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Abstract The pathological detergent-insoluble prion protein (PrP%) is derived
from its normal detergent-soluble cellular form (PrP¢) through a structural transi-
tion from a-helixes into p-sheets, which is associated with a group of transmissible
neurodegenerative diseases or prion diseases. According to the prevailing seeding
model, PrP% formation requires a precursor of PrP% or an intermediate form
between PrP¢ and PrP5c. However, the precursor or intermediate form in the brain
remains to be determined. In 2006, we identified in uninfected human and animal
brains a novel PrP conformer termed insoluble PrP¢ (iPrP®) that possesses PrPSc-
like properties such as detergent-insolubility, resistance to protease, and tendency to
form aggregates. Notably, other common neurodegenerative diseases such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD) have recently been pro-
posed to share a prion-like seeding mechanism by which the detergent-soluble brain
monomeric cellular proteins form the detergent-insoluble misfolded protein aggre-
gates that transmit from cells to cells. This chapter reviews the physiochemical
properties of iPrPC and discusses its formation and pathophysiology. It also high-
lights the findings and implications of other misfolded proteins such as amyloid-p,
tau, and a-synuclein associated with AD and PD in the brain of asymptomatic
individuals.
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4.1 Introduction

The cellular prion protein (PrPC) is a universally expressed membrane protein pres-
ent predominantly in the central nervous system (CNS). Deposition in the CNS of
its pathologic isoform (PrP%) derived from PrP€ via a conformational transition is a
molecular hallmark of prion diseases (PrDs), a group of fatal transmissible spongi-
form encephalopathies, neurodegenerative disorders, or prion diseases in humans
and animals. Numbers of physiological and pathophysiological functions of PrP¢
have been reported, involved in copper transportation (Brown et al. 1997), anti-
oxidative stress (Brown et al. 2001), neurotransmission (Ford et al. 2002), cell-cell
adhesion (Malaga-Trillo et al. 2009), cell-cell junctions, signalling (Petit et al.
2013), Amyloid-B (Ap) receptor in Alzheimer disease (AD) (Laurén et al. 2009;
Chap. 22), and cancer biology (Liang et al. 2006; Meslin et al. 2007; Antonacopoulous
et al.; Li et al. 2009; Chap. 23). It has been proposed that PrP¢ has beneficial and
deleterious effects on cognition (Collinge et al. 1994; Laurén et al. 2009; Linden
et al. 2008; Westaway et al. 2011; Das and Zou 2016). Moreover, it has been well
demonstrated that the coexistence of PrP¢ and PrP%¢ is the prerequisite for the emer-
gence of PrDs. The two PrP conformers mainly studied so far are believed to be
implicated in these diseases. PrP¢ and PrP5¢ share the same primary sequence but
have distinct secondary structures (Meyer et al. 1986; Caughey et al. 1991; Pan
et al. 1993). PrP€ is monomeric, rich in a-helical structure, sensitive to proteinase K
(PK) digestion, soluble in non-denaturing detergents, non-infectious, and present in
both uninfected and scrapie-infected brains. In contrast, PrP% is oligomeric or
aggregate, rich in f-sheet structure, partially resistant to PK digestion, insoluble in
detergents, infectious, and present only in infected brains. Interestingly, we have
previously demonstrated that PrP5 but not PrP¢ can be specifically captured by anti-
DNA antibodies or DNA-binding proteins, suggesting that the PrPS aggregates may
bind to DNA or acquire a DNA-like structure (Zou et al. 2004). Soluble PrP€ is the
only conformer that has been detected in the uninfected mammalian brain. In con-
trast, insoluble PrP%¢ exhibits chameleon-like conformations, which may underlie
the distinct prion strains and phenotypes of PrDs identified in animals and humans
(Bessen and Marsh 1992; Parchi et al. 1996; Caughey et al. 1998; Safar et al. 1998;
Zou and Gambetti 2007; Collinge and Clarke 2007). Our identification of insoluble
cellular PrP (iPrP) in the uninfected human and animal brain may raise two possi-
bilities: that the PrP® molecule in the brain also exhibits chameleon-like conforma-
tions that are implicated in their beneficial or deleterious effects, and that these
species may play a role in the pathogenesis of PrDs and other neurodegenerative
disorders (Yuan et al. 2006; Zou 2010; Zou et al. 2011b).

Notably, prion diseases have become a prototype of neurodegenerative diseases
including but not limited to Alzheimer’s disease (AD) and Parkinson’s disease (PD)
in terms of pathogenesis as well as related concepts and techniques used for inves-
tigating prions and prion diseases. For instance, the misfolded proteins including
amyloid-p (Ap) (Meyer-Luehmann et al. 2006; Stohr et al. 2012), tau (Clavaguera
et al. 2009; Iba et al. 2013; Lasagna-Reeves et al. 2012), a-synuclein (Luk et al.
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2012a, b; Masuda-Suzukake et al. 2013), huntingtin with polyQ repeats (Ren et al.
2009), superoxide dismutase 1 (SOD1) (Miinch et al. 2011), and TDP-43 (Chen
et al. 2010; Nonaka et al. 2013) are also transmissible in vitro and/or in vivo. It has
been proposed that neurodegenerative diseases share a prion-like self-propagating
mechanism by which the misfolded proteins propagate and spread through cell-cell
transmission as do prions (Prusiner 2013; Guo and Lee 2013; Goedert 2015). Like
prions, they are derived from their normal cellular counterparts; moreover, insoluble
AP, tau, and a-synuclein can be observed in the brain of asymptomatic, even very
young individuals (Braak and Braak 1991; Savva et al. 2009; Braak and Del Tredici
2011; Braak et al. 2011; Jansen et al. 2015; Crary et al. 2014; Josephs et al. 2017,
Braak and Braak 1995; Dickson 1998; Del Tredici et al. 2002; Braak et al. 2003).

4.2 Prion Protein Is Characterized by the Presence
of an Intrinsically Chameleon-Like Conformation

Studies using recombinant PrP (rPrP) in vitro have indicated that PrP possesses a
highly variable conformation. In aqueous solutions, rPrP could be folded into pH-
dependent a-helical conformations, a thermodynamically more stable B-sheet, and
various stable or transient intermediates (Zhang et al. 1997). A stopped-flow kinetic
study demonstrated that PrP folded by a three-state mechanism involving a mono-
meric intermediate (Apetri and Surewicz 2002). It was found that the population of
this partially structured PrP intermediate increased in the presence of relatively low
concentrations of urea and was more stable at acidic pH 4.8, compared to neutral
pH 7.0. Moreover, this approach revealed that PrP mutations, linked with naturally
occurring familial prion diseases, showed a pronounced stabilization of the folding
intermediate (Apetri et al. 2004). These findings suggest that the intermediates play
a crucial role in PrP conversion and serve as direct precursors of the pathologic
PrP5¢ isoform. The existence of a PrP folding intermediate was also indicated by
hydrogen exchange experiments (Nicholson et al. 2002), and by studies using high-
pressure NMR and fluorescence spectroscopy (Kuwata et al. 2002; Martins et al.
2003). In addition to a B-oligomer and an amyloid fibril (Baskakov et al. 2001;
Morillas et al. 2001; Lu and Chang 2002; Sokolowski et al. 2003; Baskakov et al.
2004), two additional polymeric transient intermediates were also identified during
fibrillogenesis of rPrP in vitro (Baskakov et al. 2002).

The cellular PrP¢ molecule is anchored to the cell membrane through a glyco-
sylphosphatidylinositol (GPI) anchor. Several experiments have indicated that the
PrP conformation is affected by its local conditions. For example, the interaction of
the anchorless recombinant PrP with lipids in a membrane-like environment resulted
in a conformational transition (Wang et al. 2007; Re et al. 2008). Increasing the
local concentration of membrane-anchored PrP¢ seems to induce a conformational
transition accompanied by oligomerization of PrP¢ (Elfrink et al. 2008). Recently,
Faris et al. identified mitochondria PrP€ in healthy mice, which is a transmembrane
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isoform with the C-terminus facing the mitochondrial matrix and the N-terminus
facing the intermembrane space, which is PK-resistant (Faris et al. 2017). Therefore,
the tendency of PrP to form multiple nonnative pB-sheet-rich isoforms in vitro, as
demonstrated in biophysical studies on rPrP, may represent a unique intrinsic fea-
ture of this protein.

Most of the N-terminal region of recombinant human and murine PrP has been
observed to be disordered by NMR study (Riek et al. 1997; Zahn et al. 2000). The
nucleic acid-binding intrinsically disordered proteins (IDPs) have recently been
reported to be involved in diseases by driving liquid-liquid phase separation (LLPS)
(Elbaum-Garfinkle 2019). Moreover, it is believed that the formation of membrane-
less organelles in vivo follows the generation of protein-rich condensates or gran-
ules by LLPS (Brangwynne et al. 2009; Boeynaems et al. 2018). PrP is able to form
liquid-like condensates (Kostylev et al. 2018). PrP interaction with nucleic acids
(NAs) undergoes LLPS, modulates phase separation, and promotes PrP fibrillation
in a NA structure and concentration-dependent manner (Matos et al. 2020).
Interestingly, DNA/RNA-PrP is involved in the formation of dynamic compart-
ments, which may be associated with various functions of PrP¢ and its misfolding;
the condensates have been proposed to be part of the PrP5 pathway and therefore
represent novel targetable structures for therapeutics (do Amaral and Cordeiro 2021).

4.3 Insoluble Cellular Prion Protein Aggregates Are Present
in Mammalian Brains Without Prion-Infection

If the tendency of PrP to form multiple conformations in vitro represents a unique
intrinsic feature of this protein, it is conceivable that other PrP conformers would be
present in the normal brain in addition to the well-characterized PrPC. To test this,
we examined uninfected human and animal brains using a combination of biophysi-
cal and biochemical approaches to confirm the presence of additional PrP conform-
ers (Yuan et al. 2006). Indeed, we identified a novel conformer that forms insoluble
cellular PrP aggregates and protease-resistant PrP species in uninfected human
brains (Yuan et al. 2006). Using gel filtration, we revealed that PrP in uninfected
human brains is present not only in monomers with molecular weight less than
66 kDa, but also in oligomers between 66 kDa and 200 kDa, and large aggregates
greater than 669 kDa, even 2000 kDa (Yuan et al. 2006) (Fig. 4.1). The new PrP
conformer, termed insoluble cellular PrP (iPrP€), accounts for approximately
5-25% of total PrP including full-length and N-terminally truncated forms, and a
portion of iPrP€ is resistant to PK digestion even at 50 pg/mL (Yuan et al. 2006).
Notably, the PK-resistant iPrP¢ has immunoreactive behaviour different from that of
classic PrP% detected in prion-infected brains; its affinity is much lower for 3F4
while higher for 1E4, compared to the affinity of those antibodies for classic PrP5¢
(Yuan et al. 2006, 2008; Zou et al. 2010a, 2011a) (Fig. 4.2). In contrast to the gel
mobilities of the deglycosylated PrP5 type 1 and type 2 that are 21 kDa and 19 kDa,
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Fig. 4.1 Western blotting of gel filtration fractions of PrP from uninfected human brains. Gel fil-
tration fractions of uninfected brain homogenates were subjected to SDS-PAGE and Western blot-
ting with 3F4. Molecular mass (kDa) of various PrP species recovered in different fractions is
indicated by an arrow and molecular mass markers used include dextran blue (2000 kDa), thyro-
globulin (669 kDa), apoferritin (443 kDa), f-amylase (200 kDa), and albumin (66 kDa). PrP was
detected not only in fractions with molecular mass less than 66 kDa after fraction 59 but also in
fractions with molecular mass greater than 66 kDa before fraction 59 including fraction 33 con-
taining large PrP aggregates (2000 kDa)

respectively, the 1E4-detected PK-resistant deglycosylated PrP has gel mobility at
~20 kDa (Fig. 4.2). The epitopes of the two antibodies 3F4 and 1E4 are adjacent and
the C-terminus of the 1E4 epitope between PrP97-105 is connected to the N termi-
nus of the 3F4 epitope between PrP 106—112 (Yuan et al. 2008; Zou et al. 2010a).
3F4 is the most widely used antibody in the detection of human PrP¢ and PrPS,
including PrPS types 1 and 2 seen in sCJD and inherited CJD, and the internal PrP
fragment PrP7-8 seen in GSS. Besides the 1E4-detected 20 kDa band, a PK-resistant
PrP band migrating at ~18 kDa is also detectable with an antibody against the
C-terminal PrP domain from residues 220-231 (anti-C antibody) (Fig. 4.2) (Yuan
et al. 2006). In addition, the new conformer reveals a high affinity for the gene 5
protein (g5p, a single-stranded DNA-binding protein) and sodium phosphotungstate
(NaPTA), both of which specifically bind to PrPS but not to soluble PrP¢ (Zou et al.
2004; Yuan et al. 2006; Safar et al. 1998; Wadsworth et al. 2001). By using the g5p
enrichment from 500 pL of normal human brain homogenate, two more PK-resistant
PrP bands migrating at ~18—19 kDa and ~ 7-8 kDa are detected by 1E4 in the unin-
fected human brain (Yuan et al. 2006). To rule out the possibility that PrP aggregates
detected in the uninfected human brain result from post-mortem autolysis of autopsy
tissues or from other neurodegenerative disorders, we also examined frozen unin-
fected human biopsy brain tissues or normal animal brain tissues from hamsters and
cows. We observed that the insoluble PrP¢ was also detectable in these tissues, a
finding which confirmed that iPrP¢ is a de novo generated PrP conformer (Yuan
et al. 2006). Using gel filtration, we recently further demonstrated that not only
soluble PrP¢ monomers, but also soluble PrP¢ oligomers are present in the unin-
fected human brain (Xiao et al. 2012).

The presence of additional PrP oligomeric conformers besides the typical solu-
ble PrP® monomers in uninfected brains was also implied in the observations
reported by other groups. Consistent with our findings, small amounts of PrP (less
than 5% of total PrP¢) were also reported to be precipitated by NaPTA from
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Fig. 4.2 Western blotting of PK-resistance of PrP in uninfected human brains. Brain homogenates
from two uninfected human brains received at autopsy were treated with PK at 0, 5, 10, 25, 50, and
100 pg/mL (upper two panels a and b) or PK plus PNGase F (lower three panels ¢, d, and e). The
samples were subjected to SDS-PAGE and Western blotting with 3F4, 1E4, and Anti-C antibodies.
No PK-resistant PrP was detectable with 3F4 antibody. In contrast, PK-resistant PrP was detected
with 1E4 and Anti-C up to 100 pg/mL. With PK alone, three PrP bands migrating at 30-29 kDa,
27-26 kDa, and 21-20 kDa were detected, in which the upper band (~30-29 kDa, blue asterisk)
was predominant while the intensity of the middle band was lowest, which is apparently different
from those of PrP% type 1 (T1) and type 2 (T2). After PNGase F treatment, only one band was
detected with 1E4 and Anti-C migrating at ~20 kDa and ~ 18 kDa, respectively (PrP*?* and PrP*!8,
red asterisk). Interestingly, a band migrating at ~12—13 kDa was also detected with anti-C at low
PK concentration (5-10 pg/mL, yellow asterisk)

uninfected human brains (Wadsworth et al. 2001). Moreover, by a differential SDS
solubility assay, PrPC species with either lower or higher solubility were differenti-
ated in brain homogenates of noninfected humans, sheep, and cattle (Kuczius et al.
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2009, 2011). Based on the detergent-solubility, the PrP¢ phenotypes in cattle were
similar to those in humans but not in sheep (Kuczius and Groschup 2013). Notably,
a purified hamster brain PrP¢ displayed an unexpectedly high p-sheet component
under native conditions (Pergami et al. 1999). This finding provided evidence that
the full-length native PrP¢ isolated from animal brains exhibited intrinsic conforma-
tional plasticity. Moreover, mammalian brain PrP¢ from six species was observed to
be initially degraded to an intermediate fragment prior to complete proteolysis, sug-
gesting an intrinsic partial PK-resistance (Buschmann et al. 1998). Ward et al. have
recently observed that in response to the inoculation of normal brain homogenates,
the host brain PrP¢ exhibited increased insolubility and protease resistance at 72 h
post-inoculation, similar to that of PrP5 (Ward et al. 2019). The authors proposed
that the occurrence of PrP aggregation and protease-resistance results from brain
injury due to the inoculation of normal brain homogenates. They believe that these
changes were comparable to that observed in the examination of post-mortem
human brain tissue (Esiri et al. 2000), in hypoxic human brain tissue from cases of
cerebral ischemia (McLennan et al. 2004) and stroke (Mitsios et al. 2007), as well
as in brain tissue of sheep with various neurological diseases (Jeffrey et al. 2012).
Moreover, the same group has also previously identified a PK-resistant PrP species
that is derived from the mitochondria of healthy mouse brain tissues (Faris et al.
2017). Interestingly, PrP aggregates have also been reported in pancreatic beta-cells
of uninfected rats in response to hyperglycemia (Strom et al. 2007). In sum, the
cumulative evidence shows that insoluble and PK-resistant PrP¢ aggregates are
present in tissues and organs of uninfected animals and humans.

4.4 Spontaneous Formation of the Insoluble Cellular Prion
Protein Has Been Modelled with Cultured Cells and May
Result from PrP Cytosolic Accumulation

Lehmann and Harris (1996) modelled the spontaneous formation of PrPS¢-like
insoluble PrP in cultured Chinese hamster ovary (CHO) cells expressing wild-type
or mutant mouse PrP. Significant amounts of mutant PrP with a point mutation at
residue 199 (E199K) (~60%) or six octapeptide repeat insertion mutations between
residues 51 and 90 (~90%) linked to inherited human prion disease were detergent-
insoluble; notably, approximately 15% wild-type PrP¢ was also detergent-insoluble
(Lehmann and Harris 1996). While approximately 5% of mutant PrP was resistant
to the digestion by PK at 3.3 pg/ml for 20 min, wild-type PrP was completely
degraded. Because the two mutant PrP molecules but not wild-type PrP were tightly
associated with the plasma membrane, it was hypothesized that the acquisition of
PrP5¢-like properties results from an alternation in membrane topology or affinity
(Lehmann and Harris 1996). Using the same models, they further identified a three-
step endocytic pathway by which mutant PrP forms a PrPS¢-like conformer: initially
hydrophobic, then detergent-insoluble, and finally partially PK resistant (Daude
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et al. 1997). Using human neuroblastoma cells, Singh et al. also revealed that PrP
with Q217R mutation linked to GSS formed a PrP5¢-like form (Singh et al. 1997).

In addition to the above PrP mutations, the two N-linked glycosylation sites
located at residue 181, Asn-Ile-Thr residues 181-183, and at residue 197, Asn-Phe-
Thr residues 197-199 (Puckett et al. 1991) are believed to play a crucial role in the
stabilization of prion protein conformation. The naturally occurring mutations at
residue 183, Thr to Ala (PrPT!834), or at residue 198, Phe to Ser (PrPF®%S), falling in
the two consensus sites, are linked to two distinct familial prion diseases (Nitrini
et al. 1997; Tagliavini et al. 1991). Elimination of either site or both by mutagenesis
of hamster PrP in CV1 cells, induced intracellular accumulation of mutant proteins
(Rogers et al. 1990). Lehmann and Harris observed that mouse PrP mutated at T182
alone, or at both T182 and T198 in CHO cells, failed to reach the cell surface but the
PrP with T198 mutation did. Moreover, all three mutant PrP molecules acquired
PrP5e-like physicochemical properties reminiscent of PrP5¢; PrP™ did so only when
synthesized in the presence of N-linked glycosylation inhibitor tunicamycin
(Lehmann and Harris 1997). Using human neuroblastoma M17 cells expressing
human PrPN816 or PrPT!83A Capellari et al. observed that PrPN'81S, but not PrPT!834,
reached the cell surface even though both mutations eliminated glycosylation at the
first site (Capellari et al. 2000). This observation indicates that the Thr to Ala muta-
tion itself, rather than the elimination of the first glycosylation site, altered the phys-
ical properties of the mutant protein (Capellari et al. 2000). Although the F198S
mutation falls within the second glycosylation site, Asn-Phe-Thr residues 197-199,
PrPF1988 gslightly increased the efficiency of glycosylation at the first glycosylation
site (N181) and greatly increased it at the second site (N197) in cultured cells (Zaidi
et al. 2005).

To further investigate the formation of iPrP® and the effect of mutations on the
formation of iPrP¢, we examined iPrP¢ in cultured M17 cells expressing human
wild-type (PrP™) and mutant PrP (Yuan et al. 2008; Zou et al. 2011a). We con-
firmed that the de novo generated iPrP was detectable not only in cells expressing
mutant PrP (PrPT!834 or PrP™9%) linked to naturally occurring genetic Creutzfeldt—
Jakob disease and Gerstmann—Striaussler—Scheinker disease, respectively, but also
in cells expressing wild-type PrP. Compared to cells expressing wild-type PrP, cells
expressing mutant PrP exhibit significantly increased amounts of iPrP forming PrP
aggregates and PK-resistant PrP. Most of PrPT'83* was composed of oligomers and
large aggregates; virtually no monomeric form was present. In PrP™%% however,
monomeric species were still dominant despite an increase in the amounts of aggre-
gates. The enhanced tendency of PrP™!83 to form aggregates may result from the
intracellular accumulation of the mutant protein. The F198S mutation did not sig-
nificantly diminish the ability of PrPF!? to reach the cell surface (Zaidi et al. 2005),
although the mutation may change the structure around the V14 epitope previously
found to be localized between human PrP168-181 (Zou et al. 201 1a; Moudjou et al.
2004; Rezaei et al. 2005; Zhang et al. 2021). Therefore, the majority of the iPrP¢
associated with the T183A mutation may result from PrP intracellular accumula-
tion, raising the possibility that iPrP¢ is derived predominantly from intracellular
PrP species. Immunofluorescence microscopy of tagged PrP also indicated that
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PrPT'83A accumulates within the cell, whereas PrPF!% was distributed both inside
the cell and on the cell surface, consistent with previous observations (Zou et al.
2011a; Capellari et al. 2000; Zaidi et al. 2005).

In uninfected cultured cells, we also confirmed that the PK-resistant iPrP€ exhib-
ited higher affinity for 1E4 than for 3F4, which was initially observed in brain tissue
samples (Zou et al. 2011a; Yuan et al. 2006, 2008). In Western blotting with cell
lysates, 1E4 virtually detected no PrP before PK treatment, and it detected PrP only
after PK treatment. However, PrP was stainable by 1E4 in fixed cultured cells treated
with or without PK although the PrP signal was weaker in treated than in untreated
cells (Zou et al. 2011a). It is worth noting that an antibody against human PrP95-110
(termed 8G8), that actually extends merely two more amino acids toward the N- and
C-terminuses of the 1E4 epitope, respectively, stained PrP-expressing cells with a
brilliant cytoplasmic fluorescence (Krasemann et al. 1999). However, the number of
positive cells was smaller than that of cells stained with antibodies against other PrP
regions. Moreover, despite sharing a similar amino acid sequence within the corre-
sponding epitope region, only cattle, but not mouse and hamster PrP, was observed
to react with 8 G8 (Krasemann et al. 1999). In contrast to 3F4, 1E4 seems to detect
intracellular PrP in cultured cells (Zou et al. 2011a). Therefore, like 8G8, 1E4 may
recognize a PrP species with a unique conformation in its epitope region.

In the absence of scrapie infection, aggregation of the cellular wild-type PrP in
cultured cells was also observed only when proteasome inhibitors were used
(Yedidia et al. 2001). It was later reported that PrP™ accumulated in the cytoplasm
of cultured cells under other conditions as well, such as in a reducing environment,
or when expressing PrP without both N and C terminal signal peptides (Ma and
Lindquist 2001, 2002; Drisaldi et al. 2003; Grenier et al. 2006). Cytosolic PrP forms
aggregates that are insoluble in non-ionic detergents and partially resistant to PK
(Ma and Lindquist 2001). Accumulated cytosolic PrP aggregates induced by ER
stress and inhibition of proteasomal activity were recently observed to travel through
the secretory pathway and reach the plasma membrane (Nunziante et al. 2011).
Cytosolic PrP was observed not only in cultured cells but also in subpopulations of
neurons in the hippocampus, neocortex, and thalamus in uninfected wild-type mice
(Mironov Jr et al. 2003). In addition, soluble PrP¢ in human brain homogenate was
observed to switch to insoluble PrP¢ by treatment with acidic buffers in vitro (Zou
and Cashman 2002).

The above observations may suggest that the formation of iPrP€ or the aggrega-
tion of PrP¢ is associated not only with mutations of the protein but also with altered
cellular conditions that cause abnormal traffic and distribution of PrP in cells includ-
ing reductive/oxidative stress and low pH.
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4.5 Physiology and Pathophysiology of Insoluble
PrP¢ Aggregates

4.5.1 Long-Term Memory Storage

The iPrP¢ with a conformation likely different from soluble PrP® may have a physi-
ologic function. It has been hypothesized that prion-like conformational changes of
related proteins are indispensable for the maintenance of structural synaptic changes
required for long-term memory (Si et al. 2003, 2010; Papassotiropoulos et al. 2005;
Shorter and Lindquist 2005). Interestingly, 24 h after a word-list learning task, car-
riers of either PrP polymorphism methionine/methionine (M/M) at residue 129
(129MM) or M/valine (V) (129 MV) genotype were observed to recall 17% more
information than did 129VV carriers (Papassotiropoulos et al. 2005). Their further
investigation of brain activity with event-related functional magnetic resonance
imaging (fMRI) during a word recognition task suggested that the PrP-129 poly-
morphism affects neural plasticity following learning at a time scale of minutes to
hours (Buchmann et al. 2008). The authors proposed that the PrP gene is genetically
associated with human long-term memory performance. It is possible that the poly-
morphism at residue 129 of PrP participates in mediating human memory, in which
the 129 M allele has a beneficial effect on long-term memory. Moreover, the impact
of a putative PrP conformation rather than pathologic PrP% on long-term memory in
healthy humans was proposed to be related to physiologically occurring conforma-
tional changes (Tompa and Friedrich 1998; Papassotiropoulos et al. 2005).

It would be interesting to determine whether the conversion of soluble PrP€
monomers into insoluble PrP oligomers or aggregates is directly associated with
long-term memory storage in the normal human brain (Zou et al. 2011c). The pos-
sibility cannot be ruled out that iPrP€ is involved in long-term memory since it is the
specific isoform of PrPC that binds to nucleic acids, an important feature of proteins
involved in long-term memory (Sudhakaran and Ramaswami 2017). For instance,
the iPrP¢ molecule is able to gene five protein (g5p), the single-stranded DNA-
binding protein (Yuan et al. 2006, 2008). The binding of recombinant PrP to differ-
ent types of RNAs has been observed in vitro (Bera and Biring 2018) and the
possible binding of iPrP¢ to mRNA in vivo cannot be ruled out. RNA has been
found to modulate the aggregation of recombinant murine PrP by direct interaction
in vitro (Kovachev et al. 2019).

4.5.2 Prion Disease

The in vivo pathway by which PrP¢ forms PrP*® remains poorly understood. Two
non-exclusive conversion models were proposed: refolding (Griffith 1967; Prusiner
1991) and seeding (Jarrett and Lansbury Jr 1993). In the former, the exogenous
PrP5¢ binds to the PrP€ species that has been partially unfolded and the PrP5*-bound
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PrP¢ molecule undergoes a refolding process during which the nascent PrP% is
derived from this PrP¢ species via a conformational transition. The latter proposes
that a small amount of abnormal PrP5 or PrP5-like form (PrP*) is present in the
normal brain and is in reversible equilibrium with PrP®. When several monomeric
PrP* molecules form a highly ordered nucleus, PrP is converted to PrP5° polymers.
Obviously, two key elements are required by the seeding model. One is the presence
in the uninfected brain of a small amount of endogenous PrP%° or PrP* and the sec-
ond is the formation of PrP5-derived oligomers. The seeding model, with the two
elements, has been recapitulated in vitro using PrP from various fungal and mam-
malian sources (Ross et al. 2005; Castilla et al. 2005; Tanaka et al. 2005). Indeed,
this model well explains the replication pattern of PrP5 in which a newly recruited
polypeptide chain accurately replicates that of a PrP5¢ template.

Recent studies also observed that replication of PrPS does not always follow the
refolding and seeding models, especially in vitro propagation of PrP5¢ in the pres-
ence of recombinant PrP substrate by serial protein misfolding cyclic amplification
(sPMCA). For instance, Baskakov and co-workers have recently proposed an alter-
native model of PrP*° replication designated as deformed templating (see Chap. 5;
Makarava and Baskakov 2012; Requena 2020; Spagnolli et al. 2020). It appears to
involve switching from one cross-f folding pattern present in a template to an
altered folding pattern, which undergoes a deformed process.

Given that iPrP® aggregates possess PrP%-like physicochemical properties, we
propose that iPrP¢ could represent endogenous PrP5 (Yuan et al. 2006; Zou et al.
2011a; Das and Zou 2016), an intermediate form (PrP*) between PrP¢ and PrP5, or
a silent prion, required for seeding model of PrP5 formation (Jarrett and Lansbury
Jr 1993; Hall and Edskes 2004; Weissmann 2004). Based on the observation that the
brain of bigenic mice is capable of clearing prions, it has been proposed that the
normal brain contains low levels of PrP5 (Safar et al. 2005). Under normal circum-
stances, despite the presence of a small amount of PrP%, the brain may maintain an
equilibrium between the formation and clearance of PrP%. The amount of PrP%¢ is
expected to be too small to induce a neurodegenerative disorder, which presumably,
remains in a silent state. However, prion diseases may be triggered when the levels
of the silent prions are significantly increased due to infection, PrP mutation, or
unknown causes. Using PMCA, Barria and co-workers generated a new infectious
prion without adding exogenous PrP% seeds (Barria et al. 2009). This study raises
two possibilities (1) PMCA replicates an intermediate PrP5¢ that is present in the
brain homogenate; or (2) the silent prion is activated by the sonication—incubation
cycles during PMCA. Further studies to address these questions will be critical to
the understanding of initial molecular events in prion formation.

As mentioned above, iPrP¢ possesses a unique immunoreactive behaviour of
poor affinity for 3F4 and higher affinity for 1E4, compared to other types of human
PrP5¢ identified so far (Yuan et al. 2006, 2008; Zou et al. 2011a). The two antibodies
have adjacent epitopes on PrP (Yuan et al. 2008; Zou et al. 2010b). Thus, the pos-
sibility cannot be ruled out that iPrP is a distinct PrP species with an altered confor-
mation and that it may be a conformer which, when it increases, induces an atypical
form of prion disease. Some previous observations with experimental animals may
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favour this hypothesis. A novel neurologic syndrome was reported in Tg mice over-
expressing wild-type PrP and these mice exhibited degeneration of skeletal muscle,
peripheral nerves, and the central nervous system (Westaway et al. 1994). The
increased amounts of wild-type PrP¢ might form aggregates that induce degenera-
tion in those mice. Chiesa et al. observed that homozygous Tg mice overexpressing
wild-type PrP at approximately ten-fold but not hemizygous mice overexpressing
wild-type PrP at approximately five-fold developed a spontaneous neurodegenera-
tive disorder manifesting tremor and paresis (Chiesa et al. 2008). Nevertheless,
abnormal PrP deposits and enlarged synaptic terminals with a dramatic proliferation
of membranous structures were found in both types of mice. It was also observed
that the overexpressed PrP assembled into insoluble aggregates with mild PK resis-
tance but acquired no infectivity (Chiesa et al. 2008). Misfolding and neurotoxicity
of wild-type PrP in transgenic flies were observed to be sequence dependent:
Hamster PrP formed large amounts of PrP aggregates with spongiform degenera-
tion, whereas rabbit PrP formed only small amounts of PrP aggregates without
spongiform degeneration (Fernandez-Funez et al. 2010). Moreover, the same study
also found that although small amounts of PrP aggregates were similarly detected in
young flies expressing hamster PrP (day 1), spongiform degeneration was not evi-
dent. Therefore, the small amounts of PrP aggregates were unable to induce spongi-
form degeneration. Interestingly, spongiform degeneration occurred in older flies
only when the concentrations of PrP aggregates increased (day 30).

The same unique immunoreactivity behaviour with 1E4 has also been observed
in an atypical PrP% species we recently identified from variably protease-sensitive
prionopathy (VPSPr), a novel human prion disease (Gambetti et al. 2008; Zou et al.
2010b, 2013; Chap. 20). VPSPr exhibits an abnormal PrP species with peculiar
glycosylation, enzymatic proteolysis, in vitro seeding activity, and in vivo infectiv-
ity (Zou et al. 2010b, 201 1c; Wang et al. 2019; Zhang et al. 2021; Notari et al. 2014;
Diack et al. 2014; Nonno et al. 2019). The 1E4-detected pathogenetic PK-resistant
PrP5¢ with a ladder-like electrophoretic profile in the brain is the molecular hallmark
of VPSPr. PrP* from VPSPr exhibits not only the peculiar immunoreactivity behav-
iour but also three PK-resistant core fragments, which is similar to iPrP¢ (Zou et al.
2010b, 2011c, 2013). These similarities may suggest that they share a common
molecular metabolic pathway. Similar to sCJD, VPSPr affects patients regardless of
their PrP genotypes defined by 129 MV polymorphism; however, the allelic preva-
lence is distinct in the two diseases (Zou et al. 2010b; Gambetti et al. 201 1a; Notari
et al. 2018). Notably, the amounts of PK-resistant PrP5® in VPSPr seem to be depen-
denton the polymorphism, a characteristic that has not been observed in sCJD. Recent
studies revealed that the infectivity of PrP% from VPSPr is incomplete or inefficient
in humanized transgenic mice expressing human PrP while it is transmissible in
bank voles with attack rates of 5-35% in the first passage and 100% in the second
passage (Nonno et al. 2019). Therefore, it is possible that VPSPr characterized by
the deposition in the brain of iPrP-like PrP* represents a prion disease, distinct
from classical prion diseases and bearing more resemblance to other neurodegen-
erative diseases such as AD and tauopathies (Gambetti et al. 2011b; Zou et al. 2013;
Chap. 20). Because of the similarities between iPrP and PrP5 from VPSPr, the
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possibility that VPSPr results from an increase in the amount of iPrP¢ cannot be
excluded (Zou et al. 2013; Chap. 20).

4.5.3 Alzheimer’s Disease

PrP€ has been observed to be the receptor of amyloid-p (Ap) in AD (Laurén et al.
2009; Balducci et al. 2010; Chap. 22). In 2011, we demonstrated for the first time
that the insoluble PrP€ is the main PrP species that interacts with Ap in the brain of
AD patients and transgenic mice expressing human amyloid precursor protein, car-
rying both the Swedish (K670N and M671L) and Indiana (V717F) mutations (Zou
et al. 2011b). This study made the following seven novel findings. First, large PrP
and AP aggregates are eluted in the same gel filtration fractions from the brains of
AD patients and AD mouse models. Second, more than 95% of A co-
immunoprecipitated with PrP by 3F4 from these brains is insoluble, while less than
5% of AP is soluble. Third, AP is co-captured with iPrP€ by gene 5 protein (g5p)
from AD brains. Fourth, 6 Ap42-specific binding regions on the human PrP mole-
cule are identified with a peptide membrane array involving 13-mer human PrP
peptides and two AP peptides (Ap42 and AP40). Fifth, 4 of 6 AB42-specific binding
areas are observed in the PrP octapeptide repeat domain of the unstructured
N-terminal domain and only one is in the folded C-terminal region between residues
151 and 165. The other Ap42-specific binding sites are located between the N- and
C-terminal domains (residues 119-137). Sixth, compared with its nonspecific bind-
ing PrP sites (non-distinguishingly binding to both AB42 and AB40), the affinity of
AP42 for its specific binding sites (binding to AP42 only) is significantly lower.
Finally, the oligomeric state or conformation of Ap42 and AB40 may determine the
affinity of the two A peptides for human PrP.

Our findings were largely confirmed by a subsequent study using both AB-PrP
interaction and co-immunoprecipitation assays in a large AD patient cohort (Dohler
et al. 2014). Specifically, they revealed that (1) significant binding of Af to PrP¢
only occurs in AD, (2) AP aggregates bind particularly to the N-terminus of PrP<,
(3) optimal binding of PrP¢ to Ap is observed in the insoluble fraction of AD brain
homogenates, and (4) neither expression levels nor PrP-129 polymorphisms of PrP¢
influence their binding. The C-terminal PrP¢ also has been found to play a role in
the interaction between the protein and AP. PrP¢ inhibits AP fibril growth via its
C-terminal domain and the proposed binding of AP to the N-terminal domain of PrP
may cause a conformational change in the C-terminal domain that unmasks addi-
tional AB-binding sites in that region (Bove-Fenderson et al. 2017). A new study
with solid-state MAS NMR spectroscopy revealed that most of the C-terminal
domain of PrP is part of the rigid complex with a loss in regular secondary structure
in the two C-terminal a-helices (Konig et al. 2021), which could well explain why
the complexes of PrP¢ and AP are mainly detected in the insoluble fractions (Zou
et al. 2011b; Dohler et al. 2014). Notably, the PrP®-dependent, A oligomers-
induced Fyn activation was observed in detergent-insoluble subcellular fractions of
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cultured N2A neuroblastoma, suggesting that insoluble PrP¢ is involved in
Ap-induced PrP-Fyn signalling pathway (Um et al. 2012). Larson et al. revealed
that the anti-PrP antibody C20 was able to immunoprecipitate A dimers and acti-
vate Fyn, triggering tau aberrant mis-sorting and hyperphosphorylation (Larson
et al. 2012). However, they claimed that their results are in contrast with our find-
ings because no A} monomers coimmunoprecipitating with PrP¢ from AD brains
were detected using five anti-PrP antibodies (8B4, C20, 6D11, M20, and 7D11) and
four anti-Af antibodies (6E10, 4G8, and 40/4-end specific Mab2.1.3 and Mab
13.1.1). The discrepancy between Larson et al. and Zou et al./Dohler et al. remains
unknown. One of the possibilities could be due to different antibodies (3F4 antibody
used in studies by Zou et al. and Dohler et al.) and lysis buffer. Larson et al. used the
RIPA buffer that contains 3% SDS that may dissociate large PrP-Af} assemblies.
The findings that iPrP mainly or optimally binds to A} aggregates observed by
us and Dohler et al. are consistent with other previous observations. For instance,
PrP deposits often histologically accompany Ap-positive plaques in AD brains
(Esiri et al. 2000; Ferrer et al. 2001; Kovacs et al. 2002). In addition, Freir et al.
displayed that interaction between PrP and toxic Ap assemblies can be therapeuti-
cally targeted at multiple sites (Freir et al. 2011), indicating that their binding sites
are not limited only to the internal domain. Remarkably, Kudo et al. showed that not
only anti-PrP antibodies but also PrP¢ peptides identified in our previous study (Zou
et al. 2011b) rescued AP oligomer-induced neurotoxicity (Kudo et al. 2012).
Although the exact biological relevance and pathophysiology of the interaction
between iPrP¢ and AP remain unclear, aggregation of one protein was observed to
facilitate aggregation of the others (Morales et al. 2010). Moreover, synergistic
interactions between other amyloidogenic proteins associated with neurodegenera-
tion have also been reported to promote each other’s fibrillization, amyloid deposi-
tion, and formation of filamentous inclusions in transgenic mice (Schwarze-Eicker
et al. 2005). An increase in the efficiency of AP42 aggregation in vitro was depen-
dent on PrP% dosage (Morales et al. 2010). Moreover, insoluble PrP5¢ aggregates
also seemed to facilitate Ap42 aggregation in vivo; AD mice developed a strikingly
higher load of cerebral amyloid plaques that appeared much faster in prion-infected
than in uninfected mice (Morales et al. 2010). Our finding that AB42 binds to iPrP
may suggest that iPrP facilitates the fibrillization of AB42 in AD. Similarly, the pos-
sibility should be considered that a significant increase in the total number of Af
plaques observed in bigenic mice overexpressing PrP (Schwarze-Eicker et al. 2005)
might result from an increase in the formation of iPrP. Since the less toxic insoluble
AP42 aggregates constitute the end products of highly toxic soluble Ap42 oligo-
mers, it is conceivable that the formation of the large aggregates facilitated by iPrP¢
may reduce the amount of AB42 oligomers. The decrease in the levels of toxic Ap42
oligomers would then attenuate the cognitive impairment induced by Ap42 oligo-
mers in AD. If this is the case, iPrP® may play a protective role in AD. Given that
iPrP¢ interacts with insoluble AP42, whereas soluble PrP¢ binds soluble Af42
in vivo (Zou et al. 2011b), it is possible that distinct PrP conformers binding to dif-
ferent AP42 species thereby function either as receptors for soluble Ap42 oligomers
or as modulators of insoluble AP42 deposition. It would be interesting to test this
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hypothesis by intracerebrally injecting anti-PrP antibodies against either soluble or
insoluble PrP species in AD animal models. This experiment would establish that
the multiple conformers of PrP¢ are coupled with their beneficial and deleterious
effects.

4.6 Insoluble AP, Tau, and x-Synuclein Aggregates
in the Brain of Asymptomatic Individuals

Accumulation and deposition of insoluble Af, tau, and a-synuclein aggregates in
the brain are the molecular hallmark of AD and PD. These insoluble aggregates are
also derived from their soluble monomeric counterparts through a structural transi-
tion, a mechanism similar to the conversion of PrP¢ into PrP%¢. They form extracel-
lular AP plaques and intracellular phosphorylated neurofibrillary tangles in AD
brains and a-synuclein-containing Lewy bodies in PD brains. Interestingly, exami-
nation of brains obtained at autopsy from nondemented and demented cadavers has
demonstrated that accumulation of these AD- and PD-pathologies commences
before the appearance of clinical symptoms (preclinical phase) (Braak and Braak
1991; Braak and Del Tredici 2011; Braak et al. 2011; Forno 1969; Bloch et al. 20006;
Mikolaenko et al. 2005; Del Tredici and Braak 2008). Moreover, in living patients,
positron emission tomography (PET) of AP revealed that the accumulation of Ap
can be detected approximately 20 years before dementia onset in AD (Gordon et al.
2018; Villemagne et al. 2013; Hansson 2021). Moreover, several lines of evidence
also have revealed that they are detectable in the brain of aged individuals who
never developed AD and PD clinical symptoms and signs. Positive cortical AB-PET
was observed in ~10-15% of individuals with normal cognition at age 60 and in
~40% at age 90 (Hansson 2021; Savva et al. 2009; Jansen et al. 2015).
Neuropathological examinations have demonstrated that stages A and B of Ap
pathology can be found before clinical dementia (Braak and Braak 1991; Braak
et al. 2011). Tau pathology has been observed in primary age-related tauopathy
(PART) (Crary et al. 2014; Hansson 2021). It is often confined to the medial tempo-
ral lobe area; moreover, PART displays minimal or no A pathology, and seldom
has dementia if it has no other primary co-pathology (Crary et al. 2014; Josephs
etal. 2017). Lewy bodies and Lewy neurites were also observed in the brain of older
individuals without clinical histories of PD (Forno 1969; Bloch et al. 2006;
Mikolaenko et al. 2005; Del Tredici and Braak 2008).
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4.7 Conclusions

Chameleon-like conformations of PrP5 are believed to link to transmissible and
non-transmissible prion diseases with highly heterogeneous phenotypes (Collinge
and Clarke 2007; Zou 2007; Zou and Gambetti 2007). Identification of iPrP¢ sug-
gests that the normal protein also has chameleon-like conformations. It has been
proposed that the variable conformations of PrP¢ are linked to its beneficial and
deleterious effects (Zou et al. 2011c). Demonstration of the presence of insoluble
PrP in normal mammalian brains and its potential association with AD and atypical
prion disease may open a new avenue in the exploration of prion formation and in
the physiology and pathophysiology of the prion protein. Similarly, findings of
insoluble misfolded Ap, tau, and a-synuclein proteins in individuals without AD or
PD clinical manifestations such as dementia or motor and non-motor symptoms and
signs are also significant because they imply that other co-factors are required for
these insoluble misfolded proteins to cause neuronal death. Further investigation on
the differences in neurotoxic and non-toxic insoluble misfolded proteins would be
critical to our understanding of the pathogenesis of these diseases and developing
effective therapeutic compounds for these disorders.
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