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Abstract

Amyloid-based prions have simple structures, a wide phylogenetic distribution, and a

plethora of functions in contemporary organisms, suggesting they may be an ancient

phenomenon. However, this hypothesis has yet to be addressed with a systematic,

computational, and experimental approach. Here we present a framework to help

guide future experimental verification of candidate prions with conserved functions to

understand their role in the early stages of evolution and potentially in the origins of

life. We identified candidate prions in all high-quality proteomes available in UniProt

computationally, assessed their phylogenomic distributions, and analyzed candidate-

prion functional annotations. Of the 27 980 560 proteins scanned, 228 561 were

identified as candidate prions (�0.82%). Among these candidates, there were 84 Gene

Ontology (GO) terms conserved across the three domains of life. We found that candi-

date prions with a possible role in adaptation were particularly well-represented within

this group. We discuss unifying features of candidate prions to elucidate the primeval

roles of prions and their associated functions. Candidate prions annotated as transcrip-

tion factors, DNA binding, and kinases are particularly well suited to generating diverse

responses to changes in their environment and could allow for adaptation and popula-

tion expansion into more diverse environments. We hypothesized that a relationship

between these functions and candidate prions could be evolutionarily ancient, even if

individual prion domains themselves are not evolutionarily conserved. Candidate

prions annotated with these universally occurring functions potentially represent the

oldest extant prions on Earth and are therefore excellent experimental targets.
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1 | INTRODUCTION

1.1 | Amyloids and prions

Many proteins can form fibrillar aggregates called amyloids. These

were originally discovered as factors involved in the development of

neurodegenerative diseases such as Alzheimer, Parkinson, and Hun-

tington diseases tree but have since been shown to have a role in

many nonpathogenic and, indeed, beneficial physiological functions as

well.1-3 Three lines of argumentation suggest that amyloids might

have been present on Earth even before the first forms of what we

would consider life evolved. First, prebiotically plausible peptides can
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form amyloid fibrils.4,5 Second, the amyloid fold (the structure when

proteins form amyloid fibrils) is considered the lowest point on the

energy landscape for protein folding and aggregation. Therefore amy-

loidogenesis is considered as an intrinsic property of polypeptides.6,7

Third, amyloids bear a phenomenological similarity to crystals and

could have occurred abiotically.8 Given these arguments, it is

expected that amyloids should be old and very common in nature.

Supporting this point of view, amyloids are known to perform multiple

physiological functions in diverse organisms, from microorganisms to

humans. Organisms capitalize both on the physical rigidity of pre-

formed fibrils as well as on the process of aggregation itself. For

example, the durability and strength of amyloid fibers are conveyed in

the properties of silkworm and spider silk.9,10 In humans, functional

amyloids build scaffolds on which melanin (skin pigment) is depos-

ited.11 In bacteria and fungi, highly-conserved amyloid-forming pro-

teins are components of the extracellular matrix and contribute to cell

adhesion and biofilm formation.12,13

Other physiological processes rely on the ability of a protein to

exist in two different states: soluble (an individual protein capable of

carrying out its typically understood function(s)) and aggregated (mul-

tiple proteins aggregated into the amyloid form, not capable of carry-

ing out their typically understood individual function(s)). The amyloid

formation has characteristics of autocatalysis and, after reaching a

certain threshold of aggregation, often leads to the quick depletion of

the soluble fraction of protein that becomes trapped in the form

of fibrillar aggregates.14 This ability to exist in two very different and

self-excluding states (soluble or aggregated) allows some amyloid-

forming proteins to function as molecular switches.15-17 In some

cases, the amyloid form can be inherited cytoplasmically during cellu-

lar replication, where it will continue the conversion of a soluble frac-

tion of freshly synthesized protein into the non-functional aggregated

fibrillar form. A cell harboring such self-templating and self-

perpetuating aggregation of a protein phenotypically resembles a cell

with a deletion of the gene that codes for this protein.18 These herita-

ble protein aggregates are called prions. While some proteins can be

prions without being amyloid-based, like intrinsically disordered RNA-

binding proteins in Saccharomyces cerevisiae,19 here we focus on

amyloid-based prions. Recently, Dennis and Garcia reviewed both

amyloid-forming and non-amyloid-forming prions.20

Prions can be sustained for many generations.21 An individual pro-

tein that contributes to the prion aggregate is called a “prion protein,”
and a distinct protein domain that is responsible for prion aggregation

is called a prion domain (PrD). Just like amyloids, prions were first dis-

covered in association with diseases but are now known to regulate a

variety of beneficial physiological functions. For example, in plants,

prions regulate flowering time.22 In yeast, among numerous other func-

tions, prions can drive large shifts in metabolism, regulating whether

cells are metabolic specialists or generalists.15 In bacteria, prion aggre-

gation can regulate translation23 and plasmid copy number.24 Prion

inheritance is often referred to as epigenetic; epi- (ἐπι- “over, outside
of, around”) implies features that are “on top of” the traditional genetic

basis for inheritance. Some prions even regulate other mechanisms of

epigenetic inheritance via chromatin modification.25,26

Examples of proteins capable of forming prions are widespread

on the phylogenetic tree of life, showing that prion formation is com-

mon and that it may be an early-evolved cellular mechanism. It is not

clear if this mechanism did indeed evolve early and has been con-

served as many forms of life have diverged or if it has evolved multi-

ple times independently via convergent evolution. We call the second

hypothesis the recurring domestication of prions.

To pursue the question of the origin of prions, we searched

�5000 high-quality proteomes for proteins predicted to contain

prion-like domains (which we herein refer to as candidate prion pro-

teins or cPrPs) and analyzed the functional annotations associated

with cPrPs and all proteins not identified as cPrPs. We then focused

on functional annotations of cPrPs that were identified in all three

domains of life. We suspected that these conserved functions associ-

ated with cPrPs might be evolutionarily linked to prion aggregation.

Determining the functions of the most conserved prion proteins might

help unravel the role of the prion phenomenon in biology today, its

evolutionary age, and the role it might have played in the origin of life.

1.2 | Conservation and distribution of prion-
associated functions on the tree of life

Different types of prion-forming domains exist. Some, but not all,

prions contain specific regions called PrDs that can be necessary and

sufficient to grant a protein prionogenic behavior.27 Many PrDs are

also predicted to contain intrinsically disordered regions (IDRs). These

regions have been shown to play a regulatory role in forming biomo-

lecular condensates28 and modulating protein solubility and phase

behavior29—behaviors that can be important in cell signaling.30,31 But

it is worth noting that the presence of these IDRs does not necessarily

indicate the encompassing protein is a prion. The inheritance of phe-

notypic traits due to prion formation involves a structural conversion,

which in a majority of cases is driven by a Q/N-rich PrD.32 Most

known PrDs are enriched in glutamine and asparagine (Q/N enriched)

and depleted in charged amino acids. However, known prion proteins

like the mammalian PrP,33 Het-s,34 and Mod535 do not have this bias

but are still characterized by an intrinsically disordered region. In both

cases, prion proteins can be conserved across organisms. The first

prion-forming protein ever described, PrP—has no Q/N bias and is

conserved up to early chordates,36-38 which gave rise to early tetra-

pods about 380 million years ago.39 The Q/N bias in the PrD of the

translation terminator (Sup35) is found in both Ascomycota and Basi-

diomycota, which diverged more than 1 billion years ago.40 While

many Q/N-rich prion proteins have been identified as conserved

between different types of yeast, no conservation was detected in

Q/N-rich prion proteins between humans and yeast.41 And so far, no

conservation has been shown to reach across different domains

of life.

Prion proteins can be highly similar in sequence or, more often,

similar in the chemical properties of the sequence.42 In S. cerevisiae,

Ure2p, and Sup35p sustain their ability to form prions even when the

amino-acid sequence of their PrDs is “scrambled” as long as they
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maintain the same general chemical properties of the amino-acid com-

position.43,44 The fact that prion aggregation depends on the compo-

sition of PrDs and is (somewhat) independent of exact primary

sequence challenges conventional bioinformatics approaches when

applied to prions. Nevertheless, Su and Harrison42 were able to iden-

tify PrDs that are both conserved in the primary sequence and amino-

acid composition in S. cerevisiae. In their dataset, the most conserved

prion-like domain across the Saccharomyces genus was the protein

NRP1, originally described as a prion by Alberti et al.45 NRP1 is a

putative RNA-binding protein that localizes to dense amorphous

aggregations in the cytosol called stress granules.46 Other examples

of confirmed conserved prion include GLFG-motif nucleoporin

NUP100, a confirmed prion-forming protein, which is part of the

nuclear pore complex47; GLN3, a transcriptional activator of genes

regulated by nitrogen catabolite repression; RBS1, a protein involved

in the assembly of the RNA polymerase III (Pol III) complex48; and

MED3/PGD1, a subunit of the RNA polymerase II mediator com-

plex.49 Having a role in RNA binding and gene regulation is a common

theme for many prion candidates, not only in Saccharomyces,50,51 and

is often connected to phase transitions,52 again, promoting the forma-

tion of stress granules.53,54

Our current information on confirmed prions is limited because it

is difficult and time-consuming to verify them experimentally. To

broaden our understanding of the ancient functions of prions beyond

this small group of confirmed prions, we include functions of proteins

that are predicted to harbor prion-like domains and, thus, may behave

as true prions. The development of prion-prediction algorithms has

enabled proteome-wide analysis of proteins revealing thousands of

candidate prions.45,55-63 These efforts were recently reviewed by

Batlle and Gil-Garcia.64,65 The most widely used prediction program is

Prion-Like Amino Acid Composition (PLAAC).22,59 PLAAC was

designed to identify prion-like proteins, specifically proteins with simi-

lar amino-acid compositions to yeast prions, and is not a perfect

prion-prediction tool. In fact, analysis of predictions from a first-

generation version of the algorithm45 showed that only 19% of pre-

dicted proteins were experimentally verified to form prions though

later work scanning archaea with PLAAC yielded 6/16 (37.5%) experi-

mentally verified prion-like elements.66 Despite its limitations, has

proven successful in facilitating the identification of prions in the

domain archaea,66 Bacteria,23,24,67,68 and even in viruses and

phages.69-71 This observation alone speaks to the chemically con-

served nature of at least a subset of candidate prion domains (cPrDs)

across all domains of life.

Several studies have made a rudimentary attempt to describe a

phylogenetic distribution of predicted prion candidates in all domains

of life. In one such study, Angarica noticed that there are much fewer

prion candidates in the domains Bacteria and Archaea than in

Eukarya.72 This may be because bacterial and archaeal proteomes

appear to have fewer Q/N-rich regions in general as compared with

eukaryotes.60 Investigations into the phylogenetic relationships of

prion candidates were further augmented with analysis of predicted

function derived from Gene Ontology (GO) annotations.73 Angarica

et al. performed the first wide-ranging study of prion candidates in

proteomes.57 Using GO annotations, they observed that predicted

prionogenic domains (or candidate prion domains [cPrDs]) co-exist

with different functional domains of proteins that localize to different

cellular compartments, depending on the taxon and organism group.

In bacteria, cPrDs are significantly enriched in proteins with annota-

tions involved with the cell wall. Accordingly, bacterial cPrPs appear

to be involved in metabolic and catabolic processes resulting in the

construction and disassembly of the cell wall.57 Another study simi-

larly showed that bacterial prion candidates are associated with

peripheral rearrangement, macromolecular assembly, cell adaptability,

and invasion.74 This logical convergence of GO cellular localization

and function encourages further use of this method as a potentially

valuable tool for studying global trends in the roles of prions in

biology.

In our previous work, we identified prion candidates in archaea

using PLAAC and looked into their GO annotations. Similar to what

Angarica et al. found in bacteria, many prion candidates were involved

in the construction and adhesion of the cell wall. Archaeal prion candi-

dates were also significantly functionally enriched in regulation

through transcription, calcium-binding, and copper ion binding66—all

of which could be evolutionarily early-evolved functions. As one

example, resistance to copper toxicity would have been necessary in

early Earth environments.75 It is, therefore, possible that PrDs may be

essential to the function of many proteins involved in copper binding

and may have facilitated the evolution of copper tolerance in early

microbial life.

Recently Garai et al. analyzed the functional divergence of prion

candidates in plants.76 They found the highest density of prion candi-

dates in green algae. They concluded that the prion phenomenon of

aggregation had been conserved from chlorophytes to angiosperms,

possibly offering an advantage during the evolution of plants. Like

bacteria, unicellular algae might have benefited from the physical

properties of amyloid-based prions contributing to cell–cell adhesion

of their biofilms.77 Rice also had a high number of cPrPs, with the can-

didate prions significantly enriched in transposons/retrotransposons.

The authors of this analysis suggested the role of candidate prions in

stress response and memory pathways in the plant kingdom.76 These

observations suggest the role of plant prions in adaptation to chang-

ing environments—an adaptation that has been proven in the case of

yeast.78,79 It is quite possible that the role of prions in facilitating

adaptation could be an evolutionarily ancient one, even if individual

prion proteins themselves are not evolutionarily conserved.

Putative PrDs rich in Q/N similar to those found in yeast are

often detected in large numbers in eukaryotic proteomes. For exam-

ple, in the genomes of Drosophila melanogaster, Plasmodium falciparum,

Helobdella robusta, and Dictyostelium, more than 20% of proteins con-

tain cPrDs.41,80,81 GO annotations of prion candidates in Plasmodium

point to their role in the regulation of gene expression similar to those

described by Garai et al. in plants.

Taken together, previous work suggests that the prion phenome-

non is widespread but can be randomly distributed even among

closely related species. Functions associated with prion proteins vary

widely, but functions associated with survival and regulation seem to
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be more common than others. This tendency can be observed in

organisms belonging to different kingdoms within Eukarya as well as

across different domains of life, indicating a substantial consistency in

the conservation of prion-related functions across different evolution-

ary epochs. So far, the analysis of prions in proteomes has been

mostly focused on selected taxa, and the evolutionary conservation of

prion proteins is mostly studied within taxonomic groups. Researchers

agree that some prions can be very evolutionarily old, but the ques-

tion of “how old?” is rarely asked. Identifying a subset of the poten-

tially earliest evolved prions on Earth by looking for similar sequences

and functions in a large sampling of all three domains of life could be

a valuable step toward understanding the roles of prions in

evolution—as well as their roles in contemporary organisms including

the pathology of devastating amyloid-associated disorders. To this

end, we analyzed all high-quality proteomes available in UniProt using

prion-prediction software to prepare a list of cPrPs whose functions

are common to all domains. We discuss unifying features of these

candidate prions in an effort to elucidate the primeval roles of prions

and their associated functions. And we present a framework to help

guide future experimental verification of candidate prions with con-

served functions to understand their role in the early stages of evolu-

tion and potentially in the origins of life. Experimental verification and

detailed analysis of these candidates could reveal the possible role(s)

of prions at the very early stages of evolution, including the time of

the last universal common ancestor (LUCA).

2 | METHODS

2.1 | Computational identification of prion
candidates

Reference proteomes for Archaea, Bacteria, and Eukarya were down-

loaded from the UniProt database82; accessed June 1, 2021) including

their stored Gene Ontology (GO) annotations.82,83 Proteomes possibly

of low quality were excluded by retaining only those ranked as “stan-
dard” based on UniProt's “Complete Proteome Detector” algorithm.

This resulted in 1151 archaeal proteomes containing 2 182 921 pro-

teins; 2836 bacterial proteomes holding 10 939 944 proteins; and

925 eukaryal proteomes holding 14 857 695 proteins. The

command-line version of PLAAC,45,59 installed from https://github.

com/whitehead/plaac on September 9, 2020, was used to identify

proteins with cPrDs in each proteome individually with default set-

tings other than “-a 0.” Unless otherwise noted, those with a CORE-

score >0 (other than “NA”) were considered to contain a candidate

prion domain (cPrD). This COREscore is the sum of the individual log-

likelihood ratios for each amino acid residue contained within the PrD.

2.2 | GO enrichment analysis

GO enrichment analyses were performed to identify enrichment

(i.e., over-representation) or purification (i.e., under-representation) of

frequencies of GO annotations in proteins with cPrDs compared with

all proteins scanned. This was performed with the goatools v0.8.1284

“find_enrichment.py” script with default settings, which includes

propagating counts to parents and was done for each domain of life

separately. Statistical significance was defined as those with

Benjamini–Hochberg false-discovery rates of ≤0.05. Plots of enrich-

ment values were generated with R v3.6.3, with the ggplot2 package,

v3.3.5.85 The Venn diagram was generated with the R package ggvenn

v0.1.9 (Linlin Yan, 2022; https://CRAN.R-project.org/package=gg).

2.3 | Phylogenomic tree construction

Phylogenomic trees for each domain were produced with GToTree

v1.6.1186 using the prepackaged single-copy gene sets for archaea

(76 target genes) and bacteria (74 target genes), and a universal set

(16 target genes) for eukarya.87 Within GToTree, target genes were

identified with HMMER3 v3.2.2,88 individually aligned with muscle

v3.8.1551,89 trimmed with trimAl,90 and concatenated before phy-

logenetic estimation with FastTree2 v2.1.10.91 The trees were ini-

tially visualized and edited through the Interactive Tree of Life

site.92

2.4 | KO annotation of prion candidates

In addition to utilizing the GO annotations that were available with

the UniProt data, functional annotation of cPrPs based on Kegg

Orthology (KO) terms93 was performed with KOfamScan v1.3.0.94

2.5 | Additional data and code availability

All of the UniProt data accessed on June 1, 2021 and utilized in this

work, along with annotated code and additional data files too large to

include here, (such as annotation and sequence information for all

proteins), and all supplemental tables are available at https://figshare.

com/projects/Zajkowski_et_al_2022_3-domain_prion_data_and_code

_repository/133155. Additionally, Conda was utilized for program

installation and environment management, and bit v1.8.4295 and Tax-

onKit v0.9.096 were utilized heavily for helper scripts and manipulat-

ing taxonomy IDs.

3 | RESULTS AND DISCUSSION

3.1 | Computational identification and
phylogenetic distribution of prion candidates

3.1.1 | Archaea

A total of 1151 archaeal proteomes containing 2 182 921 proteins

were scanned with PLAAC (Table S1). Of these, 728 proteomes had at

4 ZAJKOWSKI ET AL.
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least 1 cPrD detected (�63%). Of all proteins scanned a total of 2191

contained a cPrD (�0.1%). The frequency of identified cPrDs within

each archaeal proteome was �1.90 ± 2.78 (mean ± 1 SD), with a

median of 1 (Table S2). Normalized per 1000 proteins per proteome

(permil), it was 1.12 ± 1.67, with a median of 0.6. The distribution of

those with at least one cPrD detected spans the archaeal proteomes

scanned, as depicted by the blue tips in Figure 1. Those with a higher

density of cPrDs (meaning when normalized to per 1000 proteins,

“permil”) included members of the classes Methanomicrobia (≥10 per-

mil) and Methanobacteria and candidatus Micrarchaeota (≥15 permil;

Figure 1; Table S2).

3.1.2 | Bacteria

For bacteria, 2836 proteomes containing 10 939 944 proteins were

scanned (Table S1). Of these, 2547 proteomes had at least 1 cPrD

detected (�90%). Of all proteins scanned, a total of 15 861 contained

a cPrD (�0.15%). Counts of identified cPrDs in bacterial proteomes

averaged �5.59 ± 5.97 (mean ± 1SD) with a median of 4. Normalized,

this was �1.39 ± 1.40 with a median of 1.04 per 1000 proteins (per-

mil). Those with relatively higher permil values included a member of

the genus Candidatus deianiraea of the Alphaproteobacteria class (≥10

permil) and members of the genus Mycoplasma within the Phylum

Tenericutes (≥15 permil; Figure 2; Table S2).

3.1.3 | Eukarya

A total of 925 Eukarya proteomes containing 14 857 695 proteins

were scanned with PLAAC (Table S1). Of these, 907 proteomes had at

least 1 cPrD detected (�98%). Of all proteins scanned, a total of

210 509 contained a cPrD (�1.4%). The frequency of cPrDs in

eukaryal proteomes was �228 ± 154.4 (mean ± 1SD) with a median

of 189. Normalized to per 1000 proteins (permil) this was �16.31

± 12.24, with a median of 12.43 (Table S2). There were generally

many more cPrDs identified in the Eukarya domain compared with

Archaea or Bacteria. This could be partially explained by the fact that

the PLAAC algorithm was trained on known eukaryal prions and might

carry a bias toward the amino acid composition of eukaryal prions.

Therefore, it should not currently be concluded this is a true trend

and not a methodology bias. One quickly apparent trend in terms of

the density of cPrDs in Eukarya is that there are consistently lower

permil values in the Phylum Chordata (Figure 3; Table S2).

3.2 | Analysis of functions of prion candidates

Using PLAAC, we identified thousands of proteins bearing prion-like

amino acid compositions (1151 in Archaea, 15 861 in Bacteria, and

210 509 in Eukarya). Testing all of these proteins if they are true

prions experimentally is virtually impossible. Because we are

F IGURE 1 Phylogenomic tree of
analyzed archaeal proteomes with their
distribution of cPrDs overlain. Tips with at
least 1 cPRD identified are colored blue.
The outer ring depicts those with greater
than 5, 10, or 15 cPrDs per 1000 proteins
within a proteome.
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interested in finding if prion formation could be an evolutionarily con-

served phenomenon, we devised a line of reasoning that would direct

us to a smaller pool of PLAAC-predicted proteins that would be of a

reasonable size to analyze experimentally. We decided to identify

functions of proteins predicted to harbor prion-like domains (candi-

date prions or cPrPs) to see if any span across all three domains of life.

Conservation of function among proteins harboring these domains

across all three domains could hint at their conserved role and, with it,

the conservation of prions themselves if these proteins turn out to be

true prions after experimental verification. To facilitate the identifica-

tion of evolutionarily conserved cPrPs' functions within our dataset,

we leveraged the Gene Ontology (GO) annotations associated with all

proteins in the UniProt database. GO assigns information to a protein

in the context of 3 “namespaces”—molecular function (MF), biological

process (BP), and cellular component (CC)—through a highly curated

process involving both manual and automated methods.73 In addition

to namespaces, GO terms are stored in a hierarchical structure of

parent–child relationships and denoted as specific “depth” levels.

Within a given namespace, a lower depth level (as in a lower number,

for example, a depth of 1) will typically denote a broader, less specific

annotation than a GO term with a depth level of 2. GO annotations

can be thought of more as protein-domain level functional annota-

tions than as full-protein functional annotations. To complement the

GO annotations in our analysis of functions associated with cPrDs, we

also annotated cPrDs with Kyoto Encyclopedia of Genes and

Genomes (KEGG)97 KEGG Orthology (KO) terms—which are more

akin to full-protein functional annotations.

3.2.1 | Enriched GO terms in prion candidates

Within each domain of life, we tested for enrichment or purification

(see Section 2) of specific GO terms in our identified cPrD-

containing proteins as compared with all of the proteins scanned. In

the archaeal domain, 51 GO terms were found to be significantly

enriched (meaning these specific GO terms were more likely to be

found in a protein with an identified candidate prion domain than in

a protein without one), and 345 were significantly purified (meaning

these specific GO terms were more likely to be associated with a

protein that did not have an identified cPrD; based on a Benjamini–

Hochberg false-discovery rate of ≤0.05; Table S3). For Bacteria,

248 were found to be significantly enriched, and 1243 were signifi-

cantly purified (Table S4). And in the Eukarya, 2601 GO terms were

found to be significantly enriched, and 6413 significantly purified

(Table S5).

First, we focused on enriched GO terms (those more likely to be

found in proteins with cPrDs than in proteins without cPrDs) to pur-

sue functions that are consistently associated with candidate prions.

Within the GO molecular function namespace, there were two GO

terms that were found enriched in all three domains: helicase activity

F IGURE 2 Phylogenomic tree of
analyzed bacterial proteomes with their
distribution of cPrDs overlain. Tips with at
least 1 cPRD identified are colored blue.
The outer ring depicts those with greater
than 5, 10, or 15 cPrDs per 1000 proteins
within a proteome.
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(GO:0004386) and calcium ion binding (GO:0005509). For the

biological process and cellular component namespaces, more broad-

level terms were the only ones enriched: macromolecule catabolic

process (GO:0009057) and the root term of cellular component

(GO:0005575).

There were 10 molecular functions GO terms that were found

enriched in both Bacteria and Archaea (without eukaryotes) (Table 1).

Within the GO namespace biological process, biological adhesion, and

metabolic process were found enriched. Protein ubiquitination

(GO:0016567) and xylan catabolic process (GO:0045493) were the

most specific descriptions found (depth 9). Within the cellular compo-

nent namespaces in both Bacteria and Archaea, we found integral

components of the membrane (GO:0016021) and extracellular region

(GO:0005576) to be enriched (Table S6).

3.2.2 | Shared GO terms in prion candidates across
domains

Among GO annotations that overlap all three domains of life, not

focusing on enriched or not, we identified 84 that were common to all

three domains (54 molecular functions, 22 biological processes, and

8 cell components; Figure 4).

F IGURE 3 Phylogenomic tree of
analyzed eukaryal proteomes with their
distribution of cPrDs overlain. Tips with at
least 1 cPrD identified are colored blue.
The outer ring depicts those with greater
than 5, 10, or 15 cPrDs per 1000 proteins
within a proteome.

TABLE 1 GO terms that are statistically more likely to be found
with cPrDs than without in multiple domains.

Domains with shared
enriched GO terms

Shared enriched molecular function GO
terms

Archaea, Bacteria, and

Eukarya

Helicase activity (GO:0004386)

Calcium ion binding (GO:0005509)

Archaea and Bacteria Cysteine-type endopeptidase activity

(GO:0004197)

Serine-type endopeptidase activity

(GO:0004252)

Helicase activity (GO:0004386)

Hydrolase activity, hydrolyzing O-glycosyl

compounds (GO:0004553)

Calcium ion binding (GO:0005509)

ATP-dependent activity, acting on DNA

(GO:0008094)

Hydrolase activity, acting on glycosyl

bonds (GO:0016798)

Carbohydrate-binding (GO:0030246)

Endo-1,4-beta-xylanase activity

(GO:0031176)

Xylanase activity (GO:0097599)

ZAJKOWSKI ET AL. 7
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In all GO namespaces (molecular function, biological process,

cellular component) we found a relatively low number of cPrPs

detected in archaea (e.g., Figure 1). This could be explained by the

low number of archaea proteomes available in the UniProt database,

presumably due to difficulty in establishing laboratory conditions for

culturing.

Within the GO molecular function namespace overlapping all

three domains, we found 82 489 cPrPs: 533 in archaea, 3667 in

bacteria, and 78 289 in eukaryotes (Table S7). There were 54 different

overlapping GO molecular function annotations. Among them, the

most common annotations were: serine-type endopeptidases

(GO:0004252) 15 archeal, 273 bacterial, 244 eukaryotic; transcription

factors (GO:0003700) 2 archeal, 8 bacterial, 7356 eukaryotic; single-

stranded DNA binding proteins (GO:0003697) 1 archeal, 191 bacterial,

687 eukaryotic; kinases (GO:0016301) 1 archaeal, 49 bacterial,

569 eukaryotic.

F IGURE 4 Shared GO terms of prion candidates across domains. The Venn diagram displays counts of GO terms in the same protein with
cPrDs, including counts shared between domains (Table S7). The text depicts the 84 that are shared between all three domains in their given GO
namespaces.

8 ZAJKOWSKI ET AL.
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Within the GO biological process namespace overlapping all three

domains, we found 10 073 cPrPs: 254 in archaea, 1209 in bacteria,

and 8610 in eukaryotes (Table S7). There were 22 different overlap-

ping GO biological process annotations. Among them, the most com-

mon annotations were: protein ubiquitination (GO:0016567)

133 archaeal, 6 bacterial, 176 eukaryotic (many of the archaeal/

bacterial proteins associated with this GO term were annotated with

K07218, nitrous oxidase accessory protein; see Table S8); cell adhe-

sion (GO:0007155) 38 archaeal, 259 bacterial, 180 eukaryotic; DNA

replication (GO:0006260) 1 archaeal, 225 bacterial, 82 eukaryotic;

DNA-templated regulation of transcription (GO:0006355) 6 archaeal,

18 bacterial, 5351 eukaryotic; DNA repair (GO:0006281)

6 archaeal, 127 bacterial, 1345 eukaryotic.

Within the GO cellular component namespace overlapping all

three domains, we found 34 084 cPrPs: 924 in archaea, 6615 in bac-

teria, and 26 545 in eukaryotes (Table S7). There were 22 different

overlapping GO cellular component annotations. Among them, the

most common annotations were: integral component of membrane

(GO:0016021) 842 archaeal, 5059 bacterial, 13 569 eukaryotic;

plasma membrane (GO:0005886) 3 archaeal, 406 bacterial, 1915

eukaryotic; cell wall (GO:0005618) 3 archaeal, 49 bacterial,

170 eukaryotic.

3.3 | Overlap of enriched GO terms of prion
candidates across different domains of life

We hypothesized that some functions associated with prions are

conserved, along with prion domains, across different domains of

life—allowing for the possibility that prion domains are essential to

these specific GO-term functions. To pursue this hypothesis, we first

focused on enriched GO term functions that were shared by cPrPs

across all three domains of life. cPrPs with conserved associated

functions across all three domains (if experimentally verified to be

true prions) give slightly stronger credence to the possibility that

prion domains may be truly conserved alongside specific protein

functional domains (or a subset of specific functional domains) rather

than being a product of convergent evolution. Though, importantly,

convergent evolution is certainly still not eliminated as a possibility.

To expand the search beyond just what is shared among all three

domains, we also focused on what is shared just between Bacteria

and Archaea, as these targets may still give us insight into distantly

related functions associated with PLAAC-detected prion-like

domains.

3.3.1 | Overlap of enriched GO terms assigned to
prion candidates across three domains of life

We identified two molecular functions GO terms that were found

enriched in all three domains: helicase activity (GO:0004386) and cal-

cium ion binding (GO:0005509; Table 2, Figure 5).

We also looked at the KO annotations associated with cPrPs that

held enriched GO annotations. KO annotations are more akin to

whole protein-level annotations; while GO annotations are more akin

to protein-domain level annotations. The group of prion candidates

annotated with the calcium ion binding GO term (GO:0005509) was

annotated with a variety of different KO functions across Archaea,

Bacteria, and Eukarya, but the one consistent KO function that

occurred in all three domains was K13974, a calcium-binding protein

(Table S10; full KO annotation information for all cPrPs is available in

our figshare repository linked in Section 2).

Among candidates annotated with helicase activity

(GO:0004386), the majority of bacterial prion candidates were anno-

tated as K03628, transcription termination factor Rho. Transcription

termination factor Rho was originally identified as a cPrP by Iglesias

et al.74 and was later shown to form a self-perpetuating prion state in

Escherichia coli.68 For Archaea, the most common KO annotation

within this group of proteins was K11927, ATP-dependent RNA heli-

case RhlE—which was also found among bacterial prion candidates. In

Eukarya, multiple different helicases showed up as prion candidates

including ATP-dependent RNA helicase DDX6/DHH1 (K12614),

DDX5/DBP2 (K12823), and DDX3X (K11594; Table S10). All these

helicases are good candidates for experimental verification of prion

TABLE 2 Numbers of candidates as a function of PLAAC
COREScore for enriched GO terms common to candidate prions in all
three domains of life (with 42 being an arbitrary binning cutoff, see
Section 2).

GO term Domain Numbers of candidates

GO:0005509 calcium

ion binding

Archaea 193

Bacteria 117

Eukarya 2243

GO:0004386

helicase activity

Archaea 41

Bacteria 206

Eukarya 2814

Note: Table S9 holds PLAAC results and sequences for just these

candidates.

F IGURE 5 Log2-fold enrichment values for the two GO terms
found to be enriched in cPrPs in all three domains. Those with stars
had Benjamini–Hochberg adjusted-p-values ≤4E�8; for Eukarya,
GO:0005509 had a BH adjusted p-value of .073.
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properties. This observation is further strengthened by the fact that

DDX5 was recently shown to form cytoplasmic aggregates in the

brains of old killifish and mice. When studied in a yeast-based heterol-

ogous system, DDX5's prion-like domain allowed these aggregates to

propagate across many generations.98

Prion proteins are known to be involved in stress response, and

helicases are particularly good candidates for actuators of prion-based

response as they can integrate diverse inputs and activate diverse

outputs. Helicases provide immediate access to genetically complex

traits by influencing the activity of many genes at the same time—in

consequence enabling phenotypic variation that might be necessary

for survival in a changing environment. The fact that helicases are one

of only two groups of enriched functions of candidate prions shared

by all three domains of life supports the idea that prion mechanisms

may be essential to population-level survival and hence might be evo-

lutionarily conserved.

Interestingly calcium ion binding prion candidates could also play

a role in stress response but in a very different way than helicases.

Ca2+ ion serves as a messenger, transmitting signals from the cell sur-

face to its interior. One of the functions of calcium-binding proteins is

to regulate the amount of free Ca2+ in the cytosol of the cell. There-

fore, proteins that regulate the number of free Ca2+ are critical in the

proper functioning of Ca2+ signaling. Many prions were shown to

condensate in the form of gel droplets or amyloids.99 This physical

aggregation allows storing more protein in a given volume compared

with its non-aggregated state. Therefore, aggregation of calcium ion

binding protein might be an efficient way of sequestering intracellular

calcium, influencing free Ca2+ levels influencing cell signaling and

stress response via prion-like aggregation.

3.3.2 | Overlap of enriched GO terms of prion
candidates between archaea and bacteria

As mentioned above, focusing on cPrD-associated functions that span

all three domains helps support the notion that these are evolution-

arily conserved across all of known life, but it also limits our scope. To

expand our search, we next focused on what is shared just between

Archaea and Bacteria, as these targets too may provide a window into

distantly related but conserved functions associated with candidate

prion domains (see Table 3). When we searched for common GO

annotations in these groups, we found an overlap of GO terms in the

biological processes namespace involved in adhesion, metabolic pro-

cess, and protein modification (see Figure 6). Overlapping GO terms in

the molecular function's namespace of prion candidates were

in agreement with these above-listed GO biological process terms.

For example, the carbohydrate-binding function corresponded to the

adhesion process. Enzymatic functions corresponded to the metabolic

process, and protein ubiquitination corresponded to protein modifica-

tion. And, of course, as enriched GO terms for helicase activity and

calcium ion binding were shared between all three domains, those are

also shared between Bacteria and Archaea. According to our dataset,

based on this approach, these processes and functions are the most

conserved prion candidate functions in nature.

3.3.3 | Organisms harboring enriched GO terms
that overlap across all three domains of life

After identifying enriched GO terms that overlap across all three

domains of life, we wanted to see if there were any trends in the dis-

tribution of candidate prions associated with these specific GO terms

with regard to the phylogenetic relationships of the organisms con-

taining them. Presumably, it is possible that a candidate prion domain

(cPrD) being consistently associated with a specific GO term is either

TABLE 3 Numbers of candidates for selected enriched GO terms
common to Archaea and Bacteria.

GO term Domain

Numbers of

candidates

GO:0016567 protein

ubiquitination

Archaea 133

Bacteria 6

GO:0045493 xylan catabolic

process

Archaea 6

Bacteria 85

GO:0007156 homophilic cell

adhesion

Archaea 6

Bacteria 19

GO:0031176 endo-1,4-beta-

xylanase

Archaea 6

Bacteria 77

GO:0004197 cysteine-type

endopeptidase

Archaea 3

Bacteria 6

GO:0004252 serine-type

endopeptidase

Archaea 15

Bacteria 273

Note: Table S11 holds PLAAC results and sequences for just these

candidates.

F IGURE 6 Log2-fold enrichment values for the two GO terms
found to be enriched in cPrPs in both Bacteria and Archaea domains
as compared with all proteins from those domains. Those with stars
had Benjamini-Hochberg adjusted-p-values ≤.012; for Archaea,
GO:0004252 had a BH adjusted p-value of .19. “S-type” refers to
serine-type; “C-type” refers to cysteine-type.
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a consequence of that organism's evolutionary history (which would

present largely as monophyletic phylogenetic clades of organisms pos-

sessing the protein holding cPrD and GO term), horizontal gene trans-

fer, or it could be due to independently evolved, yet common,

characteristics (which, as with horizontal gene transfer, might present

as a highly polyphyletic distribution).

For both the GO annotations calcium ion binding (GO:0005509)

and helicase activity (GO:0004386) in Archaea, most candidates were

detected within one monophyletic clade of Euryarchaeota, with a few

others spread around members of the DPANN group and within the

Thaumarchaeota (Figures S1 and S2). Considering the possibility of

the ancient origin of prions, one might expect to discover cPrPs anno-

tated with these two GO terms within the superphylum Asgard-

suspected progenitors of Eukaryota.100 The lack of candidate prions

annotated with enriched GO terms overlapping all three domains (cal-

cium ion binding and helicases) in Asgard archaea might be explained

by the fact that this group consists mostly of uncultured and relatively

understudied organisms, which lowers their representation in stan-

dard databases. Indeed, the UniProt reference proteome database we

were working with here only included 16 from the Asgard group, all

belonging to the candidate phylum Lokiarchaeota (Table S1). There is

also the potential that the retained protein similarity of potentially

homologous functions was too divergent to be functionally annotated

with the same GO term.

Distribution patterns in Bacteria and Eukarya were similar for

both of the conserved, enriched GO terms (calcium ion binding

[GO:0005509] and helicase activity [GO:0004386]). In bacteria, we

found prion candidates with associated calcium ion binding annota-

tions in all major phyla, with a higher concentration of calcium ion

binding within the Alphaproteobacteria and a higher concentration of

helicase activity within Actinobacteria (Figures S1 and S2). And in

Eukarya, candidates with both GO terms are found roughly through-

out the entire tree, with the exception being within the Chordata

(Figures S1 and S2).

3.4 | Overlap of GO terms of prion candidates
across all three domains of life

Next, we identified GO annotations of prion candidates common to

different domains of life, whether they were statistically enriched in

prion candidates over all proteins or not (meaning, now no longer

focused on “enriched” as was done above). Having an enriched molec-

ular function, biological process, or cellular component (the GO name-

spaces) implies that a prion candidate is more likely to be associated

with a certain GO term as compared with a protein that is not a prion

candidate. That view helps focus on GO terms that seem to be only

found in prion candidates, but it would miss those that can be with or

without a candidate prion domain. But even without looking at enrich-

ment, the proteins identified by PLAAC are valid prion candidates. If

their GO annotations are found to be common across all three

domains of life, they may still represent some of the oldest prions on

Earth (again, assuming that some of these candidates would be

verified experimentally to behave as prions, as we have seen before;

e.g., Reference 66). In this section, we focused on such prion candi-

dates whose GO terms were not necessarily enriched but were

detected in all three domains of life.

3.4.1 | Overlap of molecular function GO terms of
prion candidates across all three domains of life

Among GO molecular functions of cPrPs that overlap across all three

domains of life, the best represented in our dataset were transcription

factors, kinases, DNA binding, peptidases, ribonucleotide binding, and

metal binding (Figure 4; Table S7).

One prime example of this is DNA-binding transcription factor

activity (GO:0003700). Transcription regulation is commonly impli-

cated with prion biology of confirmed prion proteins, such as Ure 2—

[URE3+] prion,101 Mot3—[MOT3+] prion,45 and Sfp1—[ISP+]

prion.102,103 Binding to nucleic acids is one of the most fundamental

activities of life and plays a role in each step of the central dogma of

biology. When we looked at KO annotations of prion candidates that

fall under GO:0003700, we found that archaea and eukaryotes share

the KO term K21042, “HCMV protein UL11” (Table S12), which is

also present in viruses. The candidate among archaea belongs to the

genus Thermoproteus, a thermophile whose protein contains

the marR-type HTH domain, which is responsible for antibiotic resis-

tance. Production of this protein may be a response to the presence

of organisms in the environment that produce antibiotic-like sub-

stances (e.g., fungi). The same protein of the UL11 type in eukaryotes

has the FHA domain that takes part in an ancient and widespread

mechanism of regulation based on the phospho-dependent assembly

of protein complexes.104 In bacteria, prion candidates annotated as

DNA-binding transcription factors (GO:0003700) consisted mostly of

RNA polymerase sigma-70 factor, ECF subfamily (K12888), which is

the major factor that initiates transcription in bacteria.

Single-stranded DNA binding (GO:0003697) has been identified

as common among prions not only in our dataset of prion candidates

but also by Harrison.105 Single-strand binding proteins are exception-

ally important for maintaining the stability of an organism's genome,

as they are involved in key processes taking place in the nucleus, such

as DNA replication, repair, and recombination. Among single-stranded

DNA binding cPrPs, we found 190 annotated as K03111, single-

strand DNA-binding protein, but only in bacteria. In eukaryotes, we

identified three other KO descriptions: K21390, adhesion defective

protein 2, which is responsible for the transcriptional regulation of cell

adhesion; K12888, heterogeneous nuclear ribonucleoprotein U,

intra-nuclear proteins that take part in many processes of the nucleus

metabolic pathway including organization of chromatin, regulation of

telomere length, transcription, and alternative mRNA splicing; and

K13184, ATP-dependent RNA helicase A, a multifunctional protein

involved in processes such as DNA replication, post-transcriptional

regulation of RNA, mRNA translation, and silencing. All KO term

groups identified single-stranded DNA binding proteins that play a

particularly important role in keeping DNA and RNA functioning
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properly. As for the archaea, the only prion candidate from this GO

did not have any KO term assigned.

Kinase activity (GO:0016301) was another GO annotation that

overlapped all three domains. Within this GO annotation, we found

diverse kinase-related proteins based on their KO annotations, includ-

ing activators of two-component systems (e.g., K20340), serine/

threonine kinase activators (e.g., K08286), and activators of tyrosine

kinases (eK23453)—with annotations virtually only being ascribed to

eukarya (Table S12). These have a diverse repertoire of functions

ranging from regulating cell death, cell migration, and cell adhesion, to

general transcriptional repression related to circadian rhythm.

Another group of cPrPs that overlapped all three domains were

serine-type endopeptidases (GO:0004252). Peptidases are active

enzymes that cleave peptide bonds in proteins and peptides by hydro-

lysis, and serine-type endopeptidases fall into a class of peptidases

that are characterized by the presence of a serine residue in the active

site of the enzyme. They are of extremely widespread occurrence

from prokaryotes to vertebrates and exhibit diverse functions.106

When we looked at KO annotations of prion candidates that fall

under the serine-type endopeptidases (GO:0004252) in bacteria. we

found many annotated as K08372—putative serine protease PepD

(Table S12). Most PepD peptidases have PDZ domains that recognize

and process misfolded proteins at the cell membrane, leading to the

activation of signaling pathways and the establishment of a feedback

loop that can facilitate bacterial adaptation.107,108 This observation is

consistent with the hypothesis that prion formation might be an

ancient mechanism facilitating adaptation. Among endopeptidases in

archaea, we found ATP-dependent Lon protease. This protease is

found both in mitochondria and bacteria and shares high similarities

between the organelle and the domain.109 Among eukaryotic prion

candidates annotated with the GO term serine-type endopeptidases

(GO:0004252), we found rhomboid proteases (e.g., K19225;

Table S12) that are common in all domains of life and are implicated in

various functions including cell signaling, quorum sensing, and homeo-

stasis.110 Recently, Rhomboid Protease RHBDL4 was shown to cleave

amyloid precursor protein (APP) a key molecule in the etiology of Alz-

heimer's disease.111-113

Another GO description overlapping all three domains of life was

ribonucleotide binding (GO:0032553), which, similarly to the

DNA-binding transcription factor activity (GO:0003700), is central to

biology because ribonucleotides are primary sources of energy for

biochemical reactions. Ribonucleotide binding is a parent term of four

GO annotations that also was associated with candidate prions in our

dataset in all three domains: ATP binding (GO:0005524), ATP hydroly-

sis activity (GO:0016887), GTP binding (GO:0005525), and GTPase

activity (GO:0003924).

The last major group of annotations common to all domains

(regardless of enrichment) identified in our dataset was annotated as

metal-binding proteins (GO:0046872), which play essential roles in a

wide range of structural and catalytic functions. Similar to the above-

mentioned functions, these are also central to all biology. Child terms

of GO:0046872 that are also common to all domains were zinc ion

binding (GO:0008270; 1 archeal, 94 bacterial, 10 781 eukaryotic), iron

ion binding (GO:0005506; 1 archeal, 9 bacterial, 38 eukaryotic), cop-

per ion binding (GO:0005507; 25 archeal, 17 bacterial, 88 eukaryotic),

and ferric iron-binding (GO:0008199; 1 archeal, 1 bacterial, 1 eukary-

otic). KO annotations for the cPrPs holding these shared functions

were highly varied (Table S12).

3.4.2 | Overlap of biological process GO terms of
prion candidates across all three domains of life

When we analyzed GO terms within the biological process namespace

that overlapped across three domains of life, we found that for

archaea, the greatest number of prion candidates were annotated

with protein ubiquitination (GO:0016567; 133 proteins; Table S7).

For bacteria, two GO terms were more common than others: cell

adhesion (GO:0007155; 259 proteins) and DNA replication

(GO:0006260; 225 proteins). For eukaryotes, the greatest number

of prion candidates were annotated as DNA-templated regulation of

transcription (GO:0006355; 5351 proteins; Table S7).

Another GO annotation brought to our attention was DNA repair

(GO:0006281), which was previously noted as an abundant biological

process among candidate prions by Iglesias et al.74 This annotation

was clustered by these authors in the group stimulus–response pro-

cess with some candidates annotated specifically as a cellular

response to DNA damage stimulus (GO:0006974).

Other GO terms that were detected in our analysis as well as

others,74 were grouped under a common category of invasion and vir-

ulence (GO:0009405, obsolete pathogenesis, and GO:0000272 poly-

saccharides catabolic process), and under another broad category of

nucleotide metabolism (GO:0006353, DNA-templated transcription

termination and GO:0006260, DNA replication).

One of the major groups of prion candidates identified by Iglesias

et al.74 was annotated as GO:0009056, catabolic process. Many cata-

bolic processes were also present in our dataset: GO:0000272, poly-

saccharide catabolic process; GO:0006308, DNA catabolic process;

GO:0045493, xylan catabolic process; GO:0030163, protein catabolic

process; GO:0000272, polysaccharide catabolic process;

GO:0009253, peptidoglycan catabolic process; and GO:0016998, cell

wall macromolecule catabolic process. The last two GO annotations

(GO:0009253 and GO:0016998) have also been described as com-

mon annotations of bacterial prion candidates by Harrison.105

A high number of candidates in archaea and bacteria candidates

were annotated as GO:0007155 cell adhesion (38 archaeal, 259 bacte-

rial), which might be related to the fact that both groups of organisms

often form biofilms.

3.4.3 | Overlap of cellular component GO terms of
prion candidates across all three domains of life

In our dataset the majority of cPrPs were annotated as an integral

component of membranes (GO:0016021). The localization of multiple

cPrPs on the periphery of the cell was noticed by other authors as

12 ZAJKOWSKI ET AL.
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well.64,105 In addition to those, we found a surprisingly high number

of cPrPs annotated as proteins occupying extracellular regions—not

attached to the cell surface (GO:0005576). So far as we are aware, no

extracellular proteins are known to form prions. A large number of

prion candidates having been annotated as extracellular proteins

correlates with the fact that PLAAC-predicted prion-like domains are

often found to aggregate as amyloids. Amyloid fibrils are often found

in the extracellular matrix of bacteria,114 contributing to biofilm for-

mation. It has even been suggested that this (meta) function of amy-

loids may have arisen many times independently during the evolution

F IGURE 7 Legend on next page.
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of bacteria.115 Interestingly, some extracellular proteins were also

found to form amyloid fibrils in archaea,116 adding to the universality

of this function.

3.5 | Could ancient prions facilitate adaptation?

Prions have been hypothesized to facilitate the generation of diverse

responses to changes in environmental or cellular conditions by regu-

lating gene expression patterns.117 In yeast, prion [GAR+] regulates

whether cells are metabolic specialists or generalists,15 prion

[SMAUG+] regulates sporulation,118 and prion [ESI+] influences the

activity of multiple genes by regulating the expression of subtelo-

meric regions in response to environmental stresses such as antifun-

gal drugs.26 In Bacteria, prion-aggregation of protein Rho influences

the expression of hundreds of genes, dramatically influencing cell

phenotypes, potentially rendering prion-harboring cells better suited

to rapid changes in the environment.68 Some of the functions of

cPrPs identified in our dataset that overlap across all three domains

of life (namely transcription factors, DNA binding, and peptidases) are

particularly well suited to generating diverse responses to changes in

their environment. We suspect that these potential prions can pro-

vide a rapid means for organisms to explore the evolutionary land-

scape, and, given their presence across all three domains, they may

be some of the most ancient functions associated with prions

(if experimentally verified).

Perhaps one of the most efficient ways of generating diverse

responses to changes in environmental or cellular conditions is by

changing signal response and regulation pathways. Candidate prions

with associated kinase-related functions are therefore intriguing to be

found across all three domains of life in our dataset (Figure 4;

GO:0016301). Generally, the potential role of candidate prions in sig-

nal transduction and regulation suggests they may have played a criti-

cal role in the evolution of some of the complex pathways that have

allowed life to expand into a wide range of environmental niches.

Indeed, a question that has plagued the study of kinases is how such

complexity could have evolved and how orthologous signaling pro-

teins diverge.119 Suspending the pressures of natural selection acting

on a protein for several generations following a duplication event

would allow for a sufficient number of step-wise mutations to accu-

mulate, leading to the large mutational jumps required for preventing

cross-talk between newly diverged kinases and their ancestors.

Because prion evolution can, in part, be dictated by both DNA and

protein heritability,120 they may also provide a partial solution to the

question of how newly evolved signaling proteins prevent cross-talk

with their very similar ancestors. If a duplicated signaling protein

becomes functionally inert due to being aggregated into fibrils in a

prionic form, a larger number of mutations are allowed to accumulate,

independent of selection. Because these prionic forms can be inher-

ited by daughter cells via the phenomenon of seeding, this state of

non-selective mutagenesis can carry on in daughter cells for many

generations before the aggregated prion state ends and function is

restored. This mechanism allows for large mutational “jumps” that

could lead to large enough divergence to prevent cross-talk with

orthologous ancestral signaling proteins—being one example of how

proteins could accumulate many step-wise mutations without selec-

tion acting on individual mutations along the way (see Figure 7).

Mechanisms for the accelerated evolution of kinase proteins have

been theorized as ways of preventing cross-talk, such as diversity-

generating retroelements specific to the cyanobacterial phylum.121

However, these retroelements have only been found in viruses and

prokaryotes, where they usually target genes encoding for proteins

involved in cell–cell or phage–cell attachment. Cyanobacteria are the

only phylum where they have been found to target kinase genes spe-

cifically. Candidate prionic kinases, being found in all domains of life,

are thus an intriguing potential mechanism for circumventing stepwise

mutation. Furthermore, the kind of conformational switching that the

prion state provides proteins allows for multiple activity states from

the same polypeptide sequence, providing greater efficiency and

economy for the proteome.

F IGURE 7 A hypothesized evolutionarily advantageous, prion-based mechanism of adaptation to new environments. 1—(A) Population of
cells in a given environment (green background). (B) Spontaneous acquisition of prion phenotype. Squares represent amyloid fibrils. (C) Change of
the environment (red background). Survival of the population is possible because it is phenotypically heterogeneous. The phenomenon is known
as biological “bet-hedging”—discussed in the text. In the new environment, the prion phenotype undergoes positive selection. (D) Reversion to
non-prion phenotype is counter-selected. Prion phenotype dominates the population. (E) Because the protein product is locked in prion aggregate
(inactive in this example), the gene coding for prion protein experiences less evolutionary pressure, and more mutations are tolerated. As a result,
the population diverges. There are now two genetically different but phenotypically identical populations of cells. The diversity is at the level of
genes, but for simplification, we marked the aggregates in two different colors. (F) The environment reverses to the original state. Prion
phenotype no longer experiences environmental selection and, with time, will be reduced. (G) Prion is lost due to natural selection, and phenotype
reverses to one that depends on the active form of the prion protein. The mutations acquired in point F can either experience negative selection
pressure or, if benevolent, will help adapt to the new environment when encountered again in the future. (H) The original population is restored
back to the state from point A. (I) An alternative scenario in which the environment does not reverse to the original state and selection pressure
on prion phenotype continues. (J) Reversion to non-prion phenotype is still counter-selected, but the extended time during which new mutations
can accumulate eventually leads to the emergence of protein that facilitates survival in the new environment—even when not aggregated in the
form of prion. (K) Eventually, the population survives even when the prion phenotype is lost. The population is now adapted to the new
environment. 2—Prion conversion influences regulatory gene cascades, influencing the expression of many genes at once, providing a rapid
means for organisms to explore the evolutionary landscape. 3—Relationship between gene, protein, function, and phenotype explained with
symbols used in panel 1.
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Signal response is evolutionarily ancient as it is essential for multi-

cellularity and would even be needed in LUCA to mount a simple met-

abolic response to changes in nutrients or increases in environmental

toxicity (e.g., metal concentration, pH, etc.). While the role of prions in

allowing for the greater divergence of signaling proteins remains to be

explored, it is clear that they are important for this evolutionarily

ancient mechanism of species adaptation.

4 | CONCLUSIONS

In proteomes of organisms representing three different domains of

life, we identified cPrDs and then analyzed the functional annotations

associated with the proteins harboring them. Helicases and calcium

ion binding proteins were enriched among prion protein candidates in

all three domains of life—meaning these specific GO terms were more

likely to be associated with a protein with an identified candidate

prion domain than in a protein without one. Beyond just those

enriched in candidate prions, we identified numerous functional anno-

tations that are associated with candidate prions in all three domains.

Some of the most represented included peptidases, transcription fac-

tors, single-stranded DNA binding proteins, and kinases; functions

that are fundamental to the proper functioning of cells.

The role of prions in responses to changes in environmental con-

ditions has been described as a process called ​biological “bet-hedging”
that can facilitate the survival of the resultant phenotypically hetero-

geneous population.122,123 In this model, the accumulation of prionic

forms of proteins provides some phenotypic change that allows the

cell, and in turn, some subset of the population, to potentially be bet-

ter suited to a new environment. Aggregation of this prion form of the

protein also typically renders the protein functionally inert with regard

to its previous, more traditionally understood function, which could

then allow for random genetic mutagenesis to occur more frequently,

independent of selective pressures it otherwise would have faced. In

these cases, due to chance, selection may then favor mutated progeny

even once it is no longer experiencing prion aggregation (Figure 7).

This mechanism could allow for adaptation and population expansion

into more diverse environments and/or the functional expansion of

proteins involved in essential processes such as signal transduction

and regulation.

The exciting possibility that these functions are also subjected to

regulation through prion formation remains to be verified experimen-

tally. Many of the proteins identified in our study had high COREscore

values, indicative of high compositional similarity to known yeast

prions. Confirming that these proteins can form prions would indicate

that at least some essential protein functions are accompanied by

prion domains across great evolutionary distances. If that turns out to

be true, the role of prions in the regulation of the fundamental cell

processes could be an evolutionarily ancient one, even if individual

prion domains themselves are not evolutionarily conserved.

Based on our results, we hypothesize that prions that can influ-

ence the expression of many genes at once provide a rapid means for

organisms to explore the evolutionary landscape—and, if true, this

might be the most ancient function of prions conserved across all

domains of life.
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