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he conformational diseases, linked to

protein aggregation into amyloid
conformations, range from non-infectious
neurodegenerative disorders, such as
Alzheimer’s disease (AD), to highly infec-
tious ones, such as human transmissible
spongiform  encephalopathies  (TSEs).
They are commonly known as prion dis-
eases. However, since all amyloids could
be considered prions (from those involved
in cell-to-cell those
responsible for real neuronal invasion), it
is necessary to find an underlying cause of
the different capacity to infect that each of
the proteins prone to form amyloids has.
As proposed here, both the intrinsic cyto-
toxicity and the number of nuclei of
aggregation per cell could be key factors

transmission  to

in this transmission capacity of each
amyloid.

The conformational diseases are linked
to the process of protein aggregation into
amyloid conformations. This group of dis-
eases ranges from neurodegenerative disor-
ders, such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s
disease (HD), frontotemporal dementia
(FTD), amyotrophic lateral sclerosis
(ALS), and human transmissible spongi-
form encephalopathies (TSEs), which are
commonly known as prion diseases; to
non-neurodegenerative systemic and local-
ized amyloidosis, which include amyloid
light-chain amyloidosis (AL) and type II
diabetes." Currently, some 36 million peo-
ple worldwide suffer some form of demen-
tia; the number is predicted to exceed
65 million by 2030 and to have tripled by
2050. Of all the different types of demen-
tia, AD represents ~70% of cases. In
contrast, the incidence of sporadic Creutz-
feldt-Jakob disease (CJD), the most com-

mon human TSE, is extremely low; it
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causes a death rate worldwide of about 1
case per million people each year.”™

It is known that a key step in all con-
formational diseases is protein self-aggre-
gation into amyloid-like fibers with a core
formed of repetitive arrays of (3-sheets ori-
ented parallel to the fibril axis.”® How-
ever, although amyloids are considered to
be universal and omnipresent structures,
all of which share internal structural char-
acteristics,”’ "% prions represent only a
tiny drop in the amyloid ocean. Specifi-
cally, they are those amyloids in which the
aggregation process has become self-per-
petuating and infectious; pathological in
mammals and leading to protein-based
genetic elements in fungi.”’12 Therefore,
an essential question, which has remained
unanswered for a long time, is: “Could
AD and other conformational discases
become infectious?” Although it has long
been accepted that AD and other demen-
tias are the result of a widespread defect in
neuron biochemistry that gradually leads
to the accumulation of amyloid-like fibers,
recent research suggests that amyloid-like
proteins involved in these diseases could
spread from one cell to another in the
brain: they could be involved in cell-to-

cell infection.!®?!

However, these pro-
cesses are far from the neuronal invasions
produced in prion diseases, wherein prion
infectivity is transferred from the spleen to
the central nervous system (CNS) follow-
ing a 2-phase model of transfer. The first
phase is characterized by widespread colo-
nization of lymphoreticular organs. The
second involves the CNS (and also proba-
bly peripheral nerves), which in the pres-
ence of vesicle-associated infectivity, leads
to the emergence of free-floating cell-free
oligomeric or infectious protofibril par-
ticles."!” The infectious conformation of
prion proteins is notoriously resistant to
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most physical, chemical, and enzymatic
treatments, including heat, detergent dis-
solution, and protease. This high resis-
tance coupled with low clearance rates
seems to explain the spread of these pro-
teins in infected individuals as well as the

. 11,22-24
continued presence

of prions.
However, it is widely accepted that high
resistance to denaturation is a generic
property of amyloids. Thus, the essential
question: “Why does an amyloid become
infectious?” remains unanswered.

Fungal and yeast prions, which provide
an excellent model from which to gain an
understanding of amyloid formation and
propagation,”?® could shed some light
on the key factors that are involved when
an amyloid becomes a prion. Recent find-
ings in the field have shown that the num-
ber of nuclei of aggregation could be a
factor that affects the infection capacity of
amyloid-prone proteins, just as their
intrinsic cytotoxicity does. In both fungal
and yeast prions, the number of nuclei of
aggregation per cell?” determines, follow-
ing Poisson’s law, the probability of prion
infectivity.”® Thus, high numbers of
nuclei of aggregation per cell result in an
increase in infectivity.

Since cytotoxicity is an intrinsic charac-
teristic shared by all proteins involved in
conformational diseases,! the
cytotoxicity of each amyloid (irrespective
of the number of nuclei of aggregation per
cell) could be a key factor in the differenti-
ation between infectious and non-infec-
amyloids in Recent
findings related to the HET-s fungal pro-
tein—a protein composed of a globular

intrinsic

tious humans.

domain (HeLo) appended to a prion-
forming domain (PFD)—might shed
some light on the effect of cytotoxicity on
the prevalence of prion phenotypes. In the
HET-s/HET-S heterokaryon incompati-
bility system (a self/non-self recognition
phenomenon that occurs in the filamen-
tous fungus Podospora anserina®’), the
incompatibility reaction between 2 geneti-
cally distinct strains is triggered when a
strain expressing soluble HET-S is seeded
by contact with another strain expressing
the HET-s prion.”® Importantly, whereas
in vitro HET-S (which differs from the
prion HET-s sequence by only 13 residues
out of 289°") forms amyloid aggregates
that are extremely similar to those of its
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partner (see Fig. S1), the in vivo amyloid
fibrils of HET-s and HET-S are prion and
non-prion, respectively.’> Contrary to
previously published findings related to
HET-S that was purified under native
conditions,® when the protein is purified
under denaturing conditions and then
refolded (following the same protocol as
that used to purify HET-s), aggregation
mimicking to the 7z vitro case of HET-s
can be observed. As suggested by con-
structed het-s/het-S chimeric alleles where
the regions coding for the C- and N-ter-
minal domains are been exchanged, the
HeLo domain determines the phenotype
of the protein.>* It has been observed that
when the HeLo domain does not impede
protein aggregation, the formation of
amyloid-like fibrils is the more likely way
for HET PEDs to aggregate. However, it
is not clear what could explain the vast dif-
ference in their capacity to infect. Recent
the HET-s self/non-self
mechanism has helped to elucidate this

research into

intriguing question. This heterokaryon
reaction, which can only be localized in
dead heterokaryon cells and thus observed
at the contact region between 2 genetically
distinct the result of the
extremely high cytotoxicity of the globular
Hel.o domain of HET-S when the PFD is
aggregated in an amyloid-like conforma-
tion.>>*> The interaction between aggre-
gated HET-s and soluble HET-S triggers
the aggregation of the HET-S PFD (in a
cross-seeding reaction), which entails the
destabilization and misfolding of the
HET-S HeLo domain.**?> As a conse-
quence of this destabilization, the HET-S
HeLo domain exposes the 34 previously

strains, Is

enclosed N-terminal residues, which are

transformed into a trans-membrane
domain that is quickly inserted into the
membrane and triggers pore formation,
membrane disruption and finally cell
death.? Importantly, in contrast to what
occurs with HET-S, the amyloid aggrega-
tion of the HET-s PFD does not entail
HET-s HeLo misfolding, thus cell viabil-
ity is maintained.”®> This extreme case
illustrates how cytotoxicity can switch
between a non-transmissible amyloid
(HET-S fibrils) and a transmissible prion
(HET-s fibrils). However, while this con-
cept is certainly intriguing and can be

beautifully applied to the HET-s/S system,

Prion

it is unclear whether it applies to the
majority of amyloidogenic proteins, includ-
ing functional amyloids and those causing
neurodegenerative diseases in humans.
Functional amyloids have been identi-
fied in bacteria (viz. Curlin,® Chaplins,”’
adhesin P1°* and phenol soluble modu-
lins®?), fungi (viz. HET-s,> hydropho-
bins,** and the yeast prions Sup35p,
Rnqlp or Ure2p*'), animals (viz. Spi-
droin,** eggshell chorion proteins® and
the neuron-specific isoform of CPEB*)
and humans (viz. the intralumenal
domain of Pmel17,% cystatin-related epi-
and pro-
teins involved in hormone storage in the
pituitary glands).47 Amyloid-like aggre-
gates (especially oligomeric (3-sheet spe-
cies) are cytotoxic and this toxicity seems

didymal spermatogenic protein*®

to be inherent to the cross B-sheet struc-
ture.*® Given the toxic nature of amyloid-
like aggregates in both intracellular and
extracellular matrices, we have to expect
that the cells producing functional amy-
loids overcome these harmful properties
and avoid cellular damage. Thus, Pmel17
is synthesized in early melanosomes as a
trans-membrane protein with no self-
assembly capacity and its amyloid frag-
ment is only released by proteolytic cleav-
age in the final stage and in specialized
compartments, wherein amyloid aggre-
gates are rapidly sequestered to its mem-
brane. This highly controlled process
drastically reduces the contact between
toxic amyloid aggregates and susceptible
structures, thus favoring cell survival. In
the same way, it has been shown that other
functional amyloids such as curli,”’ spi-
droin*® and probably also CPEB prions**
could be under the influence of specific
regulatory systems that minimize the
intrinsic toxicity of the amyloid structures
produced. It has also been shown that bac-
terial functional amyloids involved in sur-
the of cell
aggregation and biofilm formation, dis-
play high cytotoxicity for the cells they
invade.’*?%35% However, the bacterial
cell uses productive pathways that require

face adhesion, processes

specific assembly machinery to overcome
the intrinsic toxicity of the amyloid aggre-
gates.”” Importantly, all these systems are
designed to isolate the aggregates, thereby
counteracting the prion propensity of
these functional amyloids.
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At this point, special consideration
should be given to the particular case of
yeast prions. In recent years, the possible
inherent toxicity of yeast prions has
aroused considerable controversy in this
field.**! Yeast prions could either be
considered as harmful to the yeast,”*”> or
conversely, they could be associated with
beneficial phenotypes.”® Sup35 protein
(Sup35p), probably the most common
studied yeast prion, serves to illustrate the
controversy. The prion Sup35p in the
yeast Saccharomyces cerevisiae mediates the
activity of the cytoplasmic nonsense sup-
pressor known as [PSI4-].°° It was initially
reported that although higher tolerance to
heat and chemical stress was shown by
[PSI+], no difference in growth rates was
displayed between [psi-/ and [PSI4-] under
mild conditions. Moreover, [PSI+] was
able to reversibly increase the translation
termination efficiency (reducing /[PSI+]
persistence) in response to an environ-
mental stress (in the presence of etha-
nol).>® Although it has been suggested
that inheritance of /PS/+/ may allow yeast
cells to exploit pre-existing genetic varia-
tion and thereby to thrive in fluctuating
environments,””*® it has proved difficult
to reproduce the beneficial phenotypes
that have been reported.” Thus, while it
seems likely that /PSI4-] would be at least
mildly deleterious in most environments,
this may be countered on rare occasions
(i.e., under stress conditions) by its evolu-
tionary properties.’” In contrast, the lack
of any reproducible benefit provided by
yeast prions suggests that the prions may
not be beneficial for the yeast at all. In
view of these findings, it could be assumed
that, although slightly harmful to the cell,
the possible toxicity of yeast prions that
exist spontaneously in nature would be
very low and thus should not drastically
compromise cell survival. The existence of
extremely lethal /PSI+] phenotypes is also
possible; however, lethal /PS/+] are only
compatible with cell growth when they
also express a minimal Sup35 C-terminal,
corresponding to RFM domains without
the N-terminal prion domain. In the same
way, although the Ure2p prion is impor-
tant for Ure2p to function in stabilizing
the protein against degradation iz vivo,'
[URE3] is also a rare molecular degenera-
tive disease.”” Thus, in yeast, as observed
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in HET-S, highly cytotoxic amyloid-like
aggregates are incompatible with prion
self-perpetuation as a consequence of their
intrinsic toxicity, which provokes cell
death.

In view of these facts, it seems likely
that, as observed in the HET-s/HET-S
system, toxicity is a key factor for the exis-
tence of prions among other functional
amyloids. However, at this point, a key
question remains unanswered: “Could
this scenario be the case for the amyloid
proteins that cause neurodegenerative dis-
eases in humans?” Importantly, crucial
differences have been reported between
extracellular amyloid-like aggregates of
PrP>¢ and AB peptide. AB, considered to
date as a non-prion protein, is certainly
the most studied amyloid. For years, the
extracellular accumulation of AB fibrils in
brain was considered the main source of
the toxicity linked to AD. However, accu-
mulating evidence suggests that prefibril-
lar soluble oligomers, generated at early
stages of the fibrillation process, could be
the primary cytotoxic species.62'64 Consis-
tent with this hypothesis, the presence of
these highly toxic oligomers greatly hin-
ders the capacity of AP to act as a prion.

In contrast to the case of AR, it has
been suggested that PrP* might not be
directly responsible of PrP cytotoxicity; it
may act only on the deregulation of mem-
brane-anchored PrP¢ (PrP“-GPI). The
alteration of PrP<, proposed as a signaling
molecule, would trigger a chain of reac-
tions that would involve processes ranging
from membrane alteration to cellular dys-
function and cell death.""*>% In recent
years, the involvement of oligomers in
toxicity and infection processes has been
widely debated. On the one hand, in
agreement with the increasingly accepted
hypothesis that oligomeric species, and
not mature fibers , are the primary causa-
tive agent of cytotoxicity in conforma-
tional diseases, it has been shown that PrP
oligomers are the most cytotoxic PrP spe-
cies.””®® On the other hand, it has also
been claimed that oligomers composed of
about 20 PrP monomers could be the
most infectious PrP particles.*” Since high
toxicity prevents the appearance of the
prion, the existence of highly toxic and
infective aggregates would be extremely
unlikely. How then can the existence of

Prion

these aggregates be explained? One possi-
ble answer to this question would further
confirm the proposed hypothesis. While
the infectivity assays were carried out
using oligomers from infected brain
(in vivo material), the toxicity assays were
performed using oligomers produced
in vitro. Importantly, it is known that PrP
aggregates produced in vitro lack high lev-
els of infectivity;”* thus, toxicity and infec-
tiousness assays have been carried out
using 2 completely different types of
oligomers. In agreement with the present
hypothesis, highly toxic oligomers (formed
in vitro) are non-infectious. In recent years,
the possibility of there being several pathways
in the PrP aggregation process has provoked
considerable controversy in the field. In
order to explain PrP infection, associated
with a prolonged incubation period followed
by rapid cytotoxic evolution, 2 differentiated
and uncoupled pathways have been pro-
posed for in wvivo prion propagation (first
step) and toxicity (second step).71 The sec-
ond neurotoxic step could be linked to the
increment of lethal PrP oligomers (PrP),k
formed as an intermediate or the final prod-
uct of secondary reactions during prion
propagation.”* Since, 7 vitro, a-helix PrP
monomers have been identified as highly
toxic species,73 the conformation of these
PrP" could be crucial to gain an understand-
ing of the neurotoxic process associated with
the spread of PrP®,

In the last few years, increased evidence
has led to the belief that prion capacity
could be a more generic property of amy-
loid-prone proteins, extending the idea
that some of the most prevalent human
conformational diseases could be related
to amyloid-prone proteins that display a
certain prion capacity.'” Thus, AB, hun-
tingtin and tau proteins have been pro-
posed as putative prions that display a
certain infectivity in experimental trans-
mission assays (from cell-to-cell and host-
to-graft transmission in animal models to
transmission by intracerebral inocula-
tion)."> More interesting is the case of
a-synuclein, amyloid-A and apolipopro-
tein-A; which show prion capacity in nat-
ural
although in vive, these assays were per-
formed under non-physiological condi-

.. 13
transmission  assays. HOWCVCI‘,

tions and the proteins tested should only
be considered prion-like under each of the
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specific conditions. In more natural condi-
tions, limiting factors that impede infec-
tivity may include protein concentrations
and secretion and penetration mecha-
nisms, as well as cellular localization.
Importantly, based on these recent data,
inter-individual infectivity should only be
taken into account for extracellular pro-
teins such as amyloid-A”* and apolipopro-
tein-A.”> Despite the tentative nature of
the evidence, the possibility that proteins
associated with the most prevalent confor-
mational human illnesses such as a-synu-
clein, tau or huntingtin act as prions is
emerging as an interesting topic in the
field. The case of a-synuclein is particu-
larly interesting; here transmission from
neuron to neuron or oligodendrocytes has
d.7678 these
transmissions are far from neuronal inva-
sion, probably due to limitations on the
spread of a-synuclein aggregates. On the
one hand, the fact that both mature fibers
and oligomers (the most transmissible
material) display high neuronal toxicity””~
82 and on the other, the added difficuley
of having to be secreted to reach distant
neurons, could be key factors that impede
the prion capacity of a-synuclein aggre-

been reporte Nevertheless,

gates. Very importantly at this point, it
has been shown that cells normally secrete
a-synuclein into their surrounding media;
this opens up the possibility that oligom-
ers of a-synuclein could be spread and
act as prions.® In the same way, similar
scenarios may be considered for tau or
huntingtin aggregates. Although certain
evidence shows that neural death could
occur in the overexpression of these pro-
teins without the detection of aggregated
material,®* tau and huntingtin aggregates
display considerable neurotoxicity, right
through from oligomers to
fibers.*?° As shown in a-synuclein,

mature

recent evidence suggests a slight extracellu-
lar tau presence, which could undergo
protein spreading.”’

As denoted by the arrows in Figure 1,
if the HET-s/HET-S extreme case was a
generic feature across the field of amy-
loids, it would suggest that amyloid aggre-
gates might switch between non-infectious
(or negligibly infectious) and infectious
material, depending on the number of
nuclei of aggregation and their cytotoxic-
ity. In this way, while under natural
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Figure 1. Prion propensity of amyloid-prone proteins. Effect of the number of aggregation nuclei
per cell and cytotoxicity on the capacity of amyloids to infect; from low transmission (green) to
high infective capacity (red). The proteins included in the graph represent the different subclasses
of amyloids from extracellular (dotted area) and intracellular (shaded area) matrices. The functional
amyloids are in blue. The arrows show switching possibilities between prion and non-prion. Note
that the location of the amyloid-prone proteins in the graph is only to illustrate their prion or non-
prion tendency. Protein abbreviations: amyloid B-peptide (AB), prion protein (PrP%9), cytoplasmic
polyadenylation element-binding protein (CPEB), a-synuclein (a-syn), huntingtin (HTT), islet amy-
loid polypeptide (IAPP), (Pmel17), transthyretin (TTR) and B2-microglobulin (32-M).

conditions AP can be considered a non-
infectious protein, when Af aggregates
(both soluble and insoluble ones) are
directly injected into brain, the peptide
becomes a prion.”>?® This switching
behavior could be explained by the con-
centration of AP aggregates in the extra-
cellular matrix. Thus, whereas in natural
conditions cellular death appears in accor-
dance with cytotoxic species generation,
in this the abrupt
incorporation of AP aggregates favors
spreading that is faster than the onset of

particular  case

toxicity, thereby leading to widespread
distribution.

The number of nuclei of aggregation
per cell is a parameter that is closely linked
to replication efficiency; although it is also
highly dependent on other parameters,
such as resistance to biological clearance,
bioavailability, transport and spreading."”
Consequently, the concentration of nuclei
will determine the severity of toxicity or
infection, depending on the properties of
each kind of nuclei. Although not generic,
it has been shown that the secondary
structure and order of oligomeric aggre-
gates is directly correlated with nucle-
% It has been suggested that
oligomers, and to a lesser extent mature

ation.
amyloid fibers , could mediate the main

cytotoxic effect and infection activity.
Since the action of the oligomer depends
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on its intrinsic toxicity and the concentra-
tion of nuclei formed, 2 different scenarios
can be envisaged. On one hand, when
highly toxic, the oligomers mediate the
main cytotoxic effect in conformational
diseases.”” On the other hand, since
oligomers are more highly dispersible,”®
they should be considered as a potential
source of prion infectivity,'' being directly
related to the degree of infectivity when
they display low toxicity. Thus, while
slightly toxic oligomers (e.g., in PrP>)
would tend to drastically increase the
appearance of prions, highly toxic ones
(e.g., in AB) favor a continued non-prion
condition. Increments in the amount of
oligomeric species (favoring prion propen-
sity) could be compensated by high intrin-
sic toxicity (reducing prion propensity).
The fact that only a few proteins are con-
sidered prions suggests that the intrinsic
amyloid toxicity of almost all amyloid-like
species is sufficient to avert the apparition
of prions.

In dementia, neuronal death is mostly
associated with the intrinsic cytotoxicity
of each amyloid, which is more pro-
nounced in certain oligomeric species.
However, the severity of this damage
could be related to the number of toxic
nuclei per cell. Since the presence of
highly toxic aggregates leads to rapid cell
death,

it would dramatically reduce
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infectivity, thereby limiting the infection
capacity to cell-to-cell transmission. In
this case, the number of toxic nuclei
would determine both the rate at which
the cell itself dies and the capacity to kill
nearby cells by membrane-membrane
contact. In addition, since one proposed
mechanism for amyloid neurotoxicity is
membrane disruption resulting in cell
death,” it could be envisaged that contact
between these toxic aggregates and the
wall of neighboring cells would be suffi-
cient to trigger cell death without requir-
ing aggregation processes in nearby cells.
In contrast, aggregates with a low toxicity
would lead to greater rates of cell survival,
thereby increasing the probability that the
cells release nuclei in a veritable neuronal
invasion. In this latter scenario, the infec-
tivity of the cell would depend on the
number of nuclei per cell as well as on its
capacity to release them. On this basis,
since all proteins involved in dementia can
be considered as neurotoxic elements (at
least certain of their amyloid aggregates
can) which finally lead to neuronal death,
it should be expected that, when the neu-
rotoxicity process is started, the most
transmissible amyloids, such as PrP*, are
involved in the most rapidly progressive
and fatal diseases; as indeed happens. In
contrast, the AR peptide could be an
example of the opposite case. Mature A3
fibers , considered as material with a low
dispersibility, and oligomeric AP species,
which are highly dispersible, display low
and high cytotoxicity, respectively. This
tips the balance toward the formation of a
non-prion amyloid and reduces the possi-
bility of AB becoming a prion. Thus,
although severe AD symptomatology can
be observed as a consequence of neuro-
toxic effects of oligomers, the intrinsic tox-
icity of these dispersible species greatly
impedes their spread, thereby limiting AR
diffusion to cell-to-cell process.

In the cell, protein folding and aggre-
gation are competing pathways controlled
by a delicate multi-step equilibrium that is
highly dependent on both intrinsic and
extrinsic factors. In the same way, amyloid
aggregation is a consequence of a balance
between a multitude of conformational
states and inter-conversion between them
in a complex network of equilibriums."
Alterations in the cellular environment
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(e.g., under conditions of stress or modifi-
cations in the levels of transcription and
protein expression) could be crucial in the
selection of a particular self-assembly
pathway, determining the final amyloid
structure or structures (as a consequence
of polymorphisms); and thus the capacity
to infect. In the same way, both changes
in the cellular environmental and the
intrinsic cell properties of each patient
may directly or indirectly induce different
self-aggregation pathways, resulting in dif-
ferent amyloid structures. The different
cell resistances to amyloid toxicity and the
resultant diverse transmission propensities
and cytotoxicity levels could have serious
repercussions for medicine (see arrows in
Fig. 1). On the one hand, this could
explain why severe symptomatology (e.g.,
in AD) can be associated with less neuro-
nal damage than expected and vice versa.
On the other hand, it could also help elu-
cidate why the severity and progression of
each incidence of dementia depends on
the individual patient and disease. Fur-
thermore, as an important repercussion
for dementia therapies, it could explain
why treatments involving a reduction in
amyloid toxicity, cell protection or the dis-
ruption of amyloid plaques can produce
effects that are the opposite of those
expected.
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