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1 | ONCE UPON A TIME ...

Abstract

Seventy years ago, we learned from Chris Anfinsen that the stereochemical
code necessary to fold a protein is embedded into its amino acid sequence. In
water, protein morphogenesis is a spontaneous reversible process leading from
an ensemble of disordered structures to the ordered functionally competent
protein; conforming to Aristotle's definition of substance, the synolon of mat-
ter and form. The overall process of folding is generally consistent with a two
state transition between the native and the denatured protein: not only the
denatured state is an ensemble of several structures, but also the native protein
populates distinct functionally relevant conformational (sub)states. This two-
state view should be revised, given that any globular protein can populate a
peculiar third state called amyloid, characterized by an overall architecture
that at variance with the native state, is by-and-large independent of the pri-
mary structure. In a nut shell, we should accept that beside the folded and
unfolded states, any protein can populate a third state called amyloid which
gained center stage being the hallmark of incurable neurodegenerative disor-
ders, such as Alzheimer's and Parkinson's diseases as well as others. These
fatal diseases are characterized by clear-cut clinical differences, yet display
some commonalities such as the presence in the brain of amyloid deposits con-
stituted by one misfolded protein specific for each disease. Some aspects of this
complex problem are summarized here as an excursus from the prion's fibrils
observed in the brain of aborigines who died of Kuru to the amyloid detectable
in the cortex of Alzheimer's patients.
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work with Michael Alpers, an Australian doctor who
discovered that Kuru was endemic in the Fore with a

In the Fore language Kuru means tremor, the shock-
ing symptom of a fatal disease that was endemic
among aborigines living in the mountains of Papua-
New Guinea. After WW2 a significant number of Fore
suffered from this neurological disorder characterized
by ataxia, brain degeneration, progressive dementia
and premature death (Figure 1). In 1957, Daniel
C. Gajdusek from the NIH moved to New Guinea to

pattern of transmission suggesting some role for a
peculiar infectious pathogen.'* The clue was finding
that transmission of the pathogen occurred because
the Fore were eating the brain of deceased relatives.
This endo-cannibalistic tradition demanded prepara-
tion of the brain, a job carried out by women with the
help of children, both preferentially infected and
thereby ill.
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FIGURE 1

Adapted from Liberski.®> A Fore boy suffering with
an advanced kuru

In 1959, a specimen of the brain of a girl who died of
Kuru was shipped by Gajdusek to the NIH and injected
into the brain of two chimpanzees in an attempt to test
whether the presumed pathogen could be transmitted to
a primate. Indeed after approximately 2 years one of the
two chimpanzees developed the encephalopathy, show-
ing that (a) the mysterious agent could adapt to and grow
in a different primate; and (b) the long incubation time
and the very small size of the pathogen led to the defini-
tion of slow virus.*> A very interesting conclusion of this
successful experiment was to unveil that the devastating
type of dementia affecting the Fore is a transmissible
neurodegenerative disorder caused by a peculiar micro-
organism, an unconventional slow virus. In 1976 Gajdusek
was awarded the Noble prize in Medicine or Physiology
(shared with BS Blumberg) ...“for their discoveries con-
cerning new mechanisms for the origin and dissemination
of infectious diseases.”

About 20 years elapsed from the beginning of the
campaign in New Guinea and the Nobel to Gajdusek.
Over that period the group at the National Institute of
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Neurological Diseases in Bethesda made a number of
interesting discoveries on the generality of the pathogen-
esis of several neurological disorders of humans and ani-
mals. I enjoyed reading an interesting account of that
period written by David M. Asher,' one of the members
of that group for 25 years.

I had the fortune to meet Gajdusek when he came to
Rome after the Nobel Prize to pay a visit to Jeffries
Wyman, formerly professor of Biophysical Chemistry at
Harvard but appointed visiting scientist at the Regina
Elena and the Biochemistry Institute of the University in
Rome; Wyman came in 1962 for a couple of weeks visit
that was extended for almost a quarter century.® When
Gajdusek arrived, Wyman was planning to spend 2-
3 months in Papua-New Guinea to live with the aborig-
ines, and Gajdusek was clearly the perfect person to offer
first hand advice; I still have the reprint of Gajdusek's
paper in Science® presented to Wyman.

2 | TRANSMISSIBLE
SPONGIFORM
ENCEPHALOPATHIES (TSE)

The understanding that several apparently different fatal
neurological diseases, such as Kuru, Creutzfeldt-Jakob
disease (CJD) and the Scrapie of sheep belong to the
same family being all transmissible via a mysterious slow
virus is recognized as an extremely important achieve-
ment of the NIH group led by Gajdusek. Some similari-
ties between Kuru and scrapie were already pointed out
in a short communication to The Lancet by Hadlow’; and
in 1966 Alpers et al.® showed that the scrapie agent is an
exceptionally small infectious agent, hence a virus. The
similarities between Kuru and sporadic CJD were pointed
out by Klatzo, Gajdusek and Zigas® based on plain mor-
phological similarities; these authors emphasized the
characteristic spongy look of the brain which explains
the name TSE. Figure 2a depicts the image of the brain of
a CJD victim showing many holes left by dead cells.
Interestingly this peculiar morphology is similar to that
of the brain of Augustine D. (Figure 2b), the women stud-
ied by Doctor Lois Alzheimer who reported at the begin-
ning of XX century the first case of a devastating
dementia. A fundamental experiment made possible by
the availability of samples of brain tissue from CJD
cadavers, was the transmission of CJD to primates.m
Sporadic CJD is a rare neurodegenerative disease that
was reported in the national Press once it was recognized
to be the cause of death of the famous Russian choreogra-
pher George Balanchine. In the mid-seventies, new inter-
esting information on CJD was published. Iatrogenic
transmission due to cornea grafting from person to
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person was well documented, the donor being discovered
to be a CJD patient after a post mortem examination. A
striking case of transmission of CJD to two young people
was conclusively attributed to the use of cortical elec-
trodes previously employed for brain surgery of an old
patient that eventually died of CJD.'* The conventional
sterilization procedure of cortical electrodes was clearly
unfit to kill the contaminating pathogen, the slow virus;
and years later this path of transmission was proven by
implanting a fragment of the very same probe into a
chimpanzee who developed a CJD-like syndrome.
Finally, it was discovered that some cases of CID were
familial, a very important result as outlined below."?

A connection between these different neurological
disorders was justified by several commonalities, such as
transmissibility, extremely small pathogen, very long
incubation period, spongy morphology of the brain, lack
of inflammatory and immunological response. The trans-
mission of scrapie to mice proved of great practical
importance for subsequent laboratory experiments. In
summary, the hypothesis that different encephalopathies
share a common etiology being all caused by the same
type of peculiar infectious agent, gained consensus and
paved the way to surprising novelties concerning the
nature of the pathogen, an intriguing conundrum.
The perseverance of the National Institute of Neurologi-
cal Diseases in pursuing for many years an expensive and
somewhat exotic neuropathology program should be rec-
ognized as a virtuoso model.

3 | THESLOW VIRUSISA ..
PROTEIN: THE DISCOVERY OF THE
PRION

The chemical nature of this slow unconventional virus
was for good many years a mystery since numerous
attempts to demonstrate the presence of the pathogen's
genome, DNA or RNA, failed. These infectious agents

FIGURE 2 Panel (a):
Vacuolation of the cortex of a
person who died of Creutzfeldt-
Jacob Disease. Panel (b):
Histological preparation of the
brain of Mrs Augustine D., the
first patient recognized by
Doctor Lois Alzheimer to be
affected by a devastating
dementia, nowadays known as
Alzheimer disease. Adapted

from Dudhatra et al'!

were found to lack a number of chemical and physical
properties of typical viruses, infectivity surviving treat-
ment with nucleases and being inactivated only by excep-
tionally high dosage of UV or ionizing radiations. The
challenging hypothesis that a protein may be the only
component of the infectious particle, the so-called protein
only hypothesis, was proposed but generally viewed with
a great deal of skepticism. The challenge stimulated the
curiosity of Stanley Prusiner who embarked on the risky
project of purifying the pathogen causing scrapie in
sheep.

As a student in the Medical school at the University
of Penn, Prusiner had the opportunity to meet Britton
Chance, a giant of the Biochemistry and Biophysics of
last century. Brit helped young Prusiner to obtain a fel-
lowship at NIH (personal communication) to work with
Earl Stadman, a classical extremely competent biochem-
ist who gave Prusiner the opportunity to acquire a solid
background in protein chemistry that proved essential for
the purification of the scrapie agent. After moving to San
Francisco, Prusiner started working full time on the prob-
lem and did set up a quick reliable biological assay to fol-
low infectivity using golden Syrian hamster. Intracerebral
injection of the homogenate of the brain of a scrapie
affected sheep induced in the hamster a syndrome with
the hallmarks of the spongiform encephalopathies; upon
perfecting the procedure, the hamsters developed the
neuropathy after an incubation time of approx 60 days.
The availability of a reliable biological method to follow
infectivity and obtain an answer in a time much shorter
than the usual procedure, based on transmission from
sheep to sheep, was a winning step.

Infectivity proved to survive harsh experimental con-
ditions such as exposure to detergents, high temperatures
and treatment with micrococcal nuclease or proteinase
K. These peculiar biochemical stability helped finding
conditions to purify the protein carrying infectivity, that
Prusiner called Prion for Proteinacious Infectious Parti-
cle.*'® The purified Prion had a molecular mass of 27-30
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kD and a propensity to aggregate forming long polymers
called “rods,” similar to the so called scrapie-associated
fibrils (Figure 3). The unusual resistance of the Prion to
heat and proteolytic attack was correlated to its aggre-
gated state that is more stable than the corresponding
native state.'®'’

Next fundamental hurdle was the mechanism under-
lying replication in the hamster's brain of an infectious
agent devoid of DNA/RNA. As outlined above, an addi-
tional peculiar feature of these encephalopathies is the
absence of inflammatory and immunological responses
which led Brunori and Talbot'® to suggest that the Prion
protein is coded in the human genome and expressed in
the normal brain; but modified after biosynthesis to
acquire a pathological state. The critical step in the
epiphany of pathogenicity was suggested to be a proteo-
lytic activation, which actually proved incorrect. In April
1985, the expression of PrP in the normal brain was
indeed demonstrated in an seminal paper published by
Weissman, Prusiner, Hood et al.'® Starting from the
sequence of a seven amino acid fragment of PrP27-30,
these authors isolated from hamster's brain one clone
containing a 2 kb DNA insert that was sequenced and
allowed to fish out a cDNA clone. Almost simultaneously
Chesebro et al.** also reported a cDNA clone obtained
from mouse brain, an important confirmation that PrP is
normally expressed in the brain. In essence these
pioneering results provided intriguing insight into the

FIGURE 3
isolated from prion-infected hamster brain. Paired PrP fibers with a

Two-dimensional negative stain image of PrP rod

double helical substructure, separated by an 8-10 nm gap. Adapted

from Terry et al*!
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properties of the mysterious infectious agent, starting
with the determination of its amino acid sequence. More-
over, it was proven that PrP is encoded in the host
genome (called PrPcell) and expressed in normal and
infected brain, as well as in other tissues. The function of
PrPcell in normal individuals is still quite uncertain
except for an intriguing role in regulating sleep, as dis-
covered by studying a disease called (familial or sporadic)
fatal insomnia shown to be caused by a mutation in the
PrPcell gene.***

In 1986, the Prion moved center stage in the media
and public opinion because of the breakout of the so
called Mad Cow Disease, an epidemic that originated in
the UK but soon became a general health problem
in many European countries. Around the end of 1987,
the British Authorities officially recognized that people
were victims of what was called Bovine Spongifom
Encephalopathy (BSE), a variant of Creutzfeld-Jacob dis-
ease (VCID) that proved to be a fatal neurological disor-
der with aggressive clinical features.** This syndrome
was shown to be an epizoosis accidentally transmitted to
humans eating meat from Prion infected cattle, which
were made ill by being fed with Prion contaminated meal
containing the remains of calf or sheep infected by scra-
pie. Once the chain of transmission of mad cow disease
was clarified, the European Health Authorities imposed a
drastic eradication program demanding the incineration
of millions of cattle (mostly in the UK) and a ban on sell-
ing cuts of beef and sheep considered at risk. By 2014, the
total number people victims of the vCID amounted to
approx. 200 people. The drastic measures imposed by the
Health Authorities stopped the epidemic, and today
the fear that exploded after the transmission mechanism
was made public has vanished.

A fundamental conundrum to be tackled was the
molecular mechanism underlying the transformation of
PrPcell into PrPscrapie to account for the multiplication
of the slow virus and thereby the long incubation time.
The brilliant theory proposed by C. Weissman and
S.B. Prusiner*>*® envisaged that (a) the 3D structure of
PrPscrapie is different from that of PrPcell, and (b) the
former binds to PrPcell inducing a change in conforma-
tion of the normal protein which acquires “pathogenic-
ity.” But how to explain these far reaching statements
and support the hypothesis?

The determination of the 3D structure of the Prion by
NMR due to Wiithrich and coworkers*”*® provided some
important information to unveil the molecular mecha-
nism of induction of pathogenicity. As depicted in
Figure 4, PrPcell is a globular protein with a two-over-
two helical bundle and a long intrinsically disordered tail.
PrPscrapie on the other hand is a conformational variant
with reorganization of two of the four helices into
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FIGURE 4 Protein misfolding and the amyloid state. On the left the models for the two conformational states of the Prion protein

(PrPcell and PrPscrapie), having the same amino-acid sequence.>”*® PrPcell (on the left) is all a-helical: two of the four helices (shown in

color) are converted into f-sheet in the PrPscrapie state (on the right); adapted from Prusiner.?® The right panel shows an electron

microscopy image of the amyloid state of A, adapted from Tycko and Wyckner.>” Regardless of the amino acid sequence or the native 3D

structure of the protein involved in the specific neurological disorder, the aggregate consists of thread-like fibrils of about 7-10 nm diameter

which is rich in p-sheet and thermodynamically very stable

B-strands. A transition from fully helical to partially
B-strand had been detected also by far UV-CD. Could
PrPscrapie be a misfolded variant of the protein? As dis-
cussed below, exposure of the two p-strands in PrPscrapie
increases the propensity to aggregate and in fact induces
a kernel for the onset of the amyloid fibril growth.

In a nutshell, this misfolding transition may represent
the mechanistic commonality among all the Prion dis-
eases (Kuru/scrapie/CJD/BSE) and may also be crucial in
several devastating neurological disorders caused by
aggregation of misfolded proteins. These discoveries
paved the way to the conceptual connection between
prions and the amyloid state, which nowadays is consid-
ered of fundamental importance in the pathogenesis of
several neurodegenerative diseases.

4 | PROTEIN FOLDING AND
MISFOLDING

The recognized pioneer of the protein folding field is
Chris Anfinsen® who demonstrated working with
bovine ribonuclease that protein (un)folding is a
reversible chemical reaction, and information to
acquire the native folded state is embedded in the
amino acid sequence. It is generally accepted that
functional specificity and efficiency of proteins is
strictly dependent on their native 3D structure (the

Form) defined by the atomic coordinates. The morpho-
genetic event leading from a disordered random coil
polypeptide with a genetically defined amino acid
sequence (the Matter) to the functionally competent
ordered structure has defined “the protein folding
problem.” The transition to the native state demands
the formation of very many weak bonds and a hydro-
phobic collapse to compensate for the huge decrease in
entropy.’® In water, this spontaneous process is dic-
tated by the primary structure of the protein, the
amino acid sequence conforming to the general Aristo-
telian definition of substance as the synolon of matter
and form (substantia causa sui).

Protein folding is an extremely complex chemical
reaction even for a relatively small globular protein
(<100 amino acids). According to Michael Levitt,*! in
1975 Francis Crick stated: “it is very difficult to conceive
of a scientific problem that would not be solved in the
coming twenty years...except for a model of brain func-
tion and protein folding.” Indeed since Anfinsen's sem-
inal experiment, the protein folding problem has
attracted and obsessed many outstanding scientists
who published fundamental contributions concerning
(a) the forces involved in the stabilization of the folded
state, (b) the role of the hydrophobic effect and the
hydrophobic collapse, (c) the thermodynamics under-
lying the stability of a native protein, (d) the analysis
of the unfolding equilibrium isotherm, (e) the kinetics
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to detect folding intermediates and define a mecha-
nism, and so on.

After a period of relative stagnation, in the
nineties we witnessed major progress in the field with
the introduction of new concepts and novel experi-
mental approaches to unveil the mechanism and
explore early folding events. Extensive experimental
work led to the hypothesis that folding may proceed
via parallel pathways which would account for obser-
vations obtained by catching intermediates or by
investigating the structural properties using kinetic
analysis, site directed mutagenesis or high resolution
proton NMR.**7%°

In 1995, Wolyness, Onuchich and collaborators>°
presented the funnel theory to describe in general terms
the molecular events leading from the unfolded ensemble
to the “unique” native state, as depicted in Figure 5. The
protein's energy landscape is represented as a funnel to
highlight the entropy/enthalpy compensation in going
downhill. The width of the funnel is a representation of
entropy: at the top, the extremely large number of struc-
tures (>10°°) depicts the ensemble of disordered states
when the polypeptide is unfolded (random coil). The for-
mation of intramolecular short range and long range
weak bonds is associated with a steep reduction in the
width of the funnel and progressive decrease in the num-
ber of states, going through a productive but still
expanded on-pathway intermediate(s). At the bottom of

Fully unfolded

>
o
e
[
c
w
\ Misfolded
l'ﬁ[l :
Misfolded (q* ) o
PAL: X Native state
. J oY)
Entropy
FIGURE 5 Schematic representation of the folding funnel,

with sketches of the structure(s) of a globular protein. The width of
the funnel is proportional to entropy; and the ordinate to enthalpic
contribution increasing up to down. At the top, a myriad of random
coil disordered states of the denatured system (not shown). At the
bottom, the native folded state with correct topology. In the
process, the formation of weak bonds is associated to the
progressive stabilization of structural elements and a decrease in
entropy
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the funnel, the minimal entropy native protein is the
dominant state.

As shown in Figure 5, the surface of the folding
funnel is complex with bumps and minima, implying
that the transition to the native state may proceed via
parallel pathways®® accounting for several experimen-
tal findings. The population of off-pathway misfolded
states is crucial to the onset of amyloid formation and
pathophysiology, as commented below. Given the
underlying complexity, it was surprising to find*’ that
(a) the equilibrium (un)folding very often conforms to
a two state behavior, suggesting the absence of a signif-
icant population of equilibrium intermediates; (b) the
time course of (un)folding is consistent with a single
exponential behavior implying that folding involves
crossing a barrier characterized by an activation
energy and a maximum along the reaction coordinate;
thus obtaining information on the structure of the
transition state (TS) proved most valuable.

This formidable problem was tackled by Alan Fer-
sht®®* by introducing the so-called ®-value analysis,
based on measuring the effect on the folding rate con-
stant of specific single site mutation(s). Since for small
globular proteins the kinetics of folding ranges from
microsec to sec, the rate must be estimated by rapid reac-
tion methods (mostly stopped flow and tempera-
ture jump).

The principle of the procedure is illustrated in
Figure 6. To obtain reliable information on the folding
transition state, a large number of single site (conserva-
tive) mutants must be expressed and characterized by
kinetics and computer simulation. The structural con-
strains due to interactions between the amino acid side
chains making contacts in the TS were exploited by
Vendruscolo et al.*’ to introduce restrains in the simula-
tion of molecular dynamics trajectories, and thereby to
acquire structural information on the folding TS. The
®-value analysis has been an important breakthrough
providing information on the folding mechanism of a
protein, given the crucial role of the transition state in
unveiling the folding pathway. Naturally, the intrinsic
complexity of the folding process implies that the TS
structure indeed describes an ensemble of states. Never-
theless, the model paved the way to a number of predic-
tions that have been tested by ad hoc experiments on
folded globular proteins but also on intrinsically disor-
dered proteins.*

Very many proteins conforming either to a simple
two-state/one barrier process or sometimes a three-state/
two barrier process® have been investigated by kinetics
and mutagenesis (Figure 7). In some case, the ®-value
analysis highlighted the structure of a misfolded interme-
diate that may be characterized by minor structural
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FIGURE 6

The ®-value analysis introduced by Alan Fersht et a

to characterize the folding/unfolding transition state (TS). A

conservative mutation introduced in the middle of one of the 3 helices (small blue circle), is associated—in this hypothetical case—with a

destabilization of the native state (from N to N’). The rate constant for the transition Denatured-to-Native (D to N) provides an estimate of

the transition state barrier height. On the left: if the mutation has no effect on the barrier height, ® is set to zero to indicate that the amino

acid that has been changed makes no contacts with other side chains in the TS. On the right: in this case the mutation has an effect on the

barrier height with an increase (TS to TS') equal to the perturbation of the ground state (N to N’), and @ is set to one; therefore the amino

acid under scrutiny must be in contact(s) with other amino acids in the TS (drawing by S. Gianni, with permission)
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FIGURE 7

The folding pathway of PDZ2 from experiment and
simulation.*? The transition Denatured-to-Native (left-to-right)

proceeds through two barriers defining the relevant transition
states (TS1 and TS2) that are located at different relative values of
the reaction coordinate expressed in terms of the Tanford
parameter T

differences in the topology of just one p-sheet.** This may
acquire general significance given that a misfolded inter-
mediate is often assumed to be crucial to trigger the
nucleation of an amyloid.

5 | THE AMYLOID FOLD AND
NEURODEGENERATIVE DISEASES

The term amyloid was introduced in 1853 by R. Virchow
to describe waxy tissue deposits thought to be composed
of carbohydrates that were detected by optical micros-
copy in the brain of people who died of fatal neurological
disorders. These aggregates were visualized through the
absorption of Congo red, a dye employed in histology
which was known to bind to starch, a similarity than
accounts for the introduction of the term amyloid from
the greek duviov.

A broad range of fatal human neurodegenerative dis-
eases such as Alzheimer's and Parkinson's, are character-
ized by the presence of amyloid fibrils in the brain of the
cadavers.**™*> These fibrils were shown to arise and grow
because of (a) misfolding of peptides or proteins that fail
to mature into a stable native state, and/or (b) failure of
the housekeeping biochemical machinery geared to clear
cellular garbage. The crucial role of misfolding in the
onset of these disorders of the brain (and other organs)
led to identify this new class of devastating diseases as
“misfolding disorders,” which prevail in older people.
These disorders have some commonalities being fatal,
characterized by a long incubation time and lack of
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specific effective treatment. Thus the hash tag unfortu-
nately is: No cure only care.

What is the mechanism whereby a misfolded state
triggers the formation of an amyloid fibril? Long ago
Linus Pauling, Nobel laureate in Chemistry, made the
blunt statement that proteins are sticky (personal commu-
nication). It has been proposed that the molecular mech-
anism describing the link between misfolding and
disease is, by-and-large, associated to the propensity of
peptides or proteins to stick together largely via their
hydrophobic core, a fundamental step in the onset of the
pathology.***° Amyloid is a rather generic name to indi-
cate a peculiar state. The long fibrils containing a single
type of protein or peptide specific for a given disease, are
thread like structures of typically approx 7-13 nm diame-
ter, constituted by several protofilaments (2-7 nm
diameter) that associate laterally. The fibrils are stabilized
by a canonical cross-p amyloid fold with the p-strands
orthogonal to the fibril axis (Figure 8); the interacting
fibrils have the same orientation of the N- and C-
terminals, which maximizes the number of H-bonds and
hydrophobic interactions along the main axis. The con-
siderable mechanical strength of the amyloid is attributed
to the extended set of hydrogen bonds between the
B-sheets and to the lateral association of protofilaments
producing more complex structures (***° and references
therein).

ww
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A remarkable feature of the amyloid is the monotony
of the basic architecture, a finding that initially impressed
people and led to believe that in all cases the structure
was indeed the same. Despite the recurrent canonical fea-
tures of the amyloid fibers, it is worth noticing how the
work of several groups has contributed in defining
the finest details of the 3D structure of several types of
amyloids extracted from the brain of cadavers (ex vivo),
or assembled in vitro from synthetic polypeptides. Poly-
morphs have been identified more often when amyloids
were assembled from short peptides but also detected
with whole proteins such as Tau®® or a-synuclein.”® In
some cases, polymorphism has been correlated to the
binding of different cofactors or truncation of a domain
or interactions with cellular components, as deduced
from intriguing structures solved using mostly solid state
NMR or cryo electron microscopy.”*>*

Notwithstanding the variety and complexities of the
amyloid fold, the basic morphology of the core populated
in vitro and in vivo seems, by-and-large, independent of the
specific amino acid sequence of the protein or polypeptide
involved. The huge number of folds characteristic of native
globular proteins, each dictated by its specific sequence,
underlies the selection process driven by evolutionary pres-
sure; a mechanism that at present is not obvious for the
amyloid fold. In addition it is unknown if the polymorphs
of the same protein may or may not have different roles in

| Amyloidog dogenic

s-APP o s-APP B

Further assembly of
protofilaments

FIGURE 8

BCTF AICD

On the left, schematic representation of the folding of a small globular protein, and the formation of amyloid. The native

folded state (on the top left) is assembled with two a-helices (in red) and two p-sheets (in blue). In such a case, the onset of initial

aggregation and formation of the amyloid depends on the population of a misfolded intermediate (in square parenthesis). The exposed

B-sheet initiates intermolecular interactions within a kernel which is followed by elongation and formation of protofilaments. On the right,

the biochemistry and aggregation of Ap. The transmembrane Amyloid Precursor Protein®’

is cleaved by two secretases that can produce

either amyloidogenic AP peptides yielding amyloid plaques; or NON-amyloidogenic peptides that are cleared out. Inspired by a scheme

presented by Prof. G. Petsko (New York)
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the onset of cellular dysfunctions or in the time course of
the disease. This intriguing problem may be considered vis-
a-vis Chris Dobson's statement made at the beginning of this
century that “in principle, any protein can assemble into an
amyloid state” (personal communication).

An important property of amyloid is the remarkable
resistance to heat and to proteolytic attack; after all, protein-
ase K was employed by Prusiner' in the purification proce-
dure of the prion obtaining a fragment called PrP27-30.
There is convincing evidence that the overall stability of the
fibril exceeds that of the native state; and the rate of depoly-
merization is an uphill very slow event, making the process
essentially irreversible. It may be said that amyloid is a sta-
ble almost imperishable state conferring immortality to a
protein, which thereby eludes the physiological cellular
homeostasis. This almost perennial deposit of fibrils has
been initially considered the major reason for the pathology,
a viewpoint that has been recently revised.

When and how does a protein commit to a misfolded
rather than a native state? It has been reported that aggrega-
tion leading to formation of an amyloid can be initiated not
only from a misfolded intermediate but also from the native
state. A schematic representation of a possible molecular
path critical in the onset of amyloid formation is depicted in
Figure 8, where a folding intermediate exposes a p-sheet act-
ing as a kernel for aggregation. We mentioned above how
the pathogenetic prion PrPscrapie is generated by the con-
version of two of the four a-helices of PrPCell into a doublet
of exposed B-sheet (see Figure 4), a rather dramatic confor-
mational change.””*® In other cases however, the structural
difference between a misfolded and a productive intermedi-
ate can be rather subtle; as shown for example with the cir-
cularly permuted variant of a PDZ domain, a globular
protein of about 100 amino acids that mediates protein-
protein interaction.**

6 | THE PROPENSITY TO FORM
AN AMYLOID IS BAD NEWS

In spite of marked clinical peculiarities, different neuro-
degenerative disorders display some commonalities, such

Disease Protein or peptide Length/aa
Alzheimer's APP p40-42 37-48

+ Tau protein 352-441
Parkinson's a-Synuclein 140
TSE Prion/fragments 230
ALS Superoxide dismutase 154

as transmissibility with a long incubation time, lack of
immunological/inflammatory response, no effective ther-
apy and presence of amyloid deposits in the nervous tis-
sue, the hallmark of a neurodegenerative disease. Chiti
and Dobson*” published a fairly complete list of mis-
folding diseases of humans; a limited subset is presented
in Table 1. These neurodegenerative disorders are charac-
terized by different physiopathological and clinical fea-
tures; yet from a biochemical viewpoint each one is
associated to the folding defect of one specific protein
with propensity to aggregate into an amyloid. As dis-
cussed above, although the overall architecture of the
amyloid is quite uniform, fibrils originating from
the same misfolded protein display a significant degree of
polymorphism that should not be overlooked.>® In addi-
tion it is obvious that the chemistry of the different spe-
cific proteins must impose some stereochemical
discrimination to explain why an amyloid fibril con-
taining a mixture of different misfolded proteins has not
been discovered as yet. This seems consistent with the
finding by Silvestrini et al.*® that the amyloid from CJD
individuals that are heterozygous for the mutation
VAL210ILE of PrP contains the wild-type as well as the
mutant.

How much does the aggregation propensity of a poly-
peptide depend on its amino acid sequence? In most
cases the proteins involved display some regions having a
high level of hydrophobicity, high propensity to form
f-structures, the presence of an alternate set of hydropho-
bic and hydrophilic residues, and a limited number of
charged residues.*’*%’ Is there solid evidence in favor
of the statement one disease-one misfolded protein? A clue
to this question emerged already at the beginning of this
story from interesting clinical and genetic studies of
Creutzfeld-Jacob Disease patients displaying familiarity
that was shown to be associated to mutations of the
PrPcell gene.'**°®> This trend was eventually con-
firmed once it was reported that some of the natural
mutants of APP/Amyloid Precursor Protein, of o-syn-
uclein, and of superoxide dismutase, are characterized by
a propensity to aggregate which is enhanced relative to
the corresponding wt. These mutants are associated to an

TABLE 1 Selected human
Structure ) ) .
neurodegenerative diseases associated
D with protein misfolding and formation
ID of extracellular or intracellular amyloid
1D
a-Helix/ID

p-Sheet/Ig-like

Abbreviations: ALS, amyotrophic lateral sclerosis; APP, amyloid precursor protein; ID, intrinsically

disordered; TSE, transmissible spongiform encephalopathies.
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early onset of the corresponding disorder that is,
Alzheimer's disease (AD), Parkinson's disease (PD)
and Lou Gerhig's disease (ALS), respectively.

Among the age related neurodegenerative disorders,
ALZHEIMER DISEASE (AD) is the most frequent in the
older group of people. The Alzheimer's Association
(USA) claims that as much as one half of people over
85 years of age may be affected by AD and will slowly
but irreversibly loose independence and precipitate into
fully fledged dementia. Discovered in 1905 by Dr Lois
Alzheimer (Figure 2), this serious fatal disorder has been
considered for decades almost a curiosity of interest only
to clinical neurologists. However over the last 3 decades,
with the progressive expansion in the number of cases
linked to increase in life expectancy, Alzheimer disease
has become a problem of general concern.

In AD patients, the amyloid includes extracellular
plaques made of AP (a fragment of APP), and intracellu-
lar neurofibrillary tangles made of hyperphosphorylated
Tau protein. Tau is a microtubule-associated protein that
regulates the assembly and structural stability of microtu-
bules in neurons and in axons. From the biochemical
standpoint, Tau is characterized as an intrinsically disor-
dered protein. The abnormal hyperphosphorylation of
Tau is cause of detrimental pathological functions induc-
ing microtubules to disassemble, free Tau to aggregate
into paired helical filaments, and ultimately neu-
rodegeneration.®®®"  Evidence suggests that hyper-
phosphorylation is linked to an imbalance between the
activities of cellular protein kinases and phosphatases.
There is evidence that in AD, the B-amyloidogenic pep-
tides play in vivo a significant role in favoring the imbal-
ance between kinases and phosphatases. Therefore
targeting the pathology of Tau is an intriguing strategy to
search for Tau-based therapeutics to control Alzheimer's
disease.

Besides AD, there are several other neurological dis-
orders related to the intracellular formation of Tau-
neurofibrillary tangles. Given the importance of
tauopathies, several scientists have investigated the prob-
lem of unveiling the high resolution structure of the neu-
rofibrillary tangles containing hyperphosphorylated Tau.
This project has been successfully tackled using mainly
cryo EM.>*%27%* It may be of interest to mention that
structural data are available also for the chronic trau-
matic encephalopathy (CTE), a syndrome induced by
repetitive mild traumatic brain injury.

The primary amyloid in AD is represented by extra-
cellular accumulation of the so called plaques, aggregates
made of the AP fragments from the APP. A simplified
scheme of the biochemistry involved is outlined in
Figure 8. APP can be cleaved by proteolytic enzymes
called secretases; the successive cuts by p-secretase and

y-secretase produce two peptides (Ap40 and Ap42) that
have a significant propensity to polymerize and yield
amyloid plaques.®*®” As outlined above, these events are
paralleled by the accumulation of hyperphosphorylated
Tau with formation of intracellular neurofibrillary tan-
gles.®® Attempts to inhibit the secretases have unfortu-
nately failed to improve the clinical setting®; this
stimulated studies to unveil the details of the molecular
mechanism underlying AB40/Ap42 aggregation process.

It is accepted that a classical nucleation-propagation
mechanism is inadequate to describe the complexities of
the time course of fibrillation, and the crucial role of sec-
ondary nucleation has been advocated. Therefore to dis-
cover drugs that may interfere with polymerization it is
necessary to identify reaction intermediates and their
kinetics of formation and interconversion. Determination
of the rate constants for the various microscopic steps
and their dependence on experimental conditions, is very
complex. Breaking down the significant parameters
demands (a) extensive experiments to unveil the role of
protein concentration and seeding on the time course
of aggregation, and (b) very sophisticated mathematical
analysis.”®”!

Under physiological conditions these amyloidogenic
peptides are processed via the normal degradation paths.
However with aging, homeostasis begins to decline and
normal housekeeping mechanisms become defective
because of cumulative damage or shortage of sufficient
energy supply. Baranczak and Kelly’? have reviewed
available strategies to interfere with the progression of
protein aggregation involved in several degenerative dis-
eases including transthyretin amyloidosis. The survey of
currently used drugs to modify the time course of the dis-
ease is compared with novel approaches to combat the
decline of protein homeostasis linked to stress and aging
(see below).

Following a therapeutic strategy based on fishing out
small molecules interfering with the primary nucleation
of AB40/42, animal models proved useful. Given that the
propensity to aggregate has been correlated to charge and
hydrophobicity,”> several mutants AP peptides with
increased or decreased aggregation propensity have been
expressed in the brain of the fruit fly Drosophila.”
Remarkably, the level of damage to the physical perfor-
mance and life span of these mutant flies increases with
the decrease in solubility of the mutant peptides. Like-
wise employing the worm C. elegans as an additional
model system, Habchi et al.”> discovered that bexarotene,
an approved anticancer drug, seems (a) to control pri-
mary nucleation by delaying the formation in vitro of
larger aggregates and toxic species, and (b) to rescue loco-
motors properties of the worm C. elegans expressing the
mutant peptides.
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PARKINSON'S DISEASE (PD) is the second most
prevailing among the neurodegenerative diseases of
humans, with 7 to 10 million Parkinson patients world-
wide; the prevalence, which is 40 per 10,000 in the fourth
decade of life, raises 50 fold above 80 years. Goedert,
Jakes and Spillantini’® published a fascinating account of
the history of the discovery of a-synuclein, its location
in the Lewy's bodies and its role in PD; the paper was
published in the Journal of Parkinson's Disease to cele-
brate the 200th anniversary of the first description of the
disease by Dr. James Parkinson. The authors recall
the identification of three types of synuclein, the demon-
stration that only a-synuclein (140 aa) is pathogenic; and
the following identification of the first mutants involved
in the early onset of the clinical syndrome. The story
unfolded over 20 years and was marked by several break-
throughs, starting from the identification of several muta-
tions causing familial PD. The discovery of several
mutants of a-synuclein that affected the clinical course of
the disease was strong evidence that indeed aggregation
of this protein is a crucial component of the molecular
mechanism; a special case is that of individuals carrying
the mutation A53T who develop a severe form of PD
often associated with dementia.

As depicted in Figure 9, the unfolded state of
a-synuclein monomer, crucial to the molecular pathogen-
esis of PD, tends to aggregate forming oligomers and pro-
tofibrils that coalesce into bigger aggregates and Lewy's
bodies (which are not observed in any other neurodegen-
erative disease). a-Synuclein aggregation propensity
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FIGURE 9

seems to be linked to the extent of exposure of the N-
terminus of the protein.”’

Structural studies of the a-synuclein amyloid pro-
vided interesting structural information on the polymor-
phism of the fibrils. David Eisenberg and coworkers>
have determined the cryo-EM structures of full-length
recombinant a-synuclein organized in two distinct poly-
morphs composed of protofilaments with highly con-
served kernel structure. The structures of the two
polymorphs unveil the atomic interactions of the steric
zippers, with differences that should be taken into
account when designing specific drugs targeting the
fibrils. Using CryoEM, more and more groups’>’® have
tackled the 3D structure of a-synuclein from different
sources to unveil the extent of polymorphism and its
significance.

AMYOTROPHIC LATERAL SCLEROSIS (ALS), the
most common motor neuron disease in adults, is caused
by selective killing of these neurons and thereby progres-
sive paralysis; its prevalence is 2-3 cases per 100,000 peo-
ple, the risk increasing by a factor of approx. 10 after
60 years of age.*® The syndrome was first described in
1869 by the French neurobiologist and physician
Dr. Jean-Martin Charcot. In the US and Canada, for good
many years it has been referred to as Lou Gerhig's disease
from the name of a famous baseball player who in the
1930s had to abandon the sport because of progressive
paralysis and subsequent death. The story was made pop-
ular by a movie in which the role of Lou was played by
the famous actor Gary Cooper.
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The pathway of aggregation of a-synuclein in going from unfolded monomers (on the left) to amyloid fibrils and to Lewy's

bodies, the latter seen by microscopy in the brain of people who died of Parkinson disease
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This fatal disease appears at present correlated to mis-
folding of the Cu,Zn-enzyme superoxide dismutase or its
apo form, at least for those patients (approx. 10%) found
to be carriers of mutations in SOD1, defining a group
called familial ASL. The finding that SOD activity of the
mutant(s) is normal excluded the hypothesis that
the neuron killing mechanism is due to oxidative dam-
age.®® ALS is associated with many mutations in the gene
encoding for superoxide dismutase, mutations associated
to variable survival times of the carrier. Oliveberg and
collaborators® have demonstrated a linear correlation
between the survival time of the carrier and the folding
pattern of the different SOD1 mutants, a remarkable find-
ing. The mutations are found to perturb the protein by
destabilizing either the monomer (eventually loosing a
metal), or the dimer interface. Given the general rule that
aggregation propensity is maximal when the overall
charge of the protein is close to neutrality, it is not sur-
prising that two mutants with the highest net charge are
outliers in the linear plot of survival versus protein stabil-
ity. This rather simple but fascinating picture may need
confirmation given the complexities of the in vivo situa-
tion. Nevertheless, it is implicit that misfolded SOD1
mutants will tend to aggregate in the motor neurons for-
ming an amyloid and producing toxic effects.** The sig-
nificance for the pathology of monomer-monomer
assembly and formation of mixed hybrids in mutants of
SOD1 has been highlighted by Horovitz and collabora-
tors®® using a mass spectrometry approach.

The sporadic ALS group which includes approx.
90% of cases, seems to have no apparent genetic link-
age. Nevertheless Rotunno and Bosco®" argued that the
propensity to misfold characteristic of the SOD1
mutants may emerge also in the wild type enzyme
either by metal depletion or by destabilization of the
dimeric assembly.®> Considering clinical similarities
between familial and sporadic ALS, and the similar
age of onset for both groups (between 50 and
60 years),* it is possible that both converge on a com-
mon pathway. To sum up, while the molecular mecha-
nism underlying SOD1 toxicity is still under
discussion, the detection of misfolded wild-type SOD1
in human post-mortem samples of sporadic ALS sup-
ports the hypothesis that aggregation of misfolded wild
type SOD1 may be involved also in the pathogenesis of
the sporadic ALS. It should not forgotten however that
other hypotheses for the molecular mechanism of
damage of motor neurons were proposed and dis-
cussed, such as: abnormal accumulation of glutamate
and of neurofilaments, defects in the induction of vas-
cular endothelial cell growth factor, and mutations of
a second gene termed ALS2. In a nutshell, the molecu-
lar cause of sporadic ALS is still an open problem.

B o WILEY-L™

7 | OPEN QUESTIONS ON THE
MOLECULAR PATHOPHYSIOLOGY
OF AMYLOIDOSIS

Is the mechanism of cellular toxicity understood?
At the beginning people thought that the extensive amy-
loid plaques detected in the brain of an Alzheimer patient
where the sole or the primary cause of damage. It seems
that this hypothesis may have to be abandoned; after all,
pharmacological trials employing drugs to disassemble or
dissociate the amyloid plaques were not encouraging.®
Nowadays emphasis has shifted, the species believed to
be toxic to cells being preferentially the oligomeric states
(in parenthesis in Figure 10), transients on the way to
grow into larger aggregates and fibrils.””®*” Their capacity
to spread by diffusion and their higher surface-to-volume
ratio are presumed to increase the level of cellular dam-
age. Recent investigation on a-synuclein oligomers by
Fusco et al.*® unveiled some of the basic structural fea-
tures responsible for neuronal toxicity. a-synuclein oligo-
mers display a highly lipophilic subdomain promoting
interaction with the cell membrane and a structured
region disrupting membrane integrity by inserting into
the lipid bilayer; site directed mutations in the membrane
binding region of the protein reduce toxicity in neuro-
blastoma cells, confirming this model.

The strategy of Dobson and collaborators” has been
to crack the molecular mechanism by which aggregation
occurs and thereby attempt control. Unveiling the num-
ber of species involved and their molecular features may
pave the way to drug design in order to block the expan-
sion of the amyloid and to quench cell toxicity. Although
the microscopic mechanism of aggregation of misfolded
monomers is extremely complex, considerable progress
has been made by investigating the polymerization time
course by experiments and sophisticated data analy-
sis.*>”! The first order conclusion confirms that indeed
smaller oligomers are likely to be the toxic state(s) and
therefore should be considered primary pharmacological
targets. Moreover these Authors discovered a group of
small molecules that are effective in reducing the rates
of primary or secondary nucleation; and also engaged in
trials using single-domain antibodies designed to bind
specifically to short stretches of amino acid residues of
the target.”

Why is there a specific pattern of tissue or organ
specificity? Most often amyloidosis is not systemic, and
indeed in some cases, such as Parkinson's disease, there
is a prevailing localization of the a-synuclein fibrils depo-
sition in the area of the substantia nigra. A reasonable
explanation for this setting of the tissue target is lacking,
as far as I know. One may be led to believe that this is
linked to a localized overproduction of the relevant
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FIGURE 10 Cartoon with an outlook of the overall population of states in going from biosynthesis on the left to the amyloid fibril on

the right. The set of ordered aggregates is crucial in the amyloid assembly cascade, from Radford and Weissmann*> modified

protein; this hypothesis however seems somewhat diffi-
cult to generalize. The only clear cut case of APP over-
production was reported in the Down's syndrome
carriers, but this is not clarifying the matter. This ques-
tion is still a conundrum.

The mechanism whereby longevity affects the
onset of disease is still somewhat of a mystery, although
it seems likely that failure of the cellular defense machin-
eries may be probably involved. Indeed, it should not be
forgotten that in the case of mutant proteins character-
ized by an increased propensity to aggregate, deposition
of the fibrils almost always begins late in life although
the mutant protein is synthesized from the time of
conception.

Protein homeostasis in healthy eukaryotic cell is a
complex network which is very effective in clearing
the cell from molecular garbage thereby maintaining
the health of the organism. It is well established that
molecular chaperones fulfill a crucial job by binding to
oligomeric or misfolded species that need a second
chance to achieve the native state. A decline in activity
of the proteostasis network that may emerge under
stress or aging leads to accumulation of misfolded pro-
teins, thereby triggering the beginning of aggrega-
tion.*>*° At present the biochemical processes that
jeopardize the efficiency of the homeostasis network
are not quite clear. Aging is so complex that modifica-
tions of the different components of the network or
lack of energy supply may all be reasonably involved.
To combat the decline of proteostasis may avoid imbal-
ance of the network and allow to rescue full activity;
with decrease in the concentration of toxic oligomeric
species and thereby reduction in the rate of fibrillation,
which is the beginning of the collapse and cell death
(’° and references therein).

As discussed by Seaman®* and by Small, Petsko and
collaborators®>°* an alternative possibility to account for
a failure of cellular homeostasis is the progressive dis-
function of the Retromer. A handicap of this multi pro-
tein intracellular carrier may enhance the production of
APP-derived amyloidogenic peptides, feeding the growth
of amyloid plaques. Stabilization of the Retromer mul-
tiprotein assembly has been attempted by Young et al.”
and by Mecozzi et al.’®; the latter have discovered small
molecular weight pharmacological chaperones that may
have beneficial effects on the stability of the Retromer.
Clearly more original work is desirable.

In the case of degeneration of the substantia nigra in
idiopathic Parkinson disease, McNaught and Jenner”’
reported that inhibition of the ubiquitin-proteasome
pathway may be responsible for altered o-synuclein
processing and Lewy's body formation.

An autocatalytic time course of these incurable
diseases is another intriguing problem, considering that
in general a long incubation time is followed by an accel-
erated deterioration of the clinical picture towards the
end. Why is there a sort of accelerated time course in
the accumulation of the clinical deficit? There is more
than one intriguing hypothesis based on the growth and
stability of the patient's own amyloid aggregates.®” On
one hand, we cannot ignore that accumulation of amy-
loid by exponential growth will, at one point, exceed the
capabilities of the innate housekeeping safeguards based
on proteasome control. A possible intervention would be
to reduce the supply of new monomers quenching over
expression and blocking the feeding of new units fueling
uncontrolled exponential growth of aggregates.”®%
Another lead is suggested by the dependence of fibrilla-
tion kinetics on the square root of the concentration of
the aggregation competent denatured/misfolded state,
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consistent with a fragmentation assisted growth that will
generate new oligomers enhancing the rate of formation
of new fibrils and “catalyzing”—so to speak—the speed
of growth of the amyloid. If confirmed, the latter mecha-
nism may indicate new interesting targets for pharmaco-
logical attack of the growth of the amyloid, in an attempt
to slow down the progression of brain damage.'®

8 | THE SCIENTIFIC AND SOCIO-
ECONOMIC CHALLENGE IN AN
AGING POPULATION*

World population growth has been accompanied by a
progressive increase in the number of older people, life
expectancy rising above 80 years in many developed
countries. Alzheimer's and Parkinson's diseases,
Amyotrophic Lateral Sclerosis and other neurodegenera-
tive disorders are known to be strongly age-related.
Alzheimer's disease alone will affect between one-third to
one-half of people above 85 years of age; thus the number
of Alzheimer's patients, nowadays estimated at 40 million
worldwide, is anticipated to increase to around 140 mil-
lion by 2050. Given that no therapy is at present available
for these fatal neurodegenerative disorders, a forthcom-
ing neurological tsunami is likely to have a devastating
impact on individuals, families, caregivers and societies
at large.

When cognitive problems first begin and before
they are sufficiently severe to impair markedly a sub-
ject's ability to carry out daily activities, the pathology
results in mild cognitive impairment that however will
progress to a full-fledged dementia. With time, disabil-
ities impair normal autonomous life, and eventually
these patients require total assistance: considerable
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successes in terms of caring and improvements in
quality of life have been achieved, even though such
services are often overburdened. Moreover, education,
diet, physical exercise, cognitive stimulation, and
treatment of diabetes, hypertension, obesity, might
improve cognitive status; these effects, however, are
small and have to be confirmed with more extensive
clinical studies that are in progress.

The dimension of this global neurological chal-
lenge and the ensuing socio-economic scenario is
daunting and devastating. The individual, social and
financial burden of assisting these disabled patients
surely will grow. By 2050 the economic toll is expected
to rise to about one trillion US$ per year in the USA
alone. The magnitude of the problem calls for a broad
responsible initiative and a strong global commitment
to fundamental research in order to discover an origi-
nal and effective therapy.

As outlined above, in spite of the evident clinical dif-
ferences among them, neurodegenerative diseases have
some fundamental commonalities. Today the primary
goal should be understanding the fundamental cause,
mechanism and progression of these disabling diseases;
the discovery that protein misfolding and amyloid forma-
tion is likely to be a unifying molecular mechanism
shared by these different disorders has been an important
step forward. As discussed above, a sensible strategy is to
discover methodologies and drugs that either prevent or
interfere with the formation and growth of amyloid.
Because of the heavy personal and economic impact of
neurodegenerative diseases, and since pharmaceutical
companies alone are unlikely to invest in the kind of fun-
damental research necessary to crack the problem, large-
scale public funding is urgently needed and should be
considered by Society an investment and not an expense.

FIGURE 11
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(*): This issue was discussed by the international scien-
tific Committee appointed on the occasion of the G7 for
SCIENCE meeting, held at the Accademia Nazionale dei
Lincei in Rome, May 2017.

9 | CODA:EXUNO .. PLURA

I guess that at least a billion people around the globe
must have handled, at least once, a one dollar bill. They
may have noticed the Great Seal of the United States of
America (see Figure 11, left) which was officially adopted
by an act of the US Congress in 1782. The American
Eagle depicted behind the shield, is below a crown con-
taining 13 stars representing the original colonies, and
holds the symbols of peace and war, an olive twig
and many arrows. The motto E PLURIBUS ... UNUM,
inscribed in the golden ribbon, is symbolic and prophetic
of the US Union.

Considering the complexity and multiplicity of
states available to proteins, I felt inspired by the Great
Seal and conceived a variant shown in Figure 11 right
where the 3D protein models around the Eagle convey
a representation of multiplicity. Inscribed in the
shield, the unique (=EX UNO ...) amino acid sequence
of the protein is the basic chemistry dictating in water
the 3D structure of a native protein; whose model
depicted below shows several a-helices and one
B-sheet. The denatured protein at the top is supposed to
represent the huge myriad of disordered states
corresponding to a maximum entropy landscape. Since
every protein under appropriate conditions may aggre-
gate into an amyloid, the third state with its basic 3D
architecture is depicted on the right.

At this point, the classical motto may be rephrased
into EX UNO ... PLURA, if we believe that a protein
demands the neutral (as suggested by Prof. Luca Serianni,
Linceo and renowned Latinist).
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