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Abstract: This review discusses a few examples of specific mechanisms mediating the contribution
of the GIT microbiota to the development of amyloid neurodegenerative diseases caused by the
pathologic transformation of prion protein, or alpha-synuclein. The effect of the bacterial GroE
chaperonin system and phage chaperonins (single-ring OBP and double-ring EL) on prion protein
transformation has been described. A number of studies have shown that chaperonins stimulate the
formation of cytotoxic amyloid forms of prion protein in an ATP-dependent manner. Moreover, it
was found that E. coli cell lysates have a similar effect on prion protein, and the efficiency of amyloid
transformation correlates with the content of GroE in cells. Data on the influence of some metabolites
synthesized by gut microorganisms on the onset of synucleinopathies, such as Parkinson’s disease, is
provided. In particular, the induction of amyloid transformation of alpha-synuclein from intestinal
epithelial cells with subsequent prion-like formation of its pathologic forms in nervous tissues
featuring microbiota metabolites is described. Possible mechanisms of microbiota influence on the
occurrence and development of amyloid neurodegenerative diseases are considered.
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1. Introduction

The study of possible relationships between microbiota and the development of
amyloid neurodegenerative diseases has become a trend in science over the last decade.
Most of the works concern the correlation between the occurrence of neurodegenerative
diseases and microbiota features. For example, there is quite a lot of research on the role of
the microbiota in the development of Alzheimer’s disease (AD). Several reviews devoted to
this problem have declared that Alzheimer’s patients have a deregulated microbiota [1] and
that gut microbial metabolites, such as pro-inflammatory factors and short-chain fatty acids,
could affect the pathogenesis of AD due to synaptic dysfunction and neuroinflammation,
which contribute to cognitive decline [2,3]. However, the specific mechanisms of such an
interrelation are still relatively unknown. In this review, we will address only two amyloid
neurodegenerative diseases—prion diseases and Parkinson’s disease—and summarize the
information on the possible influence of microorganisms from the gastrointestinal tract of
humans and animals on their manifestation. Special attention will be paid to the role of
bacterial and bacteriophage chaperonins in the amyloid transformation of prion protein
and alpha-synuclein, which is the cause of pathological changes in nervous tissues in these
diseases.
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2. Basic Properties of Prion Protein and Peculiarities of Oral Transmission of Its
Infectious Forms

Prion protein (PrP) is a conservative protein that consists of 253 amino acids and is
localized at the outer layer of the neuron plasma membrane [4]. There are two domains in
its tertiary structure: the unstructured N-terminal and the globular C-terminal, containing
three α-helices and two β-sheets [5–7]. The normal cellular form of PrP (PrPc) is able
to transform into an infectious scrapie isoform (PrPSc) by structural reorganization of
the globular C-domain (Figure 1) [8]. As recently shown, PrPSc is characterized by fibril
formation with a parallel in-register intermolecular β-sheet (PIRIBS) architecture based on
a regular cross-β structure in which PrP molecules are aligned parallel in-register to each
other [9].
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Prion infection of the organism occurs when a scrapie isoform of prion protein enters
the gastrointestinal tract (GIT) [10,11]. However, the mechanisms involved in the passage
of PrPSc from the GIT to nervous tissues, where the infectious particles induce amyloid
transformation of the cellular form of prion protein, are unknown and little discussed in the
specialized literature [9]. It is stated that the remarkable resistance of the PrP scrapie isoform
to the action of proteinases allows it to be retained in all parts of the GIT without reducing
infectivity [12–14]. Another aspect that may be related to the involvement of microbiota in
the onset of prion infection concerns the peculiarities of interspecies transmission of PrPSc.

It is known that when prion protein particles arising from Kuru disease ingest another
human, the probability of disease occurrence is very high [15,16]. A similar pattern is seen
in cases of intraspecific transmission of the transmissible spongiform encephalopathies
within other mammals—cattle (BSE), sheep (scrapie), etc. Simultaneously, cross-species
transmission of infectious prion is difficult (e.g., humans contracting BSE) or impossible
(there are no known cases of human infection with the sheep form—scrapie) [17,18]. The
reasons why interspecies transmission occurs in some cases and not in others are unknown,
but there is a possibility that it is determined by the composition of the microbiota, which
could define the efficiency of transport from the gastrointestinal tract to nervous tissues
and, therefore, the probability level of PrP pathologic transformation.

3. The Role of Chaperones in the Pathological Transformation of Prion Protein and
Involvement of Microbiota in This Process

The processes of different proteins’ translation, their proper folding, maturation,
and transport take place in the endoplasmic reticulum (ER) with the participation of
chaperones [19,20]. In mammals, prion protein formation occurs by the same mechanism.
Then PrP is exposed to the membrane of neurons, forming the diffuse neuroendocrine
system and lymphoreticular cells [21]. Prion protein can also be found in the cytosol of
neurons [22,23].
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Disruption of protein folding in the cell leads to the accumulation of improperly
folded proteins in the ER, resulting in endoplasmic reticulum stress (ER stress) [24]. Since
prion diseases are also associated with the accumulation of protein amyloid aggregates in
the cell, it is not surprising that ER stress is frequently observed in prion disease models
and contributes significantly to the development of these pathologies [25–27]. ER stress
has also been observed in patients with sporadic and variant forms of Creutzfeldt-Jakob
disease [28]. In addition, one of the significant contributors to ER stress is the eukaryotic
chaperone Grp78 [29], a member of the Hsp70 family [30]. It is one of the most abundant
proteins in the ER, making it an important factor in protein folding within cells [31]. Grp78
interacts with mutant PrP and mediates its degradation by the proteasome, suggesting that
Grp78 accompanies the folding of the prion protein during its de novo synthesis [32–34].
Grp78 levels were increased in neuroblastoma cells infected with the scrapie isoform of
PrP [28,35], and in mice infected with prion protein [36]. More importantly, elevated
levels of this particular chaperone have been found in brain samples from patients with
sporadic Creutzfeldt-Jakob disease [28]. The chaperone Grp78 appears to be involved in
the folding of the native prion protein. Therefore, the accumulation of mutant or infectious
forms of PrP may sequester Grp78 functioning and cause ER stress with stimulation of
Grp78 synthesis, which in turn could lead to a worsening of the situation. It has also been
shown that chaperone levels are altered in prion-infected mice and that the response vector
depends on the prion strain. Levels of Hsp60, Hsp70, Hsp90, Grp78, and Grp94 were
increased in the ME7 and 87V strains, whereas in the 22L and 139A strains, Hsp60 levels
were decreased, and the increase in Hsp70 and Hsp90 levels was less pronounced [37]. The
chaperones Hsp72 and Hsp73 have also been implicated in prion diseases. The brains of
scrapie-infected mice have been found to contain an abnormally high number of lysosomes
enriched in PrP and Hsp73 [38]. Hsp72 levels increase in neurodegenerative diseases [39],
as well as in cellular [40] and animal models of prion diseases [41].

Looking at the described issue from another angle, the molecular chaperone Hsp70
plays a protective role in prion diseases. It can directly interact with PrP and prevent
the accumulation of its misfolded isoforms [42–44]. Furthermore, induction of Hsp70 by
pharmacological agents helps to reduce the accumulation of prion protein pathological
forms, promotes their degradation, and improves patients’ motor abilities [45,46]. In
addition, some chaperones may promote the degradation and excretion of PrP pathological
forms. In the case of mammals, the Hsp70/DnaJ-1/Hsp110 disaggregation system fulfills
this role. At the same time, overexpression of DnaJ-1 and Hsp110 also reduces the toxic
effects of prion in flies [47].

In general, chaperones play an important role in the implementation of PrP’s natural
functions, participating in its folding and transport to neuronal membranes. However,
it should be especially noted that the molecules of the prion protein also influence the
chaperone system. In fact, mutant or infectious forms of PrP can block chaperones and
thus slow down their normal functioning in relation to other proteins. For example, the
eukaryotic chaperonin TRiC/CCT promotes the amyloid transformation of PrP monomers
and induces further growth of its oligomers while not being able to interact with denatured
molecules of its substrate protein [48].

The chaperones Hsp60 and Hsp104 have also been found to stimulate the pathological
transformation of prion protein [49]. The role of Hsp60 in the emergence of PrP infectious
forms has been extensively studied. It has been reported that chaperonins of the Hsp60
family are able to stimulate PrP aggregation regardless of the organism in which the
chaperonin occurs [50]. In particular, the bacterial complex of chaperonins GroEL-GroES
(GroE) promoted amyloid aggregation of prion protein in an ATP-dependent manner in
in vitro models [51,52]. The monomeric form of PrP binds to the apical domain of GroEL,
presumably leading to its conversion and subsequent formation of amyloid structures, as
shown by cryogenic electron microscopy and molecular modeling [53].

It was later found that incubation of recombinant sheep prion protein in the presence
of the bacterial complex GroE resulted in the formation of spherical aggregates of relatively
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small size, about 200 nm. It was suggested that such spherical particles, which probably
contained amyloid forms of prion protein, could pass through the walls of the gastroin-
testinal tract, penetrate into nervous tissue, and cause the formation of amyloid structures
by interacting with cellular PrP. It was also shown that incubation of recombinant sheep
prion protein with E. coli cell lysates also stimulates its amyloid transformation. E. coli
cell lysates with GroE overproduction cause more pronounced amyloid transformation,
whereas strains without GroE have a minimal effect on prion protein [54]. Thus, it was
shown that bacterial chaperones released during the lysis of intestinal microorganisms
could be involved both in the amyloid transformation of prion protein and in the realization
of mechanisms responsible for the transport of its aggregates to nervous tissues through
the formation of prion particles of small size (Figure 2).
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In addition, according to literature data, the process of microbial colonization of mice
with a sterile intestine initiates signaling mechanisms affecting neural circuits involved in
motor control and anxiety behavior [55]. The gut microbiota was also found to influence
the balance between pro- and anti-inflammatory immune responses during experimental
autoimmune encephalomyelitis. These observations suggest a link between the microbiota
and the development of extraintestinal inflammatory diseases such as multiple sclero-
sis [56].

Two GroEL-like phage chaperonins have a similar effect on prion protein transforma-
tion. Single-ring OBP and double-ring EL have also been shown to stimulate PrP fibrillation
in an ATP-dependent manner. In the presence of ATP, chaperonins initiate the conversion of
prion protein monomers into short amyloid fibrils, with their further aggregation into larger
particles with reduced cytotoxicity. At the same time, fibrils formed by phage chaperonins
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differ in morphology and properties from fibrils formed spontaneously from monomeric
PrP in the presence of denaturants at an acidic pH [57].

It’s also worth mentioning that a major contribution to the understanding of the
mechanisms underlying the influence of chaperones on amyloidogenesis has been made by
studying these processes in yeast, which possesses its own prion protein Sup35 and a set
of chaperones [58]. Although yeast models are only remotely relevant to the occurrence
of prion diseases in animals, such models are conveniently used to identify general pat-
terns of chaperone effects on the amyloid transformation of proteins [59,60]. In addition,
the expression of mammalian amyloid proteins in yeast cells allows these models to be
approximated by those based on mammalian cells [61]. In the case of yeast, overexpression
of the chaperone Hsp104 was found to promote the disaggregation of yeast prion Sup35
aggregates [62]. Further in vitro experiments showed that Hsp104 at high concentrations
does indeed bind amyloidogenic oligomers and disassemble Sup35 fibrils, thereby pre-
venting the propagation of the [PSI+] phenotype. However, at low concentrations, Hsp104
catalyzes the assembly of oligomeric intermediates and fragment fibrils [63]. The chaperone
Hsp104 also promotes the formation of an infectious form of another yeast prion, Ure2 [64].

An unusual relationship between GroEL-like chaperonins (Hsp60) and the cellular
form of prion protein was discovered while studying the mechanisms of human infection
with Brucella abortus bacteria. Prion protein is expressed in significant amounts on the
surface of human intestinal M-cells, whereas Hsp60 is expressed on the surface of Brucella
abortus cells. It is hypothesized that in the case of oral infection, Brucella abortus could enter
host cells via M-cells, using PrPc as a receptor that binds Hsp60 [65,66]. In addition to
M-cells, a similar mechanism facilitates Brucella entry into macrophages, which also express
PrPc [67].

4. The Role of Microbiota in the Occurrence of Prion Diseases

Despite the interest, there have been few studies conducted to determine the micro-
biota’s role in the development of prion diseases. However, it is known that Akkermansia
and Lachnospiraceae taxa are increased in deer (Odocoileus virginianus) with chronic wasting
disease [68]. It is also interesting that mice infected with the RML strain had an altered
microbiota composition. Specifically, they had increased Proteobacteria and a reduced level
of Saccharibacteria. At the family level, Lactobacillaceae and Helicobacteraceae counts increased,
while Prevotellaceae and Ruminococcaceae decreased. Proteobacteria growth is a symptom of
dysbacteriosis and also plays a role in causing intestinal inflammation. At the same time,
the reduction in Prevotellaceae levels may be associated with amplified intestinal perme-
ability. Simultaneously with changes in microbiota composition, a significant alteration
of the metabolome in the GIT has also been identified. This may also contribute to the
development of neurodegenerative diseases [69].

Although it is evident that the gut microbiome is altered during the development of
prion diseases, it remains uncertain whether the microbiota directly affects the development
of such diseases. As mentioned above, the scrapie isoform of PrP is known to be highly
stable and retains its infectivity during digestion [70,71], thereby surviving passage through
the GIT [72,73]. Entering the intestine, prion particles are likely to be internalized by M-cells
and spread through lymphoid tissues and the peripheral nervous system, from where they
could enter the CNS [74]. M-cells are specialized epithelial cells that bind antigens and
transport them to lymphocytes. The number of M-cells can be influenced by intestinal
microbes and inflammation. For example, when Salmonella levels increase, M-cell numbers
increase [69]. Increased M-cell numbers in turn increase the uptake of prions from the
intestinal lumen, increasing susceptibility to prion diseases in mice [75]. Thus, it is possible
that disruption of the gut microbiota may increase susceptibility to prion diseases.

Alternatively, several studies show that the microbiota controls microglia development
and function in the CNS. Furthermore, microglia disorders have also resulted from the
temporary destruction of the host microbiota and the limitation of its complexity. The
gut microbiota prepares the brain for the rapid development of immune responses by
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controlling the immune function of microglia [76]. Meanwhile, one of the first pathological
features observed in the prion-infected CNS is the activation of microglia. This is important
for neuroprotection, as microglia are capable of engulfing apoptotic cells. Moreover, prion
infection is accelerated in microglia-deficient mice, whereas microglia defects with impaired
immune responses have been observed in germ-free mice. Therefore, it is possible that
altering the microbiota composition during antibiotic treatment or prion infections may
accelerate disease development [77].

However, there are some hard-to-explain contradictions between studies that may shed
light on this theory. Early experiments showed that germ-free mice injected intracerebrally
with the Chandler mouse-adapted scrapie isolate demonstrated a longer survival time
than control mice [78]. Later, a longer survival time of sterile mice infected with the ME7
prion strain was observed only after intraperitoneal inoculation [79]. In addition, a recent
study showed that the absence of the commensal microbiota did not affect the development
of prion infection in mice after intraperitoneal and intracerebral inoculation with the 22L
strain [80].

Considering this information, it is challenging to reach a definitive conclusion about
the impact of the microbiota on prion infection development. However, it cannot be
completely ruled out that the microbiota plays some role in this process.

5. The Role of Microbiota in the Occurrence of Synucleinopathies

Alpha-synuclein is an amyloidogenic protein whose pathological conversion is asso-
ciated with the onset and development of various synucleinopathies. Synucleinopathies
include Parkinson’s disease, dementia with Lewy bodies, variant Alzheimer’s disease with
Lewy bodies, and multiple system atrophy. All of these diseases are characterized by the
presence of amyloid inclusions in neurons, the main component of which is α-synuclein.
Alpha-synuclein is a small (14,460 Da) naturally occurring intrinsically disordered protein
that is expressed predominantly in neurons. Its molecule (140 amino acid residues) con-
sists of an amphipathic N-terminus, a hydrophobic middle region called the non-amyloid
component, which forms the core of amyloid fibrils, and an acidic C-terminus [81–83].

A large number of in vitro studies have been devoted to determining the molecular
mechanisms leading to the pathological aggregation of alpha-synuclein and the factors that
influence this process. In the cell, alpha-synuclein exists in two forms: a membrane-bound
form enriched in α-helical regions and an unstructured cytosolic form (Figure 3). Alpha-
synuclein is converted from monomeric form to fibrillar aggregates via intermediates that
are oligomers and protofibrils structurally enriched in β-sheets [84–86]. Fibrillation of
alpha-synuclein involves several sequential structural rearrangements that are not yet fully
understood [87].

The toxicity of alpha-synuclein has been shown to be due to the presence of oligomeric
intermediates [88,89], and the deposition of aggregates of fibrillar alpha-synuclein in
the form of Lewy bodies is a neuronal defense mechanism to reduce the toxicity of the
oligomeric forms. Oligomers are thought to underlie the molecular basis of synucle-
inopathies. Thus, cellular processes that lead to the formation of dimers and/or oligomers
or that reduce the clearance of these species may be related to alpha-synuclein toxicity [90].
The shape, size, and structure of the resulting fibrils are influenced by a variety of factors.
For example, A30P or A53T substitutions in the alpha-synuclein sequence affect the mor-
phology and size of the protofibrils formed. The A30P mutation induces the formation
of circular, pore-like protofibrils, whereas A53T induces circular and tubular structures.
The wild-type protein also forms ring-like protofibrils after prolonged incubation. The
formation of pore-like oligomeric structures helps to explain membrane permeabilization
in the presence of alpha-synuclein [91].
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To understand the relationship between the microbiota and synucleinopathy develop-
ment, it is necessary to consider a variety of factors that may induce alpha-synuclein amy-
loid conversion. The formation and stability of oligomers and their subsequent fibrillation
can be influenced not only by the mutations mentioned above but also by post-translational
modifications of the protein and its interaction with other proteins and compounds present
in the body, including those produced by gastrointestinal microorganisms. Compounds
formed in the GIT could induce pathological aggregation of alpha-synuclein by altering
the structure of its monomers, leading to the exposure of the protein motifs responsible
for the association of polypeptide chains with each other. For example, the interaction of
alpha-synuclein with phospholipids and polyunsaturated fatty acids in the membrane is
known to affect its oligomerization [92,93]. In addition, post-translational modifications of
alpha-synuclein induced by intestinal metabolites also affect the aggregation process of
this protein. One of the most common protein modifications is the oxidation of cysteine,
methionine, and, to a lesser extent, tyrosine residues. Since there are no cysteine residues
in the alpha-synuclein sequence, the methionine and tyrosine residues are most susceptible
to oxidation. Alpha-synuclein methionine is readily oxidized to methionine sulfoxide by
several agents that occur naturally in biological systems. These include hydrogen peroxide,
hypochlorite, chloramines, and peroxynitrite [94]. Under physiological conditions, the
oxidation of methionine to methionine sulfoxide is mainly reversible. However, there
are examples of irreversible methionine oxidation to methioninesulfone under stressful
conditions [95]. Incubation of human alpha-synuclein with high concentrations of peroxide
leads to the oxidation of all four methionine residues to methionine sulfoxide, whereas at a
neutral pH, oxidation does not affect the structure; it remains disordered. At an acidic pH,
both proteins (oxidized and unmodified) partially fold. Fibrillation of alpha-synuclein has
been shown to be completely inhibited at neutral pH by oxidation of methionine residues,
but inhibition disappears at lower pH. The addition of alpha-synuclein with oxidized me-
thionines to wild-type alpha-synuclein inhibits the fibrillation process of the non-oxidized
protein [96]. Other post-translational modifications of alpha-synuclein that may be as-
sociated with the microbiota include the glycation of alpha-synuclein. Non-enzymatic
glycosylation (or glycation) involves modifying the lysine and arginine residues of alpha-
synuclein. Glycation of alpha-synuclein has been shown to be one of the most important
factors leading to protein aggregation and the formation of Lewy bodies in Parkinson’s
disease [97,98]. In addition, the glycation of alpha-synuclein by methylglyoxal affects its
ability to interact with partner proteins [99]. Thus, a variety of metabolites produced by
GIT microorganisms can and should influence the processes of pathological conversion of
alpha-synuclein, especially in cells in close proximity to this organ.
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There is quite a lot of information on the relationship between synucleinopathies and
the microbiota, mainly based on the identification of correlations between these diseases
and the presence of certain metabolites in the gut, the composition of which depends on
the microbiome [100,101]. Such metabolites, as well as toxic components in food, could
stimulate the amyloid transformation of alpha-synuclein upon penetration into neural
tissues.

Recent studies have shown that the composition of the microbiota in patients differs
from that in healthy individuals [102,103]. In particular, the number of microbial genera
that produce short-chain fatty acids and harmful metabolites is reduced in Parkinson’s
disease [104,105]. It is likely that microbial metabolites may influence disease progression
(see Figure 2). In particular, treatment with certain microbial metabolites improved motor
function in mouse models of Parkinson’s disease [106,107]. Furthermore, in some cases,
transplantation of fecal microbiota has been used to prevent the development of Parkin-
son’s disease in mouse models [108]. On the other hand, the transfer of microbiota from
Parkinson’s patients to healthy mice improves motor dysfunction [109].

However, more specific mechanisms of GIT microbial influence on synucleopathy are
virtually unknown. Recently, though, information has emerged on the prion-like mech-
anism of alpha-synuclein formation in amyloid structures. These observations suggest
that the mechanisms previously discovered for prion protein conversion may also ap-
ply to alpha-synuclein. The most obvious pathway by which the microbiota influences
alpha-synuclein is the induction of its pathological conversion by gut metabolites. It has
been established that alpha-synuclein in endocrine cells of the intestinal wall could be
altered by intestinal metabolites. As a result, alpha-synuclein could not only adopt a
pathological conformation but also penetrate into the tissues of the central nervous system
and change the conformation of alpha-synuclein molecules there. Thus, altered forms of
alpha-synuclein have been shown to have a prion-like activity, which may be one of the
mechanisms involved in the development of this pathology [110,111]. This mechanism
may be one of the ways in which synucleinopathies could be induced by metabolites and
other components of the intestinal microflora [110].

Although there is a lack of data on the transmission of Parkinson’s disease by a prion-
like mechanism, it is possible that native or amyloid forms of alpha-synuclein, which enter
the gastrointestinal tract through food, could be involved in this type of transmission.
Fibrillar forms of alpha-synuclein introduced into the intestinal wall have been shown
to be transported from the intestine to the brain and may be involved in the formation
of Lewy bodies [112]. Such observations, as well as the above-mentioned data on the
spread of the amyloid forms of alpha-synuclein from the enteroendocrine cells along the
nerve fibers from the intestine to other tissues, strongly suggest the likelihood of such a
mechanism. For sure, this mechanism is more likely to occur if animals’ fodder contains
nutrients derived from members of the same species, as there is no data on the interspecific
transmission of alpha-synuclein infectious particles. In several studies, bacterial and phage
chaperones have been shown to be involved in the conversion of alpha-synuclein to its
amyloid forms. Several molecular chaperones, such as Hsp27, Hsp60, and Hsp70, have been
reported to colocalize with α-synuclein in Lewy bodies [113], suggesting that chaperones
may play a role in the progression of Parkinson’s disease [114]. The effect of two GroEL-like
bacteriophage chaperonins, the double-ring EL and the single-ring OBP, on alpha-synuclein
fibrillation was investigated in vitro. Regardless of their morphology, both chaperonins
accelerated the formation of long amyloid fibrils from alpha-synuclein monomers in an
ATP-dependent manner. It seems that OBP is more effective than EL. In contrast, both
chaperonins prevented alpha-synuclein amyloid conversion in the absence of ATP [115].
The effect of GroEL on alpha-synuclein transformation has not yet been studied in detail.
Currently, it is only confirmed that this chaperonin and its apical domain are able to bind
to the amyloid protein in the absence of ATP, thereby slowing down the growth rate of
aggregates [116,117].
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Consequently, chaperonins in a certain functional state may not prevent the amyloid
transformation of alpha-synuclein, as previously assumed, but rather stimulate it. This
suggests that bacterial and phage chaperonins may be important players in the development
of synucleinopathies. It should be noted that only recently has attention been paid to the
relationship between neurodegenerative diseases and viral infections [118].

6. Conclusions

The relationship between microbiota composition and the development of neurodegen-
erative diseases, including those of amyloid nature, is currently unquestionable. However,
the specific mechanisms of this relationship are virtually unknown, except for a few exam-
ples described in this review. In the case of prion diseases, it is reasonable to assume that
bacterial and phage chaperonins of intestinal microorganisms contribute to the pathological
transformation of prion protein. The production of specific metabolites by gastrointestinal
microorganisms has been shown to induce amyloid forms of alpha-synuclein in intestinal
cells, thereby proving to be a contributory factor in synucleinopathies. Obviously, the two
described mechanisms may be characteristic of all types of amyloidogenic proteins. Thus,
intestinal metabolites may induce pathological transformation of prion protein localized
on the surface of nerve cells, and chaperonins circulating in the GIT may contribute to
the production of alpha-synuclein amyloid forms. Similar mechanisms may underlie the
transformation of other proteins and peptides of amyloid nature, primarily beta-amyloid
peptides. The influence of certain microbiota metabolites on the amyloid conversion of
prion protein in nerve cells appears to be the most promising area of research. In addi-
tion, it is important to elucidate the possible prion-like action of alpha-synuclein entering
the gastrointestinal tract in the development of synucleinopathies, primarily Parkinson’s
disease, and the role of bacterial and phage chaperonins in this process.

Author Contributions: Conceptualization, V.I.M. and L.P.K.; methodology, S.S.K.; software, V.I.M.;
validation, S.S.K., L.P.K. and E.V.L.; formal analysis, V.I.M.; investigation, S.S.K. and E.V.L.; resources,
V.I.M.; data curation, S.S.K. and E.V.L.; writing—original draft preparation, S.S.K. and V.I.M.; writing—
review and editing, L.P.K. and E.V.L.; visualization, E.V.L. and S.S.K.; supervision, L.P.K.; project
administration, V.I.M.; funding acquisition, L.P.K. All authors have read and agreed to the published
version of the manuscript.

Funding: The work was supported by the Russian Science Foundation (project No. 23-74-00021).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data were taken from publicly available articles.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Varesi, A.; Pierella, E.; Romeo, M.; Piccini, G.B.; Alfano, C.; Bjørklund, G.; Oppong, A.; Ricevuti, G. The Potential Role of Gut

Microbiota in Alzheimer’s Disease: From Diagnosis to Treatment. Nutrients 2022, 14, 668. [CrossRef] [PubMed]
2. Zhang, M.; Zhao, D.; Zhou, G.; Li, C. Dietary Pattern, Gut Microbiota, and Alzheimer’s Disease. J. Agric. Food Chem. 2020, 68,

12800–12809. [CrossRef] [PubMed]
3. Bairamian, D.; Sha, S.; Rolhion, N.; Sokol, H.; Dorothée, G.; Lemere, C.A.; Krantic, S. Microbiota in neuroinflammation and

synaptic dysfunction: A focus on Alzheimer’s disease. Mol. Neurodegener. 2022, 17, 19. [CrossRef] [PubMed]
4. Oesch, B.; Westaway, D.; Wälchli, M.; McKinley, M.P.; Kent, S.B.H.; Aebersold, R.; Barry, R.A.; Tempst, P.; Teplow, D.B.; Hood,

L.E.; et al. A Cellular Gene Encodes Scrapie PrP 27-30 Protein. Cell 1985, 40, 735–746. [CrossRef] [PubMed]
5. Basler, K.; Oesch, B.; Scott, M.; Westaway, D.; Wälchli, M.; Groth, D.F.; McKinley, M.P.; Prusiner, S.B.; Weissmann, C. Scrapie and

Cellular PrP Isoforms Are Encoded by the Same Chromosomal Gene. Cell 1986, 46, 417–428. [CrossRef]
6. Pan, K.M.; Baldwin, M.; Nguyen, J.; Gasset, M.; Serban, A.; Groth, D.; Mehlhorn, I.; Huang, Z.; Fletterick, R.J.; Cohen, F.E.

Conversion of Alpha-Helices into Beta-Sheets Features in the Formation of the Scrapie Prion Proteins. Proc. Natl. Acad. Sci. USA
1993, 90, 10962–10966. [CrossRef]

7. Samson, A.O.; Levitt, M. Normal Modes of Prion Proteins: From Native to Infectious Particle. Biochemistry 2011, 50, 2243–2248.
[CrossRef]

https://doi.org/10.3390/nu14030668
https://www.ncbi.nlm.nih.gov/pubmed/35277027
https://doi.org/10.1021/acs.jafc.9b08309
https://www.ncbi.nlm.nih.gov/pubmed/32090565
https://doi.org/10.1186/s13024-022-00522-2
https://www.ncbi.nlm.nih.gov/pubmed/35248147
https://doi.org/10.1016/0092-8674(85)90333-2
https://www.ncbi.nlm.nih.gov/pubmed/2859120
https://doi.org/10.1016/0092-8674(86)90662-8
https://doi.org/10.1073/pnas.90.23.10962
https://doi.org/10.1021/bi1010514


Microbiol. Res. 2023, 14 1951

8. Li, J.; Ma, X.; Guo, S.; Hou, C.; Shi, L.; Ye, L.; Yang, L.; Zheng, B.; He, X. An electrostatic-interaction-based mechanism triggering
misfolding of prion proteins from cellular isoform to scrapie isoform. bioRxiv 2019. [CrossRef]

9. Artikis, E.; Kraus, A.; Caughey, B. Structural biology of ex vivo mammalian prions. J. Biol. Chem. 2022, 298, 102181. [CrossRef]
10. Huang, F. Dendritic Cells and Oral Transmission of Prion Diseases. Adv. Drug. Deliv. Rev. 2004, 56, 901–913. [CrossRef]
11. Aguzzi, A.; Nuvolone, M.; Zhu, C. The Immunobiology of Prion Diseases. Nat. Rev. Immunol. 2013, 13, 888–902. [CrossRef]

[PubMed]
12. Chen, S.G.; Teplow, D.B.; Parchi, P.; Teller, J.K.; Gambetti, P.; Autilio-Gambetti, L. Truncated Forms of the Human Prion Protein in

Normal Brain and in Prion Diseases. J. Biol. Chem. 1995, 270, 19173–19180. [CrossRef] [PubMed]
13. Piccardo, P.; Seiler, C.; Dlouhy, S.R.; Young, K.; Farlow, M.R.; Prelli, F.; Frangione, B.; Bugiani, O.; Tagliavini, F.; Ghetti, B.

Proteinase-K-Resistant Prion Protein Isoforms in Gerstmann-Sträussler-Scheinker Disease (Indiana Kindred). J. Neuropathol. Exp.
Neurol. 1996, 55, 1157–1163. [CrossRef]

14. Kuczius, T.; Groschup, M.H. Differences in Proteinase K Resistance and Neuronal Deposition of Abnormal Prion Proteins
Characterize Bovine Spongiform Encephalopathy (BSE) and Scrapie Strains. Mol. Med. 1999, 5, 406–418. [CrossRef]

15. Mathews, J.; Glasse, R.; Lindenbaum, S. Kuru and cannibalism. Lancet 1968, 292, 449–452. [CrossRef] [PubMed]
16. Klitzman, R.L.; Alpers, M.P.; Gajdusek, D.C. The Natural Incubation Period of Kuru and the Episodes of Transmission in Three

Clusters of Patients. Neuroepidemiology 1984, 3, 3–20. [CrossRef]
17. Igel, A.; Fornara, B.; Rezaei, H.; Béringue, V. Prion Assemblies: Structural Heterogeneity, Mechanisms of Formation, and Role in

Species Barrier. Cell Tissue Res. 2023, 392, 149–166. [CrossRef]
18. Priola, S.A. Species Barriers in Prion Disease. In Prions and Diseases; Springer International Publishing: Cham, Switzerland, 2023;

pp. 239–258.
19. Braakman, I.; Hebert, D.N. Protein Folding in the Endoplasmic Reticulum. Cold Spring Harb. Perspect. Biol. 2013, 5, a013201.

[CrossRef]
20. Hebert, D.N.; Garman, S.C.; Molinari, M. The Glycan Code of the Endoplasmic Reticulum: Asparagine-Linked Carbohydrates as

Protein Maturation and Quality-Control Tags. Trends Cell Biol. 2005, 15, 364–370. [CrossRef]
21. Ford, M.J.; Burton, L.J.; Morris, R.J.; Hall, S.M. Selective Expression of Prion Protein in Peripheral Tissues of the Adult Mouse.

Neuroscience 2002, 113, 177–192. [CrossRef]
22. Mironov, A.; Latawiec, D.; Wille, H.; Bouzamondo-Bernstein, E.; Legname, G.; Williamson, R.A.; Burton, D.; DeArmond, S.J.;

Prusiner, S.B.; Peters, P.J. Cytosolic Prion Protein in Neurons. J. Neurosci. 2003, 23, 7183–7193. [CrossRef]
23. Roucou, X.; Guo, Q.; Zhang, Y.; Goodyer, C.G.; LeBlanc, A.C. Cytosolic Prion Protein Is Not Toxic and Protects against Bax-

Mediated Cell Death in Human Primary Neurons. J. Biol. Chem. 2003, 278, 40877–40881. [CrossRef] [PubMed]
24. Ron, D.; Walter, P. Signal Integration in the Endoplasmic Reticulum Unfolded Protein Response. Nat. Rev. Mol. Cell Biol. 2007, 8,

519–529. [CrossRef] [PubMed]
25. Krance, S.H.; Luke, R.; Shenouda, M.; Israwi, A.R.; Colpitts, S.J.; Darwish, L.; Strauss, M.; Watts, J.C. Cellular Models for

Discovering Prion Disease Therapeutics: Progress and Challenges. J. Neurochem. 2020, 153, 150–172. [CrossRef] [PubMed]
26. Brandner, S.; Jaunmuktane, Z. Prion Disease: Experimental Models and Reality. Acta Neuropathol. 2017, 133, 197–222. [CrossRef]
27. Hetz, C.A.; Soto, C. Stressing out the ER: A Role of the Unfolded Protein Response in Prion-Related Disorders. Curr. Mol. Med.

2006, 6, 37–43. [CrossRef]
28. Hetz, C.; Russelakis-Carneiro, M.; Maundrell, K.; Castilla, J.; Soto, C. Caspase-12 and Endoplasmic Reticulum Stress Mediate

Neurotoxicity of Pathological Prion Protein. EMBO J. 2003, 22, 5435–5445. [CrossRef]
29. Kopp, M.C.; Larburu, N.; Durairaj, V.; Adams, C.J.; Ali, M.M.U. UPR Proteins IRE1 and PERK Switch BiP from Chaperone to ER

Stress Sensor. Nat. Struct. Mol. Biol. 2019, 26, 1053–1062. [CrossRef]
30. Karlin, S.; Brocchieri, L. Heat Shock Protein 70 Family: Multiple Sequence Comparisons, Function, and Evolution. J. Mol. Evol.

1998, 47, 565–577. [CrossRef]
31. Bakunts, A.; Orsi, A.; Vitale, M.; Cattaneo, A.; Lari, F.; Tadè, L.; Sitia, R.; Raimondi, A.; Bachi, A.; van Anken, E. Ratiometric

Sensing of BiP-Client versus BiP Levels by the Unfolded Protein Response Determines Its Signaling Amplitude. Elife 2017, 6,
e27518. [CrossRef]

32. Jin, T.; Gu, Y.; Zanusso, G.; Sy, M.; Kumar, A.; Cohen, M.; Gambetti, P.; Singh, N. The Chaperone Protein BiP Binds to a Mutant
Prion Protein and Mediates Its Degradation by the Proteasome. J. Biol. Chem. 2000, 275, 38699–38704. [CrossRef] [PubMed]

33. Peters, S.L.; Déry, M.-A.; LeBlanc, A.C. Familial Prion Protein Mutants Inhibit Hrd1-Mediated Retrotranslocation of Misfolded
Proteins by Depleting Misfolded Protein Sensor BiP. Hum. Mol. Genet. 2016, 25, 976–988. [CrossRef] [PubMed]

34. Park, K.-W.; Eun Kim, G.; Morales, R.; Moda, F.; Moreno-Gonzalez, I.; Concha-Marambio, L.; Lee, A.S.; Hetz, C.; Soto, C. The
Endoplasmic Reticulum Chaperone GRP78/BiP Modulates Prion Propagation In Vitro and In Vivo. Sci. Rep. 2017, 7, 44723.
[CrossRef] [PubMed]

35. Torres, M.; Castillo, K.; Armisén, R.; Stutzin, A.; Soto, C.; Hetz, C. Prion Protein Misfolding Affects Calcium Homeostasis and
Sensitizes Cells to Endoplasmic Reticulum Stress. PLoS ONE 2010, 5, e15658. [CrossRef]

36. Hetz, C.; Russelakis-Carneiro, M.; Wälchli, S.; Carboni, S.; Vial-Knecht, E.; Maundrell, K.; Castilla, J.; Soto, C. The Disulfide
Isomerase Grp58 Is a Protective Factor against Prion Neurotoxicity. J. Neurosci. 2005, 25, 2793–2802. [CrossRef]

37. Asuni, A.A.; Pankiewicz, J.E.; Sadowski, M.J. Differential Molecular Chaperone Response Associated with Various Mouse
Adapted Scrapie Strains. Neurosci. Lett. 2013, 538, 26–31. [CrossRef]

https://doi.org/10.1101/851493
https://doi.org/10.1016/j.jbc.2022.102181
https://doi.org/10.1016/j.addr.2003.09.006
https://doi.org/10.1038/nri3553
https://www.ncbi.nlm.nih.gov/pubmed/24189576
https://doi.org/10.1074/jbc.270.32.19173
https://www.ncbi.nlm.nih.gov/pubmed/7642585
https://doi.org/10.1097/00005072-199611000-00007
https://doi.org/10.1007/BF03402129
https://doi.org/10.1016/S0140-6736(68)90482-0
https://www.ncbi.nlm.nih.gov/pubmed/4174170
https://doi.org/10.1159/000110837
https://doi.org/10.1007/s00441-022-03700-2
https://doi.org/10.1101/cshperspect.a013201
https://doi.org/10.1016/j.tcb.2005.05.007
https://doi.org/10.1016/S0306-4522(02)00155-0
https://doi.org/10.1523/JNEUROSCI.23-18-07183.2003
https://doi.org/10.1074/jbc.M306177200
https://www.ncbi.nlm.nih.gov/pubmed/12917444
https://doi.org/10.1038/nrm2199
https://www.ncbi.nlm.nih.gov/pubmed/17565364
https://doi.org/10.1111/jnc.14956
https://www.ncbi.nlm.nih.gov/pubmed/31943194
https://doi.org/10.1007/s00401-017-1670-5
https://doi.org/10.2174/156652406775574578
https://doi.org/10.1093/emboj/cdg537
https://doi.org/10.1038/s41594-019-0324-9
https://doi.org/10.1007/PL00006413
https://doi.org/10.7554/eLife.27518
https://doi.org/10.1074/jbc.M005543200
https://www.ncbi.nlm.nih.gov/pubmed/10970892
https://doi.org/10.1093/hmg/ddv630
https://www.ncbi.nlm.nih.gov/pubmed/26740554
https://doi.org/10.1038/srep44723
https://www.ncbi.nlm.nih.gov/pubmed/28333162
https://doi.org/10.1371/journal.pone.0015658
https://doi.org/10.1523/JNEUROSCI.4090-04.2005
https://doi.org/10.1016/j.neulet.2013.01.027


Microbiol. Res. 2023, 14 1952

38. Laszlo, L.; Lowe, J.; Self, T.; Kenward, N.; Landon, M.; McBride, T.; Farquhar, C.; McConnell, I.; Brown, J.; Hope, J. Lysosomes as
Key Organelles in the Pathogenesis of Prion Encephalopathies. J. Pathol. 1992, 166, 333–341. [CrossRef]

39. Zhu, T.; Chen, J.-L.; Wang, Q.; Shao, W.; Qi, B. Modulation of Mitochondrial Dynamics in Neurodegenerative Diseases: An Insight
Into Prion Diseases. Front. Aging Neurosci. 2018, 10, 336. [CrossRef]

40. Brown, C.R.; Martin, R.L.; Hansen, W.J.; Beckmann, R.P.; Welch, W.J. The Constitutive and Stress Inducible Forms of Hsp 70
Exhibit Functional Similarities and Interact with One Another in an ATP-Dependent Fashion. J. Cell. Biol. 1993, 120, 1101–1112.
[CrossRef]

41. Kenward, N.; Hope, J.; Landon, M.; Mayer, R.J. Expression of Polyubiquitin and Heat-Shock Protein 70 Genes Increases in the
Later Stages of Disease Progression in Scrapie-Infected Mouse Brain. J. Neurochem. 1994, 62, 1870–1877. [CrossRef]

42. Fernandez-Funez, P.; Casas-Tinto, S.; Zhang, Y.; Gómez-Velazquez, M.; Morales-Garza, M.A.; Cepeda-Nieto, A.C.; Castilla, J.;
Soto, C.; Rincon-Limas, D.E. In Vivo Generation of Neurotoxic Prion Protein: Role for Hsp70 in Accumulation of Misfolded
Isoforms. PLoS Genet. 2009, 5, e1000507. [CrossRef] [PubMed]

43. Mays, C.E.; Armijo, E.; Morales, R.; Kramm, C.; Flores, A.; Tiwari, A.; Bian, J.; Telling, G.C.; Pandita, T.K.; Hunt, C.R.; et al. Prion
Disease Is Accelerated in Mice Lacking Stress-Induced Heat Shock Protein 70 (HSP70). J. Biol. Chem. 2019, 294, 13619–13628.
[CrossRef] [PubMed]

44. Wilkins, S.; Choglay, A.A.; Chapple, J.P.; van der Spuy, J.; Rhie, A.; Birkett, C.R.; Cheetham, M.E. The Binding of the Molecular
Chaperone Hsc70 to the Prion Protein PrP Is Modulated by PH and Copper. Int. J. Biochem. Cell Biol. 2010, 42, 1226–1232.
[CrossRef] [PubMed]

45. Zhang, Y.; Casas-Tinto, S.; Rincon-Limas, D.E.; Fernandez-Funez, P. Combined Pharmacological Induction of Hsp70 Suppresses
Prion Protein Neurotoxicity in Drosophila. PLoS ONE 2014, 9, e88522. [CrossRef]

46. Zhang, J.; Wang, K.; Guo, Y.; Shi, Q.; Tian, C.; Chen, C.; Gao, C.; Zhang, B.-Y.; Dong, X.-P. Heat Shock Protein 70 Selectively
Mediates the Degradation of Cytosolic PrPs and Restores the Cytosolic PrP-Induced Cytotoxicity via a Molecular Interaction.
Virol. J. 2012, 9, 303. [CrossRef]

47. Thackray, A.M.; Lam, B.; McNulty, E.E.; Nalls, A.V.; Mathiason, C.K.; Magadi, S.S.; Jackson, W.S.; Andréoletti, O.; Marrero-
Winkens, C.; Schätzl, H.; et al. Clearance of Variant Creutzfeldt-Jakob Disease Prions in Vivo by the Hsp70 Disaggregase System.
Brain 2022, 145, 3236–3249. [CrossRef]

48. Kudryavtseva, S.S.; Stroylova, Y.Y.; Kurochkina, L.P.; Muronetz, V.I. The Chaperonin TRiC Is Blocked by Native and Glycated
Prion Protein. Arch. Biochem. Biophys. 2020, 683, 108319. [CrossRef]

49. DebBurman, S.K.; Raymond, G.J.; Caughey, B.; Lindquist, S. Chaperone-Supervised Conversion of Prion Protein to Its Protease-
Resistant Form. Proc. Natl. Acad. Sci. USA 1997, 94, 13938–13943. [CrossRef]

50. Muronetz, V.I.; Kudryavtseva, S.S.; Leisi, E.V.; Kurochkina, L.P.; Barinova, K.V.; Schmalhausen, E. V Regulation by Different Types
of Chaperones of Amyloid Transformation of Proteins Involved in the Development of Neurodegenerative Diseases. Int. J. Mol.
Sci. 2022, 23, 2747. [CrossRef]

51. Stöckel, J.; Hartl, F.U. Chaperonin-Mediated de Novo Generation of Prion Protein Aggregates. J. Mol. Biol. 2001, 313, 861–872.
[CrossRef]

52. Kudryavtseva, S.S.; Stroylova, Y.Y.; Zanyatkin, I.A.; Haertle, T.; Muronetz, V.I. Inhibition of Chaperonin GroEL by a Monomer of
Ovine Prion Protein and Its Oligomeric Forms. Biochemistry 2016, 81, 1213–1220. [CrossRef] [PubMed]

53. Mamchur, A.A.; Moiseenko, A.V.; Panina, I.S.; Yaroshevich, I.A.; Kudryavtseva, S.S.; Pichkur, E.B.; Sokolova, O.S.; Muronetz, V.I.;
Stanishneva-Konovalova, T.B. Structural and Computational Study of the GroEL-Prion Protein Complex. Biomedicines 2021, 9,
1649. [CrossRef] [PubMed]

54. Kiselev, G.G.; Naletova, I.N.; Sheval, E.V.; Stroylova, Y.Y.; Schmalhausen, E.V.; Haertlé, T.; Muronetz, V.I. Chaperonins Induce
an Amyloid-like Transformation of Ovine Prion Protein: The Fundamental Difference in Action between Eukaryotic TRiC and
Bacterial GroEL. Biochim. Biophys. Acta 2011, 1814, 1730–1738. [CrossRef]

55. Diaz Heijtz, R.; Wang, S.; Anuar, F.; Qian, Y.; Björkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal
Gut Microbiota Modulates Brain Development and Behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047–3052. [CrossRef]
[PubMed]

56. Lee, Y.K.; Menezes, J.S.; Umesaki, Y.; Mazmanian, S.K. Proinflammatory T-Cell Responses to Gut Microbiota Promote Experimental
Autoimmune Encephalomyelitis. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. S1), 4615–4622. [CrossRef]

57. Leisi, E.V.; Moiseenko, A.V.; Kudryavtseva, S.S.; Pozdyshev, D.V.; Muronetz, V.I.; Kurochkina, L.P. Bacteriophage-Encoded
Chaperonins Stimulate Prion Protein Fibrillation in an ATP-Dependent Manner. Biochim. Biophys. Acta (BBA)—Proteins Proteom.
2023, 1872, 140965. [CrossRef]

58. Kushnirov, V.V.; Dergalev, A.A.; Alexandrov, A.I. Amyloid Fragmentation and Disaggregation in Yeast and Animals. Biomolecules
2021, 11, 1884. [CrossRef]

59. Chernova, T.A.; Wilkinson, K.D.; Chernoff, Y.O. Prions, Chaperones, and Proteostasis in Yeast. Cold Spring Harb. Perspect. Biol.
2017, 9, a023663. [CrossRef]

60. Kushnirov, V.V.; Dergalev, A.A.; Alieva, M.K.; Alexandrov, A.I. Structural Bases of Prion Variation in Yeast. Int. J. Mol. Sci. 2022,
23, 5738. [CrossRef]

61. Rubel, A.A.; Ryzhova, T.A.; Antonets, K.S.; Chernoff, Y.O.; Galkin, A. Identification of PrP Sequences Essential for the Interaction
between the PrP Polymers and Aβ Peptide in a Yeast-Based Assay. Prion 2013, 7, 469–476. [CrossRef]

https://doi.org/10.1002/path.1711660404
https://doi.org/10.3389/fnagi.2018.00336
https://doi.org/10.1083/jcb.120.5.1101
https://doi.org/10.1046/j.1471-4159.1994.62051870.x
https://doi.org/10.1371/journal.pgen.1000507
https://www.ncbi.nlm.nih.gov/pubmed/19503596
https://doi.org/10.1074/jbc.RA118.006186
https://www.ncbi.nlm.nih.gov/pubmed/31320473
https://doi.org/10.1016/j.biocel.2010.04.013
https://www.ncbi.nlm.nih.gov/pubmed/20434583
https://doi.org/10.1371/journal.pone.0088522
https://doi.org/10.1186/1743-422X-9-303
https://doi.org/10.1093/brain/awac144
https://doi.org/10.1016/j.abb.2020.108319
https://doi.org/10.1073/pnas.94.25.13938
https://doi.org/10.3390/ijms23052747
https://doi.org/10.1006/jmbi.2001.5085
https://doi.org/10.1134/S0006297916100199
https://www.ncbi.nlm.nih.gov/pubmed/27908246
https://doi.org/10.3390/biomedicines9111649
https://www.ncbi.nlm.nih.gov/pubmed/34829878
https://doi.org/10.1016/j.bbapap.2011.08.006
https://doi.org/10.1073/pnas.1010529108
https://www.ncbi.nlm.nih.gov/pubmed/21282636
https://doi.org/10.1073/pnas.1000082107
https://doi.org/10.1016/j.bbapap.2023.140965
https://doi.org/10.3390/biom11121884
https://doi.org/10.1101/cshperspect.a023663
https://doi.org/10.3390/ijms23105738
https://doi.org/10.4161/pri.26867


Microbiol. Res. 2023, 14 1953

62. Paushkin, S.V.; Kushnirov, V.V.; Smirnov, V.N.; Ter-Avanesyan, M.D. Propagation of the Yeast Prion-like [Psi+] Determinant Is
Mediated by Oligomerization of the SUP35-Encoded Polypeptide Chain Release Factor. EMBO J. 1996, 15, 3127–3134. [CrossRef]

63. Shorter, J.; Lindquist, S. Hsp104 Catalyzes Formation and Elimination of Self-Replicating Sup35 Prion Conformers. Science 2004,
304, 1793–1797. [CrossRef] [PubMed]

64. Kryndushkin, D.S.; Engel, A.; Edskes, H.; Wickner, R.B. Molecular Chaperone Hsp104 Can Promote Yeast Prion Generation.
Genetics 2011, 188, 339–348. [CrossRef] [PubMed]

65. Nakato, G.; Hase, K.; Suzuki, M.; Kimura, M.; Ato, M.; Hanazato, M.; Tobiume, M.; Horiuchi, M.; Atarashi, R.; Nishida, N.; et al.
Cutting Edge: Brucella Abortus Exploits a Cellular Prion Protein on Intestinal M Cells as an Invasive Receptor. J. Immunol. 2012,
189, 1540–1544. [CrossRef] [PubMed]

66. Le-Dao, H.-A.; Dinh, T.-T.; Tran, T.L.; Lee, V.S.; Tran-Van, H. Molecular Dynamics Simulations Reveal Novel Interacting Regions
of Human Prion Protein to Brucella Abortus Hsp60 Protein. Mol. Biotechnol. 2023, 12, 1–9. [CrossRef] [PubMed]

67. Watarai, M.; Kim, S.; Erdenebaatar, J.; Makino, S.; Horiuchi, M.; Shirahata, T.; Sakaguchi, S.; Katamine, S. Cellular Prion Protein
Promotes Brucella Infection into Macrophages. J. Exp. Med. 2003, 198, 5–17. [CrossRef] [PubMed]

68. Minich, D.; Madden, C.; Evans, M.V.; Ballash, G.A.; Barr, D.J.; Poulsen, K.P.; Dennis, P.M.; Hale, V.L. Alterations in Gut Microbiota
Linked to Provenance, Sex, and Chronic Wasting Disease in White-Tailed Deer (Odocoileus Virginianus). Sci. Rep. 2021, 11, 13218.
[CrossRef] [PubMed]

69. Yang, D.; Zhao, D.; Shah, S.Z.A.; Wu, W.; Lai, M.; Zhang, X.; Li, J.; Guan, Z.; Zhao, H.; Li, W.; et al. Implications of Gut Microbiota
Dysbiosis and Metabolic Changes in Prion Disease. Neurobiol. Dis. 2020, 135, 104704. [CrossRef]

70. Saunders, S.E.; Bartelt-Hunt, S.L.; Bartz, J.C. Resistance of Soil-Bound Prions to Rumen Digestion. PLoS ONE 2012, 7, e44051.
[CrossRef]

71. Böhnlein, C.; Groschup, M.H.; Maertlbauer, E.; Pichner, R.; Gareis, M. Stability of Bovine Spongiform Encephalopathy Prions:
Absence of Prion Protein Degradation by Bovine Gut Microbiota. Zoonoses Public Health 2012, 59, 251–255. [CrossRef]

72. VerCauteren, K.C.; Pilon, J.L.; Nash, P.B.; Phillips, G.E.; Fischer, J.W. Prion Remains Infectious after Passage through Digestive
System of American Crows (Corvus Brachyrhynchos). PLoS ONE 2012, 7, e45774. [CrossRef]

73. Fischer, J.W.; Nichols, T.A.; Phillips, G.E.; VerCauteren, K.C. Procedures for Identifying Infectious Prions After Passage Through
the Digestive System of an Avian Species. J. Vis. Exp. 2013, 81, e50853. [CrossRef]

74. Tahoun, A.; Mahajan, S.; Paxton, E.; Malterer, G.; Donaldson, D.S.; Wang, D.; Tan, A.; Gillespie, T.L.; O’Shea, M.; Roe, A.J.; et al.
Salmonella transforms follicle-associated epithelial cells into M cells to promote intestinal invasion. Cell Host Microbe 2012, 12,
645–656. [CrossRef] [PubMed]

75. Donaldson, D.S.; Sehgal, A.; Rios, D.; Williams, I.R.; Mabbott, N.A. Increased Abundance of M Cells in the Gut Epithelium
Dramatically Enhances Oral Prion Disease Susceptibility. PLoS Pathog. 2016, 12, e1006075. [CrossRef] [PubMed]
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