consistent with the observed phenotypes, while also
establishing known behavior associated with other prions.

Yet, we know that they are conserved across domains of life and several existing
examples show that they exert a strong influence over biological processes. Without
identifying and understanding more of them, we are overlooking a critical determinant of
transgenerational inheritance and organismal function in nature.

In the early 1990s, when knowledge of the “histone code” and the general influence
of chromatin modifications on the structure and function of genomes came to light, it was
unlikely many could have foreseen the importance of this epigenetic code on both basic
cellular functions and a myriad of human diseases. After decades of study, prions are a well-
established biological phenomenon. Yet, the challenge of discovering them and measuring
them remains, and we believe they must be explored more deeply to assess the extent of
their broader impact in nature. Grounding our understanding of their inheritance and
regulation in biochemical terms is an excellent starting point and should accelerate further
discovery. It will be necessary to revisit these terms periodically, as new examples mature
our understanding of this important but still underappreciated epigenetic phenomenon.
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